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Isolation of Proteoglycans from Cell Cultures and Tissues

Masaki Yanagishita

1. Introduction

Proteoglycans are a class of glycosylated proteins characterized by the presence of
glycosaminoglycans as a carbohydrate component, which endow them with unique
biological as well as biochemical properties. Therefore, isolation of proteoglycans
from various biological sources such as cell cultures and tissues could be achieved by
ordinary molecular purification procedures utilizing their general molecular proper-
ties and by those taking advantages of the presence of glycosaminoglycan moiety.
This chapter focuses on the latter experimental procedures, which are particularly use-
ful for obtaining total proteoglycan and glycosaminoglycan species from various
biological sources. These protocols could be followed by purification procedures
specific to individual proteoglycan species (i.e., by using antibodies to core proteins,
or binding proteins to specific sequences of glycosaminoglycans) to select specific
molecules.

Two major classes of well-established purification procedures aiming at the pres-
ence of glycosaminoglycans in the molecule have been used extensively. They
include (1) density gradient ultracentrifugation, and (2) anion-exchange chroma-
tography. The former procedure makes use of the fact that the glycosaminoglycan
moiety of proteoglycans has high specific gravity, so, proteoglycans with a large
number of glycosaminoglycans have high molecular densities (often as high as
those of nucleic acids). Therefore, such a procedure is particularly suited for the
purification of proteoglycans with many glycosaminoglycan chains (e.g., aggrecan,
the major proteoglycan in cartilage tissues). On the other hand, the procedure is not
suitable for isolating proteoglycans with only few glycosaminoglycans and high
protein contents (e.g., “small, leucine-rich proteoglycans” and cell surface heparan
sulfate proteoglycans). Purification procedures belonging to the latter class take
advantage of high negative charges contributed by sulfate groups and carboxyl
groups universally present in glycosaminoglycans. Thus, they can be widely used
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for isolating any species of proteoglycans and glycosaminoglycans, and are the main
subject of following discussion.

This chapter outlines a proteoglycan-isolating protocol from a metabolically radiola-
beled cell culture (see Fig. 1) as an example case, which addresses technical problems
often encountered when working with small quantities of proteoglycans. Other reviews
on similar subjects can be consulted for more detailed discussions (1–3).

2. Materials
2.1. Extraction

1. Buffer: 4 M guanidine HCl, 0.05 M Na acetate, pH 6.0, containing 2% (w/v) Triton X-100
and protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 10 mM N-ethylmaleimide,
10 mM disodium ethylenediaminetetraacetic acid (4).

2. Stock solutions (100 × concentrated) of phenylmethylsulfonyl fluoride and N-ethylmaleimide
are prepared in ethanol and added to the guanidine HCl buffer just prior to use (they are
unstable in aqueous solutions).

2.2. Solvent Exchange
1. Sephadex G-50, fine (Amersham Pharmacia Biotech). Preswelling of Sephadex can be

done in hot water (off the heater), which achieves sterilization, degassing, and shortening of
swelling time. Extreme caution should be exercised when adding Sephadex powder to

Fig. 1. A flow diagram of proteoglycan isolation from a radiolabeled cell culture.
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boiling water, to avoid flushing. A convenient concentration of gel (50% slurry) can be
made by mixing 5 g of Sephadex G-50 with 100 mL of water. Bacteriostatic agents (e.g.,
0.02% Na azide) should be added for long-term storage.

2. 10 mL plastic disposable pipet (Falcon).
3. Glass wool, #3950 (Corning).
4. Buffer: 8 M urea, 0.20 M NaCl, 0.05 M Na acetate, 0.5% Triton X-100, pH 6.0.

2.3. Anion-Exchange Chromatography
1. Q-Sepharose, fast flow (Amersham Pharmacia Biotech). Q-Sepharose has to be

preequilibrated with the low salt buffer as described below.
2. Low salt buffer: 8 M urea, 0.20 M NaCl, 0.05 M Na acetate, 0.5% Triton X-100, pH 6.0.
3. High salt buffer: 8 M urea, 1.5 M NaCl, 0.05 M Na acetate, 0.5% Triton X-100, pH 6.0.
4. Gradient former (a simple configuration can be made with two beakers).
5. Peristaltic pump.

2.4. Gel Filtration Chromatography
1. Superose 6, HR 10/30 (Amersham Pharmacia Biotech).
2. Buffer: 4 M guanidine HCl, 0.05 M Na acetate, 0.5% (w/v) Triton X-100, pH 6.0.

3. Methods
General experimental procedures introducing radioactive precursors into

proteoglycans using cell cultures and tissue cultures are reviewed elsewhere (1).

3.1. Extraction
1. After removing media from the cell layer, approximately 2 mL of extraction buffer (per

35-mm-diameter cell culture dish) is added to a culture plate (see Note 1).
2. Proteoglycans are extracted within 2–3 h of constant shaking at 4°C.
3. Passing the extract through a 1-mL pipet tip up and down approximately 10 times reduces

the viscosity of the solution caused by DNA.
4. Extraction of proteoglycans from tissues: As used originally in the extraction of

proteoglycan from cartilage tissue (3), 4 M guanidine generally provides excellent solu-
bilization of proteoglycans.

5. When tissues are to be extracted, ordinarily approximately 10 times volume of 4 M guanidine
HCl buffer successfully solubilizes proteoglycans from finely minced tissues in 12 h at 4°C.

6. Additional consideration should be made when extraction of cell-associated proteoglycans
is attempted; i.e., inclusion of sufficient amounts of detergent may be necessary (such as 2%
Triton X-100) for the solubilization of proteoglycans (5).

7. Secreted proteoglycans in cell culture media are generally already soluble, but, in order to
minimize interactions between highly charged proteoglycans and other molecules, direct
addition of solid guanidine HCl (0.53 g of solid guanidine HCl per milliliter of media makes
4 M guanidine HCl solution) is frequently used.

3.2. Solvent Exchange
1. In order to prepare the extracted proteoglycans in 4 M guanidine HCl for the anion-

exchange chromatography procedure in the next step, guanidine HCl has to be replaced
with a solvent compatible with the procedure.

2. A preferred solvent is a urea buffer, since it disrupts molecular interactions by interfering
with the formation of hydrogen bonds.

3. A convenient buffer-exchange procedure can be done by gel filtration (such as Sephadex
G-50 chromatography) using a small disposable pipet. This process is also very conve-
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nient to remove unincorporated radioactive precursors, when radiolabeled cell cultures
were extracted with a 4 M guanidine HCl solvent.

4. Preparation of Sephadex G-50 column: Pour preswollen Sephadex G-50 (50% slurry) into
a 10-mL plastic disposable column (which has been cut at the top with a file and plugged
with glass wool at the bottom) to make 8 mL bed volume.

5. Remove excess water and equilibrate the column with 8 M urea buffer (a total of 9 mL is
sufficient to equilibrate the column).

6. Carefully prepare a flat gel surface with a glass Pasteur pipet and remove excess urea buffer.
Apply a 2-mL sample and discard the eluent.

7. After the entire sample is in the column, carefully overlay 3 mL of buffer and collect
eluent until the entire buffer is in the column (3-mL fraction collected). This fraction
contains proteoglycans and other macromolecules in 8 M urea buffer, while leaving
small molecules in the original sample (guanidine HCl, isotope precursors, etc.) behind
in the column.

8. At this point, the column can be safely disposed of as a radioactive waste.

3.3. Anion-Exchange Chromatography

3.3.1. Preparation of Q-Sepharose Column (see Note 2)
and Sample Application

1. 2 mL of preequilibrated Q-Sepharose (1 mL of Q-Sepharose can bind up to 3–5 mg of
proteoglycans) is packed into a small column (10-mL plastic pipet cut by a file and plugged
with glass wool at the bottom).

2. Alternatively, 2 mL of Q-Sepharose is mixed with the sample in 8 M urea buffer and
gently shaken for 1 h, then packed into the column; this latter method gives uniform
binding of proteoglycans to Q-Sepharose, resulting in a better flow property, especially
when a large quantity of materials is used.

3. After sample application, the column is washed with 10 mL of the low-salt buffer.
4. Then the column is connected to a gradient former and eluted with a total of approximately

40 mL of buffer with a flow rate of 10–15 mL/h.
5. Every 1- to 2-mL fraction is collected and monitored for NaCl concentration by conductivity

measurement (see Fig. 2). Eluent fractions are monitored for proteoglycans (by radioac-
tivity detection or colorimetric procedures; a convenient and sensitive colorimetric pro-
cedure using Safranin O is described in ref. 6).

6. Typically, heparan sulfate proteoglycans are eluted in a peak at approximately 0.5 M
NaCl and chondroitin sulfate proteoglycans at 0.65 M NaCl.

3.4. Gel Filtration Chromatography
1. Proteoglycans with differing molecular weights purified by Q-Sepharose chromatogra-

phy are further separated by gel filtration chromatography. Superose 6 (or equivalent gel)
is suitable for resolving small proteoglycans (“small, leucine-rich proteoglycans”, cell
surface heparan sulfate proteoglycans, etc.) from large proteoglycans (e.g., aggrecan,
versican, and perlecan) and partially degraded proteoglycans.

2. Superose 6 is equilibrated in 4 M guanidine HCl buffer containing 0.5% Triton X-100
(see note 2), and up to 0.5 mL of sample can be loaded to the column.

3. The column is eluted at a flow rate of 0.4 mL/min and each 1-min fraction is collected
(see Fig. 3).

4. Eluent fractions are analyzed for proteoglycan content (by radioactivity detection or colo-
rimetric procedures).
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4. Notes
1. Extraction of cell-associated proteoglycans from cultured cell requires the use of deter-

gent (5). Usefulness of 4 M guanidine HCl in the presence of 2% Triton X-100 has been
rigorously demonstrated.

2. One of the major technical problems associated with anion-exchange chromatography
of proteoglycans, especially when purifying molecules present in small quantities (e.g.,

Fig. 2. Q-Sepharose anion-exchange chromatography. A sample from a cell culture that was
metabolically radiolabeled with [3H]leucine and [35S]sulfate was analyzed. A large peak contain-
ing 3H-labeled proteins was efficiently separated from 35S-labeled proteoglycan peaks eluting
later in high-salt fractions.

Fig. 3. Superose 6 chromatography of 35S-labeled cell surface heparan sulfate proteoglycan.
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isolation of proteoglycans from cell cultures), is poor recovery of materials. This
can be, in most cases, overcome by the use of detergents (either nonionic or zwitte-
rionic). Routinely, the use 0.5% (w/v) Triton X-100 (or NP-40) dramatically
improves recovery of proteoglycans (even glycosaminoglycans) from ion-exchange
columns. Most nonionic detergents (such as Triton X-100, NP-40) possess strong
absorbance in the ultraviolet (UV) range, thus making UV tracing for protein detec-
tion difficult. If this causes problems in analyses, non-UV-absorbing, nonionic
detergents such as Genapol X-100TM (Calbiochem) can be used. Also, when the
removal of detergents is required in later experimental steps, the use of those with
high critical micellar concentrations (such as CHAPSTM, Calbiochem) in place of
Triton X-100 is beneficial.
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Isolation of Proteoglycans from Tendon

Kathryn G. Vogel and Julie A. Peters

1. Introduction

Proteoglycans make up less than 1% of the dry weight of a dense connective tissue
such as tendon (1). Most of this proteoglycan is a small molecule called decorin.
Because decorin has only one glycosaminoglycan chain, it cannot be separated from
other proteins by the CsCl density-gradient centrifugation method that was originally
used to purify aggrecan from cartilage.

The basic approach described in this chapter is to extract proteoglycans from the
tissue with 4 M guanidine, a solution that will denature collagen and disrupt most kinds
of noncovalent molecular interactions. The cross-linked collagen of adult tendon remains
insoluble during this extraction, allowing the proteoglycans and other soluble proteins to
be separated from the bulk of the tissue by centrifugation. Proteoglycans are then sepa-
rated from other extracted proteins by ion-exchange chromatography, taking advantage
of the anionic nature of the glycosaminoglycan chain.

This method has been used to quantitate and isolate proteoglycans from the tensile
(proximal) and compressed (distal) regions of bovine deep flexor tendon. These
mechanically distinct regions of flexor tendon are characterized by differences in
proteoglycan amount and type (2). The method is equally applicable to isolation of
proteoglycans from human tendon or from other dense connective tissues (3). Once
isolated, the large proteoglycans can be separated from smaller ones by sieve chroma-
tography. These isolated proteoglycans and their unique core proteins and glycosami-
noglycan chains are of sufficient purity to then be examined by specific analytical
techniques or used in functional assays.

2. Materials
2.1. Quantitation of Glycosaminoglycans

1. Single-edge razor blades.
2. Heated water bath.
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3. Microcentrifuge.
4. Lyophilizer.
5. Papain digestion solution:  0.05 M sodium acetate,  5 mM L-cysteine HCl, 10 mM EDTA,

pH 5.5. Add 50 µg/mL papain just before starting digestion.
6. DEAE cellulose (Whatman, DE52).
7. Disposable columns (Bio-Rad Poly Prep, 0.8 × 4 cm).
8. Column elution solutions:  0.02 M HCl, 1 M HCl.
9. Uronic acid detection reagent (orcinol reagent):  2 g of orcinol (5-methylresorcinol;

3,5-dihydroxytoluene monohydrate) in 50 mL of 1.5% FeCl3, 850 mL of conc. HCl, and
150 mL of water (4). Orcinol is sensitive to light and is irritating to eyes, the respiratory
system, and skin. Dissolve orcinol in FeCl3 solution, then add HCl and water. Use caution
and work in a fume hood when adding water to concentrated HCl.

10. Uronic acid standards:  stock solution of 100 µg/mL of glucuronolactone diluted to stan-
dards of 5 µg/mL, 10 µg/mL, 20 µg/mL, and 30 µg/mL.

11. Pyrex test tubes.
12. Heat block.
13. Spectrophotometer.

2.2. Isolation of Proteoglycans
1. Single-edge razor blades.
2. Tissue-grinding device (we have used a food mill made by Arthur Thomas, Incorporated,

Philadelphia, PA).
3. Lyophilizer.
4. 16-mL centrifuge tubes with sealing screw cap (Nalge Nunc).
5. 4 M guanidine buffer: 4 M guanidine, 0.05 M sodium acetate, pH 6.0. Add protease inhibitors

just before starting extraction:  5 mM benzamindine, 5 mM phenylmethylsulfonyl fluoride,
and 1 mM N-ethylmaleimide.

6. Nutator (Clay-Adams) or other rocking device.
7. Centrifuge (Beckman J2, JA-17 rotor).
8. 7 M urea buffer:  7 M urea, 0.05 M sodium acetate, pH 6.0.
9. 7 M urea buffer plus protease inhibitors:  shortly before use add 5 mM benzamindine, 5 mM

phenylmethylsulfonyl fluoride, 1 mM N-ethylmaleimide.
10. Dialysis tubing (MWCO:  12,000–14,000).
11. DEAE cellulose (Whatman, DE52).
12. Disposable columns, Bio-Rad Poly-Prep, 0.8 × 4 cm.
13. Column elution solutions:  7 M urea buffer + 0.1 M NaCl; 7 M urea buffer + 0.2 M NaCl;

7 M urea buffer + 0.8 M NaCl.

2.3. SDS Polyacrylamide Gel Electrophoresis of Proteoglycans
1. 2-mL screw-capped centrifuge tubes.
2. 95% ethanol.
3. Microcentrifuge.
4. Enzyme digestion buffer:  0.1 M Tris base, brought to pH 8.0 with acetic acid.
5. Chondroitinase ABC  (Seikagaku, 5 U/vial) resuspended in 0.5 mL of 0.1 M Tris-HCl,

pH 8.0 mL (10 U/mL).
6. Gel sample buffer:  for 100-mL, combine 50 mL stacking gel buffer, 5 g sodium dodecyl

sulfate, 20 g glycerol, 4 mg bromophenol blue, and water to volume.
7. Electrophoresis apparatus and power source.
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8. Polyacrylamide:  30% acrylamide, 0.8% bis-acrylamide.
9. Separating gel buffer:  0.75 M Tris, 4 mM EDTA, pH 8.8.

10. Stacking gel buffer:  0.25 M Tris, 4 mM EDTA, pH 6.8.
11. 0.5% ammonium persulfate.
12. TEMED.
13. Electrode buffer stock:  0.1 M Tris, 0.768 M glycine, 8 mM EDTA, pH 8.7. After adjust-

ing pH (if necessary), add 0.4% SDS. The upper buffer is diluted 1/4; the lower buffer is
diluted 1/8.

14. Gel fixative:  50% methanol, 7% acetic acid, 43% dH2O.
15. Coomassie blue staining solution:  0.1% Coomassie Brilliant Blue R-250, 40% methanol,

10% acetic acid, 50% dH2O.
16. Gel destain:  25% methanol, 7% acetic acid, 68% dH2O.
17. Alcian blue staining solution:  0.5% Alcian blue (8GX, Sigma Chemical Co), 7% acetic

acid, 93% dH2O.
18. Alcian blue destain solution:  7% acetic acid, 93% dH2O.

3. Methods
3.1. Quantitation of Glycosaminoglycans
1. Dissect tendon tissue free of muscle and fat, cut into chunks about 3 mm on a side, weigh,

lyophilize, weigh again (see Note 1 and bovine tendon water content, Table 1).
2. Add papain digestion solution to tissue at 50 mg dry tissue/1 mL enzyme in 2-mL screw cap

tubes. Incubate at 65°C until tissue pieces have disappeared (6–18 h, see Note 2).
3. Centrifuge and remove the supernatant. Dilute supernatant with equal volume of dH2O to

assure low salt concentration.
4. Pour columns containing 0.3 mL DE-52 in water (see Note 3).
5. Apply 1 mL of diluted sample to DEAE cellulose in column;  collect the flow-through

(see Note 4).
6. Rinse column with 20 mL of 0.02 M HCl to remove loosely adherent molecules. Elute the

glycosaminoglycans into a clean tube with 2 mL of 1 M HCl.

Table 1
Water Content of Adult Flexor Tendons

Tissue 1 2 3
Tens. 65.6 61.5 62.7 _

65.2 62.1 63.4 X = 63.7  + 1.7 %
66.6 62.1 63.7

Comp. 70.2 70.6 73.1 _
70.8 67.3 71.1 X = 71.0  + 1.7 %
70.9 70.9 73.7

Samples of fresh tendon from animals between 1 and 2 years of age were cut into small pieces with
a razor blade, weighed, lyophilized, and weighed again to determine the percent of tendon wet weight
that was water. Triplicate samples of about 130 mg each were assessed. Tens., tissue from the tensile/
proximal region of tendon; Comp., tissue from the compressed/distal region of tendon. Samples are
from the front (1) and rear (2) leg of one animal and the rear (3) leg of another. Note that the water
content is lower in the tensile tendon.
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7. Determine the amount of GAG uronic acid spectrophotometrically using the orcinol
reagent and uronic acid standards (4). Combine 0.5 mL of glycosaminoglycan sample or
standard with 1.5 mL of orcinol reagent in Pyrex test tube, place in heat block at 100°C
for 20 min, cool to room temperature, read OD at 670 nm within 30 min, and calculate
micrograms of uronic acid per milligram of tissue dry weight (see Notes 5–7, and tendon
uronic acid content, Table 2)

3.2. Isolation of Proteoglycans

1. Chop the tissue into chunks ~3 mm on a side and freeze immediately with liquid nitrogen
(see Note 8).

2. Powder the frozen chunks of tissue (see Note 9).
3. Extract tissue in 4 M guanidine buffer + protease inhibitors for 24 h at 4°C with rocking.

A good ratio of tissue wet weight to extraction fluid is about 1/20 (see Note 10). The
efficiency of proteoglycan extraction from  powdered tendon was higher than extraction
from tissue chunks (see Tables 3 and 4).

4. Centrifuge in Beckman JA-17 fixed-angle rotor at 3440g (5000 rpm) for 10 min; care-
fully remove the supernatant.

5. Repeat the extraction with fresh buffer, centrifuge, and combine supernatants (see
Note 11).

6. Dialyze the extract into 7 M urea buffer + 0.1 M NaCl (see Notes 12 and 13).
7. Apply 0.5 mL of dialyzed extract to a 1-mL column of DEAE cellulose equilibrated in

7 M urea buffer (see Note 14).
8. Rinse the column with 8 mL of 7 M urea buffer + 0.1 M NaCl followed by 3 mL of 7 M

urea buffer + 0.2 M NaCl.
9. Elute proteoglycans with 1.5 mL of 7 M urea buffer + 0.8 M NaCl (see Note 15).

3.3. SDS Polyacrylamide Gel Electrophoresis of Proteoglycans

1. Precipitate the proteoglycans in ethanol to prepare samples for gel electrophoresis. For
example, mix 50 µL of sample from the ion-exchange column with 400 µL of ethanol in
a small centrifuge tube. Let stand at –20°C for several hours or in –70°C freezer for at
least 1h.

Table 2
Uronic Acid Content of Adult Flexor Tendons (µg uronic acid/mg dry weight)

Tissue 1  2 3
Tens. 3.1 2.6 2.1 _

2.8 2.2 2.3 X = 2.6 + 0.4
3.3 2.2 2.4

Comp. 7.1 7.1 6.0 _
5.8 6.8 6.3 X = 6.4 + 0.8
5.2 7.9 5.7

Samples of dry tendon were digested with papain, passed over a small column of DEAE cellulose,
and the isolated glycosaminoglycans assessed for uronic acid content. Note that tissue from the
compressed region of tendon contains a higher amount of uronic acid.
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2. Spin samples in the microcentrifuge in cold for 10 min at 10,000 rpm, remove superna-
tant by suction, rinse pellet and tube with 1 mL cold ethanol, let stand at –20°C for at least
1h, and spin again. Dry pellet with brief lyophilization (see Note 16).

3. Solubilize pellet in 25 µL of gel sample buffer and heat to 100°C for 5 min in a heat
block. If the samples are to be reduced, add dithiothreitol or β-mercaptoethanol to the gel
sample buffer before heating.

4. The core protein of proteoglycans having chondroitin sulfate or dermatan sulfate glycosami-
noglycan chains can be seen after removal of the glycosaminoglycans by digestion with
chondroitinase ABC (see Note 17). Resuspend the dry proteoglycan pellet in 25 µL of
digestion buffer, add 1 µL (0.01 unit) of enzyme, and incubate at 37°C for 1 h. Add 25 µL
of 2X gel sample buffer and heat to 100°C for 5 min in the heat block.

5. Pour 4–16% gradient gel, 1.5 mm thick (5, see Notes 18 and 19). For one gel, make solu-
tions containing 4% and 16% acrylamide. For 4%:  6.75 mL separating buffer, 1.8 mL
acrylamide + bis, 4.14 mL water, 135 µL 10% SDS, 13.5 µL TEMED, and 675 µL 0.5%
ammonium persulfate. For 16%:  3.38 µL 2X separating buffer, 7.2 mL acrylamide + bis,
2.12 mL water, 135 µL 10% SDS, 13.5 µL TEMED, and 675 µL 0.5% ammonium
persulfate. The 16% solution is stirred while pumping it between glass plates, as it is diluted
by the 4% solution.

6. Pour 4% stacking gel using a 15-lane comb.

Table 3
Extraction of Proteoglycan from Adult Flexor Tendons

Tensile Compressed
Chunks Powder Chunks Powder

7 M Urea
1.  47 41 63 131
2. 17 35  28 41

Total      64 76 91 172

7 M Urea + 0.1 M NaCl
1.  141 195 285 624
2. 79 110 131 122

Total 220 305 416 746

4 M Guanidine
1.  137               176a 748 1335
2. 83 330 239 112

Total 220 506 987 1447

aDue to tissue swelling, 15 mL of solution was added.

Chunks or powdered tendon was extracted with 7 M urea, 7 M urea + 0.1 M NaCl, or 4 M guanidine.
In each case the extraction started with 200 mg dry weight of tissue and 8 mL of extraction solution.
After 24 h the extracts were centrifuged, the supernatants removed, and an additional 8 mL of extrac-
tion solution added to the pellet for another 24 h. The amount of uronic acid in the supernatant of each
extraction is shown, in micrograms. 1, first extraction; 2, second extraction of same tissue.



14 Vogel and Peters

7. Load 10– 50 µL of sample into each lane, as appropriate. Put molecular weight standards
in one lane. If samples were digested with chondroitinase ABC, it is useful to prepare one
sample containing only 1 µL of enzyme and digestion buffer.

8. Run electrophoresis at 8 mA for approximately 18 h (see Note 20). Cooling to 16°C may
help uniformity but is not necessary. If desired, carry out Western blot procedures immedi-
ately after electrophoresis.

9. Put the gel into gel fixative solution for 1 h.
10. Cover the gel with Coomassie blue staining solution for 1h with gentle rocking. Pour off the

stain. Cover the gel with several changes of destain solution until the gel background is clear.
11. To stain for proteoglycans, cover the gel in Alcian blue staining solution for 1 h. Pour off

the stain and destain with 7% acetic acid until gel background is clear (see Fig. 1 and
Notes 21 and 22).

4. Notes

1. Many plastic tubes will lose weight during lyophilization. It is best to remove dry tissue
from the tube to obtain dry weight.

2. Tissue digestion can be encouraged by shaking the tube and by adding additional papain.
The digest may appear cloudy.

3. Precycle DE52 through washes in 0.5 N HCl, dH2O, 0.5 N NaOH, and then rinse in dH2O
until filtrate is near pH 7. Used resin can be recovered by the same treatment and used again.

4. The DE52 resin is kind; the columns will not run dry even when no fluid remains above the
resin. Columns can be placed in a tube to collect eluent and simply moved to the next tube for
the next elution fluid.

5. Place a glass marble on each tube while in the heat block to diminish evaporation of acid.
Cool tubes quickly and uniformly by transferring the tubes to a rack and placing the rack in
a pan of water.

6. Dilute the sample with dH20 as needed (1/2 or 1/5) to obtain readings that fall within the
range of standards. Authentic chondroitin sulfate was recovered from the columns with
efficiency >95%. Multiply by 3.2 to convert amount of uronic acid to chondroitin sulfate.

7. Orcinol reagent is stable for 6 wk when kept in the refrigerator in a dark glass container.

Table 4
Efficiency of  Proteoglycan Extractiona

Tensile Compressed

7 M urea   16% 12%

7 M urea + 65% 51%
0.1 M NaCl

4 M Guanidine 108% 100%

a Uronic acid in the papain digest of each tissue was set to equal 100%  tens. = 467 µg,  comp. = 1454 µg.

The amount of uronic acid solublized by two sequential 24-h extractions in each extraction solution
(Table 3) is compared to the amount of uronic acid measured after papain digestion of tissue from the
same animal (sample 2, Table 2). Note that adding 0.1 M NaCl to 7 M urea greatly increased the
amount of proteoglycan that was solublized from the tissue. Virtually all proteoglycan was solublized
by 4 M guanidine.
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8. To freeze tissue chunks for storage, put a few at a time into a half-liter plastic container,
add a small amount of liquid nitrogen, cover loosely, and shake the container. This makes
it possible subsequently to remove individual chunks of frozen tissue. Be sure to maintain
a vent to allow gas to escape during freezing.

Fig. 1. SDS/Polyacrylamide gel electrophoresis of proteoglycans. Proteoglycans were
extracted, isolated by ion-exchange chromatography, precipitated with ethanol, incubated with-
out or with added chondroitinase ABC, and loaded onto a 4–16% gradient gel. After electro-
phoresis the gel was stained with Coomassie blue and Alcian blue. An approximately equal
amount of uronic acid (12.5 µg) from samples extracted with 7 M urea + 0.1 M NaCl and 4 M
guanidine was loaded onto each lane;  it was not possible to precipitate this much material from
the 7 M urea extracts. Tens, from tensile region of tendon; Comp, from compressed region of
tendon. Note that a proteoglycan migrating just above 120 kDa (decorin) is the predominant
molecule in tensile samples. A proteoglycan that enters the running gel but migrates more
slowly (biglycan) is present only in the compressed samples. The core proteins of these small
proteoglycans migrate close together at about 45 kDa. Large proteoglycan (aggrecan) is present
in the stacking gel of compressed samples but does not form a discrete band. The high-molecu-
lar-weight band appearing after chondroitinase ABC digestion of samples from compressed
tissue is the aggrecan core protein with some keratan sulfate chains.
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9. Tendon is difficult to powder. To avoid gumming up the mill, it is necessary to keep the
grinding surfaces cold by adding liquid nitrogen continually. Some loss of tissue is inevi-
table. For smaller amounts of tissue one can use a tissue macerator (a shaking steel ball
and chamber) cooled with liquid nitrogen.

10. The ratio of extraction fluid to tissue can be varied, depending on the goal of the extraction.
Tensile tendon swells a great deal during extraction, whereas compressed tendon and cartilage
do not. Powdered tendon swells more than chunks of tissue. For highest extraction efficiency
it is important to have a large supernatant volume and a small pellet after centrifugation.
However, a large supernatant volume is not desirable during the subsequent dialysis.

11. With sufficient fluid volume, virtually 100% of the proteoglycan can be removed from
powdered tendon with two sequential extractions in 4 M guanidine buffer (see Tables 3
and 4). In contrast, extraction with 7 M urea solublized less that 20% of the proteoglycan.
Addition of 0.1 M NaCl to 7 M urea increased extraction efficiency fourfold compared
to extraction in 7 M urea alone, but still solublized only 50–65% of the total
proteoglycan (see Table 4). Figure 1 indicates that these two extraction solutions
solublize the same proteoglycans.

12. It is necessary to remove 4 M guanidine in order to carry out ion-exchange chromatography.
Efficient dialysis is accomplished during three sequential 24-h dialysis steps using 5 vol-
umes of 7 M urea buffer for each step. This will reduce guanidine concentration to less
than 0.04 M, a level that does not impede glycosaminoglycan binding to the anion-
exchange resin.

13. Although extraction in 7 M urea + 0.1 M NaCl is less efficient than extraction in 4 M
guanidine, it eliminates the need to dialyze samples before ion-exchange chromatography.

14. With a larger extract volume, one can use a larger DEAE cellulose column. The extract can
be pumped onto the column and eluted with a continuous gradient of NaCl from 0.1 to 0.8
M. Proteoglycans will elute at about 0.25 M NaCl (6).

15. The yield of decorin after ion-exchange chromatography and sieve chromatography was
about 150 µg/g wet weight of adult tensile bovine tendon (6).

16. Precipitate proteoglycans in 8 volumes of ethanol. Precipitation from 7 M urea + NaCl
does not present a problem. However, it is sometimes useful to precipitate the 4 M guani-
dine extract. In this case it is important to remove all supernatant and rinse the tube care-
fully. If any guanidine remains in the sample, it will form a nasty precipitate with SDS in
the gel sample buffer and make electrophoresis impossible.

17. The resuspended chondroitinase ABC enzyme from Seikagaku can be kept in the refrigera-
tor for a year.

18. All electrophoresis buffers should be made with Tris base and brought to proper pH
with HCl.

19. It is not necessary to run gradient gels to see proteoglycan. However, the 4–16% gel is
useful for visualizing intact biglycan and decorin and their core proteins on the same gel.

20. Large proteoglycans such as aggrecan will not enter the separating gel. As the gel is run-
ning, it is possible to see “crinkly” diffraction lines in the stacking gel of lanes containing the
large proteoglycan.

21. The various concentrations of methanol suggested for destaining solutions are designed to
reduce methanol consumption. After destaining in 7% acetic acid, the gel will be somewhat
swollen; it will return to size when stored in the solution containing 25% methanol. If the
protein bands have faded, just add a few drops of Coomassie blue to this final solution.

22. Gel electrophoresis can be used to visualize intact proteoglycans in a tissue extract, without
ion-exchange purification, by staining only with Alcian blue. The gel should be washed
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with at least three changes of destain solution over a 24-h period to assure complete
removal of SDS;  then stain the gel with Alcian blue and destain in 7% acetic acid. If SDS
remains in the gel, it will bind Alcian blue and make the gel impossible to destain. Do not
stain samples of the total extract with Coomassie blue, because this produces a blue smear
that will obscure the proteoglycans.
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Purification of Proteoglycans from Mineralized Tissues

Neal S. Fedarko

1. Introduction
The isolation and purification of proteoglycans derived from mineralized tissues

requires sequential dissociative extraction and fractionation techniques that were first
employed on developing dental enamel (1) and then on bone (2). The basic method
involves preliminary extraction in nondemineralizing denaturing buffers, followed
by extraction with demineralizing and denaturing solutions combined. The denatur-
ing buffer extract is considered to be the osteoid-associated proteoglycan pool, while
the demineralizing buffer extract is taken as the mineral-associated pool of
proteoglycans. Following extraction procedures, the samples are subjected to anion-
exchange chromatography and size-exclusion chromatography for purification.

The protocols listed below, while specifically detailing the purification of
proteoglycans from bone, are applicable directly to other mineralized tissue such as
teeth. The methodology is slightly modified from previously described chromato-
graphic purification schemes (3–6). Proteoglycans are profiled during isolation by a
special acrylamide gradient gel electrophoresis system (3–15% acrylamide and
0.06–0.08 % bis-acrylamide) and staining with Stains-All. Chromatographic fractions
are profiled for proteoglycan content using a modified carabazole assay for uronic
acid content (7).

2. Materials

2.1. Tissue Preparation and Extraction
1. Impact grinder cooled by liquid nitrogen (e.g., Spex Freezer/Mill tissue pulverizer).
2. Liquid nitrogen.
3. Denaturing buffer (0.5 L):

a. 191.08 g guanidine HCl (4 M).
b. 3.028 g Tris, pH 7.4. (0.05 M).
c. 6.56 g  6-aminocaproic acid (0.1 M).
d. 0.382 g benzamidine HCl (0.005 M).
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e. 0.625 g N-ethylmaleimide (0.01 M).
f. 0.087 g phenylmethylsulfonyl fluoride (0.001 M).
g. Make up to a total volume of 0.5 L with distilled, deionized H2O.

4. Demineralizing buffer (0.5 L):
a. Denaturing buffer above plus
b. 95.05 g EDTA tetrasodium salt (0.5 M).

5. Nutator or orbital shaker at 4°C.

2.2. Extract Concentration and Desalting
1. 40% (w/v) polyethylene glycol 6000 in distilled, deionized H2O.
2. Formamide buffer (0.5 L):

a. 200 mL formamide (40% v/v, 10 M) (see Note 1).
b. Sodium phosphate buffer, pH 6.0 (40 mM).

i. 39 mL of a 0.2 M stock of monobasic sodium phosphate (27.8 g NaH2PO4 in 1 L H2O).
ii. 61 mL of a 0.2 M stock of dibasic sodium phosphate (53.85 g Na2HPO4·7H2O or 71.7

g Na2HPO4·12H2O in 1 L H2O).
c. 2.92 g NaCl (0.1 M).
d. 0.5 mL Tween 20 buffer.
e. Make up to a total volume of 0.5 L with distilled, deionized H2O.

3. ToyoPearl TSK-GEL HW 40(S) resin packed in a 1.0 × 25 cm Omnifit column (see Note 2).

2.3. Anion Exchange Chromatography
1. ToyoPearl Super Q-650S resin packed in an Omnifit column, 1.0 × 5 cm (see Note 2).
2. Equilibration buffer (0.5 L):

a. 200 mL formamide (40% v/v, 10 M).
b. Sodium phosphate buffer, pH 6.0 (40 mM).

i. 39 mL of a 0.2 M stock of monobasic sodium phosphate (27.8 g NaH2PO4

in 1 L H2O).
ii. 61 mL of a 0.2 M stock of dibasic sodium phosphate (53.85 g Na2HPO4·7H2O

or 71.7 g Na2HPO4·12H2O in 1 L H2O).
c . 2.92 g NaCl (0.1 M).
d. 0.5 mL Tween 20 buffer.
e. Make up to a total volume of 0.5 L with distilled, deionized H2O.

3. Elution buffer (0.5 L):
a. Equilibration buffer plus
b. 58.44 g NaCl (2 M).

2.4. Size-Exclusion Chromatography

1. Formamide buffer: same as equilibration buffer for anion exchange.
2. Guanidine SEC buffer (0.5 L):

a. 286.6 g guanidine HCl (6 M).
b. Sodium phosphate buffer, pH 6.0 (0.1 M).

i. 97.5 mL of the 0.2 M stock of monobasic sodium phosphate.
ii. 152.5 mL of the 0.2 M stock of dibasic sodium phosphate.

c. 0.5 mL Tween 20.
d. Make up to a total volume of 0.5 L with distilled, deionized water.

3. Pharmacia Superose 6 HR 10/30 and/or Phenomenex BioSep SEC S-4000 column.
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2.5. Electrophoretic Analysis

2.5.1. Stock Solutions
1. Solution 1. 30% acrylamide stock: 30 g acrylamide to a total volume of 100 mL H2O.
2. Solution 2. 2 % bis-acrylamide stock: 2 g N, N-methylene-bis-acrylamide to a total

volume of 100 mL H2O.
3. Solution 3. Tris-PO4 buffer (stacking buffer):

a. 6 g Tris base (0.5 M).
b. 25 mL 1 N H3PO4.
c. pH 6.8 with concentrated H3PO4.
d. Make up to a total volume of 100 mL H2O.

4. Solution 4. Tris-HCl buffer (separating buffer):
a. 18.16 g Tris base (1.5 M).
b. 15 mL 2 N HCl.
c. pH 8.8 with concentrated HCl.
d. Make up to a total volume of 100 mL H2O.

5. 10 % sodium dodecyl sulfate (SDS) 100 g SDS in 100 mL H2O.
6. 10 % ammonium persulfate (APS) 100 mg ammonium persulfate in 1 mL dH2O.
7. N, N, N’, N’-tetramethylethylenediamine (TEMED).
8. Stains-All stock solution:

a. 0.1 % (w/v) Stains-All (1-ethyl-2-|3-(1-ethylnaphtho|1,2d|-thiazolin-2-ylidene)
b. Ethylpropenyl|naphtho|1,2d|thiazolium bromide) in formamide (see Note 3).

3.5.2. Working Gel Solutions (see Note 4).
1. Special 3% stacking gel:

a. 10 mL solution 1 (30% acrylamide).
b. 3 mL solution 2 (2% Bis).
c. 25 mL solution 3 (separating buffer),
d. 1 mL 10% SDS solution.
e. 61 mL dH2O.

2. 3% separating gel
a. 10 mL solution 1 (30% acrylamide),
b. 3 mL solution 2 (2% Bis),
c. 25 mL solution 4 (separating buffer),
d. 1 mL 10% SDS solution,
e. 61 mL dH2O.

3. 15% separating gel:
a. 50 mL solution 1 (30% acrylamide).
b. 4 mL solution 2 (2% Bis).
c. 25 mL solution 4 (separating buffer),
d. 1 mL 10% SDS solution.
e. 20 mL dH2O.

4. Gel fixative solution (4 L):
a. 1.0 L  isopropanol (25% v/v).
b. Make up to 4.0 L with H2O.

5. Stains-All working solution:
a. 192 mL distilled, deionized H2O.
b. 3 mL Solution 4.
c. 75 mL isopropanol.
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d. 15 mL formamide.
e. 15 mL 0.1 % (v/v) Stains-All stock.

2.6. Modified Carbazole Assay
1. Stock reagents.

a. 0.025M sodium tetraborate: 10H2O in sulfuric acid. Dissolve 0.95 g of sodium
tetraborate decahydrate in 2.0 mL of hot H2O and add 98 mL of ice-cold concentrated
H2SO4 carefully with stirring. Stable indefinitely if refrigerated.

b. 0.125% carbazole in absolute ethanol or methanol (analytical grade). Dissolve 125 mg
of carbazole in 100 mL of absolute ethanol.

c. Standards: 200 ng–20 mg D-glucuronolactone in 250 mL H2O.

3. Method
3.1. Tissue Preparation and Extraction

1. Immediately after excision, trim bone free of sutures and soft adherent tissue.
2. To facilitate processing, cut tissue into <1-cm pieces using sterile side cutters or bone biters.
3. Process bone into a fine powder under liquid nitrogen using a Spex impact mill.
4. For every gram of powdered bone, add 0.1 L denaturing extraction buffer and mix the

suspension using a Nutator or orbital shaker for 48–72 h at 4ºC.
5. Centrifuge at 800g for 10 min, aspirate, and save supernatant.
6. Rinse remaining pellet twice with 100 mL of fresh denaturing extraction buffer and combine

rinses.
7. Add 0.1 L of demineralizing buffer for every gram of bone and extract for 72 h at 4ºC.
8. Centrifuge at 5000g to remove any insoluble material (see Note 5).

3.2. Extract Concentration and Desalting
1. Denaturing buffer extracts and demineralizing buffer extracts are made 20% in polyethylene

glycol (PEG) by adding either an equal volume of the 40% PEG stock or by the appropriate
dry weight of PEG (see Note 6).

2. Chill samples at 4oC for 1 h to overnight with mixing on an orbital shaker or a nutator.
3. Centrifuge samples at 5000g for 15 min.
4. Resuspend pellet in 2–5 mL of chilled formamide buffer and subject to HPLC desalting.
5. Preparative desalting and buffer exchanging utilizes a 1.0 × 25 cm Omnifit column packed

with ToyoPearl TSK-GEL HW 40(S) resin equilibrated in the formamide equilibration
buffer and a flow rate of 0.5 mL/min. Up to 5.0 mL are injected onto the column and 1 min
fractions collected. The void volume (fractions 8–16) are collected and pooled, an aliquot
taken for SDS-PAGE analysis (see below), and the remainder of the pool subjected to
anion-exchange chromatography.

3.3. Anion-Exchange Chromatography

1. Equilibriate a ToyoPearl Super Q-650S column in low-salt (0.1 M NaCl) formamide
buffer at a flow rate of 2.0 mL/min.

2. Inject desalted extracts directly onto the string anion-exchange column and elute material
by an initial isocratic segment of 10 min at 0.1 M NaCl, followed by an 80-min linear
gradient to 1.0 M NaCl, and finally, a 30-min linear gradient to 2.0 M salt. The flow rate
throughout is 2.0 mL/min, absorbance is monitored at 280 nm, and 1-min fractions are
collected.
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3. Profile aliquots from fractions with significant A 280-nm absorbance by SDS PAGE (see
below). Profile proteoglycan elution positions by a modified carbazole (uronic acid) assay
(see Note 7).

3.4. Size-Exclusion Chromatography
1. Molecular size separations are performed using two different systems. The columns and

flow rates used are a Superose 6 HR 10/30 FPLC column at a flow rate of 0.25 mL/min and
a Phenomenex BioSep SEC S-4000 column at a flow rate of 0.5 mL/min. The Superose 6
column is used to further isolate individual proteoglycans, while the BioSep SEC S-4000
column is used for final purification and estimation of size.

2. Pooled fractions from anion exchange are concentrated by PEG precipitation (see above).
3. Pellets are resuspended in the formamide equilibration buffer and injected onto the Superose

6 column.
4. 1-min fractions are collected as absorbance at 280 nm is monitored and 50-µL aliquots of

each fraction are diluted to 250 µL with H2O and taken for the carbazole assay (see below)
to profile uronic acid-containing proteoglycans.

5. Pooled fractions that have been subjected to anion exchange and subsequent size-exclusion
chromatography on Superose 6 are concentrated by PEG precipitation.

6. The pellet is resuspended in the 6 M guanidine-containing buffer and resolved on the
BioSep SEC S-4000 column. Again, absorbance is followed at 280 nm and aliquots are
analyzed for uronic acid (proteoglycan) content.

7. Both columns are calibrated using protein standards (8).

3.5. Electrophoretic Analysis

3.5.1. Pouring Gradient Gels (see Note 8).
1. 3–15% gradient large gels (16 × 14 × 0.15 cm)

a. 14.6 mL 3% in left chamber.
b. 14.5 mL 15% in right chamber with mixing flea stir bar.
c. Add in order: 35 µL 10% APS to both chambers (mixing with pipet in chamber

without stir bar); 2.75 µL TEMED to 3% side; 2.5 µL TEMED to 15% side.
d. Open stopcocks and start pumps (flow rate < 1 mL/min).
e. It should take about 40–45 min to pour the separating gel and another 40 min to

polymerize.
f. Top off gel with saturated butanol until ready to pour stacking gel.

2. 3% stacking gel for large gels  (16 × 14 × 0.15 cm)
a. To 20 mL of “special 3% stacking gel solution” add: 300 µL APS; and 30 µL TEMED.

3. Small gels (10 × 10.5 × 0.15 cm)
a For small gels, 5 mL of working gel solution is used per chamber of the gradient

former.
b. Each chamber receives 25 µL APS.
c. The 3 % acrylamide working solution receives 2.6 µL TEMED, while the 15%

working solution receives 2.5 µL of TEMED.
d. The 5 mL of stacking gel working solution (special 3%) receives 25 µL APS and 

5 µl TEMED.

3.5.2. Running Gradient Gels
1. Samples are reduced with 2 mM dithiothreitol and heated at 100oC for 10 min before

loading. Samples in the formamide buffer do not require the addition of gel sample
buffer and can be loaded directly onto the gel.
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2. Electrophoresis is carried out on SDS slab gels (16 ×14 × 0.15 c m) at a constant
current of 9 mA per gel for 14 h (30 mA/gel in 6 h with water a buffer cooling system)
or until  the prestained carbonic anhydrase molecular weight marker (30,000 daltons)
reaches the bottom of the gel.

3. For small gels (10 ×10.5 × 0.15 cm), electrophoresis is carried out at 25 mA/gel in 2 h.
4. At the end of electrophoresis, gels are rinsed in the 25% isopropanol through 4 changes

over a 12-h period to remove SDS. Residual SDS will interfere with Stains-All solubility.
5. Gels are reacted with the Stains-All working solution in a light-protected container.
6. Once bands are readily apparent, the gels are destained in H2O. Stains-All reacts with

proteins and proteoglycans to generate different colored bands based on band compo-
nent acidity. An advantage of Stains-All over other proteoglycan–glycosaminoglycan
staining procedures is that it also enables contaminating proteins and glycoproteins to be
visualized.

3.6. Modified Carbazole Assay
1.  Cool samples and standards (250 µL) in an ice bath.
2. Add 1.5 mL of ice-cold sulfuric acid-sodium tetraborate reagent with mixing and cooling

on ice.
3. Heat the mixtures at 100ºC for 10 min.
4. Cool rapidly in the ice bath.
5. Add 50 µL of carbazole reagent and mix well.
6. Reheat at 100o C for 15 min.
7. Cool rapidly to room temperature and determine the absorbance at 525 nm.

The combination of anion-exchange chromatography and size-exclusion
chromatography enables separation of the three major proteoglycans present in
bone—a versican-like proteoglycan, biglycan, and decorin. The small leucine-rich
proteoglycans, biglycan and decorin, elute early on the salt gradient in anion
exchange and are included and elute later on the size-exclusion columns.

4. Notes

1. Fresh formamide should be used and, once opened, the bottle stored tightly capped at –20ºC
until further use.

2. Omnifit glass columns were adapted for HPLC with Tefzel tubing (1/16-in. outer diam-
eter ×  0.01 in. internal diameter) by boring out the ferrules with a 1/16-in drill bit (6).

3. Stains-All, or 1-ethyl-2-|3-(1-ethylnaphtho|1,2d|-thiazolin-2-ylidene)-2-, ethylpro-
penyl|naphtho|1, 2d|thiazolium bromide, is available from Eastman Kodak Co. with a
catalog number of 2718. An alternative to Stains-All profiling of proteoglycans is
Alcian blue staining (9).

4. Working solutions are stable for 3–4 mo when stored at 4ºC in flasks wrapped with aluminum
foil (to eliminate light exposure).

5. Following incubation with demineralizing buffer, it is common in bone samples derived
from adult animals to have a significant amount of insoluble material that pellets after
centrifugation. This majority of this material consists of highly cross-linked type I col-
lagen, though minor amounts of matrix glycoproteins and proteoglycans may also be
present. In general, the older the sample donor, the higher are the levels of insoluble
cross-linked material.
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6. Incubation of the 40% PEG in water suspension at 50ºC facilitates dissolution.
7.  Alternatives to the carbazole assay to follow the uronic acid content as a marker of the

glycosaminoglycans in proteoglycans would be one of the numerous stoichiometric dye
binding assays such as Safranin O (10) or 1,9-dimethylmethylene blue (11).
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Purification of Perlecan from Endothelial Cells

John Whitelock

1. Introduction

Perlecan, the major heparan sulfate (HS) proteoglycan of basement membranes and
other connective tissues, is a modular molecule with five structural domains. It has
been isolated from various sources including kidney and placenta, but most com-
monly from the mouse Englebroth Holm Swarm (EHS) tumor (1,2). It has also been
purified from cultured cell lines such as endothelial cells (3) or fibroblasts (4). When it
has been extracted from tissue or from the extracellular matrix of cultured cells, it has
been first solubilized using chaotropic agents such as urea or guanidine. The effect of
these dissociating agents on the structure and function of isolated proteoglycans is
not known, but it is thought that some of the denaturation may be irreversible. Human
perlecan is found predominantly as a heparan sulfate proteoglycan, but has been
isolated from carcinoma cell lines as an undecorated protein core and  from placental
tissue decorated with chondroitin sulfate/dermatan sulfate. The molecular weight of
the protein core is approximately 470 kDa, while the size of the mouse homolog is
around 400 kDa. Domain I is the N-terminal domain, and it contains a cluster of three
potential glycosaminoglycan attachment sites. Domain II has homology to the LDL
receptor, with strict conservation of the cysteine residue positions. Domain III shares
homology with the short arm of the laminin α-chain. Domain IV is the largest domain
with a molecular weight in excess of 200 kDa and is made up of numerous immunoglo-
bulin-like repeats similar to those found in the neural cell adhesion molecule. Domain
V is the C-terminal domain, and is made up of three regions with homology to the
globular domains of the laminin α-chain, interspersed with four epidermal growth
factor-like repeats.
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2. Materials
1. Human endothelial cells were isolated from either umbilical veins or arteries as described

previously (5). Dr. J. Gamble provided C11-STH, the endothelial cell line at the Hanson
Cancer Center in Adelaide, Australia.

2. Endothelial cell growth medium: For 1 L of Medium 199 (Earles salts), open 1 packet of
Medium 199 powder (Gibco) and dissolve powder in 900 mL of pyrogen-free H2O
(Baxter), add 2.2 g of NaHCO3, 100 U of penicillin, and 100 µg of streptomycin. Adjust
the pH to 7.2, make the total volume up to 1 L, sterilize by filtration using a 0.22-µm filter
and store at 4°C. Before using the medium in cell cultures, add 0.3g/L of bovine brain
extract (BBE), prepared as described (6) (see Note 1), 1 mg/L of heparin (Sigma cat. no.
H3149) (see Note 2), 15% v/v fetal bovine serum  (see Note 3).

3. Flasks that were used to grow endothelial cells were first coated with 10 µg/mL of
fibronectin for 2 h at 37°C. A 2% gelatin solution can be used in place of fibronectin.

4. DEAE Sepharose column (Pharmacia).
5. Anti-perlecan immunoaffinity column. Weigh out 2 g of dry CnBr-activated Sepharose 4B

matrix (Pharmacia). This makes a column of bed volume 7 mL. Swell and wash the powder
in 1 mM HCl and then equilibrate the gel with approx. 50 mL of 0.1 M NaHCO3, 0.5 M
NaCl, pH 8.3 (coupling buffer). Dialyze the anti-perlecan monoclonal antibody (A71, A74,
or A76) against the coupling buffer (allow approx. 5 mg of antibody per milliliter of swelled
Sepharose). Mix the antibody solution with the prepared gel and mix overnight at 4°C on a
rocking platform. The ratio of buffer to swelled gel should be at least 2/1 to achieve efficient
mixing. This time can be shortened to 4 h at room temperature. Centrifuge at 1000g,
aspirate the supernatant, and wash the gel on a sintered glass funnel under vacuum. Block
the remaining active binding sites by incubating the gel  with 1 M ethanolamine, pH 8.0
(this should be made fresh) for 2 h at room temperature on a rocker. Centrifuge at 1000g,
aspirate the supernatant, and wash the gel with coupling buffer. Perform alternate washes
of the elution buffer to be used and the coupling buffer. Equilibrate the column in phos-
phate-buffered saline and store the column at 4°C

6. Dialysis tubing—10,000-Mr cutoff membrane (Spectropor).
7. Sucrose.
8. SuperoseTM 6 prepackaged HR 10/30 column and Pharmacia FPLCTM system.
9. Coomassie Plus Protein Assay  Kit (Pierce).

10. SDS-PAGE gradient gels, reagents, and electrophoretic equipment (Bio-Rad).
11. Composite agarose-acrylamide gels  (see Note 4).
12. Anti-perlecan protein core antibodies; A71 (specific for domain I),  A74  (specific for

domain V) and A76 (not characterized) (7).
13. Anti-heparan sulfate antibody, 10E4 (Seikagaku).
14. Anti-chondroitin sulfate antibody, CS-56 (Sigma).
15. ELISA plates, reagents, and microtiterplate reader

3. Methods

3.1. Human Endothelial Cell Culture
1. Cultures of human arterial and venous cells are maintained by replacing the conditioned

medium three times every week.
2. The cells can also be grown in roller culture bottles (900 cm2). These will need to be coated

with fibronectin (10 µg/mL; 10 mL per roller bottle) for 2 h at 37°C before seeding the cells.
3. Roller cultures are fed twice weekly with 120 mL of endothelial cell growth medium.
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4. Once the cells condition the medium, it is removed, centrifuged at 1500g for 10 min to
remove cell debris and stored at –20°C. (see Notes 5 and 6).

3.2. DEAE Chromatography
1. Equilibrate a 100 mL bed volume DEAE Sepharose column with approximately 4 vol-

umes of 20 mM Tris, 250 mM NaCl, 10 mM EDTA, 1 mM benzamidine, pH 7.5 (DEAE
running buffer) at 4°C.

2. Thaw and filter the conditioned medium (approx. 2-L batches) using either glass wool or
a sintered funnel over a vacuum.

3. Apply the medium to the column at a flow rate of 1–2 mL/min.
4. Wash the medium through the column with the DEAE running buffer and continue to wash

the column with this buffer until a baseline is achieved  (measuring the absorbency at a
wavelength of 280 nm) (see Note 7).

5. Elute bound molecules (including the perlecan) from the column with 20 mM Tris, 1 M
NaCl, 10 mM EDTA, 1 mM benzamidine, pH 7.5 into a collection vessel which is on ice.

6. Pool the perlecan containing fractions (approx. 60–80 mL) and store at 4°C.
7. Remove a small sample (~200 µL) for testing in the ELISA based screening assay.
8. Regenerate the DEAE column by washing it with 2 volumes of 20 mM Tris, 2 M NaCl,

10 mM EDTA, 1 mM benzamidine, pH 7.5 and reequilibrating it with the DEAE run-
ning buffer.

3.3. Anti-Perlecan Immunoaffinity Chromatography

1. Equilibrate the column with 20 mM phosphate buffer with 1 M NaCl, pH 7.5 (immuno-
affinity running buffer).

2. Apply the pooled perlecan-containing fractions directly to the immunoaffinity column and
recirculate over the column for approx. 6 h or overnight at 4°C, at a flow rate of 1 mL/min.

3. Keep the flow through for testing in the ELISA-based screening assay.
4. Wash the column with approx. 50 mL of the immuno-affinity running buffer or until a

baseline is achieved.
5. Elute the bound perlecan from the immunoaffinity column with either 0.1 M Tris, pH 7.5

containing 3 M MgCl2  or PBS containing 6 M urea. (see Note 8).
6. Pool the perlecan peak (approx. 15 mL).
7. Wash the column with the immunoaffinity running buffer. (Another perlecan  peak may

elute at this stage; the two peaks should be pooled.)
8. The column is washed with 50 volumes of immunoaffinity running buffer containing  0.08%

NaN3 and stored at 4°C.
9. Dialyze the perlecan containing peak against three changes of PBS at 4°C overnight and

then concentrate to approx. 1–2 mL by removing the PBS through the dialysis tubing by
laying it on a bed of sucrose.

10. Once the volume is reduced to approx. 1–2 mL, the clips on the dialysis tubing can be
readjusted (to prevent reswelling) and redialyzed against PBS overnight at 4°C to remove
any sucrose.

11. The immuno-purified perlecan can be assayed for purity and quantity, and stored in small
aliquots at –70°C in siliconized  tubes  (see Note 9).

3.4. Gel Filtration Chromatography

1. Equilibrate a Superose 6 prepackaged HR 10/30 (Pharmacia) column with 0.5 M
CH3COONa, 0.05% Tween-20, pH 7.5 at 0.4 mL/min.
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2. Set the fraction collector to collect fractions every 2 min (0.8-mL fraction volume).
3.  Apply sample via the loop while maintaining the flow rate at 0.4 mL/min.
4. Fractions can be monitored for either the presence of proteins by measuring the absor-

bency at a wavelength of 280 nm, or for radioactivity by taking a sample and mixing it
with scintillant and counting.

5. This method is essentially as described by Melrose and Ghosh (8). It is particularly suit-
able for separating biosynthetically labeled perlecan from free label (see Fig. 1), as well
as separating 3H-labeled or 35SO4-labeled HS chains that are liberated from the protein
core of perlecan by alkaline borohydride elimination (see Fig. 2).

6. Perlecan-enriched fractions can be prepared using this methodology. This is particularly
suitable if immuno-affinity chromatography is not possible. It is important to remember that
these fractions will also contain other large molecules such as the chondroitin sulfate
proteoglycan, versican. This can be monitored by the screening of fractions with the anti-
chondroitin sulfate monoclonal antibody, CS-56 (see Note 10).

3.5. Preparation of Perlecan HS (Alkaline Borohydride Elimination)

1. Prepare 2 M NaBH4.
2.  Prepare 0.1 M KOH.
3.  Mix an equal volume of the above solutions and add this to a volume of labeled perlecan

solution in the ratio 2/1 v/v (NaBH4/KOH:perlecan).
4. Cover with parafilm, and incubate overnight at 45°C.
5. Neutralize with an equal volume of 3.6 M CH3COOH (see Note 11).

Fig. 1. Elution profile of immunopurifed human perlecan using a Superose 6 10/30
prepacked column. Samples of 3H-labeled perlecan were run through a Superose 6 10/30 col-
umn as described. HUAEC-derived perlecan is shown by the dashed line, whereas HUVEC-
derived perlecan is shown by the unbroken line. The V0 of the column was 8 mL (fraction 10),
whereas the Vt was 20 mL (fraction 25). Notice the large amount of free 3H-glucosamine in the
HUAEC sample.
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3.6. Ethanol Precipitation for Concentrating HS
1. To the sample to be concentrated, add 4 volumes of 1.3% CH3COOK in 95% ethanol.
2. Incubate at –20oC for 3–16 h.
3. Isolate the precipitated labeled perlecan by centrifugation in a microfuge at room tempera-

ture for 5 min.
4. Aspirate the supernatant, wash twice (1–5 mL) with salt-free 95% ethanol.
5. The perlecan can be either lyophilized or dissolved in buffer.

3.7. Detection and Quantitation of Perlecan
1. The presence of perlecan in purified and semipurified fractions is monitored using an

ELISA-based screening assay using one antibody that reacts with the protein core (A76)
and another that reacts with the heparan sulfate (10E4). This assay can also be used to screen
for the presence of chondroitin sulfate on the protein core or other co-purifying extracellular
matrix proteins (see Note 12).

2. We have found that the heparan sulfate attached to the protein core of perlecan interfered
with the BCA reaction, resulting in an overestimation of the amount of perlecan present.
Therefore, to avoid these errors, use the dye-binding protein assay, Coomassie Plus Protein
Assay (Pierce), as it is more reliable on the amount of protein core present.

3.8. Electrophoresis
1. Standard SDS-PAGE methodology can be employed to analyze perlecan in gels and West-

ern blots. It is recommended to run 4–15% gradient gels, as the intact perlecan runs at the

Fig. 2. Elution profile of HS derived from immunopurified perlecan using a Superose 6 10/
30 prepacked column. Samples of 3H-labeled HS were run through a Superose 6 10/30 column
as described. HUAEC-derived HS is shown by the dashed line, whereas HUVEC-derived HS is
shown by the unbroken line. The V0 of the column was 8 mL (fraction 10), whereas the Vt was
20 mL (fraction 25). The molecular weight of the two types of HS was estimated to be 40 kDa
using  previously published standards for chondroitin sulfate (8).
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bottom of the application wells. The use of 3–8% gradient gels may facilitate the migra-
tion of perlecan into the running gel (see Note 13).

2. SDS-PAGE Gels can be stained with either (see Note 14):
a. 0.25% Coomasie blue in 40% methanol, 50% H2O, 10% CH3COOH.
b. 0.08% Azure A in H2O.
c. 0.1% Alcian blue in 50% ethanol.
d. Or a combination of the above with a AgNO3 stain.

3. Composite agarose-polyacrylamide gel electrophoresis (COA-PAGE) can also be
employed to analyze the purified perlecans (see Fig. 3). These gels have the advantage
that the perlecan migrates through the pores of the gel and the distance the molecules
travel depends on the ratio of their mass to their charge. This has the advantage that
perlecans from different sources may be separated on the basis of charge (see Fig. 3). (see
Note 15). They can be blotted to nitrocellulose on a flat bed dry blotter and probed with
antibodies (see Fig. 3).

4. Notes

1. Commercially prepared endothelial cell growth supplement or purified growth factors
such as recombinant human fibroblast growth factors (FGF) or vascular endothelial cell
growth factors (VEGF) may be used in place of the BBE. They are used at a final concen-
tration of 10 ng/mL.

2. Heparin is not required when using either FGF-2 or VEGF. Cells may also be grown
heparin-free by using 15% v/v  human serum.

Fig. 3. COA-PAGE immunoblot of perlecan immunopurifed from a HUVEC cell line and
primary HUAEC cultures. Lane 1 represents 3 µg of perlecan immunopurified from a HUVEC
cell line (C11-STH). Lane 2 represents 3 µg of perlecan immunopurified from primary cultures of
HUAECs. Both samples were run through CO-A/PAGE gels and blotted to nitrocellulose. The
nitrocellulose was cut into strips and probed with the anti-protein core antibodies as indicated.
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3. After 2 weeks of storage at 4°C, the glutamine will have to be re-added at a final concentra-
tion of 2 mM (4 mM for smooth muscle cells). The medium should be discarded after 4 wk.

4. These are prepared essentially as described by McDevitt and Muir (9) (also see
Chapter15).

5. Either 3H-glucosamine, 35S-Na2SO4, or 35S-methionine can be added to the cultures (5 µCi/
mL) to produce biosynthetically labeled perlecan. The choice of labeling reagent depends on
whether you want to label the protein core or the glycosaminoglycan chains.

6. Endothelial cells derived from primary tissue can be maintained at confluence for 1 wk.
The endothelial cell line could be maintained at confluence for longer periods.

7. Biosynthetically labeled perlecan can be prepared using the same methodology as
described for the unlabeled molecule. Its purification can be monitored by sampling
100 µL of each fraction and mixing it with scintillant (Insta-gel; Packard) and counting in
a scintillation counter (LKB 1217 Rackbeta). Radiolabeled perlecan can also be concen-
trated using ethanol precipitation.

8. When using the 3 M MgCl2 to elute the column, make the solution fresh before use and
keep the MgCl2 stored in a desiccator.

9. Collect the perlecan fractions in siliconized Eppendorf tubes to minimize loss due to
adsorption.

10. The buffers used for the gel filtration step, which may be used instead of the immunoaffinity
step and  results in the isolation of perlecan-enriched fractions, may contain 6 M urea as a
dissociative agent. This is particularly pertinent to the isolation of perlecan from tissue sources.

11. When performing the NaBH4/KOH step (overnight at 45°C), choose a screw-capped tube
or cover the tube with parafilm. This prevents the cap popping due to the pressure build up
caused by the release of H2 gas. Also, choose a 15-mL tube (for solutions up to 2 mL) so that
during the neutralization step the H2 gas that is liberated is allowed to escape without the loss
of the sample.

12. 0.1% casein in PBS is used as both the blocking agent and diluent, due to the fact that it gives
superior backgrounds with the anti-HS antibody, 10E4.

13. If you plan to run gels with a separate stacker, do not remove the stacker before staining or
blotting to nitrocellulose.

14. The SDS must be washed out of the gels with 3 changes in either H2O or 50% ethanol prior
to staining with Azure A, Alcian blue, or silver.

15. These gels can be stained with 0.08% Azure A in H2O by placing them on a sheet of plastic
to act as a support.
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Isolation and Characterization of Nervous Tissue
Proteoglycans

Yu Yamaguchi

1. Introduction
Nervous tissues contain a variety of proteoglycans (1–3). In tissues, proteoglycans

are present predominantly in extracellular matrices and on cell surfaces. Proteoglycans
in extracellular matrices are generally extracted in soluble fractions by physiological
buffers without detergents, whereas cell surface proteoglycans that are anchored to the
plasma membrane either by transmembrane domains or glycosylphosphatidylinositol
(GPI) linkages are fractionated into membrane fractions. Some proteoglycans in extra-
cellular matrices requires chaotropic agents such as urea and guanidine for solubiliza-
tion (4). It has been shown that a total of 20 µg of proteoglycans (as protein) can be
isolated from 1 g (wet weight) of embryonic rat brain tissues, in which 8 µg are from the
soluble fraction and 12 µg are from the membrane fraction (1). In the case of adult rat
brain, a total of 35 µg of proteoglycans are isolated, 20 µg in the soluble fraction and
15 µg in the membrane fraction. In general, the soluble fraction contains predominantly
chondroitin sulfate proteoglycans (CSPGs), whereas heparan sulfate proteoglycans
(HSPG) are enriched in the membrane fraction.

Herndon and Lander (1) reported that ~25 distinct proteoglycan core proteins can
be identified in embryonic and adult rat brain. Among these bands for putative
proteoglycan core proteins, 16 were identified as chondroitin sulfate proteoglycans
and 9 were heparan sulfate proteoglycans. Not all of these bands represent distinct
proteoglycan core proteins, since some represent proteolytic fragments. Thus far, more
than 20 proteoglycans that are molecularly defined have been shown to be expressed
in embryonic and adult brain. It should be noted that there is a great deal of difference
in the amount of these proteoglycans in the brain at the protein level, and not all of
these proteoglycans have been isolated from the brain in biochemical quantities.
Among CSPGs, brevican, versican, and phosphacan are abundant in adult brain,
whereas neurocan is abundant in embryonic brain (5,6): All these CSPGs have been
isolated in biochemical quantities from the brain. Less is known about the relative
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abundance of individual HSPGs, but at least glypican (glypican-1) and cerebroglycan
(glypican-2) have been isolated for the purpose of N-terminal sequencing (7).

The procedure described here was originally reported by Herndon and Lander (1)
and modified by us for large scale purification (5,8,9). This procedure provides a
straightforward way to isolate fractions that are highly enriched for various
proteoglycans, by taking advantage of negative charges of glycosaminoglycan chains.
Purification of individual proteoglycans in native forms, however, requires methods
specific for each proteoglycan, such as affinity chromatography and immunoaffinity
chromatography. For instance, neurocan and phosphacan were purified using
immunoaffinity chromatography on monoclonal antibodies (10). Brevican can be iso-
lated by using affinity chromatography on a column of tenascin-R fragment (11), while
versican can be isolated by affinity chromatography on hyaluronan (6). Although it is
possible to purify individual proteoglycans by the combination of conventional chro-
matographic procedures, such approaches are usually not so easy. This is because
proteoglycans behave similarly in most biochemical separation methods due to the
large, negatively charged glycosaminoglycan chains shared by all these molecules.
Purification of individual core proteins is less challenging. For this purpose, after
digesting glycosaminoglycan chains with chondroitinase, heparitinase, or both, mix-
tures of core proteins can be fractionated by HPLC (9; see also Fig. 1, lane 3), prepara-

Fig. 1. SDS-PAGE analysis of the total proteoglycan fraction isolated from adult rat brain
(modified from ref. 9). The total proteoglycan fraction was isolated from soluble extracts of
adult rat brain by the methods described here. (Lanes 1, 2) The total proteoglycan fraction was
digested with (lane 2) or without (lane 1) protease-free chondroitinase ABC (Seikagaku
America) and analyzed on 8–16% gradient gel (Novex) under nonreducing condition. Proteins
were visualized by silver staining. Arrow and arrowhead indicate the 145-kDa (full-
length) and 80-kDa (N-terminally truncated) forms of brevican core protein, respectively.
Peptide sequencing also identified the ~180-kDa band above the 145-kDa brevican core pro-
tein is phosphacan and the ~125-kDa band just below the 145-kDa brevican core protein is
neurocan. (Lane 3) The 80-kDa brevican core protein was purified by reverse-phase HPLC on
a Vydac C4 column.
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tive PAGE, or other protein separation methods. However, since some core proteins
have similar molecular weights (e.g., all glypican core proteins migrate around ~60
kDa), such core proteins are more difficult to purify.

2. Materials
1. Brain tissues. This procedure has been used for rat, mouse, bovine, and human brain tis-

sues. For large scale purification of proteoglycan-enriched fractions as described below, we
usually start with 100 g of brain tissue. For most applications, we use brain tissues frozen on
Dry Ice and stored at –80ºC. It is preferable to strip blood vessels and meninges from brains,
if contamination of proteoglycans derived from these tissues is to be minimized.

2. Sorvall GSA rotor or equivalent.
3. 250-mL centrifuge bottles for GSA rotor.
4. Sorvall T865 ultracentrifuge rotor or equivalent.
5. 30 mL ultracentrifuge tubes (e.g., Sorvall Ultrabottles, polycarbonate).
6. Polytron homogenizer.
7. Gradient former.
8. DEAE-Sepharose Fast Flow.
9. Buffers: Buffer A: 4 mM Hepes, pH 7.5, 0.3 M sucrose, 0.15 M NaCl, and protease

inhibitors*(see item 17 below).
10. Buffer B: 50 mM Tris-HCl, pH 8.0, 0.15 M NaCl, 1% CHAPS, and protease inhibitors

(see Note 1).
11. Buffer C: 50 mM Tris-HCl, pH 8.0, 0.15 M NaCl, and 0.5% CHAPS.
12. Buffer D: 50 mM Tris-HCl, pH 8.0, 0.25 M NaCl, and 0.1% CHAPS.
13. Buffer E: 50 mM Tris-HCl, pH 8.0, 0.25 M NaCl, 0.1% CHAPS, and 6 M urea.
14. Buffer F: 50 mM sodium formate, pH 3.5, 0.2 M NaCl, 0.1% CHAPS, and 6 M urea.
15. Buffer G (preelution buffer): 100 mM Tris-HCl, pH 8.0, 0.2 M NaCl, and 0.5% CHAPS.
16. Buffer H (elution buffer): 50 mM Tris-HCl, pH 8.0, 1 M NaCl, and 0.5% CHAPS.
17. 1 mM EDTA, 1 µg/ml pepstatin A, 0.5 µg/ml leupeptin, 0.4 mM PMSF (final concentra-

tions); add these inhibitors to buffers just before use.

3. Method
3.1. Homogenization and centrifugation

One round of ultracentrifugation processes 25–30g of brain tissue. Four times this
amount (100 g) can be processed in a day by doing four rounds of ultracentrifugation.
The following is our standard procedure for the isolation of soluble proteoglycans
from 100–120 g of rat brain.

1. Chill four 250-ml centrifuge bottles in a freezer. Set up a Polytron homogenizer in a cold
room (see Note 2).

2. Weigh pieces of frozen brain tissues and distribute 25–30 g of tissues per centrifuge bottle.
Keep the bottles on ice.

3. Take one bottle and add buffer A up to ~1 cm below the neck of the bottle.
4. Insert the probe of a Polytron homogenizer into the centrifuge bottle and homogenize at

speed 4–5 for 30 s. Keep the bottle on ice during homogenization. Put the bottle back on ice.
Repeat step 4 for the other three bottles.

5. Homogenize each bottle again for 30 s.
6. Adjust the balance of bottles with buffer A. Centrifuge in a GSA rotor at 12,400g for

30 min at 4°C.
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7. Transfer supernatants into a beaker on ice.
8. Fill eight 30-ml ultracentrifuge tubes with the supernatant. Balance precisely. Every

tube must be filled up to the neck, otherwise the tube will break during ultracentrifuga-
tion and become almost impossible to remove from the rotor. Use buffer A to balance
and fill the tubes.

9. Ultracentrifuge in the Sorvall T865 rotor at 60,000 rpm (~380,000g ) for 60 min at 4ºC.
10. Collect supernatants (= soluble fraction) in a beaker on ice. Collect pellets from the bottom of

the ultracentrifuge tubes with a spatula and keep them on ice until solubilization (see step 13).
11. Repeat steps 8–10 for the rest of the homogenates.
12. Combine supernatants from four rounds of ultracentrifugation (~1000 mL). Clarify by

filtration through a 0.2 µm pore filter, if necessary. If the supernatants are not applied to
DEAE column on the same day, add CHAPS at 0.5% to prevent aggregation during storage.

13. For isolation of the membrane fraction, combine pellets from step 10 in a Dounce or a
Teflon-on-glass homogenizer, add ~50 mL of buffer B, and homogenize. Incubate
homogenates for 1–4 h at 4ºC, if necessary. After solubilization, remove insoluble aggre-
gates by centrifugation at 380,000g for 1 h (= membrane fraction).

3.2. Isolation of Proteoglycan-Enriched Fractions
by Anion-Exchange Chromatography

The following procedure is for the isolation of a fraction enriched for soluble
proteoglycans. For the membrane fraction, the size of the column and the volume of
buffers should be reduced based on the volume of the sample. We perform the entire
process of chromatography in a cold room.

1. Apply the combined soluble fraction onto a column of DEAE-Sepharose Fast Flow
preequilibrated with buffer C. For 1000 mL extract, a column with 25 to 30-mL bed volume
is sufficient. It takes several hours to load this volume of extracts onto the column. We
usually let the extract pass through the column overnight by gravity flow.

2. Wash the column with 10 column volumes of buffer C. A peristaltic pump may be used
during the washing and elution steps. For a 25 to 30-mL column of DEAE Fast Flow, set the
pump at around 3 mL/min.

3. Wash the column with 10 column volumes of buffer D.
4. Wash the column with 10 column volumes of buffer E.
5. Wash the column with 5 column volumes of buffer F.
6. Wash the column with buffer G until pH returns to ~8.
7. Elute with 5–6 column volumes of 0.2–1 M NaCl linear gradient in (e.g., 75 mL of buffer

G and 75 mL of buffer H for a column of 25-mL bed volume). Collect fractions of 2 mL.
8. Determine protein concentration in each fraction.
9. Analyze fractions by SDS-PAGE. Proteoglycans appear as diffuse smears. To identify

what types of proteoglycans are present in the fractions, treat them with carrier-free
chondroitinase ABC (protease-free chondroitinase ABC; Seikagaku America, Rockville,
MD) and analyze by SDS-PAGE. Bands appear after chondroitinase digestion represent
CSPG core proteins (see Note 3). See Fig. 1 for a representative result.

4. Notes
1. Unlike Triton X-100, CHAPS has a small micelle size and is rather easy to remove from the

sample if necessary. However, CHAPS is more expensive than Triton X-100. If this poses a
problem, the CHAPS in buffers C, D, E, and F can be replaced with Triton X-100. In this
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case, the large portion of Triton X-100 will be washed out and replaced with CHAPS
during the preelution with buffer G. Note that Triton X-100 does not efficiently solubi-
lize GPI-anchored proteins, including glypicans. Also Triton X-100 interferes with
Absorbance Measurements.

2. Homogenization with a Dounce or a Teflon-on-glass homogenizer is preferable when
smaller amounts of brain tissues are processed. For a large-scale isolation, as described
here, the use of these types of homogenizers is not very practical.

3. For the analysis of proteoglycan core proteins, the use of carrier-free chondroitinase ABC
is important. Most of the commercial glycosaminoglycan lyases contain BSA as a stabi-
lizer, which migrate as a thick, 67-kDa band, rendering the identification of core proteins
in this region impossible. No carrier-free heparitinase or heparinase is available commer-
cially at present. For the analysis of heparan sulfate proteoglycan core proteins, nitrous
acid digestion may be useful. The presence of carrier BSA in heparitinase will not be a
problem when the isolated fractions are analyzed by immunoblotting or after iodination of
core proteins (1).
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Analysis of Proteoglycans
and Glycosaminoglycans from Drosophila

William D. Staatz, Hidenao Toyoda, Akiko Kinoshita-Toyoda,
Kimberlly Chhor, and Scott B. Selleck

1. Introduction
The fruitfly, Drosophila melanogaster, has provided a powerful model organism

for the study of development. Analysis of patterning in a variety of species from the
nematode, C. elegans, to frogs, chicks, and mice have demonstrated that the funda-
mental mechanisms of morphogenesis are conserved among diverse species. In recent
years genetic studies in Drosophila have shown that proteoglycans (PGs) and their
associated glycosaminoglycans (GAGs) are critical for normal development. While
there exists a sophisticated set of genetic and molecular tools for the study of Droso-
phila, methods for the analysis of PGs and GAGs are not nearly as well developed. We
have begun to divise such methods in order that genetic and biochemical studies can
be merged to understand better the function of PGs during development at the
molecular level.

We describe here methods for the analysis of PGs from Drosophila larvae and tis-
sue culture cells, as well as quantitative methods for characterizing GAGs from differ-
ent Drosophila developmental stages. The PG methods are scaled-down modifications
of those used for vertebrate tissues and cultured cells (1) and are sufficiently sensitive
to detect PGs immunochemically in DEAE column fractions from 25–50 third-instar
larvae (see Fig. 1). The most practical and perhaps the only quantitative approach to
studying GAG structure is the analysis of the unsaturated disaccharides derived enzy-
matically from GAGs. The most common detection method used for this type of analy-
sis on material from vertebrate sources is ultraviolet absorption at 232 nm. This method
is not sensitive enough for the microdetermination of samples derived from 7–10
third-instar Drosophila larvae or comparable amounts of other Drosophila tissue. The
postcolumn fluorometric detection method using 2–cyanoacetamide, which we
describe here, is especially well suited for analyzing unsaturated disaccharides from
Drosophila GAGs (2) (see Fig. 2).
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2. Materials
2.1. Purification of Proteoglycans from Drosophila

1. Homogenization buffer: 50 mM Tris HCl, 0.15 M NaCl, pH 8.0 1% CHAPS 2 × Complete
Protease Inhibitors (Roche Molecular Biochemicals) (see Note 1). (6 M urea may be added
to all buffers except the pH 8.0 wash and the high-salt buffer, or it may be added as a
separate urea wash buffer [see Note 2]).

2. Column buffer: 50 mM Tris-HCl, 0.15 M NaCl,  pH 8.0, 0.5% CHAPS, 1  × Complete
Protease Inhibitors. (6 M urea: see Note 2.)

3. Low-salt buffer: 50 mM Tris-HCl, 0.25 M NaCl, pH 8.0, 0.1% Triton X-100, 1 × Com-
plete Protease Inhibitors. (6 M urea: see Note 2.)

4. Urea wash buffer (used only if no urea is in the previous buffers [see Note 2]). 50 mM
Tris-HCl, 0.25 M NaCl, pH 8.0, 6 M urea, 0.1% Triton X-100, 1 × Complete Protease
Inhibitors.

5. pH 3.5 buffer: 50 mM Sodium formate, 0.25 M NaCl, pH 3.5, 0.1% Triton X-100, 2 mM
PMSF, 10 mM EDTA, 6 M urea. Urea is always included in this buffer (see Note 2).

6. pH 8.0 wash buffer : 50 mM Tris-HCl, pH 8.0, 0.5% CHAPS, 2 mM PMSF, 10 mM
EDTA.

7. High-salt buffer: 50 mM Tris-HCl, 2 M NaCl, pH 8.0, 0.5% CHAPS, 2 mM PMSF, 10 mM
EDTA.

8. A 0.5 × 3 cm chromatography column.

Fig. 1. Isolation of the proteoglycan Dally from third-instar Drosophila larvae by chroma-
tography on DEAE Sepharose. Forty third-instar larvae were homogenized and fractionated on
a DEAE column as described under Subheading 3.1. Thirty micrograms of protein from each
fraction were separated by SDS-PAGE, blotted onto PVDF membrane (Millipore), and
immunostained using a polyclonal anti-Dally antiserum at 1:15,000 dilution followed by goat
anti-rabbit-HRP conjugate at 1:5000 and ECL (Amersham Pharmacia Biotech) according to the
manufacturer’s instructions. The lanes contain (1) flow-through, (2) column buffer (first wash),
(3) column buffer (second wash), (4) low salt buffer, (5) 6 M urea, (6) pH 3.5 wash. (7) pH 8.0
wash, (8) 2 M NaCl (first wash), (9) 2 M NaCl (second wash). Dally elutes in the 2 M NaCl
fractions as a smear between 90  and 200 kDa.
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9. 0.3 mL of DEAE Sepharose Fast Flow (Amersham Pharmacia Biotech). (see Note 3).
10. A supply of Drosophila. For the volumes used in this chapter, initial experiments should

be done with 40 pupae or third-instar larvae, 60 adults, 80 second-instar larvae, or 400
embryos or first-instar larvae. These numbers will have to be optimized for the needs of
each individual experiment. (see Note 3).

2.1.1. For the Alternative Stepped NaCl Gradient Elution
1. Aliquots of column buffer (above) with total NaCl concentrations of 0.25, 0.5, 0.75, 1.0,

1.5, and 2.0 M. Because it is significantly less expensive, 0.1% Triton X-100 may be
substituted for CHAPS in these buffers.

2.2. Purification of Proteoglycans from Drosophila S-2 Cells

1. CellFECTIN Reagent® (Life Technologies) (see Note 4).
2. Insect tissue culture medium. HQ-CCM3 serum-free insect cell culture medium (Hyclone)

or Shields and Sang M-3 insect cell culture medium (Life Technologies, Sigma, or Hyclone)
are both suitable. The latter must be supplemented with 12.5% fetal calf serum (Life Tech-
nologies, Sigma, or Hyclone) (see Note 5).

3. Transfection vector F449 (3) with the gene of interest under the control of the Hsp70
promoter. See Note 6.

4. To generate stable cell lines, a selection plasmid, such as pH8C0 (4) or pHGC0 (5), which
confers methotrexate resistance (see Note 6).

5. Log-phase cultures of S-2 cells. S-2 cells are routinely maintained in dishes or flasks as
nonadherent cells with a mean generation time of 24 h, and are split 1/5 every 5 days.
To ensure optimum transfection rates, the cells should be split 1/1 in fresh medium the
day before transfection. A thorough review of Drosophila cell culture can be found in
Cherbas et al. (6).

Fig. 2. Flow diagram of the postcolumn HPLC system used for analyzing the unsaturated
disaccharides from Drosophila glycosaminoglycans. The sample is injected into the solvent
pathway and separated on the column at 55° C with a NaCl gradient formed by the gradient pump.
The column eluate is then mixed with 2-cyanoacetamide and NaOH, supplied by the double-
plunger pump, and reacted at 125°C to form fluorescent products that, after cooling, are detected
by the fluorescence detector. All solvents are degassed before they enter the separation and
detection pathways. Solvent A is 1.2 mM tert-n-butylammonium hydrogen sulfate in 8.5%
acetonitrile. Solvent B is  0.2 M NaCl in solvent A.
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6. Growth medium containing 10-7 M methotrexate, if stable cell lines are being generated.
7. TBS: 50 mM Tris-HCl, 0.15 M NaCl, pH 7.4, containing Complete Protease Inhibitor

coctail (Roche Molecular Biochemicals).
8. 2 mL of DEAE Sepharose Fast Flow (Amersham Pharmacia Biotech).
9. A 1.4 × 4 cm glass chromatography column (Bio-Rad). A disposable polyproplyene col-

umn with a 3-mL capacity would also work.
10. The column and buffer materials under Subheading 2.2.

2.3. Extraction of Glycosaminoglycans from Drosophila
1. GAG extraction solution: 0.5% SDS, 0.1 M NaOH, 0.8% NaBH4.
2. 1.0 M sodium acetate.
3. 1.0 M HCl.
4. 80% Ethanol.
5. Ethanol.
6. 200- to 300-µm pore disposable filter column (Fisher Scientific).
7. Drosophila or Drosophila tissue sample.

2.4. Microdetermination of Chondroitin Sulfate in Drosophila
1. Crude GAG solution (see Subheading 3.3.).
2. Digestion buffer:  0.2 M Tris–acetate buffer (pH 8.0).
3. Chondroitinase ABC (E.C. 4.2.2.4) at 10 IU/mL (Seikagaku America).
4. Chondroitinase ACII (E.C. 4.2.2.5) at 10 IU/mL (Seikagaku America).
5. Unsaturated disaccharide standards from chondroitin sulfate (Seikagaku America). See

Table 1.

2.5. Microdetermination of Heparan Sulfate in Drosophila
1. Crude GAG solution (see Subheading 3.3.).
2. Ultrafree MC Durapore microcentrifugal filtration units with 0.45 cm pores (Millipore).
3. Ultrafree MC Biomax–5 microcentrifugal filtration units with a nominal molecular-

weight exclusion of 5000 daltons (Millipore).

Table 1
Disaccharide Standards from Chondroitin Sulfate
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4. Ultrafree–MC DEAE microcentrifugal filtration units with DEAE-derivatized membranes
(Millipore).

5. 0.3 M sodium phosphate buffer (pH 6.0).
6. Loading buffer: 50 mM sodium phosphate buffer (pH 6.0) containing 0.15 M NaCl.
7. Elution buffer: loading buffer containing 1.0 M NaCl.
8. Heparin lyase mixture: 200 mIU/mL each of heparin lyase I (heparinase, E.C. 4.2.2.7),

heparin lyase II (heparitinase II), heparin lyase III (heparitinase I, E.C. 4.2.2.8) (all from
Seikagaku America).

9. Digestion buffer: 0.1 M sodium acetate buffer (pH 7.0) containing 10 mM calcium acetate.
10. Unsaturated disaccharide standards from heparin/heparan sulfate (Seikagaku America;

see Table 2).
11. A Speed-Vac centrifugal evaporator (Savant).

2.6. HPLC Analysis

1. 1.2 mM tetra-n-butylammonium hydrogen sulfate in 8.5 % acetonitrile.
2. 0.2 M NaCl in 1.2 mM tetra-n-butylammonium hydrogen sulfate and 8.5% acetonitrile.
3. 0.5%  2-cyanoacetamide.
4. 1.0% NaOH.
5. HPLC system shown in Fig, 2. For a detailed description of equiptment used by the

authors, see Note 7.

3. Methods

3.1. Purification of Proteoglycans from Drosophila

3.1.1. Carry out all steps on ice or at 4°C.

1. Homogenize 40 third-instar larvae thoroughly in 3 mL of lysis buffer on ice, using 25–30
strokes with a Dounce homogenizer with the B pestle. One can also use a motorized pestle

Table 2
Disaccharide Standards from Heparin/Heparan Sulfate
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in a glass homogenizer. Pieces of adult fly cuticle and larval mouth parts will remain as
black fragments in the homogenate, but the soft tissues should be completely dissociated.
(see Note 1).

2. Centrifuge the lysate to clarify and remove excess lipid. To remove the major debris,
centrifuge the lysate at 12,000g for 5 min at 4°C. Then recentrifuged supernatant at
30,000g for 30 min so that any lipid is removed from the surface of the clarified superna-
tant. (see Note 8).

3. Place 1 mL of DEAE Sephaeose suspension in a 15-mL conical centrifge tube and let the
resin settle. Remove the overlying buffer and resuspend the resin in 10 mL of high-salt
buffer. Equilibrate the resin with occasional mixing for 30 min, then let the resin settle and
remove the buffer. Wash the resin twice with 10 mL column buffer by resuspension and
settling.

4. The clarified supernatant is mixed with 0.3 mL of DEAE Sepharose (Amersham Pharmacia)
and rocked at 4°C for 1 h (see Note 8).

5. The Sepharose resin is then allowed to settle and the overlying liquid is replaced with 1 mL
of column buffer. Save the removed liquid (and all further fractions) on ice for analysis at
the end of the column run.

6. The resin suspension is rocked for 5 min at 4°C, then allowed to settle and the overlying
buffer is removed and saved as above. The resin is then resuspended in 1 mL of column
buffer and packed into a 0.5 × 3 cm column.  If the resin still contains dark flakes from the
tanning reaction, repeat the washing step until the flakes are no longer visible to the naked
eye. Then pack the column.

7. The column is washed successively with the following buffers. Collect fractions equivalent
to 1 column volume:
a. 3 column volumes of column buffer.
b. 3 column volumes of low-salt buffer.
c. 3 column volumes of urea wash buffer (see Note 2).
d. 3 column volumes of pH 3.5 wash buffer. At this pH the carboxy side chains of Asp and

Glu residues are protonated, thus releasing them from the column. Sulfates on GAG
chains, however, remain negatively charged and bound to the column.

e. 4–5 column volumes of pH 8.0 wash buffer to return the pH of the column to 8.0. Check
the  pH of the 10 µL effluent with 1 µL of  0.1% phenol red. If it is still yellow, continue
washing until the effluent is red-orange.

8. To elute the sulfated PGs from the column, add 1 column volume of high-salt buffer and let
it  drain to the surface of the resin. Close the column, add 1 column volume of buffer, and let
it equilibrate for 20–30 min. Then reopen the column and collect the eluate.  Close the
column, and repeat the elution step with 1 column volume of high-salt buffer. Then wash
with the remaining high-salt buffer without closing the column (see Note 9).

9. Store fractions on ice, and assay 10 µL of each fraction for protein content using the BCA
or other suitable protein assay.

10. Samples can then be dialyzed, precipitated, and assayed by PAGE or other means. (see Fig. 2).

3.1.2. Alternative Stepped NaCl Gradient Elution
1. Follow the standard procedure through step 7b.
2. Wash the column successively with 2-mL aliquots of column buffer containing 0.25, 0.5,

0.75, 1.0, and 1.5 M NaCl.
3. Elute the most tightly bound material from the column with 3 mL of buffer with

2.0 M NaCl.
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4. Dialyze and analyze fractions as for the standard protocol.

3.2. DEAE Isolation of Sulfated Proteoglycans
from Drosophila S-2 cells
3.2.1. Transfection of Drosophila S-2 Cells

1. Add 2 µg each of expression vector and selection plasmid DNA to be transfected and 10
µg CellFECTIN reagent to 0.5 mL of serum-free medium, vortex briefly, and incubate at
room temperature for 20–40 min. (see Note 6).

2. Resuspend 2 × 106 S-2 cells in mid-log phase in 0.5 mL of serum-free medium. (see Note 5).
3. Gently mix the DNA/CellFECTIN solution with the cell suspension and plate in a 35 mm-

diameter culture dish or in a well of a 6-well culture plate and incubate at 23°C for 4–6 h.
4. Add 1 mL of fresh growth medium to the cells and return to the incubator overnight.
5. In the morning, add 1 mL of fresh growth medium to the cells and return to the incubator for

7–8 h.
6. Gently resuspend the cell pellets by centrifugation at 300g for 5 min. Then wash the cells

once by resuspending and repelleting in serum-free medium to remove excess CellFECTIN
reagent and DNA.

7. Replate the cells in 3 mL of fresh growth medium. If stable cell lines are to be created, add
the selection medium at this time. Use 2 × 10-7 M methotrexate for cells co-transfected
with the selection plasmid pH8 C0.

8. Transient transfectants can be grown for 12–48 h before use. Stable transfectants are grown
for 1 wk. Aliquots are then frozen in liquid nitrogen.

3.2.2. Harvesting Cells and Fractionation PGs
1. Heat-shock 3 × 109 log-phase S-2 cells transfected with the desired gene cloned into F449 or

another suitable vector (see Note 6): 30 min at 37°C, 5 min on ice, 2–4 h recovery at 23°C.
2. Resuspend nonattached cells and put in a centrifuge tube on ice.
3. Remove attached cells by scraping in 2 × 5 mL of ice-cold TBS, pH 7.4, containing

protease inhibitors, and add to centrifuge tube.
Carry out the following work at 4°C.

4. Spin cells for  5 min at 3000g, remove the supernatant, and wash the cells twice with 10
mL of TBS.

5. Homogenize the cells in 10 mL of homogenization buffer, on ice, 3 min, with a motorized
Teflon pestle in a glass homogenizer.

6. Centrifuge homogenate at 12,000g.
7. Place 6 mL of DEAE Sephaeose suspension in a 50-mL conical centrifge tube and let the resin

settle. Remove the overlying buffer and resuspend the resin in 40 mL of high-salt buffer.
Equilibrate the resin with occasional mixing for 30 min, then let the resin settle and remove the
buffer. Wash the resin twice with 40 mL of column buffer by resuspension and settling.

8. Apply supernatant to a 2-mL DEAE Sepharose column and elute with the protocol
described for whole animal lysates (see Subheading 3.1.).

9. Dialyze aliquots of each fraction and analyze by PAGE/Western blotting for the presence
of the desired core proteins.

10. Store the remaining fractions at –20°C.

3.3. Extraction of Glycosaminoglycans from Drosophila

1. To extract GAGs from Drosophila, lyophilize 100 adult flies, 100 larvae or 250 µL of
dechorionated embryos,  or wash with distilled water and then lyophilize.
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2. Homogenize samples (up to 20 mg of lyophilized samples) in 1.0 mL of acetone cooled
on ice. Extract for 30 min on ice, then centrifuge 15 min at  2500g at 4°C. Wash the
precipitate 3 times with 1.0 mL of ice-cold acetone and dry under vacuum.

3. Extract samples in 1.0 mL of GAG extraction solution for 16 h at room temperature with
constant stirring.

4. Neutralize samples with 200 µL of 1.0 M sodium acetate and 300 µL of 1.0 M HCl and
centrifuge 10 min at 2500g, 4°C. Remove particulate matter from the supernatant with a
300-µm-pore disposable filter column.

5. Add 200 µL of 1.0 M HCl to the filtrate and remove insoluble materials by centrifugation
for 10 min at 2500g, 4°C, then add 7 mL of ethanol to the supernatant and allow the
GAGs to precipitate for 2 h at 0°C.

6. Centrifuge 10 min at 2500g at 4°C and remove supernatant. Wash the precipitates once
with 1 mL of 80% ethanol and once with 1 mL of ethanol. These washes should be done
at 4° C. Dry the precipitate under vacuum. At this stage the samples can be stored at –20°C
until needed.

7. For use in determining the chondroitin sulfate and heparan sulfate disaccharide ratios
(following protocols), dissolve the crude GAG pellets in 250 µL of distilled water.

3.4. Microdetermination of Chondroitin Sulfate in Drosophila
1. Dilute 20 µL of crude GAG solution to 100 µL with distilled water.
2. Add 10 µL of digestion buffer, 5 µL of chondroitinase ABC solution, and 5 µL of

chondroitinase ACII solution to 20 µL of the diluted crude GAG solution in a 500-µL
polypropylene microcentrifuge tube, then incubate at 37°C for 3 h.

3. Spin down the tube in an Eppendorff centrifuge for 30 s, then heat the tube for 2 min at
100°C and spin down again.

4. Submit 8 µL of the digest to HPLC analysis using the method under Subheading 3.6. Use
2 ppm of each unsaturated disaccharide mixture as standard. A typical chromatogram is
shown in Fig. 3A.

3.5. Microdetermination of Heparan Sulfate in Drosophila
1. Add 400 µL of elution buffer to the Ultrafree–MC DEAE insert and spin at 5000g for

1 min.
2. Empty the microcentrifuge tube. Then add 400 µL of loading buffer to the insert and spin

at 5000g for 1 min. Transfer the insert to a new microcentrifuge tube.
3. Add 50 µL of 0.3 M sodium phosphate buffer (pH 6.0) to 230 µL of crude GAG solution.
4. Filter the mixture through a Ultrafree MC (Durapore®, 0.45 µm).
5. Add the filtrate to the Ultrafree–MC DEAE insert and spin at 5000g for 1 min. Pass the

sample over the membrane twice.
6. Transfer the insert to a new microcentrifuge tube. Add 400 µL of loading buffer to the

insert and spin at 5000g for 1 min.
7. Transfer the insert to a new microcentrifuge tube. Add 100 µL of elution buffer to the insert

and spin at 5000g for 1 min. Repeat 3 times. This fraction is the eluate.

Fig. 3. HPLC profiles of CS and HS disaccharides. Typical chromatograms of unsaturated
disaccharides from chondroitin sulfate (A) and heparan sulfate (B) from adult Drosophila. The
positions at which disaccharide standards migrate are indicated by the arrows. The numbers above
the standards correspond to the numbers of their respective elution peaks.  It is interesting to
note that the only sulfated chondroitin disaccharide detected in Drosophila is ∆Di-4S.
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8. Add the eluate to a Ultrafree MC (Biomax–5) and spin until the retentate is 30 µL.
9. Add 50 µL of distilled water to the retentate and spin. Repeat four times.

10. Remove the retentate to a new tube with a pipette, and rinse the membrane four times with
20 µL of distilled water. Add the washes to the retentate.

11. Dry the sample in a centrifugal evaporator, then dissolve it in 12 µL of distilled water.
12. Add 5 µL of digestion buffer and 5 µL of heparin lyase mixture to 5 µL of the partial purified

heparan sulfate from step 11 in a 500-µL polypropylene microcentrifuge tube, then incu-
bate at 37°C for 16 h.

13. Centrifuge for 30 s at 12,000g, then heat the tube for 2 min at 100°C and recentrifuge.
14. Dry the digest in a centrifugal evaporator.
15. Add 10 µL of water, then inject 8 µL of the sample into the HPLC for analysis using the

method under Subheading 3.6. Use 5 ppm of each unsaturated disaccharide mixture as
standard. A typical chromatogram is shown in Fig. 3B.

3.6. HPLC Analysis
A flow diagram of the HPLC system is shown in Fig. 2. For a detailed description

of the HPLC system used in this method, (see Note 9).

1. Before injecting the sample, heat the column to 55°C and equilibrate with 1.2 mM tetra–
n–butylammonium hydrogen sulfate and 2 mM NaCl in 8.5% acetonitrile. Warm the
postcolumn reaction coil to 125°C.

2. Inject the disaccharides and elute at a flow rate of 1.1 mL/min with an NaCl gradient
consisting of the following segments:
a. 0–10 min : 1–4% 0.2 M sodium chloride.
b. 10–11 min: 4–15% 0.2 M sodium chloride.
c. 11–20 min: 15–25% 0.2 M sodium chloride.
d. 20–22 min: 25–53% 0.2 M sodium chloride.
e. 22–29 min: 53% 0.2 M sodium chloride.
All gradient components contain 1.2 mM tetra–n–butylammonium hydrogen sulfate and 8.5%
acetonitrile. The column is then reequilibrated with 1% 0.2 M sodium chloride for 20 min.

3. To detect the eluted disaccharides, aqueous 0.5% (w/v) 2–cyanoacetamide solution and 1%
(w/v) sodium hydroxide are added to the column effluent at the flow rate of 0.35 mL/min.
The mixture is then passed through the reaction coil at 125°C, and following cooling, the
effluent is monitored fluorometrically at 410 nm with an excitation wavelength of 346 nm.

4. Notes
1. Drosophila larvae and pupae can have high levels of protease activity. It is therefore

imperative that all work be done in the cold and in the presence of a complete cocktail of
protease inhibitors. A mixture of protease inhibitors that inhibit serine-, cysteine-, and
metalloproteases must be included in the lysis buffer and the first 2–3 column wash buff-
ers. The remaining buffers should contain at least 2 mM PMSF and 10 mM EDTA. The
inclusion of these inhibitors will help prevent the degradation of the core proteins of the
proteoglycans being isolated. Several manufacturers supply suitable protease mixtures in
liquid or tablet form.

2. To help solubilize proteoglycan, 6 M urea may be added to the homogenization buffer. In
that case it should be included in all buffers except the pH 8.0 wash buffer and the high
salt buffer. Alternately, 6 M urea may be used as a separate wash step (urea buffer) to help
dissociate protein aggregates from the column. Urea should always be included in the pH
3.5 buffer. It should be noted that urea in solution readily oxidizes to uric acid. Thus, all
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urea-containing solutions should be prepared from the highest-quality urea available and
just prior to use. Including urea in the homogenization buffer may increase the yield of
proteoglycans, but it denatures the core protein and must be removed if the samples are to
be subjected to digestion by GAG lyases.

3. DEAE Sepharose Fast Flow has a maximum  binding capacity of 0.11–0.16 mmol/mL
resin, which is equivalent to 3–4 mg of a 90-kDa protein or proteoglycan. Thus, a 0.3 mL
column has a theoretical capacity for PGs from several hundred third-instar larvae.

4. Calcium phosphate has also been used extensively to transfect S-2 cells, and electroporation
has been used with Drosophila KC167 cells. These methods are well reviewed by Cherbas
et al. (6).

5. Drosophila cells can be maintained in a number of media. Most commonly used for S-2
cells are M3 (7), D-22 (8), and Schneider’s medium (9), all of which are commercially
available (Sigma, Life Technologies) and must be supplemented with 5–12.5% fetal bovine
serum. Purchase fetal bovine serum that has been tested for use with tissue culture cells,
because not all lots of serum support insect cell growth. Hyclone’s HQ-CCM3 is a serum-
free medium that works well with S-2 cells and, lacking the need for serum supplementa-
tion, is less expensive than the other media. Cherbas et al. (6) report that HQ-CCM3 is also
preferable to M3 for methotrexate and G418 selection.

6. The most commonly used expression vectors used in Drosophila cells put the gene of
interest under the control of promoters for HSP 70, metallothionein, or ecdysone (reviewed
by Cherbas et al. [6]). Since S-2 cells take up several hundred to several thousand copies
of the transfected DNA, it is not necessary to have the resistance gene used to generate
stable cell lines on the same plasmid as the gene of interest. In all but a few excep-
tional cases, co-transfecting a selection plasmid which carries a selectable resistance
gene with the gene of interest in a separate expression vector provides stable cell lines
expressing the desired gene product. Methods using selection plasmids carrying resis-
tance to methotrexate, G418, and hygromycin can be found in Ashburner (10).

7. The chromatographic equipment used by the authors includes an L-7000 gradient pump and
D-7500 chromato–integrator (Hitachi Instruments) and a model 7125 sample injector with
a 20-µL loop (Rheodyne).  Samples were separated on a 4.6 mm × 150 mm Senshu Pak
DOCOSIL A column (Senshu Scientific, Tokyo, Japan).The postcolumn reaction system
consists of a double-plunger pump, AA–100–S (Eldex Laboratories), a CH–30 column
heater, a FH–40 dry reaction bath, and a TC–55 thermocontroller (Brinkmann Instruments).
Samples are detected with a RF–10AXL fluorescence spectrophotometer (SHIMADZU
SCIENTIFIC).

8. The wound-healing response of Drosophila and other insects involves a rapid tanning
reaction that converts components in the hemolymph into dark, cuticle-like material.
When Drosophila are homogenized, this reaction can produce a fine suspension of par-
ticles that are not always removed by centrifugation at modest speeds. These particles can
plug columns and disrupt biochemical fractionation. Two rounds of centrifugation, fol-
lowed by loading and washing the ion-exchange resin in batches, allows the particles to
be washed away before the resin is packed into a column.

9. By washing 1 column volume of elution buffer through the column, then closing the column
and letting the resin equilibrate for 20–30 min with 1 column volume of fresh buffer, most
of the bound ligand will be released into the second elution buffer fraction.

10. The most practical quantitative approach to the analysis of the unsaturated disaccharides
derived enzymatically from GAGs is detection of their ultarviolet absorption at 232 nm.
However, detection systems are not sensitive enough for the microdetermination of biologi-
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cal samples. To improve the detection limits and specificity, pre- and postcolumn detec-
tion techniques have been investigated. The postcolumn method using 2-cyanoacetamide
(11) was specifically developed to detect optimally unsaturated disaccharides from small
amounts of Drosophila GAGs.
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Cartilage and Smooth Muscle Cell Proteoglycans
Detected by Affinity Blotting Using Biotinylated Hyaluronan

James Melrose

1. Introduction

Chondrocytes and smooth muscle cells synthesise the large CS-rich proteoglycans
aggrecan (1) and versican (2) respectively. Both proteoglycans are capable of interact-
ing with hyaluronan to form molecular aggregates that have important tissue specific
functional roles to play. Aggrecan is a major matrix component of cartilage, the
aggrecan aggregates are physically entrapped within the collagenous extracellular
matrix of this tissue, and it is the collective interplay between this collagenous net-
work and the aggrecan aggregates that equips this tissue with its unique viscoelastic
and hydrodynamic properties and the ability to provide an almost frictionless weight-
bearing surface to articulating joints (3). Smooth muscle cell versican, in comparison,
is a quantitatively minor component of blood vessels but nevertheless it may influ-
ence the physicochemical properties of the vessel wall (4). Although the exact func-
tional role of versican within blood vessels has yet to be fully elucidated, it is known
to accumulate in intimal lesions during atherosclerosis  and is implicated in the
entrapment of low-density lipoprotein in the arterial wall during atherogenesis. Such
interactions are likely to influence both the viscoelasticity and permeability of the
vessel wall.

The interaction of aggrecan and versican with hyaluronan, which forms the basis of
the assembly of massive macromolecular proteoglycan arrays within connective tis-
sues, particularly in cartilage, is mediated via an amino-terminal globular domain that
extends from the core protein, the so-called G1 domain or hyaluronan-binding region
(HABR) (3,6). This interaction is further stabilized via a ternary complex formed with
a small glycoprotein link protein that displays an affinity both for hyaluronan and for
the G1 domain (7). A further amino-terminal globular domain in aggrecan, termed the
G2 domain, has also been identified. This domain is absent in versican, and despite
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considerable sequence homology with the G1 domain, it does not bind hyaluronan
and its exact functional role has yet to be defined. Since both the HABR and the link
protein display high affinities for hyaluronan, these hyaluronan-binding proteins
(HABPs) have been utilized as probes for the detection and quantitation of
hyaluronan in biological fluids by enzyme-linked immunosorbent assays (ELISAs)
(8–10), for the localization of hyaluronan in tissue sections by immunohistological
techniques (11–17) or for demonstration of hyaluronan species on Western blots
(18)  (see also Chapter 46).

The recent development of biotinylated hyaluronan (19) and its application as an
affinity probe (20–22) now provides a means of monitoring not only electrophoreti-
cally resolved intact aggrecan and versican monomer, but also proteolytically
derived fragments of these proteoglycans containing functional G1 domains that are
likely to be generated in certain disease states. The technique employed, affinity
blotting, uses similar methodology to Western blotting but does not utilize specific
antibodies. Affinity blotting is so named not only to differentiate it from the related
Western technique but also to emphasise the functional nature of the interaction
between the G1 domain and a nonsubstituted stretch of the biotinylated hyaluronan
affinity probe that forms the basis of the technique. This chapter provides a simpli-
fied protocol for the preparation of G1-containing aggrecan fragments and also
demonstrates the utility of the affinity blotting technique for the visualization of
G1-containing proteoglycan species resolved by sodium dodecyl sulfate polyacry-
lamide gel electrophoresis (SDS PAGE) or composite agarose polyacrylamide gel
electrophoresis (CAPAGE).

2. Materials

2.1. Equipment and Chemicals

1. Electrophoresis system for SDS PAGE (Novex Xcell II mini electrophoresis system).
2. Blotting system for transfer of SDS PAGE gels (Novex Xcell II blot module).
3. Novex model 3540 programmable power supply.
4. Prepoured 4–20% polyacrylamide gradient Tris-glycine gels (Novex).
5. SilverXpress silver staining kit (Novex).
6. Electroelution cell (ISCO little blue tank) (23).
7. Vertical electrophoresis system for CAPAGE (Hoefer SE 600).
8. Blotting system for semidry transfer of CAPAGE gels (Bio-Rad).
9. Platform rocker or orbital shaker.

10. Agarose gel-bond support film (FMC Bioproducts, Rockland, ME, USA).
11. Acrylamide: bis-acrylamide 40% w/v stabilized liquid concentrate (19/1, C = 5%)(Bio-Rad).
12. Agarose, low-electroendosmosis grade (Bio-Rad) .
13. Low-molecular-weight hyaluronan, 170 kDa (Fidia, Abano Terme, Italy) (see Note 1).
14. Avidin conjugated to alkaline phosphatase, 750 U/mg protein (Sigma).
15. EDC (1-ethyl-3-[3-dimethylamino)-propyl]-carbodi-imide) (Sigma).
16. NHS-LC-biotin (sulfosuccinimidyl-6-(biotinamido)-hexanoate) (Pierce).
17. Nitrocellulose (0.22 µm) (Schliecher and Schuell or Novex).
18. Chromaphor® green dye (Promega).
19. Prestained and protein molecular-weight standards for SDS PAGE (Novex).
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2.2. Antibodies and Enzymes

1. Recombinant proMMP-3 (DuPont Pharmaceuticals) (24).
2. Rabbit anti-VDIPES (DuPont Pharmaceuticals) (see Note 2).
3. Mouse anti-VDIPEN (MAb BC-4) (25) (see Note 2).
4. Mouse anti-G1 domain of aggrecan (MAb 1-C-6, IgG1 iso-type) (see Note 3) (26–27).
5. Mouse anti-KS (MAb 5-D-4, Ig M iso-type, ICN) (see Note 3) (28).
6. Mouse anti-link protein (MAb 8-A-4, IgG2b iso-type) (see Note 3) (26–27).
7. Rabbit anti-bovine versican (29).
8. Alkaline phosphatase-conjugated goat anti-rabbit IgG (Promega).
9. Alkaline phosphatase-conjugated goat anti-mouse IgG (Promega).

10. Alkaline phosphatase-conjugated goat anti-mouse IgM (Kirkegaard and Perry).

2.3. Buffers
1. Buffer A (extraction buffer): 4 M GuHCl buffered with 0.5 M sodium acetate, pH 5.8,

10mM EDTA, PMSF (2 mM), 10mM benzamidine, and 10mM 6-amino hexanoic acid.
2. Buffer B (trypsin digestion buffer): 50 mM Tris-HCl, pH 8.2, 0.15M NaCl, 10mM CaCl2,

and 0.02% w/v NaN3.
3. Buffer C (preparative SDS PAGE buffer): 25 mM Tris, 192mM glycine, pH 8.3, contain-

ing 0.035% w/v SDS, for use with in-situ band staining with Chromaphor® green (see
Note 4).

4. Buffers D1 and D2 (electroelution cell buffers): (24), main tank buffer D1: 25 mM Tris,
192 mM glycine buffer, pH 8.3, 0.035% w/v SDS (90 mL); sample trap buffer D2 (where
gel pieces are placed), 2.5 mM Tris, 19.2 mM glycine buffer, pH 8.3, containing 0.0035%
w/v SDS.

5. Buffer E (MMP-3 digestion buffer): 50 mM Tris-HCl, pH 7.5, 10 mM CaCl2, 0.2 M NaCl,
0.05% Brij 35, 0.02% NaN3.

6. Buffer F (anion-exchange running buffer): 50 mM Tris-HCl, pH 7.2, 0.15 M NaCl, 7 M urea.
7. Buffer G (SDS PAGE running buffer): 25 mM Tris, 192 mM glycine, 0.1% w/v SDS,

pH 8.3.
8. Buffer H (CAPAGE running buffer): 10 mM sodium acetate, pH 6.3, 1 mM sodium sulfate.
9. Buffer I (Western transfer buffer): 12 mM Tris, 98 mM glycine, 20% v/v methanol, pH 8.3.

10. Buffer J (transfer buffer for semidry transfer of CAPAGE gels to nitrocellulose): (Bio-
Rad Trans-blot) 25 mM Tris, 192 mM glycine, pH 8.3.

11. Buffer K (affinity-blotting wash buffer): 50 mM Tris, 500 mM NaCl, 0.05% w/v Tween
20, 0.02 % w/v NaN3, pH 7.2.

12. Buffer L (affinity-blotting blocking buffer): buffer K but containing 0.1% w/v Tween 20.
13. Buffer M (Western-blotting wash buffer): 50 mM Tris, 200 mM NaCl, 1% w/v BSA, pH

7.2, 0.02% w/v NaN3.
14. Buffer N (Western blocking buffer): buffer M containing 5% w/v BSA.

3. Methods

3.1. Purification of Cartilage Aggrecan
by CsCl Density Gradient Centrifugation

1. Freeze-shattered cartilage powder (5 g) is extracted with 50 mL of buffer A for 48 h at
4°C with constant end-over-end stirring.

2. The extract is recovered by centrifugation (10,000g × 10 min at 4°C) and brought to a
starting density of 1.42 g/mL with solid CsCl. Ultracentrifugation is undertaken using a
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TV865B  8 × 17 mL titanium vertical rotor at 205,000g for 20 h at 10°C employing a
Sorvall OTD 65 ultracentrifuge.

3. The tubes are manually fractionated into six equal fractions (D1–D6). The density of
fractions is determined by weighing a known volume. The hexuronic acid (30) and pro-
tein contents (31)  of fractions are also monitored by established methods.

4. Individual fractions are exhaustively dialyzed against distilled water and freeze-dried. The
D1 fraction of density > 1.55 g/mL serves as purified aggrecan monomer,  while the D2–D6
fractions contain G1-containing proteoglycan fragments of intermediate to low buoyant
density and link proteins. See Figs. 1 and 2.

3.2. Preparation, Isolation, and Demonstration
of G1-Containing Aggrecan Proteoglycan Fragments

1. Freeze-shattered bovine nasal cartilage powder (10 g) is digested with trypsin (0.1 mg/
mL) in buffer B (100 mL)for 24 h at 37°C.

2.  The tissue residue is collected and washed three times with 50 mL 1M NaCl.
3. The washed  trypsinised tissue residue is then extracted for 48 h with 100 mL buffer A.
4. The clarified extract (100 mL) and HA Sepharose 4B (32) (100 mL gel mixture) are

placed inside dialysis tubing and dialyzed overnight at 4°C against 2L of distilled water
to reduce the [GuHCl] to ~0.4M (associative conditions).

5.  The gel/sample mixture is poured into a column and eluted at room temperature with 0.4
M GuHCl to remove nonbound material. Bound material is fractionated by eluting with a

Fig. 1. (A) CAPAGE (toluidine blue) and (B) biotinylated hyaluronan affinity blots of ultra-
centrifuge fractions of the 4 M GuHCl ovine and equine articular cartilage extracts (Subheading 3.1).
A crude ovine articular cartilage proteoglycan sample (1 µg hexuronic acid) that contained the
Aggrecan-1,  -2 (Agg-1, -2) and dermatan sulfate proteoglycan (DS-PG) populations was run in
the standard (Std) lanes.  Each of the other lanes had a loading equivalent to 1.4 µL of the original
ultracentrifuge fraction except the D1 lanes, which, due to their higher proteoglycan contents,
were diluted 1 in 10 and 0.14 µL of the original ultracentrifuge fraction was run to avoid over-
loading.



Cartilage and Smooth Muscle Cell Proteoglycans 57

Fig. 2. Analytical 4–20% SDS PAGE of the same ultracentrifuge samples as examined in
Fig. 1. Gels in segments A and D were stained with colloidal Coomassie to visualize the distri-
bution of proteins; proteoglycan species were visualized in B and E  by staining with toluidine
blue.  Replicate gels were also transferred to nitrocellulose (C and F), and G1 domain-contain-
ing proteoglycan species were visualized by affinity blotting.  The top of the figure illustrates
the distribution of protein (31), proteoglycan (as hexuronic acid) (30), and density of the ultra-
centrifuge samples.  The equivalent of 4.1 µL of original ultracentrifuge fraction was loaded
per lane.  The migration position of Novex broad-range and See Blue prestained standard pro-
teins are also indicated on the left of the figure.
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linear gradient of  0.4–4 M GuHCl in 50 mM Tris-HCl, pH 7, over ~6 bed volumes.
Fractions of 10 mL are collected at a flow rate of 10 mL/h. Aliquots of individual frac-
tions are assayed for protein and proteoglycan (as sulfated glycosaminoglycan) (33). The
gradient is measured manually using a conductivity monitor.

6. Ice-cold ethanol (3 mL) is added to 1 mL aliquots of individual fractions and the samples
shaken at 4°C. The precipitates are collected by centrifugation, washed with 75% etha-
nol, air-dried and redissolved in SDS PAGE application buffer (0.5 mL).

7. Aliquots (10 µL/lane) of the ethanol-precipitated samples are examined by 4–20% SDS
PAGE and blotted to nitrocellulose, then probed with anti-link protein (Mab 8-A-4).
HABPs are identified by affinity blotting. See Fig. 3.

3.3. Isolation of Aggrecan G1-Proteoglycan Species
by Preparative SDS PAGE

1. Freeze-shattered ovine articular cartilage (10 g) is digested with 0.1 mg/mL trypsin in
100mL buffer B for 24 h at 37°C.

2. The tissue residue is collected and washed three times with 50 mL 1M NaCl.
3. The washed trypsinized tissue residue is extracted for 48 h with 100mL buffer A, the

extract recovered and dialyzed exhaustively against distilled water and freeze-dried.
4. The freeze-dried material is redissolved in 0.4 M GuHCl and the HABPs isolated by HA

affinity chromatography as indicated under Subheading 3.2 but utilizing isocratic elu-
tion with 4 M GuHCl to remove the bound HABPs; these are dialyzed against distilled
water and freeze-dried (see Note 5).

5. Purified HABP samples are redissolved in 125 mM Tris-HCl buffer, pH 6.8, containing
10% v/v glycerol and 1% w/v SDS application buffer, and heated at 95°C for 5 min.

6. HABP samples from HA affinity (5 mg dry weight) are electrophoresed at 125 V for 90 min
in 1.5 mm 4–20% gradient gels using buffer C as running buffer. Chromaphor green stain
is added to the upper electrode chamber shortly after commencement of the run in order
to visualize protein band separation within the gel during the run (see Note 4).

7. After electrophoresis, the gel is  placed in 5% v/v acetic acid for 10 min to improve the
visualization of the protein bands. Appropriate regions of the gel are then excised and cut
into 1 mm3 pieces.

8. Proteins are electroeluted from the gel pieces using a “little blue-tank electroelution
device” (Isco) at 2.5 mA/trap for 2 h at 4°C (23). Each of the electroelution buffer tanks
of this device is filled with 90 mL buffer D1. The sample traps are filled with 10 mL
buffer D2.

9. The electroeluted samples are examined by analytical SDS PAGE and Western and affinity
blotting to confirm the identities of the purified HABPs (see Notes 6 and 7). See Fig. 4.

3.4. Aggrecan MMP-3 Digestions: Detection of G1 Domain
Containing Proteoglycan Species by Western and Affinity Blotting

1. rProMMP-3 samples (24) are activated in 1 mM APMA in buffer E for 3 h at 37°C, then
applied to HiTrap desalting columns (Pharmacia) to remove the APMA and diluted to a
concentration of 40 µg/mL by protein assay (31).

2. D1 aggrecan samples (0.8 mg/mL) are dissolved overnight at 4°C in buffer E.
3. Proteoglycan samples ([0.4 mg/mL] final) are digested at 37°C for up to 18 h with 20 µg/mL

final MMP-3.
4. Aliquots (0.2 mL) of the digests are removed after 0, 4, and 18 h and added to 50 µL of 20 mM

EDTA to stop enzymatic activity and stored at –20°C until required.
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Fig. 3. (A) Fractionation by hyaluronan (HA) affinity chromatography (32) of hyaluronan-
binding proteins (HABPs) in an extract of trypsinized bovine nasal cartilage, showing the distri-
bution of proteoglycan species (as sulfated GAG) (33) and protein (31) and visualization of
HABP pools 1 and 2 by affinity blotting (inset). (B)  Aliquots of individual fractions were also
examined by 4–20% gradient SDS PAGE, blotted to nitrocellulose, and link protein species
identified using Mab 8-A-4 and HABPs identified by affinity blotting. The migration positions of
Novex See Blue prestained standards are also indicated on the left-hand side of the figure.
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5. Aliquots of proteoglycan digests are examined by 4–20% Tris-glycine gradient PAGE
and either silver stained or transferred to nitrocellulose membranes prior to examina-
tion by Western and affinity blotting to identify G1-containing  proteoglycan species.
See Fig. 5.

3.5. Detection of Versican in Smooth Muscle Cell Media Samples
by CAPAGE and Western and Affinity Blotting

1. Monolayer cultures of smooth muscle cells are established from explant outgrowth pri-
mary human aorta explant cultures (22,34).

2. 48 h media changes (100 mL) from fifth-passage subconfluent cultures are collected and
stored at –20°C.

3. The media proteoglycans are ethanol precipitated with 3 volumes of ice-cold ethanol with
shaking overnight at 4°C. The precipitate is collected by centrifugation, washed with 75%
w/v ice-cold ethanol, and air dried.

4. The proteoglycan pellet is redissolved in 20 mL buffer F and applied to a column of 5 mL
DEAE Sepharose CL6B preequilibrated in the same starting buffer. Nonbound material is
washed from the column with 6 bed volumes of starting buffer. Bound material is then
eluted with 4 bed volumes of 4 M GuHCl and the sample is dialyzed exhaustively against
distilled water and freeze-dried.

5. The smooth muscle cell media proteoglycans are examined by CAPAGE, blotted to nitro-
cellulose, and versican identified by Western and affinity blotting. See Fig. 6.

Fig. 4. Analysis of G1 domain-containing proteoglycan  species isolated by preparative
SDS PAGE of a trypsinized ovine articular cartilage sample by 4–20% SDS gradient PAGE
and Western (Mab 1-C-6; anti-G1 domain; MAb 5-D-4 anti-KS) and affinity blotting
(biotinylated hyaluronan). Lane 1 represents the crude trypsinized cartilage extract, which had
been purified by HA affinity chromatography and lanes 2–4 show aggrecan fragments isolated
from this by preparative SDS PAGE (see Subheadings 3.2 and 3.3). Lane 2 contained a high-
molecular-weight core protein fragment containing the G1 and G2 domains and also some of
the KS-rich region of aggrecan. Lane 3 contained a G1–G2 aggrecan core protein fragment
with very little KS substitution, while lane 4 contained free G1 domain devoid of KS. Lanes 1–4
were loaded at 10 µg dry weight HABP per lane. (see also Notes 4, 5 and 7).
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Fig. 5. Assessment of the generation of free G1 domain of ovine articular, bovine nasal, and
equine articular cartilage aggrecan monomer by digestion with stromelysin (rMMP-3). (A) Sil-
ver-stained gel segment. (B) Western blots identifying the terminal peptide sequences VDIPEN
and VDIPES on the G1 fragments generated by cleavage within the interglobular domain by
MMP-3 using neo-epitope antibodies BC-4 and anti-VDIPES, respectively. (C) Demonstration
of HABPs in the aggrecan digests by affinity blotting. The migration position of Novex
broad-range and see blue prestained standard proteins are also indicated on the left of the figure.
The aliquots of digestion mixtures electrophoresed each contained 5 µg PG monomer in the
starting material prior to digestion/electrophoresis.
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3.6. Western and Affinity Blotting (see Note 6)

1. SDS PAGE gels are transferred to nitrocellulose membranes at 200 mA constant current
for 2 h using buffer I (35).

2. Affinity blots are blocked for 3 h in buffer L.
3. Western blots are blocked in buffer N for 3 h.
4. Affinity blots are incubated for 2 h with 2 µg/mL biotinylated hyaluronan diluted in buffer

K (see Note 6).
5. MAb 1-C-6 (1/1000 dilution), 8-A-4 (1/1000 dilution), 5-D-4 (1/5000 dilution), or BC-4

(1/1000 dilution) are diluted in buffer M and allowed to bind for 2 h with constant shak-
ing (see Note 3).

6. Affinity blots are then washed in buffer K (4 × 5 min). Western blots are washed in buffer
M (4 × 5 min).

7. Appropriate secondary detection reagents are then added. For Affinity blots, avidin alka-
line phosphatase, 2 µg/mL in buffer K; for Western blots, either goat anti-mouse IgG or
IgM, or goat anti-rabbit IgG alkaline phosphatase conjugates 1/5000 dilution in buffer M.
After a further 1 h, the membranes are washed again as in step 6.

8. A solution of NBT/BCIP in 0.1 M Tris-HCl, pH 9.5, is then added for the development
step, which is allowed to proceed for up to 20 min at room temperature.

9. The blots are then washed in several changes of distilled water and dried.

Fig. 6. Detection of smooth muscle cell (SMC) versican  in media samples of three human
SMC cell line monolayer cultures by immunoblotting using an antibody to bovine versican (29)
(lanes 1–4) and by affinity blotting (20,21) (lanes 5–8). The samples (10 µg hexuronic acid
(30) (lanes 1–3 and 5–7) were separated by CAPAGE (21) and transferred to nitrocellulose by
semi-dry blotting. Purified ovine cartilage aggrecan (1 µg hexuronic acid) was run in lanes 4
and 8 as an internal standard.



Cartilage and Smooth Muscle Cell Proteoglycans 63

3.7. Composite Agarose Polyacrylamide Gel Electrophoresis
(CAPAGE) (21)

1. Proteoglycan samples are dissolved in 8 M urea, 10 mM sodium acetate, pH 6.3, and 1
mM sodium sulfate (CAPAGE dissociation buffer) overnight at 37°C then diluted 1/1
with 10 mM Tris-acetate/1 mM Na2SO4, pH 6.3, 60% w/v sucrose, and 0.01% w/v bro-
mophenol blue (CAPAGE application buffer).

2. CAPAGE slab gels (0.15 × 14 × 14 cm) of 0.6% w/v agarose and 1.2% w/v acrylamide
are cast in buffer H and left to polymerize for at least 2 h at 4°C. The gel is then
preequilibrated overnight in 4 M urea in buffer H.

3. Proteoglycan samples are electrophoresed in a Hoefer SE 600 vertical slab gel electrophore-
sis system in running buffer (buffer H) at 50 V for ~5 min, then the voltage is increased to
150 V  and the sample electrophoresed until the bromophenol blue marker dye has
migrated ~2–3 cm (~45 min).

4. The electrophoresis running buffer is maintained at a temperature of 10 ± 2.0°C during the
run, using an external cooler.

5. The gels are stained 30 min in toluidine blue (0.02% w/v) in 0.1 M acetic acid, destained
in 0.5 M acetic acid 30 min, then distilled water 5 min and dried onto the hydrophilic side
of agarose gel-bond support films. Final destaining is then completed on this dried film in
a few minutes in distilled water.

3.8. Semidry Transfer of Proteoglycans from CAPAGE Gels
to Nitrocellulose

1. CAPAGE gel segments (14 × 5.5 × 1.5 mm) are electroblotted to nitrocellulose mem-
branes using buffer J in a Bio-Rad semidry blotter at 5.5 mA/cm2 for 30 min (21).

2. Immuno and affinity blots are undertaken as outlined under Subheading 3.6.

3.9. Preparation of HA-Sepharose 4B (22)
1. A suspension of 100 mL of hydrated gel ε-aminohexyl-Sepharose 4B is gently mixed

end-over-end for 12 h at room temp with 100 mL of a 170 kDa HA solution, 1mg/mL, in
milli Q distilled water.

2. The pH of the solution is  adjusted to 4.75 with 0.1N HCl and 0.3g solid EDC is gradually
added, the pH is maintained at 4.75 with small additions of 0.1 N HCl.

3. After 2 h the sample is brought to pH 7 with 0.1 N NaOH and the mixture dialyzed against
several changes of distilled water.

4. The HA-Sepharose 4B gel is stored in 0.02% w/v sodium azide at 4°C. One mL of HA
Sepharose 4B gel can bind at least 300 µg of purified bovine nasal cartilage G1 domain
under the conditions  outlined  above in Subheading 3.3.

3.10. Preparation of Biotinylated Hyaluronan
1. The method is a modification of that of Pouyani and Prestwich  (1994) (19). Low-

molecular weight (170-kDa) hyaluronan (500 mg) is dissolved with overnight end-over-
end stirring at 4°C in 100 mL distilled water.

2. Adipic dihydrazide (4 g) is added to this solution and the pH is adjusted to 4.75 using
0.1 N HCl.

3. Solid EDC (1-ethyl-3-[3-dimethylamino)-propyl])-carbodi-imide), (0.5 g) is gradually
added to this solution and the pH of the reaction mixture maintained at 4.75 by the addition
of small aliquots of 0.1 N HCl.
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4. After 2 h at room temperature there is no further rise in pH; the reaction mixture is there-
fore adjusted to pH 7 with 1N NaOH and exhaustively dialyzed against distilled water
(4 × 5l × 18h). Then the hydrazido-hyaluronan is freeze-dried.

5. Hydrazido-hyaluronan (100 mg) is redissolved overnight in 20 mL  0.2 M NaHCO3 with
end-over-end stirring at 4°C.

6. Sulfosuccinimidyl-6-(biotinamido)-hexanoate (NHS-LC-biotin, 100 mg) is added to the
reaction mixture and end-over-end stirring continued for 18 h at room temperature.

7. Five milliliters of a 1M Tris free base solution is then added and the sample dialyzed
exhaustively against distilled water to remove free biotin, then freeze-dried.

8. The level of substitution of D-glucuronic acid residues of the biotinylated hyaluronan with
biotin typically is 35.7%, which represents 0.92 µmol biotin/mg biotinylated hyaluronan (20).

4. Notes
1. Tengblad (1979) (32) provides details on how to depolymerize high-molecular-weight

HA to an appropriate size range if a small-molecular-weight HA is not available.
2. The Mab anti-VDIPES* recognizes the major MMP cleavage site between the G1 and G2

globular domains of bovine cartilage aggrecan. This antibody is equivalent to Mab BC-4
(anti-VDIPEN*), which recognizes the MMP cleavage site in the interglobular domain
in most other mammalian species investigated. *Single-letter code for amino acid
nomenclature.

3. The 1-C-6, 8-A-4, and 5-D-4 Mabs are available from the Developmental Studies Hybri-
doma Bank, Department of Biological Sciences, The University of Iowa, Ames, IA, USA.
Mab 5-D-4 is also available commercially from ICN Biomedicals, and Seikegaku Corpora-
tion, Tokyo, Japan.

4. A lower concentration of SDS to that conventionally used in SDS PAGE (36) must be
used when staining proteins insitu with Chromaphor/green dye, since the levels of SDS
normally used in the Laemmli method prevent staining with this dye.

5. HABP pools 1 and 2 (see Fig. 3) may be further fractionated by dissociative gel permeation
chromatography (6 M GuHCl) and/or anion-exchange chromatography in 8 M urea to sepa-
rate link protein and free G1 domain from other G1-containing proteoglycan species.

6. Although reducing conditions are frequently used in Western blotting to facilitate protein
unfolding and thus allow appropriate antigen presentations for effective interaction with
Mabs (25–28) reducing conditions must be avoided in affinity blotting since binding of
HA to the G1 domain requires a native (disulfide bond stabilized) conformation in this
region of the aggrecan core protein.

7. Extractigel D affinity columns (Pierce) may be utilized to remove residual SDS from the
HABP pools. Free G1 domain generated as under Subheading 3.3 has been used for the
histochemical visualization of HA in rat lung tissues (17). The G1–G2 and G1–G2–KS
pools prepared by preparative SDS PAGE (see Subheading 3.3) have also been used as
substrates for MMPs using similar methodology to that presented in Fig. 5.
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Preparation of Proteoglycans
for N-Terminal and Internal Amino Acid Sequence Analysis

Peter J. Neame

1. Introduction
Amino acid sequence analysis of proteoglycans is performed using many of the

same methods that are used for conventional proteins and glycoproteins, with some
specific modifications that result from the glycosaminoglycans that are attached to
the protein core. Amino acid sequence analysis of proteoglycans is more challenging
than for conventional proteins for two reasons. First, because proteoglycans are large
molecules, they have the same problems that are inherent in sequence analysis of
larger proteins. The higher molecular weight provides for relatively high levels of
nonspecific cleavage of the protein during Edman chemistry, resulting in a rapidly
increasing background. Second, the presence of glycosaminoglycans, which tend to
bind water, can exacerbate the problem of nonspecific hydrolysis of peptide bonds to
such an extent that it may be impossible to obtain an N-terminal on a proteoglycan
that is over 70% glycosaminoglycan. In an ideal situation, it is difficult to determine
more than 10 amino acids from the N-terminal of an intact proteoglycan.

On the other hand, the glycosaminoglycan chains provide a unique handle that
enables proteoglycans or glycosaminoglycan-containing peptides to be separated
from other proteins or peptides by a combination of size-exclusion chromatography and
anion-exchange chromatography. By judicious use of glycosaminoglycan-specific
endoglycosidases, it is possible to separate different families of proteoglycans from
each other.

Classically, proteins have been best identified or characterized by amino acid
sequencing (Edman degradation). The chemistry has changed little since its original
conception (1), although the analytical tools available have improved enormously. In
general, proteins and proteoglycans are most easily identified or characterized by
obtaining internal peptide sequence, rather than an N-terminal sequence. This elimi-
nates any problems caused by blocked N-termini and allows the investigator to make
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multiple attempts to obtain unequivocal data. Direct analysis of the N-terminal is best
achieved from a sample that is Western blotted onto polyvinyl difluoridene (PVDF) to
reduce the risk that the N-terminal may derive from a lower-molecular-weight
contaminant that, while minor on a mass basis, represents a significant contaminant
on a molar basis.

Recently, it has become possible to reliably analyze peptides derived from pro-
teolytic digestion by mass spectrometry. The resulting list of fragment masses can
then be compared to a database of fragment masses and proteins identified with a high
degree of confidence. This is both cheaper and quicker than Edman degradation. How-
ever, a major limitation at present is that the protein must be present in the databases to
be identified, or it must be so similar in sequence to a protein that is in the databases
that most peptides have identical masses. In practice, this means >98% sequence iden-
tity and a restriction to human and murine molecules, as the number of known proteins
in these species begins to approach the complete repertoire found in the genome. Pro-
teins that have extensive posttranslational modification cannot readily be identified in
this way.

Mass spectrometry has also made inroads into direct amino acid sequence analysis;
individual peptides can be separated and partially degraded on the mass spectrometer,
and the fragments that are released analyzed to determine changes of mass. This meth-
odology does not allow differentiation of leucine or isoleucine, but in the hands of a
skilled operator can provide considerable useful data. Extensive novel amino acid
sequence is still difficult to determine by mass spectrometry, but it is a valuable
adjunct to classical methods (2).

It is unlikely that individual investigators will have direct access to mass spectrom-
eters or automated sequencers, so the methodologies described here are designed to
enable the investigator to prepare samples that are suitable for mass spectrometry or
Edman degradation performed by a core facility. As this chapter is designed to help
individuals working with proteoglycans, it will be assumed that glycosaminoglycan
chains will be left intact. The majority of core laboratories are not familiar with exten-
sively glycosylated proteins and may need some education on the unique properties
of these molecules.

To obtain good yields of protein, transfers from one container to another should be
avoided as much as possible, particularly in the later stages of purification. Losses are
generally a result of surface adsorption; it is easy to lose as much as 5 µg protein/
container. If 20 µg of protein is present at the start, there will not be much left after
three transfers from one container to another.

The methods described here have proved to be generally useful for structural analy-
sis of proteoglycans (and several other proteins) in the author’s lab. There are a num-
ber of more detailed descriptions of some of the techniques mentioned; the reader is
referred to publications from the Protein/DNA Technology Center at The Rockefeller
University (3) and the Howard Hughes Biopolymer/Keck Foundation Biotechnology
Resource Laboratory at Yale (4,5).

This overview consists of three parts: (1) preparation of proteoglycans for N-termi-
nal analysis, (2) proteolytic digestion of proteoglycans, and (3) separation of peptides
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by column-based two-dimensional chromatography. The example of two-dimensional
chromatography described here is size-exclusion chromatography followed by
reversed-phase chromatography. However, the first dimension could be ion-exchange
chromatography or affinity chromatography (6). Reversed-phase high-performance
liquid chromatography (HPLC) is the final preparation method of choice for Edman
degradation, as the solvents are completely volatile.

2. Materials

2.1. Sample Preparation
1. Reduction and alkylation buffer 10× concentrate: 1 M Tris-HCl, 0.1 M EDTA pH 8.5.
2. Saturated guanidine HCl (this can be purchased as an 8 M solution in 100-mL bottles

from Sigma or Pierce).
3. Dithiothreitol; keep refrigerated and preferably desiccated and under nitrogen.
4. Chromatography columns (anion-exchange, Mono-Q; large-pore size-exclusion, Superose

6, Sephacryl 400-HR, or Sepharose 4B).
5. It may be useful to perform size-exclusion chromatography in chaotropic conditions (4 M

guanidine HCl or 6 M urea). Use high-quality reagents for this—Sigma Ultra grade, for
example—and filter through a 0.2-µm filter.

6. Dialysis membrane with a molecular-weight cutoff of 12,000 or desalting columns (PD-10,
Amersham Pharmacia Biotech).

7. Iodoacetic acid or iodoacetamide should be used fresh and kept in the dark. Both reagents
should be essentially colorless crystalline salts. Free iodine released by these reagents will
derivatize tyrosine and can be detected by smell and color.

8. Savant Speedvac.
9. Waterbath/heating block capable of reaching 54º C.

10. Eppendorf tubes (avoid glass and polystyrene containers for dilute solutions of proteins).
11. For Western blotting, a high-capacity form of Immobilon, such as Immobilon-P (Millipore)

should be used.

2.2. Enzymes

2.2.1. Glycosidases

Depending on the particular problem being addressed, it may be useful to remove
glycosaminoglycan chains and/or N-linked and O-linked oligosaccharides. Note
that carrier protein (usually bovine serum albumin) is often added to these enzymes,
so removing glycosaminoglycan chains before fragmentation by proteases may cost
more and be more trouble than it is worth. However, if N-terminal analysis from a
blotted sample, or proteolytic mapping using in-gel digestion are desired, then
removal of glycosaminoglycan chains may be useful (see Note 1). Detailed descrip-
tions are inappropriate here, as they will depend on the particular problem being
addressed.

1. Heparatinase, chondroitinase, keratanase (protease free), available from Seikagaku America.
Note that all of these enzymes will leave “stubs,” the undigested remnant of the glycosami-
noglycan chains, attached to the protein core, and so, upon analysis, gaps will appear in the
amino acid sequence.
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2. N-glycosidase F (removes N-linked oligosaccharides to leave aspartate in the pro-
tein), O-glycosidase (cleaves between N-acetyl galactosamine and serine/threonine), both
available from Roche Molecular Biochemicals.

2.2.2. Proteases (see Note 2)
1. Sequencing-grade trypsin (Boehringer Mannheim or Calbiochem): dissolve to obtain a

concentration of 1 mg/mL in 0.1% trifluoroacetic acid. This can be stored for up to a week
at 4ºC and may be stored longer if frozen. Trypsin cleaves at the C-terminal of lysine and
arginine. If the following amino acid is proline, cleavage does not usually occur.

2. Endoprotease Lys-C (Boehringer Mannheim): dissolve in water to obtain a concentration of
1 mg/ml. Use immediately. Endoprotease Lys-C has the same characteristics as trypsin, but
does not cleave at arginine.

3. Proteolytic digestion buffer for both enzymes: 50 mM Tris-HCl, pH 8.0.

2.3. Postdigestion Size-Exclusion Separation
This is the first stage of a two-dimensional separation of digestion products. The

objective is to separate peptides by size into those that are easy to resolve by reversed-
phase chromatography (< 2.5 kDa, <20 amino acids) and those that are difficult to
separate (typically glycopeptides or peptides with attached glycosaminoglycan chains).

1. A high-resolution, low-column-volume chromatography system is strongly recommended
to avoid losses. The Amersham Pharmacia Biotech FPLC system is particularly suitable,
but other HPLC systems can also be used. A UV monitor set to 280 nm is required.

2. Columns: Superose 6 or 12 (Amersham Pharmacia Biotech) are ideal, but other columns
with similar porosity could be used.

3. Running buffer: 4 M guanidine HCl in 20 mM phosphate, pH 6.5 (see Note 3).

2.4. HPLC

2.4.1. Hardware

It is assumed that an HPLC is available (note that while a fast protein liquid chro-
matography (FPLC) can separate simple mixtures of peptides by reversed-phase
HPLC, it usually has too high a dead volume for high-resolution applications); if not,
most protein analysis core facilities will perform peptide separations. HPLC eluant
should be monitored at 220 nm; a lower wavelength will give greater sensitivity but at
the cost of increased baseline drift. A low-volume flow cell (< 5 µl internal volume) is
necessary for use of 2.1-mm-internal diameter-columns. While most HPLCs have inte-
grators attached, a chart recorder is quite adequate. It is important that there be some
way of monitoring the absorbance in real time, either via a display on the monitor, a
chart recorder, or an integrator display that updates rapidly.

2.4.2. Column

Highest sensitivity will be obtained with a column with an internal diameter of 2.1
mm or less. Flow rates in the range of 200–250 µL/min are suitable. Column length is
not particularly important, although longer columns (25 cm) will give better resolu-
tion. Optimal column life will be obtained with C18 (octadecylsilane, or ODS col-
umns). A pore size of 300 Å is necessary to separate molecules of the size of peptides.
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As a general rule, the smaller the particle size, the better is the separation. Vydac
columns with 5-µm particles give good separations, but other column manufacturers
also make suitable columns. The column should be stored in 50% methanol in water.

2.4.3. Solvents
Solvent A: 1.54 g of trifluoroacetic acid (this must be UV-transparent) in 1 L of

HPLC-grade water (0.1% TFA v/v). It is not possible to measure TFA accurately by
pipetting. Caution: trifluoroacetic acid is corrosive and causes severe burns on contact
with skin.

Solvent B: 1.31 g of trifluoroacetic acid in 300 mL of HPLC-grade water and 700
mL of HPLC-grade UV-transparent acetonitrile (0.85% TFA v/v in 70% aqueous
acetonitrile v/v). Caution: acetonitrile may cause liver damage with chronic exposure.

Solvents will remain usable for 2–3 wk.

3. Methods

3.1. Sample Preparation

3.1.1. Preparation for Direct N-Terminal Analysis
Direct N-terminal analysis is not a particularly helpful method for identification of

a proteoglycan. The hydrated glycosaminoglycan chain(s) generally result in high
backgrounds, due to nonspecific peptide bond cleavage. However, it is the only
method suitable for defining the N-terminus and has proved to be valuable for identi-
fying, for example, the N-termini of the mature forms of the leucine-rich proteoglycans
decorin and biglycan (7) (not obvious from their cDNA sequences) and for identifying
processing sites in aggrecan (8).

Methods for proteoglycan purification that are described in other chapters of this
volume should be followed. To get clear sequence data, it is essential to pay attention
to the following.

1. Water quality. Very high quality water is essential for all of the later stages of purification.
2. Urea. Some grades of urea can be contaminated with cyanates. If present, cyanates will

block the N-terminal by forming a carbamylate. Urea can be purified by passing it down an
ion-exchange column.

3. Sample concentration. The sample must be in a small volume, and therefore at a high
concentration. Typical amounts that are appropriate for application to a sequencer are in the
region of 10 pmol protein in a volume not greater than 100 µl. For a proteoglycan with a
molecular weight of 250,000 (250 µg = 1 nmol), this corresponds to a concentration of
25 µg/mL. The highest concentration of proteoglycan will be found at the apex of peaks
when they are eluted from chromatography columns. This will also be likely to be the region
where they are at their highest purity. As a general rule, pooling fractions will reduce
concentration and add contaminants to the sample and should be avoided.

4. Sample quantitation. By far the best method for defining the amount of a protein is amino
acid analysis. Proteoglycans may also be quantitated by the dimethylmethylene blue
(DMMB) assay (9) if the percentage of glycosaminoglycan is known. Quantitation of
proteoglycans is somewhat empirical if dry weight cannot be obtained or the size of the core
protein is unknown.
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5. Sample contaminants. Because Edman degradation relies on repetitive transitions from
basic conditions (during coupling of phenylisothiocyanate to primary amines on the pro-
tein) to highly acidic condition (during cleavage of the derivatized N-terminal amino
acid), it will not work in the presence of buffers. For this reason, reversed-phase HPLC is
the method of choice for final isolation. Unfortunately, it is inappropriate for intact
proteoglycans. Methods that are suitable for intact proteoglycans are Western blotting
onto a polyvinyldifluoridene membrane (such as Immobilon, sold by Millipore) or exten-
sive dialysis against water. Buffer exchange into water on a Sephadex G25 column (for
example, Amersham Pharmacia Biotech PD 10 columns) is an option, but there is the risk
of the proteoglycan precipitating in the column. Quantitate the proteoglycan after desalting.

A method of identifying the location of proteoglycan on Western blots that we have
found useful for N-terminal analysis is to perform a blot onto Immobilon P using
conventional methods. A thin ribbon of membrane is then removed from the center of
the lane(s) on the membrane and is blocked with casein and developed using a
proteoglycan-specific antibody. This will then precisely identify the location of the
proteoglycan on the remainder of the membrane. The unstained proteoglycan-con-
taining region can then be cut out and used  directly for sequencing.

3.1.2. Reduction and Alkylation

The objective is to convert cystine (and cysteine) into a stable, nonoxidizable
derivative. Reduction and alkylation also enables proteins to be digested more com-
pletely by opening globular domains and removes the possibility that peptides held
together by disulfide bonds might be sequenced (which will confusingly give two or
more N-termini).

If the proteoglycan does not have globular domains, this stage can be eliminated.
Minimal losses will occur if the proteoglycan is exchanged into digestion buffer
using a desalting column as described above. It is possible to digest samples on blots
or in gels. See Subheading 3.1.1. and Note 1.

1. Dissolve proteoglycan in the smallest volume possible of water or low-concentration
(<20 mM) buffer.

2. Add 1 volume of 8 M guanidine-HCl (if the proteoglycan has been collected from a size-
exclusion column run in chaotrope, then it may already be in guanidine HCl).

3. Add 0.2 volume reduction and alkylation buffer to give a final concentration of 100 mM
Tris-HCl, pH 8.5.

4. Make up a fresh 100-mM solution of dithiothreitol in water (15.3 mg/mL) and add
enough to the proteoglycan solution to bring the concentration to 2 mM (1/50th volume
from step 3).

5. Briefly degas on a Savant Speedvac, if available. If not, minimize the amount of headspace
by choosing a small container. To degas, start the Speedvac spinning, and once it has come
up to speed, apply a vacuum for 5 min. Release the vacuum and, when air ceases to bleed
into the chamber, stop the Speedvac.

6. Gently blow nitrogen into the headspace of the tube to remove the majority of the air.
Incubate under nitrogen for 45 min at 54ºC.

7. Cool to room temperature and add freshly dissolved iodoacetic acid or iodoacetamide to
bring the final concentration to 4.4 mM. It is most convenient to do this by making a 50 ×
concentrate (40.9 mg/mL)
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8. Incubate for 20 min in the dark.
9. Desalt into digestion buffer using a G25 column or a PD10 column. Desalting by dialysis is

also possible (although not recommended), and should be performed in the dark. When
using Amersham Pharmacia Biotech’s desalting columns, use the following protocol:
a. Equilibrate with 5 column volumes in the buffer of choice (for example, digestion buffer).
b. Add sample in <0.2 column volumes. Allow to run into column. For a PD-10 column,

up to 1.5 mL can be effectively desalted.
c. Wash sample into column with equilibration buffer until (sample volume + buffer

volume) = 0.4 column volumes. For a PD-10 column, this will be 2.5 mL.
d. Elute protein with 2 X sample volumes of buffer.
It is useful to collect 0.5-mL fractions and measure the absorbance of the eluate at 280 nm;
a very rough approximation is that a 1-mg/mL solution will have an absorbance of 1 at 280
nm. However, this value depends on the numbers of tyrosine and tryptophan residues in the
protein and varies considerably.

3.2. Digestion
It is important to maintain an enzyme:substrate ratio high enough to ensure that

complete digestion is obtained but low enough to ensure that background from the
enzyme is immaterial. For high levels of substrate, a ratio of approximately 1:40 is
appropriate. For low levels of substrate, 1:25 will be more useful. It is useful to per-
form a blank digest without substrate that can be used to obtain a baseline.

1. Prepare sample (your sample will either be in solution, will be on a PVDF membrane, or will
be in a gel slice). For proteoglycans, a sample in solution will be assumed. Methods for diges-
tion of blotted proteins or samples in gels have been published elsewhere in this series (3,4).

2. Dry weight is the best method for substrate quantitation but is not recommended, as it can
be difficult to redissolve the sample. Absorbance at 280 nm will give a very rough
approximation; assume that 1 mg/mL solution will have an absorbance of 1.

3. Add enzyme at a molar ratio between 1:25 and 1:40. For example, assume that the
molecular weight of the enzyme is 25,000 (approximately correct for both endoprotease
Lys-C and trypsin); 1 nmol would be 25 µg. If the proteoglycan substrate has a molecular
weight of 100,000, then 1 nmol would be 100 µg of core protein and 1 µg of enzyme
would be appropriate. Avoid digesting less than 10 µg; losses will likely become exces-
sive. A recommended minimum is 50 µg.

3.3. Postdigestion Size-Exclusion Separation
For most proteins, peptides that derive from proteolytic digestion can be separated

by direct application of the digest to a reversed-phase HPLC column (see Subheading
3.4.). Proteoglycans, by virtue of the fact that they have large glycosaminoglycan
chains attached to them, require an additional step. Glycosaminoglycan-containing
peptides and proteins can cause deterioration of reversed-phase columns, but their
most annoying characteristic is that they elute as extremely broad peaks that will give
a background to many of the other peaks. It is therefore worthwhile to insert a size-
exclusion chromatography step into the protocol. This has the added advantage that
the position of the glycosaminoglycan chain can readily be deduced by identifying the
glycosaminoglycan-containing peptide(s) by Edman degradation. A further advantage
is that peptides are separated into pools that have similar molecular weights and
are more easily characterized. A good example of this can be found in the characteriza-
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tion of a glycosaminoglycan-containing peptide from epiphycan, in which the peptide
elutes as several broad peaks spread out along the entire acetonitrile gradient (10).

The following protocol is appropriate for a Superose 12 or Superose 6 column on
an Amersham Pharmacia Biotech FPLC system. It is useful to keep 10% of the digest
for analysis on a reversed phase column (see Subheading 3.4.).

1. Equilibrate column in 4 M guanidine-containing buffer at a flow rate of 0.5 ml/min.
2. Set UV monitor to 280 nm.
3. The chart recorder or integrator should be set up so that full-scale deflection corresponds to

an absorbance of 0.02.
3. Load sample (typically 0.5 mL for a Superose 6 column) into loop.
4. Inject.
5. Collect fractions (0.5 mL). The void volume will appear at approximately 7 mL and the

VT will be at approximately 18 mL.
6. The UV trace is only a guide; do not pool peaks based on what you can see, as you will

only be detecting peptides that contain tryptophan and tyrosine.
7. Fractions can be concentrated up to twofold on a Speedvac and injected directly onto a

reversed-phase column (see Note 4).
8. Fractions containing glycosaminoglycan-substituted peptides can be detected using the

DMMB assay (9) (see Note 5).

Because the column is running in guanidine-HCl, proteins and peptides will have
approximately twice the hydrodynamic volume that they would have under “native”
conditions. The exclusion molecular weight for a Superose 6 column is thus approxi-
mately 1,000,000. It will separate peptides as small as 1 kDa from those of 2 kDa.

3.4. HPLC

It will be necessary to calculate an approximate lag time between the flow cell and
the exit point of tubing where you will be collecting peaks. This will be (60 × (internal
volume of the tube coming out of the flow cell + half the volume of the flow cell) / flow
rate) seconds (see Subheading 2.4.).

1. Prepare solvents (If helium sparging is used to remove dissolved gases, perform this before
addition of trifluoroacetic acid. In practice, helium sparging is not generally necessary.

2. Purge pumps.
3. If sample pH is > 7, acidify sample(s) by addition of glacial acetic acid (0.05 volume). This

is necessary to avoid damaging silica-based columns.
4. Equilibrate column in solvent A and run a blank chromatogram. This would also be a useful

time to run approximately 10% of the original digest to determine where peaks are likely to be.
5. Load digested proteoglycan into sample loop (100–200 µL).
6. Inject and start a gradient of 0–100% solvent B in 45–90 min.
7. Collect peaks into Eppendorf tubes by hand. Note that there is likely to be a very large void

volume peak. There may occasionally be peptides here, but this is rare. Most peptides will
not elute before 8 min.
When collecting peaks, start collecting after the UV absorbence has left the baseline and
add the lag time that you have previously calculated. Stop collecting at the point where the
UV trace is approximately halfway back to the baseline, plus the lag time. There are frac-
tion collectors that can do some of this process automatically, but it is much more reliable
to do it by hand and label the tubes based on the peak elution time (see Fig. 1).
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8. Tubes can either be dried in a Savant Speedvac or frozen for storage. If peptides are being
sent to a core facility, there is no need to ship them cold if they have been dried. Transfer-
ring peptides from one container to another may result in complete loss.

At the end of the run, or series of runs, rinse the injection loop with deionized water
in both the load and inject positions to remove salt.

The relative size of peaks will be largely related to the amino acids that are present
in the peptides. The largest peaks will likely have tryptophan as one of the constitu-
ent amino acids. The next largest peaks will likely contain tyrosine. Smaller peaks
may be from contaminants or will contain no aromatic amino acids. Peaks that contain
single peptides will be symetrical or may tail slightly. If the HPLC separation has been
preceded by gel filtration, it is possible to estimate purity by determining how many
fractions a given peak is in. Typically, a single peptide should not elute from the

Fig. 1. The use of lag time to ensure that peaks are collected into a single tube. To ensure that
peaks from reversed-phase HPLC analyses are collected into single tubes, it is necessary to know
the time between a peptide arriving in the flow cell (which translates into an absorbance change)
and the peptide exiting the tube downstream from the flow cell. In a typical scenario, the tube
after the flow cell will be 20–30 cm long and will have an internal diameter of 0.1 mm, resulting
in a volume of 20 µL. If the flow cell has a volume of 5 µL, then this means that at 250 µL / min, the
lag time between the peak entering the flow cell and it appearing at the outlet will be 6 s. In practice,
the point that is most important is when the apex of the peak is in the flow cell. For this, a volume of
half the flow cell + the outlet tube will give a lag of 5.4 sub at 250 µL/min and 6.75 sub at 200 µL/
min. It is also possible to determine this empirically by injecting a colored dye into the system. Note
that for maximum peptide purity, it is important to collect the peak, but not the leading and trailing
edges of the peak.
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size-exclusion volume in a volume greater than 1 ml for a 0.5 ml sample size (two or
three 0.5-ml fractions).

An estimate of the likely amount of a peptide can be obtained from the UV trace.
With the UV monitor set at 220 nm and using a 2.1-mm-internal-diameter column, a
“typical” peak of 15 pmol of a 12-amino acid peptide should have a peak height of
0.01–0.02 AU.

4. Notes

1. It is possible to digest samples on blots or in gels. This is described in more detail in another
volume of this series (3,4). An earlier version of the blot digestion procedure has also been
published (11). These methods work well for globular proteins, but in the case of
proteoglycans it can be difficult to obtain a sample density that provides an adequate signal-
to-noise ratio. Proteoglycans often do not stain well with Coomassie blue or Ponceau S, so
it can be difficult to identify the location of the substrate. It is unusual to
be able to load a sufficient quantity of proteoglycan onto an SDS-PAGE gel to obtain the
necessary amount and concentration of material. As little as 25 pmol of material can be
digested (2.5 µg of the small proteoglycan, decorin), although 2–4 times this much is rec-
ommended. For reasonable results, this should be in a total gel weight of 50 mg. A blank
area of gel should be used as a control.

2. Chymotrypsin tends to cut proteins in too many places to be useful; it typically cuts at the
C-terminal of tyrosine, tryptophan, and phenylalanine, but will also cut at leucine. Other
enzymes (endoprotease Glu-C, for example) can be a little unpredictable. Endoprotease Glu-C
(V8 protease) will generally cut on the C-terminal of glutamate, but can also cut at aspartate.

3. Guanidine HCl (4 M) as a chaotrope for size-exclusion chromatography has the advantage
that it gives good yields and prevents peptides precipitating. However, it is corrosive, and
crystals of salt can cause scoring of moving parts in pumps. To avoid damage to hardware,
chromatography systems should be washed thoroughly after use. Guanidine also precludes
use of direct SDS-PAGE analysis, which would make it difficult to analyze GAG-contain-
ing peptides using Western blotting. Urea is an alternative chaotrope, but it should be free
of cyanates, which will carbamylate amino groups (the N-terminal and lysine side chains).
Urea can be cleaned by passing it down an ion-exchange column. All buffers should be
filtered through a 0.2 µm filter. This is particularly important for the high-concentration
chaotropes.
If high-salt buffers are used, syringe-type pumps, such as those found on the Pharmacia
FPLC, are easier to use than the piston-based pumps found on most HPLC systems. Some
HPLCs have a pump design that enables the rear of the piston to be irrigated with water; this
eliminates the problem of salt buildup on the rear of the piston and subsequent scoring of the
piston and damage to the pump seals.

4. Some HPLC users prefer not to inject guanidine onto their columns. It is good courtesy to
use your own HPLC column, but in fact the guanidine will not damage anything as long as
it is at a pH below 7 and it is not left in contact with moving parts.

5. The fractions containing glycosaminoglycan can be concentrated on a Speedvac, desalted,
and applied directly to the sequencer. While this may give more than one sequence, if a
cDNA-derived protein sequence is available, it should be possible to deconvolute the amino
acids at each cycle to determine where in the protein the glycosaminoglycan is attached.
On occasion, it is possible to separate glycosaminoglycan-substituted peptides by
reversed-phase HPLC, although the peaks are extremely broad (6,10).
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High–Specific-Activity 35S-Labeled Heparan Sulfate
Prepared from Cultured Cells

Nicholas W. Shworak

1.  Introduction
Cultured cells are a facile reagent for elucidating the molecular mechanisms that

regulate the biosynthesis of heparan sulfate (HS) (1–3).  However, a typical confluent
flask (~20 million cells) produces only a small amount of HS (1–2 µg), which is at or
below the detection limit of many nonradioisotopic techniques.   Fortunately, this
limitation can be circumvented by the metabolic labeling of cells with Na2

35SO4.
Sulfate from the culture medium is transported into the cytoplasm, where it is incorpo-
rated into the biosynthetic sulfate donor adenosine 3'-phosphate 5'-phosphosulfate
(PAPS), which is transported into the Golgi apparatus (4).  Specific biosynthetic enzymes
transfer a sulfonyl group from PAPS onto maturing glycosaminoglycan chains.

The high sulfate content of glycosaminoglycans ensures that metabolic labeling with
Na2

35SO4 is relatively selective and allows for extreme sensitivity.  Although PAPS is
the obligate sulfate source of all cytosolic and membrane-bound sulfotransferases, gly-
cosaminoglycan biosynthesis typically accounts for ~70% of PAPS consumption (5–7).
Consequently, 35SO4

-2 from the culture medium is preferentially incorporated into gly-
cosaminoglycan chains.  Cells can even be incubated with virtually carrier-free
Na2

35SO4 (~1.5 × 106 Ci/mol), which allows for the production of 35S-labeled HS with
an exquisitely high-specific-activity (theoretically ~1.2 × 108 Ci/mol, given that there
are ~80 sulfates per chain) (3,8).  Such extreme measures are beneficial for applica-
tions that require large amounts of radioactive HS.  One example is structural analysis
for the identification of rare modifications, such as 3-O-sulfated disaccharides.  Such
species can comprise less than 1% of HS sulfate, and their isolation can require exten-
sive manipulations that result in substantial loss of starting material (3,9,10).  Conse-
quently, large amounts of input radioactivity are necessary for detection of the final
product.  A second application is detection of sulfotransferase enzymatic activity by the
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ligand affinity conversion approach (Chapter 10).  Although each assay requires a
small amount of HS as substrate (100,000 cpm), the analysis of a large number of
samples mandates a substantial supply of 35S-labeled HS.

This chapter describes protocols for generating ~100 µCi of high-specific-activity
35S-labeled HS from cultured L cells.  Suggestions are included for adapting this
method to other cell types and for obtaining low-specific-activity material.

2. Materials

2.1. General
1. Water should be deionized, then either distilled or processed through a Milli-Q

(Millipore)-type filtration system.  Analytic-grade chemicals are used throughout.
2. Hand-held radioactivity detectors.  A Geiger-Müller probe provides the most sensitive direct

detection of unshielded β-emissions.  A sodium iodide scintillation probe detects the second-
ary γ-radiation emitted when shielding is bombarded by β-rays (Bremsstrahlung effect).

3. Materials for radioactive work.  Disposable bench coat and latex gloves, plastic shielding
(Owl Scientific) wrapped with sufficient lead foil to capture secondary Bremsstrahlung
photons.  Collection of radioactive waste is best performed with a vacuum aspiration setup
comprised of two serially coupled side-arm flasks.  The first is the fluid reservoir and the
second collects accidental overflow.

4. Plastic ware.  All plastic tubes/flasks for containment of radioactivity should have lids
that provide a complete seal.  Required items include 25- and 75- cm2 flasks (Nunc), 15-mL
polypropylene conical tubes (Fisher # 05-539-5), and 2-mL screw-cap polypropylene
tubes with a cap that contains a sealing Neoprene O-ring (Sarstedt # 500 65 716).

5. Pipetters.  A full complement of micropipetters (Rainin) and aerosol-resistant disposable
tips.  An Eppendorf Repeater (VWR  # 53512-500).

6. Bottle-top filters.  For sterilization use 0.22-µm, and for removal of particles use 0.45 µm.
7. Liquid scintillation.  Vials, 7-mL capacity (Fischer Scientific), aqueous compatible

scintillant (e.g., Ecolume, New England Nuclear), and a liquid scintillation counter.
8. Centrifuges.  A microfuge and a low-speed tabletop centrifuge.
9. A liquid-nitrogen source.

2.2.  Labeling Cell Surface Proteoglycans
1. Tissue culture setup.  Apart from standard equipment, a specialty gas mix of 5% CO2

balanced with air should be placed near the laminar-flow hood.  A plastic tube from the low-
pressure regulator is connected onto a plugged 5- or 10-mL pipet, which acts as sterile filter.

2. Appropriate sterile medium.  L cells use Dulbecco’s modified Eagle’s medium contain-
ing 10% fetal bovine serum, 100 units/mL of penicillin G, and 100 µg/mL of streptomy-
cin sulfate (Life Technologies, Inc.).

3. PBS (phosphate-buffered saline) and trypsin/EDTA.  PBS is 0.22-µm filtered and stored
at room temperature (Sigma # P4417).  Sterile trypsin/EDTA (# 25300-062, Life Tech-
nologies) is distributed in 50-mL aliquots.  Reserve stocks are stored at –20°C and work-
ing stock is stored at 4°C.

4. PBS/Na2SO4 and Trypsin/EDTA/Na2SO4.  Supplement the above solutions  to 1 mM Na2SO4.
5. Labeling medium base.  A sulfate-free base mixture is generated by combining the ingre-

dients of Table 1 in the ascribed order (the 100 × sulfate-free salt mixture is 4% KCl, 2%
MgCl2·7H2O and 1.4% NaH2PO4·H2O, autoclaved and stored at room temperature).  The
mixture is 0.22-µm filtered into an autoclaved 500-mL bottle.  The gassing pipet  (item 1),
is fully inserted into the bottle and flow is set to initiate light bubbling.  The medium is
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fully CO2 equilibrated when the indicator dye turns a stable orange color.  The bottle is
tightly capped and stored at 4°C (see Note 1).

6. Carrier-free Na2
35SO4 (1,495,000 Ci/mol, ~1 mCi/µL) (ICN).  Centrifuge the vial before

opening to pool radioactivity away from the lid.  (see Note 2).
7. 0.1 M Na2SO4 (10 mL).  Dilution of stock from Table 2; sterilize by 0.22-µm filtration.
8. Ice-chilled grate.  To generate a stable, level, chilled work surface, place a metal grate

(VWR  # 54848-316) on a level bed of ice in a large, flat Styrofoam tray.

2.3.  Purification of Proteoglycans by Preparative
DEAE Microchromatography

1. The stocks listed in Table 2 are required to generate the DEAE column buffers listed in
Table 3.  The stocks and DEAE column buffers are stored at room temperature unless
stated otherwise.  All column buffers are 0.45-µm filtered.

2. Preparative wash buffer.  A 50-mL solution of 150 mM NaCl, 0.03% Triton X-100, and
30 µg/mL BSA is made from Table 2 stocks, then stored at 4°C.

3. Preparative elution buffer.  A 50-mL solution of 1 M NaCl, 0.03% Triton X-100, 30 µg/
mL BSA, and 2.5 µg/mL glycogen is made from Table 2 stocks, then stored at 4°C.

4. GUTE (100 mL).  4 M guanidine·HCl (Fluka # 50935), 50 mM Tris pH 7.4, 1 mM EDTA.
(see Note 4).

5. Chondroitin sulfate (from shark cartilage, Sigma C-4384).  Make 2 mL of a 20-mg/mL
solution in water, store at –20°C.

6. Column blocking mix.  To 1.8 mL of fetal bovine serum add 0.2 mL of the above chon-
droitin sulfate solution.  Spin in a microfuge at maximum speed for 10 min and transfer the
supernatant to a clean tube.

7. DEAE microcolumn assembly.  A gravity-flow microcolumn is assembled in the barrel of
a plastic 1-mL syringe.  Onto the tip, fit a Luer adapter with ~4 cm of tubing (trim a
“butterfly” catheter; VWR # VT7251). This outflow tract can be plugged by inserting the
point of a “yellow” tip (seal the wide end by flame-melting), whereas the top is sealed

Table 1
Base Mixture for Cell Labeling

Stock solutions Final
Composition Source, sterilization, storage concentration Volume

H2O 211 mL
1.5 M D-glucose 0.22-µm filtered, 4 or –20°C 5.54 mM 0.92 mL
5 M NaCl Autoclaved, room temperature 100 mM   5.0 mL
4.4% NaHCO3 0.22-µm filtered, 4°C 0.22% 12.5 mL
1 M HEPES, pH  6.5 0.22-µm filtered, 4°C 12.5 mM 3.13 mL
1 M HEPES, pH  7.9 0.22-µm filtered, 4°C 12.5 mM 3.13 mL
11% Sodium pyruvate 0.22-µm filtered, –20°C     0.011% 0.25 mL
0.75% Phenol red Room temperature 0.00038% 0.13 mL
100 × Sulfate free salts 0.22-µm filtered, room temperature 1× 2.5 mL
50 × MEM amino acids Life Technologies, #11130-051, 4°C 1 × 5.0 mL
100 × BME vitamins Life Technologies, #21040-050, –20°C 1 ×   2.5 mL
200 mM L-glutamine 0.22-µm filtered, –20°C 1 mM 1.25 mL
2% CaCl2 Autoclaved, room temperature 0.02%   2.5 mL

Total volume: 250 mL
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with a microstopper (Thomas Scientific, # 8751-K10).  A bottom frit is punched out of
porous polyethylene (Labconco # 4330115) with a #2 cork bore, then inserted into the
barrel.  Flush the syringe with water, then add 320 µL of 50/50 slurry of DEAE Sepharose
Fast Flow (Pharmacia #17-0709-01).  Adjust to generate a 160-µL matrix bed.

8. Blocking the DEAE column (see Note 5).   Drain the column by gravity, then apply 200
µL of column blocking mix.  After 10 min, wash the column by the sequential application
of 1 mL of equilibration buffer, three applications of 1 mL of column wash, 1 mL of
equilibration buffer, 1 mL of GUTE, and 1 mL of equilibration buffer.  Store as plugged
columns containing ~1 mL of equilibration buffer.

9. Final column preparation.  Before sample application drain the column.  Resuspend the
bed by forcefully squirting, in rapid succession, two 0.5-mL volumes of equilibration
buffer directly at the matrix.  Allow the bed to repack by gravity flow, then repeat.  Pass
through 1 mL of column wash, followed by 1 mL of urea/acid wash.  The column is ready
for loading (see Subsection 3.2, step 1).

2.4. Isolation of 35S-labeled HS.

1. 10 M NaOH.
2. 10 M NaBH4 suspension.  Wear gloves and a mask when weighing out this very toxic

powder.  NaBH4 is extremely volatile, and open solutions should be manipulated in a
fume hood.  Resuspend 3.78 g in 10 mL (final volume) of 0.1 M NaOH, then distribute into
0.5-mL aliquots, snap-freeze on liquid nitrogen and store at –80°C.  When aliquoting,
mix the stock frequently to ensure even suspension.

3. NaOH/NaBH4.  Thaw an aliquot of 10 M NaBH4 on ice, mix briefly and then transfer 9

Table 2
Stock Solutions for Generating DEAE Column Buffers

Stock Comments

1.0 M Tris (pH 7.4), 500 mL Autoclave sterilize.
1.0 M NaC2H3O2 (pH 5.0), 500 mL
5.0 M NaCl, 500 mL Autoclave sterilize.
0.5 M EDTA, pH 8.0, 500 mL Insoluble at low pH, add NaOH pellets while

stirring and monitor pH.
18% (w/v) CHAPS, 100 mL Sigma (# C3023)  To 80 mL of stirring water,

gradually add solid.  Cover with Parafilm, stir
overnight, adjust volume, 0.45-µm filter.  Lot
variability see Note 3.

10 M Urea, 500 mL A saturated solution. Complete dissolution requires
heating at 37°C.  If crystals form upon storage,
dissolve by reheating.

10% (w/v) Sodium azide, 100 mL Extremely toxic.  Wear mask, gloves, and coat when
weighing out powder.

1.0 M Na2SO4, 100 mL
20% (v/v) Triton X-100, 100 mL Extensive stirring required.  Store at 4°C.
10 mg/mL BSA, 10 mL RIA grade bovine serum albumin (BSA) (Sigma #

A7888).  Reserve aliquots (2 mL) stored at –80°C,
working aliquots stored at –20°C.

20 mg/mL Glycogen, 1 mL Boehringer Mannheim (# 901 393)
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Table 3
Recipes for Most DEAE Column Buffers (100 mL each)

               Preparative loading buffer
Equilibration buffer Urea/acid wash Column wash (PLB)

Table 2 Stock

Final Stock Final Stock Final Stock Final Stock
 concentration volume concentration volume  concentration volume  concentration volume

Tris 50 mM 5 mL
Sodium acetate 50 mM 5 mL 50 mM 5 mL 69.4 mM 6.9 mL
NaCl 150 mM  3 mL 150 mM 3 mL 1558 mM 31 mL 222 mM 4.4 mL
EDTA     1 mM 200 µL     1 mM 200 µL       1 mM 200 µL 1.39 mM 278 µL
CHAPS 0.6%  3.3 mL 0.6% 3.3 mL 0.6% 3.3 mL 0.833% 4.63 mL
Urea 6 M 60 mL   6 M  60 mL 8.33 M  83 mL
Sodium azide 0.02% 200 µL 0.02% 200 µL 0.02% 200 µL 0.028% 280 µL
Na2SO4  1 mM 100 µL   1 mM  100 µL 1.39 mM 139 µL
H2O  88.3 mL 28.2 mL

83
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µL of suspension to 89.5 µL of 10 M NaOH, mix, and use immediately.  The 10 M NaBH4

stock is snap-frozen and returned to –80°C.
4. 8.54 M ammonium formate/1.7 M HCl.  To 8.75 mL of 10 M ammonium formate, add 1.5

mL of concentrated HCl (11.6 M).  Store at room temperature.
5. PCI-phenol /choroform/isoamyl alcohol, 25/24/1 (v/v/v) (100 mL).  Phenol is extremely

corrosive and toxic.  PCI preparation and precautions are described extensively by Sambrook
et al. (11).

6. Absolute ethanol (500 mL).  Store at –20°C.
7. 1 M ammonium acetate, pH 7.0 (50 mL).  Store at room temperature.
8. 5 M NaCl. see Table 2.
9. 10 mg/mL BSA.  see Table 2.

10. 0.0005% Triton X-100 (15 mL).  Diluted from Table 2 stock.
11. 2-mg/mL glycogen (2 mL).  Diluted from Table 2 stock.
12. 5-U/mL chondroitinase ABC (Sigma # C-2905) (1 mL).  Dissolve in PBS; aliquots of 100

µL are generated, snap-frozen on liquid nitrogen, and stored at –20°C (see Note 6).
13. Set incubator or oven at 46°C.

3.  Methods
3.1.  Labeling Cell Surface Proteoglycans

1. Cell maintenance.  L cell cultures are maintained in exponential growth at 37°C, under
5% CO2 in DMEM with 10% FBS.

2. Prepare an exponentially growing culture for 35S-labeling.  A 75-cm2 flasks is inoculated
at 38,000 cells/cm2.  Two days later the flask should be ~50% confluent.

3. Prepare the laminar-flow hood. Turn off the laminar-flow hood so as to prevent aero-
solized radioactivity from entering the hood’s inner machinery.  Cover the work surface
with disposable bench coat.  Assemble and organize all required hardware, including
appropriate shielding, within the hood.  A stable rack is required to hold the test tube
containing the labeling medium.  Double-glove, see Note 7.

4. Prepare labeling medium.  In a 15-mL conical tube containing 4 mL of labeling base
mixture (see Table 1), add 0.4 mL of fetal bovine serum, 4.6 µL of sterile 0.1 M Na2SO4

and then 200 mCi of carrier-free Na2
35SO4  (~200 µL), but do not mix yet.  Gently blow

5% CO2 gas over the surface and then cap the tube shut. (see Notes 8–10).
5. Remove culture medium.  Hold the flask at an angle and aspirate off as much medium as

possible.  Gently pipet 5 mL of PBS down the side of the flask so as not to disrupt the
monolayer, swirl to wash the monolayer surface, and aspirate as above.  Repeat with a
second PBS rinse and aspirate.

6. Add labeling medium.  Stand the flask upright.  Using a 5-mL pipet, carefully mix the
labeling medium by pumping up and down once, then transfer to the bottom surface of the
culture flask.  To prevent accidental contamination, avoid generating bubbles — do not
blow out the final drop from the pipet tip.  Carefully place the pipet back into the empty
labeling medium tube, then remove the pipet from the pipet gun.  Monitor your gloves for
radioactivity; if they are contaminated, replace the outer glove.

7. Gas and incubate the flask.  Place the 5% CO2 pipet just into the neck of the flask and
blow a gentle gas stream of over the medium for about 10 s.  Do not generate bubbles.
Tightly cap the flask and tilt to spread the medium gently over the cell monolayer.  Moni-
tor gloves and flask with a β-probe, and if clean place flask in incubator for ~16 h, (see
Note 11).  Hang a “Radioactivity in Use” sign on the incubator.  Monitor and clean the
culture hood.
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8. Wash monolayer.  Chill the flask on an ice-chilled grate (see Subheading 2.2., item 9)
for 10 min.  The resulting negative pressure prevents expulsion of radioactive vapors.
Remove the lid.  Aspirate off the radioactive medium and, using a repeat pipetter (see
Subheading 2.1., item 5), rinse the flask with 5 mL of ice-cold PBS containing 1 mM
Na2SO4 (as described in step 5).  Repeat for a total of 10 rinses, (see Note 12).

9. Release extracellular proteoglycans by trypsinization.  Add 2 mL of typsin/EDTA/Na2SO4,
cap flask, and distribute solution over the monolayer.  Incubate at room temperature for 30
min, redistribute the solution, and incubate at 37°C for 10 min.  Transfer the cell suspension
to a polypropylene 15-mL conical tube.  Rinse the flask with 0.5 mL of PBS and combine
with the cell suspension.  Cells are pelleted by centrifugation at 1500g and the supernatant
(~2.5 mL), which contains cell surface proteoglycans, is collected.

3.2.  Purification of Proteoglycans by Preparative
DEAE Microchromatography

1. Column loading.  Proteoglycans are partially purified and concentrated with a DEAE
microcolumn, prepared by Subheading 2.3., steps 7–9.  All effluents are to be consid-
ered as radioactive and disposed of accordingly.  The proteoglycan-containing superna-
tant is combined with 6.5 mL of PLB (see Table 3).  A pipetman is used to load 1-mL
portions.  Apply slowly so that the sample runs down the wall and only minimally dis-
turbs the gel bed. see Note 13.

2. Column washing.  Wash with 4 mL of urea/acid wash, 2 mL of equilibration buffer, and 2
mL of preparative wash buffer.

3. Elution of labeled proteoglycans with high salt.  A 2-mL polypropylene screw-cap tube is
positioned under the column.  Let 200-µL of elution buffer run through the column, then
repeat 4 more times to generate 1.0 mL of eluate, (see Note 14).

4. Determine radioactivity. Close the tube with an O-ring-containing lid (see Note 15).
Briefly vortex and centrifuge.  Remove 0.5 µL for liquid scintillation counting.

3.3.  Isolation of 35S-labeled HS

1. Cleave GAGs from proteoglycans.  Add 10 µL of NaOH/NaBH4 mix to the eluate, vor-
tex, and centrifuge briefly.  Incubate in a 46°C oven for ~16 h (see Note 16) .

2. Reaction neutralization.  Breakdown of borohydride liberates hydrogen gas, which can
lead to excessive foaming and radioactive contamination.  To prevent this outcome, chill
the reaction on a bed of ice for 10 min.  Uncap slowly to gently release pent up gases.
Carefully add 60 µL of 8.54 M ammonium formate/1.7 M HCl to the sample meniscus.
Bubbling will occur as the residual borohydride degrades.  Cap, vortex, and spin briefly,
then return to ice and slowly uncap.  Transfer 0.5 mL to a second screw-cap tube.

3. Phenol extraction. Add 0.75 mL of cold (taken directly from 4°C) PCI to each tube, then
cap.  Vortex the tubes at maximum for 30 s each.  Separate the phases by centrifugation at
10,000g, 4°C, for 10 min.  Remove as much top (aqueous) phase as possible without
taking any interphase material (denatured proteins) and transfer into a single 1.5-mL
microfuge tube, (see Note 17).

4. Ethanol precipitation of GAG.  Distribute the aqueous phase among four 2-mL screw-cap
tubes and add water so that each tube contains ~260 µL total volume.  Add 1.25 mL of
absolute ethanol per tube, and vortex briefly, (see Note 18). Mark a line down the side of
each tube.  Place samples in a microcentrifuge with the line toward the outside, so as to
indicate the anticipated site of pellet formation.  Spin at 10,000g, room temperature, for
30 min (see Note 19). Gently remove the tubes from the centrifuge and place in a rack so



86 Shworak

that the pellet formation site is oriented to the front.  The GAG pellets are extremely small
and very difficult to see.  At best, they might only be detected as     a slightly cream-colored
hazy line when viewed from a tangential aspect.  If extremely high incorporation is achieved,
the 35S generates sufficient secondary Bremsstrahlung photons to detect the pellet with a
hand-held sodium iodide tube.  Carefully aspirate off ethanol to generate a nearly “dry”
pellet, (see Note 20).

5. Dissolve GAG.  Place 10 µL of water onto the pellet of each tube and sit for 10 min.  Add
50 µL of water to the first tube, vortex briefly and centrifuge, then transfer the contents to the
second tube, vortex, and spin.  Repeat until the forth tube contains the entire 90 µL.  Repeat
this process with a 49-µL water wash.  Remove 0.5 µL and determine radioactivity by
liquid-scintillation counting.  Typically, ~70% of the DEAE 35S is recovered.

6. Chondroitinase treatment.  The chondroitin component is eliminated by GAG lyase
digestion in the reaction shown in Table 4. Incubate the reaction at 37°C for 1 h, add an
additional 4 µL of chondroitinase ABC and incubate an additional hour.

7. Purify HS.  The reaction proteins are next removed by phenol extraction followed by
ethanol precipitation to purify the 35S-labeled HS away from chondroitin degradation prod-
ucts:  Add 1.2 mL of PCI to the reaction, cap, and vortex at maximum for 30 s.  Separate the
phases by centrifugation at 10,000g, room temperature, for 2 min.  Transfer the aqueous
phase to a 2-mL screw-cap tube containing 4 µL of 5 M NaCl.  To enhance recovery, add
50 µL of water to the initial reaction tube, vortex, spin, then recover and pool with the
first aqueous phase (~200 µL total volume).  Add 1 mL of absolute ethanol, centrifuga-
tion at 10,000g, room temperature, for 30 min and aspirate, as described in Note 20.  Add
200 µL of 0.0005% Triton X-100, let sit at room temperature for 10 min, then resuspend
by two quick vortex/spin cycles.  Remove 0.5 µL and determine radioactivity by liquid-
scintillation counting.  Snap-freeze sample on liquid nitrogen and store at –80C°.

4. Notes

1. The described recipe maximizes L cell production of HS.  Others might find it more
convenient to use a preformulated medium such as sulfate-free BME (Life Technologies,
# 31300) or MEM (Life Technologies, # 22300).  The medium is CO2 equilibrated to
maximize reproducibility.  Equilibrate the medium prior to the addition of 35S so as to
minimize the possibility of contamination.

2. High levels of 35S can be safely manipulated when diligent respect is paid to the three
basic principles governing radioactive lab work:  (1)  minimize personal exposure time
and (2)  use appropriate shielding.  In particular, always consider the secondary γ-radia-

Table 4
Chondroitinase ABC Reaction

Stock solution Final concentration Required volume

Entire 35S-labeled GAG sample 139 µL
5 M NaCl 30 mM     0.9 µL
1 M ammonium acetate (pH 7.0) 25 mM     3.75 µL
10 mg/mL BSA 67 µg/mL     1 µL
2 mg/mL Glycogen 13 µg/mL     1 µL
5 U/mL Chondroitinase ABC 20 mU/reaction     4 µL

Total volume: 150 µL
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tion emissions, as this is an underappreciated point for high-level 35S work.  High-level
stocks of 35S should always be stored in lead containers.  (3)  Monitor for contamination.
Individuals who use levels greater than 5 mCi at once should wear a radiation badge and
should undergo a urine test shortly after use, to rule out personal contamination.  The
institution’s radiation protection office should be consulted in advance regarding the poli-
cies and procedures for use and disposal of such materials.

3. Certain lots of CHAPS (3-[(3-chloamidopropl)-dimethylammonio]-1-propanesulfonic
acid) contain an impurity that causes a gradual precipitant formation, which clogs col-
umns.  To test for the contaminant, store the 18% CHAPS stock at 4°C for 1 wk.  If a
precipitate has formed, then the supplier must send a replacement from a different lot.

4. Solubility of guanidine·HCl is highly dependent on purity.  High quality material is readily
soluble at 4 M, whereas less expensive grades are insoluble.

5. This treatment of the column matrix blocks “nonspecific” sites that will irreversibly bind
GAG.  Consequently, quantitative recover of extremely small amounts of radiolabeled
proteoglycans (<1 fmol or <200 pg of a 200-kDa molecule) can be obtained.

6. Under these conditions the enzyme can withstand multiple freeze–thaw cycles.  PBS must
be used; if water is used the activity is destroyed by the freezing process.

7. Wear two sets of latex gloves to minimize risk of radioactive contamination.  It is advisable to have
a separate pipet gun dedicated for radioactive work, as this equipment is easily contaminated.

8. This recipe makes sufficient medium to cover a monolayer in a flask that has an actual
growth surface area of <75 cm2.  Some flasks have larger surfaces, which can lead to drying
out of the monolayer.  In this case, the use 5 mL base medium, 0.5 mL fetal bovine serum,
5.75 µL of 0.1 M Na2SO4, and 200 mCi of Na2

35SO4.
9. The labeling mixture has a total sulfate concentration of ~200 µM.  This is the minimum

concentration to prevent undersulfation of GAGs in L cells (12); thus, 35S-labeled HS is
of normal structure and maximal specific activity.  The formulation has only three sulfate
sources, fetal bovine serum, cold sodium sulfate, and carrier-free Na2

35SO4 which respec-
tively provide about 70, 30, and 100 µM.  Antibiotics are purposefully omitted, as these
can contribute substantial amounts of sulfate, which will reduce net incorporation.  Expect
~2 × 108 cpm of 35S-labeled HS.  If reduced radioactivity is required, decrease the input
Na2

35SO4 and compensate with cold carrier to maintain total sulfate at 200 µM.
10. Certain cell types (e.g., CHO) efficiently salvage sulfate from amino acid degradation and

do not generate undersulfated GAG, even when grown in sulfate-free media (13,14).  For
such cells, efficient incorporation can be obtained with lower external sulfate concentration.
CHO cells can be labeled using 4 mL of Ham’s F12 medium (contains 6 µM sulfate)
supplemented with either 10% fetal bovine serum and 100 mCi Na2

35SO4, or dialyzed
fetal bovine serum and 8 mCi Na2

35SO4 (both conditions employ a specific activity of
~270,000 Ci/mol, so comparable incorporations are obtained).

11. It is important that the incubator shelf be level so that the cell monolayer does not dry out.
The flask is sealed to prevent off-gassing of volatile 35S-labeled metabolites, which certain
cell types can generate.  If sealing is insufficient, then such compounds may be captured by
placing the flask on a bed of activated charcoal during the incubation period.  After the
incubation, monitor the incubator to ensure that contamination has not occurred.

12. Multiple rinses are necessary to remove “free” 35S, which can copurify with GAG and
confound later steps.  The majority of the input radioactivity is contained within the cul-
ture medium and the first two washes.  Certain institutions require that high-level radio-
active waste be kept in a minimal volume.  For this reason, it may be necessary to collect
this material separate from other contaminated waste fluids.
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13. This procedure was originally optimized to recover quantitatively small levels of labeled
proteoglycans from L cells, but can be modified for proteoglycans from other sources.
The loading and initial washing pH facilitate removal of acidic proteins, whereas the urea
disrupts protein complexes and prevents hydrophobic interactions with the column matrix.
These very stringent conditions may not allow for efficient binding of free GAG chains,
or proteoglycans with GAG chains that are short, undersulfated, or derive from GAG
biosynthetic mutants.  To optimize recoveries for problem samples, reduce the NaCl con-
centration in both UAW and the preparative load buffer (equivalent proportional
reductions), then monitor total 35S recovery and its corresponding susceptibility to diges-
tion with GAG lyases.  An optimal NaCl level maximizes the recovery of lyase-sensitive
material while minimizing non-lyase-sensitive material.

14. Elution is performed by the application of multiple small aliquots so as to reduce the flow
rate of the eluate.  This maximizes sample recovery and minimizes sample volume.

15. Watch the cap to ensure that the O-ring becomes compressed during closing.  A perfect seal
is required to prevent leakage of sample during vortexing.

16. Classically, β-elimination is performed under basic conditions with high concentrations of
borohydride.  The base cleaves the glycosidic bond to a substituent that is in a β-orientation
relative to an electron-withdrawing group.  For proteoglycans, cleavage occurs between the
linkage region xylose and the corresponding serine residue of the core protein.  This works
best with intact proteins rather than proteolytically degraded material, since cleavage cannot
occur if the carboxyl group of the serine is free.  High borohydride is included in general
polysaccharide analysis to prevent the “peeling reaction” — a sequential cyclic process
whereby the terminal sugar undergoes oxidative modification followed by β-elimination.
High borohydride is not required for proteoglycans, since the linkage xylose does not
undergo peeling.  Do not use high levels of borohydride, as violent bubbling occurs upon
neutralization, which will cause extensive radioactive contamination.

17. To maximize recovery,  hold the tube vertical and remove the aqueous phase by drawing with
a P-1000 pipetter from the gradually descending meniscus.  When the meniscus approaches
the interphase, stop and transfer the harvest to a clean tube.  Next, tip the tube on a ~45° angle
to break the surface tension between the aqueous and organic phases (slight tapping of the tube
may be required).  The aqueous phase will detach from the lower tube wall and form a ball on
the uppermost surface.  Place a P-200 tip inside the ball and withdraw solution until the tip gets
close to the protein interphase.  Pool the recovered material.

18. Efficient (i.e., > 90% recovery) precipitation of GAG requires a minimum of 4.5 volumes of
ethanol, as well as carrier glycogen and a minimum of 100 mM NaCl.  In high ethanol,
sodium has low solubility.  The described protocol dilutes the sample so that the salt remains
in solution during the precipitation of GAG.

19. To prevent pellet loss, it is best not to let the tubes sit for any length of time.  It is preferable
to turn the centrifuge off just short of 30 min, so that the samples can be removed the instant
the centrifuge stops.

20. Slow aspiration is necessary to prevent pellet loss.  This is accomplished with a 25-gage
needle connected to the vacuum line.  For right handed people, tubes are held in the left hand
with the pellet positioned to the right side (providing a side-on view of the pellet).  Initially,
hold tubes vertically and maintain the needle bezel at the level of the meniscus and parallel to
the tube wall.  Always point the needle opening away from the pellet.  Aspiration speed is
controlled by slowly lowering the needle, and by slightly pressing the bezel against the
tube wall.  A slow speed ensures complete fluid removal without leaving behind residual
drops.  As the meniscus approaches the pellet region, start tilting the tube to the right so
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that the pellet is under fluid for as long as possible.  Ultimately, the tube will be nearly
horizontal with the pellet at the lowest point and the bezel will be a pressed against the
opposite tube wall directly above the pellet.
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Selective Detection of Sulfotransferase Isoforms
by the Ligand Affinity-Conversion Approach

Nicholas W. Shworak

1. Introduction

1.1. Perspective
The profound functional diversity of heparan sulfate (HS) proteoglycans is largely

engendered by the regulated structural complexity of the glycosaminoglycan (GAG)
component (reviewed in ref. 1). Ultimately, the status of the heparan sulfate biosyn-
thetic machinery dictates fine structure that encodes binding sites for protein ligands.
In part, regulation of fine structure is made possible through the existence of multiple
isoforms for most of the HS sulfotransferases (2,3). Examination of the heparan sul-
fate 3-O-sultotransferase (3OST) family shows that each isotype exhibits a unique
sequence specificity (4). All 3OST enzymes place a sulfate group in the 3-O-position
of glucosamine residues within heparan sulfate; however, each isoform recognizes
and modifies a distinct sequence context. Consequently, only 3OST1 generates the
antithrombin-binding site, whereas 3OST3 makes binding sites for gD, an envelope pro-
tein of herpes virus (4,5). The existence of a multitude of sulfotransferases necessitates a
facile approach for the specific detection of individual isoforms present in crude extracts.

This chapter describes establishing a ligand affinity-conversion assay, based on a
procedure that has been used to measure selectively the activity of 3OST1 (6). Exten-
sive suggestions are included to assist others in the application of this approach to
other glycosaminoglycan biosynthetic enzymes. Thus, the methods should be viewed
as modifiable elements of a general approach to measure the sequence specific activ-
ity of sulfotransferases that generate binding sites for protein ligands.

1.2. Principle, Advantages, and Limitations of the Ligand
Affinity-Conversion Approach

The ligand affinity-conversion approach is based on two tenets that permit a
two-step assay. (1) An appropriately selected HS source will contain biosynthetic pre-
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cursors for the binding site of a protein ligand. Precursors are “partially” synthesized
structures that require modification by a single sulfotransferase to generate a func-
tional binding site. Fulfillment of this criterion enables the cell-free synthesis of ligand-
binding sites. Thus, cell extracts containing the sulfotransferase of interest are incubated
with 35S-labeled HS and the sulfate donor adenosine 3'-phosphate 5'-phosphosulfate
(PAPS). The sequence specific action of the enzyme converts precursors into func-
tional binding sites. (2) The affinity of the ligand for its completed binding site is
substantially higher than for the corresponding precursor structure(s). Such a ligand is
used in the second assay step to capture the newly generated, high-affinity portion of
35S-labeled HS. Thus, sulfotransferase activity is indirectly quantified through the produc-
tion of HS that contains high-affinity ligand-binding sites. The measured enzyme activity
is expressed in arbitrary units of affinity conversion.

The pros and cons of this technique are determined by the reaction conditions,
which differ from typical HS sulfotransferase assays. Classically, activity is deter-
mined directly by quantifying the transfer of radioactivity from the labeled sulfate
donor (PAP35S) onto various GAG acceptors (7). This approach is quite facile for
measuring the abundant N-sulfotransferases (8) but detection of rare enzymes in
crude cell extracts requires extensive modifications (9). Subcellular fractionation is
frequently required to overcome the high levels of background incorporation, which
result from endogenous sulfotransferases and sulfate acceptors contained within
whole cell extracts. The affinity-conversion approach eliminates high backgrounds
by using 35S-labeled HS in conjunction with unlabeled PAPS. This arrangement
allows for the selective detection of a specific sulfotransferase activity within even
crude cell extracts (6).

The 35S-labeled HS substrate is generated by metabolically labeling cells with
Na2

35SO4, diluted to any desired specific activity. Indeed, cells can even be labeled
with undiluted Na2

35SO4 to generate a substrate of ~1.2 × 108 Ci/mol (6). Consequently,
cell-free reactions can contain as little as 350 attomol (10-18 mol) of substrate and can
detect as little as 0.35 attomol of product (6). In contrast, sensitivity of the classic
assay is restricted by the specific activity of PAP35S. Micromolar concentrations are
require for enzyme activity, which limits practical specific activity to ~400 Ci/mol
(8,10) and minimum detection to ~50 pmol of product. Thus, the affinity-conversion
approach also provides for tremendous sensitivity.

It is important to note that assay specificity can be limited by the structural heteroge-
neity of HS, which allows HS to function as a substrate for multiple sulfotransferases.
(The affinity-conversion assay minimizes this problem by exploiting a protein ligand to
focus detection on only the reaction(s) that generate the ligand’s binding site.) Neverthe-
less, it is possible that a ligand-binding site can be generated by distinct enzymes that
modify different precursor structures. Thus, a single HS sample may contain multiple
precursor structures and so could detect the multiple activities. Clearly, care must be
taken in characterizing extracts from novel sources and in identifying the particular HS
sample that is most selective for monitoring the enzyme of interest. In this regard, cell
mutants that are defective in the production of specific ligand binding sites (11,12) may
serve as idea sources for an exquisitely selective HS substrate.
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2. Materials
Refer to Chapter 9, Subheading 2.1., for required general materials.

2.1. Generation of Crude Cell Extract
1. A cell line that contains the enzymatic activity of interest.
2. PBS and trypsin/EDTA. See Chapter 9, Subheading 2.2., item 3.
3. Lysis/sample buffer (100 mL): 0.25 M sucrose, 1% Triton X-100, make from stocks of 1

M sucrose (autoclaved) and 20% Triton X-100. Store at 4°C.
4. Bradford reagent (Bio-Rad).

2.2. Cell-Free Synthesis of Ligand-Binding Sites

1. 1 M MES, pH 7.0 (100 mL).  The sodium salt of 2-[N-morpholino]ethanesulfonic acid
(MES) is obtained from Sigma. Solutions are stored in a dark bottle at 4°C.

2. 20% Triton X-100; 10 mg/mL BSA and 20-mg/mL chondroitin sulfate. See Chapter 9,
Table 2 and Subheading 2.3., item 5.

3. 2 M MnCl2 (15 mL). Filter sterilize and store at room temperature.
4. 1 M MgCl2 (15 mL). Filter sterilize and store at room temperature.
5. 10-mg/mL protamine chloride (Sigma) (10 mL). Aliquots (1 mL) are stored at –20°C.
6. 25 mM PAPS (0.5 mL). 3'Phosphoadenosine 5' phosphosulfate (PAPS) (Sigma). Dis-

solve in ethanol/water (50/50 v/v), make 25-µL aliquots, snap-freeze on liquid nitrogen,
and store at –80°C, see Note 1.

7. 35S-labeled heparan sulfate.  See Note 2.
8. Cell extract.  From the method of Subheading 3.1.
9. Quantitation standard of sulfotransferase of interest, see Note 3.

10. Standard buffer. The buffer for quantitation standards, see Note 4.
11. Sample buffer. The cell extract lysis buffer, see Subheading 2.1., item 3.
12. 96-well PCR tube plates with sealing tape (Stratagene #410088 and #410152) are ideal for

analysis of large numbers of samples.
13. A PCR cycler (optional). Convenient for incubations of large sample sets. Machines with

heated lids are preferred to prevent sample evaporation and lid condensation.
14. 167 mM NaCl, 13.3-µg/mL glycogen (10 mL). Store at room temperature.
15. A centrifuge capable of holding 96-well plates.
16. A multichannel pipetter (for analysis of large sample sets).

2.3. Quantitation of Protein-Heparan Sulfate Complexes
by Solid-Phase Capture

1. 96-Well dot-blot apparatus (Schleicher and Schuell).
2. Whatman 3 mm paper.
3. Nitrocellulose membrane (BA85, Schleicher and Schuell).
4. 6 × binding buffer (15 mL). 60 mM Tris-HCl, pH 8.0, 3 M NaCl, 1.2-mg/mL BSA, store

at 4°C. (see Note 5).
5. Wash buffer (100 mL). 10 mM Tris-HCl, pH 8.0, 0.5 M NaCl. (see Note 5).
6. A one-hole punch. Obtain from any stationary store.

3. Methods
Upon verification of two criteria, this assay can be tailored to detect the activity of

any HS sulfotransferase that creates a high-affinity binding site for a protein ligand.
First, the protein ligand of interest must preferentially bind either to a subpopulation
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of HS or to HS from only a subset of cell types. Second, two specific cell lines must be
identified—an expressive line that produces high levels of the ligand-binding site
and a nonexpressive line that produces little or no ligand-binding site. If necessary,
one might wish to mutagenize the former to create the latter (11,12). The nonexpressive
line is the source of the 35S-labeled HS substrate, whereas the expressive cell line
supplies the crude extract with the sulfotransferase activity of interest (see Subhead-
ing 3.1.). These reagents are required for establishing conditions appropriate for
sulfotransferase activity (see Subheading 3.2.). The ligand of interest is used to frac-
tionate in-vitro-synthesized reaction products and thereby determine the percentage
of 35S-HS chains containing newly generated binding sites (see Subheading 3.3.).
This last step requires the greatest degree of customization, and the reader is advised
to consider alternate approaches to measure protein·GAG interactions that are
described extensively in Part III. Once established, the assay can be used to moni-
tor sulfotransferase activity of crude cell or tissue extracts, or of derived purified
fractions.

3.1. Generation of Crude Cell Extract

1. Grow tissue culture cells in a 25-cm2 flask to the desired growth state.
2. Wash monolayers twice with 2 mL of PBS (at room temperature), as described in Chapter

9, Subheading 3.1., step 5.
3. Remove cells by trypsinization. Add 1 mL trypsin and incubate at 37°C until cells round

up, (see Note 6). Add 3 mL of tissue culture medium containing 10% fetal bovine serum
and dislodge cells from the flask by tituration.

4. Wash cells. Transfer the suspension to a 15-mL conical tube containing 10 mL of PBS
(room temperature). Mix, then pellet cells by centrifugation at 500g for 5 min. Remove
as much supernatant as possible and resuspend the pellet in 1 mL of PBS. Transfer the
suspension to a 1.5-mL microfuge tube and pellet cells at 1000g for 5 min. Aspirate off
medium. Optional. If desired, pellets can be snap-frozen on liquid nitrogen and stored
at –80°C.

5. Lyse cells. Place pellets on ice and add 0.5 mL of 0.25 M sucrose with 1% Triton X-100
(ice chilled). Cells are disrupted by vortexing on high for at least 30 s. Sit on ice for 10
min, then vortex for an additional 30 s (see Note 7).

6. Pellet nuclei. Centrifuge 10,000g for 10 min, then transfer the crude lysate (supernatant)
to a clean tube.

7. Determine protein content by Bradford procedure (13), (see Note 8).
8. Snap-freeze samples on liquid nitrogen and store at –80°C.

3.2. Cell-Free Synthesis of Ligand-Binding Site
1. Reaction design. Reactions for experimental samples and for quantitation standards

should all contain the same components (see Table 1). The standard curve should have at
least six different enzyme concentrations as well as two zero enzyme (background con-
trol) points. The curve range should span the anticipated sample activities. All sample
reactions should contain equal amounts of cell extract protein, (see Note 9).

2. Reaction setup. Reactions are assembled on ice using individual 0.6-mL tubes for a small
number of samples, or a 96-well plate (with adhesive plastic lid) for a large sample set. First
pipet the required amounts of standard buffer and sample buffer (see Subheading 2.2
items 10 and 11). Then add the standards and individual samples.
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3. Reaction mix. A 10% excess of reaction mix is generated, on ice, by combining the Table
2 ingredients in the listed order. (see Notes 10 and 11 regarding optimization for certain
sulfotransferases and sources of crude extract).  After adding the mix to each reaction, tubes
are sealed, mixed by inversion (so as not to make bubbles), briefly centrifuged, then placed
in a 37°C incubator for 3 h to overnight, (see Note 12). If 96-well plates are employed, it
is convenient to incubate the reaction in a PCR cycler.

4. Removal of protein.
a. Small sample sets. To each tube, add 150 µL of 167 mM NaCl, 13.3 µg/mL glycogen

and 300 µL of PCI. Vortex each tube at maximum for 20 s, then separate the phases
by centrifugation at 10,000g, at room temperature for 2 min (see Chapter 9, Subhead-
ing 4, Notes 17 and 19). Remove as much aqueous (top) phase as possible (but do not
take interphase material) and transfer to a 1.5-mL screw-cap tube containing 1 mL of
absolute ethanol. Centrifugation at 10,000g, at room temperature, for 30 min and aspi-
rate, as described in Chapter 9, Subheading 4, Note 20. The “wet” pellet is directly
resuspended in ligand binding buffer (Subheading 3.3., step 1a). (see Note 13).

b. Large sample sets. Heat the plate in a PCR cycler at 95°C for 15 min to denature
proteins, then cool the plate to room temperature. Mix the samples by inverting the
plate and then centrifuge at maximum speed for 10 min to pellet the protein. Using a
multichannel pipetter, transfer 40 µL of supernatant to a clean tube plate.

3.3. Quantitation of Protein-Heparan Sulfate Complexes
by Solid Phase Capture

This procedure exploits the observation that nitrocellulose does not bind free HS but
does bind the protein component of a protein·HS complex. Consequently, filtration through
nitrocellulose can be used to specifically capture protein·HS complexes for quantitation.

1. Form protein·HS complexes.
a. Small sample set. Make a 1 X binding buffer (33 mL per sample provides a 10%

excess) by combining appropriate amounts of 6 X binding buffer and water with pro-

Table 1
Design of Assay Reactions

Standards Samples

Standard 0–10 µL 0 µL
Standard Buffer 10–0 µL 10 µL

Subtotal: 10 µL 10 µL

Sample 0 µL X µL
Sample Buffer 10 µL 10–X µL

Subtotal: 10 µL 10 µL

Reaction Mix 30 µL 30 µL

Total: 50 µL 50 µL
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tein ligand (for determining appropriate ligand concentration see Note 14). Add
30 µL per tube, let sit 10 min, then lightly vortex samples (do not make bubbles) and
incubate at room temperature for at least 20 min.

b. Large sample set. A 5 X binding buffer is generated and 10 µL are added per sample.
Plates are capped with fresh sealing tape, mixed by inversion, briefly spun to pellet
liquid, and incubated at room temperature for at least 20 min.

2. Assemble dot blot apparatus. Cut two pieces of Whatman paper and one piece of nitrocel-
lulose membrane, sized for the apparatus (~11 cm × 8 cm), (see Note 15). On the filter
support plate, position both pieces of Whatman paper, on top of this place the nitrocellu-
lose membrane, and finally add and clamp down the sample manifold. Put 100 µL of
wash buffer in all of the wells, and let sit for 10 min to saturate the membrane. Apply a
gentle vacuum so as to just remove residual liquid from wells. Add 100 µL of wash buffer
to all wells that are to receive sample, and to all adjacent wells. Proceed to step 3. In the
meantime, capillary action will absorb much of the applied fluid.

3. Determine input radioactivity. Samples are centrifuged at maximum for 5 min to pellet
insoluble material. For each sample, remove 2.5 µL (small sample set) or 4 µL (large set),
mix with 3 mL of scintillant, and place in a liquid scintillation counter.

4. Capture complexes. All sample wells should still be wet (see Note 16). If any are dry, add
50 µL of wash buffer. Transfer 25 µL (small set) or 40 µL (large set) of each sample to it’s
respective manifold well. When applying, pump the pipet up and down once to mix the
sample with the preexisting well buffer. Apply a gentle vacuum. Once all wells are dry,
maintain the vacuum and rinse each sample well with 200 µL of wash buffer. Once dry,
remove vacuum, disassemble the apparatus, and place the membrane in a fume hood to
expedite air drying.

5. Quantitation of bound radioactivity. The manifold’s O-rings should leave an impression
in the membrane that reveals the location of each samples “dot.” A one hole punch is used
to excise each dot, which is placed in a 7 mL scintillation vial containing 3 mL of
scintillant. Radioactivity levels are then determined by liquid scintillation counting.

6. Calculate background-corrected percentage bound. For each reaction, first calculate the
percentage of 35S-HS that is converted to ligand-bound material:

% bound = cpm bound (step 5) ÷  input cpm (step 3 cpm × 10) × 100%

Table 2
Mix Composition for a Single Reaction

Concentration
Stock Working Volume per reaction

H2O ~15.5 µL
MES, pH 7 1 M 50 mM 2.5 µL
Triton X-100 20% 1% 2.5 µL
MnCl2 2 M 10 mM 0.25 µL
MgCl2 1 M 5 mM 0.25 µL
Chondroitin sulfate 20 mg/mL 0.4 mg/mL 1 µL
BSA 10 mg/mL 1.2 mg/mL 6 µL
PAPS 25 mM 0.5 mM 1 µL
35S-HS ~105 cpm/µL 105 cpm ~1 µL

Total: 30 µL
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Average the percentage bound for the two zero enzyme controls and then subtract this
background value from all standards and experimental samples, (see Note 17).

7. Calculate raw units of activity. Plot the data from the standard curve with units of stan-
dard on the ordinate (Y axis) and the background corrected percentage bound on the
abscissa (X axis), (see Note18). Use computerized curve fitting (e.g., Microsoft Excel) to
evaluate whether a line, second-order polynomial, or power function is the best fit (has
the highest correlation coefficient, r), (see Note 19). The equation for the curve of best fit
is then used to calculate the units of activity for each experimental reaction (see Note 20);
that is, replace x in the equation with the background-corrected percentage bound.

8. Correct raw activity for extract effects (optional). If one wishes to compare activities
between extracts from different tissue or cell sources, then a correction factor is deter-
mined for each extract source (see Note 21). Raw activities are multiplied by the appro-
priate extract specific correction factor.

4. Notes

1. PAPS is considered to be extremely unstable. Immediately before use, thaw required
aliquots on ice. Tubes containing residual solution should be appropriately marked, snap-
frozen on liquid nitrogen, and returned to –80°C.

2. The procedures in Chapter 9 are used to prepare high-specific-activity 35S-labeled HS from
a cell line that produces HS precursors for the sulfotransferase of interest (the nonexpressive
cell line, see Methods). Labeling conditions are described in Chapter 9, Note 9. For cer-
tain sulfotransferases the desired precursor may be a biosynthetic intermediate; thus, it
might be desirable to produce partially undersulfated HS, so as to potentially increase the
relative abundance of a particular precursor structure. Undersulfation can be accomplished
by omitting the cold sulfate and by replacing the fetal bovine serum with Nutridoma-ND
(Boehringer-Mannheim, 1% final concentration) or dialyzed fetal bovine serum (100 mL
against 4 L of PBS overnight at 4°C). With L cells, high levels of undersulfation are not
achieved until the sulfate concentration is reduced below 20 µM.

3. The most reliable determination of sulfotransferase activity requires that each sample set
include a standard curve. Ideally, the standard should be a pure sample of the sulfotransferase
of interest (either native or recombinantly expressed). In lieu of pure enzyme, partially
purified material or well-characterized cell extract will suffice and are suitable for establish-
ing initial assay conditions.

4. The standard should be stored under conditions that stabilize activity. For example, the
storage buffer for 3OST1 standards is 50 mM MOPS, pH 7.0, 0.6% CHAPS, 1% glycerol,
20 mM NaCl, and 100 µg/mL BSA. Stocks, at varying concentrations (for 3OST1, log
dilutions from 1 U/µL down to 0.001 U/µL) are snap-frozen on liquid nitrogen and stored
at –80°C. Under such conditions, 3OST1 enzyme activity is stable over several cycles of
freeze-thaw. If the enzyme of interest loses activity upon freeze-thaw, then standards should
be distributed into single-use aliquots. If the standard is stored in a high salt that inhibits
activity, then generate aliquots of a single high concentration. For each assay run, this stock
must be sufficiently diluted with low-salt or salt-free buffer so that the final reaction salt
concentration has little or no inhibitory effect.

5. The described binding and wash buffers were designed to quantitate FGF·HS complexes.
Other ligands are likely to require buffer optimization. This is accomplished with pilot
runs using equal counts of 35S-labeled HS isolated from the nonexpressive and the
expressive cell line (defined under Methods). The objective is to identify conditions that
maximize the expressive/nonexpressive cpm ratio of filter-bound HS. Initially, each chain
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type is incubated with the ligand of interest in NaCl concentrations ranging from 50 mM
to 1 M. A comparable series of wash buffers is generated so that washing is performed at
the same salinity as binding. This process reveals the optimal salinity for binding, which
is next held constant while varying the sodium concentration of the wash buffer. The
following points should be considered if altering other constituents. Each nitrocellulose
well maximally binds ~30 µg of protein. Each reaction contains 5–10 µg of BSA, which
is included as carrier to prevent loss of ligand to plastic surfaces. Higher concentrations
of BSA will compete with the ligand for nitrocellulose and prevent efficient capture of
complexes. The buffer pH of 8.0 was chosen to reduce the positive charge on histidine
residues and thereby reduce nonspecific ionic interactions; however, optimization of pH
may be required.

6. Trypsinization times vary considerably (from 0.5 to 5 min) between cell types and the age of
trypsin solution, which self-degrades over time. It is best to monitor the reaction with an
inverted microscope. Initially the cell edges will brighten and eventually cell processes will
retract to create a round ball.

7. To monitor lysis, transfer 2 µL of suspension to a microscope slide containing 20 µL of
0.25 M sucrose with 1% Triton X-100, add a cover slip, and observe microscopically.
Cells should be predominantly converted into nuclei that are naked, or contain some mem-
brane tags. Efficiency can be monitored with a Coulter counter, since the released nuclei
are smaller than the starting cells. Some cell types may require additional vortexing.

8. Protein yields can range from 0.5 to 2 µg/µL. All samples and protein quantitation standards
(e.g. BSA), should contain the same final volume of lysis buffer (0.25 M sucrose, 1%
Triton X-100), since Triton X-100 can interfere with the Bradford assay.

9. Crude extracts can contain a complex mixture of activators and inhibitors, and so may not
always show a linear dose-response. Indeed, excess extract can completely inhibit
sulfotransferase activity. When analyzing a novel extract, one should first run a dose-response
curve to identify the optimal level of extract. Maximal assay precision is obtained if one is
working in the linear portion of the curve; however, sensitivity limitations may preclude this
luxury for some extracts.

10. The described reaction mixture was optimized for 3OST1 activity. Other enzymes may
require optimization for pH and concentrations of divalent/monovalent cations, PAPS, and
other constituents. The chondroitin sulfate is included, at noninhibitory concentrations for
3OST1, as a carrier for high-specific-activity 35S-HS. For other enzymes, one might find
glycogen or heparan sulfate to be preferable. Certain investigators use protamine chloride
(see Subheading 2.2., item 5) to enhance activity. Care should be exercised if combining
protamine and chondroitin sulfate, as an insoluble precipitate can result. HS sulfotransferases
are typically inhibited at sodium concentrations above 50 mM. Consequently, reaction
conditions should be adjusted if one wishes to analyze plasma or other high-salt samples.

11. If one wishes to compare activities between different cell or tissue types, then additional
establishment steps are necessary. Extracts from selected sources may require unique con-
ditions to detect enzymatic activity (this is particularly true for certain tissue extracts).
Subsequently, one must determine a correction factor for each extract type, to account for
extract specific inhibition or activation (see Note 21).

12. The reaction is self-quenching due to chemical and enzymatic degradation of PAPS. A
protein precipitate may form during the incubation, depending on extract source and con-
centration. This is not usually a problem and is removed in subsequent steps.

13. PCI extraction is labor intensive but advantageous. Protein is most effectively removed
by the extraction, whereas the subsequent ethanol precipitation both removes salts and
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allows for sample concentration. Overall, a much cleaner sample is obtained, which
imposes much fewer technical limitations on subsequent approaches to form and quanti-
tate ligand·HS complexes. When setting up an assay, PCI extraction is initially preferred.
One can shift to heat deproteinization once the assay is established, appropriate controls
are available, and high-throughput analysis is required.

14. In general, the concentration of the ligand in the binding buffer should be 10- to 100-fold
greater than dissociation constant (kdiss) of the protein·HS complex. Given that

 [ligand·HSbinding site]  [ligandtotal]

[free HSbinding site]
=

       Kdiss

It follows that 90–99% of the binding sites will be complexed at the above ligand levels,
respectively. Overly high ligand concentrations should be avoided. Excessive ligand will
increase assay background by binding to low-affinity sites. Moreover, sensitivity will be
reduced if the protein-binding capacity of the membrane is exceeded, (see Note 5).

15. Always cut membranes for the entire sample surface of the apparatus; the vacuum will not
draw sample if the filter support is only partially covered. Before running samples, the
clamp tension should be adjusted to ensure that all wells are independently sealed. Perform
a test run by passing 100 µL of dye (e.g., bromophenol blue) through each well and
inspecting the resulting stained membrane. Sufficient tension should be applied to prevent
the tracking of dye between wells.

16. Quantitation is most accurate if the sample loads uniformly across the well surface. Uneven
loading can cause saturation of protein-binding sites with resultant loss of complexes.
Initially, it is advisable to generate an autoradiograph to verify that samples loaded evenly,
without leaking. Autoradiographs readily shows uneven loaded wells as blotchy doughnuts
rather than uniform spots. Doughnuts can occur when the membrane and filters are too dry,
which results in lateral capillary draw at the well periphery. Doughnuts also appear with low
well volumes, where most of the sample occurs in the meniscus edge. In either case, just
before loading add an extra 100 µL of wash buffer, wait 10 min for capillary draw and then
load samples.

17. This background-corrected value will underestimate the true amount of complex formed
because the solid support quenches radioactivity and because some complexes escape cap-
ture. However, these factors do not affect the final activity determination, as all experimental
samples and standards will be affected equivalently. Since quantitation of spot radioactivity
is relative, one may alternatively use a betascope or phosphorimager to analyze the entire
filter digitally. This approach is preferable for the analysis of large sample sets. Such digital
approaches are good for relative comparisons between samples but can profoundly under-
estimate the absolute c.p.m. of captured complex. If desired, the calculation of absolute cpm
requires correction for the counting efficiencies of the digitalization equipment and the
liquid scintillation counter employed.

18. The plotting of the independent variable (enzyme activity) on the ordinate defies mathemati-
cal convention but simplifies data analysis, because the equation of the resulting curve is
used directly to calculate sample activity. If the independent variable is plotted on the
abscissa, then the resulting curve equation must be manipulated algebraically. This becomes
potentially problematic for second-order polynomials, which are solved by the quadratic
equation, which yields two possible solutions. Fortunately, this confusion is avoided by
nonconventional data plotting.

19. The standard curve will initially be linear but gradually approaches a plateau when the
bulk of the 35S-labeled HS precursor is converted into high-affinity material. If the entire



100 Shworak

HS population were to function as precursor, then linearity would only be approximated
until ~30% of substrate was expended. In reality, a precursor pool may comprise only a
small fraction of total HS (6), consequently linearity may occur over only a narrow range
of enzyme activities. Fortunately, the deviation from linearity is mathematically predict-
able, which allows for an expansion of the useful range of the standard curve. Nonlinear
data are best fit by a second-order polynomial if the departure from linearity is small.
With higher enzyme activities the plateau is approached, which best fits a power func-
tion. In this latter case, assay precision deteriorates near the plateau. Consequently, one
should discard any high-activity points that lie within an obvious plateau.

20. Given the above complexities of curve fitting, extrapolation should not be performed.
Any samples that lie outside the curve should be rerun at adjusted concentrations to obtain
conversion values that lie within the reliable portion of the standard curve.

21. To determine the correction factor, pure standard is preferred. For each extract type, a
standard curve is run in the absence and presence of cell extract and raw sample activities
are calculated (see Subheading 3.3., Steps 6 and 7). The extract specific correction
factor is the slope obtained by plotting observed activity (abscissa) versus the activity
of added standard (ordinate).
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Particulate and Soluble Glycosaminoglycan-
Synthesizing Enzymes

Preparation Assay and Use

Geetha Sugumaran and Jeremiah E. Silbert

1. Introduction

The general features of the biosynthetic assembly of all proteoglycans (see refs.
1–9 for reviews), except the keratan sulfate portions of cartilage and cornea (see Note 1),
consist of sequential: (1) synthesis of the core protein; (2) xylosylation of specific Ser
moieties of the core protein; (3) addition of two galactose (Gal) residues to the xylose
(Xyl); (4) completion of a common tetrasaccharide linkage region by addition of a
glucuronic acid (GlcA) residue; (5) addition of an N-acetylgalactosamine (GalNAc)
or N-acetylglucosamine (GlcNAc) residue to initiate the chondroitin/dermatan or
heparan glycosaminoglycan, respectively; (6) repeat addition of hexosamine resi-
dues alternating with GlcA residues to form the large heteropolymer glycosami-
noglycan chains; and (7) modification of these glycosaminoglycan chains by variable
N-deacetylation/N-sulfation, and/or O-sulfation, and variable epimerization of GlcA
to iduronic acid (IdceA). The Xyl may occasionally be 2-phosphorylated in some chon-
droitin sulfate (10) and heparan sulfate (11), and one or both of the Gal residues of the
chondroitin sulfate linkage region may be 4-O- (12) or 6-O-sulfated (13). However,
Gal sulfation has not been found in the identical oligosaccharide linkage region of
heparin/heparan sulfate (14). In addition, glycoprotein-like N-linked glycosylation
and/or O-linked glycosylation takes place before or while the synthesis of the oli-
gosaccharide linkage region and glycosaminoglycans are being formed.

With the single exception of the formation of UDP-Xyl from UDP-GlcA in
microsomes (15), the formation and modifications of the precursor sugar nucleotides
take place in the cytosol, which are then transported through the membrane vesicles
into the cisternae by means of an antiport mechanism (16). The assembly of the link-
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age region on the core protein followed by glycosaminoglycan polymerization, sulfation,
and epimerization occurs completely isolated from the cytoplasm within the intrac-
ellular membrane system composed of the endoplasmic reticulum (ER), transfer
vesicles, Golgi apparatus, and secretory vesicles. Thus, the precursor core protein
moves from rough ER to smooth ER to Golgi for subsequent O-linked glycosylation,
completion of the N-linked oligosaccharides, and glycosaminoglycan formation.

There is considerable evidence that during the course of biosynthesis, all proteoglycan
core proteins are continuously attached to the inner membrane surfaces of the ER or
Golgi apparatus (3). However, in contrast to cell surface, where proteoglycans may
become integral parts of the membrane, proteoglycans do not appear at any time to
become integral structural components of the membranes where the biosynthesis is
taking place.

The location, type, and amount of glycosaminoglycan produced is dependent on
the core protein that is synthesized, but other than the presence of a Ser-Gly-contain-
ing peptide, it is not clear what proteins become proteoglycans or what determines
which  will have chondroitin/dermatan sulfate substituents and which will have hep-
arin/heparan sulfate.

The enzymes responsible for the synthesis of the linkage region common to chon-
droitin/dermatan sulfate (GalNAc-containing) and heparin/heparan sulfate (GlcNAc-
containing) proteoglycans are Xyl transferase, Gal transferase I, Gal transferase II,
and GlcA transferase I. These enzymes act sequentially to transfer Xyl, Gal, and GlcA
from their respective sugar nucleotide substrates to the nascent core protein. Animal
cell mutants that lack any one of these glycosyltransferases are incapable of synthesiz-
ing both chondroitin/dermatan sulfate and heparin/heparan sulfate chains, indicating
that the same glycosyltransferases are involved in the synthesis of the linkage region
for both types of glycosaminoglycan substituents (17).

The transfer of the first GlcNAc or GalNAc from UDP-GlcNAc or UDP-GalNAc
to the linkage oligosaccharide is the first step that provides specificity for formation of
chondroitin/dermatan sulfate or heparin/heparan sulfate, respectively. Accordingly, it
has been reported that this first GlcNAc and the first GalNAc may be added by
enzymes different from the GlcNAc transferase (18) and the GalNAc transferase (19)
involved in polymerization (see Note 2).

 Chondroitin/dermatan sulfate chain elongation requires alternating transfer of
GlcA and GalNAc residues, which appear to be catalyzed by two separate (20)
glycosyltransferase proteins while heparin/heparan sulfate chain elongation requires
alternating transfer of GlcA and GlcNAc residues, shown to be catalyzed by a single
protein co-polymerase (21).

The glycosaminoglycan chains of chondroitin are modified by 4-O- and/or
6-O-sulfation of most of the GalNAc residues and occasionally 2-O-sulfation of
some GlcA residues. Dermatan sulfate is formed by epimerization at the polymer
level (22) of some or most of the GlcA residues to IdceA adjacent to 4-O-sulfated
GalNAc, followed by 2-O-sulfation of many of the IdceA residues (23). The
glycosaminoglycan chains of heparin/heparan are modified by N-deacetylation of
some (heparan) or essentially all (heparin) GlcNAc residues with concurrent N-sulfation
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catalyzed by a bifunctional N-deacetylase/N-sulfotransferase enzyme (24) to form GlcNS
residues. This is then followed by 3-O- and/or 6-O-sulfation of GlcNS and epimerization
of adjacent GlcA residues to IdceA accompanied by 2-O-sulfation catalyzed by specific
enzymes (1,7). Sulfation of glycosaminoglycans takes place with adenosine 3'-phosphate
5'-phosphosulfate (PAPS) as the sulfate donor apparently in the same Golgi location as
polymerization (4) and apparently while the nascent glycosaminoglycan chains are actively
growing rather than after completion of the chains (25). Details regarding the heparin/
heparan sulfate sulfotransferases are discussed in Chapter 9.

With the exception of the polysaccharide chain-initiating Xyl transferase, which is
found partially in the ER (26), the other enzymes are firmly attached to the Golgi mem-
branes (3), but with some being found in serum or culture medium of cells. Although
this membrane-bound nature has hampered the purification of these enzymes, the advent
of new techniques and the presence of already soluble forms has allowed progress in the
purification and cloning of many of these enzymes.

Microsomal fractions were found to contain all the enzymes responsible for the
synthesis of the glycosaminoglycans, as well as the endogenous nascent proteoglycan
acceptors or primers at different stages of growth on which chondroitin or heparan
sulfate chains could be built. Usually extensive polymerization in cell-free systems
can be achieved only with the presence of endogenous membrane-attached nascent
material capable of being the primer for glycosaminoglycan formation, while oligosac-
charides serve only as substrates for the addition of one or a few sugars (27). Thus,
the membrane organization of the polymerizing enzymes and proper positioning
of the nascent proteoglycan attached to the membrane in juxtaposition to the
enzymes is necessary for polymerization. This is consistent with subsequent
findings that endogenous acceptors are attached to Golgi membrane during
glycosaminoglycan synthesis. However, one cannot determine the exact concen-
trations of the different membrane-attached endogenous acceptors and thus cannot
determine whether the enzyme concentrations or acceptor concentrations are rate
limiting. Therefore, it is best to use exogenously added, defined substrates for
assaying the different enzyme activities.

2. Materials
2.1. Tissue Sources

1. Chick embryo epiphyseal cartilage, human skin fibroblasts, and bovine endothelial cell
cultures have been the best sources for obtaining microsomal preparations enriched for
chondroitin 6-sulfate synthesis (see Note 3).

2. Swarm rat chondrosarcomas, mouse mastocytomas or cell cultures, human skin fibro-
blasts, and bovine endothelial cell cultures have been the best sources to obtain microso-
mal preparations for chondroitin 4-sulfate synthesis (see Note 4).

3. Skin fibroblast cultures and bovine endothelial cell cultures have been the best sources to
obtain microsomal preparations for dermatan sulfate synthesis.

4. Mouse mastocytomas or cell cultures have been the only source for microsomal prepara-
tions for heparin synthesis.

5. EHS (Englebreth-Holm-Swarm) mouse sarcoma (see Note 5), liver, skin fibroblast cul-
tures, and endothelial cell cultures have been the best sources for obtaining microsomal
preparations for heparan sulfate synthesis.
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2.2. Donor Substrates
1. Sugar nucleotides:  Radiolabeled (14C or 3H) or nonlabeled UDP-Xyl, UDP-Gal,

UDP-GlcA, UDP-GalNAc, UDP-GlcNAc are obtained from commercial sources.
2. PAPS: Radiolabeled (35S) or nonlabeled PAPS are obtained from commercial sources.

Alternatively, PAP35S can be synthesized by published techniques using yeast enzyme
preparations incubated with ATP and [35S]sulfate (28).

2.3. Exogenous Acceptor Substrates
1. Deglycosylated core proteins are obtained by treating the proteoglycans with chondroitin

ABC lyase or heparan lyase to remove the chondroitin/dermatan sulfate chains or heparan
sulfate chains and then treating with polyhydrogen fluoride in pyridine with anisole as
scavenger (29) in order to remove the GlcA-Gal-Gal-Xyl linkage region (see Note 6).

2. Partially deglycosylated chondroitin sulfate core protein is prepared by digestion with
testicular hyaluronidase to remove variable amounts of glycosaminoglycan, followed by
mixtures of either β-N-acetylgalactosaminidase, β-glucuronidase, and/or β-galactosidase
to remove nonreducing terminal GalNAc, GlcA, and Gal as substrates for the GalNAc I,
GlcA I, and Gal I and II transferases, respectively (see Note 7).

3. Alternatively, commercially available 4-methyl umbelliferyl-β-D-xyloside (Xyl-
methyl umbelliferyl) is used as a substrate for addition of the first Gal.

4. The Gal-Xyl-methyl umbelliferyl product from item 3, or commercially available β-methyl
galactoside (Gal-methyl), is used as a substrate for addition of the second Gal.

5. The Gal-Gal-Xyl-methyl umbelliferyl product from item 4, or commercial Gal-Gal-
β-methyl, is used as a substrate for GlcA I transferase.

6. GlcA-Gal-Gal-β-methyl can also be formed by incubation of Gal-Gal-β-methyl together
with phenyl β-D-GlcA in the presence of 0.5 U of β-glucuronidase (a transglycosidase)
prepared from rat liver (30).

7. Chondroitin 4-sulfate, chondroitin 6-sulfate, and dermatan sulfate are obtained from com-
mercial sources (see Note 8).

8. Nonsulfated chondroitin and dermatan are obtained commercially or by chemical
desulfation based on solvolysis of the pyridinium salts of chondroitin sulfate or dermatan
sulfate in dimethyl sulfoxide in the presence of small amounts of water or methanol (6).

9. Deacetylation of GalNAc or GlcNAc units is accomplished with 1% hydrazine sulfate
heated to 100°C for various time intervals to obtain partially or completely deacetylated
products (6).

10. Nonsulfated labeled or nonlabeled glycosaminoglycans can be prepared by synthesis
using appropriate microsomal preparations and sugar nucleotides in the absence of PAPS.
Alternatively, nonsulfated labeled glycosaminoglycans can be isolated from media of
cells grown with [14C]- or [3H]glucosamine in the presence of 10 mM or 50 mM chlorate
for production of nonsulfated chondroitin or heparan, respectively (31).

11. Even-numbered oligosaccharides terminating in uronic acid (radioactively labeled or
unlabeled, sulfated or nonsulfated) are derived from chondroitin sulfate or chondroitin by
variable degrees of degradation with short-term incubations using commercially avail-
able glycosaminoglycan hydrolases (hyaluronidase). Testicular hyaluronidase will not
work on the IdceA residues of dermatan sulfate.

12. Odd-numbered oligosaccharides are obtained from even-numbered oligosaccharides after
digestion with the appropriate β-glucuronidase.

13. Alternatively, dermatan and dermatan sulfate oligosaccharides as well as chondroitin and
chondroitin sulfate oligosaccharides are obtained by partial degradation with chondroitin
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ABC, AC, or B lyases, resulting in even-numbered oligosaccharides containing a ∆−uronyl
residue at the nonreducing terminal (32). This nonreducing terminal ∆−uronyl residue is
removed with mercuric acetate (33), resulting in odd-numbered oligosaccharides.

14. The resulting even-numbered or odd-numbered oligosaccharides are fractionated
by gel filtration (usually Sephadex G-50) chromatography to obtain the desired size
oligosaccharides.

15. The [C-5-3H]chondroitin for assay of epimerization of GlcA to IdceA information
of dermatan is prepared by incubating chondroitin-synthesizing systems with
[C-5-3H]glucose (34). If 10 mM chlorate is present in the incubation, there will be
no sulfation.

16. Heparin and heparan sulfate are obtained from commercial sources (see Note 9).
17. Desulfated heparin and completely desulfated, re-N-sulfated heparin is obtained commercially.
18. Desulfated heparan is prepared chemically as in item 8, yielding a polymer consisting of

desulfated GlcN or GlcNAc alternating with IdceA or GlcA.
19. Preparation of heparin/heparan sulfate oligosaccharides is more difficult, in part because

there is no readily available source for any heparin/heparan sulfate hydrolases. Commer-
cially available lyases (heparinase, heparanases) (6) similar to those that degrade chon-
droitin/dermatan sulfate are used in short-term incubations with heparin/heparan sulfate
glycosaminoglycans and oligosaccharides to provide even-numbered oligosaccharides
containing a ∆−uronyl residue at the nonreducing terminal. As with chondroitin/dermatan
oligosaccharides, this nonreducing terminal ∆−uronyl residue can be removed with mer-
curic acetate to obtain odd-numbered oligosaccharides.

20. Alternatively, even-numbered [GlcA-GlcNAc]n-GlcA-α-Man heparan oligosaccharide
units are obtained by nitrous acid degradation for deaminative cleavage of N-sulfated
GlcN units while the acetylated GlcN units are not affected (6). The nonreducing terminal
GlcA can then be removed by digestion with β-glucuronidase to obtain odd-numbered
oligosaccharides. Oligosaccharides are separated and characterized for size by gel chro-
matography in the same fashion as that used for chondroitin/dermatan oligosaccharides.

21. An alternative method to provide nonsulfated, fully N-acetylated heparan oligosaccha-
rides is the use of capsular polysaccharide from Escherichia coli K5, which has the
same [GlcA-GlcNAc]n structure (35) as the nonsulfated precursor glycosaminoglycan that
is generated as the first step of heparin/heparan sulfate biosynthesis. This capsular
polysaccharide can be modified chemically by partial N-deacetylation as in item 9, fol-
lowed by deaminative cleavage with nitrous acid as in item 20 or by the action of
N-deacetylase/N-sulfotransferase, C-5 epimerase, and various O-sulfotransferases to gen-
erate heparin-like sequences.

22. N-[3H]Acetyl-labeled polysaccharide is obtained by partial N-deacetylation by hydrazinolysis
of E. coli K5 capsular polysaccharide followed by reacetylation with [3H]acetic anhydride
(35). Alternatively, it can be prepared by incubation of UDP-GlcA and UDP-GlcN[3H]Ac
(commercially available) together with microsomal systems (36).

23. C-5-3H-Labeled O-desulfated N-resulfated heparin/heparan substrate for measurement
of GlcA to IdceA epimerization is prepared from heparin or N-sulfated E. coli K5 heparan
by incubation with rat liver microsomes in the presence of 3H2O (37).

24. Mixtures of glycosaminoglycans are treated with chondroitin B lyase followed by gel
chromatography in order to obtain chondroitin sulfate without any IdceA-containing
material (dermatan), or with chondroitin ABC lyase in order to obtain heparin/heparan
sulfate without any chondroitin/dermatan sulfate material, or with heparanase to degrade
heparan sulfate while leaving heparin mainly intact.
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25. Some intact proteoglycans are obtained from commercial sources, but they are generally
mixtures. Alternatively, they can be prepared from tissue sources by published techniques,
and may be available from other investigators who have purified them.

2.4. Endogenous Acceptor Substrates
1. Nascent proteoglycans present in microsomal or Golgi preparations are the best substrates

for synthesis of glycosaminoglycans.
2. The native endogenous acceptors are modified by treatment with various detergents to

affect their capacity to serve as substrates by means of undefined changes in their juxta-
position to the enzymes of glycosaminoglycan synthesis (38,39).

3. Specific modifications are made by use of testicular hyaluronidase to remove portions of
glycosaminoglycan, resulting in changes in amounts of polymerization.

4. Bacterial lyases are used for limited periods to eliminate the capacity of the membrane-
bound proteoglycans to act as acceptors by formation of ∆-uronic acid at the nonreducing
ends of the partially stripped glycosaminoglycans. Resistance to this treatment provides a
mechanism to reflect the degree that the nascent proteoglycans may be buried in vesicles
acting as a barrier for access of the lyases (38).

2.5. Enzyme Preparations
Microsomal preparations from the sources listed under Subheading 2.1. contain all

the firmly associated appropriate glycosyl transferases, sulfotransferases, deacetylase,
and epimerases for glycosaminoglycan synthesis plus firmly associated endogenous
nascent proteoglycan primers on which the glycosaminoglycan chains can be initiated
and/or extended and modified by sulfation and epimerization. Attempts to obtain simi-
larly active preparations from many other tissues or cells have been unsuccessful,
apparently due to limited levels of nascent proteoglycan primer, even though the
glycosaminoglycan-synthesizing enzymes are present. Soluble enzymes that appar-
ently lack the membrane-spanning region may also be present in supernatant fractions
from tissue homogenates, serum, or media of cell cultures. Recombinant enzymes have
proven to be valuable in identifying the specificities of some of the transferase reac-
tions (see Chapter Shworak and Rosenberg).

1. Microsomes are prepared from tissues by first suspending 2–5 g of tissue in 4 volumes of
0.25 M sucrose containing protease inhibitors (1 mM phenylmethylsulfonylfluoride, 10
mM EDTA, 1 mM N-ethyl maleimide, 0.5 mg/mL leupeptin and 0.1 mg/mL pepstatin) in
case there might be slight protease modifications of the enzymes (see Note 10), and
homogenizing 3 to 5 times with a Polytron at the maximum speed for 1 min each. The
homogenate is centrifuged at 12,000g (occasionally 10,000g or 20,000g) in a fixed-angle
rotor for 20 min, and the supernatant fluid is then centrifuged at 105,000g for 1 h. The
pellets are suspended in 0.25 M sucrose and recentrifuged at 105,000g for 1 h to wash the
resulting microsomal fraction (see Note 11). Greatest experience has been with microsomal
preparations from chick embryo epiphyseal cartilage (see Note 12) and mouse mastocytomas.

2. Similar procedures are used to obtain a microsomal fraction from lesser amounts of cul-
tured cells except that sonication in short bursts (30 s) at maximal power with a microtip
is utilized for cell disruption.

3. Fractionation of chick embryo epiphyseal cartilage microsomes to provide Golgi is performed
by a sucrose density-gradient procedure that is a minor modification of that utilized by others
for Golgi subfractionation with liver and cultured cells (see Note 13). A microsomal pellet



Glycosaminoglycan-Synthesizing Enzyme Systems 109

from fresh, unfrozen epiphyseal cartilage from 100 seventeen-day-old chick embryos is
resuspended by using a Dounce homogenizer with a loose-fitting pestle in 0.5 mL of 0.25
M sucrose. A 0.2 mL portion of the fresh microsomal suspension is then fractionated on a
six-step sucrose density gradient consisting of 4.0 mL of 55%, 1.4 mL of 40%, 2.2 mL of
35%, 2.2 mL of 30%, 2.0-mL of 25%, and 1.0 mL of 20% (wt/wt) sucrose containing 10
mM Tris-HCl, pH 8.0. After centrifugation for 40 h at 4°C in a Beckman SW-40 rotor,
fractions are collected and used directly or frozen for further use in the assay of various
enzyme activities (see Note 14). Protein is estimated by the method of Lowry et al. (40).
Although Golgi fractions have not been prepared from other sources for investigation of
proteoglycan synthesis, similar fractionations should be applicable.

4. For solubilization of membrane-bound enzymes, microsomal pellets are suspended in 10
mM HEPES buffer, pH 7.2, containing 10 mM MgCl2, 2 mM CaCl2, 1 mM DTT, 20%
glycerol, and protease inhibitors. To this suspension an equal volume of the buffer solution
containing 2% Triton X-100 is added. The suspension is gently mixed for 60 min and cen-
trifuged at 105,000g for 90 min. The supernatant is saved and the pellets are resuspended in
the original buffer. An equal volume of the buffer solution containing 2% Triton X-100 and
2.0 M NaCl is added. After incubation for 60 min with gentle mixing, the suspension is
centrifuged at 105,000g for 90 min. The supernatant is combined with the first supernatant
and used as the solubilized enzyme. By this two-step procedure, 90% or more of the glyco-
syl transferase and sulfotransferase activities are solubilized (see Notes 15, and 16).
Soluble glycosaminoglycan-synthesizing enzyme activities are found in cell culture
medium, serum, and various body fluids, probably as a result of proteolytic cleavage
from in vivo or intact cells presumably between the catalytic domain and transmembrane
domain of the membrane-bound forms of these enzymes.

2.6. Other Reagents
1. Whatman #1 descending paper chromatography using:

Solvent A: ethanol : 1 M ammonium acetate, pH 7.8 (5 : 2)
Solvent B: 1-butanol : acetic acid : 1 M ammonium hydroxide (2 : 3 : 1)
Solvent C:  ethyl acetate : acetic acid : water (3 : 1 : 1)

2. Whatman #1 paper electrophoresis using:
Solvent D:    0.08 M pyridine - 0.046 M acetic acid, pH 5.3

3. Methods

3.1. Use of Microsomal Preparations

Details in this section refer to synthesis of chondroitin/dermatan sulfate and to a
lesser extent to synthesis of heparin/heparan sulfate. Similar microsomal reaction con-
ditions with slight modifications have been used by U. Lindahl and his associates in
their extensive examination of heparin/heparan sulfate biosynthesis (1,7).

1. Typically, reaction mixtures using endogenous acceptors are incubated with labeled or
nonlabeled 0.05–0.2 mM UDP-GlcA, UDP-GalNAc, or UDP-GlcNAc with or without
labeled or nonlabeled 0.01–0.2 mM PAPS (see Note 17) in 50 mM MES buffer, pH 6.5, and
15 mM MnCl2 together with 1–10 µL of microsomal preparation,  in a total volume of
15–25 µL (see Note 18). Incubations are at 37°C for as long as 24 h. Incorporation is
usually linear for the first 3–5 h but then begins to diminish. True polymerization takes
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place to form sulfated glycosaminoglycan (or nonsulfated glycosaminoglycan if PAPS is
not present) by addition to nascent membrane-bound proteoglycan (see Notes 19 and 20).

2. Incubations for incorporation into exogenous oligosaccharide acceptors are similar except
that better incorporation is obtained when Triton X-100 or other detergent is present (see
Notes 21–23).

3. Incubations using exogenous glycosaminoglycan require detergent for any but minimal
incorporation, and exogenous proteoglycan acceptors have an absolute requirement for
detergent to provide any incorporation.

3.2. Use of Golgi Preparations
1. Reaction mixtures with Golgi fractions of chondroitin sulfate-producing tissues or cells

are essentially the same as with microsomal preparations. However, total activities with
these fractions is usually considerably greater than with the microsomal fractions, and
there is less degradation of substrates.

3.3. Use of Solubilized and/or Purified Enzymes
1. Reaction mixtures with soluble and/or purified enzymes are the same as the reaction with

microsomal preparations using exogenous acceptors.

3.4. Assay of Enzyme Activities
1. Each activity for synthesis of GalNAc/GlcNAc-GlcA-Gal-Gal-Xyl is determined by 2

to 5-h incubations at 37°C of particulate or soluble enzyme preparations in 0.05 M MES
buffer, pH 6.5, 0.015 M MnCl2 together with 0.2 mM of the appropriate 14C- or 3H-labeled
sugar nucleotide and appropriate 0.2–2.0 mM acceptor (see Note 24) in a total volume of
15 - 35 µL. Thus Xyl transferase uses deglycosylated core protein (undetermined molarity
of serine substituent) as acceptor; Xyl-methyl umbelliferyl for Gal I transferase; Gal-Xyl-
methyl umbelliferyl or Gal-methyl for Gal II transferase; Gal-Gal-Xyl-methyl umbelliferyl
or Gal-Gal-methyl for GlcA I transferase; and GlcA-Gal-Gal-Xyl-methyl umbelliferyl or
GlcA-Gal-Gal-methyl for GalNAc I or GlcNAc I transferase. After incubation, each entire
reaction mixture is spotted on Whatman No.1 paper and subjected to descending chroma-
tography in solvent A or C (see Note 25) or paper electrophoresis in solvent D at 70 V/cm
for 45 min (41). When 4-methyl umbelliferyl-linked acceptors are used, the products
move down the paper with solvent A or C, and their locations can be identified by fluo-
rescence, followed by elution and assay by radioactivity. New radioactive spots corre-
sponding to the oligosaccharide products are eluted with water and chromatographed on
Sephadex G-50 for characterization by size and for separation from small amounts of
labeled sugar nucleotide degradation products. Structure is confirmed by incubation with
appropriate glycosidase.

2. Assay of microsomal or Golgi GlcA II, GalNAc II, and GlcNAc II polymerase activities
are made as in step 1 above with or without chondroitin or heparan pentasaccharide,
hexasaccharide, or larger oligosaccharides. The total reaction mixtures are spotted on
Whatman No. 1 paper and chromatographed overnight or longer in solvent B if oligosac-
charide acceptors are present or in solvent A overnight if oligosaccharides are not present.
Labeled products are eluted from the origins (see Note 25), and characterized by
DEAE-cellulose, Sepharose, or Sephadex chromatography. Degradation with appropri-
ate commercially available chondroitin, heparan, or heparin lyases is used to confirm
structure (see Note 26).

3. Assay of soluble/purified enzymes is performed with oligosaccharide acceptors in the
same fashion as above.
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4. Assay of endogenous particulate or soluble sulfotransferases as well as separation and
characterization of products is performed as above using the same incubation conditions
with 3.0 mM PAP35S as substrate. 35S-labeled products are subjected to nitrous acid deg-
radation, and to heparan, heparin, or chondroitin lyases and sulfatases, and the disaccha-
ride products then separated by paper chromatography (solvent B), electrophoresis, or
HPLC in order to determine the degree and position of sulfation.

5. N-Deacetylase activity is assayed using [3H]acetyl-labeled E. coli K5 capsular polysaccha-
ride (35) or [3H]acetyl-labeled heparan precursor as the exogenous substrate. Microsomal
or solubilized enzyme protein is incubated at 37°C for 1–2 h with the [3H]acetyl-labeled
substrate in 0.05 M MES buffer, pH 6.5, 0.01 M MnCl2 and 0.02% Triton X-100 in a total
volume of 50 µL. When PAPS is added to the incubation mixtures, deacetylation is pro-
moted along with N-sulfation (42). Reaction mixtures are spotted on Whatman No. 1 paper
and subjected to descending chromatography in solvent A. [3H]Acetate released moves
down the paper and can be cut and counted in a scintillation counter.

6. The presence of chondroitin/dermatan sulfate uronyl epimerase is assayed by examina-
tion of the products of microsomal biosynthesis (step 2) for resistance to degradation by
chondroitin AC lyase. However, this is not a quantitative assay. Alternatively the uronyl
C-5 epimerase for chondroitin/dermatan sulfate is assayed based on the formation of 3H2O
from [C-5-3H]chondroitin (43) when this substrate is incubated with microsomal or solu-
bilized enzyme and 50 mM MES buffer, pH 6.5, 15 mM MnCl2,  and 0.5% Nonidet P-40
in 50 µL total volume. After 2 h of incubation at 37°C, the reaction mixtures are extracted
into a toluene-based scintillation fluid containing 10–25% isoamylalcohol. The use of
such a biphasic liquid scintillation system allows the extraction of the radioactive water
into the organic phase containing the scintillant, while the polysaccharide remains in the
aqueous phase (37). The epimerase for heparin/heparan sulfate is measured by incorpora-
tion of 3H from 3H2O into the C-5 position of heparin/heparan sulfate or by the release of
3H2O from C-5-3H-labeled N-sulfated heparan/heparan synthesizing systems.

4. Notes
1. Biosynthesis of keratan sulfate glycosaminoglycan has not received much attention. How-

ever, synthesis of the glycosaminoglycan probably occurs in a manner similar to that
shown for other glycosaminoglycans, while synthesis of the linkage region apparently
proceeds in a fashion similar to that of the N-linked or O-linked oligosaccharides found
in glycoproteins. Biosynthesis of hyaluronic acid, a glycosaminoglycan that is not
covalently linked to protein, is different from that of the glycosaminoglycan portions of
proteoglycans. It is not formed within or attached to intracellular membrane structures
(44), but is synthesized at the inner surface of the plasma membrane (45) by pathways
quite distinct from those of proteoglycan glycosaminoglycan formation (46).

2. Incorporation of GalNAc onto linkage region GlcA with microsomal or soluble systems has
been reported in all but one instance (19) to result in α-linked GalNAc rather than β-linked
GalNAc (47). However, the addition of β-GalNAc to a naturally occurring protein that con-
tains unsubstituted GlcA-Gal-Gal-Xyl structures has been reported to be catalyzed by the
chondroitin-polymerizing GalNAc transferase (48). Thus addition of the first GlcNAc of hep-
arin/heparan sulfate but perhaps not the first GalNAc of chondroitin, would appear to require an
enzyme different from the hexosaminyl transferase enzyme for glycosaminoglycan formation.

3. Microsomal preparations from the chick cartilage make only chondroitin 6-sulfate, while
those from skin fibroblast or bovine endothelial cell cultures also make chondroitin 4-sulfate,
dermatan sulfate, and heparan sulfate.
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4. Microsomal preparation from the rat chondrosarcoma and mast cells make no chon-
droitin 6-sulfate, dermatan sulfate, or heparan sulfate.

5. EHS tumors make heparan sulfate almost exclusively.
6. Smith-degraded proteoglycan (49) and Ser-Gly containing peptides (50) have also been

utilized as substrates for Xyl transferase.
7. The β-glycosidases are commercially available and act sequentially to remove the

non-reducing terminal sugar residues.
8. Commercial sources of chondroitin sulfate are invariably mixtures of chondroitin 4-sul-

fate and chondroitin 6-sulfate having different proportions of each. Chondroitin 4-sulfate
that has no 6-sulfation or dermatan residues can be isolated from mouse mastocytoma
cells or from Swarm rat chondrosarcoma. Chondroitin 6-sulfate free of any 4-sulfate is
not available in any quantity, but can be prepared in small radioactively labeled amounts
by biosynthesis with cartilage microsomal preparations.

9. Commercial heparin and heparan sulfate are mixtures, so that preparations of oligosaccha-
rides will yield variable proportions of N-sulfated, N-acetylated, and O-sulfated products.

10. Microsomes prepared as above are stable for months or even years when stored at -20°C.
Repeated freezing and thawing may modify or reduce but generally does not abolish
activity. We have found no evidence of significant proteoglycan proteases, glycosidases,
or sulfatases, since the products of synthesis with all microsomal preparations that we
have used appear to be stable during incubations. The protease inhibitors are added only
as a special precaution.

11. All the preparations have enzymatic activity for degradation of sugar nucleotides and
particularly PAPS to varying degrees. Sodium fluoride has been used by others to inhibit
these degrading enzymes, but we have found it to be of limited value. However, degrada-
tion can be reduced as much as 10-fold by use of 2,3-dimercaptopropan-1-ol without affect-
ing glycosyl transferases (51). Nevertheless, it is not necessary to use these substances unless
degradation is found to be particularly rapid in a specific microsomal preparation.

12. Approximately 400 fourteen- to seventeen-day old chick embryos are used for microso-
mal preparations from chick embryo epiphyses.

13. Density gradients have been widely utilized with preparations from liver and occasion-
ally from other tissues in order to separate electron microscopically recognizable Golgi.
Liver and other tissues as well as a variety of cultured cell lines have been used for prepa-
ration of Golgi fractions, leading to more specific and detailed characterizations of cis,
medial, trans, and trans network subfractions with various enzymatic activities (52). The
density of the compartments decreases from cis to trans, and the enzymes involved in
glycoprotein (53), glycolipid (54), and glycosaminoglycan synthesis (55) have been
shown to have a sequential spatial arrangement so that the early sugar additions occur in
the denser cis regions of the Golgi proximal to the RER while the later reactions of oli-
gosaccharide termination and glycosaminoglycan polymerization occur in more distal,
less dense medial and trans regions of the Golgi.

14. Enzymatic activities and the products of synthesis are as stable in the Golgi preparations
as they are in the microsomal preparations. Moreover, the degradation of sugar nucle-
otides and PAPS is much less.

15. The only microsomes that we have used for enzyme solubilization were from chick
embryo epiphyseal cartilage. However, we would anticipate that effective solubilization
from other tissues could be accomplished similarly.

16. The glycosyltransferases and sulfotransferases solubilized from microsomal preparations
are much less stable than the naturally occurring soluble transferases. They can only be
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stored for limited periods and have much greater losses of activities upon repeated freez-
ing and thawing.

17. Apparent Km values for sugar nucleotides and PAPS in microsomal preparations
are generally higher by at least 10-fold (0.01–0.2 mM range) than with the purified
enzymes.

18. The small volumes are used in order to maximize the concentrations of expensive radio-
active substrates, and to simplify assay.

19. Unlabeled PAPS can be added subsequent to formation of nonsulfated labeled glycosami-
noglycan. In that case, a 100-fold unlabeled excess is added of whichever sugar nucle-
otide was labeled in the initial incubation. In this way, sulfation of the preformed
glycosaminoglycan can be monitored, since only it will be labeled.

20. Sulfation of chondroitin or chondroitin oligosaccharide is usually in a slightly modified
“all or nothing” pattern rather than random, so that in most cases sulfation yields long,
completely sulfated areas with occasional short, nonsulfated areas and some glycosaminogly-
can that remains completely nonsulfated.

21. The increased incorporation with detergent presumably is due to better substrate  penetra-
tion to the microsomal vesicles sites of the biosynthetic enzymes.

22. The use of exogenous acceptors provides for the addition of only one or a few residues rather
than true polymerization. The absence of polymerization on exogenous acceptors reinforces
the concept that endogenous membrane-bound nascent proteoglycan substrates are juxtaposed
firmly with the membrane-bound enzymes, thus permitting true polymerization.

23. Sulfation by addition of PAPS is not as extensive with exogenous acceptors, although it is
still a modified “all or nothing” addition but with much greater areas that are not sulfated.

24. Exogenous substrates are needed for measuring the glycosyl transferases of the linkage
region, since there is insufficient endogenous acceptor at these stages of synthesis.

25. Paper chromatography is the simplest and most rapid assay for multiple samples. After
incubation of substrates and acceptors with purified enzymes, microsomes, or Golgi frac-
tions, an aliquot or the entire reaction mixture is spotted on Whatman No. 1 paper for over-
night descending chromatography in solvent A. With this system, nucleotide sugars, PAPS,
and their degradation products move down the paper while radiolabeled proteoglycan and
glycosaminoglycan products remain at the origin. When oligosaccharides are used as
acceptors, descending chromatography in solvent B is used, since the oligosaccharides
will move down the paper with solvent A. Incubation of the origins with proteases at
37°C or with 0.5 M NaOH at room temperature for a few hours will quantitatively pro-
vide cleavage and consequent solubilization of the glycosaminoglycan portion from
endogenous proteoglycan acceptors. When glycosaminoglycans or oligosaccharides are
used as exogenous acceptors, the products are eluted directly with water, thus providing a
rapid means to separate the products of addition to exogenous acceptors from the prod-
ucts of addition to endogenous nascent proteoglycan. Eluants are then assayed for radio-
activity. A single chromatography paper can be used for as many as 12 simultaneous
assays, and a single large chromatography tank for as many as 12 sheets of chromatogra-
phy paper, thus providing the potential for 144 simultaneous assays of addition to endog-
enous nascent proteoglycans and/or simultaneous assays of addition to exogenous
glycosaminoglycans or oligosaccharides. Since all the solvent systems fix proteoglycan
acceptors to the origin, the intact proteoglycan acceptors cannot be obtained by this tech-
nique. In order to obtain these, 4 M guanidine chloride and occasionally detergents are
added to reaction mixtures that are then chromatographed directly on Sephadex G-50 to
isolate labeled proteoglycans from the labeled substrates.
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26. Use of these lyases and sulfatases as well as identification of products has been reviewed
in detail (6,32).
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Disaccharide Composition of Hyaluronan
and Chondroitin/Dermatan Sulfate
Analysis with Fluorophore-Assisted Carbohydrate Electrophoresis

Anna H. K. Plaas, L. West, Ronald J. Midura, and Vincent C. Hascall

1. Introduction
The glycosaminoglycan constituents of proteoglycans, heparan sulfate, chondroitin/

dermatan sulfate, or keratan sulfate (1), and the glycosaminoglycan hyaluronan (2) are
important constituents of all tissue matrices. They provide tissue hydration for fluid
flow and molecular transport, charge repulsions or attractions for intermolecular spac-
ing (3) and polyanionic domains for growth factor or integrin signaling (4,5), cell
adhesion, and migration or proliferation (6–8). As a result, studies of extracellular
matrix metabolism in genetic, developmental, or tissue engineering experiments also
include analyses of glycosaminoglycan components. The most widely used proce-
dures for glycosaminoglycan analyses rely largely on the identification and
quantitation of products generated by depolymerization with lyases (9) or hydrolases
(10) by gel electrophoresis (11), nuclear magnetic or mass spectrometry (12–15), high-
performance liquid chromatography (16–21) or capillary zone electrophoresis (22–24).
While sensitive and accurate, such procedures usually require costly or technically
specialized equipment, and involve preparative steps that can lead to loss of products.
We describe here an alternative procedure for the identification and quantitation of gly-
cosaminoglycan lyase products using fluorophore-assisted carbohydrate electrophoresis
or FACE (25,26). It is especially applicable for studies when only small amounts of
tissue or proteoglycans are available and/or a high sample throughout is needed. While
we limit the illustration of this technically simple procedure to chondroitin/dermatan
sulfate and hyaluronan in the chapter, it can also serve as an alternative sensitive and
specific way to determine the identity and quantity of products of heparan sulfate-spe-
cific lyases (9) and keratan sulfate-specific hydrolases (27).

The repeating disaccharide structures of chondroitin/dermatan sulfate and hyaluronan
are illustrated in Fig. 1. In chondroitin and dermatan sulfate, the galNAcβ1,4glcA repeats
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are extensively substituted with sulfate esters at C4 or C6 of the hexosamine residues, and
occasionally also on C2 of an adjacent hexuronic acid residue. All three polymer sequences
are cleaved at the β1,4-bonds by chondroitinase ABC (28), generating ∆-disaccharides
from the chain interior, and mono- or disaccharides from the chain terminal (see Fig. 2).
Each lyase product contains a free reducing end that can be stoichiometrically coupled to a
fluorescent tag, such as 2-aminoacridone, via reductive amination (19,26,29) (see Fig. 3).
The fluorotagged products can be resolved into discrete bands by electrophoresis on high
percentage polyacrylamide gels (26,30–33). Each product can be detected down to the
picomolar range by illuminating gels with ultraviolet light. Such images are electronically
recorded and further processed using computerized image analysis software.

2. Materials

2.1. Glycosaminoglycan Preparation from Tissues
and Proteoglycans

1. Proteinase K (fungal, > 20 U/mg, Gibco BRL (see Notes 1–3).
2. 100 mM ammonium acetate, pH 7.0, freshly prepared.
3. Absolute ethanol, precooled to –20°C.
4. Microcon centrifugal filter devices (YM-3)  (Amicon).
5. Tabletop  microcentrifuge.

2.2. Glycosaminoglycan Lyase Digestion
1. Chondroitinase ABC (Proteus vulgaris), (Seikagaku America), dissolved in water at

1.0 U/mL and stored in 10-µL aliquots at –80°C for up to 3 mo (see Notes 4–6).
2. 50 mM ammonium acetate, pH 7.0, freshly prepared.
3. Microcentrifuge tubes (1.5 mL capacity).

Fig. 1. Repeating disaccharide structures for hyaluronan, chondroitin sulfate, and dermatan
sulfate. The sulfation at C4 and C6 of the hexosamine and at C2 of the hexuronic acid in chon-
droitin and dermatan sulfate are indicated by R. Dermatan sulfate is characterized by a variable
proportion of L-iduronate residues in the chain, while chondroitin sulfate contains only
D-glucuronate residues.
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Fig. 3. Schematic representation of saccharide fluorotagging by reductive amination with
2-aminoacridone (AMAC) and sodium cyanoborohydride. In this reaction a Schiff’s base is
formed between the aldol group of the reducing saccharide and the amino group of a fluorotag,
and this bond is then reduced to the stable secondary amine linkage to complete the formation
of the fluorotagged products (26,30).

Fig. 2. Schematic representation of chondroitinase ABC cleavage in the glycosaminoglycan
chain and the products generated from the interior and the nonreducing terminus.
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2.3. Fluorescent Derivitization of Lyase Digestion Products
1. Glucose (Sigma Chemical), stock solution of 10 mmol/mL, prepared in water and stored

in 1-mL aliquots at –80°C and ∆-disaccharide standards (HPLC grade, Seikagaku
America), stock solution of 1 mg/mL dissolved in water and stored in 10-µL aliquots at
–20 °C (see Note 7).

2. Standard  containing 1 nmol of glucose, and ∆-DiS (500–3000 pmol).
3. 2-aminoacridone (Molecular Probes).
4. Dimethylsulfoxide (99.7%) (Sigma-Aldrich Chemical).
5. Acetic acid (ACS grade) (Sigma-Aldrich Chemical).
6. Sodium cyanoborohydride (95 % w/v, in water) (Sigma-Aldrich Chemical) (see Note 8).
7. Glycerol (25% v/v, in water) (Sigma-Aldrich Chemical).
8. Oven or heating block at 37°C.

2.4. FACE Gel Electrophoresis of Fluorotagged
Lyase Digestion Products

1. MonoTM Composition gel cassettes (Glyko) stored at 4°C until use (see Notes 9 and 10).
2. MonoTM gel running buffer (Glyko) freshly prepared in water and cooled to 4°C.
3. Electrophoresis apparatus (Glyko).
4. High voltage power supply (Bio-Rad PowerPac 1000 or Pharmacia Biotech EPS 1000).

2.5. Gel Imaging
1. Light-impermeable tape (see Note 11).
2. UV transilluminator (300–360 nm) (see Note 12).
3. Gel documentation system (Glyko Strategene Eagle Eye, or cooled CCD camera).

2.6. Product Identification
1. Image analysis sofware (NIH Image Analysis Version 1.7; Gel-Pro Analyzer 3.0) (see

Notes 13–15).

3. Methods
3.1. Glycosaminoglycan Preparation from Tissues
and Proteoglycans

1. Typically, 1 mg of tissue or 50 µg of purified proteoglycans are suspended in 300 µl of ammo-
nium acetate buffer, pH 7.0, and digested at 60°C for 18–24 h with 50 µg of proteinase K.

2. The enzyme is inactivated by heating the samples at 100°C for 5 min, and undigested tissue
debris is removed by centrifugation in a tabletop microcentrifuge (10,000g, 10 min at
room temperature).

3. The clarified supernatants are cooled on ice, and glycosaminoglycan/peptides are precipi-
tated by addition of 1.0 mL of ice-cold ethanol (to give a final concentration of 75% v/v)
followed by storage at –20° C for 4 h (see Notes 1 and 2).

4. Precipitates are pelleted in a tabletop microcentrifuge at 10,000g for 15 min at 4°C.
5. Pellets are redissolved in water and portions are taken for estimation of total glycosami-

noglycans by hexuronic acid content (34) or dimethymethylene blue dye binding (35)
measurements (see Notes 3, 4  and 7).

3.2. Glycosaminoglycan Lyase Digestion
1. Glycosaminoglycan portions, 1–5 µg, are aliquoted into microcentrifuge tubes and dried

in a vacuum concentrator.
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2. They are resuspended in 100 µL of ammonium acetate buffer, pH 7.3, and digested at
37°C for 8–16 h with 5 mU of chondroitinase ABC (see Notes 4–6).

3. The digests are cooled on ice, and enzyme protein or undigested glycosaminoglycans are
precipitated by addition of 900 µL of ice-cold ethanol at –20°C for 2 h.

4. Precipitates are removed in a microcentrifuge (10,000g, 20 min., at 4°C) and the ∆-disac-
charides are recovered in the supernatant, which is dried by Speed Vac lyophilization.

3.3. Fluorescent Derivitization of Lyase Digestion Products
1. A 0.1 M solution of AMAC is prepared by dissolving 25 mg of the reagent in 1 mL of

dimethylsulfoxide/acetic acid (85/15, v/v).
2. Then 5 µL of the freshly prepared reagent is added to the dried lyase products and the

standards, dried in the bottom of the tube. Samples are vortex mixed carefully and spun
birefly in the tabletop centrifuge to recover the mixture into the bottom of the tube. Samples
are maintained at room temperature for 5–15 min, during which a 1 M solution of
cyanoborohydride in water is prepared and a 5-µL aliquot immediately added to the AMAC-
disaccharide mixture (see Notes 7 and 8).

3. Fluorotagging is carried out for 16 h at 37°C.
4. Samples are cooled to room temperature, and then mixed with 30 µL of 25% glycerol. These

should be analyzed immediately by gel electrophoresis, or stored  stably for up to 6 months
at –80°C.

3.4. FACE Gel Electrophoresis of Fluorotagged Lyase Digestion
Products

1. The electrophoresis tank is filled with precooled running buffer and set into a large con-
tainer on ice to maintain tank and buffer temperatures at 4°C before and during the run.

2. The precast Mono composition gels are removed from the package, the loading wells
extensively washed with the Mono gel running buffer, and the gel cassette placed into the
electrophoresis tank.

3. A 4- to 6-µL portion (representing 10–15% of the total) of the standard mixture and the
fluorotagged samples is loaded per well, and electrophoresis is done at 500 V, with a
starting current of ~25 mA per gel and a final current of ~10 mA per gel (see Note 9).

4. Electrophoresis is terminated when the salt front reaches the bottom of the gel, which is
usually achieved after ~80 min (see Note 10).

3.5. Gel Imaging and Product Quantitation (see Figs. 4–6)
1. After completion of the electrophoresis, one gel cassette at a time is removed from the

tank. The outside of the glass plates as well as the loading wells are extensively washed
with distilled water to remove running buffer and excess unreacted AMAC reagent (see
Note 11).

2. The sample wells and the stacking gel are covered with light impermeable tape, and the gel
cassette is placed on the transilluminator light box (see Note 12).

3. The gels are viewed and the images captured and stored in TIFF file formats.
4. Using standard image analysis software, an average pixel density per picomole of the

∆-disaccharide standards (based on the glucose standard) is determined. From that,
∆-disaccharide contents and composition in experimental samples are  calculated
(see Notes 9, 13–15).

5. A typical FACE gel of the chondroitinase ABC digestion products obtained from gly-
cosaminoglycans prepared from fetal and adult bovine cartilages and adult human cornea
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Fig. 4. Quantitation of a fluorotagged saccharide after FACE separation using pixel density
measurements. (A) The fluorescent  image and the inverted image used for determination of pixel
density values of various concentrations of fluorotagged galactose. (B) Double log plot of
pixel density per band vs. picomoles of saccharide per band, with near linearity between
~20–200 pmol of saccharide.

Fig. 5. FACE analyses of ∆-disaccharide standards. Two separate preparations of 1 nmol each of
∆-di-HA, ∆-di-0S, ∆-di-6S, ∆-di-4S, and ∆-di-E (based on the quantity of disaccharide obtained
from the supplier) and 1 nmol of glucose were fluorotagged and 10% portions of each reaction
mixture (panel A, L1 and L2) were analyzed by FACE (see Subheading 3.5. in text for details).



Analyses of Hyaluronan and Chondroitin/Dermatan Sulfate 123

is shown in Fig. 6. Two images representing different exposure times were used to visu-
alize and quantitate the abundant ∆-disaccharides and minor products, respectively. The
results are summarized in Table 1.

4. Notes
1. The separation of glycosaminoglycans from other protease products, such as collagen

peptides, is usually required, since these can interfere with the lyase digestion and the
recovery of products. Unsulfated chondroitin or short chains of hyaluronan and chon-
droitin/dermatan sulfate, however, are poorly recovered after ethanol precipitation. Alter-
natively, buffer salts and protein products can be removed by centrifugation  (15 min at
9,500g at room temperature) of digests in MicroCon 3 devices. The glycosaminoglycan

Fig. 6. FACE analyses of chondroitinase ABC-digested tissue glycosaminoglycans. 10 µg
of glycosaminoglycans prepared from fetal bovine (FB) or adult bovine (AB) cartilages and
from human cornea (HC) were digested with chondroitinase ABC, fluorotagged, and analyzed
by FACE as outlined in the experimental procedure. The left-hand panel shows a short-exposure
image that was used for quantitation of the major disaccharide products (∆-di-0S, ∆-di-6S,
and ∆-Di-4S). The right-hand panel shows a longer exposure that was used to visualize and
quantitate minor products, such as ∆-di-HA, and the nonreducing terminal monosaccharide
galNAc4S (indicated by white arrows). Nonspecific fluorescent bands from the reagents them-
selves are indicated by (*). A standard curve for product quantitation by pixel densities (B)
was generated from the standard ∆-disaccharides and glucose shown in lane S (ranging from
25–270 pmol) and at a 1:4 dilution in lane S'.
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peptides are retained on the filters, quantitatively recovered in water, and dried for further
processing.

2. It should be noted that glucose is present in all tissues and biological fluids at ~0.8 mg/mL
or less, which is solubilized with the protease digestion, but can be effectively removed
from the glycosaminoglycans using the ethanol precipitation or MicroCon filtration proce-
dure (see Subheading 3.1.). Conversely, fluorotagging and FACE analyses of a portion
of the digests prior to the glycosaminoglycan purification step will provide a simple, yet
accurate and sensitive, quantitation of the tissue or fluid glucose.

3. The recoveries of glycosaminoglycans as well as the completion of the lyase digestions can
be determined by analyzing known amounts (1–5 µg) of commercially available stan-
dards, such as chondroitin, chondroitin sulfates (from Seikagaku America or Sigma-
Aldrich Chemical) or hyaluronan (from Pharmacia or Sigma-Aldrich Chemical).

4. Chondroitinase digestions may not proceed to completion if the glycosaminoglycans are
insufficiently dissolved before digestion. This can be improved by subjecting the gly-
cosaminoglycan/water suspensions to several short cycles of agitation using a Vortex mixer
and 10–15 min incubation at 37°C before the addition of the lyase. Attention should also
be paid to maintaining the pH at 7–8 during the digestion, and it can be monitored by
inclusion of 10 µL of 0.05% phenol red (26,33) in the digestion buffer.

5. Additional chondroitin lyases are commercially available. These include chondroitinase
ACII (Arthrobacter aurescens), chondroitinase B (Flavobacterium heparinum), and
proteinase-free ABC (Proteus vulgaris). It should be noted that each enzyme has dis-
tinct substrate specificity (9,10) and cleavage mode (36–39) that will result in a mixture
of ∆-di- and oligosaccharides products from the chondroitin/dermatan sulfate chain inte-
rior. Conditions for optimal resolution of products generated by these enzymes by FACE
will need to be established.

6. Chondroitinase ABC also digests hyaluronan, by cleavage at β1,4 linkages between
glcNAc and glcA, and ∆-di-HA product are therefore commonly present in lyase digests
of total tissue glycosaminoglycans. Cleavage of hyaluronan, however, takes place at a
significantly lower rate than that of dermatan and chondroitin sulfates. For the most  accu-
rate determination of tissue hyaluronan contents, samples should be digested sequentially
with hyaluranidase SD (Seikagaku America) and chondroitinases ABC and ACII (26).

7. For quantitative fluorotagging of larger amounts (>5 µg) of ∆-disaccharide products
increased volumes of both AMAC and cyanoborohydride solutions (up to 40 µL each)
should be used. Reaction is carried out as described under Subheading 3.3. and glycerol
added to a final concentration of 20% (v/v).

Table 1
Chonodroitin/Dermatan Sulfate Contents
and Disaccharide Compositional Analyses of Cartilage and Cornea

                                       Glycosaminoglycan contents            CS/CS disaccharide composition
(mg/mg dry wt tissue) (% of total ∆-dis)

Tissue CS/DS HAb ∆-di-0S: ∆-di-4S: ∆-di-6S

Fetal cartilage (FBa) 130 1.8 19 54 27
Adult cartilage (ABb) 105 1.4 15 36 44
Adult cornea (HC) 5.75 0.11 63 31 6

a See Fig. 6a.
b For accurate hyaluronan quantitation, see Subheading 3.5., item 4.
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8. Completion of the reductive amination procedure also requires that the pH of the
fluorotagging reaction mixture is maintained between 3.5 and 7.0. As a weak buffer-
ing in this pH range is provided by acetic acid and cyanoborohydride, only freshly
prepared reagents should be used, to minimize decomposition of reducing agent or
evaporation of acetic acid prior to fluorotagging.

9. Samples can be diluted before electrophoresis using a freshly prepared solution of
dimethylsulfoxide (42%), acetic acid (7.5%), glycerol (20%) and 0.5 M cyano-
borohydride.

10. Electrophoresis times should be monitored to adjust for variable rates of sample
migration on different gel batches obtained from the supplier. For this, gels are briefly
removed from the electrophoresis tank at 20- to 30-min intervals during the electro-
phoresis, and the migration of saccharides visualized with a hand-held UV light
source.

11. Removal of excess AMAC reagent from the loading wells must be performed care-
fully, to avoid spillover of reagent onto the glass or into the gel. Its intense fluores-
cence otherwise masks the weaker fluorescent signals of individual saccharide bands.

12. If the transilluminator light source has a wavelength range of ~300 nm, the glass
plates covering the gel may absorb incoming light and possibly emitted fluorescence.
Fluorescence of lyase products can be intensified relative to the gel background by
carefully removing one glass plate and placing the exposed gel surface directly on the
transilluminator, with the remaining glass plate facing image-capture system.

13. Different  image-capturing equipment and  image analysis software can be used to
quantitate lyase products. It is important, however, to calibrate each system for a
near-linear range of product quantitation using pixel density measurements. A typical
example of such a calibration is given in Fig  4. Various concentrations (12.5–400
pmol) of fluoratagged galactose were electrophoresed,  the bands were visualized by
illumination at 300 nm (panel A), and the image captured by a Strategene Eagle Eye
II gel documentation system. The pixel densities of the bands were determined by
NIH Image Analysis Software, version 1.57. The double-log plot of pixel density vs
saccharide concentration shows linearity between ~20–200 pmole (panel B). A simi-
lar quantitation range is obtained when  images are captured with a cooled CCD cam-
era and pixel densities determined by Gel-Pro Image analyses software (26,33).

14. A sample containing a range of concentrations (20–300 pmol) of ∆-disaccharide
standards is routinely included in one lane of each FACE gel, to generate a standard
curve of pixel densities per picomole of saccharide for product identification and
quantitation in experimental samples. It is recommended, however, that the nominal
amount of the individual ∆-disaccharides as provided by the supplier, be validated first.
This can be performed by FACE analyses, as illustrated in Fig. 5. Portions of ∆-disac-
charide standards (1 nmol, based  the amount [200 µg] of standard per vial from the
supplier) and glucose (1 nmol, prepared from a stock solution of 1 mg/mL) are
fluorotagged and electrophoresed (panel A). The pixel density values obtained for
each ∆-disaccharide standard deviated by ~10–30 % from values for the glucose stan-
dard. In all subsequent runs (for example, see Fig. 6), the absolute amounts of each
∆-disaccharide standard can then be adjusted relative to the glucose standard.

15. Composition or identity of separated products should be verified by treatment of lyase
products with mercuric acetate, sulfatases, and exoglycosidases (33). As these are
generally carried out before the fluorotagging, the buffer conditions, salt removal,
and product recoveries should be optimized for each treatment.
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Integral Glycan Sequencing
of Heparan Sulfate and Heparin Saccharides

Jeremy E. Turnbull

1. Introduction
The functions of heparan sulfate (HS) are determined by specific saccharide motifs

within HS chains. These sequences confer selective protein-binding properties and
the ability to modulate protein bioactivities (1,2). HS chains consist of an alternating
disaccharide repeat of glucosamine (GlcN; N-acetylated or N-sulfated) and uronic
acid (glucuronic [GlcA] or iduronic acid [IdoA]). The initial biosynthetic product
containing N-acetylglucosamine (GlcNAc) and GlcA is modified by N-sulfation of
the GlcN, ester (O)-sulfation (at positions 3 and 6 on the GlcN and at position 2 on the
uronic acids) and by epimerization of GlcA to IdoA. The extent of these modifications
is incomplete, and their degree and distribution varies in HS between different cell
types. In HS chains, N- and O-sulfated sugars are predominantly clustered in
sequences of up to 8 disaccharides separated by N-acetyl-rich regions with a low
sulfate content (3).

Sequence analysis of HS saccharides has presented a daunting analytical problem
and until very recently sequence information had been obtained for only relatively
short saccharides from HS and heparin. Gel chromatography and high-performance
liquid chromatography (HPLC) methods have been employed to obtain information
on disaccharide composition (3,4). Other methods such as nuclear magnetic resonance
(NMR) spectroscopy and mass spectroscopy (5–9) have provided direct sequence
information, but are difficult for even moderately sized oligosaccharides and in
the case of NMR requires large amounts of material (micro-moles). However, the
scene has changed rapidly in the last few years with the availability of recombinant
exolytic lysosomal enzymes. These exoglycosidases and exosulphatases remove spe-
cific sulfate groups or monosaccharide residues from the nonreducing end (NRE) of
saccharides (10). These can be used in combination with PAGE separations to derive
direct information (based on band shifts) on the structures present at the nonreducing
end of GAG saccharides (11; see Fig. 1 for an example).
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Integral glycan sequencing (IGS), a PAGE-based method using the exoenzymes,
was recently developed as the first strategy for rapid and direct sequencing of
heparan sulfate and heparin saccharides (11). Its introduction has been quickly fol-
lowed by a variety of similar approaches using other separation methods including
HPLC and MALDI mass spectrometry (12–14). In IGS, an oligosaccharide (previ-
ously obtained from the polysaccharide by partial chemical or enzymatic degrada-
tion and purification) is labeled at the reducing terminal with a fluorescent tag. This
is subjected to partial nitrous acid degradation to give a ladder of evenly numbered
oligosaccharides (di-, tetra-, hexa-, etc.), each bearing a fluorescent tag at its reduc-
ing-end terminus. Portions of this material are then treated with a variety of highly-
specific exolytic lysosomal enzymes (exosulfatases and exoglycosidases), which act
only at the nonreducing end of each saccharide if it is a suitable substrate. The vari-
ous digests are then separated on a high-density polyacrylamide gel and the posi-
tions of the fragments are detected by excitation of the fluorescent tag with an
ultraviolet (UV) transilluminator. Band shifts due to the different treatments permit
the sequence to be read directly from the banding pattern (see Fig. 1 for an example).
This novel strategy allows direct readout sequencing of a saccharide in a single set
of adjacent gel tracks in a manner analogous to DNA sequencing (11). IGS provides
for the first time a rapid approach for sequencing HS saccharides, and it has proved
invaluable in recent structure–function studies (15). It should be noted that this meth-
odology is designed for sequencing purified saccharides, not whole HS prepara-
tions. Clearly, a critical factor in all sequencing methods is the availability of
sufficiently pure oligosaccharide starting material. HS and heparin saccharides can
be prepared following selective scission by enzymic (or chemical) reagents and iso-
lation by methods such as affinity chromatography (4). Final purification usually
requires the use of strong anion-exchange HPLC (15; see Chapter 14).

2. Materials
1. 2-aminobenzoic acid (2-AA; Fluka Chemicals).
2. Formamide.
3. Sodium cyanoborohydride (>98% purity).
4. Distilled water.
5. Oven or heating block at 37°C.
6. Desalting column (Sephadex G-25; e.g., HiTrapTM desalting columns, Pharmacia).
7. Centrifugal evaporator.
8. 200 mM HCl.
9. 20 mM sodium nitrite. 1.38 mg/mL in distilled water; prepare fresh.

10. 200mM sodium acetate, pH 6.0: 27.2 g/L sodium acetate trihydrate, pH to 6.0 using
acetic acid.

11. Enzyme buffer: 0.2 M Na acetate, pH 4.5. Make 0.2 M sodium acetate (27.2g/L sodium
acetate trihydrate) and 0.2 M acetic acid (11.6 mL/L) and mix in a ratio of 45 mL to 55 mL
respectively.

12. Enzyme stock solutions (typically at concentrations of 500 mU/mL, where 1U = 1 µmol
substrate hydrolyzed per minute). Available from Glyko (Novato, CA).

13. Vortex tube mixer.
14. Microcentrifuge.
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15. Acrylamide stock solution (T50%/C5%). Caution: acrylamide is neurotoxic. Wear gloves
(and a face mask when handling powdered forms). It is convenient to use pre-mixed
acrylamide-bis, such as Sigma A-2917. Add 43 mL of distilled water to the 100 mL bottle
containing the premixed chemicals and dissolve using a small stirrer bar (~2 h). Final
volume should be ~80 mL. Store the stock solution at 4°C. Note that it is usually necessary
to warm gently to redissolve the acrylamide after storage.

16. Resolving gel buffer stock solution: 2 M Tris-HCl, pH 8.8. 242.2 g/L Tris base, pH to 8.8
with HCl.

17. Stacking gel buffer stock solution: 1 M Tris-HCl, pH 6.8. 121.1 g/L Tris base, pH to 6.8
with HCl.

18. Electrophoresis buffer: 25 mM Tris-HC1, 192 mM glycine, pH 8.3. 3 g/L Tris base, 14.4 g/L
glycine, pH to 8.3 if necessary with HCl.

19. 10% ammonium persulfate in water (made fresh or stored at –20°C in aliquots).
20. TEMED.
21. Vertical slab gel electrophoresis system (minigel or standard size).
22. DC power supply unit (to supply up to 500–1000 V and 200 mA).
23. UV tansilluminator (312-nm maximum emission wavelength).
24. Glass UV bandpass filter larger than gel size (type UG-11 or M-UG2).
25. CCD imaging camera fitted with a 450-nm (blue) band -pass filter.

3. Methods

3.1. Derivatization of Saccharides with the Fluorophore 2AA

HS and heparin saccharides can be labeled by reaction of their reducing aldehyde
functional group with a primary amino group (reductive amination). For sulfated
saccharides anthranilic acid (2-aminobenzoic acid; 2-AA; ref. 11) has been found to
be effective for the IGS methodology. 2-AA conjugates typically display an excita-
tion maxima in the range 300–320 nm, which is ideal for visualization with a com-
monly available 312 nm UV source (e.g., transilluminators used for visualizing
ethidium bromide stained DNA). Emission maxima are typically in the range 410–420
nm (bright violet fluorescence). The approach described below allows rapid labeling
and purification of tagged saccharide from free tagging reagent, gives quantitative
recoveries, and the product is free of salts that might interfere with subsequent enzymic
conditions. For saccharides in the size range hexa- to dodecasaccharides, approxi-
mately 2–3 nmol of purified starting material is the minimum required (~2–10 µg).

1. Dry down the purified saccharide (typically 2–20 nmol) in a microcentrifuge tube by
centrifugal evaporation.

2. Dissolve directly in 10–25 µL of formamide containing freshly prepared 400 mM 2-AA
(54.8 mg/mL) and 200 mM reductant (sodium cyanoborohydride; 12.6 mg/mL) and incu-
bate at 37°C for 16–24 h in a heating block or oven. (Caution: the reductant is toxic and
should be handled with care.) The volume used should be sufficient to provide a 500- to
1000-fold molar excess of 2-AA over saccharide (see Note 1).

3. Remove free 2-AA, reductant, and formamide from the labeled saccharides by gel filtra-
tion chromatography (Sephadex G-25 Superfine). Dilute the sample (maximum 250 µL
of reaction mixture) to a total of 1 mL with distilled water (see Note 2).

4. Load onto two 5 mL HiTrapTM desalting columns (Pharmacia) connected in series. Alter-
natively, it is possible to use self-packed columns of other dimensions.
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5. Elute with distilled water at a flow rate of 1 mL/min and collect fractions of 0.5 mL.
Saccharides consisting of four or more monosaccharide units typically elute in the void
volume (approximately fractions 7–12).

6. Pool and concentrate these fractions by centrifugal evaporation or freeze-drying.

3.2. Treatment of Saccharides with Nitrous Acid
Low-pH nitrous acid cleaves only at linkages between N-sulfated glucosamine and

adjacent hexuronic acid residues (16,17; see also Chapter 34).  Under controlled con-
ditions nitrous acid cleavage can be used to create a ladder of bands that correspond to
the positions of internal N-sulfated glucosamine residues in the original intact saccha-
ride (11). To achieve this a series of different reaction stop points are pooled to pro-
duce a partial digest with a range of different fragment sizes.

1. Dry down 1–2 nmol of labeled saccharide by centrifugal evaporation.
2. Redissolve in 80 µl of distilled water and chill on ice.
3. Add 10 µl of 200 mM HCl and 10 µl of 20 mM sodium nitrite (both prechilled on ice) and

incubate on ice.
4. At a series of individual time points (typically 0.5, 1, 2, and 3 h), remove an aliquot and

stop the reaction by raising the pH to approximately 5.0 by the addition of 1/5 volume of
200 mM sodium acetate buffer, pH 6.0 (see Note 3).

5. Pool the set of aliquots and either use directly for enzyme digests or desalt as described
under Subheading 3.1.

3.3. Treatment of Saccharides with Exoenzymes
The basic approach for treatment of HS/heparin samples with exoenzymes is

described below. Details of the specificities of the exoenzymes are given in Table 1.
Although these enzymes have differing optimal pH and buffer conditions, in general
it is possible to use them under the single set of conditions given here, simplifying
multiple enzyme treatments (see Note 4).

1. Dissolve the sample (typically 10–200 pmol of saccharide) in 10 µL of H2O in a
microcentrifuge tube.

2. Add 5 µL of exoenzyme buffer, 1 µL of 0.5 mg/mL bovine serum albumin, 2 µL of
appropriate exoenzyme (0.2–0.5 mU) and distilled water to bring the final volume to 20 µL.

3. Mix the contents well on a vortex mixer, and centrifuge briefly to ensure that the reactants
are at the tip of the tube.

4. Incubate the samples at 37°C for 16 h in a heating block or oven.

3.4. PAGE Separation of Saccharides

Polyacrylamide gel electrophoresis (PAGE) is a high-resolution technique for the sepa-
ration of HS and heparin saccharides of variable sulfate content and disposition. It provides
a level of resolution for oligosaccharides larger than tetrasaccharides that is superior to gel
filtration or anion-exchange HPLC (18,19). It is possible to obtain improved resolution
using gradient gels. However, these are more difficult to prepare and use routinely and in
most cases adequate resolution can be obtained with isocratic gels (see Note 5).
Oligosaccharide mapping by PAGE is a rapid and reproducible method for the simulta-
neous comparison of multiple samples. It thus provides a simple but powerful approach for
separating the saccharide products generated in the sequencing process.
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3.4.1. Preparing the PAGE Gel

1. Assemble the gel unit (consisting of glass plates and spacers, etc.).
2. Prepare and degas the resolving gel acrylamide solution without ammonium persulfate or

TEMED. To make a 30% acrylamide gel solution for a 16 cm ×12cm × 0.75 mm gel, 16
mL are required. Mix 9.6 mL of T50%/C5% acrylamide stock with 3 mL of 2 M Tris pH
8.8 and 3.4 mL of distilled water.

3. Add 10% ammonium persulfate (30 µl) and TEMED (10 µL) to the gel solution, mix
well, and immediately pour into the gel unit.

4. Overlay the unpolymerized gel with resolving gel buffer (375 mM Tris-HCl, pH 8.8,
diluted from the 2 M stock solution) or water-saturated butanol. Polymerization
should occur within ~30–60 min. The gel can then be used immediately or stored at
4°C for 1–2 wk.

3.4.2. Electrophoresis

1. Immediately before electrophoresis, rinse the resolving gel surface with stacking gel
buffer (0.125 M Tris-HC1 buffer, pH 6.8, diluted from the 1 M stock solution).

2. Prepare and degas the stacking gel solution (for 5 ml, mix 0.5 mL of T50%/C5%
acrylamide stock with 0.6 mL of 1 M Tris pH 6.8 and 3.9 mL of distilled water).

Table 1
Exoenzymes for Sequencing  Heparan Sulfate and Heparin

Enzymea Substrate specificityb

Sulfatases
Iduronate-2-sulfatase IdoA(2S)
Glucosamine-6-sulfatase GlcNAc(6S),  GlcNSO3(6S)
Sulphamidase (glucosamine N-sulfatase) GlcNSO3

Glucuronate-2-sulfatase GlcA(2S)
Glucosamine-3-sulphatase GlcNSO3(3S)

Glycosidases
Iduronidase IdoA
Glucuronidase GlcA
α-N-Acetylglucosaminidase GlcNAc

Bacterial exoenzymes
∆-4,5-Glycuronate-2-sulfatase ∆-UA(2S)
∆-4,5-Glycuronidase ∆-UA

aEnzyme availability:  Glucuronidase is widely available commercially as purified enzyme.
Recombinant iduronate-2-sulphatase, iduronidase, glucosamine-6-sulphatase, sulfamidase, and
α-N-acetylglucosaminidase are available from Glyko (Novato, CA). Glucuronate-2-sulfatase and
glucosamine-3-sulfatase have only been purified from cell and tissue sources to date. The bacterial
exoenzymes are available from Grampian Enzymes, Nisthouse, Harray, Orkney, Scotland; e-mail
grampenz@aol.com.

bThe specificities are shown as the nonreducing terminal group recognised by the enzymes. Sulfatases
remove only the sulfate group, whereas the glycosidases cleave the whole nonsulfated monosaccharide.
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3. Add 10% ammonium persulfate (10 µL) and TEMED (5 µL). Immediately pour on to the
top of the resolving gel and insert the well-forming comb.

4. After polymerization (~15 min), remove the comb and rinse the wells thoroughly with
electrophoresis buffer.

5. Place the gel unit into the electrophoresis tank and fill the buffer chambers with electro-
phoresis buffer.

6. Load the oligosaccharide samples (5–20 µL depending on well capacity, containing ~10%
(v/v) glycerol or sucrose in 125 mM Tris-HCl, pH 6.8, carefully into the wells with a
microsyringe. Marker samples containing bromophenol blue and phenol red should also
be loaded into separate tracks.

7. Run the samples into the stacking gel at 150–200 V (typically, 20–30 mA) for 30–60 min,
followed by electrophoresis at 300–400 V (typically 20–30 mA and decreasing during
run) for approximately 5–8 h (for a 16 cm gel). Heat generated during the run should be
dissipated using a heat exchanger with circulating tap water, or by running the gel in a
cold room or in a refrigerator.

8. Electrophoresis should be terminated before the Phenol red marker dye is about 5 cm
from the bottom of the gel. (At this point, disaccharides should be 3–4 cm from the bot-
tom of the gel.)

Fig. 1. Principles of integral glycan sequencing and an example. (A) Fluorescence detection
of different amounts of a 2AA-tagged  heparin tetrasaccharide run on  a  33% minigel. (B)
Exosequencing of a 2AA-tagged heparin tetrasaccharide with lysosomal enzymes and separation
of the products on a 33% minigel (15 pmol per track).  Band shifts following the exoenzyme
treatments shown reveal the structure of the nonreducing end disaccharide unit (track 1,
untreated).  I2Sase, iduronate-2-sulfatase; Idase, iduronidase; G6Sase, glucosamine-6-sulfa-
tase; Nsase, sulfamidase. (C) Schematic representation of  IGS of a hexasaccharide (pHNO2,
partial nitrous acid treatment). (D) Actual example of IGS performed on a purified heparin
hexasaccharide, corresponding to the scheme in (C), using the combinations of pHNO2 and
exoenzyme treatments indicated (track 1, untreated,  25 pmol; other tracks correspond to ~200
pmol/per track of starting sample for pHNO2 digest).   The hexasaccharide (purified from bovine
lung heparin) has the putative structure IdoA(2S)-GlcNSO3(6S)-IdoA(2S)-GlcNSO3(6S)-
IdoA(2S)-AMannR(6S).  Electrophoresis was performed on a  16 cm 35% gel. Copyright ©
1999 National Academy of Sciences, USA. From ref. (11).
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3.5. Imaging the Gels

Effective gel imaging requires a CCD camera that can detect faint fluorescent band-
ing patterns by capturing multiple frames. Systems commonly used for detection of
ethidium bromide stained DNA can usually be adapted with appropriate filters as
described in Note 6.

1. Place a UV filter (UG-1, UG-11, or MUG-2) onto the transilluminator, and fit a 450-nm
blue filter onto the camera lens.

2. Remove the gel carefully from the glass plates after completion of the run and place on
the UV transilluminator surface wetted with electrophoresis buffer. Also wet the upper
surface of the gel to prevent gel drying and curling.

3. Switch on transilluminator and capture image using CCD camera. Exposure times are
typically 1–5 s depending on the amount of labeled saccharide (see Note 7).

3.6. Interpreting the Data
The sequence of saccharides subjected to IGS can be read directly from the banding

pattern by interpreting the band shifts due to removal of specific sulfate or sugar

Fig. 2. IGS of a heparin hexasaccharide of known structure. Α heparin hexasaccharide with
the structure DHexA(2S)-GlcNSO3(6S)-IdoA-GlcNAc (6S)-GlcA-GlcNSO3(6S),  was 2AA-
tagged and subjected to sequencing on 16cm 33% gel. (A) IGS of hexasaccharide using the
combinations of pHNO2 and exoenzyme treatments indicated (track 1, untreated, 20 pmol;
other tracks correspond to ~90 pmol/per track of starting sample for pHNO2 digest). NAG,
N-acetylglucosaminidase. (B) Determining the sequence of the nonreducing disaccharide unit
of the hexasaccharide  using the I2Sase, G6Sase, and mercuric acetate (MA) treatments shown
(~20 pmol/track;  track 1, untreated). Copyright © 1999 National Academy of Sciences, USA.
From ref. (11).
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moieties. Figure 1 shows an actual example and a schematic representation. First,
bands generated by the partial nitrous acid treatment indicate the positions of N-sul-
fated glucosamine residues in the original saccharide (see Fig. 1C, track 2). Lack of a
band at a particular position indicates the presence of an N-acetylated glucosamine
residue (an example of this is shown in Fig. 2). Such saccharides can be sequenced
with the additional use of the exoenzyme N-acetylglucosaminidase, which removes
this residue and allows further sequencing of an otherwise “blocked” fragment. Fol-
lowing the nitrous acid treatment, the “ladder” of bands is then subjected to various
exoenzyme digestions. The presence of specific sulfate or sugar residues can be
deduced from the band shifts that occur (see Fig. 1C, tracks 3–5). Figure 3 shows an
example of a decasaccharide from HS which has been purified by SAX-HPLC and
sequenced using IGS.

Usually the band shifts are downwards, due to the lower molecular mass and thus
higher mobility of the product. However, it should be noted that occasionally upward
shifts occur, probably due to subtle differences in charge/mass ratio (for examples, see
Figs. 1B, 2B and 3C). Note also that minor “ghost” bands sometimes appear after the
nitrous acid treatment. They are probably due to loss of an N-sulfate group, and nor-
mally these do not affect interpretation of the shifts in the major bands (11).

Fig. 3. Purification and IGS of a HS decasaccharide. (A) SAX-HPLC of a pool of HS
decasaccharides derived by heparitinase treatment of porcine mucosal HS. For details of this
technique, see Chapter 14. The arrowed peak was selected for sequencing. (B) IGS of the puri-
fied HS decasaccharide on a 16 cm 33% gel using the combinations of pHNO2 and exoenzyme
treatments indicated (track 1, untreated, 20 pmol; other tracks correspond to ~400 pmol/per track
of starting sample for pHNO2 digest). (C) Determining the sequence of the nonreducing disac-
charide unit of the HS decasaccharide using the mercuric acetate (MA)  and G6Sase treatments
shown (approximately 40 pmol per track; track 1, untreated). Copyright© 1999 National Acad-
emy of Sciences, USA. From ref. (11).
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If the saccharide being sequenced was derived by bacterial lyase treatment, it will
have a ∆-4,5-unsaturated uronate residue at its nonreducing terminus. If this residue has
a 2-O-sulfate attached, this can be detected by susceptibility to I2Sase (see Fig. 2B), but
the sugar residue itself is resistant to both Idase and Gase. Its removal is required in order
to confirm whether there is a 6-O-sulfate on the adjacent non-reducing end glucosamine
(see Figs. 2B and 3C for examples). However, bacterial enzymes which specifically
remove the ∆-4,5-unsaturated uronate residues (and the 2-O-sulfate groups that may be
present on them) are now available commercially (see Table 1). Alternatively, they can
be removed chemically with mercuric acetate (20; see Figs. 2B and 3C).

In addition to the basic sequencing experiment, it is wise to confirm agreement of
the data with an independent analysis of the disaccharide composition of the saccha-
ride (see Chapter 14). It can sometimes be difficult to sequence the reducing terminal
monosaccharide, due to it being a poor substrate for the exoenzymes. In these cases it
has proved more effective to analyze the terminal 2AA-labeled disaccharide unit in
comparison to 2AA-labeled disaccharide standards (11).

4. Notes
1. Using large excesses of reagent as described, saccharides derived from HS and heparin by

bacterial lyase scission generally couple with 2-AA with efficiencies in the range 60–70%. In
contrast, saccharides derived from HS and heparin by low-pH nitrous acid scissioning (i.e.,
having an anhydromannose residue at their reducing ends) label more efficiently (~70–80%
coupling efficiency).

2. Unwanted reactants and solvent can also be removed from labeled saccharides by methods
such as dialysis, but the rapid gel filtration chromatography step described above using the
HiTrap desalting columns is convenient and usually allows good recoveries of loaded
sample, particularly for 2-AA-labeled saccharides (~80%).

3. It is useful to perform some trial incubations to test for optimal time points needed to gener-
ate a balance of all fragments in the partial nitrous acid digestion. With longer saccharides
(octasaccharides and larger) it is observed that the largest products are generated quickly
and thus a bias toward shorter incubations is required as saccharide length increases.

4. The enzyme conditions should provide for complete digestion of all susceptible residues.
This is important to the sequencing process, since incomplete digestion would create a more
complex banding pattern and would give a false indication of sequence heterogeneity. It is
useful to run parallel controls with standard saccharides to enable monitoring of reaction
conditions. When combinations of exoenzymes are required, these can be incubated simul-
taneously with the sample. If necessary, the activity of one enzyme can be destroyed before
a secondary digestion with a different enzyme by heating the sample at 100°C for 2–5 min.

5. Adequate separations, particularly over limited size ranges of saccharides, can be obtained
using single concentration gels, typically in the range 25–35% acrylamide. Improvements in
resolution can be made by using longer gel sizes. Different voltage conditions (usually in
the range 200–600 V) and running times are required for different gel formats, and should
be established by trial and error with the particular samples being analyzed. Gels up to 24 cm
in length can usually be run in 5–8 h using high voltages, whereas with longer gels it is more
convenient to use lower voltage conditions and run overnight. We have also found that
minigels can also be used effectively for separation of HS/heparin saccharides (see Fig. 1).
Note that it is also possible to run Tris-acetate gels with a Tris-MES electrophoresis buffer
(see Fig. 1; 11).
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6. Because the emission wavelength is 410–420 nm, there is a need to filter out background
visible wavelength light from the UV lamps. This can be done effectively with special glass
filters that permit transmission of UV light but do not allow light of wavelengths >400 nm
to pass. A blue bandpass filter on the camera also improves sensitivity. Suitable filters are
available from HV Skan (Stratford Road, Solihull, UK; Tel: 0121 733 3003) or UVItec
Ltd (St Johns Innovation Centre, Cowley Road, Cambridge, UK: www.uvitec.
demon.co.uk).

7. Required exposure times are strongly dependent on sample loading and the level of detec-
tion required. Overly long exposures will result in excessive background signal. Note that
negative images are usually better for band identification (see figures). Under the condi-
tions described, the limit of sensitivity is ~1–2 pmol/band (see Fig. 1), with ~5–10 pmol
being optimal. Recently it has been found that ~10-fold more sensitive detection is pos-
sible using an alternative fluorophore aminonaphthalenedisulfonic acid (21,22).
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Analytical and Preparative Strong Anion-Exchange
HPLC of Heparan Sulfate and Heparin Saccharides

Jeremy  E. Turnbull

1. Introduction
Studies on the structure–function relationships of the complex linear polysaccha-

rides, known as glycosaminoglycans (GAGs), are becoming increasingly important
as biological functions are established for them. However, structural analysis of GAGs
presents a difficult technical problem, particularly in the case of the N-sulfated GAGs
heparan sulfate (HS) and heparin, which display remarkable structural diversity (1). A
widely used and effective approach is to degrade the chains into smaller saccharide
units that can then be separated and analyzed. In this regard, strong anion-exchange
(SAX) HPLC techniques have proved particularly useful for both the analysis of disac-
charide composition (2,3) and the separation of complex mixtures of larger saccha-
rides (3–6). However, in many methods the columns used have been silica-based and
suffer from drawbacks related to poor stability of the support (e.g., inconsistency of
run times, peak broadening, and short column life). There is clearly a need for
improvements in column performance, especially for the purification of larger saccha-
rides to homogeneity for sequencing and bioactivity testing. This chapter describes
how a single type of polymer-based SAX column, ProPac PA1, can be used to provide
high-resolution separations of both disaccharides and larger oligosaccharides derived
from HS and heparin, with consistent elution times and excellent column performance
characteristics (see Notes 1 and 2). Disaccharides from chondroitin sulfate and
dermatan sulfate can also be separated (see Note 3). The improved resolution of sac-
charides compared to other SAX-HPLC methods, combined with the versatility and
longevity of the columns, makes them a valuable tool for purification and structural
analysis of HS/heparin and other GAG saccharides.

2. Materials
1. Gradient HPLC system (capable of mixing at least two solutions).
2. ProPac PA1 analytical columns (4 × 250 mm; Dionex).
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3. Double-distilled water, pH 3.5: pH water to 3.5 using hydrochloric acid (high-purity HCl
such as Aristar grade from BDH-Merck).

4. Sodium chloride solution (1 M): dissolve 58.4 g of HPLC-grade sodium chloride (e.g.,
HiPerSolv grade from BDH Merck) in 1L distilled water, and pH to 3.5 using HCl. Filter
using a sintered glass filter or a 0.2 µm bottle-top filter.

5. Potassium dihydrogen phosphate solution (1 M, pH 4.6): dissolve 136.1 g of HPLC-grade
KH2PO4  (e.g., HiPerSolv grade from BDH Merck) in 1L distilled water and filter using a
sintered glass filter or a 0.2-µm bottle-top filter.

6. Unsaturated disaccharide standards (for both HS/heparin and chondroitin/dermatan sulfate)
and heparitinases/chondroitinases are available from Seikagaku Kogyo (Tokyo).

3. Methods
3.1. Separation of Unsaturated HS/Heparin Disaccharides

A simple and commonly used method to assess the structural composition of HS or
heparin is to depolymerize the chains to disaccharides with a mixture of bacterial
lyases. They can then be separated with reference to commercially available disaccha-
ride standards of known structure (see Fig. 1). Note that the eliminative cleavage
mechanism of the lyases results in unsaturated hexuronate residues in the resulting
disaccharides (see Note 4).

1. Prepare unsaturated disaccharides from heparin/HS by bacterial lyase treatment with
heparitinase I, heparitinase II, and  heparinase; see ref. 7 for details.

2. After equilibration of the Pro-Pac PA1 column in mobile phase (double-distilled water
adjusted to pH 3.5 with HCl) at 1 mL/min, inject the sample.

3. After 1 min injection time, elute the disaccharides with a linear gradient of sodium chloride
(0–1 M over 45 min) in the same mobile phase.

4. Monitor the eluant in-line for UV absorbance at 232 nm (see Note 5).
5. Identify peaks by reference to standards separated under the same run conditions.

3.2. Separation of HS/heparin Disaccharides
Derived by Nitrous Acid Degradation

A further class of disaccharides, those derived by treatment of HS or heparin with
nitrous acid, are more difficult to resolve by SAX-HPLC. However, in contrast to the
lyase-derived saccharides, they have the advantage of containing intact hexuronate
residues (see Note 6). The most widely reported method for their separation uses a
silica-based SAX Partisil column with a KH2PO4 gradient separation system (3). In
our hands this method gives very broad and inadequately resolved peaks, which limits
the sensitivity of detection and the accuracy of peak identification and quantitation. In
marked contrast, these disaccharides can be resolved well on a ProPac PA1 column
using appropriate shallow NaCl gradients. Resolution is improved slightly by use of
two columns connected in series (see Figs. 2A,B), but adequate results can also be
obtained using a single column. An alternative separation using a phosphate gradient
is described under Subheading 3.2.2.
3.2.1. Sodium Chloride Gradient

1. Prepare reduced 3H-labeled disaccharides from heparin/HS by low-pH nitrous acid treat-
ment, either from unlabeled samples using 3H-borohydride end-labeling (3) or from
samples radiolabeled biosynthetically using 3H-glucosamine (8).
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2. Separate samples on two ProPac PA1 columns in series, using the same mobile phase
described under Subheading 3.1., but with a two-step linear NaCl gradient (0–150 mM
over 50 min followed by 150–500 mM over 70 min).

3. Monitor 3H radioactivity either with an in-line radioactivity detector or by collecting
fractions for scintillation counting (e.g., in Optiphase HiSafe III scintillant, Wallac).
See Note 7.

3.2.2. Potassium Dihydrogen Phosphate Gradient

Improved separation of monosulfated disaccharides can be obtained using a gradi-
ent of phosphate (see Figure 2c and Note 8).

1. Using two ProPac PA1 columns in series, equilibrate in H2O, pH 6.0.
2. Inject samples and elute with a linear gradient of 0–1 M KH2PO4 buffer, pH 4.6

over 90 min.
3. Monitor 3H radioactivity as under Subheading 3.2.1.

3.3. Separation of HS/Heparin Oligosaccharides

In addition to separation of disaccharides, much larger HS and heparin oligosac-
charides can also be resolved on ProPac PA1 using a linear NaCl gradient (see Note 9).

Fig. 1. Separation of lyase-derived HS/heparin disaccharides on a  ProPac PA1 column. The
profile shows the separation of the eight major unsaturated disaccharides released from these
polysaccharides by treatment with a combination of the bacterial lyases heparitinase I,
heparitinase II, and heparinase. The NaCl gradient is indicated by the dashed line. The struc-
tures of the standards and the amounts loaded were: 1, ∆-HexA-GlcNAc, 1 nmol; 2, ∆-HexA-
GlcNSO3 , 2 nmol;  3, ∆-HexA-GlcNAc(6S),  0.5 nmol; 4, ∆-HexA(2S)-GlcNAc,  1.5 nmol;
5, ∆-HexA-GlcNSO3(6S),  1 nmol;  6,  ∆-HexA(2S)-GlcNSO3, 1.5 nmol; 7, ∆-HexA(2S)-
GlcNAc(6S), 2 nmol; 8, ∆-HexA(2S)-GlcNSO3(6S),  1.5 nmol. Abbreviations: GlcNAc, N-acetyl
glucosamine; GlcNSO3, N-sulfated glucosamine;  2S, 3S, and 6S are 2-O-, 3-O-, and 6-O-sulfate
groups, respectively;   ∆-HexA, unsaturated hexuronate residue formed at non-reducing end of
disaccharides and oligosaccharides by eliminative lyase scission.
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Figure 3 shows examples of separations performed on complex natural mixtures of
hexa-, octa-, and decasaccharides derived from porcine mucosal HS by treatment with
heparitinase I. It is noteworthy that the saccharides eluted in sets of resolved or
partially resolved peaks, which presumably have similar overall levels of anionic
charge but variant patterns of sulfation and disaccharide sequence. This method is
particularly useful for purification of saccharides to the degree necessary for sequencing
(12) or testing in biological assays (13). Preparative scale separations are also possible
(see Note 10).

Fig. 2. Separation of HNO2-derived HS/heparin disaccharides on a ProPac PA1 column.
These profiles show the separation of the major disaccharides released from HS/heparin by low-
pH nitrous acid treatment followed by 3H-borohydride end labeling (3), or from 3H-biosyn-
thetically labeled samples (8). The structures of the 3H-labeled standards were: 1, IM/GM; 2,
M6S (monosaccharide); 3, G2SM; 4, I2SM; 5, GM3S; 6, GM6S; 7, IM6S; 8, I2SM6S; 9,
G2SM6S;  and 10, GM3,6S (where G and I are glucuronic and iduronic acids, respectively; M
is 2,5-anhydromannitol; and 2S, 3S, and 6S are 2-O-, 3-O-, and 6-O-sulfate groups, respec-
tively). (A, B) show the first and last 60 min of the run time using a NaCl gradient as described
under Subheading 3.2.1. (C) shows the separation of non- and monosulfated disaccharides
using an alternative  KH2PO4 gradient as described under Subheading 3.2.2.
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1. Prepare HS and heparin oligosaccharides (tetrasaccharides and larger) as described previ-
ously—for example, by partial depolymerization with heparitinase I and gel filtration on
Bio-Gel P6 (7–9).

2. Inject samples onto two ProPac PA1 columns in series, using the same mobile phase
described under Subheading 3.1.

3. Elute with a modified salt elution gradient (e.g., 0–1 M NaCl over 100 min).
4. Monitor the eluant in-line for UV absorbance at 232 nm.

4. Notes

1. During development of improved HPLC methods for separation of GAG saccharides
we found that a polymer-based column, ProPac PA1, originally designed primarily for

Fig. 3. Separation of HS oligosaccharides on a ProPac PA1 column. Porcine mucosal HS
was depolymerised with heparitinase I and hexa-, octa-, and deca-saccharide pools prepared by
gel filtration on Bio-Gel P6 (9) and resolved on two ProPac PA1 columns connected in series as
described under Methods. (A), hexasaccharides; (B), octasaccharides; (C), decasaccharides. In
each case, 100 nmol of each saccharide mixture was loaded (approximately 150, 200, and 250 µg
each, respectively).
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SAX of proteins, provided excellent separations of disaccharides derived from the
glucosaminoglycans HS and heparin. Figure 1 shows the separation of the major unsatur-
ated disaccharides (detected by absorbance at 232 nm) derived by digestion of these polysac-
charides with a mixture of bacterial heparitinases. They elute as very sharp, symmetrical
peaks at highly reproducible elution times, and good baselining between all the peaks was
evident. These features of the separation provide more accurate identification of peaks and
sensitive quantitation than possible with previous methods. Note that 3H or 35S radiolabeled
disaccharides (derived from biosynthetically labeled polysaccharide) can also be separated
using this method, using in-line monitoring of radioactivity (see Fig. 2) or counting of
collected fractions.

2. Overall column performance is excellent. Elution times are highly consistent, and the col-
umns exhibit very good stability and longevity, which outweighs their initial high cost com-
pared to traditional silica columns. In one case a single column was used for more than 250
runs over a 2-yr period without significant loss of resolution. These properties are presum-
ably dependent on the column resin, which is formed by 0.2m anion exchange microbeads
being bonded to a 10-µm nonporous polystyrene/divinylbenzene polymeric resin.

3. Good separations of unsaturated disaccharides derived by chondroitinase ABC digestion of
the galactosaminoglycans chondroitin sulfate and dermatan sulfate can also be obtained
using the ProPac-PA1 column. Similar results have been reported for the separation of this
class of disaccharides on another polymer-based column, the CarboPac PA1 (10).

4. The eliminative cleavage mechanism of the lyases results in unsaturated hexuronate resi-
dues (double bond between carbons 4 and 5 of the sugar ring) in the resulting disaccha-
rides (14). It is thus not possible to distinguish directly whether they resulted originally
from glucuronate or iduronate residues. In contrast, cleavage with nitrous acid leaves
these residues intact (see Note 6).

5. The limit of detection of unsaturated disaccharides by UV absorbance is approximately
20–50 pmol.

6. Nitrous acid cleaves between N-sulfated glucosamine residues and hexuronate residues.
The resulting saccharides have intact hexuronate residues but the reducing-end glucosamines
are converted to an anhydromannose residues (which are reduced to anhydromannitol by
reduction during preparation of the disaccharides).

7. When detecting radiolabeled samples, if accurate quantitation is required, be aware of the
potential for salt-dependent variability in counting efficiencies, depending on the
scintillant being used.

8. With in-line radioactivity monitoring, baselining between peaks is sufficient in most cases
to allow accurate quantitation of the individual major species. The exception is the partial
separation of I2SM from the rare disaccharide G2SM (see Fig. 2a). Note that slight
changes in run conditions (e.g., pH) can reverse their order of elution. However, condi-
tions using an alternative KH2PO4 buffer separation system give the best resolution of the
monosulfated disaccharide standards, including excellent baseline separations of I2SM
and G2SM when required (see Fig. 2c).

9. This approach is effective for separating saccharides up to approximately dp14-16 in size,
although the patterns become inherently more complex and resolution less efficient with
increasing size. Improved resolution can be obtained using shallower gradients than described
under Subheading 3.3. Additional examples of applications can be found in refs. 11–13.

10. Preparative separations are possible with loadings up to approximately 0.5–1.0 mg per
run on the 4 × 250 mm analytical columns, and a fivefold scale-up should be achievable
on 9 × 250 mm preparative columns that are available from Dionex.
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Proteoglycans Analyzed by Composite Gel
Electrophoresis and Immunoblotting

George R. Dodge and Ralph Heimer

1. Introduction
Proteoglycans are the protein products of diverse genes posttranslationally modi-

fied with highly negatively charged side chains, commonly known as glycosami-
noglycans. The latter consist of repeating disaccharides capable of forming polymers
of varying size, which, depending on the specific disaccharide composition, are known
as the chondroitin sulfates, the iduronate-containing dermatan sulfates, keratan sul-
fate, and heparan sulfate. Some of the more complex proteoglycans, such as aggrecan,
are decorated by additional nonglycosaminoglycan oligosaccharides (1). Aggrecan
contains additionally a hyaluronan-binding domain that in the extracellular matrix
facilitates formation of large noncovalently-bound complexes containing one
hyaluronan molecule and numerous aggrecans (1). Analysis of proteoglycans by stan-
dard SDS-PAGE is complicated by the presence of the negatively charged side chains,
which prevent the linerarization of molecules usually achieved by treatment with a
mercaptoethanol and SDS. Consequently, in SDS-PAGE most proteoglycans with mul-
tiple glycosaminoglycan side chains, if they enter the gel at all, migrate as broad bands
and  appear as smears due to size heterogeneity and large electroendosmotic effects
particularly when the acrylamide composition of the PAGE gel is held to a minimum.

The studies of McDevitt and Muir, now more than three decades ago, made the
surprising observation that the proteoglycans from an extract of cartilage resolved in
a composite gel composed of 0.6% agarose and 1.2% acrylamide into two sharp bands
(2). The mechanism for the separation of the proteoglycans of cartilage into two bands
appeared to be based not only on size but also on charge distribution of two subspe-
cies of proteoglycans (3). Gels such as these were originally designed to provide a
larger pore size than 3.5% acrylamide alone, which is the limit concentration for gel
formation. The technique of composite gel electrophoresis is best understood when
the historical perspective is considered and its usefulness in previous applications dis-
cussed. These types of composite gels had been used for the separation of proteins (4)
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and RNA (5). Improvement of this technique, originally done in tube gels, led inevita-
bly to the use of slab gels (6) and also to improvement in sample preparation through
use of SDS and reduction (6) or SDS only (7). These modifications facilitated the
analysis of tissue extracts and biologic fluids without prior fractionation. Originally
the detection of proteoglycans was accomplished with the basic thiazine dye, toluidine
blue. Increased sensitivity of the detection of proteoglycans was achieved by tech-
niques such as biosynthetic labeling with 35SO4 (6) transblotting to positively charged
Nylon membranes followed by staining with Alcian blue (7), and transblotting to
unmodified Nylon and staining with the highly positively charged 125I-cytochrome c
(8). The detection achieved with Alcian blue staining of proteoglycans on positively
charged Nylon-66 is nearly 100 times more sensitive than staining with toluidine blue
(7). With the availability of monoclonal and polyclonal antibodies specific for diverse
proteoglycans (the core proteins and associated GAGs), standard Western blotting tech-
niques could be utilized on proteoglycans transblotted from composite gels. Table 1
contains a partial list of antibodies useful for the characterization of a wide range of
known proteoglycans.

An interesting application of Western blotting involves sequential testing of a
single blot with multiple antibodies. Antibodies bound to the proteoglycan antigen
transblotted to nitrocellulose can be removed by exposure to sodium thiocyanate
without materially affecting the binding of the immobilized material. The blot can
then be probed again by another antibody. Densitometry scans of each blot can then be
superimposed on one another, and by visual inspection this procedure can aid in
resolving closely migrating species and also in determining the purity of a proteoglycan
isolate or a standard (9).

Table 1
Monoclonal and Polyclonal Antibodies Useful in Characterizing Proteoglycans

Antigen Name Polyclonal/mAb Notes  Reference

Perlecan 7B5 mAb Laminin-like region 19
Versican 2B1 mAb 20
Keratan sulfate AN9P1 mAb Bound to aggrecan 21
Aggrecan BE123 mAb After c-ABC-treatment 22
Aggrecan, N-terminal BC3 mAb After aggrecanase exposure 23
Aggrecan, C-terminal BC4 mAb After aggrecanase exposure 23
Aggrecan IC6 mAb HA-binding domain 24
Chondroitin sulfate CS56 mAb Bound chondroitin 4 or 6 sulfate 25
Chondroitin-4 sulfate 2B6 mAb After c-ABC digestion 26
Chondroitin-6 sulfate 3B3 mab After c-ABC digestion 27
Unsulfated dissacharide 1B5 mAb After c-ABC digestion 28
Biglycan LF15 Poly N-terminus 29
Decorin LF30 Poly N-terminus 29
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Results obtained with agarose/acrylamide gel electrophoresis have greatly enhanced
our knowledge of proteoglycan biochemistry, synthesis, and degradation. First, avoid-
ing time-consuming preparative steps has allowed the direct analysis of biologic speci-
mens and tissue extracts. In general, such analyses have been useful in the simultaneous
detection of proteoglycans with relatively large core proteins conjointly with detec-
tion of proteoglycans of smaller size. While large and small proteoglycans are easily
separable, identification within each group can best be made by specific antibodies.
The chief difficulty with separating proteoglycans with large core proteins is the pres-
ence of multiple glycosaminoglycan side chains and that the side chains often show
size heterogeneity, which then affect overall mobility and electroendosmosis. An
example of the number of glycosaminoglycan side chains affecting the mobility is illus-
trated when biglycan with its two glycosaminoglycan side chains has to be distinguished
from decorin, with its single side chain. The core proteins of these  proteoglycans have
a rather similar molecular weight, although the presence of one additional (two)
dermatan/chondroitin sulfate side chain biglycan results in biglycan having a molecu-
lar weight of  approximately 100,000 daltons and decorin, with one such chain, only
70,000 daltons. One would assume, therefore, that this pair would be readily sepa-
rable. Figure 1 is an example of the power of using composite gels and Western blot-
ting and demonstrates this by using two different antibodies, CS-56 (reactive with
intact chondroitin 4- and 6-sulfate chains) and 2-B-6 (reactive with terminal
dissacharides remaining on the core protein of proteoglycans after digestion with
chondroitinase ABC (26). One can see in Fig. 1A that, when using monoclonal CS-56,

Fig. 1. Demonstration of different chondroitin/dermatan sulfate proteoglycans in myocar-
dial extracts. Western blots (A, B) prepared from samples of primate myocardial extracts fol-
lowing composite agarose-acrylamide gel electrophoresis were incubated with a 1:200 dilution
of the monoclonal CS-56 (ICN) (which reacts with intact chondroitin-4 and -6 sulfate chains)
(A) or a 1:200 dilution of the monoclonal  2-B-6 (which reacts with terminal unsulfated disac-
charides on chondroitinase ABC digestion) (25). Lane 1 is the extract of the primate myocar-
dium, lane 2 is a standard of 50 ng of bovine aggrecan from articular cartilage. (B) Western of
duplicate samples that were exposed overnight at 37°C to 0.1 unit of chondroitinase ABC (ICN)
in 5 mL of 0.2 M Tris buffer, pH 8.0, before being incubated with monoclonal 2-B-6. This
demonstrates the presence of two clearly defined proteoglycan bands in the mycardial extract
(lane 1), discernable only after chondroitinase digestion.
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one band was identified in the myocardial extract (see lane 1) that migrated ahead of
the aggrecan standard (see lane 2). When an identically prepared blot (see Fig. 1B)
was incubated first with chondroitinase ABC, then with a dilution of the monoclonal
2-B-6, two bands became evident in the myocardial extract, indicating the presence
of two distinct species of chondroitin-4 sulfate-containing proteoglycans, presum-
ably decorin and bigylcan. The precise identity of these proteoglycans would best be
confirmed with specific decorin and biglycan antibodies (reactive with the core pro-
teins). Shown in Fig. 2, using specific antibodies for the biglycan (see lane 1) and
the decorin (see lane 2) core protein, one would be unable to distinguish them by
just using monoclonal antibodies directed to the common dermatan/chondroitin sul-
fate side chain (10,11). It is remarkable that although biglycan and decorin have a
similar mobility in composite gels, biglycan shows a greater polydispersity due to
its more complex orientation and altered electroendosmotic effects.

Surprisingly, a search of the literature reveals that agarose/acrylamide gel electro-
phoresis has not been as widely used as this powerful method (see Note 1) would deserve.
Historically, the major areas where agarose/acrylamide gel electrophoresis has been use-
ful has been in the analysis of guanidine-HCl  extracts of tissues, such as cartilage, and
tendon. We summarize here in chronological order some of these findings.

Two types of aggregating proteoglycans were found by zonal rate centrifugation
of guanidine-HCl extracts of bovine cartilage, one of Mr 3.5 × 106 and the other of
Mr 1.3  ×  106. The former did not contain a well-defined keratan sulfate-rich domain;
the latter, however, contained the same percentage of hexosamine, and perversely
the smaller species contained 20% more protein than the larger. Agarose/acrylamide
gel electrophoresis showed one band for each proteoglycan and that the larger one had

Fig. 2. Example of a composite agarose/acrylamide gel/Western blot that demonstrates the
presence of bigylcan and decorin found in an extract of  myocardium. Primate myocardium was
extracted with 4 M guanidine-HCl, dialyzed against 6 M urea and aliquots electrophoresed
directly into a composite gel as described in this chapter and elsewhere (10). The gel was
blotted to nitrocellulose and lane 1 was incubated with LF-15 (anti-biglycan antiserum, 1:500)
and lane 2 with LF-30 (anti-decorin antiserum, 1:500). The position of the migration of aggrecan
isolated from bovine cartilage is noted (A).
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a lower mobility than the smaller (12). The electrophoresis, therefore, confirmed the
result of the zonal rate electrophoresis, but it failed to explain the nearly threefold
greater Mr of the keratan sulfate-poor species.

The guanidine-HCl extracts of adult bovine tendon subjected to CsCl density-gradient
ultracentrifugation resolved into two populations of proteoglycan, one large and with a
core protein of Mr 200,000 and one small with Mr 48,000. The large proteoglycan subjected
to agarose-acrylamide gel electrophoresis showed three components, which could not be
resolved further (13). Had Western blots for proteoglycans been perfected at that time,
these components might have been more fully characterized.

Canine adult menisci contained two proteoglycans of high Mr that could be resolved
into 2 fractions by agarose/acrylamide gel electrophoresis. These proteoglycans contain
chondroitin sulfate and keratan sulfate, and they bound hyaluronan (14). This study
suggested that there were tissue-specific high-Mr proteoglycans. By contrast to the
proteoglycans of cartilage, which are keratan sulfate rich and keratan sulfate poor, menisci
contain such molecules only in the keratan sulfate-rich form.

In a study of the proteoglycans of the human intervertebral disk, Jahnke and
McDevitt (15) made extensive use of agarose/acrylamide gel electrophoresis. The
hyaluronan aggregating proteoglycans resolved into two well-separated fractions,
which retained their heterogeneity even after hydroxylamine fragmentation and
removal of the hyaluronan-binding domain. The faster migrating species were
resolvable into two components, one of which enriched in keratan sulfate. This
work was extremely labor intensive, using associative and dissociative density-
gradient ultracentrifugation as well as Sepharose 2B and Bio-Gel A-50 m column
chromatography for preparation of samples to be subjected to the electrophoresis.
Much of these labors might have been avoided had these authors used the modifi-
cation of sample preparation (reduction and SDS treatment) introduced in 1985 by
Heinegard et al. (6), which would have allowed instant characterization of the
guanidine•HCl extract.

Agarose/acrylamide gel electrophoresis has also been used in characterizing the
proteoglycans from clinical human specimens (16). In these studies Cs-Szabo et al.
(16) studied the characteristic changes in aggrecan and the small proteoglycans in
cartilage from patients with osteoarthritis and rheumatoid arthritis. Guanidine-HCl
extracts of femoral condyle cartilage were subjected directly to agarose/acrylamide
gel electrophoresis and Western blotting. Samples from patients with rheumatoid
arthritis and some extent also from patients with osteoarthritis lacked certain
aggrecan populations, indicating extensive proteoglycan degradation. The small
proteoglycans biglycan and decorin appeared to be increased by the disease. Repair
processes, particularly in osteoarthritis, were evident through production of fetal-
type aggrecans. This represents an excellent example that takes full advantage of the
powerful technique of agarose/acrylamide gel electrophoresis coupled with Western
blotting.

The ability of articular cartilage to respond to exercise has been well documented,
and this has led many investigators to analyze the proteoglycan content in defined
anatomic sites in different species. One of the more interesting and successful studies,
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taking full advantage of agarose/acrylamide gel electrophoresis, was done with
exercised and nonexercised race horses (17). This study, from a technical point of
view, demonstrated that a large number of samples can be analyzed simultaneously.
The complex results, subject to various interpretations, however, showed that
exercised horse had certain loci of articular cartilage that were capable of producing
large polydispersed hyaluronan-binding proteoglycans. In these studies the data
were gleaned from the unique ability of the composite gel to resolve large
proteoglycans and subsequent immunoblotting for a specific domain of aggrecan
(the hyaluronan-binding domain).

Versican, a proteoglycan of high Mr formed in the extracellular matrix, was
surmised to be present through use of agarose/acrylamide gel electrophoresis
and Western blots prepared from the gel. Without an antibody to canine versican,
the authors (18) had to resort to monoclonal antibodies reacting with glycosami-
noglycan epitopes. Chondroitin sulfate was the major glycosaminoglycan
present in a proteoglycan of approximately 500,000 daltons, established by
analysis of the core protein. As the tissue contained hyaluronan and also link
protein, it was postulated that a domain of versican was able to react with
hyaluronan and that the complex might be stabilized by link protein. The actual
identification of canine versican, however, could only be established by partial
amino acid sequencing.

Composite agarose/acrylamide gels have been instrumental in the characterization
and study of various proteoglycans in a number of different cell types and species. The
use of these specialized agarose/acrylamide gels has greatly enhanced our knowledge
of proteoglycan biochemistry, synthesis, and degradation. These gels allow direct
analysis of biological specimens and tissue extracts. Combined with the use of spe-
cific antibodies they potentially and simultaneously can detect distinct proteoglycan
molecules of widely divergent molecular sizes.

2. Materials

1. Sample buffer: 6 M urea, 0.04 M Tris-acetate, pH 6.8, 0.1% Triton X-100, 1% sodium
dodecylsulfate, 5% 2-mercaptoethanol, and 10% glycerol.

2. Agarose (see previous paragraph).
3. Electrode buffer: 0.04 M Tris-acetate, pH 6.8.
4. Triton X-100.
5. TEMED.
6. Large-format vertical protein gel electrophoresis chamber and accessories.
7. Power supply capable of supplying a constant 120 mA.
8. Glass plates with one side frosted (to fit the electrophoresis apparatus).
9. Spacers of 1.5 mm.

10. Transfer apparatus (suitable size to accommodate gel size).
11. Transfer membrane (positively charged Nylon, Immobilon-N [Millipore], or

polyvinylidene fluoride [PVDF] Immobilon-P [Millipore] are recommended;  sup-
ported nitrocellulose can also be used).

12. Filter paper (e.g., Whatman no. 3).
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3. Method
3.1. Sample Preparation

1. Prepare samples in no more than 10 µL, containing 6 M urea, 0.04 M Tris-acetate, pH 6.8,
0.1% Triton X-100, 1% sodium dodecylsulfate, 5% 2-mercaptoethanol, and 10% glycerol.
Boil samples for 5 min.

3.2. Gel Preparation

1. Before pouring the composite gel solution, a 0.5- to 1.0-cm plug of 10% acrylamide can be
placed at the bottom of the plates after they are prepared. This ensures that the gel will not
slip out during electrophoresis or handling.

2. Prepare the gel mixture in an Erlenmayer flask a final concentration of 0.6% agarose
and 1.2% acrylamide. The agarose solution is prepared with 320 mg of agarose (see
Note 2) and 30 mL of 0.04 M Tris-acetate, 1 mM sodium sulfate, and 1 mM EDTA,
adjusted to pH 6.8.

3. Weigh the flask, add the agarose, and dissolve by heating the flask in a microwave oven.
4. Reweigh and restore to the original weight with distilled water. Keep the flask at 56°C to

prevent gelling.
5. Make the acrylamide solution so that the total concentration of the acrylamide plus

N,N'-methylene-bisacrylamide totals 2.4%, with an acrylamide to bis ratio of 20 to 1.
These two reagents need to be dissolved in 0.04 M Tris-acetate, pH 6.8, containing 2%
Triton X-100 and 3% TEMED.

6. Degas the solution and keep at 56°C.
7. Combine in a small beaker equal volumes of the two solutions, mix, and follow by the rapid

addition of 1% ammonium persulfate.
8. Pour the solution into a preprepared chamber with frosted glass plates separated by 1.5-mm

spacers (see Notes 3 and 4). The chamber should be preincubated at 45°C.
9. The comb is then inserted with care taken to minimize air bubbles and to keep the depth of

the wells at ~0.5 cm.
10. One hour after the casting of the gel, electrode buffer is added to the upper electrode

compartment. The assembly is stored in a cold room or refrigerator.
11. Withdrawing the comb without destroying the wells is the chief hazard of the preparation.

This can be best accomplished by storing the gel in the cold for 24 h and keeping the depth
of the wells to a 0.5-cm maximum. When ready to remove the comb, ease the comb out by
adding a small amount of buffer along the top and pulling straight up.

12. The gel should be prerun for 1 h at 120 mA before loading the samples. When loading the
gel, one well should be reserved for the bromphenol blue tracking dye. The electro-
phoresis should run in a cold room at 120 mA until the bromphenol blue marker has
moved 3 cm. This may take about 3 h (for specifics on dismantling apparatus, see Notes
5 and 6). If not proceeding with immunodection of proteoglycans (transfer described
below), after fixation the gel can be stained directly with toluidine blue. The gel can be
left on one plate and placed in a tray containing fixative (50% methanol, 10% acetic
acid) for 60 min at room temperature followed by a change to a solution of 0.025%
toluidine blue in 3% acetic acid. This requires at least 2 h at room temperature although
it can be protracted to overnight.

13. Destain with 3% acetic acid until the background is suitably clear. The gel can be stored
by transferring to Gelbond film (FMC) as described by the manufacturer (note do not dry
with heat higher than 55°C).
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3.3. Western Blotting
1. Transblotting to nitrocellulose is carried out in 25 mM Tris and 192 mM glycine buffer

adjusted to pH 8.3 and containing 5% methanol (reduced methanol improves efficiency of
the transfer of large molecular molecules) (see Note 7). The plates need to be separated
very carefully, usually using bent metal spatulas.

2. The gel adhering to one of the frosted glass plates is then overlaid with a nonsoaked filter
paper and lifted off the plate by peeling backwards.

3. A small amount of transfer buffer should be placed on the top of the gel and the transfer
membrane of choice (prewet) can then be laid on the top (see Note 8). It cannot be moved
once it is placed on the gel, and the air bubbles should be eliminated by gently rolling a pipet
over the membrane covering the gel.

4. A final piece of filter paper (prewet) should be laid on top after any visible bubbles are
eliminated.

5. The transblot should be run with cold buffer in the cold at 75 mA on average for 5–6 h. It
must be kept in mind,  however, that a gel may contain both large and small proteoglycans
such as decorin (Mr 1.0 × 105) and some species of aggrecan (Mr 3.5 × 106), therefore to
effect a total transfer of each may be nearly impossible.

6. One partial solution to the dilemma is to use two sheets of nitrocellulose and examine
the backup sheet for proteoglycans of lower Mr. Due to the problem of either incom-
plete transfer or loss of proteoglycans, one should attempt quantification of disparate
species with caution.

7. There are no special problems with regard to immunological analysis of the blot and
the  remainder of the steps are identical to Western blotting of supports derived from
SDS-PAGE.

8. Additionally, when positively charged Nylon is used, the membrane can be stained with
Alcian blue (0.5% in 3% acetic acid) for 10–20 min followed by rinsing briefly with 5%
acetic acid until the contrast of proteoglycans to background is satisfactory.

4. Notes
1. The technique has largely been underutilized. One reason for this might be that executing all

the steps in the procedure requires practiced hands with some degree of technical patience,
but in reality the method can be run routinely in almost any research laboratory.

2. The agarose to use to achieve the maximum resolving power must be linear (not branched),
with none or low sulfate content and have a low EEO number. Most suppliers (e.g., FMC)
carry a suitable agarose.

3. The cleanliness of the glass plates is imperative to a successful run. Plates should be cleaned
with a concentrated detergent product (e.g., RBS-35 [Pierce]) and rinsed extensively with
H2O and lastly ethanol.

4. To prevent the gel from slide-out, one or both of the glass plates must be frosted. Addition-
ally, a 0.5- to 1.0-cm plug of ~10% acrylamide will ensure that the gel remains in place
during the electrophoresis and handling.

5. Care should be taken to lift one plate off the gel; generally the nonfrosted plate will lift
off more easily. In the event the gel is sticking, try to loosen it using a gentle stream of
running buffer or water. Plates should be horizontal when trying to separate with the gel
side down. Failure to separate plates without breaking the gel or when there is excessive
sticking is typically due to imperfectly clean plates.

6. Particular care must be taken when handling the composite gel itself when taking the
apparatus apart after the run. Gels composed of agarose and acrylamide are not at all the
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consistency of standard Laemli SDS-polyacrylamide gels but are rather crumbly and eas-
ily broken or cracked. The best advice is to pick the gel from the glass plate with a dry
piece of filter paper. Start by overlying the paper and gently peeling it back lifting the gel
from the glass plate.

7. There are no special problems with regard to performing the immunological analysis of
the blotted proteoglycans after the transfer is complete, although care must be taken when
setting up the transfer. Placement of the membrane on the gel must be correct from the
beginning since once placed on the gel it cannot be moved. Additionally, when preparing the
sandwich of gel, membrane, and filter paper, care must be taken not to squeeze the package
or use papers that are too thick, since it is possible to crush and destroy the gel.

8. The use of positively charged Nylon membranes for immunodetection can greatly enhance
the sensitivity of detection (i.e., 10–50 ng of proteoglycan) over that of metachromatic
dyes such as toluidine blue (7). More recently, positively charged Immobilon-N
(Millipore) has been used with nearly equal success.
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Quantitation of Proteoglycans in Biological Fluids
Using Alcian Blue

Madeleine Karlsson and Sven Björnsson

1. Introduction

Alcian blue is a tetravalent cation with a hydrophobic core that contains a copper
atom, hence its blue color (1). The four charges allow Alcian Blue to bind to gly-
cosaminoglycans (GAGs) at high ionic strength, in contrast to other cationic dyes,
which are all monovalent. The molecular structure, that is, the plane tetragonal hydro-
phobic core with positive charges attached at its corners, may facilitate formation of
aggregates of several molecules side by side rather than micelle formation. The ionic
strength and presence of other detergents will affect the size of these aggregates in
solution. Such positively charged linear aggregates will bind strongly to some nega-
tively charged polymers such as GAGs, but not to others such as nucleic acids reflect-
ing the conformation of both the polymer and the dye. Alcian blue is not a well defined
substance. There are large differences in solubility and binding characteristics among
different manufacturers but also between batches from the same manufacturer. In addi-
tion, the stain has a limited shelf life and is slowly degraded both in solution and as dry
substance.

Glycosaminoglycans are negatively charged polymers built by repeating units of
disaccharides containing one uronic acid or galactose and one N-acetylglycosamine.
The variation in charge may be very large, since each disaccharide is more or less
sulfated. The ionic bonding between cationic dyes and the negatively charged GAGs
is generally thought to be proportional to the number of negative charges present on
the GAG chain—that is, both sulfate and carboxyl groups. In contrast, studies of the
interaction at different pH and ionic strength (2) revealed that the carboxyl groups are
not involved in the binding of Alcian blue to GAGs. Moreover, the presence of charged
carboxyl groups interferes with binding of Alcian blue to the GAGs. One species of
GAG, keratan sulfate, contains not uronic acid but galactose, and thus lacks the
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carboxyl group. Accordingly, the binding of Alcian blue to keratan sulfate is not pH
dependent, and the amount of dye bound per milligram keratan sulfate is equal to that
of other types of GAGs (2).

The principle is based on the specific interaction between sulfated polymers and
the tetravalent cationic dye Alcian blue at a pH low enough to neutralize all carboxylic
and phosphoric acid groups and at an ionic strength great enough to eliminate ionic
interactions other than those between Alcian blue and sulfated GAGs (2). Hyaluronan,
a nonsulfated GAG, does not react in this assay. There is no interference from proteins
or nucleic acids in this method (see Figs 1 and 9, later, and refs. 2 and 4), in contrast to
the dimethylmethyl blue (DMMB)-method (5,6) or other dye-binding methods. At 0.4
M guanidine-HCl, binding of Alcian blue to GAG chains in proteoglycans is the same
as binding to isolated GAG chains. Thus, the method is equally applicable to
proteoglycans samples as to GAG samples.

A method for simultaneous quantitation and preparation of intact proteoglycans in
biological fluids (blood plasma, synovial fluid) or 4 M guanidine extracts of tissues has
been published (2). The tube/absorbance assay has a measuring range of 1–20 µg of
GAG. Proteoglycans prepared by Alcian blue precipitation are suitable for electrophore-
sis (3) or biochemical analysis. The assay principle can be applied at any scale, from a 50
µL sample in a quantitative assay to a 600-mL sample in large-scale preparation.

Quantitation may also be performed using the dot blot format. In the dot blot/reflec-
tance assay, the Alcian blue–GAG complexes are collected on a polyvinylidene
diflouride (PVDF)-membrane by filtration in a dot-blot apparatus, and the stain is
quantitated as reflectance by scanning densitometry. The dot-blot/reflectance assay
has a measuring range of 10–800 ng of GAG, which is enough to measure the low
contents of proteoglycans in plasma, urine, or wound fluid.

2. Materials
1. Alcian blue, certified for GAG/PG quantitation, Wieslab, Lund, Sweden.
2. Chondroitin-6-sulphate (C-4384) from shark cartilage, keratan sulphate (K3001) from

bovine cornea, heparan sulphate  (H7640) from bovine kidney, from Sigma (USA).
3. Capped polypropylene vials (1- or 2-mL), Sarstedt, Sweden.
4. Centrifuge with a fixed-angle rotor for 2-mL vials, and a minimal centrifugal force

12,000g.
5. ELISA photometer equipped with a 605- or 620-nm filter.
6. Syringe (5–10 mL) with a large-bore needle (1.5 mm).
7. MilliBlotD system (#MBBDDD 960) dot-blot apparatus, Biogenex, San Ramon, CA, USA.
8. PVDF membrane (Immobilon-P #IVPH00010), Millipore, USA.
9. A flat-bed scanner, Scanmaker II (Mikrotek Lab, USA) and a PowerMacintosh with

Adobe Photoshop™ (Adobe Systems, USA) was used for imageing.

2.1. Stock Solutions

1. 10% (v/v) H2SO4: Add 50 mL of H2SO4 slowly with stirring to 450 mL of H2O to a final
volume of 500 mL. The solution will be stable for  for 1 yr at room temperature.

2. 10% (w/v) Triton X-100 : Dissolve  50g of Triton X-100 in 500 mL of H2O, stir until in
solution. The solution will be stable for  for 1 yr at room temperature.
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3. Alcian blue stock solution (Alcian blue in 0.1% H2SO4/0.4 M guanidine-HCl ): Add 0.1
mL of 10% H2SO4 to 0.5 mL of 8 M guanidine-HCl. Add  H2O to 10 mL. Dissolve 0.1-0.2g
(depending on batch) of Alcian blue 8 GS (Wieslab, Sweden). Mix for 2 h to overnight.
Store in the dark at 4°C. The solution will be stable for  for 1 mo.
The guanidine-insoluble portion of the stain is removed by centrifugation  (12,000g, 15 min)
before each preparation of AB reagent. Dilute 100 µL of the supernatant to 10 mL and
read absorbance at 600 nm. The concentration of Alcian blue in the stock solution should
be adjusted, by addition of 0.4 M guanidine-HCl/0.1% H2SO4, corresponding to an absor-
bance of 1.4 of the diluted stock.

4. 8.0 M guanidine-HCl (Gu-HCl): Dissolve 764 g of guanidine-HCl p.a. (Mw 95.53) in
H2O and add to 1000 mL. The solution will be stable for  for 1 yr at room temperature.
If technical-grade guanidine-HCl is used, it must be stirred overnight with active charcoal
and then filtered. The concentration of a guanidine-HCl may be checked by measuring
the density of the solution: 8.0 M guanidine-HCl has a density of 1.192 g/L.

5. 3.0 M MgCl2: Dissolve 305 g of MgCl2 × 6H2O (Mw 203.30) in H2O and  add H2O to
500 mL.The solution will be stable for  for 1 yr at room temperature.

6.  CsC calibrator stock solution (chondroitin-6-sulfate 10mg/mL): Dissolve 20 mg of chon-
droitin-6-sulfate (Sigma C4384) in 2 mL of H2O. The solution will be stable for several
years at –20°C.

7. TG × 10 (0.25 M Tris/1.92 M glycine pH 8.3): Dissolve 12.1 g Tris base and 57.6g of
glycine in a final volume of 400 mL of H2O.The pH should be approximately 8.3, but
need not be adjusted. The solution will be stable for  for 1 yr at room temperature.

8. 10% (w/v) SDS: Dissolve 25 g of SDS in a final volume of 250 mL of  H2O. The solution
will be stable for  for 1 yr at room temperature.

9. 1.0M Tris-acetate,  pH 7.4: Dissolve 121 g of Tris base in H2O. Adjust pH to 7.4 with acetic
acid. Add H2O to 1000 mL. The solution will be stable for  for 1 yr at room temperature.

2.2. Reagents

1. SAT-reagent (0.3% H2SO4/0.75% Triton X-100): Take 0.3 mL of 10% H2SO4 and 0.75 mL
of 10% Triton X-100. Add H2O to 10 mL. The solution will be stable for 1 wk at room
temperature.

2. AB reagent (Alcian blue in 0.1% H2SO4/0.25% Triton): Take 5.0 mL of Alcian blue stock
solution and add 1.0 mL of 10% H2SO4 and 2.5 mL of 10% Triton. Add H2O to a final
volume of  100 mL. The solution will be stable for 1 wk at 4°C.

3. DMSO washing solution (40% (v/v) DMSO/0.05M MgCl2): Add 40 mL of DMSO to 40
mL of H20 and add 1.7 mL of 3.0 M MgCl2. Add H20 to 100 mL. Store at room tempera-
ture. The solution will be stable for 1 mo.

4. Ethanol washing solution (50% (v/v) ethanol/0.05M MgCl2): Take 52 mL of ethanol
(96%, v/v) and add 1.7 mL of 3.0 M MgCl2. Add H2O to 100 mL. Store at room tempera-
ture. The solution will be stable for 1 mo.

5. Gu-prop-H2O: 4 M guanidine-HCl/33% 1-propanol/0.25% Triton/0.1% Ficoll.) Take 50 mL
of 8.0 M guanidine-HCl, 33 mL of 1-propanol p.a., and 2.5 mL of 10% Triton. Add 0.1 g
of Ficoll. Mix and add H2O to 100 mL. Do not use 2-propanol (isopropanol)! Store at
room temperature. The solution will be stable for 1 yr.

6. Prop-gu: 71% 1-propanol/2.3 M guanidine-HCl): Mix 71 mL of 1-propanol p.a. and 29
mL of 8.0 M guanidine-HCl. Do not use 2-propanol (isopropanol)! Store at room tem-
perature. The solution will be stable for 1 yr.
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7. Prop-Tris:  75% 1-propanol/0.1 M Tris-Ac. Mix 75 mL of 1-propanol and 10 mL of 1.0 M
Tris/Ac, pH 7.4. Add H20 to 100 mL. Store at room termperature. The solution will be
stable for 1 yr.

2.3. Sample Preparation

GAGs are stable at 4°C, in the absence of cells. The protein cores of proteoglycans
may be degraded by proteolytic enzymes. The sample must not contain any particles
that sediment during centrifugation or that are insoluble in 0.4 M guanidine-HCl at pH
1.5. Cell debris and insoluble material should be removed by centrifugation (12,000g
for 15 min). If the sample does contain material that  precipitates in 0.4 M guanidine-
HCl at pH 1.5, it must be removed by a preceding step (see Subheading 3.4.).

Samples such as plasma or synovial fluid with a high protein and a low proteoglycan
content may be concentrated and purified with an extra preceding Alcian blue precipi-
tation. (see Subheading 3.5.)

3. Methods
3.1. Quantitation, Tube Absorbance Assay (Table 1)

The GAG/PG are allowed to precipitate in 0.4 M guanidine-HCl at pH 1.5 and
collected by centrifugation. Excess stain in the pellet is removed by washing in DMSO.
The GAG/PG–Alcian blue complexes are dissolved and dissociated in a 4 M guani-
dine-HCl/propanol mixture. The amount of GAG/PG is directly proportional to the
Alcian blue concentration measured as absorbance at 605 or 620 nm. The tube/absor-
bance assay has a measuring range of 1–20 µg of GAG. Sample volumes given are
only suggestive. The method can be applied at any scale as long as the final concentra-
tion of guanidine-HCl is 0.4 mol/l at pH 1.5 - 2.0.

1. Put 50 µL of either blank (water), sample, calibrator, or control in 2-mL polypropylene
centrifuge tubes.

2. Add 50 µL of 8 M Gu-HCl. Mix and leave for 15 min. Samples in 4 M guanidine-HCl are
analyzed without further addition of guanidine-HCl. Take 100  µL of the sample and go
directly to step 3.

3. Add 50 µL of SAT reagent. Mix and leave for 15 min.
4. Add 750 µL of cold AB reagent. Mix and leave for 15 min to overnight at 4°C.
5. Centrifuge for 15min at 12,000g. Remove supernatant and discard. Care should be taken

that pellets are left intact when supernatants are removed by suction. The use of a manu-

Table 1
Preparation of Calibrators, Tube Absorbance Assay
Calibrator (mg/mL) Dilution H2O (µL) µg GAG in 50µL

0.4 80µl CsC stock 1920 20 µg
0.2 1000µl 0.4mg/mL 1000µl 10 µg
0.1 1000µl 0.2mg/mL 1000µl 5 µg
0.05 1000µl 0.1mg/mL 1000µl 2.5 µg
0.025 1000µl 0.05mg/mL 1000µl 1.25 µg

0.0125 1000µl 0.025mg/mL 1000µl 0.0625 µg
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ally operated syringe for suction and immediate removal of the supernatants after cen-
trifugation is therefore recommended. The tube should be held at an angle and in such a
way that the pellet and needle are visible during the entire operation. The needle should be
gradually lowered with the meniscus during suction and never be allowed to touch the pellet.

6. Add 500 µL of DMSO solution to the pellet. Mix thoroughly until the pellet is suspended
in the washing solution. Mix for 15 min on a shaker.

7. Centrifuge as in step 5. Remove supernatant and discard.
8. Add 500 µL Gu-prop-H2O solution to the pellet. Mix for 15 min on a shaker. Check that

the pellet is completely dissolved.
9. Dispense 2 × 240 µL of the supernatant into an ELISA-microplate. Read absorbance at

605 nm.
10. Plot the absorbances against amount of GAG in each calibrator (0–20 µg). The plot should be

a perfectly straight line with an absorbance of approximately 2.0 at 20 µg and blank values
below 0.05 (Fig. 1). High blank values may be caused by insoluble, degraded stain. The dry
Alcian blue stain has a limited shelf life, and some batches are not suitable for biochemical
work. The stock solution also has a limited shelf life, and it is important that the AB stock
solution be centrifuged in order to remove the insoluble portion of Alcian blue. Fit a linear
equation and calculate the amount of GAG in each sample. Alternatively, if only a single
calibrator concentration is used, a factor is calculated by dividing the calibrator (µg) by the
corresponding absorbance. The absorbance of the unknown samples is then multiplied by
the factor to obtain micrograms of GAG in each sample.
All commercial sulfated GAG samples (CsA, CsC, Ds, Ks , Hs) should give a similar colour
yield. HA, Hyaluronan, DNA, and RNA do not react with Alcian blue at all. There is no
interference from proteins in blood plasma (Fig. 1).

3.2. Preparation for Electrophoresis Without Removal of Alcian Blue
The GAG/PGs are allowed to precipitate in 0.4 M guanidine-HCl at pH 1.5 and

collected by centrifugation. Excess stain in the pellet is removed by washing in DMSO.

Fig 1. Tube assay of different GAG in blood plasma. Commercial preparations of glycosami-
noglycans were dissolved in water or in blood plasma (0–0.4mg/mL) and was quantitated with
Alcian Blue using the tube assay. -❏- Chondroitin-6-sulphate; -�- Keratan sulphate; -❍-
Heparan sulphate; Open symbols: GAG dissolved in water. Closed symbols: GAG dissolved in
blood plasma.



164 Karlsson and Björnsson

The GAG/PG/Alcian blue complexes are dissolved directly in an SDS buffer and ana-
lyzed by electrophoresis.

The SDS used to dissolve the GAG/PG–Alcian blue complexes will move in front
of any GAG/PG, Fig. 2. The relative mobility of the SDS–Alcian blue complexes will
depend on the ratio of SDS bound per Alcian blue molecule.

This method is useful for revealing losses during the propanol precipitation step  (see step
9 and 10 under Subheading 3.3.). Any losses can be detected by comparing the electrophore-
sis patterns of the same samples obtained as described under Subheading 3.2. and 3.3.

1. Take 100 µL of either blank (water), sample, calibrator or control to 2 mL  polypropylene
centrifuge tubes.

2. Add 100 µL of 8M GuHCl. Mix and leave for 15 min. Samples in 4 M guanidine-HCl are
analyzed without further addition of guanidine-HCl. Take 200 µL of the sample and go
directly to step 3.

3. Add 100 µL of SAT reagent. Mix and leave for 15 min.
4. Add 1500 µL of cold AB reagent. Mix and leave for 15min - overnight at 4°C.
5. Centrifuge for 15min at 12000g. Remove supernatant and discard.
6. Add 750 µL of DMSO solution to the pellet. Mix thoroughly; the pellets should be sus-

pended in the washing solution. Mix for 15 min.
7. Centrifuge as in step 5. Remove supernatant and discard.
8. Add 50 µL of TG × 3/2.5% SDS to pellets (sample, calibrator and control).
9. Quantitation may be performed as follows. Put 5 µL of each dissolved pellet on a

microtiter plate. Add 100 µL TG × 3/0.5% SDS to each well and mix. Use reverse
pipetting technique to minimize formation of bubbles. Read absorbance at 600 nm.

10. The amount of sample to be applied to each lane is calculated as follows. Divide the
calibrator (µg) by the corresponding absorbance. The absorbance of the unknown sample
is then multiplied by the factor to obtain micrograms of GAG in each sample. About 3–10
µg are suitable for electrophoresis. Add TG × 3/0.5% SDS to a final volume of 50 µL.

Fig. 2. Alcian blue precipitation without stain removal. Proteoglycans in 4 M Gu-HCL
extracts of cartilage and skin were precipitated with by Alcian blue as described under Sub-
heading 3.2. The samples were analyzed by electrophoresis in 1% agarose and stained with AB
reagent containing 0.4 M GuHCl. Lane 1; chondroitin-6-sulfate. Lane 2; 4 M Gu-HCl extract of
bovine nasal cartilage; Lane 3; 4 M Gu-HCl extract of human skin. The position of AB–SDS
complexes is indicated in the figure.
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11. Add 25 µL of liquified 1% agarose with 15% glycerol. Heat at 105°C for 5 min and apply
75 µL of the hot sample on each lane on a 1% agarose gel in 0.1 M Tris-Ac. Electro-
phorese for 1 h at 100 V, until the BFB front has moved 60 mm. Stain in AB-reagent with
0.4 M GuHCl (see Fig. 2.).

3.3. Preparation with Removal of Alcian Blue

The GAG/PGs are allowed to precipitate in 0.4 M guanidine-HCl at pH 1.5 and col-
lected by centrifugation. Excess stain in the pellet is removed by washing in DMSO. The
GAG/PG–Alcian Blue complexes are dissociated and dissolved in a 4 M guanidine-HCl/
propanol mixture. The GAG/PGs are precipitated by increasing the propanol concentra-
tion, with addition of a 71% propanol/guanidine-HCl mixture, and are then recovered by
centrifugation. The amount of GAG/PG is directly proportional to the Alcian blue con-
centration in the supernatant, measured as absorbance at 605 nm.

1. Put 100 µL of either blank (water), sample, calibrator, or control in 2-mL polypropylene
centrifuge tubes.

2. Add 100 µL of 8 M Gu-HCl. Mix and leave for 15 min. Samples in 4 M guanidine-HCl
are analyzed without further addition of guanidine-HCl. Take 200 µL of the sample and
go directly to step 3.

3. Add 100 µL of SAT reagent. Mix and leave for 15 min.
4. Add 1500 µL of cold AB reagent. Mix and leave for 15min to overnight at 4°C.
5. Centrifuge for 15 min at 12000g. Remove supernatant and discard.
6. Add 750 µL of DMSO solution to the pellet. Mix thoroughly; the pellets should be sus-

pended in the washing solution. Mix for 15 min.
7. Centrifuge as in step 5. Remove supernatant and discard.
8. Add 250 µL of Gu-prop-H2O to the pellet. Mix for 15 min or until the pellet is dissolved.
9. Add 1750 µL of Prop-gu. Mix and leave for 60 min . Loss of GAG/PG may occur during

propanol precipitation/centrifugation. Most proteoglycans will precipitate quantitatively
at a rather low propanol concentration but isolated GAG chains may not precipitate quan-
titatively. Thus, keratan sulfate require higher propanol concentrations than other GAGs,
Fig. 3. Any losses can be detected by comparing the electrophoresis patterns of the same
samples without propanol precipitation (see Subheading 3.2.) and with propanol precipi-
tation (see Subheading 3.3.).

10. Centrifuge for 15 min at 12000g. Remove the supernatant using a syringe. Read absor-
bance at 605 nm of the supernatant. The expected absorbance of the supernatant is 1.0 at
0.4 mg/mL (40 µg).

11. Add 750 µL of Prop-Tris to the pellet. Mix.
12. Centrifuge for 5 min at 12,000g. Remove the supernatant and discard. The pellet will

always contain some insoluble degraded Alcian blue. The dye in the pellet is not water
soluble, and can be sedimented by centrifugation. The concentration of propanol in the
Prop-gu solution, used for precipitation of GAG/PG, will affect the amount of Alcian
blue remaining in the pellet, Fig. 4. The amount of Alcian blue in the pellet also depends
on the GAG and is especially high with keratan sulfate, Fig. 4.

13. Dissolve the pellet in 50 µL TG × 3/0.1% SDS. The pellet may also be dissolved in water
or a buffer without SDS.

14. The amount of proteoglycan needed for electrophoresis may be calculated as above (see
Subheading 3.2., step10) and analyzed by electrophoresis (see Fig. 5).
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Fig. 3. Removal of Alcian blue stain: precipitation of GAG at different concentrations of
propanol. GAGs were precipitated by Alcian blue and the precipitates were dissolved in 250
µL of a 4 M GuHCl/33% propanol mixture as described under Subheading 3.3. GAGs were
precipitated by adding 1750 µL of a propanol/GuHCl mixture. The following propanol/GuHCl
mixtures were used: 67% propanol 2.66 M GuHCl; 69% propanol/2.48 M GuHCl; 71% pro-
panol/2.32 M GuHCl; 73% propanol/2.16 M GuHCl; 75% propanol/2.0 M GuHCl. The precipi-
tated GAGs, recovered by centrifugation, were again quantitated using the method of
Subsection 3.1. and the recovery calculated. -❏- Chondroitin-6-sulfate;  -�- Keratan sulfate; -
❍- Heparan sulfate.

Fig. 4. Removal of Alcian blue stain: coprecipitation of Alcian blue with GAG at differ-
ent concentrations of propanol. Same experiment as in Fig. 3. The amount of Alcian blue
that co-precipitated with GAGs after centrifugation was quantitated as absorbance at 620 nm
of the solubilized pellet. -❏- Chondroitin-6-sulfate;  -�- Keratan sulfate; -❍- Heparan sulfate.
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3.4. Purification of Difficult Samples

Some samples may contain material that precipitates at a low pH or that binds
unspecifically to Alcian blue. Such material may be removed by an extra Alcian blue
precipitation step as described below.

1. Put 100 µL of either blank (water), sample, calibrator, or control into 2-mL polypropy-
lene centrifuge tubes.

2. Add 100 µL of 8 M Gu-HCl. Mix and leave for 15 min.
3. Add 100 µL of SAT reagent. Mix and leave for 15 min.
4. Add 1500 µL of cold AB reagent. Mix and leave for 15 min to overnight at 4°C.
5. Centrifuge for 15 min at 12000g. Remove supernatant and discard.
6. Dissolve the pellet in 100 µL of H2O + 100 µL of 8 M GuHCl + 100 µL of SAT reagent.

Mix for 15 min.
7. Centrifuge for 15 min at 12000g. Transfer the supernatant to a new vial. Discard the

pellet. Alternatively, the pellet may be washed in DMSO-washing solution and dissolved
in TG × 3/2.5% SDS and analyzed by electrophoresis to verify that no GAG/PG are
present in the pellet, Fig. 6.

8. Continue at step 4 under Subheading 3.2. or 3.3.

3.5. Large-Scale Preparation

Large-scale preparation consists of two successive precipitations with Alcian blue
and is suitable for dilute samples such as plasma and urine. In the first precipitation step
the GAG/PGs are concentrated. When the first precipitate is dissolved and centrifuged,
any acid-insoluble material is left behind in the pellet. The supernatant will contain the
proteoglycans, which are further purified by a second Alcian blue precipitation.

The GAG/PG–Alcian blue complexes recovered after the second precipitation are
dissolved and dissociated in a 4 M guanidine-HCl/propanol mixture. The GAG/PG is
recovered free from stain by selective propanol precipitation.

Fig. 5. Alcian blue precipitation with stain removal. Proteoglycans in four different human
synovial fluids were precipitated by Alcian blue as described under Subheading 3.3. The
samples were analyzed by electrophoresis in 1% agarose and stained with AB-reagent contain-
ing 0.4 M Gu-HCl.
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Table 2
Sample of Results with Large Scale Preparation Method

Dispensed Total Total Approx.
volume volume absorbance amount of

Fraction Absorbance (mL) (mL)  GAG/PG µg

Step 5—supernatant 1.86 0.1 3.75 69.7 348
Step 8—supernatant 0.51 0.2 10 25.5 127
Step 11—supernatant 1.97 0.24 6.8 55.8 279
Final quantitation of 100 µL1.75 × 5 0.24 0.5 45.5 227

The amount of GAG is directly proportional to the Alcian blue concentration in the
supernatant, measured as absorbance at 605 or 620 nm.

Recovery of GAG/PG throughout the procedure is approximately 70%. The main
losses are in the propanol precipitation/centrifugation step (see Table 2). The size
distribution and purity of the purified preteoglycans could be analyzed by agarose
electrophoresis and parallel lanes stained with Coomassie Brilliant blue and Alcian
blue, Fig. 7. The proportions given below can be applied at any scale.

1. Put a 25 mL sample in a 50 mL propylene tube. Add 2.5 mL 8 M Gu-HCl and 1.25 mL
10% Triton. Mix and leave for 15 min.

2. Add 2.5 mL of the Alcian blue stock solution. Mix carefully and leave for 15 min.
3. Add 0.67% (v/v) H2SO4 up to 50 mL. Leave overnight at 4°C.
4. Centrifuge at 3300g, 60 min. Remove the supernatant and discard. Let the tube drain

upside down.

Fig 6. Purification of difficult samples. Proteoglycans in human blood plasma were precipi-
tated with Alcian blue and the pellets extracted with a mixture of 4 M Gu-HCl/SAT-reagent
and centrifuged as described under Subheading 3.4. The extracted proteoglycans in the super-
natant were reprecipitated as described under Subheading 3.2. The pellet was washed in DMSO
washing solution and dissolved in TG × 3-2.5% SDS. The samples were analyzed by electro-
phoresis in 1% agarose and stained with AB-reagent containing 0.4 M GuHCl. Lane 1; superna-
tant from Subheading 3.4., step 7; Lane 2; pellet from Subheading 3.4., step 7. The position
of AB - SDS complexes is indicated in the figure.
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Fig. 7. Large scale preparation. Proteoglycans were prepared from human blood platelets
with two successive precipitations with Alcian Blue as described under Subheading 3.5. The
purified proteoglycans were analyzed by electrophoresis in 1% agarose.Lane A: stained with
AB - reagent with 0,4 M GuHCl. Lane B: stained with Coomassie Brilliant Blue in 5% (v/v)
acetic acid - 25% (v/v) ethanol.

Fig. 8. Dot-blot assay. Heparan sulfate calibrator (0–80 mg/L), dissolved in water (A) or in blood
plasma (B), was precipitated with Alcian blue and the GAG precipitates collected on a PVDF mem-
brane by filtration in a dot-blot apparatus. The membrane was scanned on a single layer of clear plastic.
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5. Add 1.25 mL of 8 M Gu-HCl, and 1.25 mL of H2O, and 1.25 mL of SAT reagent. Mix for
15 min. Centrifuge at 3300g for 15min. Transfer the supernatant to another tube. Deter-
mine absorbance of a suitable volume at 605 nm.

6. Add 22.5 mL of AB reagent. Leave for 2 h. Centrifuge at 3300g for 1h. Remove the
supernatant and discard. Let the tube drain upside down.

7. Add 10 mL of DMSO washing solution and mix until the pellet is suspended. Mix for 15 min.
8. Centrifuge at 3300g for 20 min. Remove the supernatant and determine absorbance of a

suitable volume at 605 nm. Let the tube drain upside down.
9. Dissolve the pellet in 1000 µL of Gu-prop-H2O solution (prepared without Ficoll). Mix

for 30 min or until the pellet is completely dissolved. Divide into four 2 mL propylene
vials (approximately 250 µL/vial).

10. Add 1750 µL of Prop-gu solution. Leave for 1h to precipitate the GAG/PG.
11. Centrifuge at 12,000g for 15 min. Remove the supernatants carefully, using a syringe, to

new tubes. Determine absorbance of a suitable volume at 605 nm. Loss of GAG/PG may
occur during the propanol precipitation/centrifugation in steps 10–11. Such losses are
revealed by comparison of the total absorbances calculated in step 11 and 13 (see Table 2).

12. Add 750 µL of Prop-Tris solution to the pellet. Mix. Centrifuge at 12,000g for 15 min.
Remove the supernatant and discard. Let the tube drain upside down. Enzymatic degrada-
tion of GAG/PG is inhibited if propanol is present in the pellet. Propanol may be evapo-
rated by drying at 37°C. Too intensive drying should be avoided, since the GAG/PG may
be difficult to redissolve.

13. Dissolve the pellet in a suitable buffer (see Note 1). Take a suitable volume for quantitation
(see Subheading 3.1.). Calculate total absorbance and the amount of GAG/PG.

Calculation. The recovery of GAG/PG in each step may be monitored by taking
the absorbance of a suitable portion and calculating the total absorbance. Care should
be taken not to exceed the actual absorbance range of the instrument since most ELISA
photometers are only reliable below an absorbance of 2.0. Calculate the total absor-
bance as follows: total volume of supernatant /volume in ELISA well × A605. The
approximate amount of GAG/PG is obtained by multiplying by 5.

The following results in Table 2 were obtained when 250 µg of shark CsC were
dissolved in 25 mL of human blood plasma. The absorbance was measured in each of
the steps indicated above. The purified GAG/PG was dissolved in 500 µL 4 M guani-
dine-HCl and 100 µL were taken for final quantitation (see Subheading 3.1.).

Comments: The figure obtained for step 5—supernatant overestimates the amount
of GAG/PG since it also contains some co-precipitating dye. This dye is removed by
washing in DMSO. The figure obtained for step 8—supernatant overestimates the
amount of dye washed away since the molar absorbance coefficient of Alcian blue is
higher in DMSO than in guanidine-HCL solution. The figure obtained for step 11—
supernatant is always higher than that obtained by final quantitation of the redissolved
purified GAG/PG sample. This is presumably because of GAG/PG losses during the
propanol precipitation/centrifugation in step 11 or by incomplete solubilization in step 13.

3.6. Dot-Blot Reflectance Assay (see Table 3)
The Alcian blue–GAG complexes are collected on a PVDF membrane, by filtration

in a dot-blot apparatus, and the stain quantitated as reflectance by scanning and densi-
tometry. The assay requires 10 µL of sample and has a measuring range of 10–800 ng
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of GAG. No interference from plasma proteins is evident when chondroitin sulfate,
keratan sulfate or heparan sulfate is dissolved in a blood plasma with low endogenous
GAG content (see Fig. 8). The dot-blot assay is sensitive enough to measure the
amount of GAG released upon coagulation; that is serum values (see Fig. 10) are
much higher than plasma values (see Fig. 9).

1. Put 10 µL of either blank (water), sample, calibrator, or control in duplicate in a 96-well
polystyrene microplate. All six calibrator levels, plus blank, should be used, as the cali-
bration curve is nonlinear.

2. Add 20 µL of a 1/1 mixture of 8 M GuHCl and SAT reagent.
3. Mix on a microplate shaker at 200 rpm for 15 min.
4. Add 200 µL of cold AB reagent. Mix as above for 60 min.
5. Assemble a 96-well MilliBlotD apparatus according to the instructions of the manufac-

turer, using a PVDF membrane wetted and blocked for 1 h in 1% (v/v) Triton X-100.
6. Add 200 µL of 0.4 M Gu-HCl/0.1% (v/v) sulfuric acid/0.25% (v/v) Triton X-100 to each

well immediately upon assembly (see Note 2). Evacuate approximately 100 µL by suc-
tion. Close the outlet tubing with a rubber stopper.

7. Transfer 200 µL of the samples from the microplate using an eight-channel pipet and the
reverse pipetting technique. Precipitates of GAG/PG–Alcian blue may form during incu-
bation in step 4. Any precipitates present at this point can be dispersed by repetitive
pipetting in the microplate well before transfer.

8. Evacuate the wells by suction.
9. Add 200 µL of 50% (v/v) ethanol in 0.05 M MgCl2 and evacuate the wells by suction.

Repeat once
10. Remove the membrane from the apparatus and wash briefly in distilled water before air

drying. High blank values are caused by degraded Alcian blue stain. Degradation may
occur both in dry form and in liquid preparations (stock or AB reagent).

11. Scanning. Scanning is performed in the reflectance color mode with the gamma curve set
at 1.0 and the dynamic range adjusted by positioning the 256 gray scales over the actual
range displayed in the histogram window. The membrane is placed on top of one trans-
parent plastic sheet in order to increase the sensitivity. The green and blue channels are
discarded. The red channel is saved in gray-scale mode, Fig. 8.

12. Densitometry. The Scan Analysis software for Macintosh from Biosoft® (Cambridge, UK)
is used for densitometry (see Note 3). The manual mode is used without background
subtraction, and the densitometry is performed on a rectangle encompassing two dots of a

Table 3
Dot-Blot Reflectance Assay

Calibrator Dilution H2O GAG in 10µl

80 16 µL CsC stock 1984 800
40 1000 µL 80 mg/L 1000 400
20 1000 µL 40 mg/L 1000 200
10 1000 µL 20 mg/L 1000 100

5 1000 µL 10 mg/L 1000 50
2.5 1000 µL 5 mg/L 1000 25
1.25 1000 µL 2.5 mg/L 1000 12.5
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Fig. 9. Dot-blot assay of different GAGs in serum. Commercial preparations of glycosami-
noglycans were dissolved in water or in serum (0-80 mg/L) and quantitated with Alcian blue
using the dot-blot assay-❏- Chondroitin-6-sulfate; � Keratan sulfate; -❍- Heparan sulfate;
open symbols, GAG dissolved in water. Closed symbols, GAG dissolved in serum.

Fig.  10. Dot-blot assay of different GAGs in blood plasma. Commercial preparations of gly-
cosaminoglycans were dissolved in water or in blood plasma (0-80 mg/L) and quantitated with
Alcian blue using the dot blot assay. -❏- Chondroitin-6-sulphate; � Keratan sulphate; -❍-
Heparan sulphate; open symbols, GAG dissolved in water; closed symbols, GAG dissolved in
blood plasma.
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duplicate sample. The non linear relationship between reflectance and concentration is
evident (see Figs. 9 and 10).

13. Curve fitting. The arbitrary units obtained in Scan Analysis are pasted into the Ultra Fit
software from Biosoft® and multiplied by 0.01 in order to get manageably sized fac-
tors (see Note 3). The densitometry units (x axis) are plotted against the calibrator
values (y axis). The Cubic equation (a third-degree polynomial) is used for curve fitting.
In order to prevent minima appearing within the fitted curve, parameter c should be re-
stricted to values > 0. The fitted equation is used to calculate the concentration of un-
known samples.

4. Notes

1. The pellet will always contain some degraded Alcian blue, which is not water soluble and
can be sedimented by centrifugation.

2. Uneven spots caused by air bubbles present underneath the membrane are prevented by
always having excess fluid beneath and above the membrane when assembling the appa-
ratus and applying the samples. Therefore, buffer should be added to each well immedi-
ately upon assembly.

3. Densitometry and curve fitting may be performed with any suitable software. A third-
degree polynomial or any other suitable equation may be used for curve fitting.
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Cellulose Acetate Electrophoresis of Glycosaminoglycans

Yanusz Wegrowski and Francois-Xavier Maquart

1. Introduction
Electrophoresis on cellulose acetate membrane (zone electrophoresis) is a common

method for qualitative and semiquantitative analysis of glycosaminoglycan (GAG)
mixtures. The advantage of this method is its simplicity, rapidity, the possibility of
processing several samples at the same time, and the low cost of analysis. Apart from
cellulose acetate strips and electrophoresis apparatus, usually applied in diagnostic
laboratories for serum protein electrophoresis, no special equipment is needed (see
Note 1). Several original papers and book chapters describe this technique in different
running conditions; the most common is a monodimensional electrophoresis in biva-
lent cation buffer or pyridine/formiate buffer (1–3). However, no simple system can
separate all known GAGs in one run. The separation of different GAGs in one dimen-
sion can be done by a several steps method described by Hopwood and Harrison (4),
requiring careful temperature control and selective ethanol precipitation after each
run. Alternatively, the GAGs can be separated by a two-dimensional method (5), but
only one sample at once may be applied on the cellulose acetate sheet. The scope of
this chapter is to describe a simple method for rapid separation and visualization of the
most common GAGs from tissue or cell culture. Comparison of electrophoretic pro-
files before and after selective enzymatic treatment (see Chapters 32-36) or HNO2

depolymerization of heparin/heparan sulfate (6) allows characterization in a single run
of the major fractions of GAGs in a given sample.

Glycosaminoglycans should be displaced from the protein core of proteoglycans
before analysis. This can be done by exhaustive digestion of proteins with nonspecific
proteases such as pronase or papain (7). Apart from corneal keratan sulfate, which is
bound to protein via an N-glycosyl linkage between N-acetylglucosamine and the amide
group of asparagine, O-glycosyl covalent bonding can be alternatively disrupted by a
beta-elimination reaction, which liberates all linked GAGs from the protein core (8).
The GAG samples have to be desalted and sufficiently concentrated (see Note 2). Tissue
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or body fluids usually contain sufficient amounts of GAGs to be detected by cationic
dye staining without radioactive labeling (see Chapter 16). The limit of Alcian blue
staining in the case of electrophoresis is about 100 ng of individual GAG. The tech-
niques that use Safranin O (9) or ruthenium red (10) staining have a detection limit
even 100-fold lover, but they are complicated to use. When working with cell culture,
one can easily radiolabel the GAGs with 35S-sulfate and/or 3H-glucosamine. Tritium
labeling also permits the study of nonsulfated GAGs, such as hyaluronan or chon-
droitin. The methods for 35S-sulfate labeling as well as beta-elimination are described
elsewhere (8).

We present here two simple variants of cellulose acetate electrophoresis. The first
one, published originally by Wessler (11), permits the separation of hyaluronan,
heparan sulfate, galactosaminoglycans (dermatan and chondroitin sulfates), and hep-
arin in 0.1 M HCl. The second one was used to separate galactosaminoglycans in 0.1
M zinc acetate, pH 5.1. If the electrophoresis is performed first in zinc acetate and then
in HCl, the separation of five glycosaminoglycans can be done. The simple method of
selective detection of 35S-sulfate vs 3H-glucosamine is also described.

2. Materials

2.1. Electrophoresis of Glycosaminoglycans

1. Cellulose acetate strips and electrophoresis apparatus (e.g., Titan III cellulose acetate plates
and Titan Zip Zone Chamber from Helena Research Laboratories, Beaumont, TX, USA, or
Sebiagel® and Electrophoresis Apparatus from Sebia, Issy-les-Moulineaux, France).

2. Glycosaminoglycan standards (Sigma, St. Louis, MO, USA). Dissolve each glycosami-
noglycan in deionized water at concentration 1 mg/mL. This is stable indefinitely if frozen.

3. 0.1 M  zinc acetate buffer, acidified to pH 5.1 with acetic acid.
4. 0.1 M HC1.
5. Absolute ethanol.
6. Phenol red (Sigma). Saturated aqueous solution.
7. A microsyringue for sample application (e.g., Hamilton).

2.2. Staining with Alcian Blue
1. Stock solution of Alcian blue 8GX (Sigma): Prepare 0.4% (m/v) solution in absolute

ethanol. Filter through cotton or Kleenex or Büchner funnel. Stable indefinitely in the dark.
2. Staining buffer: 0.05 M Natrium acetate containing 0.1 M MgCl2, pH 5.8. Sodium azide

0.05 % (m/v), may be added to prevent bacterial development. Store at 4°C.
3. Staining solution: Mix 1-to-1 stock Alcian solution with staining buffer. May be reused

several fold until the formation of precipitate.
4. Destaining solution: Mix 1-to-1 staining buffer with ethanol.

2.3. Autoradiography of Glycosaminoglycans
1. Glycerol 2% (v/v) in absolute ethanol.
2. PPO solution: Dissolve PPO (2,5-diphenyloxasol, Merck, Darmstadt, Germany), 2%

(m/v) in glycerol-containing ethanol.
3. Autoradiography cassette with intensifying screens and autoradiography film.
4. Saran Wrap foil.
5. Developing facilities.
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3. Method

3.1. Electrophoresis
1. Soak cellulose acetate membrane for at least 10 min in electrophoresis buffer with gentle

agitation (see Note 3).
2. Fill the electrode chambers with the same buffer.
3. Blot the membrane in filter paper to remove the excess of liquid. Do not dry. Immediately

install in electrophoresis apparatus (see Note 4).
4. Starting 8 mm from one border and about 1 cm from cathode (–) end, mark with a phenol red

a series of 5-mm traits indicating the places for sample loading. Leave a space of 5 mm
between the traits. Let the liquid dry.

5. Apply samples or standards by portions not exceeding 3 µL. Let the liquid dry every time.
Optimal loading quantity for staining is the equivalent of 1 µg of standard GAG and, for
autoradiography, 40,000 cpm as 35S-sulfate.

6. Run the electrophoresis at room temperature for 2 h at constant voltage. The current at the
beginning should not exceed 1 mA/cm of width for zinc acetate or 1.5 mA/cm for HCl
(see Note 5).

7. If the electrophoresis is performed in 0.1 M HCl, fix the membrane (see step 9). If it is
done in zinc acetate buffer, remove the membrane and soak it for about 1 min in 0.1 M
HCl. At the same time, fill the buffer tanks of apparatus with 0.1 M HCl.

8. Blot and reinstall the membrane. Continue the electrophoresis for 1 h at the same
current.

9. After electrophoresis, the GAGs are fixed by soaking the membrane for about 1 min in
absolute ethanol.

3.2. Staining
1. Soak the membrane in Alcian blue staining solution for 30 min with gentle agitation.
2. Wash the membranes in three baths of destaining solution (see Note 6).
3. Wash the membranes in water if scanning or photography have to be performed. The color

is stable for several days. Figure 1a shows an example of electrophoresis of tissue GAGs
performed in zinc acetate/HCl solutions, followed by Alcian blue staining.

4. To dry the membranes, place them in anhydrous methanol for 1 min with gentle agitation,
then transfer for exactly 1 min to freshly prepared 18% (v/v) acetic acid in methanol. The
membranes are removed, deposited on glass plates, and dried at 80°C for 10 min. After
cooling at room temperature, the membranes are unstuck from the glass plate with a spatula
or scalpel. They may be stored indefinitely.

3.3. Autoradiography
1. Wash the membrane containing the radiolabeled GAGs in ethanolic glycerol. If the

labeling was performed with only one isotope, wash the membrane directly in PPO
solution (see step 2). Dry between Whatman filter papers. Install in cassette. Cover
with Saran foil and autoradiography film in a dark room. Keep at –80°C for 24 h for
40,000 cpm as 35S-sulfate deposited. Less isotope needs longer exposition time.
Develop the film. Figure 1b shows an example of electrophoresis in 0.1 M HCl and
direct autoradiography.

2. For tritium autoradiography, wash the membrane in PPO solution. Dry and reexpose as
above. (Fig. 1c).

3. Optionally, after autoradiography, the bands can be excised, dissolved in xylene, and
counted by liquid scintillation.
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4. Notes
1. Any horizontal electrophoresis apparatus may be easily adapted to support cellulose acetate

strips. The strips are lying in the gel platform and are connected with the electrode cham-
bers (buffer tanks) by Whatman no. 1 filter paper. Do not submerge the membrane.

2. The salts provoke lateral diffusion of GAGs. It can be easily eliminated by dialysis or
gel-filtration. Precipitated GAGs can be desalted by successive washing with 90%
ethanol and absolute ethanol, drying, and dissolving in water. For practical reasons,
maximal volume for electrophoresis should not excess 10 µL.

3. Use zinc acetate or HCl as electrophoresis buffer. Keep the liquid at 4°C before electrophoresis.
4. The membranes do not dry in the electrophoresis tank when the extremities sink in

the buffer.
5. The electrophoresis in zinc acetate buffer is performed at 80 V for a membrane of 10 cm

length and that performed in 0.1 M HCl at 40 V for the same membrane dimension.
6. If necessary, the membrane can be destained overnight at room temperature in a covered

tank, to avoid ethanol evaporation.

Fig. 1. Examples of electrophoresis in zinc acetate and HCl of tissue GAGs (A) and electro-
phoresis in HCl of 35S-sulfate and 3H-glucosamine labeled GAGs extracted from MRC5
fibroblast’s culture medium (B,C). Panel (A) shows the separation of 1 µg (as uronic acid) of
GAGs from fibrous tissue obtained from patient with type IV Ehlers-Danlos syndrome (1,2)
and control fibrous tissue (3,4) before (1,3) and after (2,4) chondroitinase AC treatment (12).
The GAGs were stained with Alcian blue. Note the higher proportion of dermatan sulfate in
control tissue. The panels at right (B,C) show the electrophoresis of the secreted, radiolabeled
GAGs from control cells (5,5') and the cells stimulated with 5 ng/mL each of TGFβ and EGF
(6,6'). Ten thousand cpm of 35S-sulfate were deposited on each lane. The electrophoresis was
autoradiographied before (B) and after (C) impregnation with 2% (m/v) PPO. The migration
position of chondroitin sulfate (CS), dermatan sulfate (DS), heparan sulfate (HS), and
hyaluronan (HA) standards are indicated on the margins. The bi-directional arrow indicates the
application points. Anode and cathode extremities are indicated by (+) and (–), respectively.
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Disaccharide Composition
in Glycosaminoglycans/Proteoglycans Analyzed
by Capillary Zone Electrophoresis

Nikos K. Karamanos and Anders Hjerpe

1. Introduction

During the past decade, the use of fully automated equipment for capillary electro-
phoresis (CE) has made this a routine method for the study of soluble analytes. The
separation of such compounds in capillaries (20–200 µm id) and in strong electric
fields (around 50 kV/m) seems to be exceptionally efficient for separating both large
and small molecules. The most common type of CE is capillary zone electrophoresis
(CZE), which is done with the separation buffer free in an otherwise empty capillary.
These separations, in principle, share some features not only with gel electrophoresis
but also with high-performance liquid chromatography (HPLC), and they provide a
unique combination of both analytical techniques. CZE is therefore an alternative to
HPLC and it is sometimes advantageous because there are no problems related to
laminar flow and other wall effects.

Other advantages of CZE, compared to HPLC and gel electrophoresis, are that it is
more friendly to the user and the environment. Only minute amounts of solvents are
needed, and the use of aqueous separation buffers in open capillaries eliminates the
need for toxic organic solvents and acrylamide.

The migration of analytes toward the detector depends on two main factors: electro-
phoretic mobility (EM), due to the net charge of the analyte; and electroosomotic flow
(EOF) of the free solution, caused mainly by dissociation of silanol groups in the capil-
lary glass wall and migration of resultant H3O+ toward the anode. Both these effects can
be modulated to change the separation. The net charge of the analyte is readily modified
by ion pairing or ion suppression. The EOF of the solution depends on the pH and can be
completely blocked by the inclusion of detergents in the separation buffer or by coating
the inner capillary surface with hydrophobic agents or surfactants.
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Modern detectors yield an electropherogram that is similar to a chromatogram. The
ideal flow characteristics and resultant high resolution provide a considerably higher
sensitivity than HPLC in terms of analyte amounts, while the short light paths through
the detection window of the capillary often necessitate concentrations similar to those
of HPLC. Stacking of injected material, however, sometimes creates deviations from
this general rule to give exceptional sensitivity (1). Another way to improve the sensi-
tivity is to derivatize the analytes with fluorescent tags, allowing the use of laser-
induced fluorescence (LIF) detection (2,3).

The proteoglycans (PGs) with their glycosaminoglycan (GAG) side chains are
involved in a wide range of biological processes. Although the GAGs are synthesized
to yield only a few main types, the possible variations in structure are enormous (4).
Our knowledge of the structural background of specific GAG interactions and their
biological importance increases with improved methods for elucidation of the fine
structure. In such studies, CE can be powerful as an alternative tool or complement to
other analytical techniques. The various methods developed in this context have
recently been reviewed (5,6).

In this chapter we present protocols for the analysis of ∆-disaccharides obtained
from digestion of GAGs with specific lyases. These separations can be used to obtain
information on the total amounts of hyaluronan (HA) and galactosaminoglycans
(GalAGs)—i.e., chondroitin sulfate (CS) and dermatan sulfate (DS) (7)—and the disac-
charide composition of these GAGs, the latter including the type of uronic acid in DS,
sulfation patterns in CS/DS (1) or heparan sulfate (HS)/heparin, and the extent of N-acetyla-
tion in heparin/HS (8,9). A strategy for analyzing all these GAGs is shown in Fig. 1.

Fig. 1. A possible strategy to identify and analyze GAGs.
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To our knowledge, there are no CZE-based methods for analyzing keratan sulfate dis-
accharide composition, although the availability of specific keratanases would make
such separations possible.

2. Materials

2.1. Total Content of HA and GalAGs
1. Digestion buffer: 25 mM Tris-HCl, pH 7.5. The buffer is passed through a 0.2-µm mem-

brane filter and kept at –20°C pending use.
2. Standard HA/CS solution: Prepare stock solutions with HA and CS (preferably use CSA of

mammal origin), each containing 1.0 mg/mL. Determine the exact GAG content in each
solution colorimetrically (for example, by the carbazole reaction). Make a standard solution
with 1 mL of each stock solution and 8 mL of the digestion buffer. Divide in portions and
store at –20°C until use.

3. HA/GalAGs degradation buffer: Dissolve chondroitinases ABC and AC as well as
chondrosulfatases-4 and -6 in the digestion buffer, so as to give 1 unit/mL. An equi-unit
mixture of all lyases is then prepared by mixing 10 µL of each enzyme to produce 40 µL
of the buffer containing 0.01 unit of each enzyme (see Note 1).

4. Capillary: Uncoated fused-silica (75-µm id, effective length 50 cm) (see Note 2).
5. Operating buffer: 15 mM sodium orthophosphate buffer, pH 3.0. The buffer is passed

through a 0.2-µm membrane filter, divided into portions of 1 mL, and kept at –20°C
pending use (see Note 3).

6. 0.1 M NaOH, prepared in 2 × distilled water and passed through a 0.2-µm membrane filter.
7. Centricon 3 membrane (cutoff  3000 daltons) microfuge tubes.

2.2. Structural Characterization of GalAGs

2.2.1. Analysis of ∆-Disaccharides Using Ultraviolet Detection
1. Digestion buffer I: 50 mM Tris-HCl, pH 7.5. The buffer is passed through a 0.2-µm mem-

brane filter and kept at –20°C pending use.
2. Standard ∆-disaccharides: Prepare a stock solution (1.0 mg/mL) of nonsulfated (∆di-nonSCS/DS),

monosulfated (∆di-mono2S, ∆di-mono4S, and ∆di-mono6S), disulfated [∆di-di(4,6)S,
∆di-di(2,4)S, ∆di-di(2,6)S, previously referred to as E, B, and D types] and trisulfated
[∆di-tri(2,4,6)S, also referred to as ∆di-triS] chondro-/dermato-derived ∆-disaccharides by
dissolving the various disaccharides in digestion buffer I. Make serial dilutions (1/10,000,
1/5,000, and 1/1,000) in digestion buffer I so as to prepare standard ∆-disaccharide solu-
tions of  0.1, 0.2, and  1.0 µg/mL.

3. GalAGs degradation buffer: Dissolve chondroitinases ABC and AC in digestion buffer I to
give 1 unit/mL. An equi-unit mixture of both lyases is then prepared by mixing 10 µL of
each enzyme solution with 20 µL of digestion buffer I to produce 40 µL of the GalAG
degradation buffer containing 0.01 unit of each chondroitinase (see Note 1).

4. Operating buffer: 15 mM sodium orthophosphate buffer, pH 3.0. The buffer is passed
through a 0.2-µm membrane filter, divided in portions of 1 mL, and kept at –20°C, pending
use (see Notes 3 and 4).

2.2.2. Analysis of ∆-Disaccharides Using Laser-Induced Fluorescence

1. Derivatizing agent: 0.1 M 2-aminoacridone (AMAC) is dissolved in glacial acetic acid/
DMSO (3/17 v/v).

2. Reductive agent: 1 M NaCNBH3 dissolved in 2 × distilled water.
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2.2.3. Structural Characterization of DS
1. DS degradation buffer I: Chondroitinase AC is prepared by dissolving the enzyme in

digestion buffer I to give 1 unit/mL. Then 10 µL of the enzyme solution is mixed with
30 µL of digestion buffer I to produce 40 µL of DS degradation buffer I containing 0.01
unit of  the enzyme.

2. Digestion buffer II: 50 mM Tris-HCl, pH 8.0. The buffer is passed through a 0.2-µm
membrane filter and kept at –20°C, pending use.

3. DS degradation buffer II: Chondroitinase B is prepared by dissolving the enzyme in diges-
tion buffer II to give 1 unit/mL. Then 10 µL of the enzyme solution is mixed with 30 µL of
digestion buffer II to produce 40 µL of DS degradation buffer II, containing 0.01 unit of  the
enzyme (see Note 1).

2.3. Disaccharide Composition of heparin/HS
1. Digestion buffer III: 20 mM sodium acetate/acetic acid buffer, pH 7.0. The buffer is passed

through a 0.2-µm membrane filter and kept at –20°C pending use.
2. Standard ∆-disaccharides: Prepare a stock solution (1.0 mg/mL) of nonsulfated (acetylated

∆di-nonSHS, also referred to as a∆di-nonSHS or nonacetylated ∆di-nonSHS), monosulfated
(a∆di-mono6SHS, ∆di-mono6SHS, a∆di-mono2SHS, ∆di-mono2SHS, and ∆di-monoNSHS),
disulfated [a∆di-di(2,6)SHS, ∆di-di(2,6)SHS, ∆di-di(2,N)SHS, and ∆di-di(6,N)SHS], as
well as trisulfated [∆di-tri(2,6,N)SHS, also referred to as ∆di-triSHS] heparin-/HS-
derived ∆-disaccharides, by dissolving the various disaccharides in digestion buffer III.
Make serial dilutions (1/10,000, 1/5,000 and 1/1,000) in digestion buffer III to pre-
pare standard ∆-disaccharide solutions of  0.1, 0.2, and  1.0 µg/mL.

3. Heparin/HS degradation buffer: Dissolve heparin lyases I (EC 4.2.2.7), II (no EC number),
and III (EC 4.2.2.8) in digestion buffer III to give 1 unit/mL. An equi-unit mixture of all
three lyases is then prepared by mixing 10 µL of each enzyme solution with 10 µL of
digestion buffer III to produce 40 µL of the heparin/HS degradation buffer containing 0.01
unit of each heparin lyase (see Notes 1 and 5).

4. Operating buffer: 15 mM sodium orthophosphate buffer, pH 3.5. The buffer is passed
through a 0.2-µm membrane filter, divided in portions of 1 mL, and kept at –20°C pending
use (see Notes 3 and 6).

3. Methods

3.1. Total Content of HA and GalAGs
Biological samples or isolated GAGs can be easily analyzed for their content of

HA and total GalAGs, that is, CS and DS, by complete depolymerization of these
GAGs with a combination of specific lyases and chondrosulfatases. Combining
chondroitinases ABC and AC, both HA and GalAGs are converted to ∆-disaccha-
rides. Those derived from HA are nonsulfated and those from GalAGs contain vari-
ous numbers of sulfates. Most sulfate groups in mammals are esterified at C-4 and C-6
of the GalNAc and are eliminated by using digestion with both chondrosulfatases-4
and -6. Therefore, all HA is recovered in the ∆di-nonSHA peak and both CS and DS in
the ∆di-nonSCS/DS peak (see Fig. 1). These two peaks are completely resolved and the
contents of HA and total GalAGs are estimated using the following protocol. (See Note 7.)

1. Dissolve the samples containing approximately 0.1–10 µg of HA and/or GalAGs in 10
µL of digestion buffer. Place 10 µL of the HA/CS standard solution in separate vials.
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2. Add 40 µL of HA/GalAGs degradation buffer to the samples and standards. Digest for 90
min at 37°C (see Notes 8 and 9).

3. To remove nondegraded HS and protein/proteoglycans, centrifuge the digestion mixture on
a Centricon 3 membrane at 11,000g for 5 min (see Note 10).

4. Place a 5 - 10-µL portion of the filtrate in the electrophoresis vials and keep at 4°C pend-
ing use.

5. Start the CE instrument (see Note 11) and set the detector wavelength at 232 nm.
6. Prepare the software of CE instrument as follows:

a. Rinse the capillary with 0.1 M NaOH for 1 min.
b. Condition the capillary with operating buffer for 4 min (see Note 12).
c. Inject the sample at the cathode (reversed polarity), using the pressure mode

(500 mbar × s) (see Note 13).
d. Run the samples for 15 min at 40 kV/m and 25°C (see Notes 2 and 14).
e. Before each run, rinse and condition the capillary as in steps 6a, b.

7. After every four injections of the samples, inject the standard solution to check the perfor-
mance of the electrophoresis.

8. Calculate the amount of HA and total GalAGs, using the peak areas estimated and the
standard curve (see Fig. 2) (see Notes 8, 15 and 16).

3.2. Disaccharide Composition of GalAGs

3.2.1. Analysis of ∆-Disaccharides Using Ultraviolet Detection
Following digestion of samples containing CS and/or DS with both chondroitinases

ABC and AC, all constituent nonsulfated and variously sulfated disaccharides of these

Fig. 2. Typical CZE profile obtained by combined digestion of HA and CS and/or DS with
chondroitinases ABC and AC and chondrosulfatases-4 and -6. (Reprinted with permission
from ref. 7.)
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GAGs are recovered as ∆-disaccharides. All CS/DS-derived ∆-disaccharides are
completely resolved and determined using direct UV detection with the following
protocol.

1.  Dissolve the samples containing approximately 0.1–10 µg of CS and/or DS in 10 µL of
digestion buffer I.

2. Add 40 µL of GalAGs degradation buffer to the samples and digest for 90 min at 37°C
(see Note 7).

3. Centrifuge the digestion mixture in a microfuge tube at 11,000g for 5 min (see Note 8).
4. Place aliquots of the supernatant in the electrophoresis vials and keep at 4°C pending use.
5. Start the CE instrument, adjust the detector wavelength at 232 nm, prepare to use the method

and analyze the samples, as described under Subheading 3.1, steps 6–8. (see Fig. 3A).

Fig. 3. Electropherograms showing the resolution of GalAG-derived ∆-disaccharides follow-
ing degradation of CS/DS with chondroitinases ABC and AC. (A) Direct UV detection at 232 nm
and (B) derivatization of the ∆-disaccharides obtained with fluorescent tag 2-aminoacridone and
detection using LIF (λexc 488 nm). In both cases, analysis is performed using 15 mM phosphate
buffer, pH 3.0. Peaks: 1 = ∆di-tri(2,4,6)S; 2 = ∆di-di(2,6)S; 3 = ∆di-di(2,4)S; 4 = ∆di-di(4,6)S; 5
= ∆di-mono2S; 6 = ∆di-mono4S; 7 = ∆di-mono6S; 8 = ∆di-nonSCS/DS; 9 = ∆di-nonSHA. Reprinted
from refs. 1 and 2, copyright 1995, 1999 Elsevier Science, with permission.
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3.2.2. Analysis of ∆-Disaccharides Using Laser-Induced
Fluorescence (LIF)

To obtain higher sensitivities, LIF detection can be used to determine CS- and/or
DS-derived ∆-disaccharides. Therefore, following the same digestion scheme as in
Subheading 3.2.1., the variously sulfated CS- and/or DS-derived ∆-disaccharides
can be easily converted to fluorescent derivatives by reductive amination with
AMAC. CS/DS-derived sulfated ∆-disaccharides are completely separated by
reversed-polarity CZE and determined with Ar-laser source LIF detection, using the
following protocol.

1. Evaporate standard ∆-disaccharides and digestion mixtures in a microfuge tube at low
temperature.

2. Add 5 µL of each of the derivatizing and reductive agents to the dry residues.
3. Incubate the mixture at 45°C for 2 h (see Note 7).
4. Evaporate the mixtures to dryness, reconstitute in 50% DMSO, transfer to the electrophore-

sis vials and keep at 4°C pending use.
5. Start the CE instrument (see Note 11)  and adjust the LIF detector at an excitation wave-

length of 488 nm.
6. Prepare the software of the CE instrument, as follows:

a. Rinse the capillary with 0.1 M NaOH for 1 min and 2 × distilled water for 0.5 min.
b. Condition the capillary with operating buffer for 4 min.
c. Introduce the samples at the cathode (reversed polarity), using the pressure mode

(500 mbar × s) (see Note 13).

7. Run the samples for 30 min at 40 kV/m and 25°C (see Notes 2 and 14). Estimate the
amount, as described under Subheading 3.1., steps 7 and 8. (see Fig. 3B; see Note 16).

3.2.3. Structural Characterization of DS

DS is a copolymer GAG constructed by both GlcA- and IdoA-containing repeating
disaccharide units. From a biological point of view, it is often important to know
whether DS is present in a GAG preparation. Differential digestion with chondroitinase
ABC and chondroitinase AC or B may provide useful information on this aspect. When
the total amount of ∆-disaccharides recovered following digestion by chondroitinase
AC is less than that obtained by ABC, this is evidence of the presence of DS. Further-
more, comparing the amount of ∆-disaccharides recovered, using separate digestions
with chondroitinase AC and B, we may well determine whether DS is rich in IdoA or
GlcA and, at the same time, the sulfation pattern of IdoA- and GlcA-containing disac-
charides (see Fig. 4). The protocols are presented below.

1. Dissolve separately the samples containing DS in 10 µL of digestion buffers I and II (see Note 18).
2. To each one of them, add 40 µL of DS degradation buffers I and II, respectively, and

incubate for 90 min at 37°C.
3. Centrifuge the digestion mixture in a microfuge tube at 11,000g for 5 min.
4. Place aliquots of the supernatant in the electrophoresis vials and keep at 4°C pending use.
5. Start the CE instrument (see Note 11), adjust the detector wavelength to 232 nm, prepare

the method, and analyze the samples as described under Subheading 3.1, steps 6–8.
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3.3. Disaccharide Composition of heparin/HS
Heparin and HS can be almost quantitatively (>90%) degraded to ∆-disaccharides

by using all three heparin lyases (I, II, and III) in combination (See Note 5). All vari-
ously sulfated ∆-disaccharides and those containing N-acetylated and unsubstituted
GlcN at the amino group are completely resolved, using reversed-polarity CZE,
according to the following protocol.

Fig. 4. Analysis of DS isolated from porcine skin following separate digestion with
chondroitinase ABC (A), AC (B) and B (C). The electropherograms obtained show that DS is
rich in IdoA-containing disaccharides (very low susceptibility to chondroitinase AC in contrast to
that obtained with chondroitinase B) and that most of the GlcA-containing disaccharides of the
DS chain occur in short sequences (extra peaks representing ∆-oligosaccharides are obtained
when DS is treated with chondroitinase B). For identity of peaks (see Figure 3). Reprinted from
ref. 1, copyright 1995, Elsevier Science, with permission.
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1. Dissolve the samples containing approximately 0.1–10 µg of heparin and/or HS in 10 µL
of digestion buffer III.

2. Add 40 µL of heparin/HS degradation buffer to the samples and add 1 µmol calcium acetate
from a 2 M stock solution. Digest at 37°C overnight (see Note 8).

3. Centrifuge the digestion mixture in a microfuge tube at 11,000g for 5 min (see Note 9).
4. Place aliquots of the supernatant in the electrophoresis vials and keep at 4°C pending use.
5. Start the CE instrument (see Note 11), adjust the detector wavelength to 232 nm, prepare

the method, and analyze the samples as described under Subheading 3.1., steps 6–8
(see Fig. 5).

4. Notes
1. Digestion buffers containing the various lyases and chondrosulfatases should be divided

into small portions of 50–200 µL and kept in sealed plastic tubes at –20°C. Enzyme-
containing solutions should not be frozen and used again after thawing.

2. In each protocol, a certain capillary diameter and length are given. When capillaries with
different characteristics are available, the resolution may be tested using external standards.
Voltage can also be modified (±5–10 kV) to affect the rate of migration and resolution.
However, if no complete resolution is obtained, use the proposed capillary and the recom-
mended conditions. Large amounts of injected material may cause peak broadening.  Opti-
mal peak shape can be obtained with £100 ng disaccharide injected.

3. Buffers and samples used in capillary electrophoresis should be handled carefully so as to
protect the capillary from particles and air bubbles. Therefore, all solutions should be passed
through a 0.2-µm membrane filter and degassed in an ultrasonic bath for 5–10 min.
Samples dissolved in low volumes are preferably centrifuged at 11,000g for 5 min.

4. A pH of 3.0 in the operating buffer is important for the resolution of the variously sulfated
∆-disaccharides and should be carefully adjusted. The separation is partly based on ion

Fig. 5.  CZE profile showing the resolution of all 12 heparin-/HS-derived ∆-disaccharides. Analy-
sis is performed with 15 mM phosphate buffer, pH 3.50.  Peaks: 1 = a∆di-nonSHS;
2 = ∆di-nonSHS; 3 = a∆di-mono6SHS; 4 = ∆di-mono6SHS; 5 = a∆di-mono2SHS;
6 = ∆di-mono2SHS; 7 = ∆di-monoNSHS; 8 = a∆di-di(2,6)SHS; 9 = ∆di-di(2,6)SHS;
10 = ∆di-di(2,N)SHS; 11 = ∆di-di(6,N)SHS; 12 = ∆di-tri(2,6,N)SHS. Reprinted from ref. 8, with
permission of Wiley - VCH, STM Copyright of Licenses.
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suppression (pKa of the carboxyl groups is just above 3 and slightly different in the vari-
ous disaccharides). Slightly modified pH values (±0.1 pH unit) therefore affect the net
charge and the separation of ∆di-mono4S and ∆di-mono6S and decreased pH may cause
close to infinite retardation of nonsulfated ∆-disaccharides.

5. Due to the different specificities of the three heparin lyases (type of uronic acid and posi-
tion of GlcN sulfate), it is possible to obtain separate information on HS- and heparin like
sequences in the analyte (9). The amounts of enzyme recommended represents an excess
to warrant maximal yield of disaccharides, but can be expensive when analyzing large
series of samples. Less than 10% of these amounts is sufficient, but one should then be
sure that the amounts of GAG is 1 mg or less.

6. The pH of 3.50 in the operating buffer and reversed polarity are critical for the resolution
of the heparin- and HS-derived ∆-disaccharides carrying N-acetylated, N-sulfated, or
unsubstituted GlcN. The pH should be checked carefully, since slightly modified pH values
during electrophoresis (±0.1 pH) affect the separation (see Note 4). Nonsulfated,
nonacetylated∆-disaccharide migrates very slowly and can sometimes be difficult to recover
at all. In this case, it can be recommended to run one separation in reversed polarity as above,
followed by a second separation with normal polarity, moving this ∆-disaccharide by EOF.

7. Biological samples or tissue extracts taken for analysis of HA and total GalAGs content can be
concentrated by precipitation with 4 volumes of 90% (v/v) ethanol, also containing 2.5% (w/
v) sodium acetate. Small amounts of dextran can be used as carrier. Digestion  buffer contain-
ing the lyases and chondrosulfatases is  then added directly to the precipitate. Following
heating to stop the enzymic effects, the digests should be centrifuged at 11,000g for 5 min.

8. Incubation times and the units of the enzymes indicated should not be exceeded, since some
enzyme preparations may contain contaminating lyase activities. Enzymic digestions should
be terminated by boiling the incubation mixtures in a water bath for 1 min.

9. Evaporation during incubation necessitates the use of sealed, capped tubes. Drops on the
tube walls are recovered at the same time as particles are removed by centrifugation at
11,000g for 5 min.

10. Removal of chondroitinase-resistant macromolecules is obtained by ultrafiltration in
Centricon 3 membrane tubes. However, overly long centrifugation times may cause the
membrane to dry and break and therefore should be avoided. In the absence of experience
with the handling of these membrane tubes, use them only once.

11. When the capillary is mounted into the capillary cassette, care should be taken to keep the
detection window clean. Preferably, use gloves when handling the capillary!

12. Due to some electrolysis during the electrophoretic separation, the operating buffer char-
acteristics (ionic strength and pH) may be affected. Therefore, replace the operating buff-
ers frequently (at least every 5 runs) and run frequent standards (once for each new buffer
vial) to ensure uniform performance.

13. When using pressure injection, these protocols give suitable parameters for pressure
(mbar) × time (s). When working with low concentrations, it is always possible to increase
the injection times without significantly affecting the resolution. However, use the same
injection conditions for samples and standards.

14. Electrical current and temperature should be constant during electrophoresis, since changes
may give extra peaks or baseline drift. The current should therefore be monitored through-
out the run. Temperature also influences the viscosity of the solution and may therefore
affect resolution and quantification. Performance can be considerably improved, by creating
a “concentration zone” during injection. If the analyte is dissolved in water with as little
electrolyte as possible, the conductivity in the zone of injected material will be low, hence
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increasing the electric field through the injected solvent. This causes the analyte to move
rapidly through this zone and it becomes concentrated when entering the running buffer
(similar to what happens in TLC when using a concentration zone). To obtain such condi-
tions one can use volatile buffers for digestion (for example, ammonium formate instead
of those conventionally recommended), followed by evaporation of the digested material
and redissolving it in pure water. The EOF will push the injected low-electrolyte solvent
backward out of the capillary, not interfering at the detection window.

15. The amounts of HA and GalAGs are preferably given in terms of uronic acid per milliliter,
since the presence of crystal water and the poorly defined weights of the counterions make
it difficult to determine the weight of a GAG preparation correctly. Therefore, GAG stan-
dards with a well-defined amount of uronic acid (carbazole reaction) can be used. This also
monitors the efficiency of the enzymic digestion. Alternatively, the quantity of HA and total
GalAGs in samples can be determined, based on standard curves and using commercially
available ∆-disaccharides, as under Subheading 3.2.

16. Disaccharides sulfated in uronic acid migrate earlier than the main nonsulfated peak (mainly
in the region of monosulfated disaccharides). However, in most CS preparations from
mammalian tissues this peak will be minute and the calculation more readily made when
relating to a mammalian CS standard. When analyzing CS/DS preparations with significant
amounts of uronic acid sulfation, also include a ∆di-di(2,4)S standard (see Subheading
2.2.1) when digesting the standard mixture.

16. LIF detection of AMAC-conjugated ∆-disaccharides increases the sensitivity at least 100
times more than that obtained by UV detection at 232 nm of underivatized ∆-disaccharides.
However, the AMAC derivatives of the nonsulfated ∆-disaccharides do not appear on the
electropherogram, due to the effect of the fluorochrome. The advantage of this
derivatization is its sensitivity, which permits the study of the sulfation pattern with
less sample present. The AMAC labeling also allows the non reducing end of the GAG
chain to be studied. This fragment does not carry the UV-absorbing ∆4,5-structure.
Recent studies indicate that this part of the chain may be of particular biological impor-
tance (10,11).

18. When DS is digested with only one of the chondroitinases AC or B, these digests will also
contain∆-oligosaccharide fragments. They can be identified in the electropherogram, thereby
providing information also regarding longer DS sequences.
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Intact and Oligomeric Glycosaminoglycans
Analyzed with Capillary Electrophoresis

Nikos K. Karamanos and Anders Hjerpe

1. Introduction
Various types of capillary electrophoresis (CE) can be used to study native and

oligomeric glycan structures. For a recent review, see ref. 1. These separations include
not only capillary zone electrophoresis (CZE), discussed in Chapter 18, but also capil-
lary gel electrophoresis (CGE). This can be performed with the capillary filled with a
cross-linked chemical gel as in common polyacrylamide electrophoresis. Alternatively,
a neutral polymer (pullulan, PEG, dextran, etc.) can be added to the operating buffer,
creating a matrix that retards the analyte in a similar way, depending on its molecular
size. Although it is not described in this chapter, micellar electrokinetic capillary chro-
matography (MECC) may also be valuable for the study of glycosaminoglycan (GAG)
fragments (2). In MECC, the separation buffer contains surfactant in a concentration
sufficient for the formation of micelles that migrate more slowly than the electroos-
motic (EOF) or in the opposite direction. This creates a situation similar to that in
reversed-phase chromatography, with the micelles as the stationary phase. The sepa-
ration of analytes depends on differences in the partition between micelles and buffer.

Several biologically important interactions of proteoglycans (PGs) require GAG
structures longer than a disaccharide, the size of this sequence in several cases being
around 5 monosaccharides or more. A limitation in establishing such functional
oligomeric sequences and their fine structures has been a lack of techniques that
sufficiently separates various larger GAG fragments. The high-resolution efficiency of
the CE-based techniques permits such separations (3), and this technique can, after
further methodological development, become an important tool in such a context.

In the present chapter, we outline protocols for the separation of different GAGs,
depending on charge density (hyaluronan [HA], chondroitin sulfate [CS], dermatan
sulfate [DS], heparan sulfate [HS], and heparin) (4) and visualization of molecular
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size and polydispersity (HA) (5,6). CE can also be used to demonstrate and identify
specific oligosaccharide sequences (3). This is of value for the structural characteriza-
tion of GAGs, and a procedure for such separations is provided in the Chapter 18,
Subheading 3.2.

2. Material
2.1. CZE of Different GAGs Related to Charge Density

1. Standard GAGs: Prepare a stock solution (1.0 mg/mL) of HA, CSA (CS sulfated mainly
at C-4), or CSC (CS sulfated mainly at C-6), DS, HS, heparin and/or Fragmin® (a frag-
ment of heparin with a molecular size of 5000 daltons) by dissolving the substances in the
operating buffer. Make serial dilutions (1/1,000, 1/300, and 1/100) in the operating buffer
so as to prepare standard GAG solutions of 1.0, 3.3, and 10.0 µg/mL.

2. Capillary: Uncoated fused-silica (75 µm id, 50 cm effective length).
3. Operating buffer: 20 mM orthophosphate buffer, pH 3.0. The buffer is passed through a

0.2-µm membrane filter, divided in portions of 1 mL, and kept at –20°C.
4. 0.1 M NaOH, prepared in 2 × distilled water and passed through a 0.2-µm membrane filter.

2.2. CGE of HA Using Pullulan Matrix
1. Operating buffer: 50 mM phosphate buffer, pH 4.0, is passed through a 0.2-µm mem-

brane filter, whereafter 0.10% (w/v) pullulan with a molecular weight of 1,600,000 is
added (see Note 1).

2. Capillary: the separation is performed in a 75-µm-id uncoated fused-silica capillary with an
effective length of 50 cm.

2.3. CGE of HA Oligomers Using PEG Matrix

1. Operating buffer: 0.1 M Tris-HCI/0.25 M borate, pH 8.5, containing 10% (w/v)
polyethylene glycol (PEG) with average molecular weight of 70,000 (PEG70000).

2. The separation is performed in a 100-µm-id fused-silica capillary coated with (50%
phenyl)methyl-polysiloxane, effective length 20 cm.

3. Methods
3.1. CZE of Different GAGs Related to Charge Density

GAG preparations can be analyzed for the homogeneity of their charge density by
simple CZE using detection at low wavelength. Following the protocol described
below, HA, CS/DS, HS, and HA are separated at low pH using reversed polarity. CSA,
CSB, and DS migrate almost identically since they have similar charge densities.
Heparin and Fragmin migrate first due to their high content of sulfates, whereas HA
migrates last since it is a nonsulfated GAG (see Fig. 1).

1. Dissolve the samples containing approximately 0.1–10 µg of GAGs in 100 µL of operat-
ing buffer.

2. Start the CE instrument and adjust the detector wavelength at 190 nm (see Note 2).
3. Prepare the software of the CE instrument as follows.

a. Rinse the capillary with 0.1 M NaOH for 1 min.
b. Condition the capillary with operating buffer for 4 min.
c. Inject the sample at the cathode (reversed polarity), using the pressure mode

(500–700 mbar × s).
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d. Run the samples for 12 min at 34 kV/m.
e. Before each run, rinse and condition the capillary, as in steps a and b.

4. Change the operating buffer and run a standard mixture after every four injections of the
samples to ensure the performance of the separation (see Notes 3 and 4).

 3.2. CGE of HA Using Pullulan Matrix

A simple open capillary separation allows determination of the amount and estima-
tion of the molecular mass and polydispersity of high-molecular-size HA preparations
(5). The addition of the polysaccharide pullulan to the elution buffer creates a gel
matrix in which larger molecules become retarded (see Fig. 2). With a separation buffer
at a pH of 4.0, most of the glucuronic carboxyl groups are dissociated while the EOF is
low, and the electrophoretic mobility (EM) will make the HA move toward the anode.
The molecular size and working concentration of the matrix-forming pullulan are
important, and the protocol below describes one setup that permits analysis in the 50-to
2000-kDa range. The detection is achieved with low ultraviolet and the specificity can
be improved by repeating the analysis after hyaluronidase digestion.

Fig. 1. CZE profile showing the resolution of variously sulfated intact GAGs and HA. CE was
performed on an uncoated fused-silica capillary at reversed polarity using 20 mM phosphate, pH
3.0, as operating buffer and detection of separated GAGs at 190 nm. Peaks: 1 = fragmin, an
oversulfated fragment of heparin, bearing on the average 2.5–3 sulfate groups per disaccharide
residue; 2 = CSA, CSC, or DS bearing on average 0.8–1 sulfate group per disaccharide unit; 3 = HS
containing on average 0.6–0.7 sulfates per unit; 4 = HA containing no sulfate groups. Reprinted
from ref. 4.
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1. Dissolve the sample in water at an approximate concentration of 0.25 mg/mL and add
0.025 volume of 0.1% w/v of naphthalene trisulfonic acid trisodium salt (NTS) as inter-
nal standard (see Note 5). The mixture is kept at 4°C pending use.

2. Start the CE instrument. Adjust the detector to monitor absorbance at 190 nm.
3. Prepare the software of the CE instrument as follows:

a. Rinse the capillary with 0.1 M NaOH for 5 min.
b. Rinse the capillary with 2 × distilled water for 3 min.
c. Rinse the capillary with the operating buffer for 5 min.
d.  Inject the sample by pressure (300 mbar × s).
e. Run the separation for 25 min at 34 kV/m (20 kV for a total capillary length of 58 cm).

4. The total amount of HA is calculated from the peak area, comparing with standard HA
samples also containing the NTS internal standard. All macromolecular HA should disap-
pear after hyaluronidase digestion (see Note 6). The molecular size and polydispersity
are estimated from the shape of the HA peak, although accurate calculation of the Mw and
Mn values is difficult (see Note 7).

3.3. CGE of HA Oligomers Using PEG Matrix
When studying shorter fragments of HA, the CGE procedure reported by Kakehi

et al. (6) and presented here gives an exceptional separation, permitting the resolution
of fragments from 2 to 50 disaccharides (see Fig. 3). Running the separation under the
same conditions in a longer capillary (50-cm effective length) and for a longer period
allows the identification of individual fragments close to 100 disaccharides. Such size
is still far from that of many intact HA preparations, which normally consist of several
thousand disaccharides per molecule. Information on the molecular size distribution
of longer fragments (> 100 disaccharides, i.e., molecular mass > 40 kDa) can be
obtained, using the protocol described under Subheading 3.2. The capillary coating
abolishes the EOF and migration is therefore caused only by the EM (see Note 8). The

Fig. 2. Separation of variously sized HA in the presence of 0.10% pullulan (molecular mass
1600 kDa) in the operating buffer as a matrix-forming agent. (a) HA-H (molecular mass 1500–
2100 kDa); (b) HA-M (800–1200 kDa) and (c) HA-L (molecular mass 40–60 kDa). Reprinted
from Journal of Chromatography, volume 768, Hayase, S., et al., High perfomrance capillary
electrophoresis of hyaluronic acid: determination of its amount and molecular mass, 1997,
pp. 290–305, with permission from Elseveir Science.
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operating buffer also contains high-molecular-weight polyethylene glycol which forms
a gel through which the HA fragments migrate.

1. Dissolve the samples (1.0 mg/mL) in an aqueous 15 mM citric buffer, pH 5.3, or in the
operating buffer.

2. Start the CE instrument. Adjust the detector to monitor absorbance at 200 nm (see
Note 9).

3. Prepare the software of the CE instrument as follows.
a. Rinse the capillary with operating buffer for 5 min.
b. Introduce the sample by the electrokinetic method, using 5 kV for 10 s.
c. Run the separation for 25 min at 7.4 kV/m (10 kV for a total capillary length of 27 cm).

4. Compare elution patterns with external HA standards. The HA oligosaccharide fragments
(GlcAβ1–3GlcNAcβ1)n should elute in the following order: n = 4, 3, 5, 6, 2, 7, 8, 9, 10,
etc. (see Fig. 3; Note 10).

4. Notes

1. To obtain a homogeneous operating solution, the buffer should be kept at room tempera-
ture for at least 12 h after dissolution of the polysaccharide. The buffer is degassed under
reduced pressure immediately prior to use.

2. This method employs low-UV detection, and it must be borne in mind that a variety of
substances will cause absorption. To avoid some of this uncertainty, the spectrum (190–600
nm) may be monitored. Substances with absorbance maximum at wavelengths higher than
190 nm do not represent GAGs (aromatic amino acids of PGs absorb at 280 nm).

3. The electropherograms monitor the homogeneity of the charge density in the GAG prepara-
tions. Homogeneous sulfation of the polysaccharide results in sharp peaks. Broad and split
peaks indicate that the GAG in question is contaminated or degraded.

Fig. 3. Separation of HA oligomers in the presence of PEG70000 as a neutral polymer. The
fused capillary is coated  with 50% phenyl(methyl)polysiloxane (effective length 20 cm, 100 µm
id). Operating buffer is 0.1 M Tris-0.25 M borate, pH 8.5, containing 10% PEG70000. The
numbers indicate the degree of polymerization (number of monosaccharide units). Reprinted from
ref. 6, © American Chemical Society.
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4. For alternative CE analyses of charge density and purity of GAGs (see ref. 7).
5. This method was originally described for the analysis of pure HA preparations. Presence

of interacting compounds, such as hyalectans and lectins, may interfere with the electro-
phoretic performance of HA. The addition of 0.1% (w/v) SDS to the operating buffer may
prevent such interactions (2,8).

6. All polyanions detected at 190 nm are not HA, and this lack of specificity still requires
purification of the analyte HA and/or a comparison with hyaluronidase-digested aliquots.

7. For alternative CE analyses of high-molecular-weight HA (see refs. 1,8 and 9).
8. Most fragments migrate according to their molecular size, the largest being more retarded.

The smallest fragments (2–4 disaccharides), however, differ in this respect, slower
migration being obtained with the smallest ones. This effect is difficult to explain, but
could be related to the complex system with alkaline borate that may interact with both
the reducing end monosaccharide and the PEG matrix.

9. This determination also employs low UV detection, and the concerns for specificity pre-
sented in Notes 2, 4, and 6 should also be carefully thought about here.

10. For alternative CE analyses of HA fragments, (see refs. 8 and 9).
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Recombinant Expression of Proteoglycans
in Mammalian Cells

Utility and Advantages of the Vaccinia Virus/T7 Bacteriophage
Hybrid Expression System

David J. McQuillan, Neung-Seon Seo, Anne M. Hocking,
and Camille I. McQuillan

1. Introduction
1.1. Only Mammalian Cells Will Make a Proteoglycan

Proteoglycans are molecules that comprise a core protein to which at least one
glycosaminoglycan (GAG) chain is attached, and a consideration of recombinant
proteoglycan expression must operate under this simple definition. There are numerous
systems currently available to express proteoglycans (and other complex glycoconju-
gates), but this chapter will focus on a system adopted by us to express proteoglycans
and other extracellular matrix proteins in mammalian cells (1–5).

With few reported exceptions, proteoglycans are exclusively products of eukary-
otic organisms, generally of mammalian origin. Although there is ample evidence
that core protein homologs exist throughout evolution in many members of the phy-
logenetic tree, the capacity to synthesize glycosaminoglycans (chondroitin/
dermatan, keratan, and heparin/heparan sulfates) appears to be exclusive to higher
organisms. Hence, when embarking on a strategy to express heterologous
proteoglycan genes, the host cell must possess the appropriate machinery
(glycosyltransferases, sulfotransferases, epimerases, deacetylases, etc.) to synthe-
size and modify a GAG chain onto a recognizable acceptor site in the core protein
substrate. In general, this requirement is satisfied by most mammalian cells.
Although the capacity for GAG synthesis by different cells and tissues will vary,
phenotypically stable cell lines will have the posttranslational machinery required
for synthesis of some form of GAG.
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Structural and functional studies of proteoglycan domains can be facilitated by the
isolation and purification of native proteoglycan. Most current procedures for isolation
of proteoglycans from tissue require the use of denaturing solvents. An alternative
method for the generation of native proteoglycan is the use of a recombinant expres-
sion system. Due to the extensive posttranslational modifications of proteoglycans, an
expression system capable of complex modifications, especially addition of glycosami-
noglycan chains, is essential. Prokaryotic expression systems are capable of generat-
ing high yields of protein, but these products lack the posttranslational modifications
that may regulate folding, solubility, and biological activity. For example, in Escheri-
chia coli expression systems, biglycan and decorin are synthesized as core proteins
devoid of glycosaminoglycan chains and N-linked oligosaccharides. The recombinant
core protein is often insoluble, requiring the use of denaturing solvents for efficient
extraction from inclusion bodies (6–9). The baculoviral expression system is also
capable of high-level production of processed protein. However, conflicting data
makes it difficult to assess whether Spodoptera frugiperda (Sf21) cells have the
appropriate posttranslational machinery for effective processing of a proteoglycan.
Perlecan domains expressed using the baculoviral system have been reported to be
substituted with chondroitin sulfate (10), but, decorin produced in Sf21 cells was
secreted devoid of glycosaminoglycan chains (11).

Recombinant proteoglycans expressed in stably transfected mammalian cells
are likely to be folded and glycosylated correctly, but effective purification of
the recombinant proteoglycan often involves the use of denaturing solvents. There-
fore, it is also important to consider the method of purification of the proteoglycan
subsequent to its expression so that it will be representative of the molecule found in
vivo. This is most easily achieved by generation of a fusion protein in which the
molecule of interest is expressed in complex with a tag (peptide or protein) that
can be isolated by a high-affinity, nondenaturing purification procedure. Again, a
variety of examples are available, including lectin domains, peptide–antibody
pairs, protein–protein ligand complexes, and metal chelating peptides. In our labo-
ratory we have utilized several fusion protein systems but, like numerous other
investigators, have found many advantages in the divalent cation-binding properties
of the hexa-histidine tag (12).

1.2. Vaccinia Virus as an Expression Vector in Mammalian
Cells—Expression by All Cells Achieved with Natures Own
Transfection Agent

Introduction of naked DNA into mammalian cells is generally inefficient, despite
the increasing number of reagents available from vendors purporting to yield “high-
efficiency” expression. In general, the use of calcium phosphate, DEAE-dextran, cationic
lipid formulations, or electroporation yield less that 20% transfection efficiency
(depending on the cell line) and can be both cumbersome and expensive. It has also
been estimated that of the DNA that finds its way into a cell, only 10% will transit to
the nucleus and be available for transcription. Therefore, a system whereby efficiency
of uptake of DNA is optimized and circumvention of inefficiency of nuclear processing
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is achieved is likely to be optimal for overexpression of heterologous genes. The use
of vaccinia virus as an expression vector satisfies these requirements.

Vaccinia virus, a member of the poxvirus family, has a number of unique properties that
has made it very popular for a number of years as a vector for the expression of foreign
genes (13). Vaccinia replicates entirely within the cytoplasm of eukaryotic cells and
encodes a complete transcription system, including RNA polymerase, capping and methy-
lating enzymes, and poly A polymerase. As a eukaryotic expression vector, vaccinia virus
has a number of useful characteristics, such as a large capacity to incorporate foreign DNA
(> 20 kb), retention of infectivity, a wide host range, high level of protein synthesis, and
appropriate transport, processing, and posttranslational modification of proteins.

Detailed methods for the propagation, manipulation, and construction of recombi-
nant vaccinia viruses will not be provided here. The reader is referred to several excel-
lent reviews where this information is readily available (13,14). However, the protocols
used in our laboratory for the design, construction, and selection of recombinant viruses
used to express proteoglycans will be provided in the following sections. The primary
disadvantage of the use of vaccinia virus is that it has virulence for humans and animals.
Laboratory workers who work with viral cultures (or other infective materials) should
always observe appropriate biosafety guidelines and adhere to published infection con-
trol procedures. In the United States, National Institutes of Health guidelines recom-
mend that workers likely to come in direct contact with vaccinia virus be vaccinated
with smallpox vaccine every 3–10 yr. Vaccination with smallpox vaccine is generally a
simple and safe procedure, but investigators are advised to become well informed of all
potential hazards before embarking on the use of this expression system.

1.3. Vaccinia Virus/T7 Phage Expression System—A Powerful
System for Overexpression of Heterologous Genes

The vaccinia/T7 phage eukaryotic expression system was developed by Moss and
co-workers (15,16) to exploit the high transcriptase activity, stringent promoter specificity,
and excellent processivity of the RNA polymerase from the T7 bacteriophage. The main
steps involved in the expression of proteoglycans using this system are outlined in Fig. 1.
Eukaryotic cells infected with the recombinant virus, vTF7-3 (available from the ATTC,
accession number VR-2153) express high cytoplasmic levels of T7 bacteriophage RNA
polymerase (17). These cells are co-infected with a recombinant virus containing a cDNA
under the control of the T7 promoter. This expression construct also includes an
encephalomyocarditis virus (EMC) untranslated region (UTR) that facilitates cap-inde-
pendent ribosome binding and hence increases translation efficiency up to 10-fold (15).
Transcription of the PG cDNA are driven by phageT7 RNA polymerase in the cytoplasm,
and the resultant high levels of PG mRNA are then available to the host cell machinery.
Targeting to the secretory pathway by a signal sequence, and subsequent processing
including addition of N- and O-linked oligosaccharides, GAGs, sulfation,
phosphorylation, folding, and secretion, should all occur appropriately.

1.4. Expression Vectors—The Cam Series Works in Vitro and In Vivo
We have modified the basic vaccinia/T7 cloning and expression plasmid, pTM1 (15) to

facilitate targeted secretion and nondenaturing purification of recombinant proteoglycans.



204 McQuillan et al.

Fig. 1. Schematic representation of vaccinia virus/T7 phage expression system. The major
steps of this powerful eukaryotic recombinant protein expression system are shown. Vaccinia
virus mediates the initial steps 1 and 2. Step 1, co-infection of mammalian cells by a recombi-
nant virus containing the gene encoding phage T7 RNA ploymerase under control of the early/
late vaccinia virus promotor; and a recombinant virus containing the gene encoding the target
protein under control of the phage T7 promotor. Step 2, cytoplasmic expression of T7 RNA
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The important domains of these vectors are shown in Fig. 2. The most versatile of the series
is pT-cam1 (see Fig. 2a, b), and comprises (1) a bacteriophage T7 promoter; (2) an ATG start
codon at a precise distance downstream of an encephalomyocarditis virus ribosome-binding
site (EMC UTR); (3) a canine insulin signal sequence, for targeting to the secretory pathway;
(4) a hexa-histidine (6 × His) sequence, for nondenaturing purification by metal-chelating
affinity chromatography; (5) a factor Xa recognition cleavage sequence, for removal of the
histidine tag after purification; (6) a versatile multicloning site, for in-frame insertion of the
cDNA of interest (preferably devoid of endogenous signal sequence); and (7) stop codons in
three reading frames upstream of a polyadenylation signal.

The other vectors shown are essentially modifications of pT-cam1, for situations where
all the elements of the parent vector are not required. If one has an alternative method of
purification (e.g., antibody affinity column or interaction with hyaluronan), pT-cam2 does
not have the hexa-histidine tag nor the factor Xa cleavage sequence. If potential bioactive
domains are predicted to be located in the vicinity of the N-terminus, pT-cam3 has the
hexa-histidine tag located at the C-terminus of the secreted protein. Our experience indi-
cates that the insulin signal sequence can enhance expression of some proteins compared
to the endogenous sequence, but pT-cam4 is designed for insertion of the cDNA inclusive
of endogenous signal sequence with the hexa-histidine tag at the C-terminus. In many
instances, removal of the small hexa-histidine sequence following purification is likely to
be no advantage and potentially cumbersome, and in these circumstances pT-cam5, which
is devoid of the factor Xa cleavage sequence, may be the vector of choice. All vectors and
complete sequences are available upon request from the authors.

2. Materials
1. Cell lines, shown in Table 1.
2. Wild-type vaccinia virus, WR (ATCC # VR-119), titer should be about 5 × 109 pfu/mL.
3. DMEM alone (DMEM SF), containing 2.5% FCS (DMEM 2.5%), containing 10% FCS

(DMEM 10%).
4. Lipofectin™ transfection kit (GIBCO-BRL #18292-011) or other efficient transfection

reagents.
5. Plasmid containing cDNA (pT-cam series) at 1 µg/µL.
6. Sterile polystyrene tubes.
7. Bromodeoxyuridine (BrdU) 200-fold concentrated stock solution, 5 mg/mL in water, filter

sterilized.
8. 143B (TK–) cells in log phase, passaged at least once in the presence of BrdU.
9. All culture media for the plaque assays should be supplemented with 25 µg/mL BrdU.

10. Neutral red solution, 3.33 mg/mL, tissue culture grade (Gibco-BRL #15330-079).
11. Low-melting-point agarose (Gibco-BRL #15517-014), 2% solution in PBS, autoclave

and mix well. Can be stored at 45°C for 1–2 wk.

polymerase and transcription of mRNA encoding the target protein. The host mammalian cell
machinery is utilized for steps 3 and 4. Step 3, ribosome directed translation of the target pro-
tein mRNA that is enhanced by inclusion of a ribosome “landing pad” (UTR); targeting to the rough
endoplasmic reticulum by specific signal sequence; signal sequence cleavage; and addition of
N-linked oligosaccharides to the nascent chain. Step 4, posttranslational modifications as appropri-
ate for the target protein, including processing of N-linked oligosaccharides, addition of O-linked
oligosaccharides, synthesis of glycosaminoglycan chains, and finally secretion of a proteoglycan.
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Fig. 2. pT-cam series of expression vectors. (A) Main structural features of the pT-cam
series of vectors. tk-L and tk-R, thymidine kinase flanking sequences to facilitate insertion of
the expression cassette via homologous recombination into wild-type vaccinia virus genome;
EMC, encephalomyocarditis untranslated region (UTR) that allows for cap-independent ribo-
some binding; INS, insulin signal sequence; 6xHis, hexa-histidine sequence; Xa, factor Xa
cleavage site. (B) cDNA and protein sequences of pT-cam series expression cassettes, showing
unique restriction sites available in the multicloning site (MCS), and positioning of other struc-
tural features in relation to the MCS.
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12. Proteinase K stock solution (20 mg/mL, Gibco-BRL #25530-031).
13. TE-saturated phenol.
14. Reagents or kit for standard PCR reaction.
15. Thermal cycler.
16. Crystal violet, 0.1% in 20% ethanol.
17. vTF7-3, recombinant vaccinia virus encoding phage T7 RNA polymerase.
18. Methionine and cysteine-free DMEM.
19. Trans-35S-label, a mixture of 35S-methionine and 35S-cysteine (ICN Biochemicals,

#51006).
20. Sephadex G-50 (available from Pharmacia-Amersham Biotech).
21. Sepharose 6B conjugated to iminodiacetic acid functional group (slurry or prepacked 1-mL

columns available from Pharmacia-Amersham Biotech).
22. Column buffers: For optimal recovery, column solvents (with the exception of the “charge

buffer”) should contain a detergent (either 0.1% or greater Triton X-100, or 0.2% or
greater CHAPS).
a. Charge buffer: 100 mM NiCl2.6H2O.
b. Sample and loading buffer: 5 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCl, pH 8.0.

Table 1
Cell Lines Used for Homologous Recombination, Plaque Assays, Amplification,
Titration, and Protein Expression

Cell line (origin, morphology) Culture mediuma ATTC catalog number

CV-1 (monkey kidney cell, DMEM + 2.5% FCSb

fibroblastic) 5.0% FCS CCL-70
10.0% FCS

143B (TK–)
(human osteosarcoma, MEM + 5% FCS CRL-8303
fibroblastic) 10% FCS

HeLa
(human adeno-carcinoma, DMEM + 10% FCS CCL-2
epithelial)

UMR-106
(rat osteosarcoma, DMEM + 10% FCS CRL-1661
fibroblastic)

HT-1080c

(human fibrosarcoma, DMEM + 10% FCS CCL-121
epithelial)

aInclusion of antibiotics is optional, except in the case of the initial transfection for the homologous
recombination. If using Lipofectin, then antibiotics should be omitted, as it can inhibit transfection
efficiency.

bFetal calf serum, or serum substitutes.
cAny other cell line that is likely to process proteoglycans appropriately can be substituted here,

with the exception of CHO cells.
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c. Wash buffer: 20 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCl, pH 8.0.
d. Elution #1: 60 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCl, pH 8.0.
e. Elution #2: 250 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCl, pH 8.0.
f. Strip buffer: 100 mM EDTA, 0.5 M NaCl, 20 mM Tris-HCl, pH 8.0.

23. Sonicator, either probe or cup (e.g., Fisher Sonic Dismembranator 550).
24. Phase-contrast light microscope.
25. Biohazard containment.

3. Methods
3.1. In Vitro Transcription and Translation (see Note 1)

We routinely use the TNT® coupled reticulocyte lysate system available from
Promega (#L4610), and essentially follow the manufacturer’s instructions. In a
typical cell-free transcription/translation reaction, we would use the following
protocol.

1. Mix in an eppendorf tube for a final reaction volume of 50 µL: 25 µL rabbit reticulocyte
lysate, 2 µL TNT reaction buffer, 1 µL T7 RNA polymerase, 1 µL methionine-free amino
acid mixture, 4 µL Trans35S-label, a mixture of 35S-methionine and 35S-cysteine (ICN
Biochemicals), 1 µL RNAsin® ribonuclease inhibitor, 1 µL plasmid, containing cDNA
(1 µg/µL CsCl-purified, or equivalent quality), and 15 µL nuclease-free water

2. Incubate mixture at 30°C for 90 min.
3. Analyze reaction products by (a) direct application to SDS-PAGE; (b) immunoprecipita-

tion followed by SDS-PAGE; or (c) purification on small metal chelating column fol-
lowed by SDS-PAGE (reaction mix must be exchanged into appropriate binding buffer,
e.g., PD-10 column from Amersham-Pharmacia Biotech).

4. Bands are visualized by standard autoradiography/fluorography. The predominant signal
should be the target protein of interest migrating at the predicted size for the unsubstituted
core protein.

5. If DNA sequencing does not show any errors, and cell-free translation generates a protein
product of the predicted size, then one can confidently move to the next step of generating
a recombinant virus from the plasmid.

3.2. Generating a Recombinant Virus
In this section, several protocols are outlined. The homologous recombination

allows transfer of the cDNA under control of the T7 promoter to be inserted into the
thymidine kinase (TK) locus of wild-type vaccinia virus. Disruption of the TK gene
allows for selection of positive recombinants by culture in the presence of bromo-
deoxyuridine, a lethal analog of deoxyuridine that is incorporated into replicating DNA
by an active TK gene. Plaques are selected and undergo three rounds of purification
to ensure clonal selection and remove contaminanting dormant wild-type virus. These
procedures require standard cell culture ware and tissue culture facilities. As indicated
above, these protocols assume a basic knowledge of virus manipulation. Extensive
protocols relating to vaccinia virus are available elsewhere (13). Cells required
are shown in Table 1, indicating the ATTC catalog number and the recommended
culture medium. Specialized equipment includes a sonicator (either probe or cup, e.g.,
Fisher Sonic Dismembranator 550), phase-contrast light microscope, and biohazard
containment.
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3.2.1. Homologous Recombination
1. Day 1: Initiate culture of CV-1 cells. Seed a T-25 flask (one flask per construct) with

CV-1 cells at 1 × 106 cells/flask, in a total volume of 10 mL of DMEM + 10% FCS. Use
the next day when ~80% confluent (should be ~3 × 106 cells/flask).

2. Day 2: Infection and transfection. Thaw WR virus stock (titer of stock should be
~5 × 109 pfu/mL). Sonicate for 30 s, chill on ice for 2 min, and vortex vigorously for
30 s. Repeat once.

3. Trypsinize virus by mixing 20 µL of virus with an equal volume of trypsin (cell culture
grade). Incubate at 37°C for 30 min, vortexing briefly every 5 min. This is tube A, a
1/1 dilution (~2.5 × 109 pfu/mL).

4. Dilute A 1/100 in 2.5% DMEM (10 µL A + 990 µL 2.5% DMEM). This is tube B, a
1/200 dilution (~2.5 × 107 pfu/mL).

5. Aliquot a volume of B containing 1.5 × 105 pfu (~6 µL) and add to 1 mL of 2.5% DMEM.
This is tube C, final concentration of 1.5 × 105 pfu/mL.

6. Aspirate medium from the T-25 flask of CV-1 cells, and replace with 1 mL of tube C
(represents ~0.05 pfu per cell).

7. Incubate for 2 h at 37°C in 5% CO2, with gentle rocking every 15 min.
8. Set up transfection reagents 30 min before end of step 7. Note that all plasmids should be

at 1 µg/µL, and lipofectin is inhibited by serum proteins and penicillin.
9. Set up two sterile polystyrene tubes:

a. Tube A: 10 µL DNA + 200 µL DMEM SF
b. Tube B: 30 µLlipofectin (or lipofectamine) + 200 µL DMEM SF

10. Gently mix A and B. Incubate for 30 min at room temperature. Add 1.6 mL of DMEM SF
to the AB mixture.

11. Aspirate the virus inoculum from the T-25 flask. Add the DNA/lipofectin transfection
mixture (volume 2 mL) to the cells, ensuring good coverage of the cell layer.

12. Incubate for 5–6 h in a cell culture incubator.
13. Overlay transfection with 3 mL of 10% DMEM (do not aspirate transfection cocktail).

Continue culture for 2 d.
14. Day 4: Harvest homologous recombination. Cytopathic effect (CPE) should be clearly

visible by light microscopy. Scrape cell layer with a rubber policeman into a 15 mL coni-
cal tube. Pellet cells by centrifugation at 300g (3000 rpm), 10 min in a bench-top centri-
fuge. Aspirate and discard supernatant. Resuspend pellet in 0.5 mL of 2.5% DMEM.

15. Freeze and thaw lysate three times in a Dry Ice/ethanol bath.
16. Store at –80°C, or proceed with plaque assay (see Subheading 3.2.2.).

3.2.2. Plaque Assay (First Round)
1. Day 1: Initiate culture of 143B cells. Seed two 6-well plates (35-mm-diameter wells) per

recombination with 143B cells at a density of 5 × 105 cells/well in 10% MEM. Use the
next day when greater than 90% confluent (~1 × 106 cells per well). Note that a well-
defined monolayer is critical to the recognition of clearly defined plaques.

2. Day 2: Infection of 143B cells. Thaw the homologous recombination lysate (Subheading
5.1.2.) on ice. Sonicate for 30 s, chill on ice for 2 min, and vortex vigorously for 30 s.
Repeat once.

3. Incubate 100 µL of lysate with an equal volume of trypsin and incubate at 37°C for
30 min, vortex briefly every 5 min.

4. The trypsinized lysate is diluted into 2.5% MEM, and tested at a range of dilutions from
1/1000 through 1/10 000. An example of a serial dilution protocol is as follows:
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Virus solution Diluent Stock Dilution

200 µL trypsinized lysate + 1.8 mL 2.5% MEM = A (1/10)
200 µL A + 1.8 mL 2.5% MEM = B  (1/100)
400 µL B + 3.6 mL 2.5% MEM = C  (1/1000)
500 µL C + 1.0 mL 2.5% MEM = D  (1/2000)
400 µL C + 1.6 mL 2.5% MEM = E  (1/5000)
200 µL C + 1.8 mL 2.5% MEM = F  (1/10 000)

5. Aspirate media from 6-well plates, and infect with 0.5 mL of diluted lysate per well.
Infect with stock dilutions C, D, E, and F in triplicate.

6. Incubate for 2 h in the culture incubator, with gentle rocking every 15 min to ensure the
monolayer remains wet.

7. Prepare enough LMP agarose overlay to allow 2.5 mL per well. For example, for four
plates (i.e., one construct = four dilutions in triplicate = four 6-well plates), 32.0 mL 2%
LMP agarose (~45°C), 32.0 mL 5% MEM, and 0.36 mL BrdU (5 mg/mL).

8. Add 2.5 mL of agarose overlay (~45°C) solution per well. Do not aspirate virus inocu-
lum. Place plates at 4°C for 15 min to allow agarose to solidify, and then incubate plates
in culture incubator for 2 d.

9. Day 4: To visualize plaques easily, the 143B monolayer is stained overnight with neutral
red (a relatively nontoxic reagent). Prepare enough neutral red/agarose overlay to allow
2.0 mL per well. For example, for four plates, 32.0 mL 2% LMP agarose (~45°C), 32.0 mL
5% MEM, and 2.0 mL neutral red.

10. Add 2.0 mL of neutral red/agarose overlay (~45°C) solution per well. Place plates at 4°C
for 15 min to allow agarose to solidify, and then incubate plates in the culture incubator
overnight.

11. The first-round plaque assay will be complete on day 5; therefore, to reduce “down-time”,
143B cell cultures should be set up at this time for the second round (see Subheading 3.2.3.).

12. Day 5: Inspect plates by holding up to a light, and circle clearly defined, well-separated
plaques (these appear as a weakly stained “hole” in a red background). Wells from dilu-
tion C should contain an excessive number of plaques, and wells from dilution F are
likely to contain very few to no plaques. If this is not the case, then the homologous
recombination step has not worked and should be repeated.

13. Pick plaques using sterile glass Pasteur pipets to pull the agarose plug (containing virus)
with slight suction. The plug is then expelled into a sterile Eppendorf tube containing
500 µL of pre-warmed 2.5% MEM. Rinse the pasteur with the medium to recover all the
agarose. It is recommended that 24 plaques be picked.

14. Rapidly freeze and thaw the plaques three times in a Dry Ice/ethanol bath.
15. Store at –80°C, or proceed directly with the second-round plaque assay.

3.2.3. Second- and Third-Round Plaque Assays (see Note 2)
1. Day 1: Initiate culture of 143B cells. Seed one 6-well plate (35-mm-diameter wells) per

plaque, with 143B cells at a density of 5 × 105 cells/well in MEM 10%. Use the next day
when greater than 90% confluent (~1 × 106 cells per well).

2. Day 2: Infection of 143B cells. Thaw lysate from first-round plaque assay. Sonicate for
30 s, chill on ice for 2 min, and vortex vigorously for 30 s. Repeat once.

3. Incubate 250 µL of lysate with an equal volume of trypsin and incubate at 37°C for
30 min, vortex briefly every 5 min.
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4. The trypsinized lysate is diluted into 2.5% MEM, and tested at a range of dilutions of 1/5,
1/50, and 1/500. An example of a serial dilution protocol is as follows :

Virus solution Diluent Stock Dilution

500 µL lysate-trypsin + 2.0 mL 2.5% MEM  = A (1/5)
200 µL A + 1.8 mL 2.5% MEM  = B  (1/50)
200 µL B + 1.8 mL 2.5% MEM  = C  (1/500)

5. Aspirate media from 6-well plates, and infect with 0.5 mL of diluted lysate per well.
Infect with stock dilutions A, B, and C in duplicate.

6. Incubate for 2 h in the culture incubator, with gentle rocking every 15 min to ensure that
the monolayer remains wet.

7. Prepare enough LMP agarose overlay to allow 2.5 mL per well. For example, for eight
plates (i.e., one plate per first round plaque), 64.0 mL 2% LMP agarose (~45°C), 64.0 mL
5% MEM, and 0.72 mLBrdU (5 mg/mL),

8. Add 2.5 mL agarose overlay (≤ 45°C) solution per well. Place plates at 4°C for 15 min to
allow agarose to solidify, and then incubate plates in culture incubator for 2 d.

9. Day 4: The 143B monolayer is stained overnight with neutral red. Prepare enough neutral
red/agarose overlay to allow 2.0 mL per well. For example, for eight plates, 64.0 mL 2%
LMP agarose (~45°C), 64.0 mL 5% MEM, and 4.0 mL neutral Red.

10. Add 2.0 mL neutral red/agarose overlay (~45°C) solution per well. Place plates at 4°C for
15 min to allow agarose to solidify, and then incubate plates in the culture incubator
overnight.

11. The second-round plaque assay will be complete on d 5, therefore, to reduce “downtime”,
143B cell cultures should be set up at this time for the third round.

12. Day 5: Inspect plates by holding up to a light, and circle clearly defined, well-separated
plaques. Plaques are likely to be present in all wells if the first-round plaque is a genuine
TK- recombinant.

13. Pick at least 4 plaques per plate, and place into 500 µL of 2.5% MEM, as for the first
round.

14. Rapidly freeze and thaw the plaques three times in a Dry Ice/ethanol bath.
15. Store at –80°C, or proceed directly with the third-round plaque assay.
16. The third round is identical to the second round. Although you have picked four plaques

at the second round, take one plaque from each plate to the third round. After the third
round you should have eight recombinants that have been derived from eight distinct
plaques in the first-round plaque assay.

3.3. A Convenient Nomenclature: Keeping Track of All Those Plaques
There are a large number of samples that must be archived in the event that a puta-

tive positive drops out during selection, or a catastrophe (such as bacterial contamina-
tion) wipes out a third-round positive. Storage of original and subsequent rounds of
selection will allow one to rescreen at any stage. We have found the following num-
bering system to be useful. By example, selection for recombinant virus expressing
the proteoglycan “pg”:

1. Recombinantion step: pg recombination, 03-04-2000 (i.e., date of recombination).
2. Select first-round plaques: pg 1, pg 2, pg 3, …, pg 24.
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3. Select second-round plaques derived from pg 1, pg 2, pg 3, pg 4: pg 1.1, pg 1.2, pg 1.3, pg
1.4, pg 2.1, pg 2.2, …, pg 4.1, pg 4.2, pg 4.3, pg 4.4.

4. Select third-round plaques derived from pg 1.1, pg 2.1, pg 3.1, pg 4.1: pg 1.1.1, pg 1.1.2,
pg 1.1.3, pg 1.1.4, …, pg 4.1.1, pg 4.1.2, pg 4.1.3, pg 4.1.4 (see Note 3).

3.4. Screening Recombinants by PCR (see Note 4)
1. Day 1: Seed 6-well plates with 143B cells at a density of 5 × 105 cells/well in 10%MEM.

You will need one well per plaque. Use the next day when greater than 90% confluent
(~1 × 106 cells per well).

2. Day 2: Thaw third round plaque lysate on ice. Sonicate for 30 s, chill on ice for 2 min, and
vortex vigorously for 30 s. Repeat once.

3. Add 200 µL of lysate is added to 300 µL of 2.5% MEM to make the virus inoculum. Note
that there is no requirement for trypsinization at this step.

4. Add virus inoculum directly to the cell layer, followed by incubation for 2 h with gentle
rocking every 15 min.

5. Overlay cultures with 2 mL of 2.5% MEM and incubate a further 2 d.
6. Day 4: Harvest cells and media by scraping with a rubber policeman and transfer to a

centrifuge tube.
7. Pellet cells by centrifugation at 300g (3000 rpm) for 10 min. Resuspend pellet in 200 µL

of 1 M Tris-HCl, pH 9.0.
8. Set up proteinase K digestion for a final volume of 333.6 µL: 200 µL cell pellet, 16.7 µL

1 M Tris. HCl pH 7.8, 16.7 µL 10% SDS, 33.4 µL 60% sucrose, and 66.8 µL 10 mg/mL
proteinase K. Digest ~5 h at 37°C.

9. Extract two times with TE-saturated phenol.
10. Extract one time with phenol/chloroform
11. Ethanol-precipitate DNA overnight at –20°C
12. Resuspend pellet in 30 µL of TE buffer
13. Perform PCR reaction, including a “no DNA” and “plasmid DNA” controls. A typi-

cal reaction mix with a final volume of 100 µL is: 1 µL of extract, or 100 ng of
control DNA, DNA, dNTP’s (10 mM) 8 µL, forward primer (0.1 µg/µL) 1 µL, reverse
primer (0.1 µg/µL) 1 µL, 10 X Pfu buffer 10 µL, sterile water 78 µL, and Pfu poly-
merase 1 µL. Mix, spin briefly, and set in PCR machine. Do PCR as required for
specific primers.

3.5. Amplification of Recombinant Virus (see Note 5)
3.5.1. Plaque Amplification into 6-Well Plates

1. Day 1: Seed 6-well plates with 143B cells at a density of 5 × 105 cells/well in 10%
MEM. You will need one well per plaque. Use the next day, when greater than 90%
confluent.

2. Day 2: Thaw lysate from third-round plaque assay on ice. Sonicate for 30 s, chill on ice
for 2 min, and vortex vigorously for 30 s. Repeat once.

3. Add 250 µL of lysate to 250 µL 2.5% MEM to make virus inoculum. Make sure BrdU is
present at a final concentration of 25 µg/mL.

4. Add 0.5 mL virus inoculum directly to cell layer, followed by incubation for 2 h with
gentle rocking every 15 min.

5. Overlay cultures with 1.5 mL of 2.5% MEM and 25 µg/mL BrdU.
6. Day 4: Cytopathic effect (CPE) should be clearly visible when held under the light. Har-

vest cells and media by scraping into a 15-mL conical tube. Pellet cells by centrifugation
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at 300g (3000 rpm) for 10 min. Aspirate and discard the supernatant. Resuspend cell
pellet in 500 µL 2.5% MEM.

7. Rapidly freeze and thaw plaques three times in a Dry Ice/ethanol bath. Store at –80°C.

3.5.2. Plaque Amplification into T-25 Flasks
1. Day 1: Seed T-25 flasks with 143B cells at 1 × 106 cells per flask. Use the next day, when

confluent. A single flask is needed for each individual clone.
2. Day 2: Thaw lysate from 6-well plate amplification (see Subheading 5.5.1.). Sonicate for

30 s, chill on ice for 2 min, and vortex vigorously for 30 s. Repeat once.
3. Add 300 µL of lysate to 700 µL of 2.5% MEM. Make sure BrdU is present at a final

concentration of 25 µg/mL.
4. Aspirate media from cells and infect with 1.0 mL of diluted lysate per flask.
5. Incubate for 2 h at 37°C with gentle rocking every 15 min.
6. Overlay each flask with 3.0 mL of 2.5% MEM and 25 µg/mL BrdU.
7. Day 4: CPE is clearly visible. Scrape cell layer into 15-mL conical tube. Pellet cells at

300g (3000 rpm) for 10 min. Aspirate supernatant and resuspend pellet in 500 µl of 2.5%
MEM.

8. Rapidly freeze and thaw plaques three times in a Dry Ice/ethanol bath. Store at –80°C if
required.

3.5.3. Plaque Amplification into T-175 Flasks
1. Day 1: Seed T-175 flasks with HeLa cells. Note that selection agent (BrdU) is no longer

required. A single flask is needed for each individual putative recombinant.
2. Day 2: Thaw lysate from T-25 amplification (see Subheading 5.5.2.). Sonicate for 30 s,

chill on ice for 2 min, and vortex vigorously for 30 s. Repeat once.
3. Add 250 µL of lysate to 1.75 mL of 2.5% DMEM.
4. Aspirate media from cells and infect with 2.0 mL of diluted lysate per flask.
5. Incubate for 2 h with gentle rocking every 15 min.
6. Overlay each flask with 25 mL of 2.5% DMEM.
7. Day 4: Cytopathic effects should be clearly visible. Scrape cell layer and media into a

50-mL conical tube. Pellet cells by centrifugation at 300g (3000 rpm) for 10 min. Aspi-
rate supernatant and resuspend pellet in 1.5 mL of 2.5% DMEM.

8. Rapidly freeze and thaw plaques three times in a Dry Ice/ethanol bath. Store at –80°C if
required.

3.6. Titration of Virus Stock (see Note 6)
1. Day 1: Seed 6-well plates with either UMR-106 or CV1 cells at 1×106 cells/well. (One

plate per recombinant virus). Use the next day, when confluent.
2. Day 2: Thaw virus stock (from Subheading 5.5.3.). Sonicate for 30 s, chill on ice for 2

min, and vortex vigorously for 30 s. Repeat once.
3. Incubate 10 µL of lysate with an equal volume of trypsin and incubate at 37°C for 30 min;

vortex briefly every 5 min.
4. The trypsinized lysate is diluted into 2.5% MEM and tested at a range of dilutions as

follows:

 Virus solution Diluent Stock Dilution

20 µL trypsinized lysate + 1.8 mL 2.5% MEM = A  (10–3)
200 µL A + 1.8 mL 2.5% MEM = B  (10–4)
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200 µL B + 3.6 mL 2.5% MEM = C  (10–5)
200 µL C + 1.0 mL 2.5% MEM = D  (10–6)
200 µL D + 1.6 mL 2.5% MEM = E  (10–7)
200 µL E + 1.8 mL 2.5% MEM = F  (10–8)
200 µL F + 1.8 mL 2.5% MEM = G  (10–9)

5. Aspirate media from cells and infect with 0.5 mL of diluted lysate per well (plate dilu-
tions E, F, G in duplicate).

6. Incubate for 2 h at 37°C, rocking every 15 min.
7. Overlay with 1.5 mL of 2.5% DMEM per well. Incubate for 2 d.
7. Day 4: Aspirate medium and add 0.5 mL of crystal violet for each well. Incubate at room

temperature for 5 min. Aspirate and allow wells to air dry.
8. Count plaques. There should be 30–90 plaques per well to give an accurate titration. The

titer of the virus is calculated and expressed as “plaque-forming units” (pfu) per milliliter
of virus stock.

3.7 Amplification of a virus stock (see Note 7)
1. Day 1: Seed T-175 flasks with HeLa cells at 5 × 107 cells per flask. The number of flasks

is determined by the quantity of virus desired.
2. Day 2: Infect each flask, following a standard infection protocol (see following) at

3 pfu/cell. That is, for 10 × 107 cells per flask, infect with 30 × 107 pfu.
Standard infection protocol:
a. Combine equal volumes of virus and trypsin (volume determined by titer of virus

stock). Incubate 37°C for 30 min, vortex every 5 min.
b. Add 5.0 mL of 2.5% DMEM to the virus mixture.
c. Remove media from flask and add the 5.0 mL of virus-media mix.
d. Incubate 2 h at 37°C, with gentle rocking every 15 min.
e. Overlay with 25 mL 2.5% DMEM, and incubate 2–3 d.

3. Scrape cells into 50-mL conical tube and centrifuge at 300g (3000 rpm) for 10 min. Dis-
card the supernatant and resuspend the cell pellet in 2.0 mL of 2.5% DMEM.

4. Rapidly freeze and thaw plaques three times in a Dry Ice/ethanol bath. Store at –80°C
if required.

5. Do a virus titration (see Subheading 3.5.), and aliquot as appropriate.

3.8. Screening for Positive Recombinants by Protein Expression
(see Note 8)

1. Day 1: set up cells. Seed 6-well plate with cells at 1 × 106 cells per well. Use 2 wells per
recombinant screen (i.e., perform in duplicate).

2. Day 2: Co-infection should be done with 10–20 pfu/cell for each virus; infection at doses
outside this range will result in poor to no detectable expression. Control cultures should
include (a) uninfected and (b) infected with vTF7-3 alone (at 20–40 pfu/cell to maintain
constant virus load). Also, for UMR-106 or HT-1080 cells, cell density can be assumed to
be 3 × 106 cells per plate at the time of infection. For other cell lines, this needs to be
determined.

3. Thaw recombinant viruses on ice, and add an aliquot to an equal volume of trypsin.
Incubate at 37°C for 30 min, vortexing every 5 min.

4. Mix an appropriate amount of each virus (i.e., titered recombinant and vTF7-3) into
0.5 mL of 2.5% DMEM for each well to be infected.



Recombinant Proteoglycan Expression 215

5. Remove media from cells and wash cell layer twice with PBS.
6. Overlay cells with virus–DMEM cocktail and incubate at 37°C for 2 h, with gentle rock-

ing every 15 min.
7. Add 2 mL of 2.5% DMEM, and incubate a further 4–6 h. This “recovery” period gener-

ally results in a higher rate of protein production, possibly because it allows the sells to
recover somewhat from the conditions of minimal media, as well as allowing time for
viral-related events to occur in the host cell. The optimal rate of protein secretion is gen-
erally seen at 12–16 h postinfection.

8. Biosynthetically label proteins by incubating in the presence of 20–100 µCi/well of
35S-Trans label in a final volume of 400 µl of methionine- and cysteine-free DMEM,
serum free (see Note 9).

9. Incubate cells overnight, up to 30 h postinfection.
10. Harvest conditioned media and process by metal chelating chromatography (see

Subheading 3.9.). Due to the nature of the fusion protein cassette, the recombinant
protein should be secreted. However, particularly in the case of mutants, it is possible
that the target protein will not escape quality control systems in the cell. This can be
tested by harvesting the cell layer with a detergent-containing solvent (e.g., 20 mM
Tris-HCl, pH 8.0, 20 mM imidazole, 1% Triton X-100), followed by purification as
described above.

3.9 Metal Chelating Affinity Chromatography (Ni2+ Column)
This section brifely outlines one strategy for purifying a hexa-histidine-tagged pro-

tein by metal-chelating affinity chromatography. Many similar methods are described
elsewhere, in addition to a number of “kits” and different resins available to achieve
the same goal (see Note 10).

3.9.1. Column Preparation
1. Transfer the desired amount of slurry (for screening, a 0.5-mL resin volume is ample) to

a polypropylene column or, alternatively, use a prepacked column (Amersham Pharmacia
Biotech).

2. Wash resin with ddH2O (5 vol).
3. Charge resin 1× charge buffer (5 vol).
4. Wash resin 1× loading buffer (3 vol).

3.9.2 Sample Preparation
1. Harvest the supernatant from 6-well plates.
2. De-salt the sample on Sephadex G-50 (or PD-10 columns, Pharmacia) column to remove

unincorporated label and exchange sample into load buffer.
Disposable G-50 column preparation:
a. Prepare G-50 slurry in water.
b. Generate a column in a disposable 10-mL pipet, with the end plugged with glass

wool.
c. Wash resin with 3 column volumes of load buffer.
d. Behavior of macromolecular elution is essentially linear up to 20 mL of resin.

i. For 8-mL column, load 2-mL sample and wash in with 0.5 mL, and elute macro-
molecular fraction with 2.5 mL.

ii. For 20-mL column, load 5-mL sample and wash in with 1.25 mL, and elute macro-
molecular fraction with 6.25 mL.
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3.9.3. Column Chromatography
1. Apply the exchanged sample to the Ni2+-charged column.
2. Wash the column with 5 vol of loading buffer.
3. Wash the column with 5 vol of wash buffer.
4. Elute weakly bound material with 3 vol of elution #1.
5. Elute tightly bound proteins with 3 vol of elution #2.

3.9.4. Concentration of Sample and SDS-PAGE
1. Concentrate about one-quarter of each eluted fractions with 10,000-MW cutoff mem-

brane (Centricon, Millipore).
2. Wash concentrate one time with excess TE buffer (10 mM Tris-HCl, 10 mM EDTA), and

reduce volume to ≤ 20 mL.
3. Add SDS-PAGE sample buffer and process as usual for SDS-PAGE analysis, followed

by fixation and fluorography.
4. Core protein and/or proteoglycan should be apparent in positive lanes (see Fig. 3).

3.10. Mass Production

The following protocols briefly describe methods for production of larger amounts
of protein (milligrams and higher), and essentially comprise simple scale-up of the
above protocols. The system lends itself to high-level batch production of recombi-
nant proteins, and purification under native conditions.

1. Day 1: Set up cells. Seed roller bottles (or cell factory) with cells at 5 × 107 cells per
bottle (or per layer of the cell factory). Use 200 mL of 10% DMEM per roller (100 mL
per layer).

2. Allow 1–2 d to reach 80–90% confluence.
3. Day 2: Co-infection. Thaw recombinant viruses and add an equal volume of trypsin.

Incubate at 37°C for 30 min, vortexing every 5 min.
4. Mix an appropriate amount of each virus into 10 mL of 2.5% DMEM for each roller to

be infected.
5. Remove media from cells and wash cell layer twice with PBS.
6. Overlay cells with virus–DMEM cocktail and incubate at 37°C for 2 h in roller apparatus.
7. Add 50 mL of 2.5% DMEM for each roller, and incubate a further 2–4 h.
8. Optional: Biosynthetically label one bottle to use as a trace during purification, by incu-

bating in the presence of 1 mCi per roller of 35S-Trans label in a final volume of 30 mL of
methionine- and cysteine-free DMEM. For nonlabeled bottles, use 30 mL of DMEM SF
per roller.

9. Incubate cells overnight, up to 30 h postinfection.
10. Harvest conditioned media and process by metal-chelating chromatography
11. Harvest the supernatant from the roller bottles and add solid imidazole up to a final con-

centration of 5 mM.
11. Add a detergent to reduce nonspecific binding (concentration should be the same as for

the column buffer).
12. Adjust pH to 8.0 using concentrated NaOH.
13. Purify hexa-histidine tagged proteoglycan by affinity purification on Ni2+-charged

metal-chelating column (see Subheading 3.9.), using imidazole gradient elution as
shown in Fig. 3.
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3.11. Characterization of Recombinant Proteoglycan
Following purification of recombinant proteoglycan and core protein by the

procedures described above, further steps are dictated by the ultimate disposition of
the protein. Simple carbohydrate analysis should yield information about glycosami-
noglycan type, number, and size; more detailed analysis will show substitution with
N- and O-linked oligosaccharides; and finally, study of the structure (e.g., CD spec-
troscopy, NMR analysis, crystallization) and biological function (e.g., interaction with
other matrix components, role in ECM assembly, in-vivo activity) will take advantage
of the high-level expression and purification of native proteoglycan that is likely to
closely resemble the in-vivo product. Many of these methods are detailed elsewhere in
this book.

4. Notes
1. Constructs developed for expression in the vaccinia/T7 phage hybrid system have a T7

promoter driving expression of the target protein. Following construction of an expres-

Fig. 3. Purification of recombinant proteoglycan by metal-chelating affinity chromatogra-
phy. (a) 35S-labeled proteoglycan (decorin) in conditioned media was applied to a Ni2+-charged
iminodiacetic acid column (2 mL) in 20 mM imidazole buffer. Bound material was eluted by a
stepwise increase of imidazole to 60 mM (proteoglycan elutes), and a linear gradient of imida-
zole from 60 to 200 mM (core protein elutes); see text for discussion. (b) Analysis of selected
fractions (indicated by the asterisk in panel a) by SDS-PAGE and visualized by fluorography.
Note that the separation of proteoglycan and core protein glycoforms is likely to be specific to
decorin (and biglycan) due to the proximity of the glycosaminoglycan chain to the hexa-histi-
dine tag resulting in a lower affinity interaction.
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sion vector in any of the pT-cam series of vectors, we recommend doing in-vitro tran-
scription directly from the plasmid vector with T7 RNA polymerase, and in-vitro transla-
tion with a reticulocyte lysate system. This is in addition to direct sequencing through
cloning sites or, optimally, through the entire coding region. A significant amount of
wasted time can be avoided by following these two simple steps.

2. Since there is likely to be background wild-type virus as well as spontaneous deletion of
the TK gene activity, it is recommended to take 8 plaques through to the second round.
Some of these may not survive a second round of selection, and others may not express
protein. Ideally, 50–75% of the first round plaques should be the desired recombinant;
however, this efficiency can be somewhat less (ultimately, you need only one positive!).

3. If pg 1.1.3 is a positive, the name indicates it is derived from plaque number pg 1 from the
pg recombination, and that it has gone through three rounds of selection. If pg 1.1.3 is lost
through a laboratory accident, then it is likely that pg 1.1.1, pg 1.1.2, and pg 1.1.4 are
identical clones and the positive can be recovered.

4. It is possible to screen plaques at this stage by PCR analysis. Our experience suggests that
it is difficult to design appropriate positive and negative controls for this procedure. Since
the ultimate test of a recombinant virus will always be expression of the protein of inter-
est, we recommend amplifying the eight recombinants, determining the titration, and
screening for protein expression. However, PCR screening can be useful, particularly
when generating and screening a large number of constructs (truncations, deletions,
mutations, etc.). Therefore this protocol describes the isolation of viral DNA for subse-
quent PCR by standard methods using appropriately designed oligonucleotides.

5. These procedures are followed to generate enough virus for an accurate titration and to
screen for protein expression. We recommend amplifying 4–8 recombinants from the
third-round plaque assay.

6. An accurate titration is required before any attempts to screen for protein expression.
Titers can vary by 1-2 orders of magnitude, and optimal protein expression is achieved
only within a discrete range of infection (5–30 pfu/cell). Infection with too little or too
much virus will not yield detectable levels of protein expression.

7. Following identification of a positive recombinant, large stocks of virus are made and can
be aliquoted and stored at –70°C for extended periods. For generation of milligram
amounts of protein, and to avoid significant batch-to-batch variation, it is recommended
to make as much virus stock as is practical.

8. After generating up to eight putative positive recombinant viruses that have undergone at
least three rounds of selection in the presence of BrdU, a simple proteoglycan/protein
expression screen is done to identify genuine positives. There are a number of ways to
screen for the protein of interest, including Western blotting with specific antibodies or
even sensitive bioassays if available. However, in our laboratory we almost exclusively
utilize biosynthetic labeling of the core protein and purification with the hexa-histidine
tag, followed by predicted migration on SDS-PAGE.

9. Most cells will tolerate serum-free conditions for the period of labeling, and this has the
advantage of reducing total protein in the harvested conditioned medium. However, for
cell lines that are particularly sensitive to serum-free conditions, one can add minimal
serum or some other form of defined medium.

10. The behavior of a particular protein is not easily predicted, and better performance can
often be achieved by an empirical approach, testing different resins, different divalent
cautions, and changes in solvent conditions. However, for the purposes of an initial screen,
this method is appropriate.
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Purification of Recombinant Human Decorin
and Its Subdomains

Anna L. McBain and David M. Mann

1. Introduction
Conventional approaches to purifying most connective tissue proteoglycans (PGs)

generally involve treatments that consequently alter the binding properties of the
purified PG (e.g., exposure to strong detergents or harsh denaturants such as
guanidinium). Herein we describe a protocol that we use to isolate human decorin in
which the PG remains functional in its binding to various ligands (1,2). This method
utilizes a eukaryotic expression system that produces high quantities of recombinant
human decorin as a soluble component of the transfected cell culture medium together
with a combination of conventional ion-exchange and hydrophobic-interaction chro-
matography. Here we provide detailed instructions for (1) the production of condi-
tioned medium containing secreted recombinant human decorin, (2) the initial
ion-exchange chromatography step using DEAE-Sepharose, and (3) the final hydro-
phobic-interaction chromatography step.

In addition, we have also developed a prokaryotic system for the expression of
subdomains of human decorin. This system utilizes a derivative of the pATH plasmid
series (3) and was selected because our preliminary studies indicated that it yields high
levels of recombinant decorin core protein with minimal degradation. Decorin
subdomains are expressed in Escherichia coli as fusion hybrids with the amino-terminal
323 residues of anthranilate synthase (trpE), which tends to stabilize the fusion protein
and cause it to form protease-resistant inclusion bodies within the cytosol. Inclusion
body formation also facilitates isolation of the decorin-subdomain fusion proteins.

We used a cassette mutagenesis approach to engineer a derivative of the pATH3
expression vector to introduce several desirable features. For example, our modified
pATH3 vector encodes a Factor Xa cleavage site between the trpE encoded sequence
and the inserted decorin sequence, and a polyhistidine tag at the carboxy-terminus of
the decorin sequence. This tag provides an affinity handle to facilitate a rapid and
highly specific method of purifying the expressed protein from bacterial cell extracts
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if needed. We have used E. coli WM6 as the host cell for expression of the decorin
fusion proteins because these cells are deficient in protease activity (4). They are a
derivative of the E. coli strain CAG 456, which carry a mutation in the RNA
polymerase sigma subunit specific for heat-shock promoters. Thus, in addition to a
reduced proteolysis, there is a potential to accumulate the expressed protein for longer
periods of time in these cells. In this chapter, we describe the general outline for
subcloning a decorin core protein domain into our modified pATH3 vector and provide
a protocol for expressing this subdomain as an anthranilate synthase hybrid protein.
We also have provided our protocol for the isolation and solubilization of the resulting
inclusion bodies.

2. Materials
2.1. Cell Culture and Conditioned Medium Production

1. Chinese hamster ovary cells stably transfected to express the proteoglycan form of human
decorin (5).

2. Supplemented alpha(–)MEM: Alpha(–)MEM (without nucleosides) supplemented with
final concentrations of 25 mM glucose, 0.8 mM sodium sulfate, 0.02% Tween 80 (Sigma,
St. Louis, MO), 100 units/mL penicillin G sodium, 100 units/mL streptomycin sulfate, and
0.292 mg/mL L-glutamine.

3. Serum-containing supplemented alpha(–)MEM: As described above, with 10% defined and
supplemented bovine calf serum (Hyclone Laboratories, Logan, UT) added.

4. Trypsin EDTA 1× solution in Hanks’ balanced salts (0.05% Trypsin, 0.53 mM EDTA,
without calcium or magnesium).

5. 850 cm2 polystyrene roller bottles (Corning, Corning, NY).
6. Cell wash buffer: Dulbecco’s phosphate–buffered saline containing 1 mM calcium chlo-

ride and 0.5 mM magnesium chloride.
7. Protease inhibitor stocks: 1 mg/mL aprotinin, 1 mg/mL leupeptin, 1 mg/mL pepstatin A.
8. Sodium azide stock solution (20% w/v).

2.2. DEAE-Sepharose Chromatography
1. Buffer A: 300 mM NaCl in phosphate buffer, pH 7.4 (6.5mM Na2HPO4.7H2O, 1.1 mM

KH2PO4, 2.7 mM KCl) with 0.02% sodium azide.
2. 5 M NaCl in water.
3. Buffer B: 6 M urea containing 6 mM CHAPS and 300 mM NaCl in phosphate buffer,

pH 7.4 (as defined above), with 0.02% sodium azide. Prepare this urea buffer fresh from
a 9 M urea stock that has been maintained over a mixed-bed ion-exchange resin, TMD-8
(Sigma, St. Louis, MO) to remove cyanate ions.

4. Buffer C: 1 M NaCl in phosphate buffer (as defined above), pH 7.4, with 0.02% sodium
azide.

5. Two 2.5 cm (diameter) by 20 cm (length) chromatography columns (e.g., Kontes Flex),
each packed with 80-mL DEAE-Sepharose Fast Flow (Pharmacia).

6. A 2.5 cm by 20 cm guard column packed with 30-mL Sepharose-4B (Pharmacia).

2.3. Hydrophobic Interaction Chromatography (HIC)
1. Saturated ammonium sulfate (4.1 M at 25°C) in 50 mM phosphate buffer, pH 6.3.
2. A 50 mm by 4.6 mm Hydrocell C4-1000 HIC column, 10 µm by 1000 Å (prepacked by

BioChrom Labs, Terre Haute, IN).
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3. 2.5 M ammonium sulfate in 50 mM phosphate buffer, pH 6.3.
4. 50% Ethylene glycol in 50 mM phosphate buffer, pH 8.3.

2.4. Prokaryotic Expression of Decorin Subdomains
 as Anthranilate Synthase Hybrid Proteins

1. pATH3 prokaryotic expression plasmid (American Type Culture Collection [ATCC],
Manassas, VA, product #37697), modified within the multiple cloning site by cassette
mutagenesis to contain the following: Factor Xa protease cleavage site (Ile-Glu-Gly-Arg),
a directional cloning site (BamHI-XhoI-XbaI) for PCR-generated decorin domains, an
acid-labile cleavage site (Asp-Pro), and a polyhistidine affinity tag (six consecutive histi-
dine residues) followed by two consecutive lysine residues that can be used for chemical
cross-linking to a cyanogen bromide-activated agarose matrix.

2. PCR product encoding the desired subdomain of human decorin, terminating with an
appropriate restriction site for subcloning into the expression vector above such that the
decorin codons remain in frame with those of the anthranilate synthase sequence.

3. E. coli WM6 (ATCC product #47020, genotype F- supC(Ts) lac(Am) mal trp(Am) rpsL
htpR165 pho(Am) lambda-).

4. Luria-Bertani medium (LB medium).
5. M9 minimal medium with casamino acids.
6. Ampicillin: 50 mg/mL stock in water.
7. Indoleacrylic acid stock of 10 mg/mL in ethanol (this should be prepared immediately

before use).
8. Phenylmethylsulfonylfluoride (PMSF): 200 mM stock in 95% ethanol.
9. Lysis buffer: 50 mM Tris-HCl (pH 8.0), 1 mM EDTA, 0.1 M NaCl.

10. Lysis buffer with 0.5% Triton X-100 and 10 mM EDTA.
11. Lysis buffer with 8 M Urea and 2 mM PMSF.
12. Deoxycholic acid (sodium salt, Sigma).
13. Deoxyribonuclease I (DNaseI) from bovine pancreas (Sigma), dissolved at 1 mg/mL in

Tris-buffered saline.

3. Methods
3.1. Cell Culture and Conditioned Medium Production

1. Chinese hamster ovary cells stably transfected with the proteoglycan form of human
decorin are grown in serum-containing alpha(–)MEM medium at 37°C in 5% CO2. We
typically grow these cells in 75 cm2 tissue culture flasks until confluent and then expand
them into 850 cm2 roller bottles. After detaching cells from one confluent 75 cm2 flask
using trypsin/EDTA, the cells are gently pelleted by centrifugation at 320g, 25°C. The
trypsin/EDTA supernatant is discarded and the resuspended cell pellet is added to
150 mL of serum-containing medium in an 850 cm2 roller bottle. Cells are maintained in
serum-containing supplemented alpha(–)MEM until they have reached confluency. Roller
bottle cultures should be grown at 37°C in 5% CO2 with a rotational speed of 0.5 rpm.

2. Remove the serum-containing conditioned medium (see Note 1) and wash the adherent
cell layer three times each with approximately 150 mL of cell wash buffer at 37°C.

3. Add 50 mL of supplemented alpha(–)MEM (serum-free) to the roller bottle and rotate the
cells in this medium at 0.5 rpm and 37°C for 8–24 h to allow them to condition this
medium with secreted decorin (see Note 2).

4.  Collect the serum-free conditioned medium and refeed cells with 150 mL of serum-con-
taining medium. Culture cells in this medium for at least 48 h to allow them to recover
from the serum deprivation before producing serum-free conditioned medium again.
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5. Add protease inhibitors (aprotinin, leupeptin, pepstatin A) to the conditioned medium to
a final concentration of 1 µg/mL for each (see Note 3).

6. Sodium azide should be added to the conditioned medium to a final concentration of
0.02% to prevent microbial contamination during subsequent handling steps.

7. Remove cell debris by centrifugation for 10 min at 430g and store clarified conditioned
medium at –80°C (preferred) or –20°C.

8. Cultures maintained in roller bottles should be harvested and reseeded into fresh roller bottles
at approximately 1 × 107 cells per roller bottle every 2–3 wk or whenever significant slough-
ing can be observed macroscopically (i.e., greater than 20% of the surface area is cell free).
Production of conditioned medium from roller bottle cultures that are overgrown will result in
increased histone and DNA contamination of the decorin due to significant cell lysis.

3.2. DEAE-Sepharose Chromatography
1. Thaw conditioned medium at 37°C.
2. Bring 20–30 L of pooled medium to a final concentration of 300 mM NaCl by adding 31 mL

of 5 M NaCl stock per liter of conditioned medium (see Notes 4 and 5).
3. Apply the conditioned medium over two 80-mL DEAE-Sepharose fast flow columns con-

nected and preceded by a 30-mL Sepharose-4B precolumn guard to remove nonspecific
Sepharose-binding molecules (columns should be previously equilibrated with buffer A).
This should be performed at 4°C with a flow rate not exceeding 3 mL/min. Typically we pass
15 L over these columns in about 72 h using gravity flow without pumping (see Note 6).

4. Detach the preguard column and individually wash the 80 mL DEAE-Sepharose columns
each with 2–3 L of buffer A until the absorbance at 280 nm of this wash is below 0.010.
This step can be performed at room temperature with a gravity-driven flow rate of
approx 750 mL/h (see Note 7).

5. Wash each DEAE-Sepharose column seperately with 250 mL of buffer B. The presence of
6 mM CHAPS in this buffer removes low-molecular-weight decorin-binding contaminants (6).

6. Remove the urea/CHAPS thoroughly by washing each column with approx 0.5–1.0 L of
buffer A.

7. Place the two DEAE-Sepharose columns back in series and remove the bound decorin
with a linear NaCl gradient generated between 100% buffer A and 100% buffer C (300 mM
to 1 M NaCl, in phosphate buffer, pH 7.4). We recommend performing this step at 4°C
and pumping a total elution volume of 500 mL at a constant flow rate of 20–30 mL/h while
collecting 50 × 10 mL fractions.

8. Measure the absorbance of each fraction at 280 and 260 nm and plot these values vs the
fraction number. Typically, the elution profile will contain two partially overlapping peaks,
the first composed predominately of nucleic acid contaminants and the second, smaller, peak
containing recombinant human decorin. The bound decorin will dissociate from the DEAE
columns in approx 600–800 mM NaCl.

9. Analyze the purity of decorin in the fractions by SDS-PAGE (see Note 8). Pool the
decorin-containing fractions that lack significant DNA contamination (determined
by absorbance at 260 nm). Our typical yields of recombinant human decorin are
approx 2.5–3.0 mg/L from serum-free conditioned medium (see Note 9). Greater yields
(5–10 mg/L) are obtained from serum-containing medium that has been conditioned for
48 h or longer.

3.3. Hydrophobic Interaction Chromatography
1. Dilute the pooled decorin-containing fractions with an equal volume of saturated

ammonium sulfate in 50 mM phosphate buffer, pH 6.3.



Purification of Recombinant Decorin 225

2. Apply this material to a C4 hydrophobic interaction column (previously equilibrated with
2.5 M ammonium sulfate in 50 mM phosphate buffer, pH 6.3) at room temperature with a
slow flow rate (e.g., 1.0 mL/min for a 50 by 4.6 mm column) and wash the column with
the equilibration buffer until a baseline signal is achieved (see Note 10).

3. Remove bound decorin with a reverse linear gradient of ammonium sulfate from 2.5 to 0 M
in 50 mM phosphate buffer, pH 6.3, while simultaneously applying an increasing linear
gradient of ethylene glycol from 0 to 50% in 50 mM phosphate buffer, pH 8.3. When
monitored by absorbance at 280 nm, we typically observe three major peaks eluting from
the column (Fig. 1A; see Note 11). Coomassie blue/toluidine blue-staining SDS-polyacryla-
mide gels and immunoblotting using a polyclonal antibody directed against the amino-ter-
minal end of human decorin (7) reveal that the second and third peaks in the chromatogram
contain highly purified decorin, with no other molecules detected (Fig. 1B).

4. Collect decorin containing peaks and remove ethylene glycol and ammonium sulfate by
dialysis using a 30-kDa MWCO dialysis membrane (Spectrapor). We typically dialyze
against phosphate-buffered saline before storing the final decorin product.

3.4. Prokaryotic Expression of Decorin Sequences
as Anthranilate Synthase Fusion Proteins

1. Cloning of human decorin subdomains into modified pATH3 vector: PCR amplify the
desired decorin core protein sequence(s) using synthetic oligonucleotide primers that are
designed to incorporate appropriate restriction sites for subcloning the product into
the modified pATH3 vector in the correct reading frame. Restrict PCR product with
appropriate restriction enzymes (e.g., BamHI and XbaI) and subclone into the modified
pATH3 vector. Figure 2 illustrates the boundaries of the decorin subdomains that we have
subcloned into our modified pATH3 vector and expressed as fusion proteins, as well as the
sequence of the salient features of this expression vector and resultant fusion polypeptides.

Fig. 1. Purification of human recombinant decorin by hydrophobic interaction chromatog-
raphy. (A) Representative chromatogram resulting from C4-hydrophobic interaction column
loaded with pooled DEAE-Sepharose purified decorin. Note the three predominant peaks
detected in the eluted material, P1-P3. (B) SDS-PAGE analysis of three peaks fractionated by
HIC: lane 1, Coomassie blue toluidine blue staining of the starting material loaded on the HIC
column; lanes 2–5, immunoblot analysis of the starting material (lane 2) and the eluted peaks,
P1-P3 (lanes 3–5, respectively), using a polyclonal antibody directed against the amimo
terminal end of human decorin (7).
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2. Expression of fusion proteins in E. coli WM6: Use E. coli WM6 cells to express the re-
combinant fusion protein. Prepare a freshly seeded plate with WM6 transformants and
pick a single colony for overnight expansion in LB medium containing 100 µg/mL ampi-
cillin (37°C while shaking at 225 rpm). Dilute the overnight culture with 4 volumes of
M9 minimal medium containing casamino acids supplemented with 100 µg/mL ampicil-
lin (i.e., cell density diluted to 20% that of the overnight culture) (see Note 12). Incubate
the diluted culture for 3 h at 37°C with shaking and then induce fusion protein expression
by adding indoylacrylic acid (IAA) to a final concentration of 10 µg/mL. Incubate cul-
tures in IAA containing medium for 5 h at 37°C with shaking at 225 rpm to accumulate
high levels of expressed fusion protein (see Note 13). Add PMSF to the cultures to a final
concentration of 0.2 mM. At this stage the total bacterial culture can be analyzed for the
expression of the fusion protein. Remove 10 µL of culture, dilute with 2× SDS-PAGE
sample buffer (reducing), and analyze total protein content by SDS-PAGE (see Note 14).
Figure 3 shows the profile of total proteins present in the WM6 cultures (cell + medium)
and their immunoreactivity with rabbit polyclonal antisera raised against either human
decorin (7) or a carboxy-terminal peptide of human decorin (8).

Fig. 2. Structure of decorin core protein and prokaryotic expression vector used to produce
anthranilate synthase-decorin hybrid proteins. (A) Delineation of human decorin subdomains
that have been expressed as hybrid proteins. (B) Model of hybrid fusion protein illustrating the
salient features introduced by expression from our modified pATH3 vector. (C) Sequence of
the fusion site in modified pATH3 vector illustrating position of specific engineered features.
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3. Isolation and solubilization of fusion protein inclusion bodies: Pellet WM6 cells by cen-
trifugation at 5000g for 15 min at 4°C and determine the weight of the cell pellet. Resus-
pend the cell pellet in lysis buffer using 3 mL of lysis buffer per gram of wet cell pellet
weight. While shaking cell suspension at 25°C, add 4 mg of deoxycholic acid per gram of
original cell pellet weight. Incubate lysate at 37°C until it becomes viscous (10–30 min)
and then add 20 µL of DNase I solution per gram cell pellet weight. Incubate at 25°C until
no longer viscous (30–60 min). Centrifuge at 12,000g for 15 min at 4°C. Decant superna-
tant and resuspend pellet in 9 vol of lysis buffer containing 0.5% Triton X-100 and
10 mM EDTA, pH 8.0. Incubate for 5 min at 25°C before centrifuging for 15 min at
12,000g, 4°C. Decant supernatant and solubilize the residual pellet in lysis buffer con-
taining 8 M urea and 2 mM PMSF. Analyze all supernatants and urea insoluble pellet by
SDS-PAGE to determine the distribution of the fusion protein.

4. Notes
1. Serum-containing medium can be processed as per steps 5–7 under Subheading 3.1.,

but, the decorin produced from this material can contain low levels of bovine proteoglycans
derived from the serum. By collecting and processing conditioned medium made under
serum-free conditions, the levels of contaminating proteoglycans from the bovine serum
are undetectable.

Fig. 3. Expression of anthranilate synthase-decorin hybrid proteins in E. coli WM6. Frac-
tionation of 5–20% SDS-polyacrylamide gel of total proteins present in combined media and
cell pellet: (A) Ponceau S staining of a nitrocellulose membrane before immunodetection; (B,C)
immunoblot analysis using rabbit polyclonal antisera raised angainst either human decorin
proteoglycan or a carboxy-terminal peptide of the core protein of human decorin (8), respec-
tively. Total proteins derived from WM6 cultures transformed with (lane 1) modified pATH3
vector only (no decorin sequence inserted); (lane 2) modified pATH3 vector with decorin NH2

domain insert (Asp1-Lys44); (lane 3) modified pATH3 vector with decorin LRM domain
insert (Val45-Gly278); (lane 4) modified pATH3 vector with decorin COOH domain insert
(Ser279-Lys329); (lane 5) modified pATH3 vector with whole decorin sequence insert
(Asp1-Lys329). As a positive control, lane D contains the proteoglycan from of  human decorin.
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2. We have found that 16 h is an optimal period to allow cultures to condition their serum-
free medium with decorin. Longer incubations tend to increase DNA contamination in
the decorin preparations, due to increased cell lysis, while shorter incubations yield lower
concentrations of decorin.

3. It is important to add protease inhibitors before the centrifugation of conditioned medium in
order to reduce degradation of decorin core protein caused by proteases released from any
lysed cells.

4. Increasing the ionic strength of the conditioned medium prior to performing ion-exchange
chromatography reduces binding of weak polyanionic molecules to the DEAE-Sepharose
matrix and thus increases the binding capacity of the column and the purity of the isolated
decorin.

5. For handling of large volumes of conditioned medium we typically use the 5-gal plastic
bottles from common water coolers (each will hold 18–19 L of conditioned medium).

6. Occasionally it may be necessary to siphon off the top 1–2 mm of the matrix from the guard
column, as this may become clogged with a floculant precipitate.

7. To reduce loss of decorin in the wash buffer of the DEAE-Sepharose column, the total wash
time should not exceed 4 h. The fast flow rates necessary can be achieved under a gravity-
driven flow by positioning the connected wash bottle approximately 7 ft (2 m) above the
column.

8. We typically analyze the purity of eukaryotic expressed decorin during the purification
scheme by electrophoresing samples under reducing conditions on 5–20% SDS-polyacry-
lamide gradient gels. These gels are subsequently stained with Coomassie blue to detect any
protein contaminants and then with 0.1% toluidine blue (w/v) in 0.1 M acetic acid, to
detect proteoglycans.

9. The DEAE column flow-through conditioned medium can be reapplied to the ion-exchange
columns for an approx 10% additional yield of decorin.

10. We use the Hydrocell C4-1000, 50 mm × 4.6 mm (BioChrom Labs) on a TOSOH HPLC
system (TSK 6011) equipped with a TSK 6041 UV detector and a GM8010 gradient
monitor; however, a Pharmacia FPLC system (or other equivalent) can be used.

11. Preliminary preparative runs using the larger, 150 mm x 21 mm, Hydrocell C4-1000 column
indicate that approx 600 mg of recombinant human decorin can be bound and recovered
from this column.

12. Although the pATH3 expression vector uses a fairly tight promoter, if low yields of the
fusion protein are observed expression can sometimes be improved by depleting tryptophan
levels in the cultures for 2–3 h before inducing expression with IAA. For example, the
overnight LB cultures are separated from the tryptophan-containing spent medium by cen-
trifugation and resuspended at 20%, their overnight density in tryptophan-free M9 medium
containing casamino acids.

13. The optimal expression period must be determined emperically for each particular fusion
molecule. For example, depending on the stability and accumulation of individual proteins,
the induction period can range from 2 to 12 h.

14. To determine whether the induction step has been successful, it is advised that a duplicate
culture not induced by IAA be prepared and analyzed by SDS-PAGE.
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Prokaryotic Expression of Proteoglycans

Alan D. Murdoch and Renato V. Iozzo

1. Introduction
For molecules with such extensive posttranslational modifications, it may not be

immediately obvious why one would wish to express the protein cores of proteoglycans
in prokaryotic systems, where none of this modification can occur. However, there are
several cases where this is not a problem, and some where there is a positive advantage
to expressing a core protein with none of the normal eukaryotic modifications.

Bacterially expressed proteoglycan core proteins have been used successfully to
raise polyclonal antisera (1,2) and as both immunization and screening agents in mono-
clonal antibody production, notably in the production of domain specific monoclonals
(3,4). Bacterial fusion proteins have also been used to probe core protein domain–
carbohydrate interactions (5), as substrate for modification enzymes such as core pro-
tein–UDP-xylose xylosyltransferase (6,7), and to gain at least some structural and
functional information about important extracellular matrix molecules (8,9).

Bacterial fusion systems can be divided roughly into two main groups depending
on the size of the vector-encoded fusion partner. Those with small tags such as
polyhistidine (6 × His), which allow purification on immobilized metal ions (e.g.,
Qiagen, Clontech), FLAG (Sigma), or c-myc peptide tags (e.g., Invitrogen), which
allow detection and purification with specific antibodies, and the small (4-kDa)
calmodulin-binding peptide, which allows purification on calmodulin resin
(Stratagene), have the advantage that the tag can be left on the protein of interest with
minimal or no interference with the structure or function. Larger tags such as
glutathione S-transferase, protein A, maltose-binding protein, or cellulose-binding
domain (Amersham Pharmacia Biotech, Novagen, New England Biolabs) may help
with fusion proteins that have solubility problems, but the large fusion partner can
present its own problems. There are many methods available for enzymatic or autocata-
lytic cleavage of fusion partners, but in many cases, such as monoclonal antibody
production or binding studies, it is not necessary to remove the fusion partner, as



232 Murdoch and Iozzo

experimental design can control for the presence of the partner. The choice of fusion
partner may be largely empirical, since not all proteins will express in the first system
of choice, and several may need to be tested before satisfactory expression levels are
achieved.

The pMAL system from New England Biolabs fuses the protein of interest to mal-
tose-binding protein (MBP), the product of the Escherichia coli malE gene (10,11).
MBP is normally secreted into the bacterial periplasmic space; the pMAL-p2 vector
can be used to take advantage of this and produce secreted periplasmic fusion pro-
teins. The pMAL-c2 vector has the signal peptide sequence of the malE gene removed
and can be used for high-level cytoplasmic expression of fusion proteins. In both
cases, the fusions can be purified by virtue of the affinity of MBP for maltose using a
column of immobilized amylose (a maltose polymer). In this chapter we present details
of pilot-scale experiments for cytoplasmic and periplasmic expression of MBP fusion
proteins, with an example of cytoplasmic expression, and a protocol for affinity puri-
fication. Further details about the system can be found in the pMAL system handbook
(available on the NEB website at http://www.neb.com). In addition, since many fusion
proteins will form insoluble inclusion bodies in many of the common E.coli strains,
we include a convenient method for solubilization of protein from these inclusion
bodies in a form suitable for affinity purification.

2. Materials
1. pMAL-c2 and pMAL-p2 vectors, components of the pMAL system. General molecular

biology supplies: restriction endonucleases, T4 DNA ligase, etc., facilities for running
horizontal agarose gels, water baths, DNA sequencing facilities. PCR reagents, including
proofreading polymerases such as Pfu or Tli polymerases if necessary. SDS-PAGE gel
equipment, columns, pumps, and fraction collector for affinity chromatography.

2. Luria-Bertani (LB) growth medium: 10 g of tryptone, 5 g of yeast extract, 5 g of NaCl per
liter. Adjust pH to 7 and autoclave.

3. Glucose. 1 M glucose stock: Dissolve 18 g of glucose and make up to 100 mL. Filter
sterilize and add 10 mL to cooled sterile LB for rich growth medium (see Note 1).

4. Ampicillin 1000 × stock: Dissolve 0.5 g of ampicillin in 5 mL of H2O. Filter sterilize into
aliquots and store at –20°C.

5. X-gal: Dissolve at 40 mg/mL in dimethylformamide. IPTG 1 M stock: Dissolve 2.38 g of
IPTG in 10 mL of H2O, filter sterilize into aliquots. Store both X-gal and IPTG at –20°C.

6. Column buffer: 20 mM Tris-HCl, pH 7.4, 200 mM NaCl, 1 mM EDTA. Dissolve 2.42 g of
Tris base, and 11.7 g of NaCl per liter and add 2 mL of 0.5 M EDTA stock. Adjust pH to 7.4.
In addition, the column buffer used in the example shown in Fig. 1 also contained 1 mM
sodium azide (1 mL of 1 M stock per liter) and 10 mM β-mercaptoethanol (0.7 mL/L).

7. Cold osmotic shock wash buffer: 30 mM Tris-HCl, pH 8.0, 20% sucrose. Dissolve 3.63 g
of Tris base and 200 g of sucrose per liter and adjust pH to 8.0.

8. For the cold osmotic shock: 5 mM MgSO4. Dissolve 60 mg of anhydrous MgSO4 in
100 mL of H2O.

9. Anti-MBP serum, component of the pMAL system.
10. Amylose resin, component of the pMAL system.
11. Inclusion body lysis buffer: 50 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM EDTA. Dis-

solve 3.03 g of Tris base, and 2.92 g of NaCl and add 1 mL of 0.5 M EDTA for 500
mL of buffer and adjust the pH to 8.
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12. Inclusion body wash buffer: as per lysis buffer above, but add 10 mL of 0.5 M EDTA and
2.5 mL of Triton X-100 per 500 mL.

13. Inclusion-body solubilization buffer: Lysis buffer containing 8 M urea and 0.1 mM PMSF.
Dissolve 48 g of urea by adding 50 mL of H2O and then making the solution up to 100
mL. Deionize by adding 1 g of mixed-bed resin TMD-8 (Sigma) and stir for 1 h. Filter the
beads out of the solution through a sintered glass filter. Add to the solution 0.61 g of Tris
base, 0.58 g of NaCl, 0.2 mL of 0.5 M EDTA and adjust pH to 8. Add PMSF just before
use to 0.1 mM (see Note 2).

14. Alkaline pH buffer: 50 mM KH2PO4, pH 10.7, 50 mM NaCl, 1 mM EDTA. Dissolve 3.4 g of
KH2PO4 and 1.46 g of NaCl and add 1 mL of 0.5 M EDTA per 500 mL. Adjust the pH to 10.7.

3. Methods

3.1. Subcloning and Screening
1. Subclone the cDNA encoding the gene or open reading frame of interest into both the

pMAL-c2 and pMAL-p2 vectors for small-scale expression. The translational reading
frame of the insert must be the same as the malE gene from the vector. If no vector-
derived amino acids are wanted in a factor Xa-cleaved protein, then the open reading
frame should be cloned into the XmnI site in the vector. Bear in mind that the first encoded
amino acid in this case should not be proline or arginine, since this will inhibit factor Xa
cleavage. Otherwise, the remaining restriction sites can be used, preferably for direc-
tional cloning. If using the PCR to generate insert, proofreading polymerases will pro-
duce suitable blunt-ended fragments for XmnI cloning, and downstream primers should
include a translational stop codon. A number of cloning strategies are also presented in
the pMAL system manual.

2. Ligate 25–50 ng of suitably digested pMAL-c2 and -p2 with 1–4 times the molar amount
of insert in a standard ligation. For directionally cloned inserts, include a vector-only
control reaction.

3. Make competent TB1 or other E. coli strain (or purchase ready competent cells). We have
found the CaCl2 method works well for TB1.

4. Mix the ligation reaction with 50 µL of competent cells, incubate on ice for 30 min, and
heat shock at 42°C for the length of time suitable for the strain used (2 min for TB1).

5. Recover the cells by adding 100–200 µL of LB and incubating at 37°C for 30 min. Spread
all of the transformation on 2 or 3 LB plates containing 100 µg/mL of ampicillin and
incubate overnight at 37°C.

6. If the insert was directionally cloned into the vector, and the vector control plate has few
or no colonies, pick colonies into 3 mL of LB with 100 mg/mL of ampicillin and shake
overnight at 37°C for plasmid minipreps (see Note 3).

7. If directional cloning was not possible and blue/white screening is necessary, either rep-
lica plate the colonies onto a fresh plate containing 100 µg/mL amp, 80 µg/mL of X-gal,
and 0.1 mM IPTG, or pick colonies with sterile toothpicks and stab or patch them onto an
LB amp plate and an LB amp/X-gal/IPTG plate and incubate at 37°C overnight. White
colonies on the X-gal plate show which colonies should be picked from the LB amp plate
for overnight liquid culture in 3 mL of LB with 100 µg/mL amp (see Note 3). Do not pick
colonies directly from plates containing IPTG.

8. Prepare miniprep DNA from the overnight cultures. Cut the DNA with suitable restric-
tion enzyme(s) and run on agarose gels to check for insert. Plasmids that appear to con-
tain insert should be sequenced to check for appropriate insert sequence and that the
reading frame across the MBP/fusion partner junction has been retained. Glycerol stocks
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should be prepared for archival purposes and cultures restreaked on LB plates containing
100 µg/mL ampicillin for small-scale expression testing.

9. Grow a small (5-mL) culture from a single bacterial colony in LB + glucose + ampicillin,
shaking with good aeration at 37°C, to an A600 of ~0.5. Take a 1-mL sample and pellet the
cells in a microfuge (top speed, 1 min). Aspirate the supernatant, resuspend the pellet in
50 µL of SDS-PAGE sample buffer and store at –20°C until needed (uninduced sample).

10. Add IPTG to the remaining 4 mL to 0.3 mM, and continue shaking at 37°C for 2 h.
Remove a 0.5-mL sample, microfuge as before and resuspend in 100-µL SDS-PAGE
sample buffer (induced sample).

11. Boil the uninduced and induced samples for 5 min and run 20-µL samples on an SDS-PAGE
gel of a suitable percentage for the expected fusion protein size and check for an induced band
of the correct size following staining with Coomassie blue (see Fig.1, lanes 2 and 3).

3.2. Pilot-Scale Expression—Cytoplasmic Expression
1. Grow an overnight culture of cells (5 mL) in LB + glucose + amp from a single colony of a

stock identified as expressing the fusion protein (above).
2. Add 0.8 mL of overnight culture to 80 mL (1/100) of fresh growth medium and grow as

before to an A600 of ~0.5. Take an uninduced sample as before, add IPTG to a final con-
centration of 0.3 mM, and shake for a further 2 h (see Note 4). Take an induced sample as
before and centrifuge the remaining culture at 4000 g for 10 min. Resuspend the pellet in
10 mL of column buffer (see Note 5).

Fig. 1. Purification scheme for a maltose-binding protein/perlecan domain II fusion protein.
A cDNA encoding the entire low-density lipoprotein-like region (domain II) of the basement
membrane heparan sulfate proteoglycan perlecan was subcloned into the pMAL-c2 vector (3)
and a pilot-scale expression was performed as described under Subheading 3.1. Samples were
run on a 10% SDS-PAGE gel and stained with Coomassie brilliant blue. Lane 1, molecular
weight markers. Lane 2, uninduced crude total lysate. Lane 3, induced crude total lysate.
Lane 4, crude soluble extract. Lane 5, crude insoluble material. Lane 6, amylose resin sample:
material from the crude soluble extract that bound to the amylose resin in the small batch bind-
ing procedure detailed under Subheading 3.1.6.
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3. Freeze the suspension at –20°C (–70/80°C can also be used). Thaw in cold water.
4. Sonicate the cells to disrupt them and release protein. Prevent the suspension from overheat-

ing by using an ice-water bath and sonicating in short pulses. Protein release can be moni-
tored with the Bradford assay. Sonicate until no more protein is being released.

5. Centrifuge the sonicated suspension at 9000 g for 20 min. Remove the supernatant (crude
soluble extract) and store on ice. Resuspend the pellet in 10 mL of column buffer (crude
insoluble material).

6. Add approx 200 µL of settled amylose resin as supplied and microfuge briefly. Remove
supernatant and wash the resin twice by resuspension in 1.5 mL of column buffer and
microfuging. Resuspend the resin in 200 µL of column buffer and add 50 µL of resus-
pended slurry to 50 µL of the crude soluble extract. Incubate on ice for 15 min, microfuge
for 1 min, wash pellet with 1 mL of column buffer, microfuge again, and resuspend the
resin pellet in 50 µL of SDS-PAGE sample buffer.

7. Take 5 µL of the crude soluble extract and the crude insoluble material and add 5 µL 2×
SDS-PAGE sample buffer to each. Boil these and the uninduced, induced, and amylose
resin samples for 5 min. Microfuge the tubes to pellet the amylose resin and run 20 µL of the
supernatant along with 20 µL of the uninduced and induced total lysate samples and all of
the crude soluble and insoluble samples on an SDS-PAGE gel (see Fig.1).

3.3. Pilot-Scale Expression—Periplasmic Expression
1. Proceed as above to grow and induce a culture of cells. After centrifuging for 10 min at

4000 g (see Subheading 3.1., step 2) resuspend the pellet in 10 mL of 30 mM Tris-HCl,
pH 8.0; 20% sucrose.

2. Add EDTA to a final concentration of 1 mM (20 µL of 0.5 M EDTA to 10 mL) and
incubate at room temperature with shaking for 5–10 min.

3. Centrifuge at 8000 g at 4°C for 10 min. Decant all the supernatant and resuspend the pellet
in 10 mL of ice-cold 5 mM MgSO4. Shake for 10 min in an ice-water bath.

4. Centrifuge again at 8000 g for 10 min at 4°C. The supernatant is the cold osmotic shock
extract. Samples of this extract (10 µL plus 10 µL 2× SDS-PAGE sample buffer) can be
run on SDS-PAGE gels. Depending on the level of expression, immunoblotting with the
anti-MBP serum supplied with the kit may be necessary.

3.4. Affinity Chromatography
1. The maltose-binding protein will bind to the amylose resin in a variety of buffer systems at

around pH 7 and in varying ionic strengths. Intracellular proteins extracted in column buffer
are ready to apply to the resin, following dilution if necessary (see below). Proteins in
cold osmotic shock extracts should be adjusted to 20 mM Tris-HCl, pH 7.4 by the addi-
tion of 1 M Tris-HCl pH 7.4. Proteins from cytoplasmic extracts that contain intramo-
lecular disulfide bridges (such as the perlecan domain II fusion in Fig. 1) may need to be
purified over the column in a reducing environment (e.g., 10 mM β-mercaptoethanol) to
prevent loss from incorrect disulfide bonding and aggregation. A refolding protocol may
then be necessary for the downstream application (see Note 6).

2. Pour an amylose resin column suitable for the amount of protein to be purified. The pMAL
system handbook suggests a 2.5 × 10 cm column; we have found K9/15 and XK16/20
columns from Pharmacia and 1 × 10 cm econocolumns from Bio-Rad to be satisfactory.
Column size and bed volume should be adjusted to the expected yield given a binding
capacity of ~3 mg/mL packed resin. We have generally used 10-mL columns (~30 mg
binding capacity is more than enough for many purposes, and larger bed volumes only
need longer washing steps). Wash the column with 8 vol of column buffer.
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3. Dilute the crude extract to a total protein content of 2.5 mg/mL or less with column buffer.
Cold osmotic shock extracts may not need diluting. Load the extract onto the column at
[10 × (diameter of column in cm)2] mL/h (~0.5 mL/min for an XK16 column).

4. Wash the column with 12 volumes of column buffer (or with an excess overnight).
5. Elute the bound fusion protein in column buffer containing 10 mM maltose, collecting

fractions of one-fifth column size (usually 2–3 mL). Fusion protein will usually start to
elute within the first column volume and should be quite a tight peak; collecting beyond
3 column volumes is usually not necessary.

6. Determine the protein content of fractions with the Bradford assay and pool the fractions
containing protein.

7. Check the protein concentration of the pooled material and run samples on SDS-PAGE
gels to verify the integrity of the protein.

8. Protein can be dialyzed, or concentrated and buffer-exchanged in Centricon concentra-
tors (Amicon) if it is necessary for your application.

3.5. Inclusion Body Solubilization
1. This method is taken from Sambook et al. (12), based on a method of Marston (13) and

uses a combination of 8 M urea and alkaline pH for solubilisation. Unless stated, all pro-
cedures should be carried out on ice or in a cold room.

2. Pellet up to 1 L of an induced culture of cells by centrifugation at 4000 g for 10 min at 4°C.
3. Decant the supernatant and weigh the pellet. Resuspend the pellet in 3 mL of lysis buffer

per gram wet weight.
4. Add 8 µL of 50 mM PMSF per gram of cells (see Note 2) and then 80 µL of 10 mg/mL

lysozyme per gram. Incubate for 20 min with occasional mixing.
5. Stir the lysate with a glass rod and, while stirring, add 4 mg of deoxycholate per gram of

original cell weight. Move the lysate to a 37°C water bath and continue to stir. When the
lysate becomes viscous, add 20 µL of 1-mg/mL DNAse I per gram of cells, mix well, and
incubate at room temperature.

6. Check the lysate periodically for viscosity. After approx 30 min, the mixture should be no
longer viscous.

7. Centrifuge the lysate at 12,000 g for 15 min at 4°C.
8. Resuspend the pellet in 9 vol of inclusion body wash buffer and incubate at room tem-

perature for 5 min (first wash).
9. Centrifuge at 12,000 g for 15 min at 4°C.

10. Remove the supernatant and keep. The pellet can be rewashed several times. At each
wash, save the supernatant and analyze small (10-µL) samples along with a small sample
of the final pellet resuspended in 100 µL of H2O by SDS-PAGE. If large amounts of
the fusion protein are washing out of the pellet, the washes can be kept and pooled with
the solubilised and dialyzed material from the pellet (below). The small amount of
Triton X-100 in a diluted sample applied to an amylose column may interfere with MBP
binding, but will have to be determined on an empirical basis.

11. Resuspend the pellet in 100 µL of inclusion body solubilization buffer. Store at room
temperature for 30 min.

12. Add the mixture to 9 vol of alkaline pH buffer. Incubate at room temperature for 30 min.
Check the pH by removing very small samples to pH strips at regular intervals. If the pH
begins to drop, add KOH to maintain it at 10.7.

13. Adjust the pH to 8.0 with HCl and incubate for a further 30 min at room temperature. It is
important during these alterations in the pH that the temperature is not allowed to rise
above room temperature.
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14. Centrifuge at 12000 g for 15 min at room temperature. Decant the supernatant and store.
Resuspend the pellet in 100 µL of SDS-PAGE sample buffer. Run 10 µL samples of
supernatant and resuspended pellet on an SDS-PAGE gel to check the amount of solubilized
material.

15. The supernatant should be dialysed into pMAL column buffer before affinity chromatogra-
phy (above). We have found a single-step dialysis in the presence of β-mercaptoethanol to
be satisfactory, but depending on the fusion partner and the downstream application a
stepwise dialysis from 8 M urea or dropwise dilution into an excess of column buffer may
be tried.

4. Notes
1. The glucose in the growth medium represses the expression of E. coli amylase. Expres-

sion of amylase can lead to problems with the affinity purification due to degradation of
the amylose resin.

2. Some of the protocols listed here use PMSF as a serine protease inhibitor. In many cases
this compound can now be replaced with an equimolar concentration of the much safer and
water-soluble AEBSF (Calbiochem).

3. In our hands the pMAL-c2 and -p2 vectors are not as stable as other plasmids such as pBluescript.
In order to generate plasmids containing insert with no obvious deletions or rearrangements of
the vector, it is normally necessary to pick at least 10 colonies at a time for overnight liquid
culture. More than one set of 10 may need to be screened by restriction digestion.

4. The conditions for IPTG induction may need to be optimized for the particular fusion.
Lower or higher IPTG concentrations, induction for shorter or longer times, and induction
at higher cell densities can all be tested. Problems with fusion protein solubility can also be
improved by altering the growth and induction conditions—for example, expressing the
protein at a lower temperature—but often it is easier to optimize for maximum expression
and then solubilize the protein inclusions, especially if the application does not require
native folded protein.

5. Adding additional protease inhibitors at this step may help with protein stability if this is a
problem.

6. Many refolding protocols are available. A good selection to start from can be found in the
pMAL handbook (at http://www.neb.com).
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Proteoglycan Gene Targeting in Somatic Cells

Giancarlo Ghiselli and Renato V. Iozzo

1. Introduction
1.1. Overview of Gene Targeting in Mammalian Cells

Gene targeting allows the generation of specifically designed mutations in cells by
the mean of homologous recombination between exogenous DNA and endogenous
genomic sequences (1–3). This is possible because a fragment of genomic DNA intro-
duced into a cell can locate and recombine with the chromosomal homologous
sequences (4). Although the mechanisms of exogenous DNA transfer to the nucleus
and of homologous recombination are still poorly understood, important advances have
been made in identifying the requirements for the targeting vector and the desirable
features of the targeted locus that maximize gene targeting (5). Presently, various
gene targeting techniques can be successfully applied to a variety of organisms. In
mammals, gene targeting strategies have been developed mainly for the genetic
manipulation of mouse embryonic stem (ES) cells. Mating of the transgenes leads to
the generation of animals in which the functional significance of a specific gene
silencing can be investigated in different conditions. Cell lines can also be established
from mouse organ biopsies. There are, however, important limitations to the attain-
ability of cell lines of interest from transgenic animals. First, ES gene knockout tech-
niques are currently limited to the mouse. Because there are major interspecies
differences with regard to gene pattern of expression and implication in disease,
extrapolation from the results obtained with mice cells to the pathophysiological
mechanisms in humans is not warranted. This is particularly the case when genes
involved in malignant transformation and development are investigated. Second, the
availability of established cell lines bearing specific mutations makes somatic gene
targeting highly desirable. In this case the implication of the expression of a particular
gene on the cell behavior can be assessed directly against a well-defined genetic
background. Third, the establishment of an organ-specific cell line involves complex
genetic rearrangements leading to immortalization. In other words, cell lines, even if
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derived from the same animal cannot be considered isogenic in the sense that the pat-
tern of expression of several genes — as opposed to the single targeted gene—is
affected. In addition, the genetic mutation that has been introduced through homolo-
gous recombination in ES cells may be lethal even at a stage preceding embryonic
development, thus precluding the possibility of establishing a cell line. Finally, the
cost of originating and maintaining a transgenic animal colony is high.

These potential drawbacks are particularly relevant when considering the gene
knockout of proteoglycan core proteins. There is in fact ample evidence that
proteoglycans play a crucial role, both in development as well as in modulating the
phenotypic expression of somatic cells. This is a case where the ES cell knockout
strategy is of dubious value, as the generated transgenic animals will likely display a
phenotype that is the result of a constellation of effects ensuing at different stages of
life. A mechanistic interpretation of the function of a gene at a cellular level is thus
difficult. This is more so in the case of diseases in which an array of genes rather than
a single gene play a role, such as in cancer.

The subject of homologous recombination and gene targeting has been reviewed
extensively in the recent past (5,6). The reader is directed to that literature for a critical
examination of the various strategies devised for achieving successful gene targeting
and knockout. In this chapter, we will discuss those aspects of the targeting vector
design that are pertinent to somatic gene knockout and the methodology for vector
transfer into established cell lines other than ES cells. The design of an effective
screening strategy for the identification of homologous recombinants by genotyping
and functional assays is also discussed. As proteoglycans play a role in cell differen-
tiation and growth (7) their gene knockout can significantly affect cell behavior. Con-
sequently, care should be taken in devising a screening strategy that is not negatively
biased toward the selection of clones with a rate of growth different from that of the
parent cell line, as this would lead to poor recovery of the clones in which homologous
recombination has occurred.

1.2. Targeting Strategies for Gene Knockout
A major limitation of gene targeting is that DNA introduced into the mammalian

genome integrates by random, nonhomologous recombination at a rate 100 to 100,000
times more frequently than by homologous recombination. In order to identify and
recover the small fraction of cells in which a homologous recombination occurs,
several strategies have been developed. Through these strategies, successful homolo-
gous recombination have been reported to occur in at about 1% of stable transfected
ES clones. Two of these strategies, the so-called positive–negative selection (PNS) (8)
and the promotorless strategy (9,10) have been found to be particularly advantageous.
The PNS approach exploits the use of two selectable markers in the targeting vector.
The first marker gene harboring a drug resistance cassette is inserted within the region
of homology of the vector and is driven by an exogenous promoter. This marker serves
to disrupt the gene translation and at the same time to select the cells that have
incorporated the homologous DNA region of the targeting vector within the chromo-
somal DNA. Examples of selectable markers are neo, which confer resistance to G418,



Proteoglycan Gene Targeting 241

an analog of neomycin that is toxic to mammalian cells, and hydro and puro, which
confer resistance to the hygromycin and the puromycin antibiotic, respectively. The
second marker’s gene, also driven by an exogenous promoter, is placed outside the
homology region of the targeting vector and confers sensitivity to a toxic agent (e.g.,
Herpes simplex virus thymidine kinase [HSV-tk] which impart sensitivity to purine
analog such as ganciclovir, FIAU, and acyclovir through phosphorylation of these
agents). The rationale is that, unless a double reciprocal crossover (i.e., a replacement)
is taking place and the HSV-tk gene is excised out of the inserted vector, cells become
sensitive to the purine toxic agent as the negative-selection gene is incorporated into
the chromosomal DNA. The main advantage of the PNS vector strategy is that there is
no requirement for the targeted gene to be expressed, as both markers gene are driven
by their own promoters. This strategy has been adopted extensively in ES cells. The
occurrence of homologous recombination is somatic cell lines is, however, two to
three orders of magnitude lower than in ES cells (5) and targeting strategies have been
developed that allow the identification of homologous recombinant events with
higher efficiency than that allowed by the PNS strategy. The attainment of high screen-
ing efficiency is crucial for somatic gene knockout inasmuch as a double round of
gene targeting is required. The so-called promotorless selectable marker strategy relies
on a single selectable marker that becomes activated if the targeting vector is incorpo-
rated in a chromosomal region that allows the gene to be driven by an endogenous
promoter. The expected transcriptional product is represented by a fusion protein com-
prising the N-terminal region of the targeted protein and the selectable marker. Since
activation by cellular promoters occurs in about 1% of random integration events, the
use of promotorless vectors provides a 100-fold enrichment for homologous recombi-
nation by reducing the background of nonhomologous recombination. By careful
manipulation of the concentration of the selection agent it has been possible to increase
the rate of legitimate recombination to values approaching or even exceeding 10%
(11). A recent survey of the literature (12) of 23 experiments of gene targeting with a
promotorless vector has revealed that gene targeting frequency in human cell lines is
highly variable, ranging from 1/3 for the p21 gene targeted in HCT116 colon carci-
noma cells to 1/940 for the p53 gene in the same cell line, suggesting important locus-
to-locus variability. A significant advantage of the promotorless strategy with
reference to somatic gene knockout is that since the end point of the experiment is
represented by the suppression of a cell phenotypic trait, assays relying on the expres-
sion of the targeted gene product can be considered for screening purposes. This can
greatly facilitate the screening of the stable transfected clones, bypassing the problem
of identifying the modality of gene mutation through genomic characterization of the
targeted locus.

1.3. Design of a Promotorless Targeting Vectors for Somatic Knockout
of Proteoglycan Genes

Although the description of the method is general, this approach can be applied to
the somatic knockout of any given proteoglycan gene. A targeting vector is designed
to recombine with and mutate a specific chromosomal locus. The construction of a
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promotorless targeting vector involves the selection of a suitable genomic fragment
harboring an exon into which a positive selection cassette can be inserted in frame.
The positive selection marker serves two functions: (1) to isolate the rare transfected
cells among which there are those that have properly integrated DNA, and (2) to
silence the gene by mutation. The selected genomic fragment must be free of any
functional promoter/enhancer elements and of repeating sequences that might increase
the rate of detectable spurious recombinations. The desirable features of the homolo-
gous sequence to be incorporated in the targeting vector are:

1. The presence of regions coding for the N-terminus of the protein such that the expression
of a proteins with functional activity is rigorously precluded.

2. The absence of repetitive sequences in order to reduce the chances of scattered illegitimate
recombination in the chromosomal DNA (4).

3. The coding region harboring the marker should be located 5 kb or more from the transcrip-
tional starting site. This is to prevent the gene promoter influencing the expression of
selectable marker (5,11).

4. The selectable marker should be preferably inserted within an exon initiating and terminat-
ing in different splicing phase. This to avoid that splicing of the mutated exon might give rise
to a functional gene product (13).

5. The size of the homologous sequence should be between 3 and 6 kb. Efficiency of
homologous recombination is dependent on the length of the homologous region, but
there is little evidence that beyond 6 kb the frequency of homologous recombination
occurs at significantly higher rate (14–16). On the other hand, limitation in the size of the
homologous region facilitates the construction of the vector

6. The rate of recombination is affected by the length of homologous end regions of the
targeting vector (17). A nonmutated region of 500 bp at either end of the homologous
region should provide sufficient linearized DNA area such that hybridization of
exogeneous and chromosomal DNA at the site of crossover might occur efficiently.

7. The targeting vector needs to be linearized such that a single crossover event (insertion
targeting) or rather a double crossover event (replacement targeting) is favored (18). Gene
knockout by insertion occurs at a rate 10 times higher than by replacement (13). In order
to favor insertion targeting, the targeting vector is linearized at a restriction site located
within the region of homology. On the other hand, a replacement vector requires linear-
ization outside the region of homology, within the vector backbone where unique cutting
sites are already mapped. In this sense, the design of a replacement vector is facilitated
compared to that of an insertion vector.

Detailed mapping of the region of homology is required, especially when the use of
an insertion vector is contemplated. In-depth knowledge of the targeting site and its
restriction fragment mapping is also required in order to generate DNA probes that can
provide informative results on the successful integration of the targeting vector by
Southern hybridization screening. Insertion and replacement targeting vectors give
raise to different integration products (6). The genotype screening strategies should
take into account that although some of the crossover events are favored over others,
there is the possibility that a rather wide range of integration products is obtained,
especially when using an insertion vector. This is because the pattern of integration is
largely dependent on the DNA recombination and repair machinery of the host cell
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line (4). Furthermore, there is clear evidence for a locus-to-locus susceptibility for
integration of foreign DNA that affects both the rate of homologous integration as
well as the pattern of integration (12). Generally, the final recovery product of a
replacement vector is equivalent to the replacement of the homologous chromosomal
sequence with all the components of the vector except for the regions flanking the
homologous sequence, as all the heterologous part of the vector is excised and lost
(17) (see Fig. 1A). The favored final product of an insertion vector on the other hand,
is an increase in length of chromosomal DNA corresponding to the full length of the
targeting vector including the vector backbone (see Fig. 1B).

Fig. 1. Integration pattern of the targeting vector into a genomic locus. A promotorless
targeting vector is constructed by inserting a mutagen-selectable marker (illustrated by the
heavy shaded box) into the coding region of the gene of interest (shown as lightly shaded
boxes) such that a fusion protein terminated by the stop codon of the selectable marker is
generated. The expression of the selectable marker (usually a gene whose product confer-resis-
tance toward a cytotoxic drug) is driven by an endogenous cellular promoter coinciding with
that of the targeted gene when a legitimate recombination takes place. Targeting vectors
linearized at a site external to the region of homology integrate into the chromosomal DNA
preferentially by replacing the endogenous DNA through a double crossover event (A). Gene
disruption by insertion is favored when cells are transfected with a targeting vector that has
been linearized within the region of homology (B). In this case the vector backbone becomes
part of the mutated chromosomal locus. Because a single crossover event is necessary for the
integration of foreign DNA, mutagenesis by insertion occurs at higher frequency than by
replacement.
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1.4. Somatic Gene Knockout: Overall Strategy
After a suitable cell line and the targeting strategy have been selected, the somatic

gene targeting involves the following general steps: (1) electroporation of the target-
ing vector into the host cell line, (2) selection of stable transfected cell colonies by
drug selection, (3) rescue and growth of the cell colonies, (4) preparation of frozen
stock and of duplicate plates for identification of the targeted clones by Southern blot
analysis, PCR, or RT-PCR, (5) new round of targeting in the heterozygous clones
utilizing a targeting vector harboring a new selectable marker, and (6) cloning, cell
rescue, and gene analysis. The knockout is then confirmed by genotyping, Northern
blot hybridization, and immunoassay techniques. For the construction of the
promotorless targeting vector in p-Bluescript (Stratagene) or another suitable cloning
vector, the neomycin cassette harboring the Neomycin phosphotransferase gene (neo)
and its polyA tail is generated by PCR from a pSV2-Neo template using primers that
allow for the in-frame ligation of the cassette into the selected coding region of
the targeting vector. Following cloning and linearization of the construct, the targeting
vector is introduced into the selected human cell line by electroporation using
50–100 µg DNA per 107 cells. Human colon carcinoma HCT116 cells has been
frequently used for this purpose (12). This cell line offers some key advantages over
other normal or malignant cell lines. First, HCT116 carries a DNA mismatch repair-
deficient gene, thereby enhancing the stability of the inserted foreign DNA (19). Sec-
ond, these cells are sensitive to the cytotoxic effect of G418 over a relative wide range
of concentrations (between 0.4 and up to 10 mg/mL), which is useful when attempting
to improve the rate of recovery of successful transfectants by increasing the drug con-
centration (11). Third, unlike most transformed cell lines, HCT116 has a normal
euploid, which implies that somatic knockout is completed in two rounds of gene
targeting. Within 2 wk after electroporation and selection in G418, the drug-resistant
colonies are ring-cloned and expanded. The targeting of the second allele is pursued
by a second round of transfection with a targeting vector carrying a different drug
resistance gene, usually hygro or puro. After genotyping of the rescued clones by
Southern hybridization, final confirmation of the functional destruction of the gene of
interest is performed by immunoassays or RNA-based techniques (20). The targeting
strategy and the analysis of the integration products by Southern blot hybridization of
the human perlecan gene in HCT116 colon carcinoma cells is illustrated in Fig. 2. For
the targeting of this gene, a knockout replacenment strategy was considered.

2. Materials
1. Low-electroendoosmosis agarose for electrophoresis (from Fisher).
2. TE buffer: 10 mM Tris-HCl, pH 7.4, 1 mM Na2EDTA.
3. Absolute ethanol (95%), reagent grade.
4. DNA restriction enzymes and related reaction buffers can be purchased from various vendors.
5. Cell electroporation apparatus (example: Hoefer’s Progenetor II Electroporation unit).
6. DMEM/FCS: Dulbecco’s Minimal Essential Medium with 10% fetal calf serum.
7. DPBS without Ca/Mg: Dulbecco’s phosphate buffer saline without calcium and magnesium.
8. Trypsin solution: 0.05% trypsin, 0.53 mM Na4EDTA in Hank’s phosphate buffer without

Ca/Mg.
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Fig. 2. (A) Strategy for targeting of the human perlecan gene in HCT 116 colon carcinoma
cells by replacement. The restriction site map of the wild-type allelic locus is illustrated at the
top. The solid lines represent the targeted DNA, whereas the dotted line correspond to its flank-
ing regions. An in-scale diagram of the targeting vector constructed by in-frame insertion of the
neo selectable marker at the NcoI restriction site of exon II of perlecan is also illustrated. Note
the presence of the NcoI site within the neo insert that facilitates the RFLP analysis of the
recombination products. The genomic DNA of G418-resistant HCT116 cell clones was digested
with NcoI, the products separated by agarose gel electrophoresis, and transferred to a nitrocel-
lulose membrane for hybridization with two 32P-DNA probes identified by the shadowed bars
in the figure. Panel (B) illustrates the autoradiogram obtained by using the “external” probe
flanking the 3' region of the targeted locus whereas panel (C) illustrates the results with the
same blot using a “neo” probe spanning the neo DNA. Lane 1, unsuccessful targeting; lane 2,
successful targeting identified by the presence of a NcoI restriction fragment of the expected
size (4.6 kb) that hybridizes with both probes; lane 3, evidence for a third integration product
giving a larger-than-expected restriction fragment likely generated by the rearrangement of the
targeting vector and/or of the targeted locus.
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9. Plasmid DNA purification kit from Qiagen or Promega.
10. DH5a-competent Escherichia coli bacteria for transfection (from GIBCO-BRL).
11. Sterile cloning rings (from Scienceware).
12. Geneticin G418 (Neomycin sulfate analog) (Life-Technologies).
13. Hygromycin B (Sigma H 0654).
14. TEA buffer (50×): 2 M Tris base, 1 M glacial acetic acid, 0.05 M EDTA (pH 8.0) to 1 L

with water.
15. Ethydium bromide: 1% solution in water.
16. Tris-HCl (pH 7.6) saturated phenol: Mix equal volumes of the phenol and the Tris-buffered

solution and let the phases separate at room temperature. Store phenol overlayed with the
Tris buffer in a dark bottle.

17. SSC buffer (20×): 3 M NaCl, 0.3 M Na-citrate (pH 7.2).
18. SSPE buffer (20×): 3 M NaCl, 0.25 M NaH2PO4, 0.025 M EDTA (pH 7.4).
19. Denhart’s hybridization solution (50×): 10 mg/mL Ficoll 400, 10 mg/mL polyvynil-

pyrrolidone, 10 mg/mL BSA fraction V.
20. Thermostatic water baths set at 56 and 65°C. Heating blocks set at 37°C.
21. Thermostatic shakers at 55°C and 65°C.
22. Heath blocks set at 55°C and 100°C.

3. Methods
3.1. Vector Cloning and Linearization

Vector DNA is cloned by standard techniques in quantities to achieve a yield of
200–500 µg. Following purification by ion-exchange chromatography, the vector is
linearized by digestion with a suitable restriction enzyme. The linearized vector is
then freed of contaminating proteins and recovered by phenol–chloroform extraction
followed by ethanol precipitation. The resulting DNA is solubilized in water and,
following linearization is used directly for the transfection into mammalian cells. The
linearized DNA can be safely stored at –70°C for prolonged periods of time.

1. Transform recA1 mutated E.Coli bacteria (example DH5α) with the targeting vector and
plate on agar using a suitable antibiotic for selection. Pick a formed colony and transfer to
250 mL of LB medium. Grow overnight at 35–37°C or until OD600 reaches ~2.0.

2. Collect the bacteria by centrifugation and extract DNA by the alkaline lysis method followed
by DNA purification by ion-exchange chromatography. Several companies (including
Qiagen and Promega) sell suitable kits for this purpose.

3. Recover the DNA pellet by ethanol or isopropanol precipitation. Carefully evaporate the
excess solvent under a sterile hood but do not allow the pellet to desiccate, as this causes
DNA to become insoluble.

4. Dissolve the DNA in 500 µL of sterile water. Measure the DNA amount by
spectrophotometry at 260/280 nm. Assess the quality of the purified DNA by running
1 µg on 0.7% agarose in TEA buffer. Ethydium bromide-stained DNA should appear
as a single band corresponding to supercoiled DNA, with minimal or no nick DNA
product evident.

5. Aliquot 100 µg of DNA into a sterile tube. Bring the final volume to 500 µL with water
and 10× incubation buffer, and incubate for a minimum of 3 h with 50 U of a suitable
restriction enzyme at the manufacturer’s suggested temperature (see Note 1).

6. Stop the incubation by heat-inactivating the enzyme. Bring the sample to room temperature
and add 250 µL of saturated phenol solution. Mix by tube inversion several times. Avoid
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vortexing as this may cause DNA shearing. Add 250 µL of chloroform and mix carefully.
Centrifuge at 5000g for 5 min at room temperature and transfer the supernatant to a
new tube.

7. Add 500 µL of chloroform and mix gently. Centrifuge and transfer the supernatant to a
new tube.

8. Add one-tenth of the volume of 3 M Na-acetate (pH 7.6) and 1 mL of ice-cold ethanol.
Mix by tube inversion and place the tube at –20°C for no less then 1 h.

9. Recover the precipitated DNA by centrifugation at 10,000g for 20 min in a refrigerated
centrifuge. Discard the supernatant and carefully remove the residual solvent.

10. Dry the DNA pellet under a sterile hood and solubilize in sterile water by incubating
overnight at 4°C.

11. Measure the DNA concentration by spectrophorometry and assess the quality of the
linearized DNA by agarose electrophoresis. Store at –20°C for up to a week.

3.2. DNA Transfection by Electroporation

The initial step of the gene targeting process is the introduction of DNA into the
recipient cells. This can be achieved through several means, including DNA
electroporation, lipofectamine-mediated, and calcium phosphate-based procedures.
In our hands, DNA electroporation achieves the highest degree of transfection effi-
ciency, as evidenced by the number of drug-resistant colonies recovered.

1. Prepare the linearized targeting vector by the procedure described above.
2. One day before the electroporation, passage 1:2 the actively growing cell (at this point

~80% conflent).
3. Feed the cells with fresh medium 4 h before harvesting and electroporation.
4. Wash the plates twice with PBS and detach the cells by treatment with trypsin solution for

10 min at 37°C.
5. Stop the action of the trypsin solution by adding 1 volume of fresh medium and dissociate

the cell clumps by pipetting.
6. Centrifuge the cell at 1100g(1000 rpm) for 5 min in a clinical centrifuge and discard the

supernatant. Resuspend the cell in 10 mL of electroporation buffer and determine the number
of cells.

7. Withdraw and recover by centrifugation 107 cells. Discard the supernatant and resuspend
the cell in 1 mL of electroporation buffer.

8. Mix 50 µg of the linearized targeting vector with the cell suspension in an electroporation
cuvette. Incubate for 5 min at room temperature (see Note 2).

9. If HCT116 cells are used, electroporate at 230 V, 1080 µF, 1 sec. Incubate for 5 min at
room temperature.

10. Plate the entire content of the cuvette into 10-cm tissue culture plate with DMEM.
11. Apply G418 selection 24 h after the electroporation.
12. Refeed the cell when the medium starts to turn yellow, usually daily for the first 5 d.
13. Ten days after the electroporation, most of the colonies have reached a size suitable for

subcloning (see Note 3).

3.3 Recovery and Expansion of Stable Transfected Colonies
Colonies that have reached suitable degree of growth are processed for DNA

extraction and subsequent analysis of the restriction digestion fragments by Southern
blot hybridization analysis. A main consideration in the design of the screening proce-
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dure is the possible differential growth of the clones. This implies that the colony
harvesting be performed at subsequent times (see Note 4).

1. Wash the plate containing the colonies with Ca/Mg-free PBS.
2. By holding the plastic dish against a light source, visually inspect the bottom. Colonies

appears as translucent areas of 2–4 mm in diameter. Circle them with a marker for easy
identification.

3. Remove the medium and wash the plates once with DPBS without Ca/Mg. Carefully
remove the washing buffer.

4. Streak the bottom of a sterile cloning ring into silicone grease and place it around the colony
of interest. The purpose is to seal out the colony.

5. Add 20 µL of trypsin solution to each cloning ring and place in a humidified incubator for
15 min.

6. Add 50 µL of media to each ring and transfer the cells to a 48-well plate into which 250 µL
of media per well had been added in advance.

7. Carefully aspirate all the remaining cells. Remove the cloning ring and replenish the dishes
with fresh medium containing the selection agent. This allows slowly growing colonies to
reach suitable size. Perform a second round of harvesting a week later.

8. Grow the cells that had been transferred to 48-well plates in the presence of selection
medium.

9. When the cells are approaching confluence, wash with Ca/Mg-free PBS and dissociate with
50 µL of trypsin. Add 350 µL of fresh medium and pipet vigorously to dissociate the cells.
Transfer 200 µL to a 6-well plate and add 2 mL of medium. Once grown, these cells may be
stocked frozen. The remaining of the cells are transferred to 12-well plates and expanded.
Upon reaching confluence, the clones are processed for DNA extraction.

3.4. Genomic DNA Isolation and Southern Blot Analysis
Cell growth is examined under a light microscope and clones are processed when

they have reached 75–100% confluence. Following cell lysis, DNA is precipitated
with ethanol and digested with the selected restriction enzyme. The generated restric-
tion fragments are isolated by agarose gel electrophoresis and hybridized with a suit-
able 32P-labeled probe.

1. Grow the cells to confluence. Cells at this stage are also recognizable by the yellow
medium appearing 24 h after medium replacement.

2. Wash the cells with PBS lacking Ca/Mg and add 300 µL of cell lysis buffer.
3. Incubate at 37°C in an incubator for 10 min and then transfer to an Eppendorf tube. Cell

lysate can be stored at –70°C without appreciable degradation of DNA for several years
(see Note 5).

4. When sufficient numbers of samples have been collected, add 10 µL of protease (10 mg/mL)
and place the sample in 65°C heat-block overnight.

5. Perform a phenol–chloroform extraction with 0.5 mL of phenol followed by a final extrac-
tion with chloroform.

6. Precipitate DNA by adding 2 vol of absolute ethanol. Turn the tube upside down several
times until a filamentous DNA precipitate appears. Collect the DNA by swirling a glass
rod inside the tube and transfer the DNA to a new Eppendorf tube containing 100 µL of
TE (see Note 6).

7. Let DNA dissolve at 4°C overnight and then store at –70°C.
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8. Withdraw a 20-µL aliquot of DNA solution and digest with 20 U of restriction enzyme in
a final volume of 60 µL at the proper temperature overnight.

9. Heat the sample at 65°C for 15 min and then add 10 µL of sample buffer.
10. If the expected size of the informative restriction fragment is between 2 and 7 kb, apply

the sample to a 0.75% agarose gel containing ethydium bromide. For resolution of frag-
ments of different size, adjust the agarose content accordingly within the 0.5% to 1.5%
limits. Load the sample in 0.8-cm-wide wells and run at 1.5 V/cm of running gel over-
night (see Note 7).

11. Stop the electrophoretic run and take a picture of the gel under a UV light source, taking
care to place a fluorescent ruler to the side of the gel to identify the relative migration of
the DNA standard ladder.

12. Process the agarose gel for Southern blot and 32P-probe hybridization with cross-linking
to the nitrocellulose membrane by UV. Prehybridization is performed at 65°C in 2× SSPE,
1% SDS, and 10% Denhart’s solution for 4–16 h. Hybridization is carried out by
exchanging the prehybridization cocktail with a fresh solution containing 50–100 ×
106 cpm 32P-labeled DNA probe and incubating for 16 h at 65oC. Excess probe is washed
out by incubation in 2% SSC, 1% SDS solution at 65oC twice for 15 min each, followed
by autoradiography.

4. Notes

1. If the process of linearization gives rise to two DNA fragments, the targeting vector can
be recovered following separation by agarose gel electrophoresis. For this purpose use
low-temperature melting agarose and recover the DNA by agarase treatment or by ion
exchange using glass beads available as part of a kit from Bio101 or other suppliers.

2. Carefully collect all the cells that remain attached to the electrodes, after the electric
discharge. This is done by pipetting the medium against the electrodes and collecting the
cells in a dish. Cell clumps are dissolved by vigorous pipetting and distributed in four
10-cm plastic dishes containing 13 mL of medium. It is recommended that the dishes
with the medium be preincubated for at least 1 h before the addition of the cells, in order
to allow the deposition of the collagen and other extracellular matrix macromolecules at
the bottom of the dish to facilitate cell adherence.

3. Drug-resistant colonies should be collected at a sufficient stage of growth to maximize
the chance of attachment and growth in the cloning dishes. A minimum size of 2–4 mm is
recommended. With time, colony density become too high, with the risk of contamina-
tion during ring cloning. Furthermore, some overgrown colonies may undergo apoptosis.

4.  Cell colonies should be expanded gradually by initial grow in 48-well plates. Grow rate
can vary considerably, and care should be taken to trypsinize and replate the cells if signs
of growth resting become evident. Usually, cells reaching confluence in 48-well plates
are passed to 12-well plates and later to 6-well plates in 1–2 wk.

5. Cells extracts are stored at –70°C for up to 1 yr. Protease is added only at the time of
incubation and DNA precipitation.

6. If the DNA amount is low, the addition of ethanol will not result in the formation of
visible filamentous material. In this case DNA can be recovered by mild centrifugation at
room temperature.

7. Digested DNA is separated onto a 20-cm long agarose gel in TBE buffer at 1.5 V/cm.
Forced cooling is not required. Completion of the electrophoretic run requires 16–20 h.
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Constitutive and Inducible Antisense Expression

Melissa Handler and Renato V. Iozzo

1. Introduction
The use of antisense technology has been applied to a number of diverse organisms,

including Drosophila melanogaster, plants, and mammals. The purpose is to take
advantage of the base-pair specificity of both RNA:RNA and RNA:DNA interactions,
ultimately to block protein production. This technique requires the production of
exogenous antisense mRNA, generated either constitutively or inducibly, from a func-
tional promoter. Classically, a constitutive promoter, such as the cytomegalovirus
(CMV) promoter, is utilized to express high levels of antisense mRNA. This mRNA
then binds irreversibly to endogenous sense mRNA, thus preventing its efficient trans-
lation, which results in attenuation of the protein product. Synthetic antisense oligo-
nucleotides are also commonly used for constitutive antisense targeting. These DNA
oligomers bind to endogenous RNA to generate RNA:DNA hybrids that are targeted
by RNase H and degraded. This method will not be described at length in this chapter.

One problem often associated with constitutive antisense systems is low levels of
expression, such that the system does not completely block translation of the targeted
transcript. Another disadvantage is that the investigator has no temporal control over
the antisense levels when using a constitutive expression system, because the pro-
moter is always active. Therefore, the Tet-On and Tet-Off system is commonly utilized
to circumvent these problems. This system allows researchers to exploit the tetracy-
cline-regulated expressions systems originally described by Gossen and Bujard (Tet-
Off) and Gossen et al. (Tet-On) and to regulate both spatially and temporally the levels
of inductive antisense expression (1–6).

In order to obtain a Tet-Off or Tet-On cell line, the generation of a double stable
cell line is required (3–6). First, the cell line is transfected with a regulatory plasmid.
This vector expresses a transactivator element (tTA) for the Tet-On system, or a reverse
transactivator element (rtTA), for the Tet-Off system, which is produced from the
fusion of a tet repressor with the VP16 activation domain of the Herpes simplex virus,



252 Handler and Iozzo

under the control of the CMV promoter (Fig. 1). When tetracycline, or its more com-
monly used derivative doxycycline, is added to the culture medium, the transactivator
is induced to bind the tetracycline response element (TRE) located on the response
plasmid (Fig. 1). This plasmid contains a multiple cloning site (MCS) located immedi-
ately downstream of the Tet-responsive minimal promoter. The promoter consists of
the TRE, which contains seven copies of the 42-bp tet operator sequence (tetO) resid-
ing upstream of the minimal CMV promoter (PminCMV), which lacks the enhancer
region of the full-length CMV promoter. Therefore, the TRE, in conjunction with the
minimal CMV promoter, drives expression of a specific cDNA only upon binding of
the tetR or rTetR to the tetO sequence (Fig. 2). Both Tet-On and Tet-Off utilize the

Fig. 1. Schematic representation of gene regulation in the Tet-Off and Tet-On Systems. (A)
Under the control of the CMV promoter, the tet-tesponsive transcriptional activator (tTA),
which is a fusion protein of the tetracycline repressor (TetR) and VP16 activation domain of
the Herpes simplex virus, will bind to a tetracycline responsive element (TRE) in the absence
of tetracycline or its derivative doxycycline (dox). The TRE contains seven copies of the 42-bp
tet operator and is located upstream of the minimal CMV promoter (Pmin) which drives expres-
sion of a specific cDNA. (B) The reverse tet-responsive transcriptional activator (rtTA) differs
from the tTA by 4 amino acid changes, which result in a reversal of its response to tetracyline
and its derivates. Therefore, transcription is turned on in the presence of doxycyline through
the binding of rtTA to the TRE. Reprinted with permission from Gossen, M., Freundlieb, S.,
Bender, G., Muller, G., Hillen, W., and Bujard, H. (1995) Transcriptional activation by tetracy-
clines in mammalian cells Science 268, 1766–1769. Copyright ©1995 American Association
for the Advancement of Science.
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pTRE response plasmid. However, for the Tet-On system, the tTA activates transcrip-
tion in the presence of doxycycline. Conversely, in the Tet-Off system, the rtTA, which
has four amino acids mutated in the tet repressor, blocks transcription in the presence
of doxycycline.

One advantage of the tetracycline inducible system is that it allows for the tight
regulation of antisense expression with the presence of the TRE on the response
plasmid. By incubating the clones with a minimal dose of doxycycline, it is possible
to control when antisense expression is induced. Expression levels can then be assayed
by Western blotting with an antibody specific to your protein, RT-PCR using gene-
specific primers, Northern blot analysis, or a functional assay specific for your sys-
tem. Once a stably transfected cell line has been generated, it is then possible to do
more in-vitro and in-vivo analyses, including injection of inducible cells into mice
followed by oral administration of doxycycline to induce expression (7–8). A second
advantage of this system is that doxycycline is not toxic to the cells or to animals, and

 Fig. 2. Schematic representation of generation of double stable cell line. Cells are grown to
confluence and transfected with a pTet-On or pTet-Off regulatory plasmid. Neomycin-resistant
cells are cloned and expanded. Transient transfection with a luciferase construct (pTet-Luc) is
performed to determine low-background and high-inducibility of the clones. The most optimal
clone is then transfected with the response plasmid expressing specific antisense under the control
of the TRE and the minimal CMV promoter. Hygromycin-resistant clones are then isolated and
expanded.
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it is only slightly cytotoxic at relatively high levels (milligram amounts). Recent data
also show evidence for the controlled expression of two genes in a mutually exclusive
manner by utilizing this technology (9). Overall, this system has proven to be
extremely beneficial in specific areas of research, and it ultimately has the potential to
be utilized for therapeutic purposes.

2. Materials
2.1. General

1. DMEM (Life Technologies, Inc.).
2. Doxycycline (Sigma).
3. Fetal bovine serum (HyClone Laboratories, Inc.).
4. Glutamine (Mediatech, Inc.).
5. G418 (Geneticin, Sigma).
6. Hygromycin (Sigma).
7. Luciferase Assay Kit (Clontech).
8. Penicillin/streptomycin (Life Technologies, Inc.).
9. Serum-free defined media (Life Technologies, Inc.).

10. 50× TAE electrophoresis buffer, pH 8.5: 242 g Tris base, 57.1 mL glacial acetic acid,
37.2 g Na2EDTA·2H2O, made up to 1 L with distilled H2O.

11. TE buffer, pH 7.5: 10 mM Tris-HCl, pH 7.5, 1 mM EDTA, pH 8.0.
12. Trypsin (Life Technologies, Inc.).
13. Tet-On/Tet-Off expression system (Clontech).
14. Tissue culture dishes (12 well, 6 well, 100 mm).
15. Loading buffer: 50% glycerol, 0.2 M EDTA, pH 8.3, 0.05% (w/v) bromophenol blue.

3. Methods
3.1. General

As mentioned earlier, the overall concept of this system is to generate a double
stable cell line that will inducibly express specific antisense mRNA (see Fig. 2 for a
general scheme). First, cells are stably transfected with a response plasmid expressing
either the tTA or rtTA. Second, neomycin-resistant clones from the first transfection
are then transiently transfected with a reporter plasmid, which is under the control of
the TRE and the minimal CMV promoter, to measure the induciblity and background
levels of the selected clones. In this case, we describe the utilization of the luciferase
gene as a reporter and subsequent measurement of its activity with the luciferase
assay. Third, after a suitable clone with low background and high inducibility has
been selected, it is again stably transfected with the response plasmid, which contains
a specific cDNA driven by the TRE and the minimal CMV promoter. Transcription is
then regulated by the presence of tetracycline and its derivatives. These protocols will
be described in more detail below.

3.2. Construction of Antisense Response Plasmid Vector
The most critical aspect of this procedure is determining the best region of the gene

to target with the antisense mRNA. Often, several regions of the gene need to be tested
before finding the most optimal. In general, investigators typically utilize the most
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conserved region in an effort to inhibit nonspecific hybridization. Cloning of cDNA
can be accomplished by PCR amplification from a cDNA library, RT-PCR with
gene-specific primers, or screening of a cDNA library.

1. In a sterile Eppendorf tube, digest 1–2 µg of cDNA and response plasmid with compat-
ible enzymes. If cDNA is cloned from a library, the sequence must be scanned for restric-
tion sites that are located in the MCS of the response plasmid. There are several computer
programs available, such as DNA Strider and PC Gene, which can be very helpful. If the
cDNA is generated either by PCR from a cDNA library or RT-PCR from total RNA, it is
possible to introduce novel restriction sites into the cloned sequences with the specifi-
cally designed primers.

2. Run digests on agarose gel. Agarose gel can be made by weighing out the necessary
amount of agarose (typically a 1% gel will suffice) and add to TAE buffer. For these
purposes, a small agarose gel can be utilized (~150 mL). Microwave until the agarose is
dissolved, add ethidium bromide (0.5 µg/mL), pour into gel tray and cool at room tem-
perature until polymerized.

3. Add 2 µL of 10× loading buffer (50% glycerol, 0.2 M EDTA, pH 8.3, 0.05% (w/v) bro-
mophenol blue) to each sample and run on agarose gel along with the appropriate DNA
ladder marker for 1.5–2 h at ~90 V.

4. When the gel is finished running, visualize the DNA by long-wave UV light and isolate
the correct size cDNA fragment and linearized response plasmid with a clean razor blade.
Purify the DNA and resuspend the DNA in an appropriate volume of TE.

5. Ligate the cDNA insert (0.5–1 µg) into response plasmid (0.1 µg) with T4 DNA ligase for
6 h at 13°C. Transform 1 µL of ligation into Escherichia coli bacteria according to stan-
dard protocol and spread onto ampicillin-containing LB agar plates. Allow to grow at
37°C for at least 12 h.

6. Select 10–15 ampicillin colonies from the transformed plates and grow in 3 mLs of LB
with ampicillin (50 mg/mL). Purify the plasmid by standard miniprep protocol. Correct
orientation can be determined by appropriate restriction endonuclease digestion.

3.3. Generation of Stable Neomycin-Resistant Clones
The first stable transfection is with the regulator plasmid, containing either the tTA

or the rtTA driven by the CMV promoter, as well as the neomycin resistance gene.
Following transfection, clones are selected based on their ability to survive in G418.

1. One vial of cells is thawed and plated onto a 100-mm tissue culture dish containing suit-
able culture medium. Cells should be grown and/or passaged until they reach a density of
approx 108 (see Note 1).

2. Cells are then trypsinized and then mixed with 40 µg of the pTet-On regulatory plasmid
DNA (Clontech) in a 0.4-mL cuvette. Cells are then transfected by electroporation in a Bio-
Rad Gene Pulsar according to the manufacturer’s suggested conditions (see Note 2).

3. Following electroporation, cells are allowed to recover for ~10 min on ice and are then plated
evenly on ten 100-mm tissue culture dishes. Use 10 mL of medium per dish (see Note 3).

4. Allow cells to attach and grow in a 37°C incubator (5% CO2).
5. After 48 h, G418 (400 µg/mL) can be added to the culture medium. Media should be

changed every 3–4 d (see Note 4 and Note 5).
6. After G418-resistant clones have reached a suitable size, 60–70 should be isolated by ring

cloning. They can be plated directly into 12-well dishes. When confluent, cells can be
expanded to 35-mm dishes (see Note 6).
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3.4. Luciferase Assay
Following the first stable transfection, neomycin-resistant clones are transiently

transfected with the plasmid pTRE-LUC. This plasmid is similar to the response
plasmid except that the luciferase gene is expressed in place of a specific cDNA under
the control of the TRE and the minimal CMV promoter. By measuring the level of
luciferase activity with a functional assay, it is possible to determine which individual
clones display the highest level of inducibility as well as the lowest background. This
allows the investigator to screen the clones quickly before performing a second stable
transfection.

1. Transiently transfect each neomycin resistant clone with 10 µg of pTRE-LUC plasmid
according to calcium phosphate protocol. We recommend using the CalPhos Maximizer
(Clontech) for maximal transfection efficiency. Although we have suggested introducing
the luciferase vector via calcium phosphate transfection, electroporation can also be uti-
lized (see Note 5).

2.  Cells are grown in 35-mm dishes ± doxycycline (2 µg/mL) until 90% confluent.
3. Growth medium is removed from the cells and then rinsed twice with 1× PBS. Then 500 µL

of lysis buffer (25 mM Tris-phosphate, pH 7.8, 2 mM DTT, 2 mM 1,2-diaminocyclohexane-
N,N,N,N-tetracetic acid, 10% glycerol, 1% Triton X-100) are added to each dish and
the cells are scraped off and placed in a sterile Eppendorf tube.

4. Tubes are then spun briefly (~5 s) in a Beckman microcentrifuge at 12,000g to pellet
large debris.

5. Next, 20 µL of room-temperature cell extract is mixed with 100 µL of room-temperature
Luciferase Assay Reagent (Promega).

6. The sample is placed in a luminometer to measure the release of light as the luciferin is
being oxidized (see Note 7).

3.5. Generation of Antisense Inducible Clones
Once a clone has been selected to have low background levels and high inducibility

based on the luciferase assay results, it undergoes a second stable transfection. It
is transfected with two plasmids: a response plasmid containing specific cDNA under
the control of the TRE and minimal CMV promoter, as well as a plasmid expressing
the hygromycin resistance gene. Because the cells are already neomycin resistant, it is
necessary to use a different antibiotic resistance marker to select clones.

1. The most optimal stably transfected clone, as determined by luciferase assay, is cotransfected
with 40 µg of the pTRE construct and 2 µg of the hygromycin plasmid by electroporation
as described previously. Because the clone is already G418 resistant, hygromycin is
needed as a second antibiotic resistance marker.

2. After 48 h, 200 µg/mL hygromycin was added to the culture medium (see Note 4).
3. Then 30–40 hygromycin-resistant clones are isolated by ring cloning and expanded as

described previously.

3.6. Southern Blot Analysis
Although the clones have been selected through antibiotic resistance, it is also

important to show that the regulatory and response plasmids have in fact integrated
into the genome. This can be achieved by PCR with primers that amplify a specific
region of the regulatory and response plasmids or by Southern analysis utilizing these
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plasmids as probes. We have found that Southern analysis is a much more reliable
although labor-intensive method. It is preferable to perform Southern analysis after the
first stable transfection as well before proceeding with the second stable transfection.

1. Extract genomic DNA from a 35-mm dish of each clone to be screened. DNA should be
phenol:chloroformed and ethanol precipitated prior to restriction digestion.

2. Separate endonuclease digestions should be performed with an enzyme(s) that will liber-
ate a distinct region within either the response plasmid and/or the regulatory plasmid.
Digest 10 µg of genomic DNA overnight at 37°C, followed by inactivation with 0.5 µL of
0.5 M EDTA, phenol:chloroform extraction and ethanol precipitation.

3. Genomic digestions are run on a 0.8% agarose gel in TAE buffer at 80 V for 4–5 h. Gel
percentage and duration of electrophoresis will depend on the size of the fragments that are
expected.

4. Plasmid DNA should be digested with the same enzymes as genomic DNA and inserts
purified as described previously.

5. After gel is finished running, it is denatured in 1.5 M NaCl and 0.5 M NaOH for 30 min at
room temperature and then neutralized in 1 M ammonium acetate and 0.5 M NaOH for
30 min at room temperature. The DNA is transferred onto a nylon membrane in 10× SSC
overnight and then UV cross-linked in a Stratalinker.

6. The plasmid probes should be labeled with 32P dCTP or, if preferred, a nonradioactive
isotope such as digoxigenin, by random priming with Klenow according to the
manufacturer’s protocol.

7. Genomic DNA filters are prehybridized at 65°C for 3 h and then hybridized with the
corresponding DNA probes at 65°C overnight. Membranes are then washed and exposed to
autoradiography film. Development of the film should yield the expected results.

3.7. Northern Blot Analysis
Northern analysis is needed to determine that the tTA or rtTA and the antisense

cDNA are expressed. This will confirm expression of both the regulatory and response
transcripts. Proper controls include extraction of total RNA in both the presence and
absence of doxycycline. Once again, Northern analysis should ideally also be per-
formed after the first stable transfection.

1. Total RNA is extracted from 35-mm confluent dishes of the clones to be screened by
commonly used guanidium thiocyanate protocols (e.g., TRI-Reagent, Sigma) (see Note
8).

2. Then 20 µg of total RNA are run on a 1% agarose/formaldehyde denaturing gel in MOPS
buffer at 70 V for 4–5 h.

3. Total RNA is transferred onto a nylon filter and cross-linked with a UV Stratalinker. Filters
are prehybridized at 42°C for 3 h and hybridized at 42°C overnight with the probes labeled
the same as described for Southern analysis.

4. Membranes are then washed and exposed to autoradiography film. Development of the film
should yield the expected results.

3.8. Western Immunoblotting Analyses
Western analysis is necessary to determine that there is a decrease in specific pro-

tein expression upon addition or removal of doxycycline. Which system is being used
(Tet-On or Tet-Off) will dictate whether expression should be blocked with or without
doxycycline. It is also possible to perform functional assays for the protein as well.
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1. Antisense transfected clones are expanded into 35-mm dishes and then incubated for 48 h
in serum-free defined media with or without 2 µg/mL doxycycline.

2. Serial dilutions of the conditioned media from each clone are vacuum blotted onto a nylon
filter (Schleicher and Scheull).

3. The filter is then blocked in 3% milk for 3 h and then incubated overnight at room tempera-
ture with a primary antibody to Protein X.

4. After several washes, the blot is incubated with an appropriate horseradish peroxidase-conju-
gated secondary antibody.

5. Enhanced chemiluminescence is performed according to the manufacturer’s protocol
(Amersham).

6. Autoradiographs are then scanned by laser densitometry and quantitated to determine the
relative protein levels.

4. Notes
1. When working with tissue cultures, sterility is of concern. Although antibiotics are added

to the culture media, be sure to wipe down the hood with 70% ethanol before and after
use, and wear gloves throughout the procedure.

2. Any DNA to be transfected into cells should be of highest quality. That is, after plasmid
preparation, DNA should be phenol:chloroformed and ethanol precipitated under a sterile
tissue culture hood. Also, as a final check, it is a good idea to run an aliquot on an agarose
gel prior to transfection.

3. Be sure to determine the correct capacitance and voltage for the cell line and electroporator.
4. Due to variations in potency between different lots, it may be necessary to titrate the proper

concentrations of G418 and hygromycin for each cell line.
5. It is important to mention that certain cell lines can alter the effectiveness of the tetracycline

controlled gene expression (11). The type of transfection method as well as the amount of
plasmid that is transfected can also alter considerably the background levels and inducibility
of each clone. Therefore, it may be necessary to test several experimental parameters for
each cell line and screen many clones in order to find one that is highly inducible but also
gives very low levels of background expression. Although labor intensive, the results will
be much more trustworthy.

6. When ring cloning, we have found that plastic rings work better than metal rings and require
less vacuum grease to attach to the plate. Also, while picking clones, try to work rapidly,
because the plates can dry out quickly and the cells will die.

7. We have noticed that often there are extremely high levels of background luciferase expres-
sion in many of the selected clones. Therefore, it may be necessary to select more than the
recommended number of clones until one of low background can be isolated.

8. Be certain when working with RNA that gloves are always worn and are changed fre-
quently. RNA is very susceptible to degradation from RNases that are found on most
surfaces, including skin.
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Cell-Mediated Transfer of Proteoglycan Genes
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1. Introduction
Replication-defective retroviral systems for transduction of genes into target

eukaryotic cells have grown recently in popularity. In general, the use of a retroviral
packaging system involves the preparation and transfection by standard molecular
biological techniques of the retroviral vector into packaging cell lines for the produc-
tion of replication-defective retrovirus (1,2). Virus-laden medium from packaging cells
is then used to infect target cells. Retroviral transduction of cDNA sequences has dis-
tinct advantages and disadvantages when compared to other gene transfer technolo-
gies. Foremost among the advantages of viral gene delivery approaches are the high
cellular infection rates. This efficiency allows the preparation and rapid selection of
large pools of transduced cells without the added step of cell cloning. This is critical in
the preparation of sufficient numbers of low-passage primary cells for both character-
ization of cellular phenotype and expression of the transgene in vitro, as well as for
experimental use in vivo. Moreover, because pools of transduced cells can be used
rather than clonal cell lines, clonal variability unrelated to transgene expression is not
a major issue in interpretation of experimental results. A major advantage in the use of
the retroviral delivery system is that the transduced gene is rapidly incorporated into
the host genome of dividing cells, thus ensuring stable expression of the gene product,
although typically a single copy of the target gene is inserted. However, because the
insertion of the viral sequences requires mitosis of the target cell, retroviral vectors
cannot be used effectively to transfer genes to nondividing cells. Thus, retroviral trans-
duction is usually performed on cells in culture, and gene transfer in animal models
can be performed by implantation of cells that express the transgene, a process re-
ferred to as cell-mediated gene transfer. One advantage of the cell-mediated gene trans-
fer approach is that long-term expression of the transgene in vivo can be achieved (3).
Moreover, local expression of the gene can be induced in an adult animal without
concern that adaptive processes that compromise function or viability might occur
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during development, such as is possible in transgenic and knockout models. However,
the preimplantation culture of the target cells in vitro may induce a phenotype that
differs from that of endogenous cells. The approach of cell-mediated gene transfer has
been used both to model disease processes and to evaluate therapeutic agents in vivo.
For example, the role of tissue factor in the thrombotic occlusion of restenotic vessels
has been examined by local overexpression of tissue factor by cell-mediated gene
transfer (4). Retrovirally transduced cells that overexpress the human granulocyte
colony stimulating factor (G-CSF) gene have been used to examine the effects of the
systemic delivery of that factor on circulating neutrophil levels (5). Several studies
have used cell-mediated gene transfer to express locally potential therapeutic agents
in vivo. For example, tissue inhibitor of metalloproteinases has been assessed as an
approach to limiting vessel aneurysms in an animal model (6), and the local expres-
sion of decorin induced by cell-mediated gene transfer has been assessed as an agent
to limit the growth of the neointima (7). We include protocols that we have used for
cell-mediated gene transfer to the injured rat carotid artery as examples of this ap-
proach (Fig. 1).

2. Materials
2.1. Retroviral Transfection of Target Cells

1. PE501 cells.
2. PA317 cells.
3. NIH 3T3 TK– cells.
4. LXSN vector (~20 µg/transfection).
5. 2.5 M CaCl2, pH 7.2.

Fig. 1. Flow diagram of protocols involved in cell-mediated proteoglycan gene transfer. In
step 1 the dark panel indicates the gene of interst.
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6. 2× HEPES buffered saline (2× HBS): 50 mM HEPES, 280 mM NaCl, 1.5 mM Na2HPO4,
pH 7.2.

7. Polybrene (hexadimethrine bromide) stock solution, 4 mg/mL, store at 4°C. Polybrene is
added to the media of cultures to be infected in order to increase infection rates.

8. G-418 (Geneticin) stock solution, 50 mg/mL in PBS. G-418 is a neomycin analog used for
cell selection after transduction of vector.

9. Standard tissue culture supplies.
10. Culture medium: Dulbecco’s Minimal Essential Medium (DMEM) with 10% fetal

bovine serum.

2.2. Internal Seeding of Retrovirally Transfected Rat Smooth Muscle
Cells into the Injured Rat Carotid Artery

The following is an example of how cell mediated gene transfer, using retrovirally
transduced smooth muscle cells (3,8), can be used to overexpress proteoglycans in the
vessel wall and to investigate their effect on neointima formation (7). For this purpose
smooth muscle cell from Fischer 344 rats were retrovirally transduced using the proto-
col described above. Since Fischer 344 rats are an inbred rat strain, Fischer 344 rat
smooth muscle cells can be transferred into any Fischer 344 rat without inducing an
immune response (see Note 1).

1. Fischer 344 rats, male, 250–300 g.
2. Anesthetic: 50 mg/kg ketamine, 5 mg/kg xylazine, 1mg/kg acepromazine.
3. Heparin, 10U/kg.
4. 2F Fogarty balloon embolectomy catheter (Baxter) filled with water, attached to 1-cm2

syringe filled with lactate ringer’s solution.
5. 1-cm3 syringe attached to silicone elastomer medical grade tubing (0.012 in. id × 0.025

in. od).
6. Lactated Ringer’s solution.
7. Gauze sponges.
8. Cotton-tipped applicators.
9. 4.0 silk sutures.

10. Scalpel.
11. Ethanol, betadine.
12. Instruments: fine point (watchmaker’s) forceps; blunt-curved forceps, fine curved forceps,

retractor, 3 mosquito clamps, arterial (vanna) scissors, regular scissors.

2.3. Peri-adventitial Seeding on Decellularized Carotids
In some circumstances, it may be advantageous not to have endogenous cells

present in the media and neointima and to repopulate a vessel entirely with exog-
enously seeded cells. Rapid freeze/thaw cycles can be used to decellularize the artery
before seeding the cells in the peri-adventitial region. Transduced smooth muscle
cells can be cultured in 5'-Bromo-2'-deoxyuridine (BrdU)(Roche, 24 h in 0.06 µg/mL),
which will be incorporated in the DNA and serve as a genomic tag for identifying
seeded cells at later times. Smooth muscle cells seeded in the peri-adventitial region
will migrate through the media and form a neointima by 2 wk. This protocol is well
suited for measuring the effects of gene expression on migration in vivo (4,10).

1. As under Subheading 2.2.1.
2. Liquid nitrogen.
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3. 5'-Bromo-2'-deoxyuridine (BrdU).
4. Teflon sheet.
5. Anti-BrdU antibodies.
6. Secondary antibody and standard supplies for immunocytochemistry (ICC).

3. Methods
3.1. Retroviral Transfection of Target Cells

1. Insert the gene of interest into the LXSN vector using standard procedures (see Note 2).
2. Transfection of primary ecotropic (PE501) cells with the retroviral vector (LXSN and L

gene of interest SN) and transduction of secondary amphotropic (PA317) packaging cells
with the replication-defective retrovirus (see Note 3):

Day 1: Plate PE501 cells at 5 × 105 cells/60mm dish, using 4 mL of medium.
Day 2: Prepare tube A with 20 µg of vector DNA, and 50 µL of 2.5 M CaCl2. Add H2O

to make 500 µL. Prepare tube B with 500 µL of 2× HBS solution. Add contents of tube A
dropwise to tube B, mixing by constant moderate aeration of tube B with a Pasteur pipet.
Incubate at ambient temperature for 30 min (a precipitate will form). Add 1 mL of the
mixture to the medium in each plate and incubate cells overnight at 37°C in the incubator.

Day 3: Change medium of transfected PE501 cells. Plate secondary packaging cell
line (PA317) at 5 × 105 cells/60-mm dish; include an extra dish with PA317 cells to
monitor the G-418 selection (see Note 4). Note: After transfection, cells, media and asso-
ciated culture materials must be considered Biohazardous!

Day 4: Collect 16-h-conditioned medium from PE501 cells. Centrifuge collected cul-
ture supernatant for 10 min at 4800g (see Note 5). Prepare medium for infection of PA317
cells by mixing fresh medium 1/1 with the conditioned medium of PE501 cells and add
Polybrene from 1000× stock at final concentration of 4 µg/mL. Replace the culture
medium of the target PA317 cells with the freshly prepared viral infection medium and
incubate overnight.

Day 5: Replate infected and control PA317 cells at various dilutions (1/10, 1/100,
1/1000) into 100-mm culture dishes with medium containing 800 µg of G-418/mL for
selection of virally transduced cells (see Note 4).

3. Selection and cloning of secondary packaging cell line (PA317): Replace selection me-
dium every 2–3 d until all cells in the control dish die (approximately 7–10 d). Pick
clones with the use of cloning rings following standard procedures and pass individual
clones into 60-mm plates. Continue growth in selection media for 3 d more. Freeze clones
back before you determine the virus titer of PA317 clones (step 4).

4. Titer virus produced by PA317 clones. In this step, the relative number of virus produced by
the different clones is determined, in order to select the PA317 clone that produces the
highest titer for transduction of target cell lines.

Day 1: Plate cells from the PA317 clone to be titered at 5 × 105 cells/60-mm dish.
Day 2: Replace medium of the PA317 cells with 4 mL of fresh medium and plate one

dish of NIH 3T3 TK– cells at 5 × 105 cells/60-mm dish for each clone to be titered. Plate
one additional dish to use as a selection control.

Day 3: Collect 16-h-conditioned medium of PA317 cells, centrifuge for 10 min at
4800g, prepare medium for infection of NIH 3T3 TK– cells by mixing fresh medium with
10 µL of the virus-containing medium of PA317 cells and add Polybrene at a final con-
centration of 4 µg/mL. Replace the medium of the NIH 3T3 TK– cells with the freshly
prepared infection medium. Add fresh medium only to the selection control dish. Incu-
bate overnight at 37°C.
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Day 4: Trypsinize 3T3 TK– cells and replate three different dilutions (1/20, 1/100,
1/500) of the cells into 6-well plates in medium containing G-418 (600 µg/mL). Grow
the cells for 7–10 d until the cells in the selection control dish have died and the colonies
in the titering plates are big enough to be counted. To count clones, remove media, rinse
with PBS, fix for 2 min with 100% methanol, rinse with distilled water, and stain
cells with 0.1% methylene blue in 50% ethanol for 5 min. After staining, dishes are rinsed
with water until excess stain is removed and clones are visible, then dishes are air-dried,
and the colonies counted by visual inspection. The number of clones and the dilution
factors allow the calculation of the number of virus particles produced by the different
clones. For example, 10 clones at the 1/500 dilution equals 5000 infectious units (cfu) in
10 µL of medium or 5 × 105 cfu/mL.
After virus-titering, selected clones are expanded and frozen back under liquid nitrogen.

5. Infection of the target cells (see Note 6).
Day 1: Plate the PA317 clone with the highest titer at 5 × 105 cells/60-mm dish

(see Note 7).
Day 2: Change medium of PA317 cells (4 mL), plate target cells at 5 × 105 cells/

60-mm dish. Plate a control dish of target cells to monitor the G-418 selection.
Day 3: Collect 16-h-conditioned medium from PA317 cells (see Note 7) and centri-

fuge for 10 min at 4800g. Prepare infection medium for the target cells by mixing
fresh medium 1/1 with the conditioned medium of PA317 cells and adding Polybrene
at 4 µg/mL. Remove medium from the target cells and apply the freshly prepared infec-
tion medium.

Day 4: Replate cultures of transduced target cells into 100-mm dishes and add G-418
at the previously determined concentration for selection.

Days 5–14: Continue selection in G-418, with medium changes every 3 d, until all of
the cells in nontransduced control cultures die. Target cells are now stably transduced and
can be passed and frozen back following standard tissue culture procedures.

6. Characterization of the transduced cells: The characterization procedures typically in-
clude Northern and Western blot analysis to demonstrate mRNA and protein expression
of the transgene. The DNA sequences that encode the gene of interest and the neomycin
phosphotransferase gene are expressed in a single contiguous mRNA. Therefore, the
mRNA for the transgene is ~3.1 kb larger than that of the endogenous gene, allowing the
retrovirally expressed gene product to be easily distinguished from the endogenous
mRNA. Further characterization after the Western blotting depends largely on the gene of
interest. If the target gene is a proteoglycan, it is important to determine the extent to
which glycosaminoglycan chains are added and elongated on the core protein. The appro-
priate procedures are described elsewhere.

3.2. Internal Seeding Of Retrovirally Transfected Rat Smooth Muscle
Cells into the Injured Rat Carotid Artery

1. Preparation of cells for the seeding procedure (see Note 9): After characterization of the
transduced smooth muscle cells in vitro, grow cells nearly to confluence and trypsinize.
Suspend the cells in DMEM/10% FCS to inactivate the trypsin, centrifuge cells at 960g
(1000 rpm) and wash with DMEM without serum, repeat the washing step once, count the
cells, and resuspend at 2.5 × 106 cells/mL in serum-free DMEM. The estimated amount of
cell suspension per carotid is 40 µL; to allow for waste, prepare 150 µL per seeded carotid
(see Note 10).

2. Anesthetize and weigh animals (see Note 11).
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3. Shave throat.
4. Restrain rat lying on its back (make sure that the tongue does not obstruct the airway).
5. Disinfect the shaved throat area.
6. Make a midline incision from breast bone to chin bone.
7. Blunt dissect until the carotid artery is visible.
8. Set retractor to open neck cavity.
9. Dissect the common carotid artery from chin bone (distal to the bifurcation) to approx 1 cm

proximal of the bifurcation.
10. Put a double, temporary loop around the common carotid artery as far proximally as possible.
11. Install a single loop around the external carotid just distal of the bifurcation.
12. Ligate the external carotid as distal as possible.
13. Put a double, temporary loop around the internal carotid.
14. Attach hemostats to all ties for better control.
15. Shut off blood flow by tightening the double loop around the proximal part of the common

carotid artery.
16. Make an arteriotomy between the distal tie and the single temporary loop aroung the external

carotid artery (step 11). Use tips of the Vanna scissors at a 45° angle, close and insert the
tips of the scissors into the arteriotomy, and carefully open the scissors to spread the
arteriotomy, then close the scissors again before pulling it out.

17. Hold the arteriotomy open with the cut tip of a 30-g needle and insert tip of the catheter filled
with lactated Ringer’s and flush to remove blood.

18. Insert balloon catheter and perform balloon injury to the carotid artery (Clowes et al.
[1983], Lab Invest 49, 208), afterwards tighten loop to prevent blood flow.

19. Flush again with lactated Ringer’s.
20. Resuspend cells thoroughly (no clumps) and draw about 150 µL into the 1cm3 syringe,

attach the catheter, remove air, and insert the catheter into the ateriotomy, proximal of
the middle tie at the bifurcation. Tie the catheter in with the middle loop (make sure
that it seals) and instill the cells into the carotid artery while pulling the catheter
back toward the arteriotomy. Be careful not to pull the catheter tip out. Invert the rat for
2 min, then return the rat to its original position for 13 min (cover the wound with
lactated Ringer’s-soaked gauze).

21. To close, remove the catheter, loosen the proximal tie of the common carotid artery and flush
the artery with blood to remove the cells that did not adhere to the denuded vessel wall.

22. Ligate the middle loop around the external carotid artery around the bifurcation.
23. Restore blood flow by loosening the proximal tie around the common carotid artery.
24. Remove the loop on the internal carotid artery, and check blood flow through the internal

and common carotid artery.
25. Cut the ends of the ties; leave the proximal loop loosely around the common carotid

artery as a marker.
26. Close the incision.
27.  At the end of the experimental period, seeded carotid arteries can be harvested as fresh

tissue for further examination by methods of molecular biology or protein and proteoglycan
biochemistry, or the animal can be perfusion fixed at physiological pressures for morpho-
logical examination.

3.3. Peri-adventitial Seeding on Decellularized Carotids
1. Cells are prepared as described previously except that 24 h before trypsinization, 0.06 µg/mL

of BrdU are added to the culture medium. This dose should be determined for each cell
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type to ensure that it does not decrease proliferation and gives complete labeling as
detected by immunocytochemistry.

2. The carotid is injured as described previously but not recannulated for seeding (omit
step 20) (see Note 12).

3. A small Teflon sheet (1.5 × 3.0 cm) is placed underneath the carotid to protect surround-
ing tissue. Loose connective tissue surrounding the carotid artery should be removed.

4. The carotid artery is decellularized by gently touching liquid nitrogen-cooled forceps to the
carotid artery until frozen (several seconds). The vessel is allowed to thaw and the cycle
repeated a total of three times.

5. The Teflon sheet is removed, blood flow restored, and the decellularized carotid artery
immersed in the suspension of BrdU-labeled cells (1.25–2.5 × 106 cells/mL in 400 µL).
The cells are allowed to incubate in the peri-adventitial region of the carotid for 15 min
and then the neck incision is closed.

6. Seeded cells are identified in histological sections using anti-BrdU antibodies (Roche) and
standard immunocytochemical stains (see Note 13).

4. Notes
1. Non-species-matched genes can be used in the procedure as well. However, the develop-

ment of antibodies against the gene of interest is to be expected and might abrogate the
biological function (11).

2. In the protocols described above, we reference the LXSN vector, developed in the laboratory
of A. D. Miller, Fred Hutchinson Cancer Research Center, Seattle, WA, USA, although
procedures for transduction of related replication-defective retroviruses are similar. This vector
uses the viral long terminal repeat (L) promoter to drive constitutive expression of the gene of
interest, which is inserted into the multicloning site of the vector (X). Expression of the
neomycin phosphotransferase gene (N) is driven by an internal SV40 promoter (S) and is
responsible for the survival of the cells in the presence of the neomycin analog, G-418.
After insertion of the cDNA for the gene of interest, the orientation of the insert in the
LXSN vector should be determined by PCR or restriction digestion. Related vectors with
different promoter elements are available, including retroviral vectors that are designed to
express the gene of interest under control of a regulatable promoter.

3. PE501 and PA317 virus packaging cells (12) are grown in Dulbecco’s Minimal Essential
Medium supplemented with 10% fetal bovine serum. We suggest the sequential use of both
the mouse 3T3 cell-derived ecotropic packaging line (PE 501), which is designed for
packaging of virus that will efficiently infect mouse cells, such as the amphotropic packag-
ing line, PA317. Amphotropic virus packaging lines allow the production of virus that will
infect cells from a wide variety of different species. Well-designed packaging cell lines are
capable of synthesizing the retroviral proteins necessary for the assembly of infectious
virus, but do not release replication-competent virus.

4. Control dishes that are not infected with the virus should always be included to monitor the
selection of cells expressing neomycin phosphotransferase by G-418. In advance of
attempting viral transductions, each cell type to be used as a target must be titered against
different concentrations of G-418 to determine the concentration that will kill the cells
during the course of 10–14 d. Note that the sensitivity to G-418 varies substantially among
cells of different tissue origin or species and that, moreover, different lots of G-418 con-
tain different concentrations of active inhibitor. Note also that cells must divide in order
to incorporate the retroviral sequences into their genome. Passage of cells to relatively
low density after transduction also aids in selection, as rapidly growing cells are more
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readily killed by the inhibition of protein synthesis by G-418. During passage, be careful
not to over-trypsinize the PA317 cells.

5. Centrifugation of the conditioned media is a precaution to avoid transfer of the virus-produc-
ing cells (PE501 or PA317) to the next cell type. Alternatively (or additionally), a 0.45-µm
filter can be used to process virus-laden medium. Media of retrovirally transduced PA317
and PE501 cell cultures contains virus particles and, although the virus is modified to be
replication-defective, all culture products must be considered Biohazardous.

6. Use the target primary cell lines at as a low passage number as is feasible. Passage 3–4
has been appropriate for endothelial cells and aortic smooth muscle cells. Typically, trans-
fection efficiency of >80% can be achieved, and the resultant pools of transduced cells
can be used without cloning. The high transduction efficiency is an advantage of this
method because it allows the establishment of transfected cell lines before cells transform
or become senescent. For experimental controls, it is always desirable to infect the target
cell line with vector alone, and to passage this control cell line in parallel with the target
cells carrying the gene of interest.

7. The procedures can be modified for the infection of larger quantities of target cells.
8. Use only freshly prepared the virus and the infection media. It is possible to repeat the

infection of target cells several times in sequence if transduction efficiency for single infec-
tions is low. Note, however, that target cells must continue to divide.

9. Cells stay viable for a couple of hours at room temperature. Ensure that cells are resus-
pended before they are instilled into the balloon-injured rat carotid artery.

10. Note that only one carotid per rat can be seeded with cells, due to vagus nerve damage,
which results in breathing difficulties for the animal.

11. The application of heparin directly before surgery can be helpful to reduce the risk of
thrombosis associated with the ballooning and cell seeding procedure.

12. Injury is not required for peri-adventitial cells to migrate through the media, but balloon
injury increases the rate of migration.

13. Cell divisions will decrease the intensity of BrdU staining.

References
1. Miller, A. D. and Rosman, G. J. (1989) Improved retroviral vectors for gene transfer and

expression. Biotechniques 7, 980–990.
2. Linial, M. L. and Miller, A. D. (1990) Retroviral RNA packaging: sequence require-

ments and implications. In Current Topic in Microbiology and Immunology. Vol. 157
Retrovirues: Strategies of Replication. (Swanstrom, R. and Vogt, P. K., eds.), Springer-
Verlag, Berlin, pp.125–152.

3. Lynch, C. M., Clowes, M. M., Osborne, W. R. A., Clowes, A. W., and Miller, D. A. (1992)
Long-term expression of human adenosine deaminase in vascular smooth muscle cells of
rats: a model for gene therapy. Proc. Natl. Acad. Sci. (USA) 89, 1138–1142.

4. Hasenstab, D., Lea, H., Hart, C. E., Lok, S., and Clowes, A. W. (2000) Tissue factor
overexpression in rat arterial neointima models thrombosis and progression of advential
atherosclerosis. Circulation, 101, 2651–2657.

5. Bonham, L., Palmer, T., and Miller, A. D. (1996) Prolonged expression of therapeutic levels
of human granulocyte colony-stimulating factor in rats following gene transfer to skeletal
muscle. Hum. Gene Ther. 7, 1423–1429.

6. Allaire, E., Forough, R., Clowes, M., Starcher, B., and Clowes, A. W. (1998) Local
overexpression of TIMP-1 prevents aortic aneurysm degeneration and rupture in a rat
model. J. Clin. Invest. 102, 1413–1420.



Cell-Mediated Transfer of PG Genes 269

7. Fischer, J. W., Kinsella, M. G., Clowes, M. M., Lara, S., Clowes, A. W., and Wight, T. N.
(2000) Local expression of bovine decorin by cell-mediated gene transfer reduces
neointima formation after balloon injury in rats. Circ. Res., 86, 676–683.

8. Clowes, M. M., Lynch, C. M., Miller, A. D., Miller, D. G., Osborne, W. R. A., and Clowes,
A. W. (1994) Long-term biological response of injured rat carotid artery seeded with smooth
muscle cells expressing retrovirally introduced human genes. J. Clin. Invest. 93, 644–651.

11. Miller, A. D., and Buttimore, C. (1986) Redesign of retrovirus packaging cell lines to
avoid recombination leading to helper virus production. Mol. Cell. Biol. 6, 2895–2902.

11. Forough, R., Hasenstab, D., Koyama, N., Lea, H., Clowes, M., and Clowes, A. W. (1996)
Generating antibodies against secreted proteins using vascular smooth muscle cells trans-
duced with replication-defective retrovirus. Biotechniques 20, 694–701.

12. Mason, D. P., Kenagy, R. D., Hasenstab, D., Bowen-Pope, D. F., Seifert, R. A., Coats, S.,
Hawkins, S. M., and Clowes, A. W. (1999) Matrix metalloproteinase-9 overexpression
enhances vascular smooth muscle cell migration and alters remodeling in the injured rat
carotid artery. Circ. Res. 85, 1179–1185.



Morphological Evaluation of Proteoglycans 271

271

From: Methods in Molecular Biology, Vol. 171: Proteoglycan Protocols
Edited by: R. V. Iozzo © Humana Press Inc., Totowa, NJ

26

Morphological Evaluation of Proteoglycans
in Cells and Tissues

Stephanie L. Lara, Stephen P. Evanko, and Thomas N. Wight

1. Introduction
A variety of techniques are available to assess the structure of proteoglycans, their

interactions, and their locations and distribution in cells and tissues. In this chapter,
we will review the procedures that we have used over the years to examine the mor-
phology of proteoglycans and cite examples of how these techniques have been used
to address questions related to the role of these molecules in health and disease. At the
outset, we want to stress that all of the procedures we describe were developed by other
investigators, and we are merely sharing our experiences and presenting a compilation
of our favorite techniques. It should also be stressed that what follows is a small
sampling of a number of different techniques available to investigators who wish to
study proteoglycans using morphological approaches.

2. Materials
2.1. Molecular Spreads

In an effort to resolve the structural features of purified proteoglycans and the com-
plex structures that occur as these molecules interact with themselves and other mol-
ecules, we describe a spreading technique that was first used to visualize DNA (1) and
later adapted to visualizing purified proteoglycans from tissues and cells (2–4). This
method utilizes a basic protein film spread technique, which is one of several possible
approaches to preparing biochemically isolated and purified matrix molecules for
ultrastructural visualization. The approach depends on the adsorption of negatively
charged matrix molecules to a positively charged globular protein, cytochrome c,
within a hyperphase solution, and the subsequent layering of the complex onto the
surface of a hypophase. The globular protein denatures, collapses around, and coats
the negatively charged molecules and forms a strong, laterally cohesive monolayer in
which is embedded the protein-coated, negatively charged molecule. Contrast



272 Lara et al.

enhancement is achieved by staining with the heavy metals uranyl acetate and phos-
photungstate and by rotary shadowing with evaporated metal. We have used this tech-
nique to evaluate the structure of individual proteoglycan monomers as well as
proteoglycan aggregates from human intestine (5), cultured arterial smooth muscle
cells (6), bovine aorta (7), and nervous tissue (8–10).

1. Glassware: Cleaned and EtOH rinsed (see Note 1).
a. Acid-washed, thoroughly DI-H2O-rinsed glass microscope slides, stored in

90% EtOH.
b. 9-cm glass Petri dish, acid washed and thoroughly rinsed, siliconized with

Prosil-28, 1/100.
2. Samples: Buffer possibilities include 1 M NH4AC, pH 5; 0.01, 0.05 M, and 0.3 M NH4Ac,

pH 5; 0.5 M guanidine/HCl, 0.005 M benzamidine, 0.1 M 6-aminehexanoic acid, 0.01 M
EDTA, 0.0005 M phenylmethylsulfonylfloride (see Note 2).

3. Grids: Freshly prepared (2- to 3-d), very clean (acetic acid, water, EtOH rinsed), 300-mesh,
Cu grids, coated with parlodion and light carbon (see Note 3).

4. Spreading solutions
a. Hyperphase solution (prepare just before spreading): Sample diluted in appropriate

buffer, pH 5, 4°C; 1 mM Tris-HCl, 1 mM EDTA, pH 8.5; cytochrome C stock: equal
parts a and b (a. 4 M Tris-HCl, 0.1 M EDTA, pH 8.5 and b. 5 mg Cytochrome C
(purest grade)/mL H2O) (Store at 4°C up to a year.)

b. Hypophase solution may be one of the following: Deionized H2O, or 0.3 M
NH4Ac, pH 5.0.

5. Staining solutions
a. 0.001% phosphotungstic acid in 90% EtOH, prepare fresh daily (stock: 0.1% PTA

in H2O).
b. 10 mM uranyl acetate (UA) in 90% EtOH, prepare fresh daily (stock: 5 × 10–2 M UA

in 50 mM HCl) (Store in dark at 4°C ).
6. Rotary shadowing metal: 10 mm, 8 mil gage, platinum/paladium wire.

2.2. Histochemistry of Proteoglycans—Light Microscopy
Since a majority of our work involves distinguishing regions of the extracellular

matrix (ECM) that are enriched in proteoglycans from those regions of the ECM that
contain collagen and elastic fibers, we use a modification of the Movat pentachrome
stain (11) developed by Schmidt and Wirtala (12) at the University of Washington,
(USA). This protocol involves the use of a modified Verhoeff elastic tissue stain,
which is more tolerant of minor variations in technique and does not require differen-
tiation to a subjective end point (13). This procedure is particularly useful for evaluat-
ing ECM in lung and vascular tissue (see Note 4) (14,15).

2.2.1. Modified Movat’s Pentachrome
1. Alcian blue, 1%: Alcian Blue 8GX (1 g) in distilled water (DW) (100 mL), stable for 6 mo.
2. Alkaline alcohol: 95% EtOH (180 mL), conc. ammonium hydroxide (20 mL), stable

for 6 mo.
3. Musto elastin stain

a. Alcoholic hematoxylin, 2% stock: Hematoxylin (2 g) in 95% EtOH (100 mL),
stable for 3 mo.
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b. Ferric Chloride, 1.48% stock: Ferric chloride hexahydrate (2.48 m) in DW (99 mL),
conc. HCl (5 mL), stable for 6 mo.

c. Iodine stock: Potassium iodide (4 g) in DW (20 mL), iodine (2 g), DW (80 mL);
stable for 6 mo.

d. Working solution: Mix in order immediately before use 30 mL 2% hematoxylin,
20 mL 1.48% ferric chloride, and 10 mL iodine solution. Discard after use.

4. Crocein scarlet–Acid fuchsin stain
a. Crocein scarlet stock: 1 g Brilliant Crocein MOO in 99.5 mL DW, 0.5 mL conc.

acetic acid, stable for 6 mo.
b. Acid fuchsin stock: 0.1 g acid fuchsin in 99.5 mL DW, 0.5 mL conc. acetic acid,

stable for 6 mo.
c. Working solution: 4 parts crocein scarlet, 1 part acid fuchsin, stable for 3 mo.

5. Acetic acid, 1%: 1 mL glacial acetic acid, 99 mL DW, stable for 3 mo.
6. Phosphotungstic acid, 5%: 5 g Phosphotungstic acid, 100 mL DW, stable for 6 mo.
7. Saffron, alcoholic: 6 g Spanish saffron stamens, 100 mL absolute EtOH in an airtight jar.

Incubate at 60°C for 48 h to extract saffron, leave stamens in stain solution, and periodi-
cally top up alcohol over the life of the stain (1 yr).

8. Bouin’s fixative: 750 mL Saturated picric acid/H2O, 37–40% formaldehyde (Formalin)
(250 mL), 50 mL glacial acetic acid.

9. 5 µm Paraffin sections of tissue fixed in 10% neutral buffered Formalin and processed
routinely (see Note 5).

2.3. Histochemistry of Hyaluronan—Light Microscopy
This technique utilizes a highly specific peptide that interacts with hyaluronan in

tissue sections (16–18). The peptide is derived from the proteoglycan aggrecan and
can be prepared from tryptic digests of bovine cartilage by hyaluronan affinity col-
umns and then biotinylated (19). We have used this procedure to detect hyaluronan in
vascular lesions (20,21).

1. 5 µm Paraffin sections mounted on Superfrost + slides, baked 1 h at 50°C (see Note 6).
2. Xylene.
3. Graded EtOH series for rehydration: 100, 95, 70, 50, and 35% .
4. 0.7% H2O2 in absolute methanol.
5. Phosphate buffered saline (PBS), pH 7.3: 8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4, 0.24 g

KH2PO4 , 800 mL distilled H2O. Adjust pH to 7.3 with HCl and bring volume to 1 L with
distilled H2O.

6. PBS/0.1% BSA: Add 1 mg of BSA (globulin-free)/mL of PBS.
7. Blocking solution: 1% BSA, globulin-free in TBS.
8. Biotinylated hyaluronan binding protein, 2–4 µg/mL PBSA (HABP).
9. Streptavidin/HRP 1:400 in PBS.

10. Tris-HCl buffer (TB), 0.05 M, pH 7.6 with 1 N HCL.
11. Diaminobenzidine (DAB).
12. Nickel chloride.
13. 30% H2O2.

14. Counterstain: 2% methyl green in NaAc buffer, pH 4.2.
15. Streptomyces hyaluronidase (1 U/µL stock).
16. Hyaluronan (for use as probe-absorbing control), add 100 µg/mL of diluted HABP and

allow to absorb overnight at 4°C.
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2.4. Intracellular Localization of Hyaluronan in Cultured Cells
We recently found that intracellular hyaluronan can be detected inside a number of

cell types (22). The cells must first be pretreated with hyaluronidase to remove peri-
cellular and cell surface hyaluronan and then permeabilized. The source of the intrac-
ellular hyaluronan, whether taken up from the pericellular matrix or synthesized within
an endosomal membrane compartment, is not yet clear.

1. Cells grown on glass coverslips in 35-mm tissue culture dishes (see Note 7).
2. 10% neutral buffered formalin.
3. PBS and PBS/1% BSA as described above for tissue sections.
4. Biotinylated HABP (100 µg/mL stock) as above.
5. Streptomyces hyaluronidase, 1 µg/µL stock solution.
6. Streptavidin–Texas red conjugate.
7. Gel-Mount fluorescence mounting medium or suitable equivalent.

2.5. Ultrastructural Localization of Hyaluronan—Scanning Electron
Microscopy

A hyaluronan-dependent pericellular matrix can be visualized around cultured
cells at the light level using the particle-exclusion method. However, the hyaluronan
network is highly soluble and fragile, and is usually lost during preparation for scan-
ning electron microscopy (SEM) when standard techniques are employed. Therefore,
we provide a simple method for preserving the hyaluronan coat for viewing by SEM to
visualize the hyaluronan filaments, which extend from the cell surface into the peri-
cellular matrix (23). Proteoglycan granules present in the cell coat can also be visual-
ized. (Also see Subheading 2.6.)

1. Cells grown on glass coverslips (as described above for intracellular localization of
hyaluronan).

2. Karnovsky’s fixative (half-strength): 2% paraformaldehyde and 2.5% EM-grade glutaral-
dehyde in 0.1 M sodium cacodylate, pH 7.3, containing 3 mM CaCl2, 5% sucrose, and
0.2% ruthenium red (RR).

3. 0.1 M Sodium cacodylate, pH 7.3, containing 3 mM CaCl2, 5% sucrose, and 0.1% RR.
4. 1% OsO4 in cacodylate buffer containing 0.05% RR.
5. Streptomyces hyaluronidase (1 U/µL stock).

2.6. Histochemistry of Proteoglycans—Transmission Electron
Microscopy

A critical element in preserving proteoglycans in tissues and cells is to prevent their
solubility by including within the fixative cationic dyes that will neutralize the nega-
tive charges and make them less water soluble. One such dye that has proven to be
very effective is ruthenium red (24,25). Neutralizing the negative charges on the gly-
cosaminoglycans of the proteoglycans results in collapse of the glycosaminoglycan
chains onto the core protein and the formation of a granule that is of a size that reflects
the size of the proteoglycan monomer (4,26). An essential component of the ultra-
structural visualization of polyanionic glycosaminoglycans with cationic dyes is the
oxidation of bound ruthenium red and reduction of OsO4 to an insoluble product to
provide electron density. Thus it is possible to apply the techniques of morphologic
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stereology to estimate quantitatively the content of proteoglycans that are spatially
preserved in tissue sections (26–29).

1. 0.2% ruthenium red (RR) in half-strength Karnovsky’s fixative (2% paraformaldehyde
and 2.5% EM-grade glutaraldehyde in 0.1 M NaCacodylate, 3 mM CaCl2, pH 7.3) (4,26).

2. 0.1% ruthenium red in 0.1 M NaCacodylate, 3 mM CaCl2, 3% sucrose, pH 7.3.
3. 0.05% ruthenium red in 1% OsO4 in 0.1 M Cacodylate, 3 mM CaCl2, pH 7.3 (see Note 8).
4. 0.1 M NaCacodylate, 3 mM CaCl2, pH 7.3.
5. Graded EtOH series: 35, 50, 70, 90, 95, and 100%.
6. 3% uranyl acetate in 70% EtOH, stored in dark, filtered before use.
7. Propylene oxide.
8. Epoxy resin: Mix thoroughly in this order: 29.0 g Eponate; 16.g DDSA; 14.3 g NMA.

Add and mix thoroughly, BDMA 1.18 g. Store frozen in air-tight 20-mL aliquots (see
Note 9).

9. 7% (saturated) uranyl acetate in dd-H2O.
10. Reynolds lead citrate: 2.66 g Lead nitrate, 3.52 g Sodium citrate, 60 mL fresh dd-H2O,

shake 5 min until dissolved, then invert every 5 min over the next 0.5 h. Add 1 N NaOH
(freshly made, 1 g/25 mL dd-H2O) (16 mL), bring volume to 100 mL with dd-H2O.

2.7. Immunocytochemistry of Pr-oteoglycans—Light Microscopy
During the last 5 yr there has been an explosion of available antibodies to virtually

all of the core proteins of the known proteoglycans as well as to several glycosami-
noglycan epitopes. This has provided the opportunity to “map” the specific location
of particular proteoglycans to defined regions in tissues and associated with cells.
Defining the precise location of a proteoglycan in tissue sections aids in identifying
different functions of specific proteoglycans (21,30–33). In addition to the use of paraf-
fin processed tissue and avidin–biotin detection systems for the immunolocalization of
proteoglycans, we have found it useful to process tissue with the goal of visualizing
tissue antigens at both the light and electron microscopic level on the same section or on
adjacent sections. This can be done by processing tissue for electron microscopy and
removing the plastic resin following sectioning for light microscopy (15,34). Below
we describe two different procedures we use to localize proteoglycans in tissue sec-
tions.

2.7.1. Paraffin
1. 5 µm paraffin sections mounted on Superfrost + slides, baked 1 h, 50°C (see Note 10 and

Note 11).
2. Xylene.
3. Graded EtOH series for rehydration: 100, 95, 70, 50, and 35%.
4. 0.7% H2O2 in absolute methanol.
5. Tris-HCl buffer (TB), 0.05 M, pH 7.6 with 1 N HCL.
6. Tris-HCl buffered saline (TBS), 0.9% NaCl, pH 7.6.
7. Phosphate–buffered saline (PBS), pH 7.3: 8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4, 0.24 g

KH2PO4, 800 mL distilled H2O. Adjust pH to 7.3 with HCl and bring volume to 1 L with
distilled H2O.

8. PBS/0.1% bovine serum albumin: Add 1 mg BSA (globulin-free)/mL PBS (see Note 12).
9. Blocking solution: 10% normal serum (corresponding to secondary antibody species),

1% bovine serum albumin, globulin-free (BSA) in TBS.
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10. Diluent: 0.1% BSA in TBS.
11. Primary antibody: Diluent, dilution determined by titration on positive control tissue.
12. Biotinylated secondary antibody, 1/200 diluent.
13. Vectastain Elite ABC reagent, vector, solutions A and B.
14. Diaminobenzidine.
15. Nickel chloride.
16. 30% H2O2.

17. Counterstain: 2% methyl green in sodium acetate buffer, pH 4.2.
18. Enriched Tris buffer, pH 8.0: 0.6 g Tris base, 0.8 g sodium acetate, 0.3 g NaCl, 100 mL

distilled H2O, adjust pH with 10 N HCl, add BSA (1 mg/mL).
19.  Enzymes: Chondroitin ABC lyase (0.2 unit/mL enriched Tris buffer) trypsin (1 mg/mL

0.2 M Tris, 4 mM CaCl2, pH 7.7).

2.7.2. Plastic Removal
TISSUE FIXATION AND EMBEDDING IN PLASTIC

1. 0.2 M PO4 buffer: To 405 mL of 0.2 M Na2HPO4 (28.39 g/L), add approx 95 mL of 0.2 M
NaH2PO4•H2O (27.6 g/L) to give a pH of 7.4. Add distilled H2O to give final volume of
500 mL.

2. Fixative: 3% paraformaldehyde, 0.25% EM-grade glutaraldehyde in 0.05 M PO4 buffer:
In a fume hood stir 3 g of paraformaldehyde into 20 mL of 65°C distilled H2O, add 2–3
drops of 1N NaOH and stir until clear, then cool. Mix 25 mL of 0.2 M phosphate buffer,
50 mL distilled H2O, 0.5 mL of 50% EM-grade glutaraldehyde, and cooled paraformalde-
hyde. Adjust pH to 7.4 and bring final volume to 100 mL with d-H2O.

3. Phosphate–buffered saline (PBS): 0.05 M phosphate buffer, 0.9% NaCl, pH 7.3.
4. 0.1 M glycine in PBS.
5. Graded ethanol series: 35, 50, 70, 90, 95, and 100% (absolute).
6. 3% uranyl acetate in 70% EtOH, stored in the dark and filtered with #1 Whatman filter paper

before use.
7. Epoxy resin: Mix equal parts of solution A (50 mL of DDSA and 37.5 mL of EPON 812,

well mixed) and solution B (50 mL of EPON 812 and 36.7 mL of NMA, well mixed). Add
12 drops of DMP-30 for each 10 mL of resin and stir thoroughly (see Note 13).

SECTIONING, PLASTIC REMOVAL, AND IMMUNOSTAINING

1. Superfrost plus microscope slides.
2. Saturated Na ethoxide: Put 15 g of NaOH in a 100 mL plastic bottle, fill with absolute

EtOH and allow to dissolve and age 2–3 d on a shaker. The resulting solution will be a
light tea color.

3. Absolute EtOH.
4. Graded ethanol series for hydration.
5. 0.3% H2O2 in absolute methanol.
6. Immunoreagents as in Procedure 1—Paraffin.

2.8. Immunocytochemistry—Transmission Electron Microscopy
The successful immunodetection and localization of specific molecules within

tissue prepared for ultrastructural examination is subject to a number of factors,
including epitope maintenance during fixation and tissue/reagent penetration
limitations. The physical and chemical nature of individual epitopes within the
microenvironment of the tissue or culture condition of interest determine the
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impact of these factors and ultimately the choice of detection protocols. No single
processing procedure can be recommended, but preliminary light microscopy
establishes some of the limitations to be encountered and provides direction. If a
molecule cannot be detected using light microscopy, ultrastructural localization is
unlikely to be achieved. There are a number of different ways to prepare tissue and
cells for the ultrastructural examination of proteoglycan location. Below, we
describe two different methods that we have used with considerable success to
examine proteoglycan localization at the ultrastructural level. In Procedure 1 the
acrylic monomer resin LR White is used because its hydrophilic nature allows the
penetration of immunochemicals without plastic removal or etching, in contrast to
epoxy resins, avoiding possible alteration of antigenic sites with removal or
etching agents (15,35,36). In Procedure 2 the removal of plastic from sections of
epoxy resin-processed tissue has the effect of “unmasking” previously inacces-
sible epitopes and allowing a precise correlation of light and EM immunostaining
(37,38).

2.8.1. Procedure 1: LR White (LRW) Resin
TISSUE FIXATION AND EMBEDDING (SEE NOTE 14)

1. Phosphate buffered saline (PBS), pH 7.3: 8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4, 0.24 g
KH2PO4, 800 mL distilled H2O. Adjust pH to 7.3 with HCl and bring volume to 1 L with
distilled H2O.

2. Fixative: 3% paraformaldehyde, 0.25% EM-grade glutaraldehyde in PBS, pH 7.3, freshly
prepared.

3. 0.3 M glycine in PBS.
4. 30%, 50%, and 70% methanol and 80% EtOH (see Note 15).
5. 2% uranyl acetate (UA) in 70% methanol, store in the dark (36) (see Note 16).
6. 2/1 mixture LR White/80% EtOH.
7. LR White acrylic resin (medium or hard).
8. Gelatin capsules.
9. Reverse carbon-coated formvar substrated Ni grids, 200 mesh.

IMMUNOLABELING AND POSTSTAINING

1. 80 to 100-nm LRW-embedded sections mounted on formvar-coated Ni grids (see
Note 17).

2. Tris-HCl buffered saline (TBS): 50 mM Trizma base, 0.15 M NaCl, pH 7.6 with 1 N HCl.
3. Blocking buffer:10% normal serum, 1% BSA in TBS.
4. Diluent/wash buffer: 0.1% Tween 20, 0.1% BSA, 0.1% NaN3, TBS, pH 8.2.
5. Primary antibody diluted in diluent/wash buffer and microfuged for 1 min just before use

(see Note 18).
6. 10-nm colloidal gold-conjugated secondary antibody diluted in diluent/wash buffer and

microfuged 1 min just before use.
 7. 3% glutaraldehyde in PBS.
 8. 7% uranyl acetate in dd-H2O.
 9. Reynolds lead citrate: 2.66 g Lead nitrate, 3.52 g Sodium citrate, 60 mL H2O; shake 5 min

until dissolved, then invert every 5 min over the next 0.5 h, add 16 mL 1 N NaOH (freshly
made, 1 g/25 mL dd-H2O), bring volume to 100 mL with dd-H2O.

10. Aqueous 2% OsO4.
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2.8.2. Procedure 2: Plastic Removal
TISSUE FIXATION AND EMBEDDING IN PLASTIC

1. 0.2 M phosphate buffer: To 405 mL of 0.2 M Na2HPO4 (28.39 g/L), add approx 95 mL of
0.2 M NaH2PO4•H2O (27.6 g/L) to give a pH of 7.4. Add distilled H2O to give a final
volume of 500 mL.

2. Fixative: 3% paraformaldehyde, 0.25% EM-grade glutaraldehyde in 0.05 M PO4 buffer:
In a fume hood, stir 3 g of paraformaldehyde into 20 mL of 65°C distilled H2O. Add 2–3
drops of 1 N NaOH and stir until clear, then cool. Mix 25 mL of 0.2 M PO4 buffer, 50 mL
of distilled H2O, 0.5 mL of 50% EM-grade glutaraldehyde, and cooled paraformalde-
hyde. Adjust pH to 7.4 and bring final volume to 100 mL with d-H2O.

3. 0.1 M glycine in PBS.
4. Graded ethanol series, 35%, 50%, 70%, 90%, 95%, and 100% (absolute).
5. 3% uranyl acetate in 70% EtOH, stored in the dark and filtered with #1 Whatman filter

paper before use.
6. Epoxy resin: Mix equal parts of solution A (50 mL of DDSA and 37.5 mL of EPON 812,

well mixed) and solution B (50 mL of EPON 812 and 36.7 mL of NMA, well mixed). Add
12 drops of DMP-30 for each 10 mL of resin and stir thoroughly (see Note 19).

SECTIONING, PLASTIC REMOVAL, IMMUNOSTAINING, AND REEMBEDDING THIN SECTIONS

1. Reverse carbon-coated formvar substrated Ni grids, 200 mesh.
2. Saturated Na ethoxide: Put 15 g of NaOH in a 100-mL plastic bottle, fill with absolute EtOH

and allow to dissolve, and age 2–3 d on a shaker. The resulting solution will be a light tea color.
3. Absolute ethanol.
4. Graded ethanol series for hydration and dehydration (including fresh absolute ethanol).
5. Parafilm.
6. Covered chamber for humidified incubations.
7. Tris-HCl-buffered saline (TBS): 0.05 M Trizma base, 0.15 M NaCl; pH 7.6 with 1 N HCl

(see Note 19).
8. Blocking buffer: 10% normal serum, 1% BSA in TBS.
9. Diluent/wash buffer: 0.1% Tween 20, 0.1% BSA, 0.1% NaN3, TBS, pH 8.2.

10. Primary antibody diluted in filtered diluent.
11. 10-nm colloidal gold conjugated secondary antibody diluted in diluent/wash buffer and

microfuged 1 min just before use.
12. Phosphate-buffered saline (PBS): 0.05 M phosphate buffer, 0.9% NaCl, pH 7.3.
13. 2% glutaraldehyde in PBS.
14. 1% OsO4 in PBS.
15. 2% aqueous uranyl acetate.
16. Epoxy resin: Mix equal parts of solution A (50 mL of DDSA and 37.5 mL of EPON 812,

well mixed) and solution B (50 mL of EPON 812 and 36.7 mL of NMA, well mixed). Add
12 drops of DMP-30 for each 10 mL of resin and stir thoroughly.

3. Methods
3.1. Molecular Spreads

1. Fill siliconized Petri dish with hypophase solution to give a convex meniscus and clean by
skimming it with optical lens tissue.

2. Thoroughly rinse with water and drain a glass slide, handling with forceps. Immerse the
slide at a 30–45° in the hypophase and support on the edge of the dish.
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3. Prepare the final spreading solution by gently mixing: 50 µL of diluted sample; 50 µL of
10 mM Tris-HCl, 1 mM EDTA, pH 8.5; 2 µL cytochrome C stock (2.5 µg/µL) (add just
before spreading preparation).

4. With a micropipet, draw a small amount of hypophase onto the slide to wet it.
5. Slowly (over 10–30 s) deliver 75 µL of the hyperphase spreading solution to the slide at

3–6 mm above the hypophase meniscus. Maintain a continuous sheet of liquid between
the delivery pipet and the hypophase.

6. Allow the hyperphase solution to spread and denature for 15–60 s (see Note 20).
7. Pick up a flat, supported grid with a pair of clean self-locking forceps. Lay it flat, carbon

side down, onto a smooth filter paper. Lift the forceps up to a 20–30° to bend the edge of
the grid and set the forceps/grid aside. Prepare 2–3 such grids in advance of sampling the
monolayer.

8. Gently lower a grid, substrate down, onto the monolayer.
9. Stain the sample for approximately 5 s by immersing the entire grid in 0.001% PTA without

draining after pickup. Rinse in 90% EtOH for 10 s.
10. Stain for about 30 s in 5 µM uranyl acetate, rinse in 90% EtOH for 10 s, and air dry.
11. Mount grids on a rotating stage in vacuum evaporator (see Note 21).
12. Load with 10-mm platinum/palladium wire coiled to fit down in tip if using a tungsten

basket.
14. Position aperture to assure proper alignment of path from metal source to sample.
15. Insert shield between metal source and sample and pump down evaporator to below 5 × 10–5

torr. Use LN2 trap if evaporator is equipped with one (see Note 22).
16. After achieving vacuum, heat tungsten basket to a red glow to drive off contaminants,

begin specimen rotation, and retract shield.
17. Heat metal slowly and just enough to achieve metal evaporation. After completely

exhausting metal, continue specimen rotation for 30 s before venting and removing grids
(see Note 23).

3.2. Histochemistry of Proteoglycans - Light Microscopy
1. Deparaffinize and hydrate tissue sections.
2. Preheat alkaline alcohol in 60°C oven.
3. Mordant tissue sections in Bouin’s in microwave 45 min (staining tub volume), cool 10

min (see Note 24).
4. Rinse sections in running water for 10 min.
5. Immerse sections in 1% Alcian blue for 20 min.
6. Rinse sections in running water for 2–5 min.
7. Place sections in 60°C alkaline alcohol for 10 min.
8. Rinse sections in running water for 2–5 min.
9. Immerse sections in Musto working solution for 30 min.

10. Wash briefly in running water, rinse well in distilled water.
11. Place sections in crocein scarlet/acid fuchsin working solution for 1–2 min (see Note 25).
12. Rinse in distilled water.
13. Immerse slides in 5% phoshotungstic acid for 5 min (see Note 26).
14. Place directly in 1% acetic acid for 5 min (see Note 27).
15. Rinse slides well in distilled water.
16. Dehydrate tissue by rinsing briefly in 95% EtOH, twice in absolute EtOH, 1 min each.
17. Immerse slides in alcoholic saffron for 60 min, keep container covered.
18. Rinse slides in two changes absolute EtOH, 1 min each (see Note 28).
19. Clear stained slides in xylene, and mount with xylene soluble mounting media.
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3.3. Histochemistry of Hyaluronan—Light Microscopy
1. Deparaffinize tissue sections in three changes of xylene, 7 min each on slow shaker.
2. Rinse tissue in 100% EtOH.
3. Quench endogenous tissue peroxidase by incubating tissue in 0.7% H2O2 in absolute

methanol for 20 min.
4. Rinse tissue in 100% EtOH, and rehydrate through graded EtOH, 1 min each.
5. Rinse for 10 min in PBS.
6. Treat control slides with hyaluronidase, 20 U/mL NaAc buffer, 1 h, 37°C.
7. Rinse 3 times over 10 min with PBS.
8. Block nonspecific protein interactions by incubating tissue in 10% serum, 1% BSA in

TBS for 1 h.
9. Apply biotinylated HABP (4 µg/mL PBSA) to experimental and HAdase control sections

and apply HA-absorbed HABP control to sections. Incubate overnight at 4°C in a humidi-
fied chamber.

10. Rinse tissue sections with PBS, 3 × 5 min on a slow shaker.
11. Apply Streptavidin/HRP, 1/400 in PBS, 1 h, in a humid atmosphere.
12. Rinse tissue sections with PBS, 3 × 5 min on a slow shaker.
13. TB, 10 min, 37°C.
14. Prepare developing solution: Dissolve 64 mg of diaminobenzadine (DAB) in 200 mL of

TB, 37°C. Add 0.08 g of NiCl2 if black reaction product is desired. Just before use, add
164 µL of 30% H2O2 and mix.

15. Incubate sections in developing solution, 10 min, 37°C. Stop reaction by washing in TB,
then rinse with H2O.

16. Counterstain with 2% methyl green for 5 min.
17. Dehydrate through 95% and 100% EtOH (2×), clear in xylene, and cover slip with

xylene-soluble mounting media.

3.4. Intracellular Localization of Hyaluronan in Cultured Cells

1. Pretreat cells with Streptomyces hyaluronidase (2 U/mL in the culture medium) to
remove pericellular and cell surface hyaluronan for 1 h, 37°C (see Note 29).

2. Fix cells by addition of 0.5 mL of 10% neutral formalin directly to the medium (2 mL) to
give a final concentration of 2% formalin (this is roughly equivalent to 0.75% formalde-
hyde) for 10 min, at 22°C (see Note 30).

3. Rinse three times, 2 min each, with PBS. The rinses are conveniently done with the cover
slips still in the 35-mm dishes.

4. Permeabilize with 0.5% Triton X-100 in PBS for 10 min at 22°C. (see Note 31).
5. Rinse three times, 2 min each, with PBS.
6. Using fine forceps to handle cover slips, gently blot the back of the coverslip and lay face

up (cells on top) on parafilm on a hard, flat surface. Drying the back helps prevent wicking
to the underside of the cover slip. (see Notes 32, 33)

7. Incubate with 100–200 µL of biotinylated HABP (at 4 µg/mL in PBS/1% BSA) for 1 h at
22°C, covering with the lid from the 35-mm dish to minimize evaporation.

8. Transfer cover slip back to the 35-mm dish and rinse three times, 5 min each.
9. Blot the back of the coverslip and transfer back to parafilm, cell side up.

10. Incubate with 200 µL of streptavidin-Texas red (1/500) in PBS/1% BSA, for 1 h at 22°C,
covering with the lid from the 35-mm dish.



Morphological Evaluation of Proteoglycans 281

11. Transfer the cover slips back to the culture dishes, and rinse three times, 5 min each, with PBS.
12. Mount cover slip face down on a glass slide using Gel-mount.

3.5. Ultrastructural Localization of Hyaluronan—Scanning Electron
Microscopy
1. Rinse cells in serum free medium. Control cells can be pretreated before fixation with

Streptomyces hyaluronidase to remove hyaluronan. Digest the cells using 2 U/mL in cul-
ture medium for 1 h at 37°C.

2. Fix with Karnovsky’s fixative in 0.1 M sodium cacodylate containing 2 mM CaCl2, 5%
sucrose, and 0.2% RR for 1 h at 22°C.

3. Rinse cells with 0.1 M sodium cacodylate, pH 7.3, containing 3 mM CaCl2, 5% sucrose,
and 0.1% RR.

4. Postfix in 1% OsO4 in cacodylate buffer containing 0.05% RR for 1 h at 22°C.
5. Rinse cover slips gently by dipping several times in phosphate-buffered saline and then H2O.
6. Let the coverslips air dry in a dust-free environment (see Note 34).
7. Cut the cover slip to an appropriate size with a diamond pencil.
8. Sputter coat with gold/palladium (see Note 35).

3.6. Histochemistry of Proteoglycans—Transmission Electron Microscopy
1. Fix 1-mm3 tissue pieces in 0.2% RR in half-strength Karnovsky’s for 3 h (see Notes 36–39).
2. Wash tissue three times, 10 min each, with 0.1% RR in 0.1 M Na cacodylate buffer.
3. Postfix with 0.05% RR in 1.0% OsO4 in 0.1 M cacodylate buffer for 3h, at room

temperature.
4. Wash for 10 min with 0.1 M NaCacodylate buffer on a shaker.
5. Dehydrate with 35%, 50% and 70% EtOH, 10 min each, on a shaker.
6. En bloc stain with 3% uranyl acetate/70% EtOH, 1 h in dark.
7. Continue dehydration with 80%, 90%, and 95% EtOH, 10 min each, on the shaker, abso-

lute EtOH three times, 10 min.
8. Pass tissue through the transition fluid, propylene oxide two times for 10 min.
9. Infiltrate tissue with 1/2, 1/1, and 2/1 mixtures of complete epoxy resin and propylene

oxide, 1 h each, on shaker.
10. Infiltrate with complete resin, uncovered on the shaker.
11. Infiltrate with fresh complete resin, uncovered, overnight, under vacuum.
12. Drain tissue pieces of excess epoxy and place in fresh complete resin in beem capsules or

silicon rubber molds with labels.
13. Allow to equilibrate for 1 h under vacuum and polymerize in a 60–65°C oven for 48 h.
14. Cut 80- to 100-nm sections and mount on cleaned Cu grids.
15. Poststain with 7% uranyl acetate for 8–10 min. Wash with filtered (0.4 µm) dd-H2O.

Stain with Reynolds lead citrate, for 8–10 min, and wash as above (see Note 40).
16. Examine in transmission electron microscope.

3.7. Immunocytochemistry of Proteoglycans—Light Microscopy
3.7.1. Paraffin

1. Deparaffinize tissue sections in three changes of xylene, 7 min each, on slow shaker.
2. Rinse tissue, 2 × 1 min, in 100% EtOH.
3. Quench endogenous tissue peroxidase by incubating tissue in 0.7% H2O2 in absolute

methanol for 20 min.(see Note 41).
4. Rinse tissue 2 × 1 min in 100% EtOH, and rehydrate through graded EtOH, 1 min each.
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5. Rinse, 2 × 1 min, in H2O, then 10 min in TBS.
6. Epitope unmasking treatment as necessary with enzyme digestion (see Note 43): Chon-

droitin ABC lyase 1 h, 37°C; Trypsin 15 min, 37°C (see Notes 42 and 44).
7. Rinse in TBS, 2 × 5 min.
8. Block non-specific protein interactions by incubating tissue in 10% serum, 1% BSA in TBS

for 1 h.
9. Blot off blocking serum on filter paper and apply primary antibody diluted in TBS/0.1%

BSA and incubate in a humidified atmosphere overnight at 4°C.
10. Segregate sections with the same primary antibody into the same washing tub. Rinse

tissue sections with TBS, 3 × 5 min, on slow a shaker.
11. Apply biotinylated secondary antibody, diluted 1/200 in TBS/0.1% BSA, to tissue sec-

tions and incubate 1 h, in a humidified atmosphere.
12. During secondary antibody incubation, prepare Vectastain avidin-biotin-peroxidase-com-

plex (ABC) reagent: Add 15 µL of reagent A and 15 µL of reagent B to each 1 mL of PBS/
0.1% BSA and allow to stand for 30 min before use (see Note 45).

13. Rinse tissue sections with TBS, 3 × 5 min on slow a shaker.
14. Apply ABC reagent to sections and incubate for 30 min in a humidified atmosphere.
15. Rinse sections with PBS, 3 × 5 min, TB 10 min, 37°C.
16. Prepare developing solution: Dissolve 64 mg of diaminobenzadine (DAB) in 200 mL of

TB at 37°C. Add 0.08 g of NiCl2 if black reaction product is desired. Just before use,
add 164 µL of 30% H2O2 and mix.

17. Incubate sections in developing solution, 10 min, 37°C. Stop reaction by washing in TB,
then rinse with H2O (see Note 41).

18. Counterstain with 2% methyl green for 5 min.
19. Dehydrate through 95% and 100% EtOH (2×), clear in xylene, and cover slip with

xylene-soluble mounting media.

3.7.2. Plastic Removal
TISSUE FIXATION AND EMBEDDING IN PLASTIC (SEE NOTE 46)

1. Dissect tissue to 1-mm3 cubes or smaller and fix for 2 h at room temperature.
2. Wash tissue 2 × 5 min with PBS.
3. Quench free aldehyde groups with 0.1 M glycine/PBS 2 × 10 min.
4. Wash once with PBS, 5 min.
5. Dehydrate with 35%, 50%, 70% EtOH, 10 min each on shaker.
6. En bloc stain with 3% uranyl acetate/70% EtOH 1 h.
7. Continue dehydration through 90%, 95%, and 100% ethanol, 10 min each, on shaker.
8. Prepare epoxy resin and use in 1:1 mixture EPON/ethanol. Infiltrate tissue for 1 h on the

shaker with EPON/ethanol in a capped vial.
9. Prepare 2/1 mixture of EPON/ethanol and infiltrate tissue for 1 h on the shaker with the cap

removed.
10. Prepare fresh epoxy resin and infiltrate the tissue on the shaker, for 1 h, in an uncapped vial.
11. Change the epoxy and infiltrate overnight under vacuum.
12. Prepare fresh epoxy resin and embed the tissue in Beem capsules or coffin molds.
13. Polymerize blocks in vacuum oven at 55°C for 48 h.

SECTIONING, PLASTIC REMOVAL AND IMMUNOSTAINING

1. Cut 1- to 2-mm sections and float on a small pool of filtered water on slides.
2. Dry overnight on a 45°C hot plate.
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3. Circle sections on slide underside with diamond etching pencil.
4. Place slides in plastic staining rack and immerse in saturated Na ethoxide solution for

15–20 min. To ensure adequate removal of plastic, at about 15 min, remove one slide,
rinse in 100% EtOH, and examine under the dissecting scope, being careful not to allow
the tissue to dry. Continue at 1-min intervals to ensure removal.

5. Rinse in 4 changes of 100% EtOH, 5 min each.
6. Place slides in 0.3% H2O2/methanol for 10 min to block endogenous peroxide.
7. Rinse once in 100% EtOH for 1 min, and through graded ethanol series to H2O for 1–2 min each.
8. Soak in TBS for 10 min.
9. Proceed with immunostaining as in step 2 of Procedure 1 - Paraffin.

3.8. Immunocytochemistry—Transmission Electron Microscopy

3.8.1. Procedure 1: LR White Resin

TISSUE FIXATION AND EMBEDDING

 1. Cut tissue into small pieces (1 mm3 ) and rinse briefly tissue with PBS at room temperature.
2. Fix tissue pieces with 3%/0.25% fixative for 1h at room temperature.
3. Rinse fixed tissue with 0.3 M glycine/PBS 3 × 10 min, on a shaker.
4. Rinse with PBS for 10 min or overnight at 4°C.
5. Dehydrate with 30%, 50%, and 70% methanol, 10 min each, on shaker.
6. En bloc stain with 2% UA/70% methanol, 1 h, dark, room temperature.
7. Dehydrate with 80% EtOH, 10 min, on shaker.
8. Infiltrate with 2/1 LR White/80% EtOH, 1 h, on shaker.
9. Continue infiltration with 100% LR White, two changes, 1 h each, on shaker, 4°C.

10. Infiltrate overnight at 4°C on shaker in fresh LR White.
11. Transfer tissue to gelatin capsules, add fresh LR White, cap, and polymerize in vacuum,

50–52°C, 24 h.
12. Cut 100 nm (gold) sections and mount on the non-carbon side of formvar-coated nickel grids.

IMMUNOLABELING AND POST-STAINING

1. Float grids (section surface down) on droplets of dd-H2O, 5 min (see Note 47).
2. Block tissue/secondary antibody cross-reactivity and nonspecific protein interactions by incu-

bating sections on droplets of blocking buffer in humidified chamber, 1 h, room temperature.
3. Drain excess blocking buffer with filter paper at the grid/forceps junction.
4. Place grids directly on droplet of diluted primary antibody in a humidified chamber and

incubate overnight at 4°C (see Note 48).
5. Drain antibody with filter paper and soak grids on 15 successive droplets of diluent/wash

buffer over 15 min.
6. Incubate sections on droplet of gold-conjugated secondary antibody diluted 1:20–1:50, 1

h, room temperature.
7. Drain secondary with filter paper and soak grids on 15 successive droplets of diluent/wash

buffer or TBS.
8. Fix on droplet of 3% glutaraldehyde/PBS, 10 min, room temperature.
9. Soak grids on five successive droplets of ddH2O over 5 min.

10. The grids may be air dried at this point until poststain.
11. Working in a hood, place grids face up on hard filter paper in a 9-cm glass Petri dish. On

a piece of parafilm in the Petri dish, place a 100- to 200-µL droplet of aqueous 2% OsO4.
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Cover and allow the sections to postfix in osmium vapor for 10 min to 1 h, depending on
desired contrast. Drain with filter paper and air dry. Avoid contact with eyes, skin, or
respiratory membranes.

12. Poststain sections by floating grids face down on droplets of aqueous 7% UA (microfuge
1 min before use) for 10 min. Wash by placing on 10 successive drops of filtered ddH2O.
Float grids on drops of lead citrate for 2–10 min and wash as before. Drain with filter
paper and air dry.

13. Examine sections in TEM.

3.8.2. Procedure 2: Plastic Removal
TISSUE FIXATION AND EMBEDDING IN PLASTIC

1. Dissect tissue to 1-mm cubes or smaller and fix for 2 h at room temperature.
2. Wash tissue 2 × 5 min with PBS.
3. Quench free aldehyde groups with 0.1 M glycine/PBS, 2 × 10 min.
4. Wash once with PBS, 5 min.
5. Dehydrate with 35%, 50%, and 70% EtOH, 10 min each, on shaker.
6. En bloc stain with 3% uranyl acetate/70% EtOH, 1 h.
7. Continue dehydration through 90%, 95%, and 100% ethanol, 10 min each, on shaker.
8. Prepare epoxy resin and use in 1/1 mixture EPON/ethanol. Infiltrate tissue for 1 h on

shaker with EPON/ethanol in capped vial.
9. Prepare 2/1 mixture of EPON/ethanol and infiltrate tissue for 1 h on shaker with cap

removed.
10. Prepare fresh epoxy resin, infiltrate tissue on shaker 1 h in uncapped vial.
11. Change epoxy and infiltrate overnight under vacuum.
12. Prepare fresh epoxy resin and embed tissue in Beem capsules or coffin molds.
13. Polymerize blocks in vacuum oven at 55°C for 48 h.

SECTIONING, PLASTIC REMOVAL, IMMUNOSTAINING, AND RE-EMBEDDING THIN SECTIONS

1. Prepare grids for collecting sectioned material: Acetic acid wash nickel grids in a water
bath sonicator, rinse with dd-H2O three times in the sonicator, and finally rinse with
absolute EtOh and air dry. Prepare formvar film by stripping 0.25% formvar off a
precleaned glass microscope slide onto a cleaned dd-H2O surface. Place the grids, matte
side down, onto to the film and pick up formvar with grids attached with a sheet of
parafilm. Allow film to air dry protected from dust. Carefully remove individual grids
from the parafilm with forceps, and place, formvar side down, onto a clean microscope
slide. Evaporate a medium coat of carbon onto this “reverse” side of the grids (see
Notes 49 and 50).

2. Collect 80- to 100-nm sections on the formvar side of the prepared grids and air dry (see
Note 51).

3. Prepare a 1:3 dilution of saturated Na ethoxide with absolute ethanol. When not in use,
keep this solution covered to retard evaporation and surface NaOH crystal formation.

4. Immerse individual grids, using anticapillary forceps, in the removal solution for 2–5 min
(see Note 52). Wash with three consecutive 1 min immersions in absolute EtOH and
hydrate through a graded alcohol series, 1 min each, to filtered dd-H2O.

5. The “reverse” carbon side is blotted with filter paper and the grid is floated on an indi-
vidual droplet of filtered 50 mM TBS on parafilm, where it remains as subsequent grids
are prepared for immunostaining (see Note 53).
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6. Using a humidified chamber for all incubations, transfer grids from TBS to individual
filtered blocking buffer droplets for 10 min, and wash by floating grids on three consecu-
tive droplets of diluent/washing buffer, 1 min each.

7. Transfer grids to droplets of primary antibody diluted in filtered diluent (see Note 54).
8. Incubate overnight at 4°C in a humidified chamber.
9. Wash the grids by floating on six successive drops of filtered wash buffer over 15 min.

10. Incubate on colloidal gold-conjugated secondary antibody diluted 1/50 in filtered diluent
1 h in the humidified chamber at room temperature.

11. Wash the grids by floating on eight successive drops of filtered wash buffer over 15 min,
followed by three successive drops of filtered PBS.

12. Fix the antigen/antibody complex with 2% glutaraldehyde in PBS for 10 min and rinse on
4 drops of PBS.

13. Postfix the tissue with 1% OsO4 in PBS for 10 min and wash on 3 droplets of filtered
dd-H2O.

14. Proceed to reembedding the thin sections by immersing each forceps-held grid through the
graded alcohol series, 1 min each, and in absolute EtOH 3 × 1 min.

15. Immerse in 2% EPON in absolute ethanol 2 min and carefully blot between two pieces of
No. 50 Whatman filter paper.

16. Position grids upright in razor blade slits in the back of a silicon rubber embedding mold and
polymerize overnight to 48 h at 60°C.

17. Post-stain with 2% aqueous UA and lead citrate.
18. Examine in the transmission electron microscope.

4. Notes
1. Surfactants such as detergents, oil vapors, and grease from fingerprints interfere with

formation and continuity of protein monolayers.
2. Something to consider in choosing sample buffer conditions is that, in the final cytochrome

C/sample solution, at pH 9 and above, basic residues on cytochrome C become neutral-
ized. This may result in less protein coating of the negatively charged molecules. At
higher salt concentration (above 0.2 M), electrostatic interactions between polyanions
and polycations become significantly reduced, resulting in less cytochrome C binding to
the negatively charged molecule.

3. Preparation of collodion support films is probably the most important source of day-to-day
variation in quality of the final molecular spread image. The goal is to prepare a hydropho-
bic surface to come in contact with the hydrophobic protein monolayer. The light carbon
coat is useful in achieving an appropriate collection surface. A light carbon coat has been
shown to yield proteoglycan monomers with extended disaccharide side chains, while
an uncoated collodion surface yields mononers with side chains condensed onto the protein
core. A quick indicator of the efficiency of protein pickup is a very flat meniscus of the
collected droplet.

4. Results of the stain combination include the discrimination of various tissue components:
coarse and delicate elastin fibers are black, collagens appear bright yellow, sulfated
macromolecules (proteoglycans, glycosaminoglycans, and secreted mucins) are blue/
blue-green, nuclei are dull red/black, erythrocytes are bright red, while the myofibrils
(contractile apparatus of smooth muscle cells and striated muscle) are red/orange.

5. While tissue fixed in methacarn (acid/alcohol) can be used, it results in less satisfactory staining.
6. Prepared biotinylated probe is stored unaliquoted at approx 100 µg/mL dissolved in a

50/50 (v/v) mixture of glycerol and 0.15 M NaCl at –20°C. This stock preparation does
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not lose detectable amounts of binding activity when stored for more than a year in
this manner.

7. We achieve the best results when cover slips are incubated face up on the parafilm and the
solutions are applied directly to the cells. We do not recommend putting parafilm squares
on top of the incubation solutions. Evaporation is negligible if covered with the lid from
the culture dish.

8. It is of interest that a radioactive isotope of ruthenium red, 103Ru, has been used to esti-
mate glycosaminoglycans quantitatively after separation by electrophoresis (29).

9. We performed radiolabeling experiments to assess the loss of sulfated proteoglycans from
fixed cultures of arterial smooth muscle cells and found that approx 40% of the total
radiolabeled proteoglycans were lost during routine processing for electron microscopy
(30). Inclusion of ruthenium red in the fixatives reduced the losses to less than 1%!

10. There is no one ideal tissue fixative, the goals being to maintain adequate tissue integrity for
interpretation while preserving antigen/antibody recognition. Buffered 4% formaldehyde or
methyl carnoys (10 mL acetic acid, 30 mL chloroform, 60 mL methanol) for 2 h, are common
first choices. During tissue processing into paraffin, avoid temperatures exceeding 56–58°C.

11. Never allow sections to dry out.
12. Bovine serum albumin should be globulin free (immunohistochemical grade) when used to

block nonspecific protein interactions.
13. Solutions A and B may be premixed and stored frozen as stocks. Complete resin should be

made fresh immediately before each use by mixing room temperature A and B, adding
DMP-30, and mixing thoroughly again. Bubbles can be pumped out in a vacuum chamber

14. This fixation and embedding scheme has proven useful as a standard first choice because the
degree of molecular cross-linking by the low glutaraldehyde content results in the retention
of recognizable epitopes and reasonable ultrastructural morphology. The low viscosity,
tolerance of small amounts of water, and low temperature of polymerization also contribute
to its being chosen when no ultrastructural localization of a particular antigen has been
previously tried in our lab.

15. Use of methanol in the dehydration scheme is an attempt to reduce the amount of extraction
during the dehydration process.

16. Use 50- to 100-µL reagent droplets on parafilm sheets for incubations.
17. Millipore (0.22-µm) filter all diluents, buffer washes, and water.
18. Handle grids with nonmagnetic #3 Dumont forceps on the grid rim only. LR White sections

tend to swell during staining because of the resin’s hydrophillic nature and become extremely
fragile, so that touching them with forceps or filter paper can easily cause folds or damage.

19. All buffers and H2O for section washes are 0.22-µm millipore filtered.
20. One microgram of protein denatures to cover 9 cm2, so the approx 3.7 µg delivered here

should spread easily across the entire surface in front of the slide. One source of exces-
sive graininess and low sample contrast is overcompression of the cytochrome C film.

21. The substrate surface should be as flat as possible, so that it receives a uniform metal
coating.

22. Vacuum cleanliness and ultimate bell-jar pressure contribute to the final metal coating
quality. If the vacuum is not at least 5 × 10–5 torr during evaporation, the mean free path
of evaporated metal will be less than the distance from the filament to the sample. Metal
vapor colliding with gases will cool off, slow down, and may aggregate into coarse par-
ticles, resulting in an excessively grainy shadow.

23. Slowly heating metal just to the evaporation point results in the finest granularity (because
of local vapor pressure characteristics).
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24. The Bouin’s-fix mordant step improves the color quality of primarily the crocein scarlet-
stained components.

25. As staining time is increased, there is a decrease in the differentiation between crocein scarlet
(erythrocytes, fibrin) and acid fuchsin (myofibrils, smooth muscle) stained tissue components.

26. The phosphotungstic acid step that removes excess Musto elastin stain is progressive and
will, if extended, begin to decolorize the fine elastic fibers.

27. Acetic acid removes excess PTA
28. Limit the duration of the final ethanol rinses, as saffron (collagen) will destain.
29. If extracellular hyaluronan is to be visualized, omit the hyaluronidase pretreatment.
30. In some cells, overfixation (i.e., 4% paraformaldehyde for several hours) can result in

unintentional permeabilization and/or higher background staining of mitochondria with the
Streptavidin–Texas red.

31. Controls for intracellular staining and specificity include omitting the permeabilization step;
digestion with hyaluronidase a second time, following permeabilization; and preincubation
of the bHABP with excess hyaluronan.

32. If it is necessary to conserve reagents, cover slips can be cut in half using a diamond
pencil to score the coverslip. 100 µL is the minimum volume that will cover a full 22-mm
cover slip without excessive evaporation.

33. Cover slips are preferable to chamber slides if they will be viewed with a 100× oil
objective.

34. Although cellular morphology is somewhat compromised, air drying preserves the fragile
hyaluronan network. The relatively rigorous critical point drying techniques tend to wash
away the hyaluronan filaments, as well as other extracellular matrix components, leaving a
very smooth cell surface.

35. The coating may cover some of the hyaluronan filaments, especially farther away from the
cell. Thus, coating times may have to be determined empirically.

36. The presence of phosphate ions in buffer vehicles with ruthenium red results in the precipi-
tation of OsO4-RR before the critical OsO4/RR/polyanion reaction takes place.

37. Thaw and bring to room temperature.
38. Ruthenium red penetration is dependent on the histological structure of a particular tissue

defining the diffusion pathway into the interior and the progressive concentration change of
dye at different depths along this pathway. Extended fixation time allows the binding of
ruthenium red to ionizable carboxylic acid groups and subsequent oxidation to ruthenium
brown at increasing tissue depths as well as the oxidation of the polysaccharide substrate
generating new carboxyl groups for RR binding.

39. Inclusion of RR in the primary fixative and intervening washing buffer is not necessary for
the critical reaction but is included to limit the possible leaching away of bindable sub-
stances.

40. The greatest contrast of RR staining is apparent in sections with no poststain, but fine detail
of other tissue structures is revealed when uranyl acetate and lead citrate are used.

41. Hydrogen peroxide potency must be considered; bubbles on the inside of the bottle indicate
adequate activity in 30% solutions.

42. Plan on 50–150 µL of solution/tissue, depending on the size of the section.
43. Including 0.04% NiCl in the developing reagent changes the color of the reaction product to

blue/black.
44. The specific enzymes and digestion time required must be worked out for each primary

antibody. Excessive or inadequate digestion will result in an altered epitope or an inad-
equately unmasked antigen respectively.
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45. Sodium azide is an inhibitor of peroxidase activity and should not be included in buffers
used to make the peroxidase substrate or the ABC reagent.

46. Tissue may be harvested after perfusion fixation with 3% paraformaldehyde if desired
and then continue fixation in 3%/0.25%.

47.  Never allow the section surface to dry between droplet changes.
48.  Include appropriate buffer/no-primary, irrelevant antibody, and positive and negative tissue

controls.
49. Extreme care should be used in handling coated grids, as an intact support film limits

difficulties later with contamination and section deformation. The use of clean, well-aligned
anticapillary forceps to pick up the grids on the rimmed edge will minimize mechanical
damage to the sections and support film.

50. The carbon coat will not only strengthen the coat, but will render this “reverse” side somewhat
hydrophobic, facilitating the subsequent restriction of reagents to the section side of the grid.

51. It is sometimes helpful for later interpretation to collect sections consecutively.
52. Times can vary with block hardness and section thickness, and can be predetermined with

test grids examined in the electron microscope for a loss of defined section edge.
53. Ideally, the carbon side of the grid remains dry during the entire immunostaining process. If

the grid sinks at some point, it is best to proceed through each droplet immersed.
54. Antibody dilution is best determined by bracketing the dilution that gave the best light level

localization.
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Expression and Characterization
of Engineered Proteoglycans

Wei Luo, Chunxia Guo, Jing Zheng, and Marvin L. Tanzer

1. Introduction
Target proteoglycan gene(s) can be rearranged to fulfill special designs for

expression, purification, or characterization purposes. These are achieved through sev-
eral procedures, including polymerase chain reaction (PCR) amplification of a target
gene, cloning of PCR products into cloning vectors, subcloning of a correct gene frag-
ment into an expression vector, purification of target gene DNA via a large prepara-
tion, transfection into host cells for expression, purification of candidate proteins, and
identification of the proteins. Characterization can be done of core proteins or of the
glycosaminoglycan chains attached to the core proteins. A summary of the expression
of an engineered protien is shown in Fig. 1.

1.1. Construct Assembly of Target Proteoglycans
Gene structure arrangements are accomplished through PCR with specifically

designed oligonucleotides and target template(s) (1). Appropriate PCR products are
engineered into a suitable eukaryotic expression vector using appropriate polylinkers.
The vector containing target gene(s) can express (transiently) proteoglycans through
transfection into candidate eukaryotic cell lines (see Subheading 1.2.).

1.2. Expression of Target Proteoglycans
Large amounts of DNA with molecular-level purity are needed for transfection and

are prepared by a maxiprep kit (Qiagen). The maxiprep-prepared DNA is then used to
transfect eukaryotic cell lines to express/obtain the corresponding proteins. Cell lines
are chosen based on two major criteria: (1) the cell lines themselves do not express the
same target endogenous genes; (2) the cell lines have the capability (e.g., machinery to
add glycosaminoglycan chains) to express proteoglycans.
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1.3. Purification of Target Proteoglycans
Expressed products are purified using a nickel column with stringent washing pro-

cedures to eliminate background proteins. A histidine-6 (His6) tag is engineered in the
construct assembly (see Subheading 1.1.) to allow such a purification procedure.

1.4. Identification of Target Proteoglycans
The purified proteins can be run on sodium dodecyl sulfate-polyacrylamide gel elec-

trophoresis (SDS-PAGE) directly to separate the products from background proteins or
processed further for other experiments. Purified products can be characterized by vari-
ous procedures, e.g., quantitation by radioactivity, classification of polysacchrides by
enzymatic digests, and identification of core proteins by immunocapture.

1.5. Characterization of Expressed Proteoglycans
Proteoglycans have unique features that can be individually characterized. Chon-

droitin sulfate, keratan sulfate, dematan sulfate, and heparan sulfate can be digested
with appropriate enzymes to confirm their presence. The example protocol is for chon-
droitin sulfate digestion (see Subheading 3.5.).

1.6. Detection of Proteoglycan Interaction
with Heat-Shock Proteins Part I

Expressed proteoglycans may interact with certain types of heat shock proteins
(Hsp) (2). For example, aggrecan’s G3 domain interacts with Hsp25. The example pro-
tocol is for immunocapture of Hsp25 using anti-Hsp25 antibody (see Subheading 3.6.).

Fig 1. Summary diagram of expression of an engineered proteoglycan.



Expression and Characterization of Engineered PGs 293

1.7. Detection of Proteoglycan Interaction
with Heat-Shock Proteins Part II

Interaction between heat-shock proteins and proteoglycans can also be detected by in situ
cross-linking. This method is suitable only when the interacting candidate Hsp and
proteoglycan are adjacent to each other and they have suitable amino group(s) in proximity
that can be cross-linked. The procedure here uses 3,3'-dithiobis sulfosuccinimidylpropionate
(DTSSP) as a cross-linking reagent that requires lysines or an N-terminal amino group for
reaction. Other reagents may be used for other chemical groups.

2. Materials (see Note 1)
2.1. Construct Assembly of Target Proteoglycans

1. Target proteoglycan gene.
2. Specifically designed oligonucleotides with certain features, e.g., restriction sites, His6

tag, etc., as desired.
3. PCR-Script SK(+) cloning vector kit (Stratagene).
4. Escherichia coli (E. coli ) XL-blue MRF' Kan supercompetent cells.
5. X-gal (5-bromo-4-chloro-3-indolyl β-D-galactopyranoside), IPTG (isopropyl β-D-thio-

galactopyranoside), and N,N-dimethyl formamide (Sigma).
6. Restriction enzymes and matching buffers corresponding to the engineered restriction sites.
7. DNA purification system Minipreps (Wizard Plus from Promega).
8. LB broth base (Life Technology).
9. Eukaryotic expression vector (e.g., pcDNA3 from Invitrogen).

10. T4 DNA ligase (Invitrogen).
11. E. coli TOP10F' competent cells (Invitrogen).
12. Ampicillin-containing agar plates (only if ampicillin is the selecting reagent).
13. QiaFilter DNA purification systems (for Maxipreps from Qiagen).
14. Sequencing oligonucleotides (pairing to expression vector or cloning vector or templates).
15. Agarose (Life Technology).
16. NanoSep 0.2-µm DNA filters (Fisher Scientific/Pall Gelman).
17. 125-mL glass flask.
18. 15-mL Falcon tube.
19. DNA sequence verification software (optional).

2.2. Expression of Target Proteoglycans
1. Eukaryotic cell line(s) (e.g., Chinese Hamster Ovary K1 cells, COS cells).
2. Lipofectamine + PLUS reagent (Life Technology).
3. Regular minimal essential culture medium (MEM), regular OPTI-MEM (Life Technology),

and methionine-free and cysteine-free OPTI-MEM (Life Technology, special order).
4. Fetal bovine serum (certified grade).
5. Antibiotic–antimycotic solution (containing100 U/mL penicillin, 100 µg/mL streptomy-

cin, 250 ng/mL amphotericin, Life Technology).
6. Radioactive isotopes 35S-Pro-Mix (methionine and cysteine, Amersham, 7.15 mCi, for

4–5 plates of cells) for methionine + cysteine labeling (labeling core proteins) or
35S-Na2SO4 (sodium sulfate, Dupont NEN, 5 mCi, for 4–5 plates of cells) for sulfate
labeling (labeling sulfated glycosaminoglycan chains).

7. Decolorizing NORIT-A carbon (ACROS Organics).
8. Sterilized 9-in. glass pipets (Fisher Scientific).
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9. 10-mL individually wrapped plastic pipets (sterilized).
10. Cell culture dishes (100 mm).
11. Eppendorf tubes (regular and boiling tubes).
12. Table-top centrifuge (up to 14,000g speed).
13. Nonidet P-40 detergent.
14. Phenylmethylsulfonyl fluoride (PMSF, see Subheading 3.2.3.), leupeptin, antipain,

benzamidine, aprotinin, chymostatin, pepstatin, dimethyl sulfoxide (DMSO) (Sigma).
15. Hanks’ Balanced Salt Medium (Life Technology).

2.3. Purification of Target Proteoglycans
1. Ni NTA agarose (Ni resin, Qiagen).
2. Equilibration buffer: 0.1 M NaCl, 44 mM NaHCO3, 1 mM imidazole, 0.5% Triton X-100 in H2O.
3. Met-free and Cys-free OPTI-MEM medium.
4. 10% Triton X-100 solution.
5. pH indicator paper.
6. Stringent wash buffer A:10 mM HEPES, 2 M NaCl, 10% glycerol, 0.1 mM PMSF, 2 mM

imidazole, 0.5% Triton X-100, 6 M urea, 250 mM dithiothreitol in H2O, pH 8.0.
7. Stringent wash buffer B: 10 mM HEPES, 750 mM NaCl, 10% glycerol, 0.1 mM PMSF,

10 mM imidazole, 0.5% Triton X-100, 1 mg/mL bovine serum albumin in H2O, pH 8.0.
8. Stringent wash buffer C: 10 mM HEPES, 750 mM NaCl, 10% glycerol, 0.1 mM PMSF,

10 mM imidazole in H2O, pH 8.0.
9. Elution buffer: 10 mM HEPES, 750 mM NaCl,10% glycerol, 100 mM EDTA, 0.1 mM

PMSF, 250 mM imidazole in H2O, pH 8.0.
10. Roto Torque heavy–duty rotator (Cole Parmer Instruments).

2.4. Identification of Target Proteoglycans
1. 5–15% linear gradient SDS-containing acrylamide gel (can be self-prepared or purchased

from manufacturer).
2. Dithiothreitol (DTT), final concentration 38 mg/mL in loading buffer.
3. Gyrotory shaker (New Brunswick Scientific).
4. Gel fixing solution: 25% Methanol, 10% acetic acid in H2O.
5. Square Petri dish (100 × 100 × 15 mm, Nalge Nunc #4021).
6. Entensify Universal Autoradiography Enhancer Part A and Part B (Dupont).
7. Radiogram cassette and X-ray film (Kodak, Bio-Max films are best).

2.5. Characterization of Expressed Proteoglycans
1. Chondroitinase ABC (Seikagagu) (dissolved in buffer conditions recommended by the

manufacturer).
2. 20× Chondroitinase ABC digest buffer: 2 M Tris-HCl, 600 mM sodium acetate, pH 8.0

(final conditions = 100 mM Tris-HCl, 30 mM sodium acetate, pH 8.0).
3. 10% Triton X-100 solution.
4. 100 mM N-ethylmaleimide (NEM) solution.

2.6. Detection of Proteoglycan Interaction
with Heat-Shock Proteins Part I

1. Hsp25 antibody (Stressgen).
2. Protein A beads (Pierce).
3. Washing buffer D: 50 mM Tris-HCl, 1 M NaCl, 1% Triton X-100, pH 7.5.
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2.7. Detection of Proteoglycan Interaction
with Heat-Shock Proteins Part II

1. DTSSP (Pierce).
2. Washing buffer E: 130 mM NaCl, 20 mM Bicine, pH 8.0, ice cold.
3. Digitonin lysis buffer: 50 mM Bicine, pH 8.0, 150 mM NaCl, 5 mM KCl, 5 mM MgCl2,

0.2% digitonin, 1.5 mM DTSSP, ice cold.
4. 10 mM glycine solution, ice cold.

3. Methods
3.1. Construct Assembly of Target Proteoglycans

1. The target sequence was amplified by PCR using an upstream oligonucleotide (oligo 1)
and a downstream oligonucleotide (oligo 2). Oligo 1 should contain a specific restriction
site, which corresponds to one of the sites in the polylinker region in the eukaryotic
expression vector. Oligo 2 should contain a specific restriction site, a His6 sequence
(engineered for purification purposes), and a stop codon. The restriction site in oligo 2
can be the same as in oligo 1 or can be different, but it must correspond to a site in the
polylinker region in the eukaryotic expression vector in correct orientation. Usually it is
easier to have two different restriction sites so that you don’t have to verify the orienta-
tion of the sequence after its insertion (see step 22).

2. The PCR reaction is usually a Hot-Start program (see Note 2). A portion of the PCR
products (usually 5 µL from a 50-µL PCR reaction) is denatured and electrophoresed in
an ethidium bromide agarose gel to verify the size of the products.

3. Correct PCR products (the right size) are digested with SrfI and ligated to predigested
pCR-Script SK(+) vector (Stratagene), which is then used to transform E. coli XL1-blue
MRF' Kan supercompetent cells (following the manufacturer’s manual).

4. Prepare LB broth following the manufacturer’s instructions.
5. Dissolve X-gal in N,N-dimethyl formamide (20 mg/mL) and IPTG in water (50 mg/mL).
6. Place transformed products on an ampicillin-containing agar plate (containing X-gal and

IPTG) and incubate at 37°C for 16 h. Blue and white colonies should appear on the plate.
7. Select white E. coli colonies, inoculate one colony into a 15-mL Falcon tube containing

3 mL of LB broth supplemented with ampicillin (50 ng/mL final concentration using
50 mg/mL 1000× stock), shake at 250 rpm at 37°C for 16 h (overnight).

8. Purify miniprep DNA using Wizard Plus Minipreps (Promega) following the manu-
facturer’s instructions.

9. Digest purified DNA (5 µL from 50 µL) with appropriate restriction enzymes at 37°C
for 1–2 h.

10. Electrophorese digested DNA in a 0.8–1% agarose gel to detect and select suitable DNA
fragments, affirming the correct size of DNA fragments.

11. Digest the DNA fragments (16 µL) again with the same restriction enzymes as in step 8.
12. Digest the pcDNA3 vector (Invitrogen) with the same restriction enzymes.
13. Electrophorese (10) and (11) in a 0.8–1% agarose gel.
14. Cut out the agarose bands containing the correct DNA fragments.
15. Purify the DNA using NanoSep filters following the manufacturer’s instructions.
16. Ligate purified DNA fragments and pcDNA3 vector using Invitrogen T4 DNA ligase

following the manufacturer’s instructions.
17. Transform E. coli TOP10F' supercompetent cells using (16) following the manufacturer’s

instructions.
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18. Repeat steps 7–10 to verify DNA inserts. Store bacteria-containing liquid broth in an
80/20 ratio glycerol at –80°C.

19. Strip bacteria onto an ampicillin-containing agar plate from glycerol stock and incubate
overnight at 37°C for 16 h (overnight).

20. Inoculate one colony into a 125-mL glass flask containing 50 mL of LB broth supple-
mented with ampicillin (50 ng/mL final concentration) and shake at 250 rpm on a bacte-
rial incubation shaker at 37°C for 16 h (overnight).

21. Prepare a maxiprep using QiaFilter DNA purification systems (Qiagen) following the
manufacturer’s instructions.

22. Quantify the DNA concentration and sequence the DNA to verify the correct
sequence. The sequence must be 100% identical to the original design at the amino
acid level.

23. The verified DNA is ready for the next step (transfection).

3.2. Expression of Target Proteoglycans
3.2.1. Cell Culture

1. (All procedures are performed in sterile-hood cell culture conditions.) Prepare MEM
according to the manufacturer’s instructions (supplemented with 5–10% fetal bovine
serum and 100 U/mL penicillin, 100 µg/mL streptomycin, and 250 ng/mL amphotericin,
filtered).

2. Maintain eukaryotic cells (e.g., CHO) at 37oC in humidified air with 5% CO2.
3. Seed 1.8 million cells per 100-mm dish in MEM medium 2 d before transfection. Cells

should be 70–80% confluent when transfected.

3.2.2. Transfection Procedure
1. All procedures are performed in sterile-hood cell culture conditions. Mix 9 µg DNA (in

less than 20 µL volume), 460 µL OPTI-MEM, and 30 µL PLUS reagent and invert 5× to
mix well (refer to Life Technology protocol).

2. Incubate at room temperature (RT) for 15 min.
3. Mix 30 µL Lipofectamine and 470 µL OPTI-MEM and invert 5× to mix well.
4. Combine (2) + (3), invert 10×, incubate at RT for 15 min (see Note 3).
5. Aspirate MEM from the cell culture (regular culture medium).
6. Wash cells with 10 mL of regular OPTI-MEM, incubate at 37°C for 20 min and aspirate.
7. Wash cells with 5 mL of regular OPTI-MEM and aspirate.
8. Add 4 mL of regular OPTI-MEM.
9. Add (4) onto cells in a plate-tilted position and swirl medium gently until well mixed.

10. Incubate at 37°C for 5 h. Do not agitate cells when handling dishes.
11. Place twenty 100-mm dishes containing 2 tablespoons of decolorizing NORIT-A carbon

each into another incubator (same conditions as Subheading 3.2.1., step 2) designated
for radioactive isotope usage. Carbon is placed to absorb free radioactive materials
released by metabolizing cells in the incubator.

12. Aspirate medium from (10).
13. Add 5 mL of Met- and Cys-free OPTI-MEM.
14. Add 100 µL of 35S-Pro-Mix labeling mix to each dish (about 1.40–1.80 mCi/dish).
15. Incubate at 37°C for 16 h in the incubator supplemented with decolorizing NORIT-A

carbon (step 11). The cells and media are ready for collection.

(The above protocol is for CHO cells.)
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3.2.3. Sample Collection
1. Dissolve 0.5 g of Nonidet P-40 in 100 mL of dH2O to prepare 0.5% Nonidet lysis buffer,

which can be stored at 4°C.
2. Protease inhibitor I: 2 mg/mL leupeptin, 0.4 mg/mL antipain, 2 mg/mL benzamidine, and

2 mg/mL aprotinin dissolved in dH2O.
3. Protease inhibitor II: 1 mg/mL chymostatin and 1 mg/mL pepstatin dissolved in DMSO.
4. 250 mM PMSF: 250 mM PMSF dissolved in 100% ethanol.
5. Prepare 10 mL of Nonidet P-40 lysis buffer (from step 1) with 10 µL of protease inhibitor

I, 10 µL of protease inhibitor II, and 20 µL of 250 mM PMSF.
6. Add 20 µL of 250 mM PMSF, 5 µL of protease inhibitor I, and 5 µL of protease inhibitor

II to a 15-mL tube.
7. Transfer medium (from Subheading 3.2.2., step 15) to the tube.
8. Spin tube for 60s at 925g (1000 rpm) in cell culture centrifuge to eliminate dead cells.
9. Transfer medium (see step 8) to a new 15-mL tube, store at –20°C. Do not disturb the

pellet at the bottom of the tube. The medium samples are ready for purification.
10. Simultaneously, wash cells with 5 mL of Hanks’ medium/dish and discard medium as

radioactive Waste.
11. Add 1 mL of Nonidet P-40 lysis buffer (see step 5) to each dish. Swirl buffer to wet the

entire surface.
12. Completely scrape the cells from the dish and transfer to a 1.5-mL Eppendorf tube; tilt the

dish to decant the cell lysate liquid.
13. Incubate on ice for 10 min and then spin at 14,000g (table-top centrifuge) for 5 min.
14. Transfer supernatant to a new tube, and store the supernatant and debris separately at

–20°C. The supernatant is ready for purification.

3.3. Purification of Target Proteoglycans
All procedures are to be done with extreme care because of the high energy of

radioactive isotope in use.

3.3.1. Ni Resin Equilibration
1. Transfer 100 µL of dispersed resin beads (well-mixed beads with buffer) to a 1.5-mL

Eppendorf tube.
2. Spin at 14,000g for 15 s, then remove liquid.
3. Add 500 µL of equilibration buffer to beads.
4. Place the tube on a Rotator and rotate at RT for 30 min (low speed at 6.5).
5. Spin at 14,000g for 15 s and remove liquid. The resin is ready for sample loading.

3.3.2. Ni Resin Loading
1. Medium loading: 900 µL of medium (from Subheading 3.2.3., step 9) and 47.5 µL of

10% Triton X-100 for final 0.5% Triton-X concentration; adjust pH to 8.0 (usually it
should be pH 7.5–8.0 by itself after collection, using pH paper to monitor).

2. Lysate loading: 700 µL of Met-free medium, 200 µL of lysate (from Subheading 3.2.3.,
step 14), and 47.5 µL of 10% Triton X-100; adjust pH to 8.0.

3. Rotate for 1 h at RT.
4. Spin at 14,000g for 15 s, then transfer supernatant to waste.

3.3.3. Stringent Washes
1. Wash 1: Add 1000 µL of stringent wash buffer A (see Note 4) to each pellet and rotate at

RT for 30 min (notice that color changes from clear to brown at RT).
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2. Spin at 14,000g for 15 s, then remove supernatant to waste.
3. Repeat (1) and (2) twice.
4. Wash 2: Add 1000 µL stringent wash buffer B to each pellet and rotate at RT for 30 min.
5. Spin at 14,000g for 15 s, then remove supernatant to waste.
6. Wash 3: Add 250 µL of stringent wash buffer C to each pellet and rotate at RT for 15 min.
7. Spin at 14,000g for 15 s, then remove supernatant to waste.
8. Carefully and completely remove all liquid from step 7.
9. Elution: Add 50 µL of elution buffer to each pellet and rotate at RT for 1 h.

10. Spin at 14,000g for 15 s.
11. Collect 50 µL of supernatant into a new tube and take 2 µL for radioactive β-monitoring.

The eluate is ready for electrophoresis by SDS-PAGE or other process.
12. Store samples at –20°C.

3.4. Identification of Target Proteoglycans

3.4.1. SDS-PAGE
1. Transfer 20 µL of medium eluate (or 10 µL lysis eluate) to a 1.5-mL boiling tube.
2. Add 5 µL 5× sample loading buffer (non-DTT for nondenatured condition or DTT-con-

taining for disulfide cleavage condition).
3. Boil tube at 100°C in a water bath for 5 min.
4. Cool tube using running water (not ice water).
5. Spin at 14,000g for 10 s.
6. Load sample into an individual well of the SDS gel.
7. Run the gel at constant 38 mA (set voltage to highest, 500 V) for about 90 min. Monitor

the gel to avoid sample overrun.

3.4.2. Processing of SDS-PAGE and Radiography
8. Transfer gel to 300 mL of fixing solution in a glass container.
9. Place the container onto a shaker and shake at 62.5 rpm for 30 min.

10. Drain solution and replace with a fresh 300 mL of fixing solution and shake at 62.5 rpm
for 30 min.

11. Transfer gel to a square Petri dish.
12. Add 15 mL of Entensify Enhancer Part A to dish.
13. Shake on shaker at 125 rpm for 45 min.
14. Add 15 mL of Entensify Enhancer Part B
15. Shake on shaker at 125 rpm for 45 min.
16. Dry gel in a Gel Dryer at 60°C for 120 min, until completely dry.
17. Place the dried gel on a radiogram cassette and expose an X-ray film to the gel in a

dark room.
18. Place the cassette in a –80°C freezer for hours to days (depending on the intensity of

radioactivity) (see Note 4).
19. Develop the film in an X-OMAT (Kodak) machine. Alternatively, bands in the gel can be

quantified on an Instant Imager (Packard). The methionine-labeled (Pro-Mix) proteins
are shown in Fig 2.

3.5. Characterization of Expressed Proteoglycans
1. Transfer 30 µL of eluate (from Subheading 3.3.3., step 11) to a 1.5-mL boiling Eppendorf

tube (For a 60-µL digest reaction).
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2. Add 3 µL of 20× Chondroitinase ABC digest buffer, 5 µL of 10% Triton X-100, 5 µL of
0.1 M NEM, and 2 µl of H2O.

3. Add 15 µL of Chondroitinase ABC solution (0.3 Units of Chondroitinase ABC).
4. Mix well, incubate at 37°C for 120 min.
5. Run samples in a SDS-PAGE gel, comparing to nondigested eluate (same as Subheading

3.4.). The Chondroitinase ABC-digested samples (sulfate labeled) are shown in Fig 3.

3.6. Detection of Proteoglycan Interaction
with Heat-Shock Proteins Part I

1. (Steps 1–7 at 4°C) Combine spent medium (or cell lysate) with protein A beads and
Hsp25 antibody, rotating for 5 h.

2. Spin at 14,000g for 15 s, then transfer supernatant to waste.
3. Add 1000 µL of washing buffer D to each tube and rotate for 60 min.
4. Spin at 14,000g for 15 s, then transfer supernatant to waste.
5. Repeat steps 3 and 4 twice.

Fig. 2. Methionine labeling experiment. (A) Spent medium: autoradiography of empty
vector (control, lane 1) and aggrecan G3 construct (lane 2) from wild-type CHO cells (1). Note
that the diffuse band in lane 2 shows a typical proteoglycan pattern (bracket). (B) Cell lysates:
autoradiography of empty vector (lane 1) and aggrecan G1 construct (lane 2) from wild-type
CHO cells (1). Note the intracellular G1 core protein (arrow, lane 2).

Fig. 3. Sulfate labeling experiment and GAG chain characterization. (A) Autoradiogra-
phy of sulfate-labeled products of empty vector (lane 1) and aggrecan G3 construct (lane 2)
from wild-type CHO cells (1). Note that only chondroitin/heparan sulfate GAGs are labeled
(not the core protein). (B) Autoradiography of sulfate-labeled products of aggrecan G3 con-
struct in Chondroitinase buffer (lane 1) and G3 digested by Chondroitinase ABC (lane 2). Note
that the enzyme digestion almost completely eliminates the diffuse band.
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6. Spin at 14,000g for 15 s.
7. Carefully and completely remove all liquid from step 6.
8. (From here on, at RT) Add appropriate amount (e.g., 30 µL) of 1× loading buffer with or

without DTT.
9. Boil tube at 100°C in a water bath for 5 min.

10. Cool tube using running water.
11. Spin at 14,000g for 10 s.
12. Load supernatant onto SDS-PAGE.
13. Run the gel and process the gel as under Subheading 3.4.

3.7. Detection of Proteoglycan Interaction
with Heat-Shock Proteins Part II

1. Transfect and label cells as under Subheading 2. (before sample collection).
2. (Steps 2–5 in cold room) Wash labeled cells (live on dish) twice with 5 mL of washing

buffer E.
3. Lyse cells with 1 mL of digitonin lysis buffer (containing DTSSP), then scrape cells

off dish.
4. Transfer lysate to a 1.5-mL Eppendorf tube and incubate on ice for 30 min.
5. Add 200 µL of 10 mM glycine to sample (to deactivate excess cross-linker), then incu-

bate on ice for 10 min.
6. Ni chromatography as under Subheading 3.3.
7. Electrophorese samples with dithiothreitol loading buffer (to release cross-linked pro-

teins) as under Subheading 3.4.

4. Notes
1. All ingredients are sterilized, molecular biology grade.
2. A PCR hot-start program typically contains one denature cycle (94°C for 4 min, 72°C for

2 min and 55°C for 1 min) and 30 cycles of amplification (94°C for 45 s, 55°C for 45 s
and 72°C for 3 min). Annealing temperature and elongation temperature need to be
adjusted for different oligo lengths and templates. See a PCR publication for details.

3. Low speed spin for 15 s can be used to collect all liquid in the tube after inversion.
4.  Stringent washes are necessary to eliminate background proteins and for clear visibility of

the candidate proteins. Stringent washing buffer (wash 1) can be increased with higher
molar concentrations of urea (utmost 8 M). If more stringency is needed, radioimmune
precipitation (RIPA) components can be added to the buffer and subsequent washes. A
repeat wash 3 is recommended if RIPA is added to wash 2 and wash 3, since deoxy cholate
will allow different charges on the proteins, converting in one regular band into two bands
on a gel (thereby making it hard to judge whether the correct proteins are expressed).

5. Film exposure time has to be adjusted (from 1 h to several days) so that the appropriate
exposure is obtained. The criterion is that you can see the desired bands clear enough. Or
you can use an imager to obtain the appropriate exposure through computer imaging.
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Intracellular Localization of Engineered Proteoglycans

Tung-Ling L. Chen, Peiyin Wang, Seung S. Gwon, Nina W. Flay,
and Barbara M. Vertel

1. Introduction
Proteoglycans undergo numerous synthetic and processing events as they progress

through the exocytic pathway. In cells that express genetically engineered constructs
encoding proteoglycans, immunolocalization is a useful approach in identifying
specific intracellular compartments involved in their processing and trafficking.

2. Materials
2.1. Expression of Target Proteoglycan (Cell Culture and Transfection)

1. Proteoglycan constructs packaged into vectors suitable for expression in target cells (1,2).
In our experiments, pcDNA3 and its derivatives (Invitrogen) were used. FLAG and 6xHis
epitope tags were engineered at the C-terminus.

2. Mammalian cell lines: Chinese hamster ovary (CHO) cells, COS-1 cells, and HeLa cells
were used.

3. Culture medium: Ham’s F12 medium (for CHO, Life Technologies) or Dulbecco’s Modi-
fied Eagle’s Medim High Glucose Pyruvate (HG-DMEM, for COS-1 and HeLa, Irvine
Scientific) with 10% fetal bovine serum (Atlanta Biologicals) and 1% antibiotic-antimycotic
solution (Life Technologies).

4. Trypsin-EDTA solution (Sigma, cell culture grade).
5. Tissue culture dishes.
6. Sterilized cover slips: No. 1 cover slips were prepared by soaking in 95% ethanol for at least

10 min, followed by rinsing with sterile distilled water.
7. SuperFect transfection reagent (Qiagen).
8. Opti-MEM (Life Technologies).
9. Phosphate buffered saline (PBS).

2.2. Immunofluorescence Localization of Expressed Proteoglycan
1. Fixatives: 100% methanol, stored at –20°C or 2–4 % paraformaldehyde in PBS.
2. Nonidet P40 (NP-40), 0.1% in PBS.
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3. Normal goat serum (NGS).
4. Primary antibody: M2 anti-FLAG antibody (Eastman Kodak), Penta-His or Tetra-His

antibody (Qiagen).
5. Secondary antibody: FITC-conjugated goat IgG anti-mouse IgG (Jackson Labs).
6. PBS.
7. Mounting medium (3): 15% Vinol 205 polyvinyl alcohol (w/v, see Note 1), 33% glycerol

(v/v), 0.1% azide, pH 8.5. Dissolve 20 g of Vinol 205 polyvinyl alcohol in 80 mL of 0.1
M Tris, 0.1 M NaCl, pH 8.5, for 16 h with stirring. Add 40 mL of glycerol and 1.2 mL of
10% Na azide with continued stirring for another 16 h. Pellet undissolved particles at
20,000g for 20 min. Aliquot the viscous supernatant and store at –20°C. Use a defrosted
aliquot stored at 4°C as your working solution.

2.3. Ultrastructural Localization of Expressed Proteoglycan
1. Paraformaldehyde-lysine-periodate fixative (4):

a. Solution A: 0.1 M lysine–0.05 M phosphate buffer, final pH = 7.4. Dissolve 1.827 g
of lysine HCl in 50 mL of distilled water. Adjust to pH 7.4 with 0.1 M Na2HPO4.
Bring the final volume to 100 mL with 0.1 M phosphate buffer, pH 7.4. Osmolarity
should be approx 300 mo. Store at 4°C.

b. Solution B: 20% paraformaldehyde. Mix 10 g of paraformaldehyde in 50 mL of distilled
water, heating in a 60°C water bath with stirring. Slowly add 1–3 drops of 1 N NaOH
until the solution clears. Store at –20°C. Spin or filter to remove debris before use.

To make 10 mL of fixative, mix 7.5 mL of solution A with 1 mL of solution B and 1.5 mL
of distilled water. Add 21.4 mg of NaIO4. Final composition is 0.01 M NaIO4, 0.075 M
lysine, 0.0375 M phosphate buffer, 2% paraformaldehyde. Upon mixing solutions A and
B, the pH will decrease from 7.4 to approx 6.2. The fixative is used at this lower pH and
needs to be made fresh directly before use.

2. Wash and permeabilization solution: 0.05% saponin in PBS.
3. Blocking solution: 10% NGS/0.06% glycine/0.05% saponin/PBS.
4. Primary antibody: M2 anti-FLAG, diluted 1/100 in PBS with 5% NGS and 0.05%

saponin.
5. Rabbit IgG anti-mouse IgG, diluted 1/25 in PBS with 5% NGS and 0.05% saponin.
6. Peroxidase-conjugated goat IgG anti-rabbit IgG Fab fragments (Jackson Labs), diluted

1/50 in PBS with 5% NGS and 0.05% saponin.
7. Diaminobenzidine (DAB): Tare a 15-mL polystyrene tube, weigh out DAB, and dissolve

in DAB buffer to generate a 0.2% solution—e.g., weigh out 10 mg of DAB and dissolve
in 5 mL of DAB buffer. (see Note 2.)

8. DAB buffer: 0.05 M Tris-HCl, pH 7.4.
9. Hydrogen peroxide (30% solution, Sigma).

10. Sucrose-containing cacodylate buffer: Mix 0.2 M Na cacodylate, pH 7.4, and 60% sucrose
to make 0.1 M Na cacodylate containing 6% sucrose.

11. Glutaraldehyde (grade I, 25% aqueous solution, Sigma). (see Note 2.)
12. Osmium tetroxide (2% aqueous solution, Electron Microscopy Sciences) (see Note 2).
13. Potassium ferrocyanide [K4Fe(CN)6 . 3H2O, Sigma]. (see Note 2.)
14. Ethanol.
15. Hydroxypropyl methacrylate (HPMA, Electron Microscopy Sciences).
16. Epon with catalyst:

a.  tEpon 812 (Tousimis Research Corp.).
b. Nadic methyl anhydride (NMA, Tousimis Research Corp.).
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c. Dodecenylsuccinic anhydride (DDSA, Tousimis Research Corp.).
d. Tri-dimethylamino methyl phenol (DMP-30, Tousimis Research Corp.).
To make 50 mL of mixture, pour 21 mL of NMA into a 100 mL plastic beaker with a volume
marker, add 3 mL of DDSA using a syringe, then add tEpon 812 to the 50-mL mark. Stir
with a wood stick for 15 min, taking caution to avoid bubbles. Add 0.75 mL of DMP-30
with a syringe, and stir well for another 10 min. Unused portions may be stored in syringes
at –20°C for later use. (see Note 2.)

17. Lead citrate: The lead citrate solution is prepared and used according to Reynolds (5). All
glassware must be washed with 3% HCl and thoroughly rinsed with double-distilled (dd)
water in advance. Fill a 50-mL volumetric flask with 30 mL of dd water. Add 1.33 g of
Pb(NO3)2 and 1.76 g of trisodium citrate. Shake continuously for 1 min. The contents will
appear milky. Let stand for an additional 30 min with intermittent shaking. This is necessary
for the complete conversion of reagents into lead citrate. Adjust to pH 12 by the slow
addition (with inversion of the flask) of 1.0 N NaOH. The proper pH is reached just at the
point when the solution clears (after the addition of about 8 mL of 1.0 N NaOH). Adjust to
the final volume of 50 mL using dd water. Filter with Whatman’s #2 filter paper. Store the
solution at room temperature in a tightly capped amber glass bottle. The solution should not
be jarred; allowing it to stand undisturbed enables small particles to settle to the bottom
and improves the quality of the stain.

3. Methods
3.1. Expression of Target Proteoglycan (Cell Culture and Transfection)

1. Seed 1.1 × 106 CHO cells onto a 100-mm culture dish containing sterilized cover slips
36–40 h before transfection (see Notes 3 and 4). For ultrastructural studies, seed 1 × 105

cells onto a 35-mm culture dish.
2. Incubate in a 37°C incubator with 5% CO2. For CHO cells, the dishes should be 80%

confluent on the day of transfection.
3. In a polystyrene tube, dilute 5 µg of DNA into 150 µL of Opti-MEM (contains no serum or

antibiotics). Mix solution.
4. Add 10 µL of SuperFect transfection reagent to the DNA solution (see Note 5). Mix

solution.
5. Incubate the samples for 5–10 min at room temperature (20–25°C) to allow complex

formation.
6. While complex formation takes place, set up 35-mm dishes with 1 mL of Opti-MEM and

transfer one cover slip with attached cells to each dish.
7. Add 1 mL of complete medium containing serum and antibiotics to the reaction tube contain-

ing the transfection complexes. Mix by pipetting up and down twice, and immediately
transfer the total volume to the cover slips in the 35-mm dishes.

8. Incubate the cells with the complexes for 2 h at 37°C in an atmosphere of 5% CO2.
9. Remove medium containing the remaining complexes from the cells. Wash cells once

with PBS.
10. Add new complete medium. Incubate cells for additional hours as each experiment requires

(usually 24–48 h).

3.2. Immunofluorescence Localization of Expressed Proteoglycan
1. Prior to fixation, wash cells with PBS 2 times.
2. Fix with cold methanol for at least 20 min, or with room-temperature paraformaldehyde

for 15 min.
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3. Permeabilize the paraformaldehyde-fixed cells with 0.1% NP-40 for 15 min. (Skip this
step if the cells were fixed with methanol.)

4. Rinse with PBS.
5. Block the fixed samples with 15% NGS at 37°C for 15 min.
6. After removing NGS, add primary antibody to the sample (anti-FLAG was used at 0.04 mg/mL,

Tetra-and Penta-His were used at 0.01 mg/mL) and incubate for 2 h at 37°C.
7. Wash with PBS for 1 h with 5–6 changes.
8. Incubate with FITC-conjugated goat IgG anti-mouse IgG (0.2 mg/mL) for 1 h at 37°C.
9. Wash with PBS for 1 h with 5–6 changes.

10. If double-fluorescence localization is desired, repeat steps 4–7 using selected rabbit
polyclonal antibodies and Texas Red-conjugated goat IgG anti-rabbit IgG (see Note 6).

11. Mount samples on microscope slides with mounting medium.
12. Observe samples with a microscope equipped with phase-contrast (or differential inter-

ference-contrast) and incident-light fluorescence optics (see Notes 7 and 8). Document
with conventional photographic camera or capture images using digital camera (see
Figs. 1 and 2).

3.3. Ultrastructural Localization of Expressed Proteoglycan
1. Wash cells with PBS 2 times.
2. Fix with paraformaldehyde-lysine-periodate fixative for 45 min at room temperature (see

Notes 9 and 10).
3. Wash with PBS 2 times.
4. Incubate 15 min with 0.05% saponin/PBS to permeabilize cells.
5. After most of the wash solution is removed, use Kimwipes to dry the edge of culture dish.

This step generates surface tension around the central area of the dish so that as little as
50 µL of blocking reagents (and later, antibody solutions) is required for covering the
area during incubation. Incubate in blocking reagent for 20 min.

Fig. 1. Immunofluorescence localization of expressed “miniaggrecan” (containing the
chicken aggrecan N-terminus with the signal sequence and G1 domain, a segment of the chon-
droitin sulfate attachment region, the G3 domain, and a 6xhis epitope tag) and the Golgi en-
zyme, ST. Transfected CHO cells exhibit miniaggrecan localization within the perinuclear
Golgi complex (B). The region is further identified as the Golgi complex by the co-transfection
and localization of the ST Golgi enzyme (C). The corresponding phase micrograph shown in
(A) contains an expressing cell that exhibits positive immunofluorescence localized to the Golgi
subcellular compartment, and nonexpressing cells that serve as useful negative controls.
Miniaggrecan was detected using the mouse monoclonal Tetra-His Antibody and FITC-goat
IgG anti-mouse IgG. ST was localized using polyclonal anti-ST antibodies and Texas Red-goat
IgG anti-rabbit IgG. The calibration bars of Figs. 1 and 2 represent 10 µm.
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6. Wash with 0.05% saponin/PBS 2 times before adding primary antibody.
7. Run Kimwipes around edge of culture dish to prepare the surface for antibody addition

and incubate in primary antibody for 1.5 h at 37°C.
8. Wash 6–7 times over 45 min with 0.05% saponin/PBS.
9. Run Kimwipes around edge of culture dish to prepare the surface for antibody addition and

incubate in rabbit IgG anti-mouse IgG for 1.5 h at 37°C.
10. Wash 6–7 times over 45 min with 0.05% saponin/PBS.
11. Run Kimwipes around edge of culture dish to prepare the surface for antibody addition and

incubate in peroxidase-conjugated goat anti-rabbit FAB for 1.5 h at 37°C.
12. Wash 6–7 times over 45 min with 0.05% saponin/PBS.
13. Wash 3 times over 5 min in DAB buffer.
14. During wash, prepare DAB solution.
15. Add 1.3 mL of DAB solution per dish and incubate 10 min on a shaker.
16. Add 1.5 µL of hydrogen peroxide for each dish, cover the dish, and incubate for an addi-

tional 5–10 min. Monitor color change using an inverted microscope and when reaction is
sufficient, stop by removing DAB solution (see Note 11).

17. Wash 3 times over 10 min with DAB buffer.
18. Wash for 10 min with 1/1 mixture of DAB buffer and sucrose-containing cacodylate buffer.
19. Wash with sucrose-containing cacodylate buffer 2 times, 10 min each.
20. Fix with 2% glutaraldehyde in 0.1 M cacodylate buffer containing 6% sucrose for 30 min

at room temperature.
21. Wash with sucrose-containing cacodylate buffer 2 times, 10 min each.
22. Fix with 1% OsO4/1.5% KFe4(CN)6 in 0.1 M cacodylate buffer containing 6% sucrose for

45 min in the dark and cold.

Fig. 2. Colocalization of G1-aggrecan (containing the chicken aggrecan N-terminus with
the signal sequence and G1 domain, a segment of the chondroitin sulfate attachment region,
and a 6xhis epitope tag) and concanavalin A. CHO cells transfected with G1-aggrecan exhibit
protein localized principally in regions throughout the cytoplasm (B). Identification of these
cytoplasmic regions as the ER is established by the colocalization of FITC-concanavalin A, a
lectin that recognizes mannose-rich oligosaccharides in the ER (C). Two expressing cells and
segments of several nonexpressing cells are revealed in the corresponding phase micrograph
(A) and by the concanavalin A localization (C). The nonexpressing cells serve as negative
controls for G1-aggrecan localization, which was accomplished using the mouse monoclonal
Penta-His Antibody and Texas Red-goat IgG anti-mouse IgG. Reproduced with permission
from Wang, P. W., Chen, T.-L., Luo, W., Zheng, J., Qian, R., Tanzer, M. L., Colley, K., and
Vertel, B. M. (1999) Immunolocalization of 6xHis-tagged proteins in CHO cells with QIA
express Anit-His Antibodies. Qiagen News 1, 3–6. (6). Used with permission.
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23. Wash with sucrose-containing cacodylate buffer 4 times, 15 min each.
24. Fix with 1% tannic acid in 0.1 M cacodylate buffer containing 6% sucrose for 15 min.
25. Wash with sucrose-containing cacodylate buffer 2 times, 10 min each.
26. Wash with water 3 times over 10 min.
27. Dehydrate through 50% ethanol, 10 min; 75% ethanol, 10 min; 90% ethanol, 10 min; 90%

HPMA, 3 times over 15 min; 95% HPMA, 15 min; 97% HPMA, 15 min (see Note 12).
28. Exchange through a series of HPMA/tEpon solutions: 2/1 HPMA/tEpon, 15 min; 1/1

HPMA/tEpon, 30 min; 1/2 HPMA/tEpon, 30 min. Add HPMA/tEpon mixture to dish,
cover, and mix continuously.

29. Exchange into Epon with catalyst over 30 min with 3 changes.
30. Drain off excess Epon with catalyst to leave just enough to cover the cell layer.
31. Infiltrate overnight at 37°C in oven with dessicant. Be sure dishes in the oven are flat, and

cover them with a single layer of foil into which small holes have been poked to allow
residual dehydrating agents to evaporate off.

32. Transfer dishes to 60°C oven for polymerization, keeping the dishes flat to maintain a uni-
form depth of Epon polymer on the cells. Two days are required for complete polymerization.

33. Upon completion of polymerization, break the culture dish to recover the embedded cells
in a thin layer of polymerized Epon (see Note 13). Cut out a small piece (<1 mm each
side) to be mounted (using epoxy or Krazy Glue) on a block suitable for sectioning. A
light microscope can be used to help in selecting optimal areas for mounting.

34. Ultrathin sections are collected onto electron microscope grids. Cells may be counter-
stained briefly with lead citrate before viewing under the electron microscope. For lead
citrate counterstaining, prepare a Petri dish chamber with parafilm on the bottom. Add
moist NaOH pellets to the chamber in order to sequester CO2 and prevent the formation
of lead carbonate precipitate. For counterstaining, drop the lead citrate solution from a
syringe with a filter onto the parafilm. Float each grid, sample side down, onto separate
drops. Cover the chamber with aluminum foil to protect against light and CO2 contamina-
tion. Remove excess stain from the grids by dipping them through a series of double-
distilled water rinses and allow the grids to dry before viewing under the electron
microscope.

4. Notes
1. Vinol 205 polyvinyl alcohol (also called Airvol 205) is available as a sample on request

from Air Products and Chemicals, Inc. (Allentown, PA). Defrosted working solutions are
stable for 6 mo at 4°C.

2. Toxic compounds used in this procedures include DAB, cacodylate, osmium tetroxide,
glutaraldehyde, and the dehydration solutions and nonpolymerized embedding materials.
Handle the solutions in the hood with gloved hands. Dispose as chemical waste. DAB can
be detoxified by treatment with chlorox.

3. The initial cell density required to seed the cover slips varies among cell types used for trans-
fection. The major factors to be considered are cell growth rate, the time required for cells to
attach to the cover slips, and the survival rate after transfection. For example, CHO cells can
grow directly on the glass surface of cover slips, but require 36–40 h to attach and spread well,
while COS and HeLa cells attach and spread better on gelatinized carbon-coated cover slips,
and do so by 24 h. The COS and HeLa cells are less sensitive to SuperFect transfection reagent,
and so 70% confluence is the optimal density at the time of transfection. Cell density adjust-
ments may need to be made to allow for differences in the toxicity of SuperFect lots.

4. Gelatinized carbon-coated coverslips can be used for cells that do not attach well to
uncoated glass surfaces. A carbon coat is applied to glass cover slips using carbon rods
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(Ted Pella) in a vacuum evaporator (Denton, DV502) run under standard conditions. Car-
bon-coated cover slips are stored in 95% ethanol and treated with 1% gelatin before use.

5. The optimal volume (µL) of SuperFect reagent and the ratio of SuperFect volume to the
quantity of DNA (µg) may vary depending on the specific cell type and DNA construct.

6. Compartment-specific antibodies and fluorophore-conjugated lectins can be used to
help identify intracellular compartments involved in trafficking of proteoglycans. For
example, concanavalin A, a lectin that reacts with mannose-rich oligosaccharides
added co-translationally to glycoproteins in the endoplasmic reticulum (ER), can be
used as a marker for the ER. Co-transfection with a construct that encodes the Golgi
enzyme sialyltransferase (ST) has been used in our experiments to identify the Golgi
complex (6). In this case, expressed ST was localized with polyclonal antibodies
against ST. Alternatively, antibodies specific for Golgi complex proteins, such as
TGN38, may be used to identify the trans-Golgi network.

7. When observing immunostained cells under the fluorescence microscope, it is important
to distinguish real signals from nonspecific background. An overall high level of cellular
fluorescence usually suggests a background problem. In transfection experiments, the
nontransfected (therefore, nonexpressing) cells serve as a convenient internal negative
control for immunostaining (see Figs. 1 and 2).

8. The background problem in immunostaining reactions can usually be reduced by diluting
the primary and/or secondary antibody concentrations and by modifying incubation times.

9. If the final concentration of paraformaldehyde used in the fixative is increased to improve
ultrastructure, the effect on antigenicity must also be determined.

10. The protocol for preembedment immunoperoxidase localization is a modification (7) of
the method described by Brown and Farquhar (8).

11. DAB color reaction should be stopped when the reaction becomes saturated and starts to
extend into peripheral structures.

12. The protocol for embedding monolayer cell cultures is according to Brinkley et al. (9).
13. For ultrastructural localization studies, the monolayer of cells is best cultured in dishes

with thin walls because these plastic dishes can be pried off easily to release the polymer-
ized Epon-containing embedded cells.
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Selection of Glycosaminoglycan-Deficient Mutants

Xiaomei Bai, Brett Crawford, and Jeffrey D. Esko

1. Introduction
Mutant cell lines provide an excellent model for studying the structure, assembly

and function of proteoglycans under the controlled conditions of tissue culture.
Numerous proteoglycan-deficient strains have been isolated, mostly in Chinese
hamster ovary cells, and in many cases the defects have been characterized both
genetically and biochemically (see Table 1). Biochemical analysis of the mutants has
confirmed that various enzyme activities detected in cell-free extracts using synthetic
substrates actually play a role in proteoglycan assembly in vivo. The cell lines have
allowed investigators to study how altering the composition of proteoglycans affects
fundamental properties of cells, such as adhesion and signaling. Moreover, animal cell
mutants provide the background for predicting the phenotype of organismal mutants
defective in proteoglycan assembly.

Until recently, high-capacity selection methods for isolating glycosaminoglycan-
deficient cell mutants have not been available. Instead, most mutants have been iden-
tified by indirect screening methods using a modified form of Lederberg-style replica
plating, as originally devised for the isolation of microbial mutants (1). As applied to
animal cells, replica plating involves the transfer of colonies growing on plastic cul-
ture dishes onto overlying disks of polyester cloth. The colonies on the replicas are
then used to screen for mutants by metabolic labeling schemes or a biochemical assay.
Mutants identified as lacking a particular activity are recovered from the original set
of colonies present on the plate. Although the technique has moderate capacity com-
pared to selection schemes (~105 colonies can be screened at one time), the frequency
of mutations is sufficiently high after mutagenesis that a large collection of strains
have been identified (see Table 1).

One limitation of replica plating is that it is not amenable to all types of cells, and
mutations in some steps appear to be relatively rare. To circumvent this problem, direct
selection techniques have been developed. One procedure employed repeated rounds
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of cell lysis mediated by guinea pig complement and an antibody against a carbohy-
drate domain of a surface proteoglycan (2). More recently, Tufaro and co-workers
have exploited the dependence of Herpes simplex virus on cell surface proteoglycans to
identify strains resistant to the viral cytopathic effect (3,4). One class of mutants
isolated in this way lacks cell surface proteoglycans required for viral attachment and
invasion. Since Herpes viruses in general depend on cell surface proteoglycans acting
as co-receptors (5–9), these methods could be applicable to a variety of cell types.

Compared to replica plating, direct selection methods have high capacity since they
can be applied to large populations of cells (~109). To expand this approach, it would
be desirable to have a variety of agents targeted to specific glycosaminoglycan
sequences that make up binding sites for ligands. In Asn-linked glycosylation,
numerous mutants have been isolated by taking advantage of the specificity and cyto-
toxicity of plant lectins (10). Plant lectins bind to oligosaccharides, often detecting

Table 1
Cell Mutants with Defined Defects in Glycosaminoglycan Biosynthesis

ComplementationGroup  Biochemical Defect Phenotype

pgsA (CHO) (28) Xylosyltransferase Glycosaminoglycan-deficient

pgsB (CHO) (29) Galactosyltransferase I Glycosaminoglycan-deficient

pgsG (CHO) (20) Glucuronosyltransferase I Glycosaminoglycan-deficient

pgsD (CHO) (30) N-acetylglucosaminyl/ Heparan sulfate-deficient
glucuronosyltransferase   (EXT-1)

Gro2C (mouse L-cells) N-acetylglucosaminyl/ Heparan sulfate-deficient
(3,31) glucuronosyltransferase  (EXT-1)

ldlD (CHO) (32,33) UDP-glucose/galactose Chondroitin sulfate-deficient
(GlcNAc/GalNAc) 4-epimerase  when starved for GalNAc;

GAG-deficient when starved
for galactose

pgsC (CHO) (34) Sulfate transporter Normal glycosaminoglycans;
deficient labeling with 35SO4

pgsE (CHO) (35) N-deacetylase/ Undersulfated heparan sulfate
N-sulfotransferase 1 (NDST-1)

CM-15 (COS cells) (36) N-deacetylase/N-sulfotransferase Undersulfated heparan sulfate
(undefined locus)

pgsF (CHO) (26) 2-O-sulfotransferase Deficient 2-O-sulfation
of heparan sulfate
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subtle differences in anomeric linkage or in the stereochemistry of one or more sugars
(11). Binding results in cell death or in the release of the cells from their substratum,
depending on the nature of the lectin. Direct selections based on lectin resistance have
yielded recessive, loss-of-function mutations in various glycosyltransferases (10,12),
as well as dominant, gain-of-function mutants expressing novel activities (13). These
cell lines have helped to unravel the branching pathway of Asn-linked glycosylation,
the assembly and transport of lipid and nucleotide precursors, and the effects of altered
glycosylation on glycoprotein function (10,14).

Unfortunately, plant lectins that bind to glycosaminoglycans have not yet been iden-
tified. Monoclonal antibodies could potentially fulfill this role, but few antibodies
with defined sequence specificity have been described or they do not fix complement
(15–17). To circumvent this problem, chimeric toxins consisting of a GAG-binding
protein coupled to a cytotoxin have been made. The prototype GAG-dependent cyto-
toxin consists of basic fibroblast growth factor (FGF-2) fused to a ribosome-inactivat-
ing protein, saporin (SAP) (18). Application of this chimeric toxin to cultured cells
results in cell death, mediated through high-affinity FGF signaling receptors and/or
low-affinity heparan sulfate co-receptors (19,20). CHO cells express very few high-
affinity FGF receptors, and therefore the cytotoxic activity depends critically on the
expression of cell surface heparan sulfate chains. Although the use of chimeric toxins
targeted to glycosaminoglycans is a relatively new concept, novel groups of mutants
have already been identified (20). Thus, the technique should have broad impact since
a variety of cytotoxins can be made with different specificities dependent on the GAG-
binding moiety of the chimera (21).

The following technical description takes advantage of the cytotoxin FGF-Saporin
(see Note 1). The latter can be produced by chemical cross-linking of saporin to FGF-2
(19,22–24) or by expression of a recombinant chimera in Escherichia coli (18,25).
The generation and use of other chimeras should follow the same principles. Combin-
ing this technique with replica plating provides both the capacity and biochemical
specificity needed to identify desirable mutant cell lines.

2. Materials
2.1. Selection

1. Culture medium appropriate for specific cell line under study. For CHO cells, use Ham’s
F12 medium supplemented with 10% (v/v) fetal bovine serum, 100 U/mL of penicillin, and
100 µg/mL of streptomycin.

2. FGF-SAP. The original preparation was obtained from Selective Genetics, Inc. (San Diego,
CA), but the company no longer produces the material for commercial distribution. Recom-
binant material can be generated using published procedures for expression and purification
of the chimera in E. coli (18,25) (see Note 2).

3. 10% trichloroacetic acid (TCA). Caution: TCA is caustic and will cause severe burns.
Coomassie brilliant blue G (0.05% ) in methanol/water/acetic acid, 45/45/10 (v/v). The
destaining solution consists of methanol/water/acetic acid, 45/45/10 (v/v).

2.2. Replica Plating
1. Polyester cloth disks. Polyester cloth of different pore sizes can be obtained from Tetko,

Inc. (Elmsford, NY). The optimal pore size should be determined empirically, but for
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many cells 5- to 17-µm-pore-diameter cloth works well (PeCap 7-5, PeCap 7-17). The
disks should be prepared as described (1).

2. Sterile 4-mm-diameter glass beads (Pyrex, Fisher) prepared as described (1).
3. Sterile Whatman #1 filter paper cut to fit the culture dish prepared as described (1).

3. Methods
3.1. Determine the Dose–Response Curve for the Cytotoxin

1. Plate wild-type cells in a 96-well dish at a density of ~1 × 103 cells/well in 0.2 mL of
growth medium supplemented with serum and antibiotics. Add 0.05, 0.1, 0.2, 0.4, 0.6,
0.8. 1.0, 2.0, 4.0, and 8.0 µg/mL FGF-SAP to individual wells.

2. After 4–5 d, decant the spent medium and rinse the wells with buffered saline to remove
dead cells. Fix the remaining attached cells with 10% TCA for 15 min at room tempera-
ture and then rinse the plate 3 times with water. Stain the cells with Coomassie blue and
remove excess dye with destaining solution.

3. Examine the staining intensity in each well and select the concentration of cytotoxin that
completely inhibited cell growth.

3.2. Selection of Resistant Mutants
1. Plate cells in growth medium containing the optimal concentration of cytotoxin. A pilot

experiment is necessary to determine the incidence of mutants in the population. Seed
multiple 100-mm-diameter plates at 102, 103, 104, and 105 cells. If cells are plated at too
high a density, the incidence of resistant strains may be too great to pick individual clones
easily. Plating the cells at too low of a density wastes the cytotoxin and other materials
(see Note 3).

2. With direct selection, it may not be necessary to treat cells with a mutagen to find the
desired mutants, since the capacity of the technique is high (~109 cells). However, if
resistant mutants are not observed, then a mutagen should be employed. The details of
mutagen-treatment have been described elsewhere (1). Typically one can expect a 102- to
104-fold increase in the incidence of toxin-resistant mutants after chemical mutagenesis,
but the increased likelihood of finding mutants should be weighed against the enhanced
probability of inducing DNA damage and multiple mutations (see Note 4).

3. Since saporin is a ribosome-inactivating agent (RNA N-glycosidase), an immediate ces-
sation of growth does not occur, and detachment of dead cells from the plate takes a few
days. After 4 d, remove dead cells and the spent medium, and add fresh medium contain-
ing cytotoxin. After ~10 d in culture, visible colonies arise that can be picked with a glass
cloning cylinder or a Pasteur pipet (1). To assure their purity and stability, these clones
should be repurified by serial dilution in microtiter plates in the presence of selection
medium.

4. Examine the glycosaminoglycan composition of the resistant colonies by radiolabel-
ing the cells with 35SO4 or [6-3H]glucosamine following established procedures
(Chapters 1,9,30).

3.3. Selection and Replica Plating
In some cases it may be desirable to couple selection with replica plating in order

to subsort the mutants into different biochemical groups. The details of replica
plating have been described previously (1) and are presented here in abbreviated
form (Fig. 1; Subheadings 3.1. and 3.2.).
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1. From the pilot experiments described above, choose the appropriate number of cells to
seed in 100-mm-diameter tissue culture plates so that selection with the cytotoxic agent
will result in ~100 resistant colonies/dish. Under these conditions only 5–10 plates are
needed to screen 500–1000 resistant colonies.

2. After 4 d, remove the dead cells by replacing the growth medium. Float two layers of
polyester cloth in each dish and add glass beads as a ballast to hold the disk against the
bottom of the plate (1).

3. Change the medium on day 8. After 12 d, remove the media, decant the glass beads, and
remove the top disk with a pair of tweezers. Gently remove the bottom disk and place  it into
fresh (bacterial) dish with 5 mL of medium.

4. Gently rinse the master dish with growth medium and overlay it with Whatman #1 filter
paper and fresh glass beads. This step prevents satellite colonies from growing while
screening of the replica disks is underway. The master dish should be placed at 33°C in a
CO2 incubator.

5. Transfer the disk to growth medium containing 10 µCi of H2
35SO4 in order to radiolabel

newly made proteoglycans. Precipitate radioactive proteoglycans on the disks with 10%
TCA, and wash the disk three times by dipping them in 2% TCA followed by one dip in
water. Stain the disk with Coomassie blue to visualize the colonies. Dry the disk and
image the colonies on film or a phosphorimager. As an alternative to measuring
proteoglycan biosynthesis with 35SO4, the colonies can be screened by blotting methods
using a suitably labeled GAG-binding protein (e.g., 125I-FGF) (20).

6. Compare the autoradiographic image to the Coomassie blue staining, and circle the colonies
that are present on the disk but lack an autoradiographic halo.

7. To recover the colony, remove the glass beads and Whatman paper from the master dish.
Rinse the plate once with saline solution, orient the stained disk in the plate, and circle the
desired colony on the bottom of the plate. Pick the colony with glass cloning cylinders or a
Pasteur pipet (1).

4. Notes
1. Saporin is a type I ribosome-inactivating inhibitor that enzymatically depurinates riboso-

mal RNA. By itself, the toxin is inactive against cells due to limited uptake, but its fusion

Fig. 1. Selection and replica plating of animal cells for glycosaminoglycan-deficient mutants.
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to a ligand for a cell surface receptor greatly enhances its potency. Toxicity presumably
requires uptake of the cytotoxin by endocytosis and delivery to the cytoplasm, but the
mechanism underlying escape from the endocytic pathway is unknown. Because of the
complex mechanism underlying its action, one might expect to derive resistant mutants
with altered endocytic properties or ribosomal structure. For unknown reasons, all of the
CHO cell mutants derived to date have defects in proteoglycan assembly, suggesting that
these alternate modes of resistance may be relatively rare events.

2. Optimizing the concentration of the cytotoxin is essential for each cell line. FGF-SAP
binds to high-affinity, tyrosine kinase receptors as well as low-affinity heparan sulfate
co-receptors, and evidence suggests that the killing effect may be a combination of both
receptor subtypes (19). Thus, resistance could be due to loss of either class of receptors,
depending on their relative number and the concentration of ligand that is used.

3. There are two key characteristics of an ideal cell line for selection. First, the cells must give
rise to colonies from single cells at high efficiency. Second, it is favorable if the cell line is
hypodiploid or aneuploid, since having multiple copies of the targeted gene will drastically
reduce the probability of isolating the desired mutants. In CHO cells, many loci appear to be
functionally and/or physically hemizygous, thus increasing the likelihood of finding
mutants. However, the selection strategy may work even in diploid lines as well since its
capacity is very high (~109 cells).

4. The combination of replica plating with direct selection provides a powerful method for
identifying mutants in proteoglycan biosynthesis. One advantage of the combined procedure
is that it provides the capacity to find rare mutants and the selectivity to find strains with
specific biochemical characteristics. For example, the method described here can be used
with 35SO4 or other radioactive metabolic precursors as a global screen for GAG defi-
ciency. Alternatively, a radioactive or fluorescently labeled ligand or antibody can be
used to pick out defects affecting a specific binding sequence (26,27). Colonies can also
be screened by direct enzymatic assay to find variants in a specific biochemical step (1).
Thus, the combination of selection and screening provides the order of magnitude and
specificity required for identifying even rare mutants in proteoglycan biosynthesis.
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Xyloside Priming of Glycosaminoglycan Biosynthesis
and Inhibition of Proteoglycan Assembly

Timothy A. Fritz and Jeffrey D. Esko

1. Introduction
A powerful approach for studying the relationship of proteoglycan (PG) structure

to function employs inhibitors to block glycosaminoglycan (GAG) biosynthesis.
Although true enzyme-based, active site-directed inhibitors of the glycosyltransferases
and sulfotransferases have not yet been described, decoys consisting of β-D-xylose
linked to hydrophobic aglycones have been available for some time (1). As shown
over 25 years ago (2), xylosides block PG assembly by serving as alternate substrates,
thereby diverting GAG assembly from xylosylated proteoglycan core proteins onto
the exogenous xyloside primer. This method of derailing PG biosynthesis has been
used to explore PG function in cells, tissues, and animals. The priming of oligosaccha-
rides on xylosides has also been used to define the nature of mutations in cell lines
deficient in PG biosynthesis (3–5), to co-localize glycosyltransferases in Golgi
subcompartments (6–8), and as a model for glycoside primers that affect other kinds
of glycoconjugates (9–12).

Beta-D-xylosides consist of xylose in beta linkage to an aglycone (see Fig. 1). The
aglycones typically consist of a hydrophobic compound which aids in carrying the
polar sugar moiety across cell membranes into the Golgi apparatus, where GAG bio-
synthesis takes place. While all β-D-xylosides prime chondroitin/dermatan sulfate,
studies have shown that their ability to prime heparan sulfate depends on the structure
of the aglycone (13,14). Xylosides that prime heparan sulfate require an aglycone
containing fused rings that assume a more or less planar configuration. Priming of
heparan sulfate also depends on concentration, and usually requires a higher dose than
is needed for priming chondroitin sulfate. This structural specificity is thought to arise
by recognition of the aglycone by the α-GlcNAc transferase that initiates the forma-
tion of the repeating disaccharide units of heparan sulfate (15,16).
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Inhibition of GAG assembly on PGs starts at xyloside concentrations as low as
10–30 µM, concentrations not significantly higher than those needed for maxi-
mum stimulation of GAG priming (13,17–19). Inhibition of heparan sulfate PG
formation typically requires higher concentrations of xyloside than needed for
chondroitin/dermatan sulfate PG inhibition, consistent with the higher dose
requirements for priming heparan sulfate described above. As might be expected,
xylosides that prime heparan sulfate inhibit heparan sulfate PG synthesis at lower
doses (13).

The following procedures describe the use of β-D-xylosides to inhibit PG assembly
in both cultured cells and tissues. The protocol consists of three steps:  (i) addition of
the compounds to the growth/incubation medium, (ii) PG/GAG extraction and isola-
tion, and (iii) analysis of the extracted PGs/GAGs.

2. Materials
2.1. GAG Priming and Inhibition of PG Assembly

1. 0.2 M p-nitrophenyl, 4-methylumbelliferyl, or 2-napthol-β-D-xyloside in dimethylsulfox-
ide (DMSO).

2. 0.2 M control glycoside (e.g., p-nitrophenyl-α-D-xyloside or p-nitrophenyl-β-D-arabino-
side) in DMSO.

3. Culture medium appropriate for the cells or tissue being studied.
4. Radioactive precursors (H2

35SO4, [6-3H]glucosamine or [1-3H]galactose).

2.2. PG/GAG Extraction
1. Guanidine extraction buffer. 4.0 M guanidine-HCl, 0.2% (w/v) Zwittergent 3-12, 50 mM

sodium acetate (pH 6.0), 10 mM EDTA, 10 mM N-ethylmaleimide (NEM), 1 mM
phenylmethylsulfonyl fluoride (PMSF), 1mg/mL pepstatin A, 0.5 mg/mL leupeptin. Add
protease inhibitors from 200× stocks (2 M NEM in ethanol, 0.2 M PMSF in ethanol,
0.2 mg/mL pepstatin A in ethanol, 0.1 mg/mL leupeptin in water). Store stocks of pro-
tease inhibitors at –20°C.

2. Triton X-100 extraction buffer: 20 mM Tris-HCl, pH 7.4, 0.5% (w/v) Triton X-100,
0.15 M NaCl, 10 mM EDTA, 10 mM NEM, 1 mM PMSF, 1 µg/mL pepstatin A, 0.5 µg/mL
leupeptin.

3. Dialysis membranes, 6- to 8-kDa cutoff.

2.3. PG/GAG Isolation
1. Dialysis buffer: Same as the guanidine extraction buffer but with 4.0 M urea substituted

for the guanidine-HCl.

Fig. 1. Structure of 2-naphthol-β-D-xyloside.
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2. DEAE-Sephacel (Amersham Pharmacia Biotech): Equilibrate the resin with 0.2 M NaCl,
50 mM sodium acetate, pH 6.0.

3. DEAE wash buffer: Add solid NaCl to dialysis buffer for a final NaCl concentration of 0.2 M.
4. DEAE elution buffer: Add solid NaCl to dialysis buffer for a final NaCl concentration of 1.0 M.
5. 20 mg/mL chondroitin sulfate A or heparin in 20 mM Tris-HCl, pH 7.0.
6. 20 mM Tris-HCl, pH 7.4, 0.2 M NaCl.

2.4. Analysis of PGs/GAGs
1. TSK 4000 SW HPLC gel filtration column (30 cm x 7.5 mm inner diameter).
2. Gel filtration buffer: 0.1 M KH2PO4, pH 6.0, 0.5 M NaCl, 0.2% (w/v) Zwittergent 3-12.

3. Methods
3.1. GAG Priming and Inhibition of PG Assembly

1. Prepare serial dilutions of the stock xyloside in cell culture medium to achieve final con-
centrations of 0, 0.01, 0.03, 0.1, 0.3, and 1 mM. Prepare similar, separate dilutions of the
control glycoside. Add DMSO as necessary to maintain a constant vehicle concentration
for all dilutions (see Note 1).

2. Add radioactive precursors to the diluted xylosides (10 µCi/mL [35S]H2SO4, 20 µCi/mL
[6-3H]glucosamine, or 50 µCi/mL [1-3H]galactose should be sufficient, but this depends
on the sulfate and glucose content of the growth medium. Warm the supplemented
medium under culture conditions before adding it to cells or tissue. If sufficient levels
(∼50 µg of uronic acid) of PGs/GAGs will be produced, the material can be quantitated
chemically, and the radioactive precursors may be omitted (see Note 2).

3. Replace the culture medium in the culture dish or flask with the medium containing
xyloside and radioactive precursors, and incubate the samples under appropriate condi-
tions for the cells or tissue under study. Priming occurs rapidly and continues throughout
the incubation, since the xyloside is not significantly depleted during the incubation. The
number of cells and/or labeling time may need to be varied depending on the cell or tissue
type and the sensitivity of the assays employed. If the content of PGs/GAGs is to be mea-
sured chemically, the incubation may need to be extended since preexisting molecules
must turn over in order to see significant inhibition of PG glycosylation.

3.2. PG/GAG Extraction
1. Extraction of PGs/GAGs from cells and culture medium (20). Chill the cells and medium to

4°C. For most cells, adding Triton X-100 extraction buffer (2 mL/107 cells) will suffice to
solubilize membrane and cell-associated PGs and GAGs. The extent of solubilization can be
assessed by treating the monolayer (or residual cell pellet) with 0.5 mL/107 cells of 0.1 M
NaOH at room temperature for 10 min. Neutralize the solution with 10 M acetic acid, clarify
the sample by centrifugation, and measure the amount of residual material in the supernatant.
If the Triton extraction fails to solubilize all of the material from the plate, a guanidine
extraction procedure should be used. Add 1–2 mL/107 cells  of guanidine extraction
buffer. Alternatively, add solid guanidine-HCl to achieve a final concentration of 4.0 M,
Zwittergent 3–12 to 0.2% w/v, EDTA to 10 mM, and sodium acetate to 50 mM. Add
protease inhibitors from 200× stock solutions to achieve final concentrations of 10 mM
NEM, 1 mM PMSF, 1 µg/mL pepstatin A and 0.5 µg/mL leupeptin. Incubate at 4°C for
1 h. If tissue samples are under study, mince or homogenize the tissue in 5–10 vol of
chilled guanidine extraction buffer per gram (wet weight) of tissue. Stir overnight at 4°C.
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2. Clarify the extracts by centrifugation at 4°C for 20 min at 12,000 g or 10 min at maximum
speed in a microcentrifuge.

3.3. PG/GAG Isolation
1. Samples extracted with Triton X-100 solution may be analyzed by anion-exchange chroma-

tography without further processing. If guanidine-HCl buffer was used, the sample must
be dialyzed to lower the ionic strength. Dialyze samples at 4°C against dialysis buffer
using membranes with a 6- to 8-kDa cutoff. Alternatively, gel filtration chromatography
(e.g., PD-10 columns, Amersham Pharmacia Biotech) or ultrafiltration may be used to
exchange buffers.

2. Add 1–2 mg of chondroitin sulfate A or heparin as a carrier to the PG/GAG extract if the
samples are radioactively labeled (see Note 3). Note: If PGs/GAGs are to be quantitated
chemically by uronic acid assay, omit this step.

3. Prepare a 0.5- to 1.0-mL DEAE-Sephacel column in a disposable pipet tip plugged with
glass wool. Remove the bottom few millimeters of the tip to enlarge the opening and
improve flow rates. Equilibrate the resin with 5 column volumes of DEAE wash buffer.

4. Apply the PG/GAG extract to the column and wash with 10–20 column volumes of DEAE
wash buffer. Elute the PGs/GAGs with 5 column volumes of DEAE elution buffer and
collect the eluate as a single fraction.

5. Desalt samples using Sephadex G25 columns or PD-10 columns. These columns can be
run in 10% ethanol, which allows the samples to be concentrated.

6. Lyophilize the sample and resuspend it in 0.2 mL of 20 mM Tris-HCl, pH 7.4. Store at 4°C.

3.4. Analysis of Isolated PGs/GAGs
1. Apply samples (≤0.2 mL) to a TSK G4000 SW gel filtration column equilibrated in gel

filtration buffer. Adjust the flow to 0.5 mL/min, collect fractions (1 min), and assay
aliquots for radioactivity. PGs will elute before primed GAGs because of their large size,
but baseline resolution may not be achieved. Other FPLC or HPLC columns can be used
as well to optimize separation. These columns can be internally calibrated by comparing
the elution of intact PGs and free chains liberated from the core proteins by beta-elimina-
tion (13). If enough PGs/GAGs are present, their distribution can be measured by the
carbazole assay for uronic acid (21).

2. The inhibition of GAG assembly on PG core proteins can be monitored by measuring the
decrease in high-molecular weight material corresponding to the intact proteoglycans
(see Fig. 2). To separate the effects on heparan sulfate or chondroitin/dermatan sulfate
PGs, the samples must be treated with low-pH nitrous acid to depolymerize the heparan sulfate
chains (Chapter 34) or by treatment with heparinase(s) or chondroitinase(s) (Chapter 35 and 36).

4. Notes
1. Stock solutions of xylosides in neat DMSO should not be added directly to cells in cul-

ture, since DMSO at high concentration can lyse cells. DMSO is also known to cause
differentiation of certain cells, which may be associated with a change in PG expression.
As an alternative approach, a xyloside stock may be prepared in ethanol or the com-
pounds can be dissolved directly in culture medium up to ~5 mM  (with warming if nec-
essary). DMSO stocks of xylosides are stable at –20°C and should be protected from
light, since the aglycones absorb in the ultraviolet. Cell monolayers should be visually
inspected for signs of toxicity.

2. Recent findings have shown that xyloside priming is not as specific as once thought. A
variety of unexpected, small oligosaccharides not necessarily related to GAGs are also
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primed and the array of oligosaccharides depends on the cell type (22–27). These unusual
oligosaccharides can constitute the majority of the primed material, even at relatively low
concentrations of primer (26). Thus, it is important to correlate any change of cellular
phenotype with the degree of GAG priming and the actual extent of PG inhibition.

3. Alpha-D-xylosides show little or no ability to stimulate GAG synthesis (17,28,29) but
serve as substrates for galactosyltransferase I in vivo (22). High concentrations of both
α- and β-xylosides can inhibit glycolipid biosynthesis, and this inhibition may be related
to the unusual oligosaccharides produced (22). At high xyloside concentrations the large
mass of material generated on the exogenous primer may deplete an internal pool of a
nucleotide sugar, although this has yet to been determined. Thus, it is important to work
at the minimal xyloside dose required for the desired level of PG inhibition.

A variety of xylosides with different aglycones are available commercially (Sigma or Aldrich)
or can easily be synthesized by coupling protected and activated xylose to different aglycones
(14). Different aglycones can affect the extent of GAG priming and the composition of the
chains, as described above. These differences also may depend on cell type. Thus, it may be
important to test more than one xyloside to optimize priming and PG inhibition. By comparing
the effects of a xyloside that primes only chondroitin sulfate to one that primes both heparan
sulfate and chondroitin sulfate, the role of each type of chain can be potentially assessed (14,30).

GAGs primed by xylosides may have the activities associated with PGs. For example,
the heparan sulfate chains primed on 2-naphthol-β-D-xyloside will bind to basic fibro-
blast growth factor (FGF-2) and enhance growth factor association with high-affinity
tyrosine kinase receptors (30). Although the chains differ somewhat in structure from
those assembled on natural core proteins (14), they possess the binding sequence for the
growth factor and apparently the receptor (31). Therefore, even though PG assembly may
be inhibited, a particular proteoglycan-dependent activity may not be altered if the primed
GAGs are able to substitute for the PGs.

4. If PGs/GAGs are to be quantitated chemically by uronic acid assay, omit this step.

Fig. 2. Inhibition of PG and priming of free GAG chains on a xyloside. (Source: Lugemwa, F. N.
and Esko, J. D. (1991) Estradiol-β-D-xyloside, an efficient primer of heparan sulfate biosynthesis.
J. Biol. Chem. 266, 6674–6677.)
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Inhibition of Heparan Sulfate Synthesis by Chlorate

H. Edward Conrad

1. Introduction
With the exception of hyaluronic acid, all glycosaminoglycans are O-sulfated.

Heparins and heparan sulfates are, in addition, N-sulfated on many of their glu-
cosamine residues. Other naturally occurring structures are also sulfated. For example,
some proteins contain sulfotyrosine residues (1), and some complex lipids are O-sulfated.
In addition, certain N-linked oligosaccharides are sulfated (2). In all of these cases, the
enzymes that add sulfate residues to these structures utilize 3'-phosphoadenosine-
5'-phosphosulfate (PAPS) as the sulfate donor. If PAPS cannot be synthesized, these
biological sulfation reactions will not proceed. Chlorate is a competitive inhibitor of
PAPS synthesis and, as such, can block all sulfation reactions.

PAPS is synthesized by a two-step process utilizing ATP sulfurylase (reaction 1)
and adenosine-5'-phosphosulfate kinase (reaction 2), activities that are in some cases
catalyzed by a single bifunctional enzyme that may localize to the nucleus in mamma-
lian cells (3,4).

ATP + SO4
2– → APS + PPi (1)

APS + ATP → PAPS + ADP (2)

Chlorate competes with the SO4
2– in reaction 1. Consequently, as the concentration

of ClO4
- in the cells is increased, the amount of PAPS formed is reduced. Under these

circumstances, the sulfotransferase reactions, which require PAPS as a substrate, will
proceed progressively more slowly as the concentration of PAPS drops. Furthermore,
the sulfotransferases with the highest Km for PAPS will be selectively inhibited com-
pared to the sulfotransferases with lower Km. Such selectivity has been reported in the
biosynthesis of heparan sulfate (5) wherein, with increasing ClO4

– concentrations,
6-O-sulfation of glucosamine residues is inhibited strongly, 2-O-sulfation of uronic
acids is inhibited moderately, and N-sulfation of glucosamine residues is inhibited
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modestly. In the heparan sulfate case, there is a requirement that N-sulfation proceed
before the various O-sulfation reactions, so that the types of sulfation that occur may
not be controlled totally by the Km. Of course, at high ClO4

– concentrations, all
sulfation reactions are inhibited.

Sulfation of glycosaminoglycans occurs in the trans Golgi; i.e., the sulfation is the
final stage in the processing of glycosaminoglycans in the secretory pathway. Thus,
when cells are labeled with 35SO4

2–, 35SO4-labeled glycosaminoglycans appear out-
side of the cell within minutes. Consequently, when cells are treated with ClO4

–,
changes in the structures of secreted glycosaminoglycans can be observed in a few
minutes, and the full effect of the ClO4

– treatment is usually seen in about 30 min.
Since the binding of many growth factors, enzymes, etc., requires sulfated heparan
sulfate, ClO4

– treatment will result in the loss of protein binding to the cell surface.
Thus, ClO4

– is a useful reagent for determining whether various proteins require sul-
fated glycosaminoglycans for cell binding and activity.

2. Materials
1. NaClO4.
2. Cells in desired culture medium.

3. Methods
3.1. Defining the Concentration of Chlorate Required to Cause Total
Inhibition of Sulfation (see Note 1)

Chlorate has been added to cultured cells at concentrations up to 50 mM for 24 h or
more with no apparent adverse effects on the cells (5–10). The concentration of chlo-
rate required to cause total inhibition of sulfation differs in different cell types. Because
of variations in cell types and culture media compositions, the following general
approach may used to determine the effects of varying ClO4

– concentrations on
glycosaminoglycan sulfation.

1. Incubate cultured cells with increasing concentrations of NaClO4 (e.g., 5–50 mM) for 1 h.
2. Then incubate the cells for an additional 1 h with a sufficient quantity of 35SO4

2– to
produce ~10,000 cpm of cell surface 35SO4–glycosaminoglycan. The amount of 35SO4

2–

required will vary with the cell type and the type of culture medium used.
4. Remove the culture medium and wash the cells with fresh medium lacking ClO4

– and 35SO4
2–.

5. Treat the cells with trypsin in phosphate-buffered saline to release the cells from the
culture dish. Centrifuge out the cells and determine the number of 35SO4–labeled gly-
cosaminoglycan in the supernatant.

6. Repeat these steps for each concentration of ClO4
–.

7. Choose the concentration of ClO4
– required to give the desired degree of inhibition of

sulfate incorporation.

3.2. Determination of the Effect of Chlorate
 on the Activity of Heparan Sulfate-Binding Proteins

Inhibition of sulfate incorporation into heparan sulfate will prevent the binding of
proteins to cell surface heparan sulfate proteoglycans (HSPG) and will block the
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normal changes in the activities of the cells that result from the protein binding. To
study these changes, the approach used depends on the heparan sulfate-binding protein
that is being studied, the cells that are used, and the activities of the heparan sulfate-
binding protein on the cells. Thus, there is no standard protocol. However, several
literature examples illustrate the general approach to be used.

1. It is known that cell surface heparan sulfate proteoglycan must interact with basic fibro-
blast growth factor in order for the growth factor to bind to its receptor and exhibit its
mitogenic effects (11–13). In the presence of chlorate, basic fibroblast growth factor can-
not bind or exert these effects on cells.

2. Chlorate treatment of rat hepatoma cells prevents the stimulation of β-very-low-density
lipoprotein binding to rat hepatoma cells transfected with hepatic lipase cDNA (14).

3. In cells that produce lipoprotein lipase, newly synthesized lipoprotein lipase normally
adheres to the surface of cells that produce it, but in chlorate-treated cells, there is a direct
secretion of the enzyme into the culture medium (15,16).

4. Notes
1. Heparan sulfate structures that are synthesized by cells in the presence of chlorate are

quite different from any structures that are normally synthesized. When the chlorate con-
centration is high enough, cells produce a completely unsulfated heparan proteoglycan.
The polysaccharide chains that accumulate in the proteoglycan are [GlcA→GlcNAc]n
chains in which a significant proportion of the GlcNAc residues are de-N-acetylated and
ready to receive a sulfate group. Such products have been identified in chlorate-treated
cells in culture. These products, which have anionic carboxyl groups on the GlcA resi-
dues, cationic amino groups on many of the GlcN residues, and very few IdoA residues,
apparently appear on the cell surface but lack the ability to bind proteins. Thus, although
chlorate “disarms” the cell so that it cannot respond to the growth factors or other heparan
sulfate-binding proteins, it also results in the synthesis of an unnatural heparan sulfate
structure that appears on the cell surface. Since heparan sulfate binds to many structures
on and near the surface of cells (collagen, fibronectin, laminin, thrombospondin, etc.), it
is a major contributor to the organization of the extracellular matrix. Consequently, in
the presence of ClO4

-, the structure of the cell surface and the extracellular matrix may
be altered significantly. Furthermore, all secondary cellular responses that depend on the
primary responses to altered heparan sulfate structure will be altered, even though one
observes only those changes that are measured.
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Detection of Proteoglycan Core Proteins
with Glycosaminoglycan Lyases and Antibodies

John R. Couchman and Pairath Tapanadechopone

1. Introduction
Proteoglycans are quite abundant components of many extracellular matrices, while

most cell surfaces also bear these macromolecules. Frequently the profiles are com-
plex. For example, several members of the syndecan and glypican families of cell
surface heparan sulfate proteoglycans may be present on a single cell type (1,2). Some
extracellular matrices, e.g., from brain, may also contain a variety of proteoglycans
including several members of the hyalectans or aggregating proteoglycans such as
neurocan, brevican, and versican (3). Frequently it is useful to monitor the nature and
variety of proteoglycans in a pool from tissues or cell cultures in a simple manner,
before moving on to further purification steps, use of core protein-specific antibodies,
or pursuit of a potentially novel core protein.

While proteoglycans require some specialized techniques for analysis, advantage can
be taken of their glycanation to identify core proteins even when their precise character-
istics remain unresolved. Specific enzymes are readily available, first from bacterial
sources but more recently of recombinant origin, which selectively degrade glycosami-
noglycans. Chondroitinase ABC will degrade virtually all chondroitin and dermatan
sulfates, while leaving heparan and keratan sulfate chains intact. Conversely, heparitinase
enzymes will degrade nearly all forms of heparan sulfate, but are unable to degrade
chondroitin, dermatan, or keratan sulfate (see Fig. 1). Further, the consequences of
glycosaminoglycan removal can be monitored by sodium dodecyl sulfate-polyacryla-
mide gel electrophoresis (SDS-PAGE). The heterogeneous nature of proteoglycans
ensues largely from the variable number, length and charge of glycosaminoglycans in a
pool of a single core protein (e.g., aggrecan from cartilage, or perlecan from a basement
membrane preparation). Proteoglycans are frequently seen as broad smears, or
sometimes, when large, may not even penetrate a 3% resolving gel (see Fig. 2A). Once
glycosaminoglycan lyases have removed most of the chains, the core proteins become
much more readily resolved by SDS-PAGE as discrete polypeptides (see Fig. 2).
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Chondroitinases and heparitinases are eliminases, so that the remaining core pro-
teins have serine (usually) residues bearing not only the stem oligosaccharide (xylose-
galactose-galactose-uronic acid) but also a disaccharide or larger oligosaccharide with
a terminal unsaturated uronic acid residue. This, it turns out, is quite antigenic, and
monoclonal (4,5) as well as polyclonal antibodies have been raised (6) which recog-
nize the carbohydrate “stubs” remaining after chondroitinase or heparitinase treat-
ments. They are also very specific. An antibody recognizing a heparan sulfate “stub”
with a terminal unsaturated uronic acid residue will not recognize the equivalent “stub”
generated by a chondroitinase enzyme, and vice versa. Therefore, the combined use of
enzymes and antibodies can be used, for example in Western blotting, to estimate the
sizes of core proteins, and the type of glycosaminoglycan present. This can be particu-
larly useful where a particular core protein, e.g., perlecan, can be substituted with
heparan and/or chondroitin sulfate chains (see Fig. 1). It can provide evidence of hybrid
proteoglycans that bear more than one glycosaminoglycan type. Further, since the
antibodies do not recognize core protein epitopes, a mixed population of heparan and/
or chondroitin and dermatan sulfate proteoglycan can be quickly analyzed for their
number, size, and glycanation profiles. Such evidence can be supported by more tradi-
tional metabolic labeling methods, combined with chemical or enzymatic degradation
techniques followed by gel filtration analysis.

Fig. 1. Detection of chondroitin/dermatan sulfate proteoglycans core proteins from EHS
tumor with R36, a polyclonal antibody recognizing chondroitin/dermatan sulfate stubs remain-
ing after chondroitinase ABC treatment. Lanes 1 and 7 are standards whose molecular weight
in kilodaltons is indicated. Lane 2, untreated sample; lane 3, sample treated with chondroitinase
ABC and heparinase II and III; lane 4, sample treated with chondroitinase ABC only; lane 5
contains heparinase II and III only, while lane 6 contains chondroitinase ABC alone. The com-
mon polypeptide seen in lanes 3 and 5 is present in the heparinase II preparation. The data show
that a CS/DS proteoglycan with a core protein of Mr ~ 200,000 (in lanes 3 and 4) is accompa-
nied by a second, large core protein that is revealed only after additional heparinase treatment.
This, therefore, represents a hybrid form of perlecan bearing both HS and CS/DS chains.
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2. Materials
1. Samples for analysis dissolved in suitable buffers (see Note 1).
2. Heparitinase buffer: 0.1 M sodium acetate, 0.1 mM calcium acetate, pH 7.0.
3. Chondroitinase buffer: 50 mM Tris-HCl, 30 mM sodium acetate, 20 mM ethyleme-

diamintetraacetic acid (EDTA), 10 mM NEM, 0.2 mM phenylmethyl sulfonyl flouride
(PMSF), and 0.02 sodium azide, pH 8.0 (see Note 1).

4. Protease inhibitor for all heparitinase treatments (see Note 2): 10× trypsin inhibitor
type III-0 (ovomucoid 100 µg/mL, Sigma).

 5. Glycosaminoglycan lyases (Seikagaku or Sigma):
a. Heparan sulfate: heparinase III (EC 4.2.2.8). This enzyme is also known as heparitinase

and heparitinase I.
b. Chondroitin sulfate and dermatan sulfate: chondroitin ABC lyase (EC 4.2.2.4).
c. Chondroitin sulfate: chondroitin AC II lyase (EC 4.2.2.5).
d. Dermatan sulfate: chondroitin B lyase (no EC number).

6. Glycosaminoglycan carriers (optional): chondroitin sulfate type A (chondroitin 4-sulfate)
or type C (chondroitin 6-sulfate), heparan sulfate (Sigma).

7. 2× SDS-PAGE sample buffer (Sigma), with or without reducing agent (e.g., 40 mM
dithioerythreitol).

8. Prestained protein molecular-weight standards (Sigma or Bio-Rad).
9. SDS-PAGE gels. If a wide size range of core proteins is suspected, 3–15% gradient  gels

can be useful.
10. Electroblotting and transfer buffers and apparatus.
11. Transfer membrane: 0.45-µm nitrocellulose (Bio-Rad Trans-Blot® transfer medium or

Schleicher & Schuell #BA85), PVDF (Millipore Immobilon P), or positively charged nylon
(Bio-Rad Zetabind) membranes.

Fig. 2. Detection of intact murine perlecan (A) and recombinant domain IV-V of mouse
perlecan transfected into COS-7 cells (B) with a rat monoclonal antibody specific to perlecan
core protein (A) and monoclonal ∆-heparan sulfate antibody recognizing HS stub after
heparinase III (heparitinase) treatments (B). (A) shows that the intact perlecan core protein is
not clearly visible until the HS chains have been removed, while (B) shows HS substitution on
the recombinant perlecan. In each blot, the proteoglycans are untreated (U), heparitinase-pre-
treated (H), heparitinase- and chondroitinase-pretreated (HC), or chondroitinase-pretreated (C).
Lanes E contain heparitinase and chondroitinase enzymes only.
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12. Blocking buffer: 5% nonfat dried milk in 0.1% Tween 20 is optional in phospate-buffered
saline, PBS (TPBS).

13. Diluting buffer: 1% nonfat dried milk, 0.1% bovine serum albumin, and 0.1% (v/v) Tween 20
in PBS (for monoclonal antibodies) or triphosphate-buffered saline, TBS (for polyclonal
antibodies).

14. Primary antibodies recognizing carbohydrate “stubs” (Seikagaku):
a. Monoclonal ∆-heparan sulfate (for heparan sulfate GAG).
b. Monoclonal anti proteoglycan ∆-di-0S, -4S, -6S (for chondroitin/ dermatan sulfate GAGs;

see Note 3).
These antibodies are also available as biotin conjugates.

c. Equivalent antibodies recognizing protein of interest.
15. Secondary antibodies: horseradish peroxidase- or alkaline phosphatase-anti-Ig conjugate.

Alternately, streptavidin-horseradish peroxidase conjugate should be used where the pri-
mary antibodies are biotin conjugates.

16. Chromogenic and chemiluminescence visualization system, e.g., ECL™ Western blot-
ting detection reagents (Amersham Pharmacia Biotech) for peroxidase conjugates  or
alkaline phosphatase-conjugate substrate kit (Bio-Rad).

3. Methods
1. Divide the proteoglycan sample to be analyzed into equal aliquots. The number depends

on the enzyme treatments to be performed. For example, if a proteoglycan pool is sus-
pected to contain chondroitin and heparan sulfate proteoglycans, four aliquots should be
used. One sample is left untreated, while others receive chondroitinase ABC, heparitinase,
or both enzyme treatments. Ideally, each sample should contain 1–10 µg of proteoglycan.
The choice of buffer depends on the enzymes to be used (see Note 1). Further controls
contain buffer with enzyme only (no proteoglycan).

2. Treat samples with appropriate enzymes at 37°C. The amount and duration of enzyme
treatment depend on the proteoglycan concentration. For 1–10 µg of proteoglycan, 2–3 h
of incubation with 0.5–1 mU chondroitinase ABC or 1–2 mU heparitinase in the presence
of protease inhibitor (1× ovomucoid, see Note 2) is suggested. Where concentrations of
proteoglycan are higher, adding a second aliquot of enzyme after 2 h, for a further incuba-
tion can be beneficial. Where proteoglycan concentrations are very low (below 100–200 ng
per sample), adding approximately 0.5 µg of appropriate free glycosaminoglycan can be
added as carrier to aid efficiency and recovery (but see Note 4).

3. If enzyme activity needs to be verified, set up samples of free glycosaminoglycan (approx
0.5 mg/mL) in buffer, to which the enzymes are added, and incubate simultaneously.
Enzyme activity is monitored spectrophotometrically at 232 nm.

4. Enzyme treatments are terminated by adding SDS-PAGE sample buffer (with or without
reducing agent, Subheading 2.) and heating to 100°C, if required. Samples can be frozen
at –20°C or immediately resolved by SDS-PAGE.

5. Samples are applied to SDS-PAGE gels for conventional electrophoresis and transfer to
nitrocellulose or other medium (see Note 5). If a range of core protein masses is sus-
pected, or not known, acrylamide gradients are preferable (e.g., 3–15%).

6. Membranes are blocked conventionally, for example in 5% dried milk powder in phos-
phate-buffered saline for at least 1 h. They are then probed with monoclonal or
polyclonal antibodies recognizing carbohydrate “stubs” created by glycosaminoglycan
lyases. These are available as purified IgG, and sometimes in biotinylated form, and
should be used at 10–25 µg/mL. Incubation can be at 4°C overnight, or shorter periods
at room temperature or 37°C, but for at least 1 h. Constant gentle agitation is advised.
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7. Thorough washing is followed by secondary antibody (e.g., affinity purified goat anti-mouse
IgG conjugated to horseradish peroxidase) in the same buffer for 1 h at room temperature.
Antibody concentrations should accord with manufacturer’s instructions. Extensive washes
are then followed by visualization as preferred, such as chemiluminescence.

4. Notes
1. A suitable buffer for chondroitinase ABC or AC II is listed under Subheading 2., as is

one suitable for heparitinase (also known as heparinase III). However, where samples are
to be treated with both enzymes, we have found the heparitinase buffer to be suitable. It
should be noted that chondroitinase B is inhibited by phosphate. Heparinase activity is
increased by the presence of calcium ions, but it is reported that the activity of heparinase
III is not much decreased by its absence.

2. Polysaccharide lyases are primarily of microbial origin. Protease contamination can be
present in the enzyme preparation, especially all heparinase enzymes. This can cause
misleading results. Thus, protease inhibitor should be added in case of heparitinase treat-
ments. Chondroitinase ABC is available in protease-free form.

3. Separate, specific antibodies are available that, while all recognizing the terminal unsaturated
uronic acid residue, as described, have specificity for the presence and position of sulfate on the
adjacent galactosamine residue. The three antibodies can be used combined. At the current time
they are only available separately. Most commonly, the prevalence of sulfation is 4S > 6S > 0S.

4. We have found that the use of chondroitinase ABC and heparinase III together leads to a
less efficient identification of chondroitin sulfate proteoglycan core proteins than the use
of the former enzyme alone. The reasons are not clear, but it may be that products of
heparan sulfate lyases are slightly inhibitory to chondroitinase enzymes. It is known that
heparin will inhibit chondroitinases, and should therefore not be used as a carrier.

5. Intact proteoglycans transfer poorly to nitrocellulose or similar membrane. The more gly-
cosaminoglycan present on a core protein, the more difficult it becomes. This is a result
of high mass as well as charge. Therefore, while decorin with one chain can be quite
efficiently transferred, aggrecan with >100 chains may not. Transfer to cationic mem-
branes can enhance proteoglycan capture.
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Proteoglycan Core Proteins and Catabolic Fragments
Present in Tissues and Fluids

John D. Sandy

1. Introduction
The full- or partial-length c-DNA and deduced core protein sequence is now avail-

able for at least 38 distinct proteoglycans [for review, see (1)]. Many of these can be
placed into several large family groupings, such as the 10 members of the small leu-
cine-rich repeat proteoglycans (decorin, biglycan, fibromodulin, lumican, keratocan,
PRELP, epiphycan, mimecan, oculoglycan and osteoadherin), the glypicans (GPC-1,
cerebroglycan, OCI-5, K-glypican, GPC-5, and GPC-6), the hyaluronan-binding
proteoglycans (aggrecan, brevican, neurocan, and versican), the syndecans (SYN-1,
fibroglycan, neuroglycan/N-syndecan, and amphiglycan/ryudocan), and the gly-
cosaminoglycan-substituted collagens (types IX, XII, and XVIII). In addition, there is
a group of apparently unrelated species, which includes agrin, perlecan, leprecan,
bamacan, betaglycan, serglycin, phosphacan, NG2, CD44/epican, and testican.

Since most extracellular matrix proteins, and presumably also proteoglycans,
undergo some degree of proteolytic modification during biosynthesis or catabolism,
each of the core species described above probably exists in vivo in both the intact form
and in one or more fragmented forms. Proteolysis may indeed be necessary for the
conversion of the intact proteoglycan to a product, or a series of products, that can
serve one or more functions in the cell or tissue where it is located. Proteolysis will
almost certainly be involved in the removal of proteoglycans from cells or tissues,
whether this be part of the normal turnover process or in pathological states where
degradative pathways may be altered or accelerated. Despite the wealth of knowledge
on core structures, tissue distribution, and function of proteoglycans, there is still very
limited information on the role of proteolysis in the biology of these molecules. On the
other hand, there are now a number of examples of what appear to be physiologically
important proteolytic processing events for proteoglycans, and for aggrecan (2) and
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brevican (3) the precise cleavage sites and the family of proteinases responsible
(ADAMTS) appears to have been established.

A 17-kDa N-terminal fragment of decorin accumulates in human skin with aging
(4,5) and a 20-kDa N-terminal biglycan fragment is generated by bFGF treatment of
bovine aortic endothelial cells (6), but the details of cleavage of these proteoglycans
are unknown in both cases. The ectodomain of syndecan-1 is shed from cell sur-
faces into wound fluids by proteolysis in vivo (7,8), and similar cell -associated pro-
teolysis appears to generate fragments of betaglycan (9), NG2 (10), testican (11), and
perlecan (12), but the structural details have not been reported either. The most detailed
analyses of proteoglycan core protein degradation in vivo have been done with the
family of hyaluronan-binding proteoglycans, aggrecan, brevican, neurocan, and
versican. At least two much-studied HA-binding proteins, hyaluronectin (13) and glial
hyaluronate-binding protein (GHAP) (14) appear to represent the N-terminal globular
domain of versican, although the versican isoform involved, the precise cleavage sites
and the protease(s) responsible for the cleavage(s) are unclear. Neurocan has been
isolated from rat brain in two fragments (15) which are generated by cleavage by an
unknown proteinase near the middle of the core protein (apparently at the methionine
638–leucine 639 bond), and immunostaining with monoclonal antibodies that recog-
nize only the N-terminal fragment (1F6) or the C-terminal fragment (1D1) suggests
that the two fragments have very different functions (16).

Studies on brevican/BEHAB (17) and particularly aggrecan (18–20) have provided
the majority of the molecular details on the pathways and enzymes involved in vivo in
the proteolysis of proteoglycans. Brevican is present in the brain as the full-length
protein (about 145 kDa) and a proteolytic fragment (about 80 kDa), which represents
the C-terminal portion. The sequence at the cleavage responsible for this fragment
(glutamate 400– serine 401) shows a striking similarity to the five cleavage sites that
have been identified in aggrecan degradation in cartilage. The enzyme(s) responsible
(aggrecanases) have now been identified as members of the ADAMTS family of
metalloproteinases. The detailed studies on cartilage aggrecan degradation leading to
the discovery of aggrecanase activity (18) and their cloning as ADAMTS-4 (2) and
ADAMTS-11 (alias ADAMTS-5) (20) have provided some proven methodological
approaches to the study of proteoglycan fragmentation, and these methods would
appear to have general applicability to other proteoglycans. Indeed, the protocols to be
described here have largely been developed (18,21–23) for analysis of small quantities
of aggrecan and fragments (5- to 250-mg glycosaminoglycan [GAG]) such as those
present in small tissue biopsies, biological fluids, and cell or tissue explant culture
medium.

2. Materials
2.1. Proteoglycan and Core Protein Preparation from Fluids, Culture
Medium, and Collagen-Rich Tissues

1. Streptomyces hyaluronidase (Str. hyalurolyticus), chondroitinase ABC (protease-free,
Proteus vulgaris), Endobetagalactosidase (Escherichia freundii), and keratanase
II(Bacillus sp.) (Seikagaku).

2. DE 52 cellulose, preswollen microgranular (Whatman).
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3. Polyprep chromatography columns (Bio-Rad).
4. Dialysis of small volumes in Slide-a-Lyzer minidialysis units, 10,000 MWCO (Pierce)

and large volumes (greater than 200 µL) in Specta/Por dialysis tubing, 12,000–14,000
MWCO (Fisher).

2.2. Proteoglycan and Core Protein Preparation from Brain
and Spinal Chord
1. 10-mL glass homogenizer with Teflon plunger (Thomas Scientific).

2.3. Preparation of Tissue Proteoglycans with No Glycosaminoglycan
Substitution

1. Eppendorf microfuge (model 5413 or 5415C).

2.4. N-Terminal Sequencing of Proteoglycan Core Proteins
1. Protein assayed by bicinchoninic acid assay kit (Pierce).
2. Pharmacia FPLC Superose 12 (HR-10/30) and a fast desalting column (HR-10/10).
3. PVDF membranes (Hybond PVDF from Amersham or Immobilon from Millipore).

2.5. Western Blot Analysis and Core Identification
1. Sample preparation in 0.6-mL Snap-cap microcentrifuge tubes (Continental Lab Products).
2. 2× Tris-glycine sodium dodecyl sulfate (SDS) sample buffer as a premixed buffer

(Novex).
3. Gel-loading pipet tips (200 µL) (Labsource, Chicago, IL).
4. Mini-Protean II gel assembly (Bio-Rad) and E19001-XCELL II Mini Cell (Novex).
5. Trans-Blot transfer medium (roll of pure nitrocellulose membrane) (0.45 µ, Bio-Rad).
6. Dry nonfat milk, blotting-grade blocker (Bio-Rad), and polyvinyl chloride laboratory

wrap (Fisher).
7. Primary antibodies to most proteoglycans are described in the literature, and aggrecan

antibodies, including those which detect neoepitopes on specific cleavage products, have
recently been reviewed (24). Secondary antibodies for rabbit primary antibodies are
HRP-conjugated goat anti-rabbit IgG (Chemicon), and for mouse monoclonals are gener-
ally HRP-conjugated goat anti-mouse IgG (Sigma), but HRP-conjugated goat anti-mouse
IgM (Sigma) for antibody 3-B-3.

8. Chemiluminescent substrates, ECL (Amersham) or SuperSignal West Pico (Pierce), and
high-performance chemiluminescence film, Hyperfilm ECL (Amersham).

2.6. Image Capture and Quantitation
1. ScanJet 3c/T, with DeskScan II software for PC or Mac (Hewlett Packard.) NIH Image

(obtainable online from wayne@helix.nih.gov(for Mac) or from Scioncorp.com (for Win-
dows). Adobe Photoshop for presentation.

3. Method
3.1. Proteoglycan and Core Protein Preparation from Fluids
and Culture Medium (Note 1)

1. Typically, biological fluids (synovial fluid) or medium from cell or tissue culture, which
contains at least 5 µg of proteoglycan core protein, will be required. A desirable starting
amount for aggrecan analyses is 250 µg of GAG (as chondroitin sulfate [CS] and keratan
sulfate [KS]) or about 25µg of core protein.
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2. If the fluid is viscous due to a high content of hyaluronan (such as is found in synovial
fluid or fibroblast-conditioned medium), it should be predigested as follows: Add 1/5 vol
of 0.5 M ammonium acetate, 20 mM ethylenediaminetetraacetic acid (EDTA), 0.5 mM
4-(2-aminoethyl)benzenesulfonyl flouride (AEBSF), pH 6.0, and 2 TRU of streptomyces
hyaluronidase and incubate at 60°C for 3 h.

3. The digest is dried to remove the ammonium acetate, and may be deglycosylated directly
for Western analysis (Subheading 3.6.) as in steps 5 and 6 to follow. If the sample contains
a high concentration of nonproteoglycan proteins (such as for serum-containing medium),
the dried sample is taken up in about 2 mL of 7 M urea, 50 mM Tris-acetate, pH 8.0, and
applied to a 0.5-mL-bed-volume column of DE 52 cellulose in Poly-Prep chromatography
columns. The DE 52 cellulose is prepared by washing 3 times in distilled water and stored
as a 50% slurry in water at 4°C. The 0.5-mL-bed-volume column is equilibrated in at least
2 mL of 7 M urea, 50 mM Tris-acetate, pH 8.0, before the sample is loaded. After sample
loading and collection of unbound material (flow-through), the column is eluted as follows:
(a) 2 mL of 7 M urea, 50 mM Tris-acetate, pH 8.0, which is added to the flow-through (b) 8
mL of 0.1 M NaCl, 7 M urea, 50 mM Tris-acetate, pH 8.0, (c) 4 mL of of 0.2 M NaCl, 7 M
urea, 50 mM Tris-acetate, pH 8.0, (d) 1.5 mL of 0.8 M NaCl, 7 M urea, 50 mM Tris-acetate,
pH 8.0, and (e) 1.5 mL of 1.5 M NaCl, 7 M urea, 50 mM Tris-acetate, pH 8.0.

4. All fractions (b, c, d, e) are dialyzed exhaustively against distilled water (at least 24 h at
4°C in 4 L of water with multiple changes) and the retentates are dried.

5. If the samples contain chondroitin sulfate/dermatan sulfate (CS/DS), the dried retentates
are dissolved in 50 mM sodium acetate, 50 mM Tris, 10 mM EDTA,pH 7.6, and 25 mU
(per 100 µg GAG) chondroitinase ABC (protease-free) is added, followed by incubation
at 37°C for 1–2 h.

6. If the samples contain KS alone or in addition to CS/DS, the above digestion condi-
tion is adjusted to pH 6.0 with acetic acid and 0.5 mU (per 100 µg GAG) of endo-
betagalactosidase and 0.5 mU (per 100 µg GAG) of Keratanase II are added and incubated
at 37°C for 2–4 h.

3.2. Proteoglycan and Core Protein Preparation from Collagen-Rich
Tissues

1. Typically, a tissue sample containing at least 5 µg of proteoglycan core protein will be required.
2. The tissue (cartilage, tendon, ligament, meniscus, aorta, etc.) is rinsed in cold PBS,

chopped finely, and extracted by rocking at 4°C (15 mL of extractant per gram wet
weight) for 48 h in 4 M guanidine-HCl, 10 mM MES, 50 mM sodium acetate, 5 mM
EDTA, 0.1 mM AEBSF, 5 mM iodoacetic acid, 0.3 M aminohexanoic acid, 15 mM
benzamidine,1µg/mL pepstatin, pH 6.8.

3. A clear extract is obtained after centrifugation to pellet the tissue and the extract is
dialyzed exhaustively against distilled water (at least 24 h at 4°C in 4 L of water with
multiple changes), and the retentate is either dried and deglycosylated for Western
analysis (Subheading 3.6.) as in steps 5 and 6 under Subheading 3.1., or, if purification
is required, it is adjusted to 7 M urea, 50 mM Tris-acetate, pH 8.0, and processed for
analysis as for proteoglycans in steps 3–6 under Subheading 3.1.

3.3. Proteoglycan and Core Protein Preparation from Brain
and Spinal Chord

1. The tissue (typically 50–300 mg wet weight of brain or spinal chord) is finely sliced and
added to ice-cold 0.3 M sucrose, 4 mM HEPES, 0.15 M NaCl, 5 mM EDTA, 0.1 mM
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AEBSF, 5 mM iodoacetic acid, 0.3 M aminohexanoic acid, 15 mM benzamidine,1 µg/mL
pepstatin, pH 6.8 (about 9 mL of extractant per gram wet weight of tissue).

2. After a brief (3 × 1 min), cold homogenization, the sample is clarified by centrifugation at
maximum speed in an Eppendorf microfuge for 30 min at 4°C and the supernatant is ap-
plied to a 0.5-mL-bed-volume column of DE 52 cellulose in Poly-Prep chromatography
columns which is equilibrated in 50 mM Tris-HCl, 0.15 M NaCl, 0.1% Triton X-100, pH
8.0. After sample loading and collection of unbound material (flow-through) the column is
eluted as follows: (a) 4 mL of 50 mM Tris-HCl, 0.15 M NaCl, 0.1% Triton X-100, pH 8.0,
which is added to the flow-through,(b) 4 mL of 50 mM Tris-HCl, 6 M urea, 0.25 M NaCl,
0.1% Triton X-100, pH 8.0, and (c) 50 mM Tris-HCl, 1.5 M NaCl, 0.5% CHAPS, pH 8.0.

3. The flow-through pool, the 0.25 M NaCl wash and the 1.5 M NaCl wash are each prepared
for Western analysis (Subheading 3.6.) as in steps 4–6 under Subheading 3.1.

3.4. Preparation of Tissue Proteoglycans with No Glycosaminoglycan
Substitution (Notes 2–4)

1. Some proteoglycans, and/or fragments, such as the “free” G1 domains of the different
hyaluronan-binding proteoglycans, are present in tissues without GAG substitution. Solu-
bilization of these proteins for SDS-PAGE and Western analysis may be achieved by
direct extraction in detergent-containing buffer.

2. Tissue (cartilage, tendon, ligament, meniscus, spinal chord, aorta, sclera, cornea, brain, etc.)
is washed in cold PBS, sliced finely, and suspended (about 6 mL of extractant per gram wet
weight tissue) by mild agitation in 1% Triton X-100, 50 mM Tris-HCl, 150 mM NaCl, 5
mM CaCl2, 0.05%(v/v) BRIJ-35, 0.025% NaAzide, 5 mM EDTA, 0.1 mM AEBSF, 5 mM
iodoacetic acid, 15 mM benzamidine, 1 µg/mL pepstatin, pH 6.8. After 30 min at room
temperature the tissue is removed by centrifugation (microfuge at maximum speed) at 4°C
and a portion of the extract taken directly for SDS-PAGE and Western blot. Since
deglycosylation is not used, only proteoglycans without GAG substitution will be detected.

3.5. N-Terminal Sequencing of Proteoglycan Core Proteins (Note 5)
1. Deglycosylated core proteins from step 6 under Subheading 3.1. can be prepared for

N-terminal sequencing as follows: A portion of the deglycosylated product (contain-
ing at least 15 µg of proteoglycan core protein) is fractionated on Superose 12, eluted
in 0.5 M guanidine·HCl at 0.5 mL/min/fraction. The eluant is monitored at 214 nm
and the high molecular-weight-pool (fractions 4–8) and low-molecular-weight pool
(fractions 9–13) are concentrated to 0.5 mL and desalted on a fast-desalting column
run in water at 1 mL/min and monitored at 214 nm. The desalted protein is dried and
taken directly for N-terminal analysis.

2. If multiple N-terminal sequences are obtained, the proteins can be further separated on
SDS-PAGE, electroblotted to PVDF membrane, stained with Coomassie blue, and indi-
vidual stained bands cut out with a scalpel for direct N-terminal analysis.

3.6. Western Blot Analysis and Core Identification (Figs 1–3; Note 6)

1. Dry samples (0.1–5 µg of protein) are dissolved in 20–40 µL of gel sample buffer
(prepared fresh with 12 mg of dithiothreitol, 200 µL of 6 M urea, and 200 µL of 2×
Tris-glycine SDS sample buffer, pH 6.8) heated in a heating block at 100°C for 5–10 min,
followed by centrifugation to spin down the liquid.

2. Samples (up to 40 µL) are applied with gel-loading pipet tips to Novex precast gels
(4–12% or 4–20% Tris-glycine gels, 1.0 mm × 10 wells) and run in electrode buffer
(50 mM Tris base, 384 mM glycine, 0.2% SDS, pH 8.8) at 200 V for about 45 min at 4°C.
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3. Proteins are transferred onto nitrocellulose membrane in transfer buffer (25 mM Tris base,
192 mM glycine, 20% (v/v) methanol, pH 8.4) at 100 V for 1 h at 4°C.

4. The membrane is blocked by incubation for at least 10 min at room temperature in
200 mM Tris-HCl, 1.37 M NaCl, 0.1% (v/v) Tween-20, 1% (w/v) dry nonfat milk,
pH 7.6, and then incubated for between 1 h and 16 h at 4°C in 200 mM Tris-HCl, 1.37 M
NaCl , 0.1% (v/v) Tween-20, 5% (w/v) dry nonfat milk, pH 7.6, containing the primary
antibody at a dilution that is generally about 1/3000 .

5. The membrane is washed (3 × 2 min) in 200 mM Tris-HCl, 1.37 M NaCl, 0.1% (v/v)
Tween-20, pH 7.6, and then incubated for about 1 h at room temperature in 200 mM

Fig. 1. Western analysis of aggrecan species isolated by guanidine extraction from normal
human articular cartilages of different ages. Lanes 1–6 in both panels show analysis of human
aggrecan from fetal, 2 mo, 1-y, 5-y, 15-y and 68-yr samples.The left panel is probed with a
general aggrecan antiserum (anti-G1-2) raised against bovine aggrecan G1 domain.The right
panel shows the same samples probed with the neo-epitope antiserum (anti-KEEE) to the
ADAMTS-generated C-terminal neoepitope at Glu1714. The structure of the six peptides (1, a–c,
4, and 6) is shown diagrammatically, although the C-terminals of some major human aggrecan
fragments (peptides a, b, and c) have yet to be identified. The figure clearly illustrates the well-
established age-dependent C-terminal truncation of aggrecan in articular cartilage. In addition
peptide 4, which migrates between peptide 1 and peptide a, is of very low relative abundance
and is not detected readily with the anti-G1 antiserum. This illustrates the extreme sensitivity
of the anti-KEEE (anti-peptide) antiserum relative to the anti-G1 antiserum for aggrecan. It
should be noted that, in general, aggrecan peptides migrate with molecular sizes that are about
twice the size predicted from the peptide size.
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Tris-HCl, 1.37 M NaCl, 0.1% (v/v) Tween-20, 5% (w/v) dry nonfat milk (Bio-Rad),
pH 7.6, containing the secondary antibody at about 1/3000.

6. The membrane is washed (3 × 10 min) in 200 mM Tris-HCl, 1.37 M NaCl, 0.1% (v/v)
Tween-20, pH 7.6, and developed with Amersham or Pierce chemiluminescence reagents
as follows: mix 5 mL each of distilled water, reagent 1, and reagent 2 from the ECL kit.
Submerge the membrane in mix for about 1 min, protein side up. Remove the membrane
with tweezers and allow excess liquid to drip off. Wrap the membrane in clear laboratory
wrap and expose on Hyperfilm ECL.

7. Multiple exposures (for example, 5 s,30 s,1 min, 5 min) should be developed to optimize
signal intensity and separation for major and minor species.

3.7. Image Capture and Quantitation (Note 7)
1. The film images are captured on an HP ScanJet 3c/T with DeskScan II software (set to

Black and White Photo) and opened for quantitation in NIH Image and/or presentation in
Adobe Photoshop.

2. For quantitation, individual bands are selected and integrated pixel density values
obtained with preset value of pixel aspect ratio (generally about 750). Standardization
with known loadings of core protein or fragment (where available) can be used to establish
the linear detection range for the assay (23).

4. Notes
1. Treatment with Streptomyces hyaluronidase should totally eliminate viscosity due to

hyaluronan before application of samples to DE 52, and the concentration of GAG in the
applied samples should not exceed 100 µg/mL. The DE52 flow-through will contain pro-

Fig. 2. Western analysis of aggrecan species present in immature pig proximal femoral epi-
physeal cartilage and separated by DE 52 chromatography. A guanidine extract of pig cartilage
was processed by DE 52 chromatography as detailed in steps 3–6 under Subheading 3.1. The
samples shown in lanes 1, 2, and 3 were recovered from the 0.1 M NaCl, 0.2 M NaCl, and 0.8 M
NaCl eluants, respectively, and the blot was probed with the general aggrecan antiserum, anti-G1-2.
The structure of the four peptides (1, a, b, and 6) is shown diagrammatically, although the
precise C-terminal sequence for peptides a and b have not been identified. Peptides b and 6
elute from DE 52 with low-salt buffer because they are not substituted with CS.
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tein that is not GAG-substituted whereas the washes with 0.1, 0.2, 0.8, and 1.5 M NaCl
will contain proteoglycans of different compositions. The bed volume of the DE 52 can
be increased for isolation of larger amounts (capacity is about 500 µg of GAG-substituted
proteoglycan per milliliter of DE 52) but the concentration loaded should not exceed
100 µg/mL. Also, the volume of wash solutions should be increased proportionately for
larger amounts.

2. An alternative approach to isolation of proteoglycans from all tissues described above is
extraction in guanidine-HCl as under Subheading 3.2., followed by ethanol precipitation
as follows: To a portion of the guanidine extract add 3 vol of ice-cold ethanol (sodium
acetate saturated) and let stand at –20°C for 16 h. Centrifuge at 4°C in the Eppendorf
microfuge at maximum speed, remove, and discard the ethanol. Dry the pellet and sus-

Fig. 3. Western analysis of aggrecan species generated in rat chondrosarcoma cell cultures
treated with IL-1b. Cultures of rat chondrosarcoma cells (each containing about 30 µg of GAG)
were treated with IL-1b and at intervals (0, 24, 42, 48, 66, 72, 93, 98, 110, 114, and 138 h) the
total culture was terminated by addition of buffer and digestion with chondroitinase ABC
(step 5 under Subheading 3.1.) After removal of cells by centrifugation, the supernatants
(1–11, respectively) were taken directly for Western analysis with monoclonal Ab 2-B-6 (reac-
tive with chondroitin-4-sulfate stubs left on the core protein after Chase ABC digestion). The
figure illustrates the time-dependent change in composition of immunoreactive fragments. The
structure of six of the peptides is shown diagrammatically. In each case the N-terminal and
C-terminal of the individual species were established either by N-terminal sequencing of bands
or immunoreactivity with polyclonal antisera to G1 and G3 and neo-epitope antisera to the
terminals at Ala 374 (anti-ARGSV), Glu1459 (anti-KEEE), and Glu1274 (anti-SELE).
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pend it in chondroitinase buffer at 37°C and proceed as from step 5 under Subhead-
ing 3.1. This protocol isolates both protein and proteoglycan and is most successful
with tissues, such as cartilage, that do not contain abundant guanidine-extractable
nonproteoglycan proteins.

3. High-yield purification of proteoglycans and fragments substituted only with KS, such as
fibromodulin and lumican, will require the addition of 0.5% CHAPS as detergent.
Fibromodulin can be purified on MonoQ anion exchanger in buffers containing 6 M urea
and 0.5% CHAPS (25) and lumican from corneas on Q-Sepharose in buffers containing
8 M urea and 0.5% CHAPS (26).

4. Reference (27) gives more detail on the isolation of specific proteoglycans and fragments
from nervous tissues.

5. Clear N-terminal sequencing requires 10–100 pmol of protein, which is about 1–10 µg
for most proteoglycan core species. This is similar in sensitivity to Coomassie staining of
proteins and therefore, if the species of interest can be identified by Coomassie staining,
it should be possible to obtain an N-terminal sequence.

6. Optimal separation and detection of proteoglycan core proteins by Western analysis
requires strict control of the completeness of the deglycosylation steps (steps 5 and 6
under Subheading 3.1.). This can be monitored by measuring the loss of reactivity in the
dimethylmethylene blue assay (28). For all CS/DS- and KS-substituted proteoglycans,
greater than 85% loss of the DMMB reactivity should be achieved on deglycosylation
before Western analysis is attempted.

7. Since the chemiluminescence signal obtained with each species and antibody is highly
dependent on epitope presentation on the nitrocellulose and the reactivity of the anti-
body in use, each species requires independent standardization. Because of the unavail-
ability of standard preparations of many proteoglycan core proteins and fragments,
quantitation by Western analysis is not possible in most cases. Other methods, such as
radioimmunoassays and N-terminal quantitation by chemical means, are needed for
stricter quantitation of these products.
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Degradation of Heparan Sulfate by Nitrous Acid

H. Edward Conrad

1. Introduction
All glycosaminoglycans contain an amino sugar in every second position in their

linear chains. In most cases these amino sugars are N-acetylated, e.g., N-acetyl-
D-galactosamine (GalNAc) in chondroitin sulfates and dermatan sulfates, or N-acetyl-
D-glucosamine (GlcNAc) in heparins, heparan sulfates, and hyaluronic acids. Heparins
and heparan sulfates contain only glucosamine residues, and, in a high percentage of
these, the N-acetyl substituents are replaced by N-sulfate groups. The N-sulfated
glucosamines (GlcNSO3), found only in heparin-like glycosaminoglycans, are sites
that are unique in their susceptibility to facile cleavage by nitrous acid at room tem-
perature and at low pH (~1.5). Thus, when heparins or heparan sulfates are treated
with nitrous acid, they are specifically cleaved into fragments with ranges of molecu-
lar weights that depend on the distributions of the GlcNSO3 residues in the chain.
Since N-acetylated amino sugars are not affected by the nitrous acid treatment, only
the heparin-like structures are cleaved when they are present in mixtures containing
other glycosaminoglycans.

Interestingly, glycosaminoglycans containing amino sugars that have unsubstituted
amino groups can be cleaved specifically with nitrous acid at a higher pH (~4), again
at room temperature. Under these conditions, the GlcNSO3 residues do not react.
Since a small number of N-unsubstituted glucosamine residues (GlcN) occur in
heparan sulfates (1), cleavage occurs at these positions.

N-acetylated amino sugars do not react with nitrous acid under any conditions.
However, by hydrazinolysis, it is possible to remove N-acetyl groups from N-acety-
lated amino sugars under conditions that do not remove N-sulfate groups or otherwise
alter the glycosaminoglycan structures (2). Thus, following hydrazinolysis, nitrous
acid (at pH 4) cleaves heparins and heparan sulfates specifically at the glucosamine
residues that were originally N-acetylated, yielding fragments with ranges of molecular
weights that depend on the distributions of the GlcNAc residues in the chains. In a
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mixture of glycosaminoglycans, the hydrazinolysis/nitrous acid procedure yields the
variously sized fragments from the heparin-like glycosaminoglycans, but converts all
other glycosaminoglycans completely to disaccharides (since all other glycosami-
noglycans contain N-acetylated amino sugars at every second residue).

The cleavage of the glycosidic bonds of the amino sugars with nitrous acid is an
elimination reaction not a hydrolysis reaction. In all cases, the reaction yields frag-
ments in which the amino sugar at the site of cleavage is converted to a reducing
terminal anhydrosugar—in the case of D-glucosamine, 2,5-anhydro-D-mannose is
formed; in the case of D-galactosamine, 2,5-anhydro-D-talose is formed. In order
to stabilize the products, it is helpful to reduce the aldehyde groups of these
anhydrosugars to alditols using NaBH4. The nitrous acid, hydrazinolysis, and NaBH4
reactions have been discussed in detail elsewhere (3).

2. Materials
2.1. Chemicals

1. Heparin.
2. Heparan sulfate.
3. 0.1 M NaOH.
4. 0.2 M Na2CO3.
5. 1 M Na2CO3.
6. Reacti-Vials (Pierce Chemical Co., Rockford, IL).
7. 0.5 M H2SO4.
8. 0.5 M Ba(NO2)2 (A. D. Mackay, Darien, CT).
9. 5.5 M NaNO2.

10. Water bath.
11. Hydrazine, anhydrous.
12. Hydrazine SO4.
13. 3 M H2SO4.

2.2. Reference Standards
Heparin and heparan sulfate can be obtained from Sigma Chemical Co. Stock solu-

tions of these glycosaminoglycans contain 20 mg/mL water and are stored frozen.

2.3. pH 1.5 Nitrous Acid Reagent
Solutions of 0.5 M H2SO4 and 0.5 M Ba(NO2)2 (114 mg/mL) are prepared and

cooled separately to 0°C in an ice bath. A mixture containing 1 mL of each solution
(0.5 mmol of each reagent) is prepared at 0°C, and the mixture is centrifuged in a
clinical centrifuge to pellet the BaSO4 precipitate. The supernatant is drawn off with a
Pasteur pipet, and stored on ice. This reagent should be prepared when needed and
used immediately (see Note 1).

2.4. pH 4.0 Nitrous Acid Reagent
pH 4 Nitrous acid is generated by adding 5 mL of 5.5 M NaNO2 to 2 mL of 0.5 M

H2SO4. This reagent should be prepared when needed and used immediately. When
glycosaminoglycans are hydrolyzed in 0.5 M H2SO4, the pH 4 nitrous acid is gener-
ated in situ by adding 5 µL of the 5.5 M NaNO2 solution to 2 µL of the hydrolysate
(see Notes 2 and 3).
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2.5. Hydrazine Reagent
Hydrazine sulfate (100 mg) is dissolved in 3 mL of distilled water. Anhydrous

hydrazine (7 mL) is added to this solution to give a solution containing 1% hydrazine
sulfate in 30% aqueous hydrazine. Hydrazine is a toxic and corrosive reagent and
should be handled accordingly.

2.6. Sodium Borohydride Reagent
1. 0.5 M NaBH4 in 0.1 M NaOH.

3. Methods
3.1. Cleavage of N-Sulfated Glycosaminoglycans with Nitrous Acid
at pH 1.5

1. Cool a 5-mL aliquot of a solution of heparin or heparan sulfate (20 mg/mL of water) to
0°C and add 20 mL of the cold pH 1.5 nitrous acid reagent.

2. Let the mixture warm to room temperature; deamination is complete within 10 min
following nitrous acid addition.

3. Adjust the pH of the deaminated product to 8.5 with 1 M Na2CO3.
4. Reduce the sample with NaBH4 as described under Subheading 3.3.
5. The reduced sample may be separated into its individual components by gel filtration to

separate di-, tetra-, hexasaccharides, etc., and then by ion-exchange chromatography,
high-pressure liquid chromatography, or capillary electrophoresis to separate the
oligosaccharides according to charge (2,4–14). Since the nitrous acid cleavage products
are complex mixtures of oligosaccharides, multiple separation steps are required to obtain
individual components in a pure form.

3.2. Hydrazinolysis of N-Acetylated Glycosaminoglycans
and Cleavage with pH 4 Nitrous Acid

1. Place 15 µL of a solution of heparin or heparan sulfate (20 mg/mL) in a 100-µL Reacti-
Vial and dry the sample in a stream of air.

2. Redissolve the dried sample in 20 µL of hydrazine reagent.
3. Cap the vial and place it in a 100°C water bath for 4 h.
4. Cool the sample, dry it in a stream of air; and lyophilize the partially dried sample to

remove as much of the hydrazine as possible.
5. Due to residual hydrazine SO4 and hydrazine, the pH of this solution is actually alkaline

(pH 8–10). Add 5–10 µL of 3 M H2SO4 to the sample to bring the pH to 4.0, as measured
with pH paper.

6. Dry the pH-adjusted sample in a stream of air.
7. Add 20 µL of the pH 4 nitrous acid reagent to the dried sample.
8. After 15 min, the cleavage reaction is complete.
9. Adjust the pH of the reaction mixture to 8.5

10. Reduce the cleavage products with NaBH4 as described below and separate the individual
components by gel filtration and ion-exchange chromatography (above).

3.3. Reduction of Cleavage Products with NaBH4

1. Treat the pH 8.5 solutions of the nitrous acid-cleaved products with 10 mL of the sodium
borohydride reagent and incubate at room temperature for 15 min. Since H2 gas is evolved
in this reaction, all NaBH4 reductions should be carried out in a fume hood.
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2. Destroy excess NaBH4 by addition of ~5 mL of 3 M H2SO4 to give a slightly acidic
solution. Evaporate the sample to dryness. Redissolve the sample in water and again
evaporate the solution to dryness to remove as much H2 as possible.

3. Redissolve the sample in water for separation of the individual components.

4. Notes

1. Once the nitrous acid is prepared, there is a series of complex reactions of the resulting
oxides of nitrogen. Within a short time, the active species of “nitrous acid” undergoes
changes that result in the loss of the capacity of the reagent to cleave the glycosidic bonds
of the amino sugars [for a discussion, see ref. 15)]. Consequently, the nitrous acid
reagents must be used within a few minutes after their preparation. This is of less concern
for the pH 4 reagent than for the pH 1.5 reagent, because the pH 4 reagent is more highly
concentrated in nitrite.

2. The pH of these reactions is important for maintaining the selectivity of the cleavage.
Although there is good selectivity for N-unsubstituted GlcN’s and N-sulfated GlcN’s at
pH 4 and 1.5, respectively, the glycosidic bonds of both types of GlcN residues are cleaved
at a pH between these values. Thus, it is desirable to let the reactions at the respective pH
proceed only for 10–15 min. Also, when samples are derived from buffered solutions, it
is necessary to check the pH with pH paper before addition of the nitrous acid reagent. In
fact, it is desirable to dialyze the glycosaminoglycan solution to remove all salts before
beginning the cleavage step. An important reason for the predialysis is that NaBH4 is
catalytically destroyed by oxyanions, such as PO4

3 (16).
3. Although the nitrous acid reactions cleave the bonds of β-linked amino sugars virtually

stoichiometrically, the reaction of nitrous acid with α-linked amino sugars takes two path-
ways. In both cases treatment with nitrous acid leads to the loss of the amino group and
the formation of a carbonium ion at carbon 2. In the most prominent further conversion,
the α-glycosidic bond is cleaved with the formation of the reducing terminal anhydrosugar
as described above. However, a significant proportion (~10%) of the carbonium ion un-
dergoes a reaction in which the ring is contracted to a furanose ring without glycosidic
bond cleavage. This “ring contraction reaction” is described elsewhere (3).
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Degradation of Heparan Sulfate with Heparin Lyases

Laurie A. LeBrun and Robert J. Linhardt

1. Introduction
Glycosaminoglycan (GAG), heparan sulfate (HS), and heparin are a polydisperse

mixture of  linear polysaccharides composed of glucosamine residues 1→ 4 linked
to uronic acid residues. The major repeating unit in heparin is → 4)-α-D-N-sulfoglu-
cosamine-6-sulfate (1→ 4)-α-L-iduronic acid-2-sulfate (1→, corresponds to 75–90%
of its sequence (1) (see Fig. 1A), whereas heparan sulfate consists of 50–75% → 4)-
α-D-N-acetylglucosamine (1→ 4)-β-glucuronic acid (1→ and smaller amounts of
→ 4)-α-D-N-acetylglucosamine-6-sulfate (1→ 4)-β-D-glucuronic acid (1→ and → 4)-
α-D-N-sulfoglucosamine (1→ 4)-β-D-glucuronic acid (1→ (see Fig. 1B). Heparin,
which contains approx 2.7 sulfate groups per disaccharide unit, is more highly
sulfated than HS, which contains less than one sulfate per disaccharide unit.

HS proteoglycans (PGs) are localized on the surface of many mammalian cells and
in the extracellular matrix. HS proteoglycans are important for several different bio-
logical activities such as cell–cell and cell–protein interactions (2). These biological
activities are controlled mainly through the binding of a variety of proteins to the HS
chains. Specific sequences in the HS chain are thought to be responsible for the binding
of growth factors, protease inhibitors, and adhesion molecules. The use of HS-degrading
enzymes can help in separating and identifying biological active oligosaccharides (3).

HS can be degraded enzymatically by using heparin lyases from bacterial sources.
The lyase enzymes degrade GAGs by endolytic cleavage (4–6). The enzymes cut glu-
cosamine–uronate linkage by elimination (see Fig. 2), leaving a C4–C5 unsaturated
bond containing product that can be easily detected by ultraviolet (UV) absorbance. In
contrast, mammalian heparanases cleave this linkage by hydrolysis.

Heparin lyases have been isolated from Flavobacterium heparinum (7), Bacteriodes
species (8), Bacteriodes heparinolyticus (9), and Prevotella heparinolytica (10). Hep-
arin lyases from F. heparinum have been purified to homogeneity, studied extensively
(11), and are available commercially from Sigma and Seikagaku.
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Three types of heparin lyases have been purified from Flavobacterium: heparin lyase
I, heparin lyase II, and heparin lyase III (see Fig. 2 and Note 1). Heparin lyase I acts
primarily on heparin, heparin lyase II cleaves both heparin and HS, and heparin lyase III
is active only on HS (see Table 1). The primary linkages cleaved by these enzymes and
their relative activities toward heparin and HS are shown in Table 1 and Fig. 3.

From both the DNA and amino acid sequences, there is only 15% alignment
between heparin lyase I, II, and III (12). There are certain conserved sequences such as
the heparin-binding sites and the calcium-binding regions in heparin lyase I and III.
Recently, chemical modification studies and site-directed mutagenisis have been used
to help identify critical residues for enzyme activity (13–17). Further studies and the
crystal structures of the heparin lyases are needed to help us understand better the
relationship between function and structure of these enzymes.

This chapter will explain how the heparin lyase enzymes can be used to degrade
both heparin- and HS-containing samples and how to assay the activity of the enzyme.
The heparin lyase enzymes can be used to identify the presence of HS/heparin in
samples or to purify HS oligosaccharides for structural analysis.

2. Materials
2.1. Enzyme Preparation

1. Heparin Lyase I, II, or III. Enzymes can be ordered from Sigma (St. Louis, MO) and
Siekagaku America (Falmouth, MA) (see Notes 1 and 2).

Fig. 1. (A) Structure of the major and minor disaccharide sequences of heparin. (B) Struc-
ture of the major and minor disaccharide sequences of heparan sulfate.
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2. Reagents required to make the appropriate buffers:
a. Dibasic sodium phosphate (EM Science, Gibbstown, NJ).
b. Phosphoric acid (Fisher Scientific, Fair Lawn, NJ).
c. Sodium chloride (Fisher Scientific).

3. 500-µL polypropylene microcentrifuge tubes.

2.2. Enzyme Assay
1. HS (bovine kidney HS, sodium salt from Siekagaku America).
2. Heparin lyase solution (see Subheading 3.1.).
3. Buffer (see Table 2).
4. UV spectrophotometer.
5. 2 × 1-mL quartz cuvets.

2.3.Sample Digestion
1. HS or heparin samples (see Note 3) or samples containing radiolabeled HS or heparin.
2. Spectropor dialysis membrane (molecular-weight cutoff [MWCO] 1000) (Spectrum, Los Ange-

les, CA) or Centricon (YM3, MWCO 3000) centrifugal filter units (Millipore, Bedford, MA).
3. 500-µL polypropylene microcentrifuge tubes.
4. Heparin lyase solution.
5. Water baths at 30°C and 35°C for enzyme digestion and at 100°C to inactivate the enzyme reaction.

2.4. Product Analysis
High-performance liquid chromatography (HPLC), capillary electrophoresis (CE),

gel-permeation chromatography, or polyacrylamide gel electrophoresis (PAGE) may
be used to purify and analyze oligosaccharides prepared from HS/heparin.

Fig. 2. Eliminative cleavage of GAGs by lyases.
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3. Methods
3.1. Preparation of Lyases for Use

1. Preparation of buffers: The following buffers can be stored at room temperature for
over 1 mo (see Note 4).
a. For heparin lyase I, prepare 50 mM sodium phosphate buffer containing 100 mM

sodium chloride at pH 7.1. To prepare 1 L of buffer, dissolve 7.1 g of dibasic sodium
phosphate and 5.8 g of sodium chloride into 900 mL of distilled water. Adjust the pH to
7.1 with phosphoric acid and bring the volume up to 1 L with distilled water.

b. For heparin lyase II and III, prepare 50 mM sodium phosphate buffer by dissolving
7.1 g of dibasic sodium phosphate in 900 mL of distilled water. For heparin lyase II
adjust the pH to 7.1 with concentrated phosphoric acid, and adjust to 7.6 for heparin
lyase III. Adjust the final volume to 1 L with distilled water.

2. Aliquot samples:
a. Dissolve 0.1 U of lyophilized enzyme in 100 µL of the appropriate buffer (see Table 2).
b. Store the enzyme in 10-mU aliquots in 500-µL polypropylene tubes at –70°C (see

Note 5).

3.2. Activity Assay for Lyases
1. Add 640 µL of the appropriate buffer (see Table 2) to a 1-mL quartz cuvet. Warm the

cuvet to 30°C in a temperature-controlled UV spectrophotometer (see Note 6).
2. Thaw 10-µL aliquots of the appropriate enzyme solution (see Table 1) at room temperature.
3. Remove 90 µL of warm buffer out of the cuvet and transfer the solution into the tube

containing the enzyme solution. Immediately transfer the entire 100 µL of buffer and en-
zyme back into the cuvet, which is incubating at 30°C.

4. Adjust the baseline of the spectrophotometer to zero at 232 nm.
5. Remove the cuvet from the spectrophotometer and add 50 µL of 20 mg/mL of the appro-

priate substrate HS/heparin (see Table 1) to the cuvet. Cover the cuvet with Parafilm and

Table 1
Activity of Heparin Lyases

Activity and
substrate conversion Heparin lyase I Heparin lyase II Heparin lyase III

Heparina

Percent activityb 100 60 <1
% Conversionc 60 (80)d 85 6
Heparan sulfatee

Percent activity 10 100 100
Percent conversion 20 40 94

aPorcine mucosal heparin.
bPercent activity = [initial rate on the substrate examined/initial rate on substrate giving the highest

activity] × (100).
cPercent conversion = [moles of linkages cleaved/total moles of hexosamine → uronic acid

linkages] × (100).
dBovine lung heparin.
eBovine kidney heparan sulfate.
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invert two times to mix. Remove the Parafilm and place the cuvet back into the spectro-
photometer.

6. Within 30 s after the addition of substrate, begin to measure the absorbance continuously
or at 30-s intervals for 2–10 min. Graph absorbance at 232 nm vs time. The initial rate is
determined by measuring the slope of the linear portion of absorbance vs time.

7. Calculate the enzyme activity from the initial rate using the extinction coefficient
(ε = 3800 M–1) for the reaction products (see Note 7). Each product formed has an unsat-
urated uronic acid residue at its nonreducing terminus that absorbs at 232 nm. The en-
zyme activity is calculated as

Fig. 3. Primary glycosidic linkages cut by hepain lyases. Abbreviations: X, H or SO3
–; Y,

CH3CO or SO3
–. Heparin lyase II cleaves at either glucuronic or iduronic acid residues.

Enzyme Activity = (∆Abs 232 nm/ min) (700 µL)

(3800 M–1)
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3.3.Sample Digestion
3.3.1. Complete Heparin Lyase-Catalyzed Depolymerization of a Sample
Containing HS/Heparin

1. Dissolve samples, containing HS/heparin (see Note 8) in buffer and dialyze using a 1000-
MWCO dialysis membrane or a Centricon (YM3, MWCO 3000) centrifugal filter unit
(see Note 9).

2. Thaw 10 µL of the appropriate enzyme solution (see Table 1) at room temperature (assay
if desired as described under Subheading 3.2.) and then add 40 µL of the appropriate
buffer (see Table 1) to a 500-µL polypropylene microcentrifuge tube (see Note 10). Also
add 50 µL of buffer to one tube as a blank control.

3. Add 50 µL of the HS/heparin-containing sample to each tube and mix by gently inverting.
4. Incubate for 8–12 h at the appropriate temperature as indicated in Table 2 (see Note 11).
5. Terminate the reaction by heating the tubes at 100°C for 2–3 min (see Note 12).
6. Product formation can be determined by either UV detection, colormetric assay, or HPLC.

Pure samples containing >10 µg of HS can be measured by absorbance. The C4–C5
unsaturated bond of the oligosaccharide product is a chromophore that can be measured
at a λmax = 232 nm with a molar absorptivity of 5500 M–1 in 30 mM hydrochloric acid
(see Note 13) (18). If the sample contains a high concentration of protein, the Azure A
metachromatic assay (19) should be used. For smaller samples or impure samples, gel-
permeation chromatography using UV or colorimetric detection (20) can be used to mea-
sure the quantity of product (see Note 14).

3.3.2. Complete Heparin Lyase-Catalyzed Depolymerization
of Radiolabeled HS

1. Dissolve GAG sample containing radiolabeled HS in 50 µL of sodium phosphate buffer.
Dialyze sample against sodium phosphate buffer using 1000 MWCO dialysis membrane or
a Centricon (YM3, MWCO 3000) centrifugal filter unit (see Note 9).

2. Thaw 10 µL of heparin lyase III solution at room temperature, immediately prior to use
(see Note 5).

Table 2
Properties of Heparin Lyases and Reaction Conditions

MW Topt
b

Enzyme Substrate (Da) pI (ºC) Buffer system

Heparin lyase I
a(EC 4.2.2.7) Heparin 42,800 9.2 30 50 mM NaPO4,

100 mM NaCl,
pH 7.1

Heparin lyase II Heparin 84,100 9.0 35 50 mM NaPO4,
HS pH 7.1

Heparin lyase III HS 70,800 10 35 50 mM NaPO4,
(EC 4.2.2.8) pH 7.6

aEC is the Enzyme Commission number.
bTopt, optimum temperature for the enzyme.
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3. Add 30 µL of sodium phosphate buffer to the 500-µL polypropylene microcentrifuge
tube containing the enzyme solution.

4. (Optional) (see Note 15). Add 1.7 µL each of 20-mg/mL chondroitin sulfate A, chon-
droitin sulfate C, and dermatan sulfate substrate solutions (34 µg of each GAG) to the
enzyme in buffer.

5. Add 50 µL of radiolabeled heparan sulfate solution and incubate 8–12 h at 30°C.
6. Heat at 100°C for 2 min to inactivate the enzyme.
7. Analyzed depolymerized radioactive sample by gel-permeation chromatography using

radioisotope detection methods (see Note 14).

3.4. Analysis of Product
The heparin and heparan sulfate oligosaccharides can be analyzed by gradient

PAGE, capillary electrophoresis (CE), or strong-anion-exchange HPLC (21–24).

4. Notes
1. Heparin lyase I from Flavobacterium heparinum is sold as heparinase I by Sigma and as

heparinase by Seikagaku. Heparin lyase II is sold as heparinase II by Sigma and as
heparitinase II by Seikagaku. Heparin lyase III from Flavobacterium heparinum is sold
as heparinase III by Sigma and as heparatinase or heparatinase I by Seikagaku.

2. Often the purchased lyophilized enzyme contains bovine serum albumin (BSA) as a
stabilizer. For example, Sigma samples contain 25% BSA.

3. Samples consisting of tissue, biological fluids, PGs, and GAGs that contain microgram
quantities of HS can often be analyzed directly using heparin lyases without the use of
radioisotopes.

4. Since calcium is an activator for heparin lyase I and III, 20 mM sodium acetate buffer in
the presence of 2 mM calcium acetate can be used with these enzymes. These enzymes
are also compatible with a wide range of other biological buffers.

5. Storage: The lyophilized enzyme is stable at –20°C for at least 2 yr. The dissolved enzyme
is stable when frozen at –20°C for 1 mo and for over a year at –70°C. The heparin lyases
are sensitive to freeze-thawing, especially heparin lyase III. Once heparin lyase III
samples are thawed, they should be used immediately.

6. If a temperature-controlled spectrophotometer is not available, activity can be measured
at room temperature, or samples can be incubated in a water bath and the absorbance can
be measured at fixed time points.

7. One unit is equal to 1 µmol product formed per minute.
8. If the sample is believed to contain HS, heparin lyase III should be used. Samples that

contain heparin should be treated with heparin lyase I. In samples where the identity of
the GAG is unknown or believed to be a mixture of HS and heparin use either heparin
lyase II or an equal unit mixture of heparin lyase I, II, and III to ensure complete depoly-
merization.

9. The presence of metals, detergents, and denaturants can interfere with the activity of the
lyases. Before digesting the samples, detergents should be removed by precipitation with
potassium chloride or by using a detergent-removal column such as Biobeads (Bio-Rad).
Urea and guanidine should be removed by exhaustive dialysis using controlled-pore
dialysis membrane (MWCO 1000).

10. Additional enzyme (10- to 100-fold) may be required to break down small, resistant oli-
gosaccharides (25–26).
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11. If possible, gently shake the samples during digestion.
12. Following the use of a lyase, residual lyase activity can be destroyed by heating the reaction

mixture to 100°C or by adding denaturants or detergents. Most lyases are cationic pro-
teins and can be removed from anionic oligosaccharide products by passing the reaction
mixture through a small cation-exchange column, such as SP-Sephadex (Sigma), adjusted
to an acidic pH. The oligosaccharide products (void volume) are then recovered, read-
justed to neutral pH, and analyzed. This method can also be used to remove BSA, an
excipient found in many of the commercial enzymes, from the oligosaccharide products.

13. This assay is to be used with relatively pure GAGs. High concentrations of protein inter-
fere with the measure of oligosaccharide production due to UV absorbance of the protein.

14. In gel-permeation chromotography of HS/heparin, following complete depolymerization
using the appropriate heparin lyase, the products should elute close to the column’s total
volume, corresponding to an apparent molecular weight <1500 daltons (confirming the
presence of heparin/HS), while the substrate (control without enzyme) should elute close
to the column’s void volume, corresponding to a molecular weight of >10,000 daltons.

15. When attempting to use heparin lyases to depolymerize radiolabeled samples that contain
very small quantities of heparin or heparan sulfate, it is often useful to add cold substrate
as a carrier so that the activity of heparin lyase can be distinguished from that of trace
amounts of chondrotin lyases that may be present in heparin lyase preparations (27).
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Degradation of Chondroitin Sulfate and Dermatan
Sulfate with Chondroitin Lyases

María José Hernáiz and Robert J. Linhardt

1. Introduction
Glycosaminoglycans (GAGs) are a family of complex linear polysaccharides

characterized by a repeating core disaccharide structure typically comprised of an
N-substituted hexosamine and an uronic acid residue. They can be categorized into
four main structural groups: hyaluronate, chondroitin sulfate (CS)/dermatan sulfate
(DS); heparan sulfate/heparin and keratan sulfate.

The biological roles of chondroitin and dermatan sulfate GAGs are poorly under-
stood and their exact chemical structures have not been determined. Because enzymes
are highly specific and act under mild conditions, enzymatic methods are often prefer-
able over chemical methods for determining the structure of GAGs.

Enzymes that degrade GAGs have become increasingly important tools for
understanding the biological roles of GAGs and the proteoglycans, including the regu-
lation of various cellular process such as adhesion, differentiation, migration, and pro-
liferation (1). Utilizing these enzymes, design and preparation of GAG-based
therapeutic agents might become possible (2). Such drugs could have uses as
antithrombotic agents, antiatherosclerotic agents, antiinflammatory agents, inhib-
itors of complement activation and regulators of cell growth, angiogenesis, and anti-
viral agents.

CS and DS are the most common type of GAGs in extracellular matrix pro-
teoglycans (1). CS is a hetereopolysaccharide made up largely of repeating disac-
charide units, in which one sugar is N-acetyl-D-galactosamine and the other is
D-glucuronic. These disaccharides can be sulfated at the 4- or 6-position of the
N-acetylgalactosamine residue. The major classes are CS-A (chondroitin 4-sulfate),
DS (CS-B), containing 4-sulfated N-acetylgalactosamine and iduronic acid, and CS-C
(chondroitin 6-sulfate) (see Fig. 1).
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Microorganisms are a major source of GAG-degrading enzymes (3–5), particularly
in the case of soil bacteria, which may depend on connective tissues in animal carcasses
as a nutrient source. Based on their catalytic mechanism, GAG-degrading enzymes
are divided into two distinct classes: prokaryotic enzymes, which are lyases that
depolymerize GAGs by an elimination mechanism (5), and eukaryotic enzymes, which
act by hydrolysis (6) (see Fig. 2). The chondroitin lyases depolymerize the CS and DS,
by an elimination mechanism, into oligosaccharides containing a ∆4,5-unsaturated
uronic acid residue at the nonreducing end (3–5). This residue exhibits an absorbance
maximum at 232 nm, permitting the detection of the oligosaccharide products of the
chondroitin lyases using ultraviolet (UV) spectroscopy.

Four classes of chondroitin lyases have been biochemically characterized: those
that act on chondroitin, chondroitin-4-sulfate and chondroitin-6-sulfate (chondroitinase

 Fig. 1. Glycosidic linkages present in CS/DS and chondroitin lyases that act on these
linkages.
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AC or chondroitin AC lyase); dermatan sulfate (chondroitinase B or chondroitin B
lyase); chondroitin-6-sulfate and hyaluronate (chondroitinase C or chondroitin C
lyase); and an enzyme with broad substrate specificity that acts on both chondroitin
and dermatan sulfate (chondroitinase ABC or chondroitin ABC lyase) (see Fig. 1).
Most commercial preparations of chondroitin ABC lyase are a mixture of two enzymes
with endo (ABC endolyase) and exo (ABC exolyase) activities (7). The activity of
these enzymes toward small oligosaccharide substrates differs substantially. Similarly,
there are two chondroitin AC lyases, AC-I (endolyase) and AC-II (exolyase) (8–9).

Fig. 2. Enzymatic mechanisms for chondroitin lyases (eliminative cleavage) and chondroitin
hydrolases (hydrolytic cleavage), where B is a basic residue in the enzymes catalytic site, R is
a monosaccharide (exolytic) or an oligosaccharide (endolytic), R' is H (exolytic) or an oli-
gosaccharide (endolytic), and R'' is an oligosaccharide or polysaccharide.
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Chondroitin lyases are most commonly obtained from Proteus vulgaris, Arthro-
bacter aurescens, Bacteroides thetaiotaomicron, Bacteroides stercoris, and Flavobac-
terium heparinum. Chondroitin lyases from P. vulgaris, A. aurescens, and F.
heparinum have been purified to homogeneity and are commercially available (see
Table 1). While little is know about the catalytic machinery of these enzymes, the
recent publications of the three-dimensional structure of chondroitinase AC and B
should shed light on their mechanism of action (10–12).

Determination of CS/DS oligosaccharide structure is a formidable analytical prob-
lem that has limited structure–activity relationship studies, and the development of
improved methods is necessary for further progress. Current approaches involve the
preparation of CS/DS oligosaccharides using chondroitin lyases followed by separa-
tion techniques including gel permeation chromatography (GPC) (13), strong anion
exchange (SAX)-high-performance liquid chromatography (HPLC) (14), polyacryla-
mide gel electrophoresis (PAGE), (14) and capillary electrophoresis (CE) (13,15), that
permit analysis of disaccharide composition. These provide important data on compo-
sition and domain structure but generally yield indirect and incomplete sequence
information. Mass spectrometry (MS) has also been applied to the analysis of CS/DS
oligosaccharides. Fast-atom bombardment (FAB-MS), electrospray ionization
(ESI-MS), and matrix-assisted laser desorption/ionization (MALDI-MS) are capable
of determining the molecular weight of oligosaccharides (13). Although muclear
magnetic resonance (NMR) spectroscopy provides for the accurate determination of
the chemical fine structure of small CS/DS oligosaccharides (containing 2–14 saccha-
ride units), it requires a large amount of material (13,16–18).

What follows in this chapter are descriptions of the materials and methods required
to use chondroitin lyase enzymes in the degradation of CS/DS-containing sample and
how to assay the activity of these enzymes.

2. Materials
2.1. Enzyme Preparation and Storage

1. Tris-HCl/sodium acetate buffer, 50 mM (see Table 2 for pH).

Table 1
Sources of Commonly Used Chondroitin Lyases

Chondroitinase Source

Chondroitinase ABC (mixture of endolyase and exolyase) Sigma
from Proteus vulgaris Seikagaku
Chondroitinase AC-I from Flavobacterium heparinum Sigma

Seikagaku
Chondroitinase AC-II from Arthrobacter aurescens Sigma

Seikagaku
Chondroitinase B from Flavobacterium heparinum Sigma

Seikagaku
Chondroitinase C from Flavobacterium heparinum Sigma
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2. Chondroitin lyase. The decision of which lyase to use should be based on the specificity
desired (see Fig. 1 and Table 1).

3. 500-µL polypropylene microcentrifuge tubes.

2.2. Sample Preparation and Enzymatic Digestion
1. Tris-HCl/sodium acetate buffer, 50 mM (for pH see Table 2).
2. Chondroitin lyase solution.
3. CS- or DS-containing sample.
4. Spectropor dialysis tubing (1000-MWCO Spectrum or Centricon (YM3, & MWCO 3000,

Millipore) centrifugal filter unit.
5. 500-µL polypropylene microcentrifuge tubes.

2.3. Assay Protocol
1. Tris-HCl/sodium acetate buffer, 50 mM (see Table 2 for pH).
2. Chondroitin lyase solution.
3. CS- or DS-containing sample.
4. 500-mL polypropylene microcentrifuge tubes.
5. UV-spectrophotometer, temperature controlled.
6. 1-mL quartz cuvet.
7. Radiolabel-containing sample.
8. Dialysis membrane (MWCO 1000) or Centricon (YM3, MWCO 3000) centrifugal filter unit.
9. 500-µL polypropylene microcentrifuge tubes.

10. Water baths at 30° and 35°C for enzyme digestion and at 100°C for inactivation of the
enzyme reaction.

11. Additional reagents and equipment for product analysis, such as, SAX-HPLC, GPC,
PAGE, CE, MS, and NMR.

3. Methods
3.1. Enzyme Preparation and Storage

1. Dissolve the commercial enzyme (see Note 1) by adding buffer directly to each vial to
afford a 4 mU/mL final concentration (see Note 2). Cap the vials tightly and gently agi-
tate until the solids are completely dissolved.

Table 2
Properties of the Chondroitinase Lyases

Chondroitin Lyase/Organism MW (Da) Buffer system Opt. pH Opt T (°C)

Chondroitinase ABC from
Proteus vulgaris 150,000 Tris-HCl/sodium acetate 8.0 37
Chondroitinase ACI from
Flavobacterium heparinum 76,000 Tris-HCl/sodium acetate 7.5 37
Chondroitinase ACII from
Arthrobacter aurescens 76,000 Tris-HCl/sodium acetate 6.0 37

Chondroitinase B from
Flavobacterium heparinum 55,000 Tris-HCl/sodium acetate 7.5 25
Chondroitinase C from
Flavobacterium heparinum — Tris-HCl/sodium acetate 8.0 25
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2. Dispense 10-µL aliquots of the enzyme solution for storage.
3. Store tubes containing enzyme at –60 to –80°C (see Note 3).

3.2. Sample Preparation and Enzymatic Digestion
3.2.1. Complete Chondroitin Lyase-Catalyzed Depolymerization of a Sample

1. Dissolve sample, containing 1 µg to 1 mg CS or DS, in 1 mL of distilled water. Exhaus-
tively dialyze sample against distilled water using 1000-MWCO dialysis membrane.
Freeze-dry the nondializable retentate. Add 50 µL of Tris-HCl/sodium acetate buffer (see
Note 4).

2. Thaw and assay activity of a frozen aliquot of enzyme (see Subheading 3.3.).
3. Add 40 µL of Tris-HCl/sodium acetate buffer containing CS/DS sample to 10 µL of

chondroitin lyase solution in a 500-µL polypropylene microcentrifuge tube. Add 50 µL of
Tris-HCl/sodium acetate buffer to another 500-µL polypropylene microcentrifuge tube to
serve as a blank control.

4. Additional enzyme (10- to 100-fold) may be required to break down small, resistant oli-
gosaccharides (19,20).

5. Incubate 50-µL sample for 8–12 h at 37°C (see Notes 5 and 6).
6. Heat 2 min at 100°C to terminate the reaction (see Note 7). Analyze the products by a

method appropriate for its purity and concentration (see Subheading 1.).

3.2.2. Complete Chondroitin Lyase-Catalyzed Depolymerization
of Radiolabeled GAGs

1. Dissolve GAGs sample containing radiolabeled (35S, 14C, or 3H) CS or DS in 1 mL of
distilled water. Exhaustively dialyze sample against water using 1000-MWCO dialysis
membrane. Freeze-dry nondialyzable retentate. Add 50 µL of Tris-HCl/sodium acetate
buffer. Alternatively, the radiolabeled sample can be buffer exchanged using a Centricon
(YM3, 3000 MWCO) centrifugal filter unit.

2. Thaw 10 µL of chondroitin lyase solution at room temperature and use immediately.
3. Add 30 µL of samples containing radiolabeled CS or DS in Tris-HCl/sodium acetate buffer

to the 500-µL polypropylene microcentrifuge tube containing enzyme.
4. Add 10 µL of unlabeled CS or DS (1 mg/mL in Tris-HCl/sodium acetate buffer) or 10 mL

of Tris-HCL/sodium acetate (see Note 8).
5. GPC analysis of CS/DS following complete depolymerization by the appropriate

chondroitin lyase (see Note 9) affords counts in fractions corresponding to a molecular
weight < 1000 daltons SAX-HPLC or PAGE can also be used with radioisotope detection.

3.3. Assay Protocol
1. Add 640 µL of Tris-HCl/sodium acetate buffer to a 1-mL quartz cuvet. Warm the cuvet to

37°C in a temperature-controlled spectrophotometer (see Note 10).
2. Thaw a 10-µL aliquot of chondroitinase lyase solution at room temperature.
3. Take the cuvet out of the spectrophotometer, remove 90 µL of warm buffer and transfer it

to enzyme solution. Immediately transfer entire 100 µL (buffer plus enzyme) back to the
warm cuvet.

4. Place the cuvet in the spectrophotometer and set the absorbance at 232 nm (A232) to zero.
5. Remove the cuvet from spectrophotometer and add 50 µL of 20-mg/mL CS or DS solution

to initiate reaction. Seal the cuvet with Parafilm and invert once or twice to mix. Remove
the Parafilm and return the cuvet to the spectrophotometer. To assay for chondroitin AC
lyase activity, use CS A or C as substrate. To assay for chondroitin B lyase activity, use
dermatan sulfate as substrate (see Tables 1 and 2).
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6. Within 30 s after adding substrate begin to measure the absorbance continuously or at
30-s intervals for 2–10 min. Plot A232 vs time.

7. Calculate the enzyme activity (1 U = 1 µmol product formed/min) from the initial rate (<5%
reaction completion) using ε = 3800 M–1 for reaction products at pH 8.

8. Enzyme activity is calculated as: Enzyme activity = (∆Α232/min) (700 µL)/ 3800 M–1.
(Calculate the number of product molecules formed per substrate molecule from the A232

measured at reaction completion.)

4. Notes
1. Protease contamination can also be present in the enzyme preparation. Commercial

enzymes often contain bovine serum albumin (BSA) for stabilization during lyophiliza-
tion, as this greatly reduces potential problems associated with proteolytic contamination.

2. Enzyme activity is defined differently by different suppliers. The definition of a milliunit
used here is 1 nmol of unsaturated product formed/min (see Subheading 3.3. for assay
protocol).

3. These enzymes can be stored in their lyophilized or reconstituted states at –20°C or
–70°C for >1 yr. Once an enzyme is reconstituted, it should be aliquoted and frozen
immediately. Single aliquots can be thawed to assay the enzyme and for use in an
experiment. Chondroitinase ABC is very stable, but chondroitinase AC, B, and C are
most susceptible to thermal inactivation (21,22). Lyase storage stability is enhanced by
high (> 2 mg/mL) protein concentrations. This is often accomplished by addition of BSA.

4. Chondroitin lyases are compatible with a wide range of buffers, including succinate,
acetate, ethylenediamine acetate, Tris-HCl, Bis-Trispropane-HCl, sodium phosphate,
MOPS, TES, and HEPES (21).

5. Samples from of tissues, biological fluids, proteoglycans, and GAGs that contain
microgram or greater quantities of CS/DS, which are not metabolically labeled, can be
analyzed following treatment with chondroitin lyase.

6. Due to batch variations in enzymes, or the age of laboratory stocks, it is always advisable to
test enzyme activities on a standard substrate before using them on valuable samples. This
can easily be performed by incubating chondroitin lyase with 1.5 mg/mL of CS and
monitoring the time course of the digest by the increase in absorbance at 232 nm. Once the
digest appears to have ceased, a second addition of enzyme is useful to confirm that a true
end point has been reached, rather than the enzyme having become prematurely inactivated.
The quantity of enzyme and/or the incubation time can then be adjusted accordingly to
guarantee maximal digestion of samples. The disaccharide yield using the appropriate chon-
droitin lyase should be > 95 %. Occasionally, CS/DS samples only partially digest, or even
fail to digest at all. If the enzyme is selected correctly and is active, then the problem is in
the sample quality, i.e., the presence of excess salts and/or buffer ions, certain divalent
metals, denaturants, detergents, or other enzyme-inhibitory substances. Further sample
clean-up is therefore necessary. Detergents should be removed by precipitation with potas-
sium chloride or by using a detergent-removal column such as Biobeads (Bio-Rad). Urea
and guanidine, salts, and metals should be removed by exhaustive dialysis using controlled-
pore dialysis membrane (MWCO 1000).

7. Following the use of a lyase, residual lyase activity can be destroyed by heating the reac-
tion mixture to 100°C or by adding denaturants or detergents. Most lyases are cationic
proteins and can be removed from anionic oligosaccharide products by passing the reac-
tion mixture through a small cation-exchange column, such as SP-Sephadex, adjusted to
an acidic pH. The oligosaccharide products are then readjusted to neutral pH and ana-
lyzed. This method can also be used to remove BSA, an excipient found in many of the
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commercial enzymes, from the oligosaccharide products. Also, chondroitin lyases can
be immobilized using CNBr Sepharose, removed by filtration after the reaction, and
reused (23).

8. When attempting to use chondroitin lyase to depolymerize radiolabeled samples that con-
tain very small quantities of chondroitin, it is often useful to add cold substrate as a car-
rier to prevent sample loss.

9. Chondroitin ABC lyase can be used to completely digest a mixture of CS. If hyaluronate
and chondroitin sulfate are both present, it is advisable to use an equal-unit mixture of
chondroitin ABC and AC lyases. For complete degradation of all GAGs (24,25).
Oversulfated chondroitin sulfates including chondroitin sulfate D, E, and trisulfated chon-
droitin sulfate are sensitive to chondroitin ABC lyase (24,25).

10. If a temperature-controlled spectrophotometer is not available, activity can be measured at
room temperature or the sample can be incubated in a water bath and the absorbance
measured at fixed time points.
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In Vitro Assays for Hyaluronan Synthase

Andrew P. Spicer

1. Introduction
Hyaluronan (HA) is synthesized at the plasma membrane as a free linear polymer

of composition [β1→4GlcAβ1→3GlcNAc]n (1–3). All models suggest that polymer-
ization occurs at the inner face of the plasma membrane while the polymer is coordi-
nately translocated or extruded across the membrane to the extracellular face of the
cell [for review, see (2–5)]. In mammals (6), and all vertebrates (Spicer, unpublished
data), HA is synthesized by any one of three HA synthases (HAS). The three HAS
proteins are encoded by three related yet distinct genes (6,7). All HAS proteins are
predicted integral plasma membrane proteins with N-terminal and C-terminal trans-
membrane domains separating a large cytoplasmic domain [for review, see (4)]. Any
one HAS protein is capable of catalyzing the de novo synthesis of HA (8), suggesting
that each is capable of specifically binding both UDP-sugar substrates and creating
the alternate β1→3 and the β1→ 4 glycosidic bonds. Indeed, the related prokaryotic
HA synthase, spHAS, from the Gram-positive bacterium, Streptococcus pyogenes,
has been purified to apparent homogeneity and is capable of synthesizing high
molecular mass HA chains in vitro, when provided with a source of UDP-GlcA, UDP-
GlcNAc, and Mg2+ ions (9).

The vertebrate HAS proteins have not yet been successfully purified in a soluble
and active form. Thus, all current approaches to the detection of HA synthase activity
are performed on intact cells or on membrane preparations derived from cells
transfected with a particular HA synthase expression vector or from cells that express
endogenous HA synthase activity (see Note 1). In this chapter, three relatively simple
procedures for the detection of HA synthase activity will be described.
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2. Materials
2.1. General

All three protocols described here use cultured mammalian cell lines. These
methods could be equally well applied to the investigation of cell lines derived from
other vertebrates and potentially invertebrates. All cells are cultured on tissue culture
plastic at 37°C in a humidified atmosphere of 5% CO2. Most cell lines are cultured in
medium containing 10% fetal bovine serum plus 5 mM L-glutamine and antibiotics
(penicillin and streptomycin). Phospate-buffered saline (PBS), calcium- and magne-
sium-free, is used throughout for washing cell monolayers.

2.2. Particle Exclusion Assay
1. Fixed horse or sheep erythrocytes (Sigma), reconstituted to a final cell density of 5 × 108

cells/mL in PBS, supplemented with 1 mg/mL bovine serum albumin (BSA). Erythrocytes
should be washed and pelleted at least twice in this buffer before use, to remove traces of
sodium azide. These erythrocyte suspensions can be stored for long periods at 4°C, and
need simply to be mixed well before each use to avoid clumps. Pipetting several times with
a plugged Pasteur pipet is most effective.

2. Streptomyces hyaluronate lyase (10) (Sigma or Calbiochem) reconstituted to 400
turbidity-reducing units (TRU) per mL in 20 mM sodium acetate, pH 5.0, and stored
as frozen aliquots (20 TRU/ 50-µL aliquot) at –80°C.

3. Inverted phase-contrast microscope with digital camera or other recording device.

2.3. In Vitro HA Synthase Assay
1. Sterile (autoclaved) hypotonic lysis buffer (LB): 10 mM KCl, 1.5 mM MgCl2, and 10 mM

Tris-HCl, pH 7.4, stored at 4°C.
2. Protease inhibitors: aprotinin, leupeptin, and phenyl methyl sulfonyl fluoride (PMSF)

(Calbiochem); dissolved and used at the manufacturer’s recommended concentrations.
3. Prechilled disposable cell scrapers or rubber policemen and 1-mL pipets.
4. Sterile screw-capped 2-mL microcentrifuge tubes.
5. Small (2-mL reservoir) Dounce homogenizer with type B pestle.
6. Refrigerated microcentrifuge, centrifuge, or microcentrifuge/centrifuge located in cold room.
7. Micro-BCA assay kit (Pierce) and flat-bottomed enzyme-linked immunosorbent assay

(ELISA) plates.
8. 20% (w/vol) SDS solution.
9. UDP-[14C]-glucuronic acid (>180 mCi/mmol; usually 250–350 mCi/mmol), NEN-Dupont,

ICN, or Amersham. Can also use UDP-[3H]-GlcNAc (NEN-Dupont, 20–45 Ci/mmol).
Aliquot UDP-[14C]-GlcA into 0.25-µCi aliquots (sufficient for one reaction) and store
at –20°C.

10. 10× HA synthase buffer consisting of 50 mM dithiothreitol, 150 mM MgCl2, and 250 mM
HEPES, pH 7.1 (sterile-filtered and stored at 4°C).

11. UDP-GlcNAc (stock solution of 100 mM aliquotted and stored at –20°C) and UDP-
GlcA (stock solution of 5 mM aliquotted and stored at –20°C). Dissolved in hypo-
tonic lysis buffer.

12. Streptomyces hyaluronate lyase (reconstituted as described under Subheading 2.2.2.).
13. 20 mM sodium acetate, pH 5.0.
14. Whatman 3MM chromatography paper (big sheets), cut widthwise into strips 2 cm wide.

Before cutting into strips, draw lines across the entire length of the sheet as follows: solid
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line 2.5 cm from the top; dashed line 6 cm from the top; solid line 8 cm from the top; solid
line 10 cm from the top. Cut into individual strips, then fold strips forward at first line,
then backwards at second line. A large number of strips can be made in advance and
stored in a suitable dry location.

15. Chromatography solvent consisting of a 130/70 mix of absolute ethanol/ 1 M ammonium
acetate, pH 5.5. It is better to make the solvent fresh before each use by simply mixing
ethanol with 1 M ammonium acetate, pH 5.5.

16. Chromatography chamber.
17. Scintillation vials, liquid scintillation fluid, and liquid scintillation counter. Alternatively,

an imaging device capable of detecting 14C could be used to scan each strip and determine
the number of counts at the origin.

2.4. Metabolic Labeling with [3H]-Acetate or [3H]-Glucosamine
1. Cell line growing in appropriate medium at appropriate density.
2. [3H]-glucosamine (20–45 Ci/mmol, NEN-Dupont or Amersham), or [3H]-acetate (2–5 Ci/

mmol, NEN-Dupont or Amersham).
3. 0.25% trypsin, 1 mM EDTA solution (Life Technologies).
4. 1.3% (w/vol) potassium acetate/95% ethanol solution.
5. Protease Type XIV (Sigma), resuspended in 100 mM Tris-HCl, pH 8.0.
6. 20 mM sodium acetate, pH 6.0.
7. Streptomyces hyaluronate lyase, reconstituted and aliquotted as described under Sub-

heading 2.2.2.
8. 12% (w/vol) cetyl pyridinium chloride (CEPC) (Sigma) solution (made up in deionized

water).
9. 0.05% (w/vol) CEPC, 50 mM NaCl solution.

10. Methanol.
11. Liquid scintillation counter, liquid scintillant, and scintillation vials.

3. Methods
3.1. General

Any of the three methods described here can be used to detect HA synthesis. The
first, the particle exclusion assay, can be used as a rapid assessment of putative HA
synthase activity in, e.g., transfected cells, or as a rapid assessment of possible endog-
enous HA synthase activity in established or primary cell cultures (see Note 1). The
second in vitro assay is more quantitative in nature, providing a direct measure of the
HA biosynthetic capacity of a given cell population (see Note 2). The third assay,
metabolic labeling of HA, provides a measure of the HA being synthesized within a
cell culture over a given period (see Note 3).

3.2. Particle Exclusion Assay
This very simple and now classical assay permits the visualization of the

HA-dependent pericellular matrix (11) (see Note 4).

1. Cells are plated on tissue culture plastic at a suitable cell density to achieve 30–40%
confluence the next day. Duplicate wells are established for each experiment.

2. Cells can either be assayed directly (if an endogenous HA synthase activity is being stud-
ied) or transfected with an expression vector carrying a putative HA synthase.
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3. 48–72 h post-transfection or at least 24 h postplating (endogenous HA synthases), fixed
red blood cells are added to cell cultures. Amounts added are as follows: 24-well plate,
1 × 107/well; 6-well plate, 5 × 107/well. Swirl dishes gently to distribute the cell
suspension evenly.

4. Culture dishes are returned to the incubator for an additional 15 min to allow erythrocytes
to settle on the monolayer.

5. Dishes are removed from the incubator (plates may need to settle on the microscope stage for
a few minutes prior to viewing) and examined under phase contrast using the 10× and 20×
objectives to scan individual wells for evidence of cells with pericellular coats. Positive cells
are viewed using the 40× objective (see Note 5) and the image is captured for computer
analysis (see Note 6) or displayed on a screen such that the outline of the cell and pericellular
matrix can be traced. Tracing onto transparency paper works well for this approach.

6. For quantitation of relative pericellular matrix size, at least 20 cells are imaged per well.
The relative pericellular coat size is expressed as the area of the pericellular matrix plus
the area of the cell, divided by the area of the cell. Hence, a cell without a pericellular
matrix will have a relative value of 1.0. In contrast, cells that are actively synthesizing
HA may have ratios of 2.0 or more.

7. After imaging or tracing, 10 TRU of Streptomyces hyaluronate lyase (for 6-well plate) are
added directly to one well of each pair (see Note 7). The second well receives an equiva-
lent volume (25 µL) of 20 mM sodium acetate pH 5.0. Dishes are returned to the incuba-
tor and incubated for at least 1 h more at 37°C.

8. After 1 h, dishes are swirled to redistribute the erythrocyte layer, and steps 4–6 are
repeated.

3.3. In Vitro HA Synthase Assay
1. Cell cultures are established on 15-cm tissue culture plates. Generally, between 2 and 4

plates are necessary to obtain sufficient material for in vitro assays (see Notes 8 and 9).
2. Individual 15-mL conical tubes are filled (10–15 mL) with either PBS (2 per plate) or

hypotonic lysis buffer (LB) (3 per plate) and placed on ice. These prechilled solutions
will be used for the washes outlined below. Tubes can be reused each time. It is not
necessary to cap tubes.

3. Prelabel 2-mL screw-capped microcentrifuge tubes and place on ice. Three tubes should be
labeled for each plate. Label as follows: “nuclei,” “membranes,” and “lysate.”

4. Cultures of subconfluent, proliferating cells (for endogenous HA synthase measurement)
or transfected cells (72 h posttransfection is best) are removed from the tissue culture
incubator and placed on ice in a large tray (see Note 10). Six plates can be processed at
one time.

5. Culture medium is aspirated from each plate and plates are washed twice with cold,
prealiquotted PBS. For each wash, buffer is poured gently onto each plate, the plate is
swirled gently, then buffer is removed by aspiration.

6. Each plate is washed twice with cold hypotonic lysis buffer. After the second wash, LB is
added to each plate and the plates are incubated on ice for 10 min to allow cells to swell.

7. After the 10 min incubation, each plate is treated separately in turn. Buffer is aspirated from
the plate and the plate is tilted such that any remaining buffer drains to one side and can be
removed by aspiration.

8. 1 mL of LB, supplemented with the protease inhibitors aprotinin and leupeptin (LB+), and
prepared just prior to use, is added to the plate. Using a prechilled sterile cell scraper, the
monolayer is scraped from the plate into the 1 mL of LB+ (see Note 11).
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9. The suspension is transferred into the mortar of a prechilled, 2-mL Dounce homogenizer.
10 µL of PMSF is added to the suspension. Cells are disrupted by 5–10 twisting strokes
using a B-type pestle and the homogenate is transferred to the prechilled tube labeled,
“nuclei” (see Note 12). Leave tube on ice until all plates have been processed.

10. Pellet nuclei and organelles by spinning all tubes at 4000g for 5 min in a refrigerated
microcentrifuge.

11. Transfer supernatants to prechilled, labeled tubes marked “membranes,” and spin at high
speed (approximately 20,000g) for 15 min in a refrigerated microcentrifuge to pellet cell
membranes.

12. Transfer supernatants to prechilled, labeled tubes marked “lysate.”
13. Carefully resuspend individual membrane pellets in 50 µL of LB+. Pool resuspended

membranes from equivalent samples.
14. Remove 5–10 µL of each sample (after pooling) to a separate tube for determination of

protein content using, for instance, a Micro-BCA assay. If the remainder of the sample will
not be immediately used, store at –80°C until required (see Note 13).

15. Determine protein content using a Micro-BCA assay. Five microliters of each sample should
be brought up to 205 µL by addition of 200 µL of LB plus 1% SDS (w/v) (see Note 14). The
individual samples can then be split into duplicate wells of an ELISA plate (100 µL/well).

16. Assemble in vitro synthase assays as outlined in Table 1. Typically, between 25 and 100 µg
of total membrane protein are used per assay (see Notes 15–17).

17. Incubate assays for 1–2 h (1 h is standard) at 37°C in a heat block or water bath. Establish
duplicate or triplicate reactions wherever possible.

18. After incubation, stop the reactions by heating at 100°C for 3–5 min. Pulse-spin to collect
condensate.

19. Thaw Streptomyces hyaluronate lyase (Hase) aliquots (one per reaction) at room tempera-
ture and label tubes to correspond to each reaction under study. Add 50 µL for each reaction
to appropriately labeled HA lyase tubes. These tubes will represent the +Hase tubes. To the
remaining 50 µL of each reaction, add 50 µL of 20 mM sodium acetate, pH 5.0. These tubes
will serve as the mock treated group (-Hase). Incubate all tubes for a minimum of 3 h at 60°C.

20. Add 20% sodium dodecyl sulfate (SDS) to each reaction to a final concentration of 1% (w/v)
and heat reactions for 5 min at 100°C.

Table 1
In Vitro HA Synthase Assay

Component Volume (or amount)

Cell membranes (add last) 25–100 µg (not to exceed 73.5–75.5 µL volume)
LB buffer to a final volume of 100 µLa

10X HA synthase buffer 10 µL
UDP-GlcNAc (100 mM) 1 µL (or 0 µL for specificity control reaction)
UDP-GlcA (5 mM) 1 µL
Aprotinin (0.2 mg/mL in PBS) 1 µL
Leupeptin (5 mg/mL in water) 1 µL
UDP-[14C]GlcA 0.25 µCi (10 or 12.5 µL, depending upon supplier)

aCalculate amount of LB required to bring final volume of each reaction to 100 µL before assembling
reactions. Assemble each reaction according to the order in the table, adding the cell membranes last.
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21. Spot each reaction onto the origin (bounded by the lines at 8 and 10 cm from the top) of
individual prelabeled paper chromatography strips, taking care to avoid spreading beyond
the origin. This can most easily be achieved by applying each reaction as two separate
additions, allowing drying between each application.

22. Assemble paper chromatography chamber and elute overnight with 130/70 (absolute etha-
nol/1 M ammonium acetate, pH 5.5) by descending paper chromatography (see Notes 18
and 19).

23. Cut out origins with scissors and transfer to individual scintillation vials containing 2 mL
of deionized water. Ensure that paper is immersed in the water by mixing well.

24. Add liquid scintillation cocktail to each tube, mix well, and count using liquid scintilla-
tion counting (LSC) (see Note 20).

25. Assuming that dpm are approximately equivalent to cpm, the HA synthase activity of each
sample can be determined from the LSC results and expressed as pmol/mg membrane
protein/h. Calculations should take into account the specific activity of the labeled sugar and
the relative molar amounts of unlabeled and labeled UDP-sugar. Compare results from
+Hase (generally between 60% and 100% of the HA-dependent counts should be removed
by Hase treatment) and –Hase, and reactions performed in the presence (+UDP-GlcNAc)
and absence (–UDP-GlcNAc) of UDP-GlcNAc.

3.4. Metabolic Labeling with [3H]-Glucosamine or [3H]-Acetate
1. Aspirate medium and wash cell cultures briefly with PBS.
2. Replace cell culture medium with medium containing [3H]-glucosamine (20 µCi/mL of

medium) or [3H]-acetate (100 µCi/mL of medium). Return cultures to the incubator and
incubate for the desired amount of time for the study in question (see Note 21).

3. Collect medium, containing free radiolabeled glucosamine or acetate and radiolabeled mac-
romolecules (including HA), and transfer to a 15-mL conical tube (see Note 22). Wash
twice with PBS (2 mL for a single well of a 6-well plate) and add these wash solutions to the
previously collected medium. This final solution represents the released or “cell-free HA.”

4. Cell-surface HA can also be collected by trypsinization. This removes most of the remaining
cell-surface localized HA. Trypsinize cells per the requirements for the cell line under study.
Neutralize with complete medium containing serum, and pellet cells by centrifugation.
Remove the supernatant to a fresh tube. This will represent the cell surface HA. If desired,
this solution can be pooled with the cell-free HA, if total extracellular HA is being moni-
tored. Alternatively, this solution can be treated separately as, “cell-surface HA.”

5. Cell number should be determined using, for instance, a hemocytometer or Coulter counter.
6. Three volumes of 1.3% potassium acetate/95% ethanol are added to each solution and the

samples are mixed and placed at –20°C overnight.
7. Total macromolecules are collected by centrifugation at 2500g for 15 min at 4°C.
8. Precipitates are diluted in 500 µL of 0.5% (w/v) protease XIV (Sigma) solution (in 100 mM

Tris-HCl, pH 8.0) and incubated on a rocking platform overnight at 37°C (see Note 23).
9. Three volumes of 1.3% potassium acetate/95% ethanol are added to each sample. Samples

are mixed well and placed at –20°C overnight.
10. Macromolecules are collected by centrifugation at 2500g for 15 min at 4°C.
11. Precipitates are resuspended in 1 mL of 20 mM sodium acetate, pH 6.0.
12. Five TRU (12.5 µL) of Streptomyces hyaluronate lyase, or 12.5 µL of 20 mM sodium

acetate, pH 5.0, are added to duplicate 200-µL aliquots of each sample, and tubes are
incubated overnight at 60°C (see Note 24).
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13. 50-µL (0.25 volume) of 12% CEPC solution are added to each tube. Tubes are mixed well
by vortexing and incubated at 37°C for 1 h.

14. Samples are centrifuged for 15 min at 10,000g at 4°C.
15. Pellets are washed with 500 µL of 0.05% CEPC, 50 mM NaCl, and spun again as described

in step 13.
16. Final pellets can be resuspended in 150 µL of methanol and added directly to scintillation

vials containing liquid scintillant, and analyzed by liquid scintillation counting (see
Note 25). Comparison of Hase-treated and mock-treated will give a measure of the total
HA-dependent counts in each sample. HA-dependent counts should be related to the cell
density in the respective cultures.

17. Alternatively, if an indication of the relative length of labeled HA chains is desired, final
pellets can be resuspended in a buffer suitable for size-exclusion chromatography.

4. Notes
1. Many established and primary cell lines synthesize significant amounts of HA through

endogenous HA synthase activities. These include most embryonic fibroblasts, such as 3T3
and 3T6 cells, the mouse oligodendroglioma cell line (G26-24), human lung fibroblasts
(WI38), primary keratinocytes and dermal fibroblasts, and various chondrocyte cultures.
Most of these cell lines (for instance, 3T6, G26-24, WI38, and dermal fibroblasts) express
predominantly Has2 (Spicer, unpublished data). There are several important cell lines how-
ever, that synthesize reduced levels or no detectable HA. These include the SV40-trans-
formed African green monkey kidney cell lines, COS-1 and COS-7 (no detectable activity),
human embryonic kidney (HEK293) cell line (no detectable activity), and various Chinese
hamster ovary lines (low levels). The latter group of cell lines has proven extremely useful
for functional screening of putative HA synthases through transfection experiments
(6,8,16).

2. Endogenous HA synthase activities can be markedly affected by cell density (12). In
general, HA synthase activity is highest in subconfluent, proliferating cultures and lowest
in confluent, growth-arrested cultures (12). This may in part reflect regulation of HA
synthase messenger RNA levels (13). Thus, the cell density is an important consideration
in the overall experimental design. Any variations in cell density from one experiment to
the next should, therefore, be noted.

3. Measurements of metabolically labeled HA can also be affected by receptor-mediated
uptake and degradation (through hyaluronidase action). Hence, measurement of meta-
bolically labeled HA may reflect the steady-state HA levels resulting from both synthesis
and degradation. In cell cultures that are not actively endocytosing and degrading HA,
extracellular (in the cell culture medium) HA levels may climb steadily and reach a steady-
state level at confluence. In contrast, in those cell cultures that are actively endocytosing
and degrading HA, extracellular HA levels may start to decline at confluence as the balance
between synthesis and degradation is likely to shift in favor of uptake and degradation.

4. Some cell lines can assemble a HA-dependent pericellular matrix from exogenously sup-
plied HA. This is dependent on the presence of proteoglycans and upon the expression of a
cell surface HA receptor such as CD44 (14).

5. When viewing HA-dependent pericellular matrices in cell cultures grown in small wells, the
cell density can vary across the well. In particular, cell densities may be much higher at the
periphery of the well. Thus, it is important to consider local fluctuations in cell density when
scanning a well.
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6. Computer programs such as NIH-Image (http://rsb.info.nih.gov/nih-image/index.htmL)
can be used very effectively to determine the relative areas of the HA-dependent pericel-
lular matrix and the cell, either from directly captured images, or from scanned images of
traced cells. Using NIH-Image, for instance, the area corresponding to the cell only is
filled and the area calculated. Next, the pericellular matrix plus the cell are filled and the
total area calculated. Data can be imported into a spreadsheet program such as Microsoft
Excel for rapid calculation of ratios.

7. It is not necessary to remove the erythrocytes from each well during treatment with Strep-
tomyces hyaluronate lyase.

8. The number of plates that will be necessary for a given experiment will be determined
in part by the characteristics of the cell or cells under study. Transfected COS cells can
be processed at 72 h posttransfection, at which time most cultures will be confluent.
Under these conditions, 3 plates will usually yield between 100 and 200 µg of crude
cell membranes.

9. The method detailed here describes the relatively small-scale preparation of membranes
for in vitro HA synthase assay. If larger amounts of membranes are required, a larger
Dounce homogenizer may be used along with 15-mL conical tubes and centrifuge tubes
suitable for use in a larger centrifuge, rather than screw-capped microcentrifuge tubes. In
these instances, cell suspensions from multiple 15-cm plates, or from roller bottles, can be
homogenized at the same time.

10. It is vitally important to ensure that plates sit flat on the ice, such that there are no “dry” spots
on the plate. Do not leave the plates empty for any length of time between washes.

11. When scraping the monolayer into the LB+, do not scrape back and forth. Instead, work
systematically across the plate, from left to right.

12. It may be necessary to determine the optimal number of strokes required to break open cells
leaving nuclei intact. This can be achieved through transferring a drop of the homogenate to
a microscope slide, cover slipping, and observing under low (4× objective) and high (20×
objective) magnification. Accept a lower efficiency of cell breakage rather than risk damage
to nuclei. Chromatin released into the homogenate can induce aggregation of membrane
vesicles and dramatically reduce yields.

13. Resuspended membrane preparations retain significant enzyme activity even if freeze-thawed
up to 3–4 times. However, for maximum enzyme activity and reproducibility, membrane
preparations should be aliquotted into 25- to 50-µL aliquots (depending on protein content)
and stored at –80°C.

14. Addition of SDS is important in order to solubilize the cell membranes prior to the BCA
assay. Likewise, it is important to serially dilute any standards (such as BSA), which may
be used for the generation of a standard curve, in the same buffer (LB plus 1% SDS).

15. The synthase buffer described here contains Mg2+ as the cation. The vertebrate HA synthases
and the Streptococcal enzyme prefer Mg2+. However, if this procedure is used to assay
putative invertebrate or prokaryotic HAS enzymes, alternate cations, such as Mn2+, might be
considered before a membrane preparation or cell lysate is considered negative for HA
synthase activity. Similarly, alternative reaction conditions, such as pH, temperature and
substrate concentration, should be considered.

16. It is easiest to assemble reactions in 2-mL screw-capped tubes, as several rounds of heating
and boiling are required for the whole procedure.

17. Assemble at least one specificity-control reaction in which UDP-GlcNAc (or the
unlabeled sugar) is omitted from the reaction. HA synthesis requires both UDP-GlcA and
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UDP-GlcNAc. Hence, any labeled product generated in the absence of UDP-GlcNAc
is, by definition, not HA.

18. Place chromatography strips into the chromatography chamber as follows: the first fold
(2.5 cm from the top of the strip) is placed under the glass rod; the second fold (6 cm from
the top of the strip) takes the strip over the rail and allows it hang in a vertical manner. Once
all strips have been placed into the chamber, solvent is added to the top of the reservoir.

19. If multiple chromatography strips are eluted at the same time, ensure that adjacent strips
do not touch at their origins.

20. Set up the scintillation counter such that counts achieve 95% confidence, or proceed for
10 min, whichever comes first.

21. Generally, cells grown in individual wells of a 6-well tissue-culture plate will yield suffi-
cient labeled HA over a 24- to 48-h period.

22. Approximately 70% or more of the radiolabeled HA synthesized by a given cell line will be
found in the medium. Most of the remaining HA will be associated with the cell surface. This
may occur through several mechanisms, including continued interaction with the HA synthase,
interaction with specific cell-surface HA receptors, or through incorporation into the pericellular
matrix through homophilic interaction with other HA chains, or through heterophilic interaction
with specific HA-binding proteins. If desired, the intracellular HA fraction, a small percentage
of the total HA, can be collected through lysis of the cell pellet using, for instance, treatment with
a PBS solution supplemented with 0.5–1% (w/v) Triton X-100 or NP-40. The recent report
demonstrating intracellular HA and its dynamic distribution during the cell cycle (15) suggests
that intracellular HA may play previously unimagined roles in cell biology.

23. Protease XIV treatment will digest any protein molecules that may carry covalently
linked, radiolabeled carbohydrate chains.

24. As molecules other than HA will be metabolically labeled by culture in the presence of
[3H]-glucosamine or [3H]-acetate, it is important to determine the amount of radiolabeled
HA in each sample. This can be determined by treatment of part of each sample with
Streptomyces hyaluronate lyase.

25. Liquid scintillation counting will provide an accurate measure of the amount of HA produced
by a given cell line. Size-exclusion chromatography, for instance as described (16), can
provide a measure of the amount of HA and the relative molecular mass of the chains.
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Hyaluronidase Activity and Hyaluronidase Inhibitors

Assay Using a Microtiter-Based System

Susan Stair Nawy, Antonei B. Csóka, Kazuhiro Mio,
and Robert Stern

1. Introduction
Hyaluronidase is a term applied to a group of very dissimilar enzymes (1–3) that

degrade hyaluronan (HA, hyaluronic acid), a high-molecular-weight glycosaminogly-
can of the extracellular matrix. Some of these enzymes have the ability to degrade
additional glycosaminoglycans, albeit at a slower rate. Most of the hyaluronidases
from eukaryotes have both hydrolytic and transglycosidase activity, while those from
bacteria operate by β-elimination. HA is prominent whenever rapid cell proliferation
and movement occur, particularly during embryogenesis, wound healing, repair and
regeneration, and in tumorigenesis (4–8). Hyaluronidases regulate temporal and spatial
distribution patterns of HA, critical during such processes. Hyaluronidases, often
present at exceedingly low concentrations, are imbued with high but unstable specific
activities. They can be difficult to detect, and their quantitation requires specialized
techniques.

Previous methods for quantitation of hyaluronidase either lacked sensitivity, were
slow and cumbersome, or required highly specialized reagents not available in most
laboratories (9–12). This accounts in part for the relative neglect, until recently, of this
important group of enzymes. An improved ELISA-like assay was developed in which
hyaluronidase activity could easily be detected in most biological samples (13). The
general technique is described here, together with notes regarding more specialized
usage. The free carboxy groups of HA are biotinylated in a one-step reaction using
biotin hydrazide. Standard and unknown samples of enzyme are subsequently allowed
to react with the HA substrate covalently bound to the wells of 96-well microtiter
plates. Residual substrate is detected with an avidin-peroxidase color reaction that can
be read using a standard ELISA plate reader. A standard curve of hyaluronidase activ-
ity is run with each plate using serial dilutions of any hyaluronidase standard, and the
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activity can then be expressed in absolute units. This rapid and sensitive technique,
1000 times more sensitive than the commonly used assays, facilitates evaluation of
hyaluronidase in most biological samples including the conditioned media of cultured
cells (see Note 1). The present assay facilitated the isolation and sequence analysis of
the first vertebrate somatic hyaluronidase, human plasma hyaluronidase, Hyal-1 (14).
This permitted detection of six paralogous hyaluronidase sequences in the human
genome (15, see Note 2).

By using a standard amount of a defined hyaluronidase preparation, the proce-
dure is easily converted to a rapid assay for hyaluronidase inhibitors. The latter,
though first described in 1946, are a class of molecule about which very little is known
(16–18). They are obviously important in the intricate modulation of HA deposition.

2. Materials
1. Human umbilical cord HA (ICN, Costa Mesa, CA), morpholineethane sulfate

(MES), biotin, sulfo-NHS, DMSO stock solution, stock solution of 100 mM 1-ethyl-
3-(3-dimethylaminopropyl) carbidodiimide (EDC), and 4 M guanidine-HCl.

2. Bovine testicular hyaluronidase (Wydase〉, Wyeth-Ayerst Co., Philadelphia, PA).
Covalink-NH plates, and PBS containing 2 M NaCl and 50 mM MgSO4 (washing buffer).

3. COVALINK-NH microtiter plates (NUNC, Placerville, NJ), buffer: 0.1 M formate, pH
3.7, 0.1 M NaCl, 1% Triton X-100, 5 mM saccharolactone for lysosomal acid-active
hyaluronidases, and 10.5 mL of PBS containing 0.1% Tween 20.

4. 96-well vinyl assay plates (Costar, Cambridge, MA).
5. N-hydroxysulfosuccinimide (Sulfo-NHS) and biotin hydrazide (Pierce, Rockford, IL).
6. Dimethyl sulfoxide (DMSO) and guanidine hydrochloride (Fisher Scientific,

Pittsburg, PA).
7. O-Phenylenediamine (OPD, Calbiochem, La Jolla, CA).
8. Avidin-biotin complex (ABC kit, Vector Labs, Burlingame, CA).
9. All other reagents are from Sigma Chemical Company (St. Louis, MO).

3. Methods
3.1. Preparation of Biotinylated HA (bHA)

1. Dissolve 100 mg of human umbilical cord HA in 0.1 M morpholineethane sulfate (Mes),
pH 5.0, to a final concentration of 1 mg/mL, and allow to dissolve for at least 24 h at 4°C
prior to the coupling with biotin.

2. Add sulfo-NHS to the HA-Mes solution to a final concentration of 0.184 mg/mL.
3. Dissolve biotin hydrazide in DMSO as a stock solution of 100 mM and add to the HA

solution to a final concentration of 1 mM.
4. Prepare a stock solution of 100 mM 1-ethyl-3-(3-dimethylaminopropyl) carbidodiimide

(EDC) in dH2O and add to the HA-biotin solution to a final concentration of 30 µM. Stir
overnight at 4°C.

5. Remove the unlinked biotin and EDC by the addition of 4 M guanidine-HCl and dialysing
against 1000× volumes of dH2O with at least three changes. The dialyzed bHA can be
aliquoted and stored at –20°C for up to several months.

3.2. Immobilization of bHA onto Wells of Microtiter Plates
1. Dilute sulfo-NHS to 0.184 mg/mL in dH2O with the bHA at a concentration of 0.2 mg/mL

and pipet into 96-well Covalink-NH plates at 50 µL per well.
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2. Dilute EDC to 0.123 mg/mL in dH2O and pipet into the Covalink plates with the HA solu-
tion yielding a final concentration of 10 µg/well HA and 6.15 µg/well EDC (see Fig.1).

3. Incubate the plates either overnight at 4°C or for 2 h at 23°C. Remove coupling solution
by shaking and washing the plates three times in PBS containing 2 M NaCl and 50 mM
MgSO4 (washing buffer). The plates can be stored at 4°C for up to 1 wk in this buffer.

3.3. Assay for Hyaluronidase Activity

1. Equilibrate the plates with 100 µL/well assay buffer: 0.1 M formate, pH 3.7, 0.1 M NaCl,
1% Triton X-100, 5 mM saccharolactone for lysosomal acid-active hyaluronidases (see
Note 3). Substitute 0.1 M formate, pH 4.5, for the PH-20 enzyme, and a neutral buffer for
neutral-active enzymes.

2. Prepare a set of standards for the calibration of enzymatic activity against relative turbidity
reducing units (rTRUs) by serial dilutions of Wydase or other hyaluronidase with a known
activity, in the appropriate buffer, from 1.0 to 1 × 10–6 rTRU and assay 100 µL/well, the
standard enzyme reaction volume, in triplicate (see Note 4).

3. Pipet unknown samples into plate, 100 µL/well, in triplicate. Preliminary experiments must
be performed to determine the proper dilution of the enzyme preparation. In order to estab-
lish a valid unit of enzyme activity, the range in which activity is proportional to levels of
enzyme must be established (see Figs. 2 and 3). Samples from sources possessing very
low activity may be enhanced by a preliminary immunoaffinity-purification step.

4. Incubate samples in plates for 30–60 min at 37°C.
5. Include positive and negative control wells (no enzyme or no avidin-biotin complex), in

triplicate.

Fig. 1. Structure of the biotinylated disaccharide repeating unit of HA resulting from a
reaction between HA, biotin-hydrazide, and EDAC (Reprinted by courtesy of Academic Press
from ref. 14).
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6. Terminate the reaction by addition of 100 µL/well of 6 M guanidine-HCl, followed by
three washes using the washing buffer.

7. Prepare ABC in 10.5 mL of PBS containing 0.1% Tween 20 (preincubated for 30 min at
room temperature during the hyaluronidase incubation).

8. Add 100 µL/well ABC solution, and incubate for 30 min at room temperature. Do not add
the ABC solution to the negative control wells.

9. Wash the plate five times with the washing buffer, and add 100 µL/well of an OPD
substrate by dissolving one 10-mg tablet of OPD in 10.5 mL of 0.1 M citrate-phosphate
buffer, pH 5.3, plus 7 µL of 30% H2O2.

10. Incubate the plate in the dark for 5–10 min and read using a 492-nm filter in an ELISA
plate reader (Titertek Multiskan PLUS, ICN) and monitor by computer using the Delta
Soft II plate reader software from Biometallics (Princeton, NJ).

11. A standard curve is generated by a four-parameter curve-fit of the serial dilutions of the
hyaluronidase standard and unknowns.

3.4. General Considerations
1. Since the activity of hyaluronidases can be unstable, particularly in the absence of deter-

gents, samples should be kept on ice. Stability on freeze-thaw of any unknown enzyme
preparation should be determined ahead of time, before large-scale experiments are under-
taken and frozen.

2. Similarly, a variety of buffers should be compared, to establish the optimal buffer for a
particular system. Acetate buffer may inhibit activity, compared to a formate buffer at the
same pH, as is observed in embryonic chick brain extracts (19). Inclusion of low concentra-
tions of reducing agents (1–5 mM dithiothreitol) should also be tested for their effect on
activity. This is particularly important at low protein concentrations, less that 0.05 mg/mL.

3. Hyaluronidase inhibitors appear to be ubiquitous, and may interfere with detection of
hyaluronidase activities, particularly in preparations that are crude extracts. Occasion-
ally, extracts must be diluted out. The inhibitors appear to occur at more limiting concen-
trations than enzyme. Paradoxically, greater levels of apparent hyaluronidase activity are
observed in plasma samples that are more diluted.

Fig.2. A four-parameter curve-fit of bovine testicular hyaluronidase assays as standard reac-
tions performed at pH 3.7, diluted from 1.0 to 1 × 10–6 rTRU/well. (Reprinted by courtesey of
Academic Press from ref. 14.)
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4. Some hyaluronidase inhibitors are Mg2+-dependent (20). For this reason, prior optimization
of assay conditions is necessary for each new system. The effect of EDTA (1–10 mM,
neutral pH) should be examined ahead of time. This may also explain why occasionally
differences can be observed, in assays of hyaluronidase as well as of its inhibitors, between
PBS (phosphate-buffered saline) and PBS-CMF (PBS calcium- and magnesium-free), or
between serum and plasma that has been collected with EDTA or citrate.

5. For detecting low levels of activity, such as in cell culture media, sensitivity of the assay
can be enhanced by increasing the incubation time from 1 h up to 12 h. This is useful for
detecting low levels of activity. However, to maintain a valid unit of enzyme activity, time
dependency must be demonstrated.

6. Any enzyme assay is time-dependent. The use of multichannel pipettes facilitates rapid
addition of reagents and enzyme to the microtiter plates, ensuring reproducibility and stan-
dardizes the reaction time. The assay procedure can be further optimized by initially placing
both the enzyme standards and the unknowns into a vinyl assay plate (Costar) in the same
amounts and arrangement intended for the substrate-coated reaction plate (Covalink-NH).
Once samples are loaded into the vinyl template plate, they can be transferred into the
substrate-coated reaction plates with great speed and efficiency.

Fig.3. (A) Linearity of the enzyme reation over a 30-min incubation period, comparing three
different hyaluronidases. 0.01 rTRU/well was utilized at each time and assayed in triplicate.
(B) Kinetic analyis of log dilutions of immunoaffinity-purified recombinant human plasma
hyaluronidase (Hyal-1). The enzyme, from 1.0 to 0.001 rTRU/well, was assayed from 0 to 30 min.
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7. Kinetic analysis of data can be attempted. However, the HA substrate in this assay is
bound to the microtiter plate, and solid–liquid interface interactions differ significantly
from the true solution chemistry assumed by Michaelis-Menten analysis.

4. Notes
1. An inherited disorder involving absence of serum hyaluronidase activity was described

recently (21,22). The present assay can easily be established as a routine clinical labora-
tory procedure and, requiring only 1-µL samples of serum for each determination, can be
used for genetic screening.

2. A paralogous family of hyaluronidase-like sequences have been identified (15), three
each at chromsomes 3p21.3 (HYAL1, 2, and 3) and 7q31.3 (HYAL4, SPAM1, the gene
for the sperm-specific activity, PH-20, and HYALP1, a pseudogene). The product of
HYAL2, Hyal-2, is an unusual hyaluronidase activity, degrading high-molecular-weight
HA only to an intermediate 20-kDa-sized product. The present assay does not detect Hyal-2
activity, since the 20-kDa HA oligosaccharide would remain bound to the mirotiter plate.
For the assay of Hyal-2 activity, the colorimetric assay of Reissig et al. is recommended
(23). That assay is a measure of the new reducing N-acetylglucosamine terminus gener-
ated by each cleavage reaction. On the other hand, leech hyaluronidase, which is an endo-
β-glucuronidase rather than an endo-β-N-acetylglucosaminidase, is not detected by
the Reissig assay, but can be assayed using the present procedure.

3. The saccharolactone (D-saccharic acid-1,4-lactone, Sigma) is an inhibitor of β-glucuronidase
activity (24). The enzyme catalyzes a reaction that produces false positives in the Reissig
assay, generating reducing terminal N-acetylglucosamine residues. The importance of this
in the microtiter assay has not been established. It may depend on the activity of β-glucu-
ronidase in the particular extract being examined.

4. The definition of one relative turbidity reducing unit (rTRU) is defined as the amount of
enzyme that reduces the turbidity producing capacity of 0.2 mg HA to 0.1 mg in 30 min at
37°C (25).
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Detecting Hyaluronidase and Hyaluronidase Inhibitors

Hyaluronan-Substrate Gel and -Inverse Substrate Gel Techniques

Kazuhiro Mio, Antonei B. Csóka, Susan Stair Nawy,
and Robert Stern

1. Introduction
 Hyaluronidases are a group of enzymes that degrade the glycosaminoglycan

hyaluronan (HA, hyaluronic acid). Many types of hyaluronidases are reported, from
prokaryotes to eukaryotes (1,2). These enzymes have a wide variety of properties,
including substrate specificity, inhibitor sensitivity, and a range of pH optima. Strep-
tomyces hyaluronidase, and the venom hyaluronidases from bee, snake, and scorpion
are active at neutral pH. Hyal-1, the best-characterized somatic hyaluronidase (3–5),
product of one of the six hyaluronidase-like sequences in the human genome (6), is an
acid-active enzyme with an optimum at pH 3.7. The sperm-specific PH-20 (7) has
apparently two pH optima, pH 4.5 and 7.5, resulting possibly from two forms of the
enzyme, membrane-bound and soluble (8,9).

When analysis is being attempted for the first time of the hyaluronidase activity in
a particular biological source, several problems are encountered. The pH optimum of
the activity is not known. In addition to the very low levels of hyaluronidase in most
tissues, there are hyaluronidase inhibitors. These appear to be ubiquitous, and are
most apt to contaminate hyaluronidase preparations in the crude state, particularly in
the early steps of an enzyme purification procedure. Little is known about these
inhibitors, a class of molecule first described in 1946 (10–12). However, there has
been little progress in the isolation and characterization of this potentially important
class of molecules.

Two types of gel procedures are described here that manage to overcome some of
these problems. The HA-substrate gel procedure was developed specifically for the
detection of hyaluronidase activity in crude extracts and in other complex mixtures
(13,14). This procedure can be run using a wide range of pH values and in various
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buffers. The procedure also separates enzyme from inhibitor and permits detec-
tion of hyaluronidase activity in the presence of inhibitors. The inverse HA-sub-
strate gel procedure was developed to examine precisely these hyaluronidase
inhibitors (15).

The HA-substrate gel procedure requires addition of HA into the gel mixture before
polymerization. The gel is stained with Alcian blue. Hyaluronidase activity appears
as a white clearing on a light blue background. Double staining with Coomassie blue
enhances the sensitivity of the procedure. Proteins that remain in the gel, particularly
HA-binding proteins, appear as dark blue bands. These are eliminated by interposing
a pronase digestion step. Some proteins, when present at a particularly high concen-
tration, can prevent penetration of dye into the gel, thus causing a false positive.
However, these are also eliminated by the pronase digeston step.

The two techniques can provide much useful information on the nature of hyalu-
ronidase activities and their inhibitors: pH optima, ion and co-factor requirements,
and their relative molecular sizes, even in the crudest extracts.

2. Materials
2.1. HA-Containing Sodium Dodecyl Sulfate (SDS) Gels

1. Human umbilical cord HA (ICN Biomedicals, Costa Mesa, CA). For the stock solution,
dissolve 100 mg of HA in 100 mL of H2O (1 mg/mL). Continue mixing for at least 24 h
at 4°C. Dilute to 0.4 mg/mL for the working solution.

2. Protein molecular-weight standards (Bio-Rad, Richmond, CA).
3. Acrylamide stock solution (30% acrylamide/0.8% bisacrylamide).
4. 4× Separating gel buffer: 0–1% 1.5 M Tris-HCl/0.1% SDS, pH 8.8. Dissolve 91 g of

Tris base and 2 g of SDS in 300 mL of H2O. Adjust to pH 8.8 with 1 N HCl. Add H2O
to 500 mL total volume.

5. 20% ammonium persulfate.
6. TEMED (N, N, N',N'-tetrametylethylenediamine).
7. Isobutyl alcohol.
8. 4× Stacking gel buffer: 0.5 M Tris-HCl/SDS, pH 6.8. Dissolve 6.05 g of Tris base and

0.4 g of SDS in 40 mL of H2O. Adjust to pH 6.8 with 1 N HCl. Add H2O to 100 mL total
volume.

9. 2× SDS/sample buffer: Dissolve 1.52 g of Tris base, 20 mL of glycerol, 2.0 g of SDS,
2.0 mL of 2-mercaptoethanol, and 1 mg of Bromphenol blue in 40 mL of H2O. Adjust
to pH 6.8 with 1 N HCl. Adjust to 100 mL with H2O.

10. 5× SDS/electrophoresis buffer: Dissolve 15.1 g of Tris base, 72.0 g of glycine, and 5.0 g
of SDS in H2O, adjust to 1000 mL. Do not adjust the pH. It will be pH 8.3 when it becomes
diluted. Dilute 1/5 with H2O just before use (see Note 1).

2.2. HA-Substrate Gels
1. 3% Triton X-100 solution: 3% Triton X-100 in 50 mM HEPES, pH 7.4.
2. pH 3.7 hyaluronidase assay buffer: 0.15 M NaCl in 0.1 M formate buffer, pH 3.7.
3. pH 7.4 hyaluronidase assay buffer: 0.15 M NaCl in 50 mM HEPES, pH 7.4.
4. Alcian blue staining solution. Dissolve 0.5 g of Alcian blue in 100 mL of 3% acetic acid

solution.
5. Destaining solution for Alcian blue staining: 7% acetic acid.
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6. Coomassie blue solution: Dissolve 50 mg of Coomassie brilliant blue R (see Note 2) in
50 mL of methanol. Add 10 mL of acetic acid and 40 mL of H2O, mixing well.

7. Destaining solution for Coomassie blue staining: 50% methanol and 10% acetic acid.

2.3. Inverse HA-Substrate Gels
1. 3% Triton X-100 solution: 3% Triton X-100 in 50 mM HEPES, pH 7.4.
2. pH 7.4 hyaluronidase inhibitor assay buffer: Prepare 0.5 rTRU/mL bovine testicular

hyaluronidase (Sigma): 0.15 M NaCl, 1 mM MgCl2 in 50 mM HEPES, pH 7.4 (see Note 3).
3. 0.1 mg pronase/mL in phosphate-buffered saline (PBS), pH 7.4.
4. Alcian blue solution. Dissolve 0.5 g of Alcian blue in 3% acetic acid solution.
5. Destaining solution for Alcian blue staining: 7% acetic acid.
6. Destaining solution for Coomassie blue staining: 50% methanol and 10% acetic acid.
7. PBS.

2.4. Equipment
1. Gel casting cassette.
2. Electrophoresis cassette.
3. 37°C incubator.
4. Rotating shaker platform.
5. Transilluminator.
6. Constant-voltage power supply.
7. Pipet.
8. Pasteur pipet or 10-mL syringes with size 22 gage needles.
9. Glass Petri dish, 15 cm diameter.

10. Razor blades.

3. Methods
3.1. Electrophoresis in HA Gel

1. Gel electrophoresis is performed using a modification of the method of Laemmli (16). Set
up the gel cassette.

2. Prepare the separating gel mixture by adding 5.0 mL of acrylamide stock solution, 3.75 mL
of HA solution (0.4 mg/mL), 3.75 mL of separating gel buffer, 2.5 mL of water, and 100 µL
of 20% ammonium persulfate.

3. Add 10 µL of TEMED. Gently swirl the flask to ensure even mixing. The addition of
TEMED will initiate the polymerization reaction, so it is advisable to work fairly quickly at
this stage.

4. Using a Pasteur pipet or syringe with a needle, transfer the separating gel mixture to the
gel cassette carefully until it reaches 1 cm below the bottom of the sample loading comb.

5. Add isobutyl alcohol slowly to the top of the gel (~1 cm) to smooth out the gel surface.
6. Allow the gel to polymerize for 20 min.
7. While the separating gel is setting, prepare the stacking gel solution. Mix 0.65 mL of

acrylamide stock solution, 1.25 mL of stacking gel buffer, 3.05 mL of water, and 50 µL of
20% ammonium persulfate.

8. When the separating gel has polymerized, pour off the overlaying isobutyl alcohol, and
then wash twice with H2O. Add 5 µL of TEMED to the stacking gel solution. Add the
stacking gel solution to the gel cassette until the solution reaches the cutaway edge of
the gel plate. Place the well-forming comb into this solution and leave to set. This will
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take about 15 min. It is useful at this stage to mark the position of the bottom of the wells
on the glass plates with a marking pen.

9. Carefully remove the comb from the stacking gel. Assemble the cassette in the
electrophoresis tank. Fill the top reservoir with electrophoresis buffer, ensuring that
the buffer fully fills the sample loading wells. Fill the bottom tank with electrophore-
sis buffer.

10. Mix samples with the same volume of 2× sample buffer and apply onto the gel (5–20 mL).
Protein molecular-weight standards should be also applied to the end lane of the gel.

11. Connect the electrophoresis cassette to the power supply using a current of 15 mA/gel.
Electrophoresis is stopped when the bromphenol blue reaches the bottom of the gel.

3.2. HA-Substrate Gel for the Detection of Hyaluronidase Activity
1. After electrophoresis, incubate the gel in 3% Triton X-100 for 1 h with agitation to remove

SDS from the gel.
2. Transfer gels into the hyaluronidase assay buffer using a suitable pH. Rinse the gel twice

with assay buffer.
3. Incubate on the rotating shaker for 16 h at 37°C.
4. Rinse the gel twice with distilled water.
5. Stain the gel in the Alcian blue solution for 1 h (see Note 4).
6. Place the gel in 7% acetic acid for destaining and fixation. Change solutions once every hour

until bands of hyaluronidase can be observed clearly. This step requires 2–3 h.
7. Rinse the gel twice with distilled water, followed by two washes of 50% methanol/10%

acetic acid.
8. Transfer the gel to the Coomassie blue solution. Incubate for 30 min.
9. Destain the gel with 50% methanol/10% acetic acid. Change solutions once every hour until

bands appear on the gel. This step requires 2–3 h.
10. Analyze the bands of hyaluronidase activity by comparing with the lane containing protein

molecular-weight standards. Hyaluronidase activity will appear as a white clearing on a pale
blue background. Protein bands will stain blue (see Note 6).

3.3. Inverse HA-Substrate Gel for the Detection of Hyaluronidase
Inhibitors

1. After electrophoresis, carefully separate the end lane containing the protein standards using
a razor blade. Protein standards are subjected to Coomassie blue staining. Perform the
following steps for the other portion of the gel.

2. Incubate the gel in 3% Triton X-100 in 50 mM HEPES, pH 7.4, with agitation to remove
SDS from the gel.

3. Rinse the gel twice with 50 mM HEPES, pH 7.4.
4. Gels are transferred to the appropriate hyaluronidase-containing solution. For the

detection of inhibitors of testicular hyaluronidase, e.g., 0.5 rTRU/mL of bovine testicular
hyaluronidase, pH 7.4 is used. Incubate in the reaction solution for 16 h at 37°C on the
rotating platform (see Note 5).

5. Rinse the gel twice with PBS.
6. Transfer the gel to a solution of 0.1 mg/mL pronase in PBS and incubate on the rotator for

4 h at 37°C. This step digests proteins that may produce false positives (see Note 6).
7. Rinse the gel twice with distilled water.
8. Transfer the gel to the Alcian blue solution, and stain the gel for 16 h.
9. Place the gel in 7% acetic acid for the destaining procedure. Change solutions once every

hour until hyaluronidase inhibitor bands can be observed. This step usually requires 2–3 h.
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10. Rinse the gel twice with distilled water.
11. Establish the molecular sizes of hyaluronidase inhibitors by comparison with protein

molecular-weight standards.

4. Notes
1. This protocol is designed for two Bio-Rad minigels (8 × 10 cm.). For other sizes or thick-

nesses, volumes of stacking and separating gels, and operating current, must be adjusted
accordingly.

2. Not all Coomassie blue preparations work equally well. We have found the product of
BDH Chemicals, (Poole, UK) optimal. There are others that do not work at all.

3. Analysis of bovine testicular hyaluronidase on an HA-substrate gel demonstrates two forms
of the enzyme (see Fig.1, lane 1) corresponding to the soluble and membrane-bound forms
of the enzyme (8,9). Analysis of human serum on the HA-substrate gel performed at pH 3.7
reveals a band at 57 kDa, which is Hyal-1 (see Fig. 1, lane 2). On an inverse HA-substrate
gel performed at pH 7.4, two bands, at 120 and 83 kDa, are identified in mouse serum (see
Fig. 1, lane 3). The data can be compared using the pattern obtained from a conventional
HA-free gel (see Fig. 1, lane 4). The 83-kDa band persists, demonstrating that this is an
artifact, corresponding to an endogenous plasma glycoprotein. The 120-kDa band corre-
sponds to one of the hyaluronidase inhibitors in mouse serum, an inhibitor of neutral-active
PH-20 enzyme.

4. Alcian blue is commonly used for staining HA (17–21). Acidification of the Alcian blue
is recommended. This enhances staining and prevents precipitation of dye. For optimal

 Fig. 1 Detection of hyaluronidase and hyaluronidase inhibitors using HA-substrate gel
and inverse HA-substrate gel procedures. M), molecular-weight markers. Lanes 1 and 2:
HA-substrate gel for the detection of hyaluronidase activities. Examination of bovine testicular
hyaluronidase, PH-20 (lane 1), and human plasma hyaluronidase, Hyal-1 (lane 2), were per-
formed at pH 7.4 and pH 3.7, respectively. Lanes 3 and 4: Inverse HA-substrate gel for the
examination of hyaluronidase inhibitor in mouse serum. The HA-containing gel, to which mouse
serum had been applied, was digested with 0.5 rTRU/mL of bovine testicular hyaluronidase at
pH 7.4 (lane 3). The position of the hyaluronidase inhibitors corresponds to a band in which the
HA remained undigested (lane 3, A). A false positive corresponds to a band of endogenous
plasma glycoprotein and possible HA-binding protein. This band could be identified by running
a corresponding gel that does not contain HA (lane 4, B). Lane 1, 0.5 rTRU bovine testicular
hyaluronidase; lane 2, 0.5 µL human plasma; lanes 3 and 4; 4 µL human plasma.



396 Mio et al.

results, staining should be performed for 16 h in a solution of 0.5% Alcian blue in 3%
acetic acid. When sequential staining with Alcian blue and Coomassie blue is performed,
staining for 1 h with Alcian blue is sufficient. For the inverse substrate gel procedure, a
single staining step with Alcian blue is recommended.

5. The hyaluronidase digestion step in the inverse HA-substrate gel procedure is obviously
critical but can be difficult, as the gel is very fragile at this stage. Enzyme activity can also
vary with minor changes of pH and temperature. Optimization of the concentration of
hyaluronidase in the gel digestion step may be required with each experiment. We rou-
tinely utilize three different levels of hyaluronidase with each experiment (0.25, 0.50, and
2.00 rTRU/mL) to avoid over- and underdigestion.

6. High levels of a protein can prevent dye penetration into the gels (9,10) and can gener-
ate false positive bands. Albumin introduces such an artifact when plasma and serum
samples are examined. Albumin is also a HA-binding protein (22–24), which may
explain its persistence in these HA-containing gels. Pronase treatment of the gels elimi-
nates such false positives. Proteins present in lesser amounts will appear as blue bands
following Coomassie blue staining. These should disappear if a pronase digestion step
is interposed.
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Affinity Coelectrophoresis
of Proteoglycan–Protein Complexes

James D. San Antonio and Arthur D. Lander

1. Introduction
Affinity coelectrophoresis (ACE) was developed as a tool to measure the strengths

of interaction between proteoglycans (PGs) or glycosaminoglycans (GAGs) and pro-
teins, and to assess the specificity of the interaction (i.e., to detect and fractionate GAG
or PG sample constituents that differentially bind to protein) (1). In ACE, trace con-
centrations of radiolabeled GAG or PG are subjected to electrophoresis through agar-
ose lanes containing protein at various concentrations. The electrophoretic pattern of
the radiolabeled GAG or PG is then visualized by autoradiography, or using a
phosphorimager, and the apparent dissociation constant (Kd) is calculated as the protein
concentration at which the GAG or PG is half-shifted from being fully mobile at very
low protein concentrations (or between protein-containing lanes) to being maximally
retarded at saturating protein concentrations (see Figs. 1–3).

ACE holds many advantages over other means of studying GAG or PG–protein inter-
actions since it: (1) uses only trace quantities of the interacting molecules (typically a
microgram or less of GAGs, and a milligram or less of protein); (2) studies behaviors of
native proteins and of radiolabeled PGs or GAGs that can be essentially unmodified
(e.g., through metabolic radiolabeling) or minimally modified (e.g., by radioiodination);
(3) can measure strengths of binding even for relatively weak interactions characteristic
of GAG or PG-protein interactions (e.g., 100 nM or weaker Kd); (4) can detect protein-
binding heterogeneity in a GAG or PG population and can even be used to isolate the
differentially binding subpopulations for further analysis (see Fig. 4); and (5) is a low
cost, simple, and rapid method, and is amenable to quantitative analysis.

The theory of ACE has been described in detail elsewhere (1,2) and will not be
repeated here. Rather, this chapter will serve as a description of ACE methods, and
will also include a protocol for the preparation of radioiodinated heparin samples,
which are often useful in various ACE applications. However, before
attempting ACE, there are several important questions which need to be addressed:
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Fig. 1. Analytical ACE schematic. Top panel: ACE gels poured using a casting stand and
Teflon combs and strips as shown in Fig. 5 are used to create nine parallel rectangular wells,
which are filled with protein–agarose mixtures, each at a different protein concentration. Radiola-
beled GAG or PG is loaded into the slot above the protein-containing wells (shown as a dark line),
and after electrophoresis of the GAG or PG through the protein-containing lanes, its migration as
a function of protein concentration is visualized by autoradiography or phosphorimaging (shown
here as a pattern of peaks and valleys). The degree of GAG/PG retardation at the various protein
concentrations is used to calculate the apparent Kd of GAG– or PG–protein binding (see text for
details). Artwork by Shawn M. Sweeney.

Fig. 2. (opposite page) ACE analysis can reveal the affinity of interactions between PGs or
GAGs and various proteins. For these experiments, syndecan-1 was electrophoresed through
types I–VI collagens in ACE gels. (A) Images of PG migration patterns were obtained using a
phosphorimager. The electrophoretograms indicate that some collagens bind strongly to
syndecan-1 (e.g., type V), and others bind weakly (e.g., type II). Protein concentrations in nM
are shown beneath gels. (B) Calculation of affinities of syndecan-1 for various human col-
lagens. From each electrophoretogram in panel (A), retardation coefficients (R) for syndecan-1
were determined (see text) and are plotted against protein concentration. Smooth curves rep-
resent nonlinear least-squares fits to the equation R = R∞ (1 + (Kd/[protein])2). Data are
adapted from (5).
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1.1. Do I Have Enough Protein?
There is no way of knowing a priori how much of a protein sample one needs for an

ACE gel, since it depends on a yet to be determined value, i.e., the affinity the protein will
exhibit for GAGs or PGs. However, some general idea about the amounts of protein
required can be derived from the following example. For type I collagen, a protein of
Mr � 300,000 Da that exhibits a heparin-binding Kd in the range of 100–200 nM, one
needs 150 µg of protein per ACE gel (using the ACE gel dimensions specified under
Subheading 2.). This amount allows for the creation of nine protein–agarose samples of
250-µL each, at concentrations of 1000, 500, 250, 100, 50, 25, 10, 5, and 1 nM. Since ACE
gels should be repeated at least three times to derive a reasonable estimate of the Kd, then
one would need a minimum of 450 µg of type I collagen for three experiments. Other
proteins such as growth factors are much smaller than collagens, and often exhibit much
higher affinities for GAGs and PGs, and thus can require considerably less protein for
three experiments, i.e., on average < 50 µg total, or in some cases even much less—e.g., for
basic fibroblast growth factor, < 1 µg is required.

1.2. Will the Protein Remain Native?
The native state of the protein, its solubility, and propensity to aggregate as a function

of its concentration or solvent are key considerations, and must be determined for each
protein used in ACE. For example, in the case of laminin, which tends to aggregate in
solution, ethylendiamminetetraacetic acid (EDTA) can be supplemented to the protein
samples and the ACE buffers to inhibit aggregation (3). In the case of the collagens,

Fig. 3. ACE analysis can reveal selectivity in PG– or GAG–protein interactions. Example of
ACE analysis of the interactions between a basic peptide and 35S-sulfate metabolically labeled
PGs/GAGs secreted by endothelial cells in vitro. ACE gel image was obtained using a
phosphorimager. At least two populations of PG/GAG, seen as two bands of radiolabeled mate-
rial migrating with different mobilities at low protein concentrations (< 50 nM), indicates het-
erogeneity in size and/or charge density within the PG/GAG mixture. Potential heterogeneity
in PG/GAG–peptide interactions is also obvious at a peptide concentration of 250 nM, in which
a fractionation of the PG species through the peptide-containing lane is evident as a broad
smear throughout the lane, and as a sharp band that migrates approximately halfway down the
lane. Thus, components of the PG/GAG sample are binding strongly to the peptide (i.e., are
retained closer to the top of the peptide-containing lane), and others are binding more weakly to
the peptide (i.e., are not significantly retained and migrate further within the peptide-contain-
ing lane). In such cases preparative ACE can be used to recover differentially binding PG/GAG
populations for further characterization. Data are adapted from (11).
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which undergo fibrillogenesis within about 20 min after being brought from an acidic to
a neutral solution, such fibrils are insoluble and are impossible to subject to a serial
dilution, as is required in ACE. Thus, to avoid this problem one must bring collagen
solutions from the acid soluble to the neutralized state, and then mixed into agarose and
pipetted into ACE gels before fibrillogenesis occurs (4,5).

Fig. 4. Preparative ACE schematic. Top panel: A preparative ACE gel is poured using a
casting stand as shown in Fig. 5, except instead of using protein well-forming Teflon combs, a
single Plexiglas block is used to create one large rectangular well to be filled with a single
protein–agarose mixture. Radiolabeled GAG or PG is loaded into the slot above the protein-
containing wells (shown as a dark line to the left in the gel schematic), and electrophoresed through
the protein-containing zone. Middle panel: The agarose gel surrounding the protein-containing
zone is trimmed away, and the remaining protein-agarose block is sectioned into 2-mm-thick
segments. The amount of radiolabeled GAG or PG in each segment is then determined. Bottom
panel: Actual plot of CPM/fraction of heparin octasaccharide mixture electrophoresed through
1000 nM type I collagen, showing the partial resolution of four differentially binding populations.
(From San Antonio and Lander, unpublished data). Artwork by Drew Likens.
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1.3. Are the GAGs or PGs of Interest Suitable?
One of the requirements of ACE is that the GAG or PG concentration is much less than

the Kd of GAG– or PG–protein binding (1). Thus, radiolabeled GAGs and PGs are used at
trace concentrations in ACE gels, i.e., generally far less than 1 µg of GAG or PG/gel will
suffice. However, the GAG/PG must be radiolabeled or labeled otherwise, and present in
great enough quantities to be detecteD (generally for radiolabeled samples at least 10,000
cpm/gel). Therefore, the GAGs or PGs must be metabolically radiolabeled with 35S-sulfate
or 14C-D-glucosamine in culture and subsequently purified, or purified in their native forms
but derivatized with, for example, Bolton-Hunter reagent (6), fluoresceinamine (1), or
tyramine (3), followed by radioiodination. Here we have presented a method for the
tyramine endlabeling of heparin for use in ACE. Another factor that must be considered in
the analysis of data from ACE gels is the potential multivalency of GAGs or PGs in terms
of their interactions with proteins; this issue is addressed elsewhere (1).

2. Materials
1. ACE casting apparatus (see Fig. 5): casting stage(s), protein well-forming comb(s),

PG/GAG lane-forming comb(s), and tape (autoclave or equivalent). Combs are precision
tooled from Teflon blocks (for protein well-forming combs) or sheets (for PG/GAG
lane-forming combs). The ACE casting apparatus we most commonly use includes a cast-
ing stage made of Plexiglas with a gel platform of 100 long × 75 wide × 6 mm deep;
protein well-forming combs consisting of nine parallel rectangular blocks spaced 3 mm
apart, each 15 long × 4  × 4 mm; and PG/GAG lane-forming combs cut from a 25 × 75 mm

Fig. 5. Oblique view of apparatus for pouring two ACE gels, each with protein-containing
lanes 15 mm in length. Plexiglas casting stand contains a clear piece of gel bond (not visible in this
photograph), on which are placed two Teflon combs that are each used to create 9 agarose–
protein-containing lanes, and two Teflon strips that are each used to create a GAG/PG loading
slot. The stand is bordered on two sides by masking tape, which retains the agarose and Teflon
strips in place. After filling the stand with agarose, upon solidification the combs and strips are
removed, forming two ACE gel templates to be run as described in the text and shown
diagramatically in Fig. 1.
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rectangle of 1-mm-thick Teflon. Rectangles of 4.5 × 10 mm are removed from two
corners to produce a comb with one 66-mm edge, which is stood on its short edge and
held upright in the casting apparatus by pressing the tape used to seal the apparatus against
the overhanging tabs of the comb.

2. At least 1.2 L of running buffer (RB). To make 2 L, add 22.53 g of sodium 3-(N-mor-
pholino)-2hydroxypropanesulfaonate (MOPSO) to 1.8 L of distilled water with
stirring. Add 20.51 g of sodium acetate, anhydrous, or 34.02 g of sodium acetate, trihydrate.
Use 5 M NaOH to bring the pH to 7.0. Bring to 2 L with distilled water. Store at 4°C, will
last no longer than several months. This buffer can also be prepared as a 5× concentrated
stock and diluted before use.

3. GelBond, 85 × 100 mm sheets (FMC, #53734).
4. 1.053% agarose: 1 g of low-melting-point (LMP) (Sea Plaque Agarose; FMC) in 95 mL

of RB.
5. 2.22% agarose: 1 g of LMP agarose (Sea Plaque Agarose; FMC) in 45 mL of RB.
6. 10% CHAPS in distilled water.
7. Leveling device.
8. ACE gel running box (we use the Hoefer Super-Sub apparatus).
9. Low voltage electrophoresis power supply, capable of delivering 75 V.

10.  Waterbath set to 37°C.
11. Boiling-water bath or microwave oven.
12. Circulating water chiller (unnecessary if cold-water tap is available at lab bench where the

gel will be run).
13. Small space heater (1500 W).

3. Methods
3.1. Analytical ACE

This protocol is used to estimate the Kd of GAG or PG binding to a protein, or to
visualize heterogeneity in binding between a PG or GAG mixture and a protein.

1. Place the casting stand on a level benchtop. On a piece of GelBond, determine which is the
bonding side by placing a drop of distilled water on one of the sides. If the drop beads up,
it is the nonbonding side and is placed down on the casting apparatus; if the bead spreads
out, it is the bonding side and is placed face up. Using scissors, cut the GelBond to fit the
casting apparatus, then use 1–2 drops of distilled water to hold the nonbonding side in place.
Press excess water out from between the GelBond and the casting stage and, using
Kimwipes, make sure that the sides of the stage are dry.

2. Use autoclave tape to seal the edges of the casting stage, making sure to leave about 1 in
(2.5 cm) excess on both ends so it can be folded against itself to make a tab to facilitate its
removal later. Place the sample-forming comb(s) in the casting stand using the tape to
hold it in place, then place the protein-lane forming comb by centering it and leaving a
space of about 2 mm between it and the sample comb. Using the 15-mm-long protein
well-forming combs and the gel casting stand specified here, either one or two ACE gels
can be poured per stand.

3. When agarose is made fresh, to promote its rapid dissolution allow at least 20 min for it
to soak in room temperature RB before the mixture is boiled. Place a glass bottle
containing the 1.053% agarose into the water bath, making sure it cannot tip and that
the cap is very loose, so that upon heating it will not explode. The bottle should be left
in the boiling-water bath or microwaved until the agarose has come to a boil and is
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completely melted. Check that the agarose is completely mixed by swirling the bottle to
see that the liquid appears homogeneous.

4. To a polypropylene tube, add 1.0 mL of 10% CHAPS and bring to volume with 20 mL
with 1.053% boiling hot agarose, place the lid on tightly and gently invert a few times;
take care not to create bubbles. Pour the agarose quickly into the casting apparatus,
making sure that the agarose flows evenly between the combs. If any of the combs
shifted in position during the pouring, readjust them into proper position while the aga-
rose is still hot. Allow the agarose to solidify completely before removing the tape
(usually at least 30 min). If any agarose leaks out of the casting stand, or there are
significant numbers of bubbles remaining in the agarose after it has solidified, the gel
must be discarded.

5. While the gel is cooling, perform a serial dilution of your test protein, into nine concen-
trations including several that should exceed the Kd, several that are close to it, and
several that should be considerably lower (see Note 1). Number nine polypropylene tubes
and add the correct amount of diluent, usually RB, to each. Usually, each sample is
diluted in RB to twice its desired final concentration, since later they will be mixed 1/1
with 2.0% agarose before being loaded into ACE gels (see step 8). An exception is for
collagen samples, which are dissolved in 0.5 N acetic acid at eight times their final
concentration, and are quickly mixed 1/1 with 0.5 N NaOH, and then 1/1 with 2× RB,
before being mixed 1/1 with 2.0% agarose.

6. After the gel has solidified, remove the well-forming combs first, by slowly and gently
sliding the comb backwards until it separates from the agarose at the front end, then
sliding it forward until it separates from the agarose at the rear end. Then, while holding
the casting stand firmly against the bench surface, tilt the comb and gently pull it away
from the agarose. Be careful not to rip the gel or deform the lanes. Small rips can be
repaired by reinserting the comb and pipetting hot 1.0% agarose (prepared as before) into
the gel. Should small clumps of agarose remain in sample lanes, these can be removed
using a pipet tip affixed to a vacuum line. The PG/GAG lane-forming comb is next
removed by holding the comb in place while slowly peeling the tape away from each of
its sides, then the comb is lifted straight up, out of the agarose. If rips occur in the agarose
between the sample-forming slot and the gel edge, these can be repaired by reinserting
the comb and pipetting new 1.0% agarose (prepared as before) onto the damaged regions
of the gel. If the PG/GAG lane-forming comb has been removed before the gel is fully
solidified, the sample well may collapse upon itself and the gel must be discarded.
Remove the gel (which should be firmly attached to the gel bond) from the casting
stand. Using a waterproof marker, mark on the gel bond the position of the PG/GAG
loading lane, and any necessary notes about the samples to be added to the protein-
containing wells.

7. To a polypropylene tube, add 10% of the total volume needed of 10% CHAPS and bring
to volume with boiling-hot 2% agarose, place the lid on tightly and gently invert a few
times to mix. Using the ACE gel dimensions specified under Subheading 2., each ACE
gel will require 1.125 mL of CHAPS/2% agarose, although extra volume should be
prepared, as some is lost on the side of the sample tube and on the outside of pipet tips.
Place the tube in the 37°C bath to equilibrate for later use (see Note 2).

8. To load the test proteins into the gel wells, make sure the gel is level and located near the
37°C water bath. From the 2% agarose tube, withdraw an amount equal to the total vol-
ume within each of the nine sample tubes, which would be 125 µL. Add this volume to
the ninth sample tube (which contains the most dilute protein sample) and mix it by
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agitating the pipet tip back and forth while rapidly drawing the solution in and out of the
tip 10 times, taking care not to generate bubbles in the mixture. Then add the mixture
(now totaling 250 µL) to lane 9, which is the rightmost of the nine lanes of the gel, taking
care to overfill the lane slightly. Any excess agarose that spills over into the zone between
sample lanes will quickly solidify and will not interfere with the running of the gel,
whereas underfilling the protein lanes results in anomalous GAG/PG migration through
the gel. Move on to the remaining samples, filling the lanes in the following order: 7, 5, 3,
1, 8, 6, 4, and 2. The key to success during this step is to mix the samples thoroughly but
to make sure to work quickly enough that the agarose–protein mixture does not gel in the
tube. If need be, the mixing can be done while the sample tube remains partially sub-
merged in the water bath.

9. Prepare the PG or GAG sample by mixing the labeled material in sufficient quantity and
activity that it can be detected (usually at least 10,000–20,000 cpm of 35S-radiolabeled
material is sufficient for a good 3-d exposure in a phosphorimager cassette); tracking
dye(s) (we use 0.05% each of bromophenol blue and xylene cyanol); sucrose so that the
sample will sink through the RB during gel loading (5% w/v), and enough RB to bring the
volume to approximately 100 µL/gel (see Note 3). Once the labeled sample is mixed, it
should be vortexed and any insolubles pelleted at 13,000g for 2 min. When adding the
sample to the gel, be careful not to disturb any pellet that may be at the bottom of the tube.

10. The electrophoresis apparatus is next prepared. Make sure the apparatus is resting prop-
erly on a level stir plate. Attach the cooling hoses to a water source, either cold tap water
or a circulating water chiller set to 10°C, and turn on the water. Fill the apparatus with
cold running buffer to roughly 3 mm above the platform, then place the ACE gels with the
PG/GAG lane end of the gel oriented closest to the cathode, and use glass microscope
slides to hold them in place. Turn on the stir plate to purge air trapped in the buffer
recirculator, then turn the stir plate off. Add more buffer if needed, to be sure that the gels
are covered by about 3 mm of buffer. Using a pipetter with a 200-µL gel-loading pipet tip,
load the labeled sample into the lane, drawing it across the gel while discharging the
sample, so that it fills evenly. Take care not to nick the gel with the pipet tip during
sample loading—this leads to an uneven sample front and/or rapid loss of the sample into
the running buffer during electrophoresis (see Note 4).

11. Attach the cover to the gel box, plug the leads into the power supply, and turn it on to
deliver 60–80 V. After the tracking dye has entered the gel (in approximately 5 min), turn
on the stir plate to an intermediate setting but take care that the resulting agitation of the
buffer does not cause the gels to float away from the platform.

12. Run the gel for the appropriate time. For example, for gels containing protein-containing
lanes 15-mm-long, heparin samples should generally run for about 1.0 h, by this time the
heparin should have migrated most if not all of the way through the lane. PGs and other
GAGs may migrate at different rates depending on their relative sizes, charges, etc. The
position of the tracking dyes can be used as a guide to assess when the gels are finished—
for example, the dyes that we use (see step 9) typically move at approximately one-third
the rate of heparin in the electrophoretic field. After electrophoresis, turn off the power
supply and remove the gel box cover. Remove the gels and place them on an elevated
surface that will not impede the flow of warm air around them. We use 8-cm-high plastic
test tube racks placed about 30 cm in front of a warm air source supplied by a small
personal space heater, such as the Holmes (HFH 195, 1500 W). Allow the gels to dry at
the high heat setting for at least 8.0 h; they are dry when the agarose has flattened to a thin
clear sheet that is not sticky to the touch.
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3.2. Data Analysis
ACE gel electrophoretograms can be visualized by autoradiography or phos-

phorimaging, and the approximate Kd of GAG– or PG–protein binding can often be
estimated by visual inspection. For example, from the phosphorimages of ACE gels
shown in Fig. 2A, it can be seen that the affinity of syndecan type I collagen binding can
be estimated as 50 nM < Kd < 250 nM, since within these concentration ranges it is
evident that the PG is half-shifted from being fully retarded at high protein concentra-
tions to being fully mobile at very low protein concentrations. However, such gels can
also be analyzed quantitatively, by first measuring GAG or PG mobility using a
Phosphorimager by scanning protein-containing lanes and determining relative radioac-
tivity per 88-µm pixel along the length of each lane (see Fig. 2B) (3). GAG or PG mobil-
ity is taken as the pixel position that divides the curves representing the distribution of
GAG or PG into halves of equal areas. The retardation coefficient R is next calculated
for each lane as the GAG or PG migration position in that lane divided by its mobility in
a protein-free lane (R = (Mo–M)/Mo, where Mo is the mobility of free GAG or PG, and M
is its mobility through protein; see Fig. 1). Under appropriate experimental conditions as
described previously, R is proportional to the fractional saturation of GAG or PG by
protein, so that values of the equilibrium binding constant may be determined from the
relationship between R and protein concentration (1). Data are analyzed graphically, by
curve-fitting to the equation R = R∞/(1 + Kd/[protein]n; where R∞ represents the value of
R at full saturation (i.e., at an arbitrarily high protein concentration), and n is a coeffi-
cient that reflects cooperativity of binding (1). Nonlinear least-squares fits are calculated
using a graphics program, e.g., the Kaleidagraph program (Synergy Software, Reading,
PA). The above analysis provides apparent Kd values for GAG– or PG–protein interac-
tions, but does not indicate whether the sample of GAG or PG exhibits heterogeneity in
protein binding. Such heterogeneity is usually apparent by visual inspection of the ACE
gel electrophoretogram, as evidenced by a broad smearing of the GAG or PG migration
front throughout the length of protein-containing lanes, or by the presence of multiple
bands of the sample at concentrations near the binding Kd (see Fig. 3). When binding
heterogeneity is evident, subpopulations of GAGs or PGs that bind strongly or weakly to
protein can be isolated using preparative ACE, and subjected to further analysis.

3.3. Preparative ACE
This method is used to fractionate a heterogeneous population of GAGs or PGs that

bind differentially to a protein. In this technique, radiolabeled GAGs or PGs are
subjected to electrophoresis through agarose containing a single concentration of
protein (1,3) as shown schematically in Fig 4. After individual species from the GAG
or PG mixture are isolated, their affinity for protein can be analyzed by standard ACE
methods, or they can be subjected to other analyses.

1. A 1% low-melting agarose/CHAPs solution in ACE electrophoresis buffer is prepared as
detailed previously and is poured hot onto a piece of GelBond fitted within a Plexiglas gel
casting tray where a 4 × 7 cm Plexiglas block and a Teflon PG/GAG lane-forming comb
are positioned. After the agarose solidifies, removal of the block and strip leaves a 4 × 7
cm well with a 66 × 1 mm slot 2 mm away from and parallel to one of the short edges of
the 4 × 7 cm well (see Fig. 4, top).
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2. A protein is prepared at a concentration that will achieve maximal separation of GAG or
PG species of interest as determined by analytical ACE (e.g., for the protein in Fig. 3, a
concentration of 250 nM may be suitable). The sample is then mixed with agarose as
described in step 8 of the analytical ACE methods to a final agarose concentration of
1.0%, and is loaded into the 4 × 7 cm well and allowed to solidify.

3. Gels are submerged under electrophoresis buffer, radiolabeled GAG or PG is loaded into
the 66 × 1 mm slot, and electrophoresis is carried out, all as detailed in steps 9–12 of the
analytical ACE methods.

4. After electrophoresis, gels are removed and are not dried, but rather are affixed to a surface
marked with a millimeter grid, with the electrophoretic origin at the top. For a surface we use
a sheet of 1-mm lined graph paper under a clear plastic sheet, taped onto a flat Styrofoam block.

5. Regions of the gel to the left and right of the 4 × 7 cm block as well as the 3 mm of the block
itself that are immediately adjacent to the left and right edges are cut away and discarded.

6. The resultant 3.4 cm × 7 cm gel is sectioned into 2-mm segments perpendicular to the direc-
tion of electrophoresis, using a piece of surgical suture thread drawn tightly between the hands.

7. Each agarose segment is lifted with a flat-headed metal spatula and placed in a tube, and the
amount of radiolabeled GAG or PG in each segment is measured with a gamma counter, or by
liquid scintillation counting of a melted gel aliquot. To melt gel segments, tubes are placed in
a >70°C water bath. They may be pooled or divided into aliquots while they are liquid, and
then stored frozen. Alternatively, they may be melted at 70°C and then brought to 6 M in urea
by addition of solid urea (urea blocks gelation of the agarose). In this case they will remain
liquid for days, even at 4°C. Such samples may then be mixed with running dyes and loaded
directly into analytical ACE gels (see Note 5), or subjected to other analyses.

3.4. Iodination and Molecular-Weight Fractionation of Heparin

Heparin is often used as a model compound in studies of GAG– or PG–protein
interactions because it potentially contains a large number of different protein-interac-
tive domains, is structurally homologous to heparan sulfates that are common to many
cell surface and extracellular matrix PGs, and is inexpensive and readily available
from commercial sources. Commercial heparin is polydisperse in Mr, often averaging
about 15 kDa. However, in protein-binding studies the use of low-molecular-weight
heparin is advantageous, since it minimizes factors that complicate binding analysis,
such as multivalency (1). Thus, here we have included methods we use to tyramine-
derivatize, radioiodinate, and Mr-fractionate commercial heparin to be used in ACE
analysis. We have found that derivatization of heparin with tyramine is more suitable
than with fluoresceinamine, as the latter may artifactually enhance heparin-binding
affinity for protein (3).

3.5. Tyramine Labeling of Heparin
1. Dissolve 9 mg of heparin in 750 µl of 5% (w/v) solution of tyramine in formamide, and

place in a sealed tube. We use porcine intestinal mucosa heparin (grade 1A; Sigma) in our
experiments.

2. Heat to 80°C for 1 h and cool to room temperature (the solution may turn yellow).
3. Add 1 mg of Na cyanoborohydride, seal, and incubate overnight at room temperature.
4. Dilute with 9 volumes of distilled water.
5. Dialyze against distilled water using 1-kDa Mr cutoff dialysis tubing.
6. Lyophilize the sample.
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7. Resuspend in a small volume of water and measure heparin concentration [e.g., using the
Dische assay (7)].

8. Measure tyramine content by OD278. As heparin absorbs to a small extent at 278 nm, tyramine
concentrations must be corrected by subtracting this background. Tyramine content may be
estimated from corrected OD values by the formula: tyramine (mg/mL) =  0.0824 × OD278.

3.6. Iodination of Tyramine-Heparin
1. Dissolve 400 µg of Iodogen/mL (Pierce) of dichloromethane. Add 50 µL to the bottom of

5-mL glass test tubes; a glass Pasteur pipet connected to a rubber hose affixed to a
nitrogen tank can be used to direct a slow stream of nitrogen gas over the sample in the
bottom of the rotating tube. Tyramine-coated glass tubes can be covered with Parafilm
and stored under vacuum at room temperature for years.

2. Dilute 2.5 µg of tyramine-labeled heparin in 50 µL of 0.25 M Tris-HCl, pH 7.5.
3. Rinse an Iodogen-coated tube gently with 500 µL of 0.25 M Tris-HCl, pH 7.5 to wash off

any unbound Iodogen. Visually inspect tube to ensure that the Iodogen coat remains intact.
4. React 50 µL of heparin solution and 5 mCi of 125I at room temperature for 6 min with

intermittent agitation, then add an additional 50 µL of buffer for 6 min more with agita-
tion. The addition of extra buffer helps prevent the Iodogen from increasing the pH, which
inhibits iodination.

3.7. Desalting of 125I-Heparin on G-25
After iodination of the heparin sample, it must be desalted over a G-25 column

(prepared in a 2.0-mL disposable tissue culture pipet) to remove unbound 125I.

1. Equilibrate and elute the column with 0.5 × RB.
2. Draw off buffer from column bed.
3. Load the 125I-heparin sample onto the column and position a test tube rack with numbered

Eppendorf tubes underneath.
4. Collect the column eluate in fractions of 2 drops/tube.
5. Make sure to replenish RB as the column runs.
6. Monitor the passage of 125I-heparin through the column using a Geiger counter.
7. As fractions are collected, monitor their relative radioactivity using a Geiger counter at a

fixed distance from tubes.
8. Record activities and plot elution profile to determine where bound (the smaller of the two

peaks, which elutes first) and free (the larger of the two peaks, which elutes second) isotope
are eluting. Generally, 10–15 fractions are collected.

9. Pool the fractions containing the bound isotope.
10. Discard the column and the fractions containing the unincorporated isotope.

3.8. Molecular–Weight Fractionation of 125I-Heparin on G-100
Pooled fractions containing 125I-heparin from the desalting column are pre-

pared for G–100 chromatography and Mr-fractionated as follows; our typical
column dimesions are 300 × 10 mm. A typical elution profile of 125I-heparin
from a G-100 column is shown in Fig. 6.

1. Prepare the sample for G-100 chromatography by mixing 125I-heparin (generally < 0.5
mL) to 5% sucrose (w/v) plus 10 µL of a saturated phenol red solution. Bring to 2.0 mL
with running buffer, clarify at 13,000g for 2 min, and load on column.

2. Collect fractions of about 8–10 drops (i.e., from 0.5–1.0 mL).
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3. Remove and count several microliters of each fraction using a gamma counter.
4. Plot column profile indicating elution position of phenol red, which should largely overlap

with free iodine peak. See Fig. 6 for an example of a typical profile.
5. The first 12% of radioactive material to elute is the high-molecular-weight fraction.
6. The following 76% to elute is the medium-molecular-weight fraction.
7. The remaining 12% to elute is the low-molecular-weight fraction of Mr ≈ 6 kDa (8–10).

3.8.1. Storage of 125I-Heparin Samples
1. Pool fractions within each category and cryoprotect with bovine serum albumin (BSA) to

0.1 mg/mL (a 2.0-mg/mL stock of BSA can be used).
2. The low-Mr fraction, which is the fraction most commonly used in binding experiments,

should be divided into 50- to 100-µL aliquots.
3. The remaining fractions should be divided into samples of about 1.0 mL.
4. Store samples at –80°C. These can be used for approximately 3–6 mo.

4. Notes
1. The accuracy of the ACE technique relies on knowing the exact concentration of the test

protein.
2. If the 2% agarose mixture is not equilibrated to 37°C when it is mixed with test proteins

(see step 8 under Subheading 3.1.), the proteins may become denatured.
3. Tubes containing 5× stock mixtures of dyes/sucrose should be premixed, filtered, and

stored frozen.
4. Loading of the GAG/PG sample is the most technically difficult step of this procedure;

thus, one should practice loading mock samples into ACE gels before working with
radioactive GAG or PG samples.

5. Since urea does not migrate in the electrophoretic field, its removal from samples before
electrophoresis is not required; due to the density of urea, it is not necessary to add sucrose.

Fig. 6. Elution profile of 125I-tyramine-heparin from G-100 column. The larger of the two
peaks, eluting first, represents the radiolabeled heparin sample; the smaller peak, eluting sec-
ond, is unincorporated 125I-iodine. The last 12% (marked with arrows) of sample to elute repre-
sents the low-Mr heparin chains of about < 6 kDa.
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Binding Constant Measurements for Inhibitors
of Growth Factor Binding to Heparan Sulfate Proteoglycans

Kimberly E. Forsten and Matthew A. Nugent

1. Introduction
A large number of proteins (>100) have been demonstrated to bind to heparan sul-

fate proteoglycans, and in many instances these interactions have important biological
consequences (1). The best-studied example is the fibroblast growth factor (FGF) fam-
ily of proteins. The FGFs regulate a wide range of cellular functions, including prolif-
eration, differentiation, and migration. The best-characterized FGF family member,
basic fibroblast growth factor (bFGF) or  FGF-2, has been shown to require interaction
with heparan sulfate on cell surfaces in order to induce maximal activity (2,3). How-
ever, interaction of bFGF with heparan sulfate within the extracellular matrix can limit
bFGF diffusion and access to cell surfaces (4,5). Thus the interaction of bFGF with
heparan sulfate has been targeted as a site for regulation of both endogenous and exog-
enously administered bFGF. For example, bFGF and many other heparin-binding pro-
teins have been demonstrated to play pivotal roles in the growth of the new blood
vessels (angiogenesis), a process that is essential for both efficient wound healing and
the development of malignant tumors. Indeed, inhibition of endogenous bFGF activity
has been suggested as a possible treatment to prevent tumor growth and metastasis,
whereas enhancement of angiogenesis by pharmacological bFGF has been proposed
to stimulate repair of damaged tissue (i.e., ischemic heart muscle) (6). In both
instances, effective treatments might make use of small compounds, which inhibit
bFGF binding to heparan sulfate proteoglycans. These compounds might have appli-
cations as inhibitors of bFGF binding and activity at cell surfaces, or in turn they
might enhance the transport of added bFGF through connective tissue and allow cell
stimulation distant from the administration site. Compounds that bind either to the
growth factor or to heparan sulfate could block bFGF binding to heparan sulfate, yet
might have very different effects biologically. To screen various potential inhibitors
of growth factor/heparan sulfate binding effectively, a simple, rapid, and semi-quanti-
tative assay is required.
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In this chapter we report a simple assay to determine equilibrium binding con-
stants for inhibitors of bFGF/heparan sulfate proteoglycan binding that is based on
the semiquantitative retention of sulfated proteoglycans on cationic nylon filters
(7). Using a modification of previously published conditions, samples containing
proteoglycan and growth factor are subject to filtration through cationic nylon.
While the large negatively charged proteoglycans are retained on the filter, only a
small fraction of growth factor is retained unless bound to the proteoglycan (see
Fig. 1). Thus, using standard preparations of bFGF and heparan sulfate proteoglycan
(isolated from bovine aortic endothelial cell conditioned media [mostly perlecan]),
baseline measurements were made to determine the bFGF/heparan sulfate
proteoglycan binding affinity. A range of concentrations of potential inhibitors
are then included in the reaction, and decreased bFGF retention on the cationic
membrane is measured. These data are then analyzed by fitting to a generalized
equation for binding using a commercially available software package (Mathematica,
version 3.0, Wolfram Research) to determine the binding constant for each inhibi-
tor (binding to either bFGF or heparan sulfate). This assay has been established
with bFGF and has been shown to be effective with inhibitors that bind either
bFGF or heparan sulfate proteoglycans. Minor modifications of the base assay
should allow it to be transferable for the analysis of a large number of heparin-
binding proteins.

2. Materials

1. Human recombinant 125I-bFGF is prepared by a modification of the Bolton-Hunter proce-
dure (8) and frozen in single-use aliquots to avoid freeze–thaw cycles.

2. Proteoglycans (E-HS) are purified from bovine aortic endothelial cell conditioned
medium as described previously (4) (see Note 1). Briefly, confluent bovine
endothelial cells (isolated from freah calf aorta or purchased from Coriell Cell
Repositories) are established in Dulbecco’s Modified Eagle’s Medium (DMEM) with
10% calf serum. The medium is then replaced by DMEM without any additives and
the cells incubated for 1 h at 37°C as a wash, followed by a 24 h incubation in fresh
DMEM. Conditioned medium is collected and centrifuged at 3000g for 30 min at 4°C
to remove cell debris. The conditioned media is equilibrated with urea (1 M final) for
at least 30 min prior to being applied to an anion-exchange column (Q-sepharose,
Pharmacia-LKB) in Tris buffer (50 mM Tris-HCl, pH 8.0, 0.15 M NaCl, 1 M urea).
The column is washed extensively with 50 mM Tris-HCl, pH 8.0, 0.3 M NaCl, 1 M
urea, and the proteoglycan eluted in the same buffer containing 1.5 M NaCl.
Proteoglycan fractions are identified using the dimethylmethylene blue (DMMB) dye
binding assay (9) and dialyzed extensively in 50 mM Tris-HCl, pH 8.0, 0.15 M NaCl.
Proteoglycan concentration is based on the mass of glycosaminoglycan using the
DMMB assay (9) with a bovine kidney heparan sulfate standard (Sigma).

3. Incubation buffer: 50 mM Tris-HCl, pH 8.0, 0.15 M NaCl, 2 mg/mL bovine serum albu-
min. BSA, biotech grade (Fisher), worked well.

4. Cationic membrane (Zeta-Probe membrane) and Dot-blot apparatus (Bio-Dot
Microfiltration Apparatus) (Bio-Rad)

5. Test compound, we have used glycosaminoglycans (Sigma), protamine sulfate (TCI
America), and sucrose octasulfate.



Growth Factor Binding 417

Fig. 1. Schematic of cationic nylon filter binding assay for growth factor/heparan sulfate
proteoglycan interactions. Filtration of various mixtures of growth factor, heparan sulfate
proteoglycan (E-HS), and compounds that block either the heparin-binding domain on the growth
factor or the protein-binding domain on the heparan sulfate chains, through cationic nylon filters
can be used to measure the various binding affinities quantitatively. (1) Cationic nylon filters do
not specifically retain small proteins such as FGF-2. (2) FGF-2 bound to heparan sulfate
proteoglycans will be retained on the filter, providing a direct measure of FGF-2/heparan sulfate
proteoglycan binding. (3) Compounds that bind to E-HS and block the growth factor-binding
domain can reduce FGF-2 retention on the filter in relation to the binding affinity of the inhibitor
compound for E-HS. (4) Compounds that bind to FGF-2 and block its interaction with E-HS can
reduced FGF-2 retention in relation to the binding affinity of the inhibitor compound for FGF-2.
As an example we have provided a description of how this assay can be used to determine the
FGF-2–binding affinity for E-HS and sucrose octasulfate, and the binding affinity of E-HS for
protamine sulfate.
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3. Method

3.1. Experimental Protocol
1. Label and arrange 0.5-mL microcentrifuge tubes—1 per sample, 3 per condition.
2. Prepare incubation buffer—Buffer may be made in advance and filter-sterilized for later

use. No degassing is needed.
3. Add the needed incubation buffer to each vial—the volume should be 0.2 mL minus the

volume of 125I-bFGF, inhibitor, and E-HS needed. Controls should be conducted with
vials containing only 125I-bFGF, and 125I-bFGF and the inhibitors, to determine the
non-proteoglycan–mediated adsorption of 125I-bFGF to the filter. These values should be
substrated from the experimental points with E-HS to determine the level of 125I-bFGF
bound to E-HS.

4. Add the E-HS, inhibitor, and 125I-bFGF in that order. As a standard assay we have used
40 ng of E-HS and 0.2 ng of 125I-bFGF in a final volume of 0.2 mL. Under these condi-
tions greater than 80% of the E-HS is retained with and without bFGF addition, and only
~5% of the bFGF will adsorb to the filter nonspecifically. Initial experiments should be
conducted with a range of 125I-bFGF concentrations to determine the binding affinity and
capacity of each E-HS preparation before inhibitor competition data can be analyzed.
After each addition of 125I-bFGF, vortex gently to mix and place in an incubation rack. If
the assay is done at a temperature other than room temperature (25°C), be sure that the
buffers are preequilibrated at the desired temperature and that vials are placed immedi-
ately in a temperature equilibrated rack.

5. Incubate for desired time (generally 60 min to reach a steady state in bound versus
unbound bFGF).

6. If incubation is shorter then 30 min, the cationic membrane should be prepared prior to
incubation (steps 3–5). The membrane is cut to fit the apparatus (cover all holes) and then
incubated on a rocking platform for at least 20 min in incubation buffer. Longer incuba-
tions (up to 1 h) do not adversely affect the assay.

7. The membrane is placed on the dot-blot apparatus and the top plate is tightened using a
criss-cross pattern. The apparatus is attached to a vacuum pump (GAST, model ROA-
P131-AA, Manufacturing Corp., Benton Harbor, MI) and the apparatus tightened again
under vacuum. Experiments should be done under a 25 mmHg vacuum.

8. Close off the apparatus to the vacuum and, using a multipipeter, add 0.2 mL of incubation
buffer to each well.

9. When the incubation is within 30 s of completion, turn on the vacuum and pull the wash
buffer through the membrane. Add samples (0.2 mL/well) in sets of three. Wash each
well of the triplicate set once with 0.2 mL of incubation buffer before adding the next set
of samples to the membrane. Allow all sample fluid to filter before adding the incubation
buffer. Repeat for each set of triplicate samples. Air bubbles may arise and interfere with
the filtration. Gently pipet the liquid near the surface of the membrane to mix, being
careful not to puncture the membrane.

10. After all samples have been added, do two additional washes with 0.2 mL of incubation
buffer per well.

11. Loosen the screws holding the unit in place and remove the top plate. Turn off the vacuum
and carefully remove the membrane.

12. Allow the membrane to dry sample side up on a paper towel and then cut out the individual
membrane dots corresponding to each individual well. Place each sample dot in a vial and
count the radioactive bFGF in a gamma counter. Sample data are shown in Fig. 2.
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Fig. 2. Inhibitors of bFGF-E-HS Binding. E-HS (200 ng/mL), bFGF (0.056 nM), and inhibi-
tor ([A] sucrose octasulfate or SOS [B] protamine sulfate or PS) were incubated for 1 h and
then filtered across the cationic membrane. bFGF retention following incubation with SOS or
PS in the absence of E-HS was subtracted from total binding as nonspecific binding. 100%
bFGF bound corresponds to specific bFGF retention following incubation with E-HS in the
absence of inhibitor. The average ± standard error of at least triplicate samples is shown.
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3.2 Analysis
3.2.1. Ligand–Proteoglycan Binding

1. The output data will represent the amount of bFGF retained on the filter for a given added
concentration. The amount retained in the absence of E-HS should be subtracted from
that with E-HS to generate data that represent specific E–HS bound bFGF.

2. Varying the concentrations of bFGF while holding constant the concentration of E-HS
(with no inhibitor), this data set should be analyzed to determine the binding capacity
(amount of bFGF bound per unit of E-HS) and the binding affinity (KD1), assuming a
simple monovalent binding reaction,

which, at steady state assuming negligible ligand depletion, is described by

where RT is the binding capacity, and L0 is the concentration of FGF added. The
programming to determine KD1 and RT is outlined below.

3. Mathematica software (Version 3.0, Wolfram Research) is launched, and a new notebook
page is initialized. Commands as outlined below are entered into the notebook page, and
the “shift” and “enter” keys are pressed simultaneously at the end of each instructional set
(symbolized in the procedure by “ ♦ ”)

4. The statistical package must be loaded by typing (see Note 2):

<<Statistics`NonlinearFit`                                                    ♦

5. Enter the volume of test solution (in liters) and the molecular weight of the growth factor
(bFGF) being investigated:

volume = 0.0002; ♦

mwF = 18000; ♦

6. Enter the amount of bFGF added per test well (L0) 〈ng〉

Fadd = {0.05, 0.05, 0.05, 0.05, 0.05, 0.05, 0.10, 0.10, 0.10, 0.10, 0.10, 0.10, 0.20, 0.20, 0.20,
0.20, 0.20, 0.20, 0.20, 0.20, 0.20, 0.20, 0.20, 0.20, 0.50, 0.50, 0.50, 0.50, 0.50, 0.50, 0.50, 0.50,

0.50, 0.75, 0.75, 0.75, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 2.0, 2.0, 2.0, 2.0, 2.0, 2.0, 2.0,
2.0, 2.0, 2.5, 2.5, 2.5, 4.0, 4.0, 4.0, 5.0, 5.0, 5.0, 5.0, 5.0, 5.0, 6.0, 6.0, 6.0, 10.0, 10.0};    ♦

7. Enter the measured values of bFGF retained (C1) 〈ng〉

Fbound = {.0025, .0035, .0034, .0013, .0055, .0033, .0067, .0069, .0076, .0028, .0033, .0035,
.017, .020, .018, .0063, .0076, .0063, .017, .016, .018, .016, .017, .017, .079, .034, .043, .029,
.034, .032, .021, .022, .020, .047, .056, .057, .080, .13, .099, .13, .071, .078, .037, .039, .086,

.088, .066, .070, .21, .24, .19, .17, .16, .16, .25, .20, .22, .32, .32, .30, .17, .37, .27, .22, .20, .17,
.51, .48, .45, .44, .39, .42}; ♦

8. Convert these values (Lo and C1) from ng to nM and store as data sets 1 and 2:

dat1 = Fadd/(volume*mwF) ; ♦

dat2 = Fbound/(volume*mwF); ♦

C1
 RTL0

KD1 + L0

P + L    K D1    C 1
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9. Group the data (L0, C1):

data = {dat1, dat2}; ♦

binding = Transpose[data]; ♦

10. Perform the calculation for the nonlinear regression—ParameterCITable will output the
KD1 and RT values at the end with the standard error and the confidence interval. The units
for each will be in nM:

ParameterCITable /. NonlinearRegress[binding, ligand*Rt/(Kd1+ligand),
{ligand}, {Rt,Kd1}] ♦

11. KD1 is 2.3 ± 0.6 nM. RT is 0.23 ± 0.04 nM. The complete Mathematica program is shown
in Fig. 3. To convert RT to sites/ng E-HS (see Note 3):

Fig. 3. Mathematica program to solve for ligand–proteoglycan affinity and binding sites.
The code and data are input as shown. The ; following each line suppresses output and may be
eliminated if the user prefers. The output is displayed at the bottom and includes the asymptotic
standard error and the asymptotic confidence intervals.

sites = RT
volume

PG
· N AV
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where PG is the amount of E-HS added 〈ng〉, NAV is Avogadro’s number <6.02 * 1023

sites mol>. RT for this system is 7.0 ± 1.2 × 108 sites/ng.
Although similar, the specifics for the ligand-binding inhibitor and the proteoglycan bind-
ing inhibitor do differ slightly and will each be outlined below. As example inhibitors, we
include data for sucrose octasulfate (ligand-binding inhibitor) and protamine sulfate
(proteoglycan-binding inhibitor)

3.2.2. Ligand-Binding Inhibitors (Sodium Sucrose Octasulfate)

An analysis of the inhibitor effectiveness is conducted  based on steady-state data
acquisition with two independent first-order reactions occurring in solution.

(1)

(2)

where P is E-HS, L is the growth factor (bFGF), C1 is the binding complex of E-HS
and bFGF, S is a growth factor binding inhibitor (SOS), and C2 is the binding complex
of SOS and bFGF.

Assuming conservation of mass, the following equation at the steady state can be
solved for the KD value (KD2):

(P0 – C1)(L0 – C1) – (P0 – C1)C2 = KD1C1 (4)

where

Knowing P0 and KD1 from steady-state analysis in the absence of inhibitor (see
Subheading 3.2.), experiments are run at a constant level of E-HS and bFGF (L0) and
various levels of inhibitor (S0). Retention is a measurement of C1. The programming
to determine KD2 is outlined below.

1. Mathematica software (Version 3.0, Wolfram Research) is launched, and a new notebook
page is initialized. Commands as outlined below are entered into the notebook page, and
the “shift” and “enter” key are pressed simultaneously at the end of each instructional set
(symbolized in the procedure by “ ♦ ”)

2. The statistical package must be loaded by typing (see Note 2)

<<Statistics`NonlinearFit` ♦

3. The known parameters—P0 and KD1—with both in units of nM:

P0 = 0.23; ♦
KD1 = 2.3; ♦

4. Enter the ligand concentration, L0 〈nM〉, the reaction volume, volume 〈L〉, the molecular
weight of the inhibitor, mwI 〈g/mol〉, and the molecular weight of the growth factor,
mwF 〈g/mol〉:

L0 = 0.056; ♦

volume = 0.0002; ♦

mwI = 1159; ♦

mwF = 18000; ♦

C2 = 1
2

L0 – C1 + S0 + KD2 – L0 – C1 + S0 + KD2 2 – 4S0 L0 – C1

P + L    K D1    C 1

S + L    K D2    C 2



Growth Factor Binding 423

5. Enter the quantity of inhibitor (S0) added 〈ng〉:

s = {0, 0, 0, 0, 5, 5, 5, 25, 25, 25, 50, 50, 50, 100, 100, 100, 500, 500, 500, 750, 750, 750}; ♦

6. Enter the measured values of bFGF retained (C1) 〈ng〉:

c = {.018, .015, .022, .021, .02, .016, .013, .011, .0061, .011, .0082, .0061,
.013, .0094, .010, .0076, .0072, .0015, .0052, .0073, .0040, .0039}; ♦

7. Convert these values (S0 and C1) to nM from ng and store as data sets A and B:

dat1 = s/(volume*mwI) ; ♦

dat2 = c/(volume*mwF); ♦

8. Enter KD1C1 as a set of data:

dat3 = Kd1*dat2;   ♦

9. Group the data (S0, C1, KD1C1):

data = {dat1, dat2, dat3}; ♦

SOS = Transpose[data]; ♦

10. Perform the calculation for the nonlinear regression—ParameterCITable will output the
KD2 value at the end, with the standard error and the confidence interval. Entering an
estimate or initial guess for KD2 will aid in the fitting process (the initial guess in our
example was 300; see Note 4). It should be noted that the C2 value corresponds to one of
the roots of the quadratic equation (note the minus sign shown bold below)—the alternate
root yielded a negative value for KD2 for this case.

ParameterCITable /. NonlinearRegress[SOS, (Po-C1)*(Lo-C1)-(Po-C1)*((Lo-C1+So+Kd2) –
((Lo-C1+So+Kd2)^2-4*So*(Lo-C1))^0.5)*0.5, {So,C1}, {Kd2,300}]                                   ♦

11. KD2 for SOS was 0.25 ± 0.08 µM.

3.2.3. Proteoglycan  Binding Inhibitors (Protamine Sulfate)
Inhibitor effectiveness analysis is based on steady-state data acquisition with two

independent first-order reactions occurring in solution.

(1)

(2)

where P is E-HS, L is the growth factor (bFGF), C1 is the binding complex of E-HS
and bFGF, PS is a proteoglycan binding inhibitor (protamine sulfate), and C3 is the
binding complex of PS and bFGF.

Assuming conservation of mass, the following equation at the steady state can be
solved for the KD value (KD3):

(L0 – C1)(P0 – C1) – (L0 –C1) C3 = KD1C1 (3)

where C3 = 1
2

P0 – C1 + PS 0 + KD3 – P0 – C1 + PS 0 + KD3 2 – 4PS 0 P0 – C1

PS + L    K D3    C 3

P + L    K D1    C 1
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Knowing P0 and KD1 from steady-state analysis in the absence of inhibitor (see
Subheading 3.2.1.), experiments are run at a constant level of E-HS and bFGF (L0)
and various levels of inhibitor (PS0). Retention is a measurement of C1.

1. Mathematica software (Version 3.0, Wolfram Research) is launched, and a new notebook
page is initialized. Commands as outlined below are entered into the notebook page, and
the “shift” and “enter” keys are pressed simultaneously at the end of each instructional set
(symbolized in the procedure by “ ♦ ”)

2. The statistical package must be loaded by typing (see Note 2):

<<Statistics`NonlinearFit` ♦

3. The known parameters are then initialized—Po and KD1—with both in units of nM:

P0 = 0.23; ♦

KD1 = 2.3; ♦

4. Enter the ligand concentration - L0 〈nM〉, the reaction volume, volume 〈L〉, the molecular
weight of the inhibitor - mwI 〈g/mol〉, and the molecular weight of the growth factor - mwF
〈g/mol〉:

L0 = 0.056; ♦

volume = 0.0002; ♦

mwI = 6500; ♦

mwF = 18000; ♦

5. Enter the quantity of inhibitor (S0) added 〈ng〉:

s = {0, 0, 0, 40, 40, 40, 80, 80, 80, 160, 160, 160, 320, 320, 320, 600, 600, 600}; ♦

6. Enter the measured values of bFGF retained (C1) 〈ng〉:

c = {.018, .022, .019, .014, .017, .014, .009, .013, .014, .01, .012, .003, .001, .006, .011,
.003, .002, -.003}; ♦

7. Convert these values (PS0 and C1) from ng to nM and store as data sets A and B:

dat1 = s/(volume*mwI) ; ♦

dat2 = c/(volume*mwF); ♦

8. Enter KD1C1 as a set of data:

dat3 = Kd1*dat2; ♦

9. Group the data (PS0, C1, KD1C1):

data = {dat1, dat2, dat3}; ♦

Protamine = Transpose[data]; ♦

10. Perform the calculation for the nonlinear regression—ParameterCITable will output the
KD2 value at the end or with the standard error and the confidence interval. Entering an
estimate or initial guess for KD3 will aid in the fitting process (the initial guess in our
example was 75) (see Note 4). It should be noted that the C3 value corresponds to one of
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the roots of the quadratic equation (note the minus sign shown bold below)—the alternate
root yielded a negative value for KD3 for this case.

ParameterCITable /. NonlinearRegress[Protamine, (L0 – C1)*(P0 – C1) – (L0 - C1) * ((P0 –
C1 + PS + KD3) – ((P0 – C1 + PS + KD3) ^ 2 – 4 * PS *(P0 - C1)) ^ 0.5) * 0.5, {PS,C1},

{KD3,75}] ♦

10. KD3 for protamine sulfate was 0.1 ± 0.02 µM.

3.3. Summary
Proteoglycan binding is a physiologically important means of regulating growth

factor activity and availability. This chapter details a fast and simple assay for
quantifying inhibitors of growth factor–proteoglycan binding. Although data and
the corresponding analysis focused on inhibitors of bFGF interactions, the method
should be easily transferable to other proteoglycan-binding growth factors and
molecules.

4. Notes
1. Many protocols for isolation of proteoglycans involve the use of denaturing agents such

as urea. These agents can interfere with protein–proteoglycan interactions and should be
removed from proteoglycan preparation prior to binding experiments.

2. When loading the Statistics packages,  it is important to use ̀  (grave accent) as opposed to
‘ (open quote) in the statement: <<Statistics`NonlinearFit`.

3. In calculating the growth-factor binding sites per nanogram of proteoglycan, it is impor-
tant to enter the RT value in moles per liter, volume in liters, and proteoglycan in nano-
gram to generate binding sites per nanogram (see Subheading 3.2.1, step 11).

4. When fitting parameters using NonlinearRegress, a warning may be issued:

NonlinearFit::lmpnocon :  Warning:  The sum of squares has achieved a
minimum, but at least one parameter estimate fails to satisfy either an accuracy
goal of 1 digit (S) or a precision goal of 1 digit (s). These goals are less
strict than those for the sum of squares, specified by AccuracyGoal ->6 and
PrecisionGoal ->

If this occurs, it is best to rerun your regression fit with the output KD used as your new
initial guess. This may be easily done by highlighting the right sidebar and pressing ♦.
Repeat this procedure until the warning is not issued.
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Interaction of Proteoglycans
with Receptor Tyrosine Kinases

David K. Moscatello and Renato V. Iozzo

1. Introduction
The control of cell proliferation depends on the interactions between growth factors

and their specific receptor-activated signaling pathways. It is well accepted that the
local extracellular matrix can modulate cellular responses to a given signal in several
ways, such as by modulating the affinity of the ligand for its cognate receptor (1), by
binding and limiting availability of a growth factor (1–3), or by influencing proteolytic
processing and internalization (3). However, it has only recently been shown that
“structural” components of the extracellular matrix can  interact directly with, and
activate, receptor tyrosine kinases (RTKs). This was first shown by Vogel et al. and
Shrivastava et al., who demonstrated that the “orphan” receptor tyrosine kinases DDR1
and DDR2 in fact bind fibrillar collagen (4,5). This binding required the native triple-
helical structure of collagen and showed much slower kinetics than observed with
other ligand–receptor interactions (5). Decorin (6–8), a member of a family of small
leucine-rich proteoglycans (3), binds to fibrillar collagen and is an important regulator
of matrix assembly (9–11). Decorin content is elevated in the tumor stroma of colon
cancer (11), and ectopic expression of decorin inhibits cell growth (11–13). The
growth-suppressive properties of decorin are independent of p53 or retinoblastoma
proteins but require functional p21 protein (Waf1/Cip1/Sdi1) (13–16).

We recently reported that decorin activated the epidermal growth factor receptor
(EGFR) in A431 squamous carcinoma cells and other transformed cell lines. This
signaling was mediated by the protein core of decorin and induced MAP kinase
activation and a protracted upregulation of endogenous p21, thereby leading to growth
suppression (17). This activation occurred as a result of a direct interaction of decorin
with the EGF receptor (17,18). However, even “small” proteoglycans such as decorin
(~100 kDa, with a ~42-kDa core protein) are quite large in comparison with most
ligands of receptor tyrosine kinases, which are typically 6–25 kDa, a fact that compli-
cates analysis of crosslinking studies. Thus, in combination with their relatively
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promiscuous binding properties, establishing a direct interaction of proteoglycans with
receptor tyrosine kinases requires a number of methodological approaches. Examples
of a few such techniques are presented here, but the reader is encouraged to consider
other chapters in this volume as well, since other approaches may be useful in the
context of different ligand–receptor systems. While the sample protocols presented all
involve the EGFR and decorin,  the same approaches should prove useful for other
receptor–proteoglycan interactions.

2. Materials

2.1. Cells, Culture Media, and Growth Factors
1. A431, HT-1080, and a wide variety of other human tumor cell lines can be obtained from

the American Type Culture Collection (Rockville, MD), as can CHO and NIH-3T3 cells.
The latter two cell lines are widely used for transfection and overexpression of proteins of
interest.

2. Fetal bovine serum (FBS) is used at 10% (v/v) to culture A431 and most human
tumor cell lines. Ten percent calf serum (CS) is used to grow NIH-3T3 cells and
transfectants. Both can be obtained from Hyclone (Logan, UT) or Life Technologies
(Rockville, MD). A431 and 3T3 cells are grown in Dulbecco’s modified Eagle
medium (Life Technologies or Mediatech) (Herndon, VA). RPMI 1640, D-PBS,
epidermal growth factor, and trypsin (0.25% for A431, 0.05% for 3T3) are all obtained
from Life Technologies.

3. Conditioned media for soluble receptor ectodomain or recombinant proteoglycan produc-
tion are readily concentrated using Amicon Ultrafree-15 centrifugal filter units with Biomax-
50 membranes (50,000-dalton nominal molecular weight limit) and filter-sterilized with
0.45-µm pore vacuum filter units (Millipore, Bedford, MA).

2.2 Antibodies and Biochemical Reagents
1. Anti-EGFR and anti-phosphotyrosine antibodies can be obtained from Promega

(Madison, WI) and Upstate Biotechnology (Lake Placid, NY), respectively. Antibod-
ies to a variety of EGFR epitopes are also available from Calbiochem-Novabiochem
Corp. (San Diego, CA).

2. Bovine serum albumin (BSA, Cohn fraction V) and all other reagents not specified are from
Sigma Chemical (St. Louis, MO).
a. For blocking cells, a 0.2% BSA (w/v) solution in RPMI 1640 is filter sterilized and

stored at 4°C.
b. Membranes are blocked with 2% BSA in TBST (TBS [100 mM Tris-HCl, pH 7.5, 150

mM NaCl] plus 0.1% Tween 20) or 5% nonfat dry milk in TBST.
c. Kits for labeling by the Iodo-Gen method are available from Pierce Chemical (Rock-

ford, IL). [125I]NaI is from Amersham (Arlington Heights, IL).
d. Active, affinity-purified EGFR was purchased from Sigma Chemical (cat. no. E2645).

[γ-32P] ATP (6000 Ci/mmol), enhanced chemiluminescence (ECL) reagents and
Hybond ECL membranes were from Amersham. Nitrocellulose membranes from
Schleicher & Schuell (Keene, NH) also work well.

e. Immulon 4HXB wells are from Dynex Technologies (Chantilly, VA).
f. The membrane-impermeable crosslinker bis[sulfosuccinimidyl]-suberate (BS3) is

from Pierce. Nickel-nitrilo-triacetic acid (Ni-NTA) columns for purification of His6-
tagged recombinant proteins are from Qiagen (Valencia, CA).
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3. PBS/TDS: 10 mM Na2HPO4, 150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate,
0.1% sodium dodecyl sulfate, 0.02% sodium azide, 0.004% sodium fluoride, and
1 mM sodium orthovanadate, pH 7.25. The stock is stored at 4°C, and phenylmethylsulfonyl
fluoride (made as a 100× stock in isopropanol and stored at –20°C) is added to 100 µg/mL
immediately before use.

4. In vitro reactions with EGFR kinase are performed in 20 mM HEPES, pH 7.4, 2 mM
MnCl2, 10 mM p-nitrophenyl phosphate, 40 mM Na3VO4, 0.01% BSA with 15 mM ATP
(kinase buffer). For blocking wells in radioligand binding assays, 0.1% BSA in TBS with
2 mM CaCl2, 2 mM MgCl2, and 0.02% NaN3 is used.

3. Methods
3.1. Binding Competition with Known Receptor Ligands

1. Growth of cells. Cells are seeded into 24-well (16-mm) plates and grown for 2 d or until
just confluent. Sufficient wells must be plated for triplicate determinations of all condi-
tions. A431 cells are commonly used to analyze binding to the EGFR.

2. Recombinant human decorin (see Note 1) is labeled to high specific activity (~8 × 106

cpm/mg) with [125I]NaI (Amersham) by the Iodo-Gen method (Pierce Chemical).
3. The cells are washed twice with D-PBS, then blocked with 1 mL of RPMI-1640 containing

0.2% BSA at 4°C or on ice for 1 h (see Note 2).
4. The blocking medium is removed, and the cells are then incubated with 0.5 mL of 0.2%

BSA/ RPMI-1640 containing ca. 200 ng (1.5 × 106 cpm) 125I-decorin with or without the
appropriate concentrations of specific ligand. In this example, EGF is added at concentrations
from 10 to 300 ng/mL. A 100-fold excess of unlabeled test ligand is added to triplicate wells
to correct for background binding.

5. The binding media are removed, and the wells are washed three times with cold PBS. The
cells are then dissolved in 1 mL of 1 M NaOH and the radioactivity measured in a gamma
counter. The means ± SD of the triplicate determinations are then calculated.

3.2. Chemical Crosslinking to Receptors
1. A431 cells (or other cells of interest) are plated in 6-well (35-mm) plates and grown until

nearly confluent. The cells are incubated in serum-free medium (e.g., DMEM only) for
24–36 h.

2. The cells are washed twice with D-PBS, then blocked with 1 mL of RPMI-1640 containing
0.2% BSA at 4°C or on ice for 1 h.

3. The cells are incubated with decorin (DCN), decorin protein core (∆DCN)(100 µg/mL), or
EGF (16 nM), or combinations thereof, at 4°C or on ice for 1 h.

4. The cells are washed three times with 2 mL of cold PBS per well and incubated for 10 min
at room temperature in PBS with 15 mM crosslinker BS3. If the lysates are to be subjected
to immunoprecipitation, the cells are scraped into 0.5 mL/well ice-cold lysis buffer, centri-
fuged at 12,000g in microcentrifuge tubes for 10 min at 4°C, and the supernatants are
transferred to clean tubes. If the lysates are only to be analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), the cells may be lysed directly in SDS
sample buffer. The cell lysates are separated by  SDS-PAGE in thin (0.75-mm), 3–15%
acrylamide gels, transferred to nitrocellulose membranes, and subjected to Western
immunoblotting with anti-EGFR antibody (18).

5. After exposing the blot to film, the autoradiogram is analyzed for the presence of receptor
monomers and dimers; the latter should be present only in lanes with crosslinker. In the case
of studies involving the EGFR, the monomeric receptor migrates at an Mr of 170 kDa,



430 Moscatello and Iozzo

and the dimers at an Mr of 340 kDa. Slower-migrating species may also be observed if the
ligand is also crosslinked; in the present instance, a single decorin molecule bound to a
EGFR dimer would be expected to migrate at an Mr of ~440 kDa, and two decorin
molecules per dimer would be expected to migrate at an Mr of ~540 kDa (see Note 3).

3.3. Interaction with Soluble Receptor Ectodomain
1. A431 cells synthesize a secreted form of EGFR of ~105 kDa lacking the transmembrane and

intracytoplasmic domains (19). A431 cells are grown to near confluence in standard medium,
washed twice with D-PBS, and incubated with serum-free medium for 24–48 h (see Note 4).

2. Medium conditioned by confluent A431 cells is concentrated by centrifugation in
Ultrafree-15 (50,000-nmwl) units at 4°C according to the manufacturer’s protocol. The
conditioned medium is then filter-sterilized (0.45-µm-pore filters) or centrifuged at high
speed to remove insoluble material. NaN3 (0.02% final concentration) may be added to
inhibit microbial growth. Such preparations are ideally used fresh, but may be stored for
a few days at 4°C, or mixed with an equal volume of glycerol and stored at –20°C.

3. Serial dilutions of BSA, decorin or its protein core are slot- or dot-blotted onto nitrocellu-
lose membranes using a vacuum manifold and blocked overnight at 4°C (or for 1 h at room
temperature) with 5% FBS and 5% nonfat milk (see Note 5).

4. The blots are washed several times in TBST and incubated with the serum-free medium
conditioned by the A431 cells. The blots are again washed three times, then incubated
with gentle agitation using an antibody against the ectodomain of the human EGFR
(e.g., anti-LEEKK of the human EGFR N-terminal sequence, affinity purified on pep-
tide linked to Sepharose) at 1 µg/mL in BSA/TBST for 1–2 h at room temperature. The
antibody used should not interfere with the binding, in this case because it recognizes
the N-terminal end of the EGF receptor, distant from the known ligand-binding site. It
is desirable, however, to use an antibody that does recognize the ligand-binding domain
as an additional control (e.g., monoclonal antibody 225 raised against the EGF-binding
domain of the EGFR, ref. 20).

5. The membranes are washed three times with TBST and incubated with the appropriate
secondary antibody (against either rabbit polyclonal or mouse monoclonal antibody) for 1 h
at room temperature. Alternatively, radiolabeled secondary antibodies may be used.

6. Finally, the membranes are incubated with anti-rabbit or anti-mouse IgG coupled to horse-
radish peroxidase (1/5000) in TBS-T, washed three times, and incubated with enhanced
chemiluminescence reagent. Multiple exposures are performed to guarantee linearity, and
the intensities of the bands are quantitated by laser scanning densitometry.

3.4. In Vitro Phosphorylation of the Receptor Tyrosine Kinase
1. Constant amounts (~300 ng) of immunopurified EGFR are incubated with kinase buffer

alone or containing various concentrations (5–20 µg) of decorin, decorin protein core, or
collagen type I. A control tube should include 100 ng of EGF.

2. After 15 min of incubation in kinase buffer, 1 µCi [γ-32P]ATP and 0.2% NP40 are added in
a final volume of 60 µL. The mixtures are incubated for an additional 10 min, and the
reactions are terminated by boiling in SDS sample buffer.

3. The samples are separated by SDS-PAGE, and the gel is either dried, or the proteins are
transferred to nitrocellulose. The latter technique enables one to use immunoblotting to
confirm the identities of the labeled proteins. Phosphorylated proteins are visualized by
autoradiography. Control samples omitting either [γ-32P]ATP or EGFR should show no
activity (see Fig. 1).
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3.5. Interaction of Proteoglycan with Purified Receptor Kinase

1. Column protocol: Recombinant decorin with an N-terminal tag of six histidine residues
(6 His) allows for a rapid and efficient purification via Ni-NTA affinity chromatography (21).

2. Purified EGFR is phosphorylated to a high specific activity using the EGF control reac-
tion in vitro phosphorylation procedure described in Subheading 3.4., steps 1 and 2,
except that the reactions are not boiled in sample buffer and labeled receptor is separated
from unincorporated label by Sephadex G-50 chromatography (Roche Quick-spin
columns).

3. Constant amounts of 32P-labeled EGFR are incubated with increasing concentrations of
decorin, decorin core protein, or control proteins for 30 min at 4°C under gentle agita-
tion. The spin columns are equilibrated with three column volumes of binding buffer
(300 mM NaH2PO4, pH 8.0, 300 mM NaCl), and then the samples are applied and spun
at 750 g for 5 min.

4. Following two consecutive washes, the bound decorin/EGFR complexes are eluted with
buffer containing 250 mM imidazole. Aliquots of the fractions are counted in a scintilla-
tion counter and the remainder are analyzed by SDS-PAGE and autoradiography.

5. Solid-phase binding protocol: Immulon 4HXB wells are coated with 1 µg (~22 pmol) of
recombinant decorin in 100 µL of PBS for 2 h at 37°C or overnight at 4°C. The wells are
washed three times with PBS and blocked with 0.1% BSA in TBS supplemented with
2mM CaCl2, 2 mM MgCl2, and 0.02% NaN3 (blocking buffer) for 1 h.

6. Purified EGFR is labeled as described in step 2, 0.1–10 pmol 32P-EGFR is added in block-
ing buffer, and the wells are incubated under gentle shaking (60 rpm) for 4–14 h at 4°C.

Fig. 1. In vitro phosphorylation assay using immunopurified EGFR and decorin, its protein
core, or collagen. Constant amounts (~300 ng) of immunopurified EGFR were preincubated with
buffer alone (lane 1) or containing decorin (lanes 2–4; at 5, 10, and 20 µg, respectively), decorin
core protein (lanes 5–7; at 5, 10, and 20 µg, respectively), or collagen (lanes 8–10; at 5, 10, and 20
µg, respectively). After 15 min in kinase buffer, 1 µCi of [γ-32P]ATP and 0.2% Nonidet P-40
were added. The mixtures were incubated for an additional 10 min, stopped by boiling in SDS
buffer, and analyzed by SDS-PAGE and autoradiography. Note the strong EGFR
autophosphorylation induced by decorin and decorin core protein relative to the collagen control.
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Background binding is corrected for by incubation with at least 100-fold molar excess
unlabeled EGFR. All samples should be done in triplicate. After incubation the wells are
washed three times with ice-cold TBST and measured using a scintillation counter. Data
are analyzed by Scatchard analysis, e.g., using the Ligand program (18).

4. Notes
1. It is imperative that the proteoglycans in question be purified by techniques that permit

retention of a “native” conformation (21). Many commercially available extracellular
matrix proteins and proteoglycans, particularly those from tissues such as skin or tendon,
are prepared by harsh extraction methods that result in denatured products. Not surpris-
ingly, such preparations have greatly reduced or no biological activity (18,22), and of
course are unsuitable for use in studies of signaling interactions. Recombinant or endog-
enous materials isolated from cell cultures are generally suitable, as they can be purified
by relatively gentle procedures (see Chaps. 1, 4, 20, 21; and ref. 21 for relevant proto-
cols). Wherever possible, it is also desirable to use a closely related proteoglycan as a
control for nonspecific binding. For example, we use biglycan (17,21) as a control for
decorin in experiments with EGFR; biglycan does not bind or activate the EGFR (17,22).
We also use a deglycosylated proteoglycan, or mutated recombinant protein lacking the
glycosaminoglycan chain (17,21,23), to ascertain the importance of the glycosaminogly-
can chain in the interaction.

2. Only purified proteins such as bovine serum albumin should be used as blocking agents in
binding experiments. Gelatin cannot be used, as it is composed of collagen, with which
many proteoglycans can interact. Other commonly used blocking agents such as nonfat milk
or sera contain growth factors or matrix components that may interact with either the
receptor or proteoglycan of interest, respectively.

3. Very large complexes (>400 kDa) do not penetrate standard polyacrylamide gels, and are
not efficiently transferred to membranes for blotting. A possible alternative approach would
be the use of cleavable crosslinkers such as 3,3'-dithiobis[sulfosuccinimidyl] propionate
(Pierce). Crosslinked receptor–proteoglycan complexes are immunoprecipitated from
lysates, the cleaving reagent is added, the samples are boiled in SDS sample buffer, sepa-
rated by SDS-PAGE, and analyzed by immunoblotting against both the receptor and the
proteoglycan (or labeled ligand may be used).

4. Alternatively, constructs encoding ectodomains of other receptors of interest may be trans-
fected into NIH-3T3 cells by standard methods. Conditioned media would be produced and
collected in the same fashion as for EGFR ectodomain from A431, although the kinetics of
expression would have to be determined empirically. Expression of the soluble receptor
would be confirmed by immunoblotting, and an epitope tag such as 6 ↔ His would provide
a convenient “handle” for purification and isolation of receptor–ligand complexes.

5. Alternatively, the reciprocal experiment may be performed; that is, the soluble receptor
preparation may be slot-blotted and incubated with proteoglycan solution. The blots would
then be probed with antibody to the proteoglycan, or labeled proteoglycan could be used.
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Measuring Single-Cell Cytosolic Ca2+ Concentration
in Response to Proteoglycans

Sandip Patel and Renato V. Iozzo

1. Introduction
Ca2+ is a crucial biological messenger involved in a host of diverse cellular

processes (1). Many hormones, growth factors, and neurotransmitters raise cytosolic
Ca2+ levels through activation of phospholipase C, which catalyzes the production of
the second messenger, inositol 1,4,5-trisphosphate (IP3) (2). G-protein-linked recep-
tors and receptor tyrosine kinases couple to distinct isoforms of phospholipase C (3).
Once generated, IP3 raises cytosolic Ca2+ levels by activating Ca2+ channels located on
the membranes of intracellular Ca2+ stores (4,5).

Extracellular matrix constituents are also known to induce Ca2+ signals through
activation of integrins (6). More recently, we have demonstrated that decorin, a
member of the small leucine-rich proteoglycan family (7), mediates cytosolic Ca2+

increases through a novel action on the epidermal growth factor (EGF) receptor
(Fig. 1) (8). Indeed, interaction of the extracellular matrix with cell surface receptor
tyrosine kinases may be more widespread than previously thought (9–11). Changes in
cytosolic [Ca2+] are therefore likely to be important in mediating the effects of the
extracellular matrix on cell function. In this chapter, the principles of measuring single
cell cytosolic [Ca2+] are discussed.

Measuring cytosolic [Ca2+] at the single cell level using imaging approaches has
several advantages over monitoring [Ca2+] in populations of cells. In many cells,
submaximal hormone stimulation induces complex changes in cytosolic [Ca2+],
including Ca2+ oscillations (12), which in population studies are “averaged” out and
remain undetected. Such temporal averaging also distorts the kinetics of even relatively
simple changes in cytosolic [Ca2+]. For example, if all cells do not respond under a
particular condition or do so with differing latencies, the average population response
will underestimate the peak and rate of rise in cytosolic [Ca2+] of the responsive cells.
In addition, population studies provide no spatial information concerning the Ca2+
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Fig. 1. Decorin mediates increases in cytosolic [Ca2+] of single A431 cells. Images of single fura-2-loaded A431
cells before (top left) and after (at the times indicated) stimulation with decorin (100 µg/mL). The overlaid red image is
proportional to changes in [Ca2+]. Bottom right-hand panel shows a typical [Ca2+] response of a single cell.

436
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increase within the cell. Indeed, Ca2+ signals often originate from a specific cellular
locus and travel throughout the cytosol as planar or even spiral “waves” (12). Finally,
population measurements do not distinguish signals from damaged or contaminat-
ing cells.

1.1. Fluorescent Ca2+-Sensitive Indicators

The use of fluorescent Ca2+-sensitive indicators is currently the most popular
method for monitoring cytosolic [Ca2+]. Fluorescence is the process whereby a mol-
ecule in an excited state dissipates some of its energy prior to relaxation, upon absorb-
ing a photon of light, such that the emitted light is of lower energy and thus longer
wavelength than that of the exciting light. Fluorescent Ca2+ indicators are molecules
that change their fluorescence properties upon binding Ca2+, most of which are based
on the Ca2+ chelators, ethylene-bis(oxyethylenenitrilo)tetraacetic acid (EGTA) and
1,2-bis(2-Aminophenoxy)ethane-N,N,N'N'-tetraacetic acid (BAPTA). Many Ca2+

indicators are commercially available for measuring [Ca2+] [see ref. (13)]. Factors to
be considered when choosing a dye are its molar extinction coefficient and quantum
yield—that is, the efficiency of light absorption and the amount of light emitted rela-
tive to what was absorbed. In order to maximize fluorescence signals in response to
Ca2+, a dye with an affinity appropriate to the range of anticipated [Ca2+] changes
should be chosen. Upon stimulation, cytosolic [Ca2+] can be elevated several fold from
resting levels of < 200 nM.

Ca2+-sensitive indicators can be classified according to the nature of the fluores-
cence change that Ca2+ binding induces. Ratiometric (dual-wavelength) indicators
undergo a shift in their fluorescence spectra (excitation or emission) upon binding
Ca2+, whereas intensiometric (single wavelength) dyes do not. Fura-2 (14) is a
ratiometric indicator that is currently the most commonly used Ca2+-sensitive dye in
imaging studies (Fig. 2A). Important properties of this dye include the following:

1. In the absence of Ca2+, the excitation and emission peaks are 360 and 510 nm, respectively.
2. In the presence of saturating Ca2+ levels, the excitation peak is shifted to 340 nm with no

appreciable change in the emission spectra.
3. The isosbestic (Ca2+-independent) wavelength is 360 nm.
4. Reciprocal changes in the fluorescence of the dye occur upon Ca2+ binding when excited

either side of the isosbestic wavelength.
5. At 340-nm excitation, fluorescence intensity increase as the [Ca2+] increases.
6. At 380-nm excitation, fluorescence intensity decreases as the [Ca2+] increases.
7. The ratio of the two intensities at 340 and 380 nm is proportional to [Ca2+].

Fluo-3 is an example of an intensiometric indicator. This visible wavelength dye
has excitation and emission peaks of ~500 and ~525 nm, respectively. This dye is
particular useful in that in it undergoes a large increase in fluorescence upon binding
Ca2+. Additionally, the absolute florescence of the Ca2+-free dye is extremely low,
thus further improving the signal-to-noise ratio. Ratiometric dyes, however, are
advantageous over intensiometric dyes in several respects. For intensiometric
indicators, fluorescence is proportional to the concentration of both Ca2+ and the dye.
Since changes in cellular dye concentration can occur during experimentation, such
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changes are difficult to distinguish from actual changes in [Ca2+] when using
intensiometric indicators. For example, in many cells, dye can be actively extruded
from the cytosol or undergo photobleaching (see Note 1), which results in a decrease
in fluorescence intensity. This decrease in fluorescence would appear as a decrease in
[Ca2+] when measured at a single wavelength. For ratiometric dyes such as fura-2,
however, nonreciprocal changes in the fluorescence intensities are cancelled out after
calculation of the fluorescence ratio (Fig. 2B). Ratiometric recording is also less prone
to artefacts arising from cell movement, uneven dye distribution, or inhomogeneities
in cell thickness. Fura-2, then is the dye of choice for single cell Ca2+ imaging.

1.2. Loading Fluorescent Ca2+ Indicators Into Cells
Most Ca2+ indicators are available as acetoxymethyl (AM) esters, rendering them

cell permeable (15). Once inside the cell, endogenous esterases cleave the ester bonds,
releasing the negatively charged dye and essentially trapping it within the cell. Thus,
simple incubation of the cells in a physiological medium supplemented with the AM

Fig. 2. (A) Excitation spectra of fura-2 in the presence of zero and saturating Ca2+. The
graph shows fluorescence (F) of the dye measured at 510 nm at a range of excitation wave-
lengths. Binding of Ca2+ reduces the excitation peak from 360 to 340 nm. Fluorescence of the
dye therefore increases at 340 nm and decreases at 380 nm in response to Ca2+. No change in
fluorescence occurs at 360 nm. (B) Ratio measurements cancel out nonreciprocal changes in
fura-2 fluorescence. A schematic fura-2 timecourse recording showing a change in [Ca2+] manifest
as a transient increase and decrease in fluorescence at excitation wavelengths of 340 and 380
nm, respectively (left). The response is superimposed on a progressive slow decrease in fluo-
rescence at both wavelengths. These non-reciprocal (Ca2+-independent) changes in fluores-
cence are eliminated after calculation of the fluorescence ratio (340/380, right).
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ester for a defined period of time results in significant accumulation of the dye within
the cell (see Subheading 3.1.). The ease by which these dyes can be introduced into
cells is a major advantage of using these dyes for monitoring [Ca2+].

1.3. Instrumentation
Central to an imaging system (Fig. 3) is the epifluorescence microscope that houses

appropriate optics to allow delivery of the exciting light and isolation of the emitted
fluorescence. Briefly, cells grown on a glass cover slip are loaded with a fluorescent
indicator and placed into a holder on the stage of the microscope. Excitation light of
the appropriate wavelength for the indicator is selected (usually with a filter) and
directed to the cells via the objective lens through which the cells are imaged. Part of
the resulting emitted fluorescence is collected by the objective and discriminated from
the excitation light by a dichroic mirror. The light is then focused onto a camera, digi-

Fig. 3. Schematic representation of a typical imaging system. Light from an arc lamp
(1) is attenuated by a neutral density filter (2) and passed through a shutter (3) to a filter
wheel (4) that selects the appropriate excitation wavelength. The excitation light (Ex) then
enters the microscope and is reflected by a dichroic mirror (5) up into the objective (6) to
the sample (7) loaded with the fluorescent dye. The emitted fluorescence (Em) is then
collected by the objective and directed back to the dichroic mirror, where it is transmitted
to a second mirror (8) that reflects the light to the camera (9). The shutter, filter wheel, and
camera are computer-controlled.



440 Patel and Iozzo

tized, and stored to a computer. By periodically illuminating the cells through the use
of a computer-controlled shutter, a series of images is collected. Regions of interest,
corresponding to individual cells (or subcellular regions) are selected by the user, and
data are extracted from the image at each time point. Fluorescence intensities/ratios
can then be calibrated to [Ca2+] for individual cells in the entire field. A brief description
of the principle components of an imaging system is given in Table 1.

Many imaging systems are now available commercially. Normally, an inverted as
opposed to an upright microscope configuration is adopted, since access to the sample (for
perfusion or microinjection) is unhindered. The choice of camera is one of the most impor-
tant considerations in low-light-level studies. Cameras can be broadly classified according
to their output, which may in the form of a standard video signal (e.g., silicon-intensified
target cameras) that is later digitized or direct digital readout (e.g., cooled charged-coupled-
device cameras). The latter provide better signal-to-noise ratios but are inherently slower.
High-sensitivity cameras allow illumination intensity to be reduced without compromis-
ing signal, thus reducing photobleaching of the dyett. Imaging formats such as 1024 by
1024 pixels are typical. The range of digitisation (8–16 bit) determines the dynamic range
(256–65536 intensity levels per pixel) (see ref. 16 for further details).

1.4 Calibration of Fluorescence Data
Once fluorescence data are acquired, it is relatively straightforward to convert them

to [Ca2+]. Data should first be corrected for background fluorescence that is, cell-
independent (“instrument”) noise. For intensiometric indicators, fluorescence inten-
sity (F) is related to [Ca2+] by the following equation:

               (F – Fmin) · Kd

              (Fmax – F)

where Fmin and Fmax are the fluorescence intensities of the Ca2+-free and Ca2+-satu-
rated dye, respectively, and Kd is the dissociation constant of the dye for Ca2+. With
these indicators, an in situ calibration is necessary since measured fluorescence is
dependent on dye concentration (see Subheading 3.4.1.). This involves exposing cells
to a Ca2+ ionophore such as ionomycin in order to equilibrate Ca2+ across the plasma
membrane, and then setting the extracellular [Ca2+] to zero and saturating levels to
derive Fmin and Fmax, respectively. The parameters are thus determined under similar
dye loading levels as those during experimentation.

For ratiometric indicators, the fluorescence ratio, R (Ca2+-bound fluorescence/Ca2+-
free fluorescence) is related to [Ca2+] by the following equation:

(R –Rmin) Kd · Sf2

(Rmax –R) Sb2

where Rmin and Rmax are the fluorescence ratios of the Ca2+-free and Ca2+-saturated
dye, respectively, Kd is the dissociation constant of the dye for Ca2+, and Sf2/Sb2 is the
ratio of fluorescence values for the Ca2+-free and Ca2+ saturated dye at the wavelength
used to monitor the Ca2+-free indicator. For fura-2, R is the fluorescence of the dye at
340 nm excitation/fluorescence of the dye at 380 nm excitation and Sf2 /Sb2 is
determined at 380 nm. At 37°C, the Kd of fura-2 is 224 nM.

[Ca2+] =

[Ca2+] = ·
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Rmin and Rmax (from which Sf2/Sb2 is calculated) can be determined in situ with iono-
phore as with intensiometric indicators. However, as ratios are independent of dye con-
centration, calibration parameters can also be obtained (for the particular instrument
configuration employed) in vitro that is, in the absence of cells (see Fig. 4A; Subhead-
ing 3.3.2.). This is achieved using an intracellular-like solution supplemented with the
free (de-esterified) form of the dye in the presence of BAPTA and excess Ca2+ to deter-
mine the fluorescence of the Ca2+-free and Ca2+-bound dye, respectively. Unlike in situ
calibrations, which need to be performed at the end of each experimental run, in vitro
calibrations need only be performed once on the day of experimentation. Furthermore, it
is often difficult to completely equilibrate Ca2+ across the plasma membrane in in situ
calibrations. However, a major assumption in in vitro calibrations is that the conditions
mimic the environment of the dye within the cell, which may not necessarily be the case.

Fig. 4. In vitro calibration of ratiometric fluorescence data. (A) A cytosol-like calibration
medium (initially Ca2+-free) is used to determine calibration parameters (see Table 2). For
fura-2, fluorescence of the medium at 340-nm (solid line) and 380-nm (dotted line) excitation is
acquired first in the absence of dye to determine background fluorescence. Fura-2 free acid
(1 µM) and then CaCl2 (500 µM) are added to determine Rmin, Rmax, and Sf2/Sb2 as shown. These
parameters are used to convert acquired ratio values to [Ca2+] using Eq. (2). (B) Autofluorescence
(AF) is measured with either MnCl2 or digitonin (see text) and subtracted from all experimental
data prior to calculation of the fluorescence ratio.
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Table 1
Components of a Single-Cell Imaging System

Component Function Notes

Arc Lamp Provide illumination Xenon arc lamps are preferred over mercury lamps, because they provide a
more even illumination over the range of  wavelengths required for excitation
commonly used Ca2+ indicators.

Neutral-density Filter Attenuate light source Attenuates light evenly at all wavelengths.
Computer-controlled Provide illumination only Prevents premature burning out  of filters shutter during acquisition and
shutter unnecessary photobleaching.
Excitation selector Provide appropriate wavelength of Normally achieved with a barrier filter. For dual-excitation studies (as with

light for optimal excitation of the fura-2), it is necessary to have a device for the rapid changing of the excitation
fluorophore wavelength. This can be achieved with a computer-controlled rotating filter

wheel, which houses the appropriate excitation filters (18,19). Alternatively,
a monochromator system can be employed, which is more flexible in that the
number of available wavelengths is essentially unlimited.

Dichroic mirror Reflect excitation light to, Designed to reflect a specific range of wavelengths while allowing light of
and isolate emitted fluorescence other  wavelengths to pass through. Chosen such that the cutoff for passing
from sample light is greater  than the wavelength of exciting light. Excitation light is

therefore reflected up to the sample, whereas the resulting emitted
light (of longer wavelength) passes through. For fura-2, a dichroic mirror
with a cutoff of 400 nm is appropriate to separate excitation light (340/380 nm)
and fluorescence emission (peak 510 nm).

Objective To deliver excitation light 16 × or 20 × magnification is sufficient to  accurately resolve most single
and collect emitted fluorescence cells. Higher magnification (40 × /63 ×) is required for subcellular recording.

Must efficiently transmit light at wavelengths to be used. Fura-2, for example
requires quartz or Fluor objectives in order to pass light of 340 nm.
Lenses with high numerical apertures (NA), an index of light-collecting
capacity, are preferred.

Sample chamber Chamber that fits onto In an inverted microscope configuration, the cover slip itself forms the base
microscope stage and houses the of the chamber. It is usually thermostatted to  physiological temperatures.
cover slip containing adherent cells
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Emission selector Select appropriate emission A filter designed to pass a broad range of wavelengths (long-pass) is
wavelengths normally used, in order to maximize the fluorescence signal, but sufficiently

removed from the cutoff wavelength of the dichroic mirror in order to filter
out stray excitation light. For Fura-2, a 420- to 600-nm filter can be used
 with a 400-nm cutoff dichroic mirror.
For dual-emission dyes such as indo-1, a filter system similar in design to
that used to select alternate excitation wavelengths can be fitted to the exit port
 of the microscope.

Camera Capture emitted fluorescence Silicon-intensified target (SIT) cameras or cooled  charged-coupled-device (CCD)
cameras are commonly used.
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Before calculation of fluorescence ratios in dye-loaded cells, it is important to sub-
tract any fluorescence not emanating from Ca2+-sensitive dye from the measured sig-
nal. Such autofluorescence can derive from many sources, including flavoproteins and
reduced adenine nucleotides. Autofluorescence is determined by first eliminating the
fluorescence due to the dye and then subtracting the residual fluorescence from the
data. For fura-2, this can be achieved by introducing Mn2+ into the cell (using iono-
phore), which quenches dye fluorescence (see Fig. 4B, Subheading 3.4.1.). Note that
with intensiometric indicators, autofluorescence is cancelled out in both the numera-
tor and denominator of Eq. (1), and thus does not need to be determined separately.

In some cells, AM loading can result in accumulation of the dye into noncytosolic
compartments such as the endoplasmic reticulum. Since Ca2+ levels in the endoplas-
mic reticulum are much higher than in the cytosol, compartmentalized dye will, under
normal conditions, remain saturated, thereby contributing to background fluorescence.
In this case, the Mn2+ quench method for determining autofluorescence is unsuitable,
because ionomycin will equilibrate Mn2+ into most cellular compartments. An alterna-
tive method to determine autofluorescence in cells where there is significant compart-
mentalization of dye (or when using dyes, such as fluo-3, that are not completely
quenched by Mn2+) is to permeabilize selectively using, the plasma membrane with
detergents such as digitonin (see Fig. 4B, Subheading 3.4.2.). This method effects
release of just the cytosolic dye from the cell. More problematic is compartmentaliza-
tion of dye into organelles such as mitochondria, where indicators used for measuring
cytosolic Ca2+ will also report mitochondrial Ca2+ changes. In such cases “mixed”
signals will result, since cytosolic and mitochondrial Ca2+ changes may occur asyn-
chronously (see Note 2).

2. Materials
1. Loading of the cells with Ca2+ indicator and data acquisition are performed in an extracel-

lular-like, imaging medium (see Table 2 for composition), which should be prepared
fresh on the day of experimentation. Alternatively, the medium can be prepared in bulk,
sterile filtered, aliquoted, and stored at 4°C.

2. Autofluorescence and calibration media (see Table 2) are made in bulk and stored at 4°C.
3. AM esters of Ca2+ indicators (1 mM) should be reconstituted in dimethylsulfoxide

(DMSO), aliquoted into single-use vials, and stored at –20°C.
4. Free acids of Ca2+ indicators (1 mM) should be reconstituted in H2O, aliquoted into single-

use vials, and stored at –20°C.
5. Ionomycin (2 mM) should be prepared in DMSO, aliquoted into single-use vials, and

stored at –20°C.
6. Digitonin (10 mg/mL) and MnCl2 (1 M) stock solutions should be prepared in H2O and

stored at room temperature.

3. Methods
3.1. Dye Loading

1. Cells should be plated onto glass (no. 1 thickness) cover slips and cultured until 70–80%
confluent in the appropriate tissue culture medium.

2. Remove tissue culture medium and rinse cover slips twice with 2–3 mL of prewarmed
imaging medium.
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3. Incubate cover slip with fresh imaging medium supplemented with the appropriate con-
centration of Ca2+ indicator and incubate with gentle agitation (see Note 3).

4. Remove medium and rinse cover slips twice with 2–3 mL of imaging medium.
5. Transfer cover slip to incubation chamber.
6. Leave for sufficient time (e.g., 10 min) to effect complete de-esterification of the dye.

3.2. Data Acquisition
1. Experiments can be performed either in a static chamber or by continual perfusion of the

cells. The former approach is recommended, because much smaller quantities of (usually
precious) materials are required. Indeed, experiments can be performed in volumes as small
as 0.3 mL.

2. Capture images for at least 60 s prior to stimulation of the cells in order to obtain an
accurate measure of the basal [Ca2+] and to characterize any possible spontaneous changes
in [Ca2+] (see Note 4).

3. For static chambers additions can be made by complete removal (by pipet) of the medium
and addition of fresh medium supplemented with the test agent. Alternatively, a small
aliquot of the medium can be removed, mixed with the appropriate volume of a concen-
trated stock solution of the test agent, and the entire volume added back. This method is
less prone to addition artefacts than complete exchange of the medium.

3.3. Calibration of Fluorescence Data
3.3.1. In Situ Calibration

1. This method can be used to calibrate fluorescence data from both intensiometric and
ratiometric indicators. For ratiometric indicators, autofluorescence (see below) must be
subtracted prior to calculation of the ratio.

2. At the end of the experimental run, rinse cells into imaging medium (without added Ca2+)
supplemented with 2 mM BAPTA and add 2  µM ionomycin to equilibrate Ca2+ across the
cell membrane.

3. Reinitiate data acquisition and monitor until fluorescence intensity reaches a stable pla-
teau to obtain Fmin (for intensiometric indicators) or Rmin (for ratiometric indicators).

Table 2
Solutions for Single Cell Ca2+ Imaging

Imaging medium Autofluorescence medium Calibration medium

NaCl 121 mM 10 mM 10 mM
KCl 4.7 mM 120 mM 120 mM
MgCl2 1.2 mM 2 mM 2 mM
CaCl2 2 mM 150–300 µM —
BAPTA — 500 µM 500 µM
KH2PO4 1.2 mM — —
NaHCO3 5 mM — —
Glucose 10 mM — —
BSA 0.25% — —
HEPES 20 mM 20 mM 20 mM

pH 7.4 @ 37°C pH 7.2 @ 37°C pH 7.2 @ 37°C
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4. Add 10 mM CaCl2 to saturate the dye with Ca2+.
5. Reinitiate data acquisition and monitor until fluorescence intensity reaches a stable pla-

teau to obtain Fmax (for intensiometric indicators) or Rmax (for ratiometric indicators).
6. Use eq. (1) (for intensiometric) or eq. (2) (for ratiometric indicators) to calculate [Ca2+].

3.3.2. In Vitro Calibration
1. This method is suitable for ratiometric indicators for a given instrument configuration.
2. Place 2 mL of calibration buffer (see Table 2) in the incubation chamber and acquire

5–10 images. This is the background fluorescence, which should be subtracted from sub-
sequent data (below) at both wavelengths before calculation of ratios.

3. Add 1 µM of the free acid form of the indicator and acquire 5–10 images. Calibration
medium is initially Ca2+-free, thus the fluorescence ratio gives Rmin.

4. Add 500 µM CaCl2 to saturate the dye and acquire 5–10 images. This fluorescence ratio
is Rmax.

5. Use eq. (2) to convert the acquired experimental ratio values (corrected for
autofluorescence) to [Ca2+] at each time point.

3.4. Determination of Autofluorescence

3.4.1. Mn2+ Quench
1. At the end of the experimental run, remove medium and rinse twice with 2 mL of imag-

ing buffer.
2. Reinitiate data acquisition and add MnCl2 (2–4 mM) and ionomycin (2 µM).
3. Monitor until fluorescence intensity falls to a stable plateau.
4. Subtract final image from all acquired images.

3.4.2. Digitonin Permeabilization
1. At the end of the experimental run, remove medium and rinse cells twice with 2 mL of

autofluorescence buffer.
2. Reinitiate data acquisition and add digitonin (20–50 µg/mL).
3. Monitor until fluorescence intensity falls to a stable plateau.
4. Subtract final image from all acquired images.

4. Notes
1. Photobleaching and dye extrusion can be distinguished by briefly interrupting data acqui-

sition and comparing the fluorescence intensity before and after resuming acquisition. If
the fluorescent intensities are comparable, then the loss of signal is due to photobleaching,
in which case illumination intensity should be reduced by decreasing exposure time and/
or increasing attenuation of the excitation source. Dye extrusion, however, should not be
affected by stopping acquisition, thus the fluorescence signal should continue to fall.
Loss of dye can be slowed by reducing the working temperature and/or including organic
anion-transport inhibitors such as bromosulphophthalein (100 µM) in the imaging medium
to inhibit active extrusion pathways (also see Note 2).

2. Compartmentalized dye can be recognized by a punctate cellular dye distribution and/
or a dim nucleus and can be reduced by reducing the loading temperature and/or
loading time. Alternatively, the free acid (de-esterified) form of the dye can be intro-
duced directly into the cytosol by micropipet or dialysis through a patch pipet. This
method, although more disruptive, has the added advantage of allowing delivery of
dyes conjugated to inert dextrans, thereby preventing dye extrusion (see ref. 17 for
further discussion).



Principles of Ca2+ Imaging 447

3. The conditions for dye loading are highly dependent on cell type and should be determined
empirically. Cells are typically loaded for up to 1 hour with 1–10 µM of the AM ester. Dye
loading can be increased by premixing the dye with dispersants such as Pluronic F-127 (0.02%)
prior to dilution into imaging medium (to increase dye solubilization) and/or by decreasing
cell density. Care should also be taken not to overload cells with dye, since at high concentra-
tions, the indicator may buffer Ca2+ increases, resulting in sluggish or blunted responses.

4.  As a rule, minimize the time that cells are exposed to the excitation light to prevent
photobleaching (see Table 1). This is achieved by adjusting shutter exposure time and
attenuation (neutral-density filter). Also, the delay between capturing successive images
(acquisition delay) will determine total exposure time. A common problem encountered
during acquisition is uneven fluorescence throughout the imaging field. This is likely to be
due to misalignment of the excitation source. Also, excitation bulbs have a finite life span.
Bulbs should be replaced if high frequency noise becomes a problem during experimentation.
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Serum Amyloid A Peptide Interactions
with Glycosaminoglycans

Evaluation by Affinity Chromatography

John B. Ancsin and Robert Kisilevsky

1. Introduction
Amyloid is a pathological deposit of protein and glycosaminoglycans (GAGs) that

can lead to the destruction of tissue architecture and function (1,2). To date, 18 unre-
lated proteins are known precursors of amyloid deposits (3). Each one is associated
with a specific disease, such as Alzheimer’s disease, adult–onset diabetes, inflamma-
tory disorders, and some cancers, but regardless of the type of precursor protein
involved, all amyloids have common tinctorial and structural characteristics. Fibrils
are composed of two or more filaments 3 nm in diameter  twisted around each other
forming nonbranching fibrils 7–10 nm in diameter with a crossed β–pleated sheet con-
formation. Congo red stains these deposits, and when viewed under polarizing light
they exhibit a red/green birefringence characteristic™ for amyloid.

Available evidence suggests that the deposition of amyloid involves a nidus or
protofilament around which amyloid fibrillogenesis occurs, and heparan sulfate (HS)
facilitates this pathological process (2,4,5). To understand better the mechanism by
which this HS–dependent transformation takes place, a number of studies have been
undertaken to characterize potential amyloid precursor–HS–binding activities. Hep-
arin–HS–binding activity has been reported for five amyloid precursors, Aβ and βPP
(6,7), tau (8,9), prions (10,11), amylin (12,13) and serum amyloid A (14). The latter is
an acute–phase apoprotein of HDL for which we have recently defined its GAG–bind-
ing site.

Heparin/heparan sulfate–binding activity for serum amyloid A (apoSAA) was
localized to its carboxyl–terminal end, residues 77–103, by affinity chromatography
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of apoSAA2 1.1 CNBr fragments. The relative importance of the six basic residues
within this region was demonstrated by employing different mutant synthetic peptides
in which one or more of these basic residues were either deleted or replaced with
alanine. The GAG–binding potential of protein/peptides is generally tested only on
heparin, but we were interested to see if apoSAA had an affinity for any other GAGs.
Chondroitin sulfate, dermatan sulfate, hyaluronan, and heparan sulfate charged col-
umns were generated with  Sepharose 4B and Affi–Gel and their binding affinity
tested. In addition, the influence on binding activity of two popular coupling reactions
used to link GAGs to column matrices were compared and found to have an influence
on apoSAA binding.

2. Materials
2.1. Glycosaminoglycan Charged Columns

1. Heparin, heparan sulfate, chondroitin sulfate, dermatan sulfate, and hyaluronan were all
purchased from Sigma (St. Louis, MO). Sepharose 4B was purchased from Pharmacia
Biotech (Baie d’Urfé, Quebec), 1–ethyl–3–3–dimethyl–aminopropyl carbodiimide
(EDAC), Heparin–Affigel and Affigel–102 were purchased from Bio–Rad (Hercules, CA).

2. Glycosaminoglycan assay reagents: 0.2% NaCl; GAG standards (1 mg/mL in 0.2%
NaCl); 0.005% toluidine blue (5 mg/100 mL 0.01 N HCl, 0.2% NaCl); ethanol (abso-
lute) and hexane.

3. Other reagents: 50 mM acetate pH 6.0, 20 mM Tris–HCl, pH 7.5, 1 M ethanolamine, pH
9.0,0.1 M sodium acetate, pH 4.0, 0.1 M NaHCO3, pH 8.3, cyanogen bromide (Sigma)
stock solution 1 g/mL in N, N–dimethylformamide, 70% formic acid, and N2 (gas).

4. Waters HPLC system (Waters Chromatography, Milford, MA) with a model 680 auto-
mated gradient controller, model 501 pump units, series 440 absorbance detector connected
to a Waters 740 data module integrator.

3. Methods
3.1. GAG–Sepharose Columns

Cyanogen bromide (CNBr) activation is a common method used in the preparation
of affinity resins. It is a relatively simple reaction that works well with agarose–based
column matrices and has minimal secondary effects on ligand chemistry. Briefly, at
alkaline pH the hydroxyl groups on the agarose resin react with CNBr. A high molar
excess of CNBr is required, because most of it (1) reacts with water, generating inert
cyanate ions, or (2) forms cyanate esters, which become hydrolyzed, or (3) reacts with
matrix hydroxyls to form imidocarbonates. The remaining active cyanate esters react
with amino groups on lysines of proteins, or hydroxyls on carbohydrate chains.

1. GAGs were linked to Sepharose 4B based on the method of Smith et al., (15). Sepharose
4B was washed with 20 bed volumes of water, resuspended in 1 volume of water, and
transferred to a beaker with a stir bar on ice. GAGs were dissolved in water at 2 mg/mL
and also placed on ice.



Amyloid Peptide: GAG Reactions 451

2. The two solutions were mixed and, while stirring, the pH was adjusted to pH 11 with
NaOH (5 N). Cyanogen bromide, 1 g/mL in N,N–dimethylformamide, was added
dropwise to a final concentration of 31.3 mg/mL.

3. The pH was maintained at about 11 by adding NaOH for 15 min, then left stirring for 18
h at room temperature. The pH gradually returns to approximately pH 8.

4. The gel was then washed with 20 bed volumes of water followed by 1 M ethanolamine,
pH 9.0, to block excess reactive groups. After further washing with 10 bed volumes of (1)
water, (2) 0.1 M sodium acetate pH 4.0, and (3) 0.1 M NaHCO3, pH 8.3, the column gel
was equilibrated in 20 mM Tris–HCl, pH 7.5.

3.2. GAG–Affigel Columns
GAGs can be covalently linked to agarose matrices by activation of the uronic acid

carboxyls with EDAC coupling the GAG chain to an amino–functionalized matrix
such as Affi–Gel–102 (Bio–Rad) (see Notes 3 and 4).

1.Affigel–102 (4 mL) was washed with 20 bed volumes of 50 mM acetate, pH 6.0, and then 8
mg of GAG in 4 mL of the same buffer was mixed with the gel.

2. The coupling reaction was initiated by the addition of 32 mg of  EDAC, adjusting the pH to
5 with 1 N HCl and allowing the reaction to proceed for 3 h at room temperature.

3.3. Assay of GAG Coupling Efficiency to Matrix
       (Toluidine Blue Method)

1. Add 0–35 µL of GAG to tubes containing 0.75 mL of 0.2% NaCl—this is your standard.
Also dilute the GAG column matrix 1/4 with 0.2% NaCl (0.75 mL total). Blank tubes
should contain 0.2% NaCl or Sepharose 4B in 0.2% NaCl.

2. To all tubes, add 0.75 mL of toluidine blue solution and vortex for 30 s. Next add 1 mL of
hexane to each tube and vortex for another 30 s. GAG–dye complexes should precipitate at
the water–hexane interface. Centrifuge at 735g (3000 rpm) for 5 min. Aspirate the hexane
and the top half of the water layers and discard. Dilute a sample of the water layer 1/10 with
absolute ethanol, mix, and read at 631 nm within 30 min. Care must be taken not to get any
of the GAG–dye complex precipitate into the sample to be assayed.

3. The amount of GAG linked to columns ranged from 0.5 – to 0.75–mg/mL of gel.

3.4. Affinity Chromatography on GAG–columns

3.4.1. Low–Pressure Liquid Chromatography
1. Peptides were dissolved in 20 mM Tris–HCl, pH 7.5, and loaded onto a 6–mL Heparin

Affigel column preequilibrated in the same buffer (see Fig. 1).
2. The column was then washed at 30 mL/h with 4 bed volumes of buffer followed by a

0–1 M NaCl linear concentration gradient. Fractions were collected (0.6 mL) and their
absorbency determined at 214 nm (see Notes 5 and 6).

3.4.2. High–Pressure Liquid Chromatography (HPLC)
1. Different GAG–charged matrices were also packed into a 3–mL stainless steel column

and equilibrated with 20 mM Tris–HCl, pH 7.5, at 0.5 mL/min using a Waters HPLC
system (see Figs. 2 and 3).
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2. Samples (20–80 µg in 150–200 µL) were injected onto the column, washed with 3 bed
volumes (18 min) of the same buffer, and then developed with a 0–1.0 M NaCl linear
gradient for 10 bed volumes (60 min). The eluate was monitored continuously at 214 nm
and the absorbance plotted against the retention time (RT).

3. Generally, unbound peptides/proteins eluted 6.5–7.0 min after loading and, based on the
RTs for the bound peptides/proteins, the NaCl concentration at which desorption took place
was calculated;  desorption [NaCl] = (RT –6.5 min –18 min) / 60 min.

3.5. ApoSAA2 Peptides
3.5.1. CNBr Peptides

1. ApoSAA1.1 was cleaved at Met–X peptide bonds with cyanogen bromide (CNBr).
Protein was dissolved in 70% formic acid at 1 mg/mL, to which 5.5 mg/mL CNBr
was added (250 molar excess over Met) plus freeL–Trp (5 molar excess over Met) to
protect Trp residues.

2. The reaction was carried out under nitrogen, at room temperature overnight, and then the
solvent was evaporated by vacuum centrifugation.

3. The reaction was evaluated and peptides purified, by reverse–phase (RP)–HPLC. A
semipreparative C–18 Vydac column was equilibrated with 10% acetonitrile, 0.1%

 Fig. 1. Elution profile of the apoSAA1.1 CNBr peptides on a heparin–Affigel column: testing
apoSAA1.1 CNBr fragments for heparin–binding activity. ApoSAA1.1 CNBr cleavage fragments
are shown above the graph; 16mer (residues 1–16), 7mer (residues 17–23), 53mer (residues
24–76), and 27mer (residues 77–103). A heparin–binding consensus sequence, (XBBXBX,
X = nonbasic, B = basic) is underlined in m27mer.
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TFA. Peptides were dissolved in 40% formic acid, filtered through a 0.2–µm filter, or
centrifuged at 10,000g, and loaded onto the column, washed for 5 min at 3 mL/min,
then developed with a 1.5%/min acetonitrile linear concentration gradient for 30 min,
followed by 4.3%/min acetonitrile for 10 min, bringing the elution buffer to 98%
acetonitrile by 45 min.

4. The separated peptides were identified by amino–terminal sequencing and molecular–
weight determination by mass spectroscopy carried out at the Alberta Peptide Institute
(Edmonton, Alberta, Canada).

3.5.2. Synthetic Peptides

1. A series of eight apoSAA1.1 peptides corresponding to wild–type mouse apoSAA1.1,
residues 77–103, (m27mer) six peptides in which one or more of the basic residues were
replaced with A, and one 20mer residues 77–96 (missing K102) were synthesized by
Multiple Peptide Systems (San Diego, California, U.S.A.). (see Notes 1 and 2).

Fig. 2. Identification of the basic residues of m27mer that are important for heparin binding.
Chromatography was performed on heparin–Sepharose 4B and the elution profiles were simi-
lar to that seen with heparin–Affigel (not shown) with the exception of K102–. Carbodiimide
treatment of HS interferred with binding (HS–Sepharose + carbodiimide). The sequence of
m27mer is shown above the graph.
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m27mer (mouse apoSAA1.177–103) ADQEANRHGRSGKDPNYYRPPGLPAKY
R83A ADQEANAHGRSGKDPNYYRPPGLPAKY
H84A ADQEANRAGRSGKDPNYYRPPGLPAKY
R86A ADQEANRHGASGKDPNYYRPPGLPAKY
R83A,H84A,R86A ADQEANAAGASGKDPNYYRPPGLPAKY
K89A ADQEANRHGRSGADPNYYRPPGLPAKY
R95A ADQEANRHGRSGKDPNYYAPPGLPAKY
K102– (mouse apoSAA1.177–96) ADQEANRHGRSGKDPNYYRP

2. Purity of the peptides was analyzed by RP–HPLC and, where required, the peptide was
re–purified.

4. Notes

1. To localize GAG–binding sites to specific peptide sequences, limited chemical or enzy-
matic cleavage is required of the native protein. Additional flanking sequences to main-
tain appropriate secondary structure and cleavage near basic residues (K, H, R) should be
avoided. Chemical cleavage at M–X with CNBr, or at W–X with BNPA–skatole is a good
starting point, since both residues occur with relatively low frequency in proteins (M 2.4%
and W 1.3%) (16).

Fig. 3. Determination of the GAG–binding specificity for m27mer. Heparan sulfate (HS),
chondroitin sulfate (CS), dermatan sulfate (DS), and hyaluronan (HA) were covalently linked to
either Sepharose 4B of Affigel 102. The elution profiles on DS–Sepharose and  HA–Sepharose
(asterisks) were very similar to that of CS–Sepharose.
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2. Whenever possible, conservative residue replacements should be performed. The strat-
egy for deciding on replacement of residues in GAG–binding sites should take into
account potential changes in peptide solubility, secondary structure (i.e., conformational
preferences α–helix, β–strand, β–bend turn), and the volume of the amino acid chosen.
The basic residues most often shown to be crucial for GAG binding (K, H, R) are α–helix
formers (16), and A can be a satisfactory replacement. However, if solubility of the pep-
tide is adversely affected then Q may be a useful alternative. Also, Qs van der Waals vol-
ume is more similar to K, H, and R than A;   Q = 114 Å3 vs A = 69 Å3, compared to K = 135
Å3, H = 118 Å3, and R = 148 Å3.

3. All GAGs, CCS, DS, HA, HS, and heparin can be covalently coupled to column matrices,
and determination of the GAG–binding specificity of any peptide using these columns
can be easily carried out. Heparin is quite popular and inexpensive, and is often used as a
cheap substitute for HS. While heparin and HS are synthesized in a similar fashion,
sulfation and uronic acid epimer (glucuronic vs iduronic acid) content and distribution
are quite different. Also HS is most often the physiological ligand for most proteins and
peptides that can bind heparin. We have observed that while heparin–binding activity
was useful in localizing the GAG–binding site on apoSAA1.1, the minimal peptide
sequence required for binding to heparin  was at least 7 residues shorter then that required
for HS binding. In addition, deletion of K102 destroyed binding for HS–Sepharose, but
not for heparin–Sepharose implying that the K102–peptide was binding to different oli-
gosaccharide sequences.

4. Type of support matrix. Sepharose vs Affigel helps define the type of chemical linkage
group available to react with one or more of the GAG’s reactive side groups. This is an
important factor, since the linkage of GAG to matrix can influence binding activity. We
found that the basic residue requirements were found to be different for heparin, depend-
ing on whether it was linked via its COO– or HO– groups. We observed that K102–bound
heparin–Sepharose but not heparin–Affigel. A similar discrepancy was seen with the
m27mer peptide, which bound HS only when linked to Sepharose, not Affigel. Further-
more, treatment of HS–Sepharose with carbodiimide indicated that blocking of the car-
boxyls on HS was likely responsible for the loss of binding activity.

5. Preliminary screening of protein/peptide for GAG–binding activity can be carried out
relatively quickly with 1– to 10–mL columns. Samples can be loaded in 0–0.15 M NaCl,
followed by an increasing linear NaCl concentration gradient to 1 or 2 M NaCl totaling
10–20 bed volumes to develop the elution profile. Distinguishing between different pep-
tides with similar affinities for the GAG column was more readily achieved with the
columns connected to HPLC. The HPLC allowed for more precise solvent delivery and
gradient formation, highly reproducible retention times, and accurate determination of
NaCl concentrations required for protein/peptide desorption.

6. FPLC– and HPLC–grade heparin columns are also available from a number of suppliers.
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Interactions of Lipoproteins with Proteoglycans

Kevin Jon Williams

1. Introduction

1.1. General
Significant physiological and pathophysiological processes involve interactions of

specific lipoproteins with specific proteoglycans. So far, these interactions fall into
two large groups. The first is interactions with heparan sulfate proteoglycans (HSPGs),
primarily on the cell surface that lead to cellular uptake of the lipoproteins. These
pathways are of interest because they involve endocytic machinery, intracellular
itineraries, and regulation that are generally distinct from classic, coated pit-mediated
endocytosis (1). Moreover, many important nonlipoprotein ligands, such as infectious
agents, growth factors, platelet secretory products, and proteins implicated in
Alzheimer’s disease, bind to the same HSPGs, and lipoproteins are a convenient model
ligand to study HSPG-mediated catabolism. The second group of lipoprotein-
proteoglycan interactions involves chondroitin sulfate proteoglycans (CSPGs),
primarily in the extracellular matrix, leading to retention of cholesterol-rich lipopro-
teins. Many lines of evidence now support the concept that retention of lipoproteins
within the arterial wall is the key initial step in provoking atherosclerosis, the major
killer in Western countries (2,3t).

The following sections contain a brief primer on general lipoprotein biology and
methods (see Subheading 1.2.); then essential background for methods used to study
lipoprotein-HSPG interactions, with a focus on endocytosis (see Subheading 1.3.);
background relevant to molecular methods to study HSPG-mediated endocytosis, with a
focus on specific domains within the syndecan-1 core protein (see Subheading 1.4.);
and then five detailed, basic protocols (see Subheadings 2–4). Because of space limi-
tations, lipoprotein–CSPG interactions are not covered in detail here, although key
methods can be found in the published literature (4–13).
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1.2. Primer on General Lipoprotein Biology and Methods
Lipoproteins are noncovalent complexes of lipid and protein that allow the body to

transport many hydrophobic substances through the aqueous environment of blood.
All normally occurring mammalian lipoproteins have the same basic structure, known
as the oil-drop model (14): a central core of hydrophobic lipid, chiefly triacylglycerols
and esterified cholesterol, surrounded by a layer of amphipathic molecules, chiefly
phospholipids, unesterified cholesterol, and proteins known as apolipoproteins or
apoproteins (Fig. 1). The most widely used nomenclature defines mammalian lipopro-
teins by their densities: high-density lipoprotein (HDL, 1.063 g/mL < d < 1.21 g/mL),
low-density lipoprotein (LDL, 1.019 < d < 1.063 g/mL), and very low-density lipopro-
tein (VLDL, d < 1.006 g/mL). Sometimes, intermediate-density lipoproteins are
referred to as a separate class (IDL, 1.019< d < 1.019 g/mL). In addition, there are two
lipoproteins specifically associated with meals: the chylomicron (d < 0.96 g/mL),
which appears in plasma in the post-prandial state and transports lipids, chiefly
triacylglycerols, that have been ingested and absorbed; and the chylomicron remnant,
which can appear in the VLDL or IDL density ranges and is the particle that remains
after peripheral tissues have extracted most of the triglycerides from circulating
chylomicrons. An abnormal particle, β-VLDL, which appears in individuals with
certain genetic abnormalities in apolipoprotein (apo) E or after prolonged administra-
tion of high-cholesterol diets to experimental animals, is commonly used as an experi-
mental substitute for chylomicron remnants. Importantly, the different classes of
lipoproteins have distinct lipid compositions and apoprotein constituents (Table 1)
and hence distinct metabolic roles.

LDL and β-VLDL are the lipoproteins most commonly studied with proteoglycans.
They are abundant, easy to isolate, easy to label either radioactively or fluorescently, and
they exhibit important interactions with proteoglycans in vivo. Both contain apoB, a
large amphipathic protein that cannot move between lipoproteins and hence serves as an
excellent anchor for tags to track entire particles. In contrast, all other known apoproteins
readily exchange between lipoprotein particles, and surface and core lipids are moved
between lipoproteins by lipid transfer proteins in human plasma. Both LDL and β-VLDL
bind cell-surface LDL receptors in vitro, but are also known to undergo substantial
catabolism in vitro (1,15) and in vivo (16,17) independent of LDL receptors. Both of
these particles have been implicated in atherosclerotic vascular disease.

Isolation of these particles from plasma requires sequential ultracentrifugation at
accelerations sufficient to overcome Brownian motion. Several companies in the U.S.
sell human LDL, such as Sigma Chemical Company (St. Louis, MO), CalBiochem (La
Jolla, CA), Molecular Probes (Eugene, OR), and Academy Bio-Medical (Houston,
TX), but as with most materials, it can be less expensive to isolate it yourself, particu-
larly for long-term needs [ultracentrifugal isolation is described in detail in (18,19)].
Radioactive labeling is best performed by the iodine monochloride method (19–22),
which covalently attaches 125I to tyrosyl residues in apoproteins, with minimal disrup-
tion of double bonds in the fatty acyl side chains of lipoprotein lipids. Fluorescent
labeling usually employs DiI or DiO, which are generally nontoxic lipophilic com-
pounds that insert into cell membranes or lipoprotein surfaces, but then are poorly
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Fig. 1. General schematic of normal lipoprotein structure. All normal human plasma lipopro-
teins exhibit the same basic structure, known as the oil-drop model, which consists of a single
layer of amphipathic molecules (phospholipids, apoproteins, and unesterified cholesterol)
surrounding a hydrophobic core (cholesteryl ester or triacylglycerides). The fatty acyl side chains
of each phospholipid molecule point inward toward the hydrophobic core, while the polar head
group is exposed on the particle surface. Apoproteins are similarly oriented, with a hydrophobic
face associating with lipid, and the hydrophilic face directed outward. Owing to its alcohol group,
unesterified cholesterol is associated mainly with the phospholipid molecules of the particle
surface, although some partitions into the core. This overall arrangement keeps hydrophobic
molecules and domains shielded from the surrounding aqueous environment of blood and
interstitial fluid. Only one schematic apoprotein has been drawn, although many species of
lipoproteins have several protein molecules per particle. Apoproteins are often convenient sites to
place radioactive tags, shown here as an 125I label (see Subheading 1.2. for more details).

Table1
Physical Characteristics of the Major Plasma Lipoproteins in Humans

Diameter Core Principal
Particle    (nm)   lipid Apoproteins

Chylos  80–1000 Tg (diet) B48, AI,AII,CII,E
VLDL 30–80 Tg (liver) B100, CII,E
LDL 18–28   ChE B100

HDL 5–12 ChE AI, AII, occasionally E

Abbreviations: Chylos, chylomicrons and remnants; VLDL, very low-density lipoprotein; LDL,
low-density lipoprotein; HDL, high-density lipoprotein; diet, originating from dietary intake and
secreted by the intestines; liver, synthesized and secreted from the liver; Tg, triacylglycerol; ChE,
cholesteryl ester; B100, the full-length apolipoprotein-B, which is originates primarily from the liver;
B48, a truncated version of apolipoprotein-B that contains the N-terminal 48% of the full molecule and
originates primarily from the intestine.
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exchangeable to other particles or surfaces. These moieties emit at 571 nm (orange)
and 501 nm (green), respectively, and can therefore be used with standard optical fil-
ters for rhodamine and fluorescein during multicolor imaging. Fluorescently labeled
lipoproteins are available commercially (Molecular Probes, Eugene, OR, and Leiden,
The Netherlands), and so protocols from the literature for preparing these particles
(22,23) are not reproduced here. Quantitative methods using fluorescently labeled
lipoproteins have been developed (24), but 125I-labeled lipoproteins remain the stan-
dard in catabolic studies and will be the focus of the rest of this chapter.

The parameters most commonly measured after incubation of 125I-lipoproteins with
cells are surface binding, intracellular accumulation, and lysosomal degradation of
the particles. Typically, monolayers of essentially confluent cells are used, usually
fibroblasts, macrophages, or hepatocytes, that have been preincubated overnight in
cholesterol-poor medium to stimulate expression of LDL receptors (19). Cells are then
incubated at 37°C for 2–6 h in the continuous presence of 125I-labeled LDL or β-VLDL
(usually 1–10 µg lipoprotein protein per millilliter of medium, although wider concen-
tration ranges are used for formal assessment of the Kd and Vmax). During this time,
particles bind to the cell surface, become internalized, and are then delivered to lysos-
omes. In the lysosomes, 125I-labeled protein is degraded to individual amino acids, but
[125I]monoiodotyrosine, the radiolabeled form of tyrosine, does not charge the tyrosine-
specific tRNA (25), and so it simply leaks out of the cells back into the media. At the end
of the incubation, cells are chilled to 4°C to stop further metabolism. The culture media
are harvested for isolation of [125I]monoiodotyrosine as an indication of lysosomal
degradation (see Subheading 3.1.) (19,26). The cell monolayers are rinsed twice for 10
min with chilled phosphate- or Tris-buffered saline, pH 7.4, supplemented with 2 mg of
fatty acid-free bovine serum albumin per milliliter, then twice rapidly with chilled buff-
ered saline without albumin. Surface-bound particles are released from LDL receptors
and other sites by a 30-min incubation at 4°C in buffered saline with 10 mg of heparin/
mL. The cell monolayers are rinsed rapidly once more in buffered saline at 4°C, this
rinse is pooled with the heparin wash, and the radioactivity in an aliquot is determined
by gamma counting. The cell monolayers are then dissolved in 0.1 M NaOH. One ali-
quot of dissolved cells is used for gamma counting to assess intracellular accumulation
of labeled material, and another aliquot is used to assess total cellular protein content.
Radioactivity results are converted to mass of lipoprotein protein using the known
specific activity of the particular radiolabeled preparation, and results are expressed as
nanograms of catabolized lipoprotein protein per milligram of total cell protein. To verify
that particle degradation involves lysosomes, cells are treated with chloroquine (150
µM), an inhibitor of lysosomal proteases (19), beginning 0–45 min before the incubation
with 125I-labeled lipoproteins, and continuing until the end of the experiment. Typically,
ligand degradation is inhibited by 85–90%, and there is a corresponding increase in the
accumulation of intracellular radioactive material.
1.3. Background for Methods Used
to Study Lipoprotein-HSPG Interactions

Several modifications in the general methods outlined above are necessary for the
study of lipoprotein–HSPG interactions. First, there are several distinct genetic
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families of cell-surface HSPGs, prinicpally syndecans, perlecan, and glypicans, and it
is most informative to use cellular preparations that have one predominant cell-surface
HSPG, or else a limited and known combination of these HSPGs. For the study of
syndecans (Fig. 2A, left schema), we have used mainly Chinese hamster ovary (CHO)
cells that we transfected with an expression construct for the human syndecan-1 core
protein (27). For perlecan, we have used the WiDr colon carcinoma line, which
expresses perlecan but no other proteoglycans (American Type Culture Collection
[ATCC], Manassas, VA, cat. no. CCL 218, also known as HT-29) (28–32). For
glypicans, there are reports of transfected mammalian cells in the literature (33).

Second, the binding of lipoproteins to HSPGs in vivo is facilitated by bridging mol-
ecules, such as lipoprotein lipase (LpL), apoE, defensins, and hepatic lipase, each of
which has a hydrophobic face that adheres to the lipoprotein surface and a cationic face
that binds HS. Thus, studies in vitro typically involve examination of cellular catabo-
lism of lipoproteins in the absence and in the presence of one of these molecules, and
the arithmetic increase in each of the catabolic parameters is calculated (27,32,34). We
have preferred to use LpL because, unlike apoE, it does not bind LDL receptors, and
unlike hepatic lipase, it is relatively easy to isolate in large quantities [see Subheading
3.2., adapted from references (35,36)]. Typically, we add 5 µg of 125I-labeled lipoprotein
protein per milliliter of medium, without or with 5 µg LpL/mL. Alternatively, cells that
naturally secrete these bridging molecules (37) or cells transfected to express them [e.g.,
(38,39)] can be used. The role of HSPGs in the increased catabolism upon addition of
LpL is verified by heparitinase digestion of the cells, which typically abolishes ~90% of
LpL-dependent catabolism (27,34,37,40,41); by the use of HS-negative CHO mutants
(34,40,42,42a); by addition of very low concentrations of heparin (<100 µg/mL) that are
insufficient to interfere with LDL receptor binding but are able to displace surface-bound
LpL and other bridging molecules (34,42a); or by pre-incubation of cells in chlorate to
block sulfation of glycosaminoglycan side chains (43–45). Heparitinase digestion usu-
ally involves preincubation of cells in serum-free medium at 37°C for several hours to
allow the cells to clear surface-bound serum-derived molecules, then an initial digestion
with heparitinase for 60–90 min at 37°C before addition of ligand, and finally an incuba-
tion of cells with ligand, but in the continuous presence of heparitinase, to avoid
rapid regeneration of side chains (34). Apoproteins normally found on LDL, VLDL,
and β-VLDL include apoB and apoE, both of which bind HS, although lipoprotein con-
centrations around 100 µg/mL are usually required before this binding becomes a sig-
nificant contributor to total cellular catabolism in the absence of added bridging
molecules (15,45). These higher concentrations may be physiological, and LDL recep-
tor-independent clearance of lipoproteins is substantial in vivo (16,17). Interestingly,
two common, naturally occurring polymorphisms of apoE, one of which has been asso-
ciated with Alzheimer’s diease (46), show substantial differences in their catabolism by
cells through a pathway mediated by HSPGs (47), particularly syndecan HSPGs (48).

Third, careful attention must be paid to catabolic contributions by members of the
LDL receptor family. These contributions take the form of direct internalization, which
appears simply as background in measurements of lipoprotein catabolism in the
absence of LpL, and synergistic interactions, in which cell-surface HSPGs and LDL
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Fig. 2. The FcR-Synd1 chimera, a molecular tool to study the syndecan transmembrane and
cytoplasmic domains. (A) Comparison of the syndecan-1 HSPG (left schema) and the FcR-
Synd1 chimera (right schema). As indicated, the chimera contains the ectodomain of the IgG
Fc receptor-Ia linked to the highly conserved transmembrane and cytoplasmic domains of the
human syndecan-1 core protein (27). (B) Clustering of FcR-Synd chimeras. Two chimeric mol-
ecules are shown, each bound to an 125I-labeled nonimmune human IgG. Clustering is accom-
plished by adding the clustering agent, that is, goat F(ab')2 fragments against the Fab domain of
human IgG. This clustering agent cannot interfere with the binding of whole IgG to the chime-
ras, because it has no Fc domain to bind to the chimeras, nor does it interact with the Fc domain
of the IgG ligands.
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receptor family members co-operate in ligand catabolism. Direct internalization via
LDL receptor family members is easier to deal with. LDL can be 35% reductively
methylated (mLDL; see Subheading 3.3.), which abolishes its ability to bind LDL
receptors (49) while having no effect on the binding to cell-surface HSPGs in the
presence of LpL (27,32). In an experimental tour de force, a series of transgenic mice
were created that express different site-directed mutants of human apoB, including
one variant with defective LDL receptor binding but unaltered affinity for
proteoglycans, and another that binds LDL receptors but not proteoglycans (9,10,10a).
Monoclonal antibodies against specific domains of apoB and apoE have been reported
and used in studies of lipoprotein–proteoglycan interactions (50,51) (many of these
antibodies are available for purchase from the University of Ottawa Heart Institute,
Ottawa, Ontario, Canada). Cellular LDL receptors can be blocked with a polyclonal
antibody (52) or with a monoclonal antibody produced by a clone available from the
ATCC (#CRL 1691), but this monoclonal antibody must already be bound to cells
before the lipoproteins are added (53,54). Cellular LDL receptors are readily
suppressed in most cell types by an overnight incubation in medium supplemented
with 1–2 µg of 25-hydroxycholesterol, which potently downregulates LDL receptors,
plus 20-40 µg of cholesterol per milliliter to protect the cells from the toxicity of 
25-hydroxycholesterol (19), although cholesterol-induced alterations in glycosami-
noglycan synthesis have been reported (55). Suppression of LDL receptors must be
verified by a substantial reduction in 125I-LDL binding: some macrophage-like cell
lines (56) and cells expressing cholesterol 7α-hyroxylase (57), such as hepatic paren-
chymal cells, maintain significant LDL receptor expression despite the presence of
abundant sterol. Unlike proteoglycans, LDL receptor family members depend on
calcium ions for binding (19), which can be chelated by EDTA (45,51). Finally, LDL
receptor-negative human fibroblasts (the ATCC has several lines) (19) and CHO cells
(58), as well as an LDL receptor knockout mouse (Jackson Laboratory, Bar Harbor,
ME, cat. no. 002207) (59), are available. Owing to their simplicity, our methods of
choice for controlling ligand binding to the LDL receptor in vitro have been LDL
methylation or cellular supplementation with sterols.

The LDL receptor-related protein (LRP), a cell-surface LDL receptor family member
that has been reported to bind LpL, apoE, and hepatic lipase, is readily blocked by the
39-kDa receptor-associated protein (RAP), which is available as a recombinant protein
(60). Unfortunately, RAP is the human homolog of mouse heparin-binding protein 44
(61), readily binds heparin (61), and therefore might also compete for binding to HS side
chains, particularly ones that are rich in heparin-like domains. In the experience of our
laboratory (27,32), RAP has had small or no effects on the binding of LpL-enriched 125I-
labeled mLDL to the HSPGs of CHO or WiDr cells, although the binding of RAP to cell-
surface HSPGs remains controversial (62,63). To our knowledge, no studies have
systematically examined the binding of RAP to hepatic parenchymal cells, which syn-
thesize HS with abundant heparin-like domains (64). LRP-deficient cell lines (65–67)
and liver-specific knockout mice (68) have been reported, although the status of their
proteoglycans is unknown. 125I-labeled RAP is prepared using Iodobeads (Pierce Chemi-
cal Company, Rockford, IL) instead of the iodine monochloride method, owing to the
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lack of unsaturated lipid in RAP, and this radiolabeled molecule can serve as a convenient
ligand for coated pit-mediated internalization, provided it is known to bind poorly to the
particular HSPGs that are expressed by the cell type of interest (27). 125I-RAP can be
released from cell-surface LRP by a protease cocktail, to distinguish surface-bound from
internalized material (27,69).

Synergistic interactions between cell-surface HSPGs and LDL receptor family
members are thought to involve either the transfer of ligand from HSPGs to LDL
receptor family members or the formation of ternary complexes of HSPGs,
HSPG-bound ligands, and LDL receptor family members (40,41,70,71). No direct
evidence to date has distinguished these possibilities. Quantification of synergy
between cell-surface HSPGs and LDL receptors requires measurement of the catabo-
lism of 125I-labeled native LDL and 125I-mLDL, each in the absence and presence of
LpL. Four catabolic components can then be computed (32): (1) the LDL receptor-
independent, LpL-independent component, which is usually referred to as nonspecific
uptake or assay background and is measured by the catabolism of 125I-mLDL in the
absence of LpL; (2) the LDL receptor-dependent, LpL-independent component, which
is the classical LDL receptor pathway and is computed by the difference between the
catabolism of 125I-LDL vs 125I-mLDL; (3) the LDL receptor-independent, LpL-depen-
dent component, which involves cell-surface HSPGs and is computed by the differ-
ence between the catabolism of 125I-mLDL in the presence vs the absence of LpL; and
(4) a synergistic component, which requires cooperation between LDL receptors and
LpL and is computed as the increase in 125I-LDL catabolism upon addition of LpL
minus the increase in 125I-mLDL catabolism upon addition of LpL. Total catabolism
of 125I-labeled native LDL in the presence of LpL equals the sum of these four compo-
nents, reflecting the ability of LpL-enriched 125I-LDL to participate in these four
potential uptake mechanisms (32). Similar information can be obtained using cellular
sterol enrichment instead of LDL methylation to manipulate binding to the LDL
receptor, or heparitinase digestion instead of omission of LpL to manipulate binding
to cell-surface HSPGs. These alternative methods tend to be more cumbersome and
somewhat less effective and, as noted above, cellular sterol enrichment has been
reported to affect glycosaminoglycan synthesis (55). In WiDr cells under our experi-
mental conditions, we have found that the four components respectively account for
approximately 4%, 15%, 57%, and 23% of total LpL/125I-LDL catabolism. In other
words, most LpL/125I-LDL enters these cells via perlecan directly (component 3) with-
out any assistance from LDL receptors (31,32).

Fourth, careful attention must be paid to the unusual characteristics of HSPG-medi-
ated ligand internalization. To assess the efficiency of endocytosis, we calculate ligand
internalization as the sum of intracellular accumulation plus degradation (27). Internal-
ization calculated in this fashion takes into account ligand still within the cells, as well as
ligand that had been taken up by cells but then degraded into amino acids, which the
cells release to the culture medium. To examine in detail the kinetics of ligand internal-
ization and degradation, we incubate labeled ligands with cells in
serum-free medium for 1 h at 4°C, to allow surface binding without further catabolism,
and then the cells are washed at 4°C to remove unbound material. Fresh media at 37°C
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with no ligands are added, and incubations are continued at 37°C for various times,
usually 15 min to 24 h (27,32). Assays for surface-bound, intracellular, and degraded
ligand are then performed, and ligand internalization is calculated. In some experiments,
TCA-precipitable radioactivity in the media is also quantified (Subheading 3.1.), as an
indication of retroendocytosis or desorption from the cell surface during the incubation
at 37°C. In addition, because the principle method under Subheading 3.1. for assessing
lysosomal degradation requires complete breakdown of labeled apoproteins into indi-
vidual amino acids, supplementary tests for partial breakdown products can also be
informative (also given under Subheading 3.1.). From these studies, we have found that
syndecan-mediated endocytosis of LpL/125I-mLDL proceeds with a t1/2 of ~1 h (27), and
that perlecan-mediated internalization exhibits a t1/2 of ~5 h (31,32). By contrast, the t1/2

for coated pit-mediated internalization is ~10 min (27,32,72,73).
HSPG-mediated pathways for ligand internalization can also be distinguished through

the use of metabolic inhibitors, particularly genistein (0–400 µM), a tyrosine kinase
inhibitor (74), and cytochalasin D (0–2 µM), which disrupts the actin cytoskeleton (75).
Typically, ligands are bound to the cell surface at 4°C, unbound ligand is washed away,
and then specific inhibitors are added simultaneously with fresh medium at 37°C. Cells
are incubated at 37°C until ~30–50% of surface-bound ligand has been internalized in
the absence of inhibitors, that is, 45 min for syndecan and 2 h for perlecan (incubations
longer than 2 h can encounter fading of the genistein effect) (27,76). To allow compari-
son with coated pit-mediated internalization, we employ a 30-min pre-incubation at 37°C
in the presence of these inhibitors then a 10- to 15–min incubation in the presence of
inhibitors plus 125I-RAP (27) or surface-bound 125I-LDL (32). Coated pit-mediated
endocytosis is insensitive to genistein, whereas both syndecan- and perlecan-mediated
internalization are inhibited (27,32). Coated pit endocytosis exhibits limited sensitivity
to cytochalasin (27,32,77), whereas syndecan-mediated endocytosis is readily inhibited
(27), and perlecan-dependent internalization is slightly enhanced by this agent (32). Thus,
the three pathways exhibit distinctive kinetics of intenalization and different dependence
on tyrosine kinases and the actin cytoskeleton.

1.4. Background for Molecular Methods
to Study HSPG-Mediated Endocytosis

The underlying model is that each cell-surface HSPG, like other receptors, is
organized into domains that mediate specific functions. Portions of the HS side chains
serve as the ligand-binding domains, while regions within the core protein are respon-
sible for recruiting the specific cellular machinery used for internalization of that
particular species of HSPG [see (1,33,78)]. In this light, the distinct pathways for
cellular uptake of ligands bound to syndecan HSPGs versus the perlecan HSPG can be
understood as a consequence of the differences between the two core proteins, which
lack any significant homology to each other.

To examine this model, we constructed the FcR-Synd1 chimera, which consists of
the ectodomain of the IgG Fc receptor-Ia linked to the highly conserved transmem-
brane and cytoplasmic domains of the human syndecan-1 core protein (Fig. 2A, right
schema) (27). Thus, this chimera contains the portions of the syndecan-1 core protein
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that contact the plasma membrane and cellular interior. The ligand for the chimera is
125I-labeled nonimmune human IgG, which we prepare using Iodobeads. We have
made this chimera and cells that express it available to other investigators, so the pro-
tocols for construction and transfection are not reproduced here.

The FcR-Synd1 chimera offers many advantages, primarily by providing a simple and
easily controlled experimental system. First, contributions to ligand catabolism from other
cell-surface molecules, such as LDL receptor family members and HSPGs, are completely
eliminated if the chimera is expressed in a cell type with no endogenous Fc receptors.
Thus, we stably express FcR-Synd1 in CHO cells, which we have already used to study
syndecan-mediated endocytosis (27). Second, ligand clustering, which appears to trigger
efficient syndecan-mediated endocytosis, can be induced at will through the use of a clus-
tering agent (see Fig. 2B and Subheading 3.4.) (27). Third, the ligand, 125I-IgG, does not
deliver any lipids to the cells, nor is it broken apart by detergents. Thus, the role of cold
Triton-insoluble, cholesterol-rich membrane rafts in this endocytic pathway can be more
easily examined than when relying on lipoproteins as ligands (see Subheading 3.5.)
(79,80). Fourth, in terms of kinetics and the dose-responses to different metabolic inhibi-
tors, the cellular uptake of surface-bound, clustered 125I-IgG is identical to the uptake of
LpL/125I-mLDL, which supports the model described above (27).

Most important, the syndecan domains within the FcR-Synd1 chimera are readily
deleted or mutated by standard molecular techniques, thereby allowing identification
of molecular determinants for each stage of this endocytic pathway (81).

2. Materials
2.1. Purification of [125I]Monoiodotyrosine from Culture Media,
as an Assay of Degradation of 125I-Proteins in Lysosomes

1. Two sets of borosilicate glass tubes, 12 × 75 mm, with one tube in each set for each
sample of medium.

2. One set of 12 × 75-mm plastic tubes (e.g., Sarstedt, Newton, NC, cat. no. 55.476) with
push-in stoppers (e. g., Sarstedt cat. no. 65.809).

3. 50% (w/v) solution of trichloroacetic acid, kept at 4°C, 0.25 mL for each sample of medium.
4. Freshly made solution of 40% (w/v) of KI, 5 µL for each sample of medium.
5. 30% H2O2, 20 µL for each sample of medium.
6. Chloroform, analytic grade, 1–2 mL for each sample of media.
7. Table-top refrigerated centrifuge (e.g., a Beckman GS-6R).
8. Fume hood.
9. Mixing platform for test tubes, such as a Vortex Genie.

10. Gamma counter.
11. Additional materials for Subheading 3.1., step 8 (optional):

a. 20% (w:v) solution of trichloroacetic acid, kept at 4°C.
b. 0.1 N NaOH solution.

12. Additional materials for Subheading 3.1, step 9 (optional):
a. Buffered saline with 10 mg heparin/mL, kept at 4°C.
b. 1% solution of sodium dodecyl sulfate (SDS).
c. SDS-polyacrylamide gel and electrophoresis apparatus.
d. Materials for autoradiography, preferable a PhosphorImager (Molecular Dynamics,

Sunnyvale, CA).
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2.2. Isolation of Bovine Milk LpL
1. 3.6 L of raw, fresh whole cows’ milk (it is best to milk the cows on the morning the

isolation begins, and the milk must be promptly chilled and kept cold).
2. 160 mL of heparin-agarose beads (Bio-Rad cat. no.153-6173 is suitable and inexpensive).
3. One 4-L vacuum Erlenmyer flask with a large scintered glass funnel.
4. One 4-L beaker.
5. One 250-mL beaker.
6. A refrigerated table-top centrifuge with centrifuge bottles, to accommodate about 4 L of

liquid (Four Beckman 750-mL centrifuge bottles in a GS-6R centrifuge work well).
7. Cheesecloth or any other sort of fine mesh that is lint-free.
8. Seven 700-mL plastic culture flasks with canted necks.
9. A magnetic stir plate, kept at 4°C.

10. A rocking platform, kept at 4°C.
11. A fraction collector, kept at 4°C.
12. A glass chromatography column, 2.5 cm × 30 cm (e.g., Bio-Rad cat. no. 737-2532), kept

at 4°C, and connected to the fraction collector.
13. A small funnel for the glass chromatography column (e.g., Bio-Rad cat. no. 731-0003).
14. A spectrophotometer, to measure absorbance at 280 nm.
15. Distilled water, chilled to 4°C.
16. Clean, powder-free gloves or a large, clean spatula.
17. Buffers, chilled to 4°C:

a. 2 L of 0.4 M NaCl, 10 mM Tris/HCl, pH 7.4
b. 2 L of 0.75 M NaCl, 10 mM Tris/HCl, pH 7.4
c. 1 L of 1.5 M NaCl, 10 mM Tris/HCl, pH 7.4
d. 3 L of phosphate-buffered saline, pH 7.4
e. 200 mL of phosphate-buffered saline, pH 7.4, with 0.02% sodium azide

18. Air-tight 2-mL freezer vials: these must have screw caps that close on an O-ring, to avoid
sublimation of H2O during storage in a freezer (e.g., Sarstedt cat. no. 72692005).

19. 8 M urea, 1.5 M NaCl, in phosphate buffer, pH 7.4, at room temperature (optional).

2.3. Reductive Methylation of LDL
1. 1.5 L of lipoprotein buffer (150 mM NaCl, 0.3 mM Na2EDTA, pH 7.4) at 4°C.
2. A preparation of LDL or 125I-LDL of known protein concentration, in lipoprotein buffer

at 4°C.
3. 0.1 M NaCNBH3 (sodium cyanoborohydride; Aldrich) in saline at 4°C.
4. 133.2 mM HCHO in distilled water (mix 10 µL of Fisher F79-500 ACS-grade formalde-

hyde, which is 37% w/w, i.e., 13.32 M, with 990 µL of distilled water) at 4°C.
5. Dialysis membranes, such as 30-kDa cutoff dialysis tubes (e.g., Spectra/Por, carried by

Fisher Scientific, Pittsburgh, PA) or 10-kDa membrane cassettes (e.g., Slide-A-Lyzer,
Pierce), which are very convenient.

6. 0.45-µm syringe filter, such as from Millipore (Bedford, MA, USA), and a syringe.

2.4. Special Methods Allowed by the Use of the FcR-Synd1 Chimera:
Control of Ligand Clustering

1. CHO cells expressing the FcR-Synd1 chimera, grown in Ham’s F-12 medium with 10%
fetal calf serum to a confluent monolayer.

2. Ice tray or cold room.
3. Phosphate- or Tris-buffered saline, pH 7.4, at 4°C.
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4. Serum-free cell-culture medium at 4°C (Ham’s F-12 medium supplemented with 0.2%
fatty acid-free bovine serum albumin, Sigma Chemical, St. Louis, MO, cat. no. A-8806).

5. Serum-free cell-culture medium at 37°C (optional).
6. 125I-labeled nonimmune human IgG in lipoprotein buffer: 150 mM NaCl, 0.3 mM

Na2EDTA, pH 7.4 at 4°C. Nonimmune human IgG is commercially available (e.g., from
Rockland Immunochemicals, Inc., Gilbertsville, PA) and can be radioiodinated with
Iodobeads (Pierce Chemical, Rockford, IL).

7. Clustering agent: Unlabeled goat F(ab')2 raised against the Fab domain of human IgG (e.g.,
from Rockland Immunochemicals).

2.5. Special Methods Allowed by the Use of the FcR-Synd1 Chimera:
Assessment of Cold Triton Insolubility

1. CHO cells expressing the FcR-Synd1 chimera, incubated as described under Subheading
3.4. (i.e., 125I-IgG bound to the cell surface, then incubated at 4°C or 37°C, in the pres-
ence or absence of the clustering agent).

2. Phosphate- or Tris-buffered saline, pH 7.4, at 4°C.
3. 1% Triton X-100 solution: 150 mM NaCl, 10 mM Tris, 50 mM sodium acetate, 5 mM

EDTA, 1% (v/v) Triton X-100, pH 7.5, at 4°C.
4. Optional reagents:

125I-labeled RAP.
1% Triton X-100 solution, at 37°C.
1% solution of octylglucoside, at 4°C.
Serum-free culture medium with 2 µM cytochalasin D. The cytochalasin D is added as a
2 mM stock solution in DMSO.
Serum-free culture medium with 50 mM cyclodextrins (Sigma Chemical Company,
2-hydroxypropyl-β-cyclodextrin, cell-culture tested, cat. no. C 0926).

3. Methods

3.1. Purification of [125I]Monoiodotyrosine from Culture Media,
as an Assay of Degradation of 125I-Proteins in Lysosomes (see Note 1)

1. After incubation of cells at 37°C with 125I-labeled ligands, the cells are placed on ice, and
the media are harvested. As a control, culture wells without cells are preincubated with
serum-containing media, rinsed, and incubated at 37°C with medium and 125I-labeled
ligands. Media are harvested from these cell-free wells and processed in parallel with the
samples from the experimental wells.

2. Place 1.0 mL of each medium sample into the first set of borosilicate glass tubes, into which
has been added 0.25 mL of cold 50% trichloroacetic acid. This will precipitate undegraded
125I-labeled proteins, as well as other proteins in the medium, such as albumin. Vortex and
place at 4°C for 30 min.

3. Centrifuge these tubes in a standard table-top centrifuge (e.g., 500–1300g,1700–2800
rpm in a Beckman GS-6R, ravg ~15 cm) at 4°C for 30 min.

4. Harvest 500 µL of supernatant and place into the second set of borosilicate glass tubes.
Add 5 µL of fresh 40% KI as a carrier, mix, then under a fume hood, add 20 µL of 30%
H2O2 and mix again. The H2O2 converts radioactive iodide ions into [125I]iodine.

5. Add 1.5–2.0 mL of chloroform to each tube, to extract free [125I]iodide. Mix, then let stand
for 15 min at room temperature. The lower, chloroform phase should become purple, and
the upper, aqueous phase should lose color, until only a slightly yellowish tint remains. If
substantial transfer of color does not occur, remix.
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6. Remove 200 µL of the upper (aqueous) phase and place into the plastic tubes with snap-
on caps. Quantify the 125I-radioactivity in a gamma counter.

7. To correct for dilution during these extractions, all results are multiplied by 6.5625, which
will give the counts per minute of [125I]monoiodotyrosine in the original 1.0 mL from
each sample of medium. Results from culture wells without cells are subtracted as back-
ground, and should represent < 0.02% of the initially added radioactivity. (See Note 2).

8. (Optional) In some experiments, the 125I-labeled ligands are not present continuously during the
incubation at 37°C, but instead are bound to the cell surface ahead of time, followed by a rinse to
remove unbound ligand (see Subheading 1.3., “Fouth, careful attention …”). In this case, the
trichloroacetic acid precipitate of medium (see step 2) will contain material that has desorbed
from the cell surface or has undergone retroendocytosis. To quantitate radioactivity in this
precipitate, remove the supernatant, then rinse the pellet twice in 1 mL of cold 20% trichloroacetic
acid solution. The rinsed pellet can be counted directly, or dissolved in 0.1 N NaOH. Most of
these experiments are performed in serum-free medium with 0.2% bovine serum albumin; hence,
a protein assay of the re-suspended pellet can serve as a standard for recovery.

9. [Optional; adapted from (32)] In some experiments, it may be desirable to look for
partial degradation products within the cells. After incubation at 37°C with 125I-labeled
ligands, the cells are placed on ice, and residual surface-bound material, which is pre-
sumably undegraded, is removed by a 30-min incubation at 4°C in buffered saline with
10 mg of heparin/mL. The cells are then solubilized in SDS and subjected to polyacry-
lamide gel electrophoresis under reducing or nonreducing conditions, followed by
autoradiography. A small amount of the original 125I-labeled ligand is electrophoresed
on the same gel, to indicate undegraded material. Radiolabel on lower-molecular-weight
fragments within the cells indicates the generation of partial degradation products, and
the presence of full-sized labeled material indicates persistent, intact ligand protein
within the cells.

3.2. Isolation of Bovine Milk LpL (see Note 3)
1. Place the 3.6 L of cold, raw, fresh milk into a 4-L beaker on a stir plate at 4°C. Add 84.1 g

of solid NaCl, to bring the final concentration of added NaCl to 0.4 M. Stirring should be
fast enough for the salt to dissolve within about 1 h, but not fast enough to cause foaming.

2. While the salted milk is stirring, place 140 mL of heparin-agarose beads into the sintered
glass funnel attached to the 4-L vacuum flask. Wash the beads with 3L of chilled distilled
water, then 2 L of chilled phosphate-buffered saline. At the end of the washes, leave a small
amount of phosphate-buffered saline with the beads to keep them wet, then swirl the
material and pour it into a 250-mL beaker and keep at 4°C until use.

3. Place the salted milk into centrifuge bottles and spin at ~1,000g (e.g., 2600 rpm in a Beckman
GS-6R centrifuge) for 45 min at 4°C. The lipid in the milk will collect in a thick layer on the
top. Remove this layer by skimming with the spatula or by scooping it out by hand while
wearing powder-free gloves. LpL in unhomogenized cows’ milk does not associate with the
cream, and so we discard the lipid layer. Filter the infranatant (i.e., the skimmed milk) through
cheesecloth or lint-free mesh, to remove any residual clumps of cream.

4. Distribute the skimmed milk into seven 700-mL canted-neck culture flasks. Carefully
add to each flask an equal amount of the washed heparin-agarose slurry, which must be
swirled occasionally to keep the heparin beads evenly distributed.

5. Close the culture flasks and place them on the rocker at 4°C overnight. Rocking should be
fast enough that the heparin beads mix with the skimmed milk without settling, but not
fast enough to form bubbles.
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6. The next morning, pour the contents of each culture flask, one at a time, into the sintered
glass funnel attached to the 4-L vacuum flask. Set the vacuum strength to allow only a
slow, trickling flow of liquid through the funnel, and never allow any heparin beads to
become completely dry. Use a small amount of the 0.4 M NaCl buffer to recover any
beads that remain in the flasks. Wash the heparin beads now in the funnel with the remainder
of the 2 L of 0.4 M NaCl buffer, again without letting the beads become dry.

7. Wash the beads with 1.5 L of 0.75 M NaCl buffer. This wash should be performed at a
slightly slower rate than with the 0.4 M NaCl buffer, and enough buffer should be left
with the beads at the end of the wash to allow a slurry to form upon swirling.

8. Swirl the contents of the sintered funnel and pour into the 2.5 × 30 cm glass column, using
the small fitted funnel to avoid spillage. The glass column should be connected to a fraction
collector, in a cold room or a chromatography refrigerator at 4°C. Rinse the column with
the remaining 0.5 L of 0.75 M NaCl buffer, and discard the flowthrough. Fluid will flow
through the column of heparin-agarose beads under gravity only, with no need for a pump.

9. Elute the LpL from the heparin-agarose beads using the 1.5 M NaCl buffer, while
collecting 5-mL fractions. LpL should elute around fraction #20. Pool fractions with an
A280 > 0.200. Aliquot this material into air-tight freezer vials, usually 0.1–0.5 mL/vial,
and store at –80°C until use.

10. Set one aliquot aside for SDS-PAGE/Coomassie stain, to verify the presence of a single
band at 55 kDa, and protein assay, which should be around 200–250 µg/mL. Because the
effect of LpL on lipoprotein catabolism via HSPGs is structural, not enzymatic, an assay to
verify enzymatic activity in each LpL preparation used for that purpose is not necessary (the
enzymatic assay can be found in (82) and the citations therein).

11. The heparin-agarose beads can be placed directly into buffered saline with azide for storage
then reused several times. Alternatively, some laboratories prefer to wash the beads in the
8 M urea buffer before reuse. Note that a small volume of beads is lost with each use.

3.3. Reductive Methylation of LDL (see Note 4)
1. To each 1 mg of apoB in a preparation of LDL or 125I-LDL, add 60 µL of the 0.1 M NaCNBH3

solution and mix (final concentration of NaCNBH3 in the mixture should be around 10–20 mM).
2. 1.29 µmole of HCHO is then added per milligram of apoB (~2/1 molar ratio of

formaldehyde to lysine residues), i.e., 9.68 µL of the 133.3 mM HCHO solution per
milligram of apoB. Mix, then incubate the mixture for 18 h at 4°C. (See Note 5.)

3. The methylation reaction is stopped by dialysis at 4°C against at least three changes of
lipoprotein buffer. The methylated LDL is then sterilized by passage through a 0.45-µm
syringe filter and placed into a sterile tube for storage at 4°C. As before, protein concentra-
tion is assessed by the SDS-Lowry assay (83) (Sigma cat. no. P-5656).

3.4. Special Methods Allowed by the use of the FcR-Synd1 Chimera:
Control of Ligand Clustering

1. (Fig. 2B; see Note 6) Place the CHO-FcRSynd1 cells on ice and rinse three times with
cold buffered saline.

2. Add 125I-IgG in cold serum-free medium (3–5 µg of IgG/mL final concentration) to the
cells and incubate at 4°C for 1 h, to allow cell-surface binding.

3. Rinse the cells again at 4°C with buffered saline to remove unbound ligand.
4. Add fresh serum-free medium, with or without the clustering agent (4 µg/mL final concen-

tration). This medium can be added at either 4°C or 37°C, and then the cells are incubated at
whichever of these two temperatures was chosen. Certain steps in this endocytic pathway,
such as the development of cold Triton insolubility, will develop even if the cells are kept
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at 4°C during ligand clustering, indicating that this process can be independent from active
cellular metabolism (79). Ligand internalization via this pathway, however, does require
active cellular metabolism and will not proceed at 4°C. (See Note 7.)

5. Cells and media are harvested at serial time points, to quantitate surface-bound ligand,
intracellular accumulation, lysosomal degradation, and cold Triton insolubility.
Surface-bound particles are released from the FcR-Synd1 chimera by a 2-min incubation of
cells in acidified phosphate-buffered saline (pH 2.5) at 4°C (27,84), and the radioactivity in
an aliquot is determined by gamma counting. The remaining cell monolayers are rinsed
rapidly once more in buffered saline, then dissolved in 0.1 M NaOH. One aliquot is used for
gamma counting to assess intracellular accumulation of labeled material, and another ali-
quot is used to assess total cellular protein content. Lysosomal degradation is assessed
according to Subheading 3.1., and Cold Triton Insolubility according to Subheading 3.5.

3.5. Special Methods Allowed by the use of the FcR-Synd1 Chimera:
Assessment of Cold Triton Insolubility (see Note 8)

1. Place the CHO-FcRSynd1 cells on ice and rinse three times with cold buffered saline. If the
cells had been incubated at 4°C, they will remain at this temperature. If the cells had been
incubated at 37°C, this step will now cool them to 4°C.

2. Cold Triton solubility is assayed by incubation of cells for 5 min at 4°C in a 1% solution of
chilled Triton X-100. Solubilized material is assayed directly by 125I-radioactivity released
into the solution. Cold Triton-insoluble material is dissolved in 0.1 N NaOH and quantified
by gamma counting. Data are expressed as the percentage of total cell-associated ligand
(cold Triton soluble plus insoluble) that is cold Triton insoluble. 125I-labeleled RAP is an
attractive control, because it contains no lipid and hence is not disrupted by Triton, it
becomes rapidly internalized, and yet it does not exhibit cold Triton insolubility (79,80).

3. To distinguish cold Triton insolubility that arises from membrane effects vs cytoskeletal
binding, we have two approaches:
a. The use of cytochalasin D to disrupt the cytoskeleton without affecting cholesterol-rich

membrane patches. Cytochalasin D (0–2 µM) is added to cells in serum-free medium
for a 30-min incubation at 37°C before the addition of 125I-IgG (i.e., before step 5
1 and 2 in Subheading 3.4.), and this inhibitor is kept in all incubation solutions,
except saline rinses, until the addition of the 1% Triton solution. Alternatively,
cytochalasin D can be added at the same time as the clustering agent.

b. The use of octylglucoside, warm Triton, or pretreatment with cyclodextrins to disrupt
cholesterol-rich membrane patches but without affecting the cytoskeleton. Solubility in
octylglucoside (1%) or warm Triton (37°C) is assessed similarly to step 2. Pretreat-
ment with cyclodextrins, which remove unesterified cholesterol from the cell mem-
brane, involves a 1-h incubation at 37°C before the addition of 125I-IgG (i.e., before
step 1 in Subheading 3.4.), and this compound is kept in subsequent incubation solu-
tions if the cells are warmed to 37°C upon addition of the clustering agent (step 4 in
Subheading 3.4.). If the cells are kept at 4°C, no additional exposure to cyclodextrin
is needed. Notice that the addition of 125I-IgG or the clustering agent will not replen-
ish cell-membrane cholesterol, whereas the addition of LpL-enriched 125I-LDL or
125I-methylated LDL will.

4. Notes
1. This method was adapted from references (19,26).
2. The method is very easy to perform, generally gives tight replicates, and can be used with

a variety of 125I-labeled ligands, such as lipoproteins, RAP, LpL, and others. The method
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has two limitations. First, it assesses only the complete degradation of an 125I-labeled
protein into individual amino acids. To detect partial proteolytic fragments, cellular
extraction then SDS-PAGE and autoradiography can be performed (see Subheading 3.1.,
step 9, optional). Second, the oxidation-extraction step (see Subheading 3.1., step 5)
removes free 125I and substantially lowers the background for the assay, but it also elimi-
nates any evidence of deiodination by the cells. In other words, the results of this
assay will be a slight underestimate of the total degradation of 125I-labeled protein by
cells (19,32).

3. This method was adapted from refs. 35 and 36.
4. This method was adapted from refs. 49 and 85.
5. This is a very easy, reliable method to modify LDL to abolish its ability to bind LDL

receptors, but without changing particle charge and without introducing modifications that
allow binding to other receptors. The method attaches methyl groups to lysine residues in
apoB, generating the dimethylamino derivative. Each molecule of apoB100, which is essen-
tially the only protein of human LDL, contains 357 lysine residues and has a protein
molecular weight of 512,723 dalton. Thus, each milligram of apoB100 detected in a protein
assay contains roughly 7 × 10-7 mol of lysine residues. The degree of methylation can be
varied from 0% to 63% by altering the concentration of NaCNBH3 and the ratio of HCHO
per lysyl residue in apoB. The method given here achieves 35% methylation, to assure
elimination of LDL receptor binding (49). To generate 125I-labeled methylated LDL,
radioiodination is performed first (19–21), then reductive methylation.

6. This method was adapted from reference (27).
7. Efficient endocytosis via syndecan HSPGs is a multi-step process that is triggered by

clustering of the syndecan transmembrane and cytoplasmic domains (27). Clustering is
followed by lateral movement into cold Triton-insoluble membrane rafts and then recruit-
ment of tyrosine kinases and the actin cytoskeleton to bring the ligands into the cellular
interior (27,79,81). The FcR-Synd1 chimeric construct allows for control of ligand clus-
tering and easy assessment of cold Triton insolubility.

8. This method was adapted from (79–81,86–88).
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Hyaluronan and Hyaluronan-Binding Proteins

Probes for Specific Detection

Bryan P. Toole, Qin Yu, and Charles B. Underhill

1. Introduction

Hyaluronan is a uniformly repetitive, linear glycosaminoglycan (GAG) composed
of disaccharides of glucuronic acid and N-acetylglucosamine: [-β(1,4)-GlcUA-β(1,3)-
GlcNAc-]n. The polymer usually consists of 2,000–25,000 disaccharides, giving rise
to molecular weights ranging from 106 to 107 dalton. Hyaluronan has unusual physi-
cal and biochemical properties, and fulfills several distinct physiological functions
that contribute both to structural properties of tissues and to cell behavior during
formation or remodeling of tissues (1–4). First, hyaluronan contributes directly to tis-
sue homeostasis and biomechanics due to its unique charge characteristics and bio-
physical properties. Second, interactions of hyaluronan with link proteins and
proteoglycans are of fundamental importance to the structural integrity of extracellu-
lar and pericellular matrices. Third, interactions with cell-surface hyaluronan recep-
tors mediate significant influences on cell behavior during morphogenesis, tissue
remodeling, inflammation, and diseases such as cancer and atherosclerosis (1–4).

The potential importance of hyaluronan in development, tissue remodeling and dis-
ease has led to the need for specific detection methods. However, until the mid-1980s
the only method available for detection of hyaluronan was indirect, that is, by using
specific hyaluronidases together with nonspecific staining methods. Subsequently,
specific hyaluronan-binding proteins were adapted for use as morphological probes
(5–7). The most commonly employed probe has been labeled hyaluronan-binding
polypeptides prepared from the cartilage proteoglycan complex of aggrecan, link pro-
tein, and hyaluronan (5,8–10). This method has also been applied to electron
microscopy (11). However, the most widespread use of this preparation has been for
localizing hyaluronan in tissue sections by light microscopy, as described herein.
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Many functions of hyaluronan are mediated by hyaluronan-binding proteins (2–4).
The identification and molecular characterization of hyaluronan-binding proteins has
been facilitated by the use of biotinylated hyaluronan (bHA) as a probe in transfer
blots. For example this method has been used to demonstrate the hyaluronan-binding
ability and specificity, and for dissecting the binding domains, of several hyaluronan-
binding proteins (12–15). Although this method can also be adapted to morphologi-
cal localization (16), its major use has been biochemical; this latter application is
described herein.

Binding of hyaluronan to the surface of cells is mediated by hyaluronan receptors,
the major receptor being CD44 (2–4). However the presence of CD44 on the cell sur-
face does not necessarily indicate that a given cell will bind hyaluronan, since many
factors contribute to binding—for example, glycosylation, alternative splicing, and
clustering within the cell membrane (17,18). Consequently, convenient and reliable
means of measuring hyaluronan binding to cells have been developed, the most
common of which involves the use of fluorescein-tagged hyaluronan followed by
analysis by flow cytometry; this application is also described herein.

2. Materials
2.1. Preparation of Biotinylated Hyaluronan-Binding Protein (bHABP)

1. Bovine nasal cartilage (Pel-Freez, Rogers, AR).
2. Surform pocket plane (Stanley Tools); cheesecloth (prewashed); Whatman no. 1 filter paper

(Whatman, Clinton, NJ).
3. 4.0 M guanidium HCl, 0.5 M Na acetate, pH 5.8.
4. HEPES buffer: 0.1 M HEPES containing 0.1 M Na acetate, pH 7.3.
5. Trypsin (type III; Sigma, St. Loius, MO).
6. Soybean trypsin inhibitor (Type I-S; Sigma).
7. Sulfo-NHS-LC-Biotin (EZ-Link; Pierce, Rockford, IL).
8. Hyaluronan-Sepharose (19,20): hyaluronan (100 mg; Seikagaku, Falmouth, MA) is par-

tially digested with testicular hyaluronidase (2 mg [type VIII, Sigma], in 30 mL of 0.05 M
Na acetate/0.15 M NaCl, pH 5.0, at room temperature for 3 h), boiled for 10 min, and then
mixed with 10 mL of EAH-Sepharose 4B (Pharmacia Biotech, Uppsala, Sweden) and 250
mg of 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide HCl (Sigma). The mixture is
adjusted to pH 5 with 0.1 M HCl and incubated at room temperature for 24 h, after which
2 mL of acetic acid is added and the mixture is reincubated for 6 h. The gel is then washed
with 1 M NaCl, 0.05 M formate buffer (pH 3), and distilled water.

2.2. Localization of Hyaluronan in Tissue Sections

1. 4.0% formaldehyde, dissolved in PBS-A.
2. PBS-A: calcium and magnesium-free phosphate-buffered saline.
3. 3% hydrogen peroxide, dissolved in methanol.
3. 2 µg/mL bHABP, dissolved in 10% calf serum in PBS-A (filtered through 0.45-µm filter

before use).
5. Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA).
6. 5 U/mL Streptomyces (Calbiochem, San Diego, CA), dissolved in 10% calf serum in PBS-A.
7. 200 µg/mL hyaluronan (Seikagaku) in 10% calf serum in PBS-A; stock solution: 5 mg/

mL in distilled water; store at –20°C.
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8. 1 mg/mL hyaluronan oligomers in 10% calf serum in PBS-A. For preparation of
hyaluronan oligomers (20), hyaluronan is first digested with testicular hyaluronidase
(2 mg [type VIII, Sigma], in 30 mL of 0.05 M Na acetate/0.15 M NaCl, pH 5.0, at 37°C
for 3–24 h). The digest is boiled for 10 min, then passed over a column of Sephadex G-50
(Pharmacia; 1.5 × 250 cm) in ammonium acetate buffer, pH 5.0. Fractions are assayed for
total uronic acid (21) and terminal hexosamine (22), and those fractions with uronic acid
to hexosamine ratios of 5–10 are pooled.

2.3. Preparation of Biotinylated Hyaluronan (bHA)
1. 5 mg/mL hyaluronan (Healon, Pharmacia; or purest preparation from Seikagaku) in PBS-A.
2. MES buffer: 0.1 M 2-N-morpholino ethanesulfonic acid (Sigma), pH 5.5.
3. 50 mM ImmunoPure biotin-LC-hydrazide (Pierce), freshly dissolved in dimethyl sulfoxide.
4. EDC buffer: 100 mg/mL 1,ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride

(Pierce) in 0.1 M MES buffer, pH 5.5.

2.4. Detection of Hyaluronan-Binding Proteins in Blots
1. Routine supplies for sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
2. Hybond-ECL nitrocellulose membranes (Amersham, Arlington Heights, IL).
3. Transfer buffer: 0.025 mM Tris, 0.19 M glycine, 10% methanol, 0.005% SDS, pH 8.3.
4. TTBS: 0.2% Tween-20, 0.05 M Tris-HCl, 0.15 M NaCl pH 8.0.
5. Blocking buffer: 20% calf serum (or 1% BSA, 1% nonfat milk) in TTBS.
6. TBS: 0.05 M Tris-HCl, 0.15 M NaCl, pH 8.0.
7. 10% hydrogen peroxide in TBS.
8. 10 µg/mL bHA in TTBS.
9. 200 µg/mL hyaluronan (Seikagaku) in TTBS; stock solution: 5 mg/mL in distilled water;

store at –20°C.
10. 1 mg/mL hyaluronan oligomers in TTBS (see Subheading 2.2.).
11. 1/1000 dilution of Streptavidin-horseradish peroxidase (Amersham) in TTBS.
12. ECL Western blot detection reagents and Hyperfilm-ECL (Amersham).

2.5. Preparation of Fluorescein-Labeled Hyaluronan (Fl-HA)
1. 5 mg/mL hyaluronan (Healon, Pharmacia; or purest preparation from Seikagaku) in water.
2. 3.8 mg/mL fluoresceinamine (Aldrich, Milwaukee, WI) in methanol.
3. 46 mM cyclohexyl isocyanide (Aldrich) in methanol.
4. 250 mM acetaldehyde (Aldrich) in water.

3. Methods
3.1. Specific Localization of Hyaluronan in Tissue Sections (8)
3.1.1. Preparation of Biotinylated Hyaluronan-Binding Protein (bHABP)
          (see Note 1)

1. Shred bovine nasal cartilage with Surform pocket plane (or grind under liquid nitrogen in
Wiley mill); mix cartilage with 10 volumes of 4.0 M guanidium HCl, 0.5 M Na acetate,
pH 5.8, and shake overnight at 4°C.

2. Pour mixture through several layers of cheesecloth, then centrifuge at 10,000g, 45 min,
4°C; filter supernatant through filter paper on Buchner funnel; dialyze supernatant thor-
oughly against running tap water followed by distilled water; lyophilize for storage.

3. Dissolve 2.0 g of lyophilized cartilage by stirring in 50 mL of 0.1 M HEPES buffer at 4°C
overnight (or add appropriate amount of solid HEPES and Na acetate to solution if
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lyophilization is omitted); add 1.0 mg of trypsin and incubate for 2 h at 37°C; add 1.0 mg
of soybean trypsin inhibitor.

4. Adjust pH to 8.0 with NaOH; add 0.1 mg of sulfo-NHS-LC-biotin per milligram protein
and incubate for 1–2 h at room temperature.

5. Dialyze preparation against 4.0 M guanidium HCl, 0.5 M Na acetate, pH  5.8; mix with 100
mL of hyaluronan-Sepharose (see Subheading 2.1.) equilibrated with the same buffer; dia-
lyze mixture against 9 volumes of distilled water at 4°C overnight on a rotary shaker table.

6. Wash hyaluronan-Sepharose thoroughly with 3.0 M NaCl, then elute bHABP with 4.0 M
guanidine HCl, 0.5 M Na acetate, pH 5.8; dialyze preparation against 0.15 M NaCl.

7. Aliquot and store at -20°C in 50/50 glycerol and 0.15 M NaCl. (See Note 2).

3.1.2. Localization of Hyaluronan in Tissue Sections
1. Fix tissue in 4.0% formaldehyde in PBS-A for 2 h at room temperature; wash twice with

PBS-A; dehydrate through 30%, 70%, 95%, and 100% ethanol, then xylene; embed in
paraffin (see Note 3).

2. Cut sections at 8–10 µm; incubate sections with 3% hydrogen peroxide in methanol for 1
h to inactivate endogenous peroxidases; rinse twice with distilled water; equilibrate in
PBS-A for 5 min.

3. Incubate sections for 1 h with 2 µg/mL bHABP dissolved in PBS-A containing 10% calf
serum. Wash sections 5 times for 1 min each in PBS-A.

4. Use the Vectastain Elite ABC kit for detection of the bHABP.
5. As controls for specificity, pretreat sections with 5 U/mL Streptomyces hyaluronidase in

PBS-A at 37oC for 30 min; or pretreat with 200 µg/mL hyaluronan or 1 mg/mL hyaluronan
oligomers (see Note 4) for 30 min at room temperature, in PBS-A containing 10% calf
serum, then incubate with 4 µg/mL bHABP, together with competing agent, as above.

3.2. Specific Detection of Hyaluronan-Binding Proteins
in Transfer Blots (16)
3.2.1. Preparation of Biotinylated Hyaluronan (bHA)

1. Dissolve hyaluronan in PBS-A at 5 mg/mL, and dialyze against 0.1 M MES buffer over-
night at 4oC (see Note 5).

2. Add 50 mM biotin-LC-hydrazide, freshly dissolved in dimethyl sulfoxide (DMSO), to
give a final concentration of 1 mM (see Note 6).

3. Add freshly prepared EDC buffer to give a final concentration of 10 mM EDC and stir
overnight at room temperature.

4. Dialyze against PBS-A at 4oC for 2 days.
5. Remove any precipitate that forms during the reaction by centrifugation. Aliquot and store

at –20°C for no more than 6 months (it is preferable to make the bHA preparations in small
batches to avoid extended storage).

3.2.2. Detection of Hyaluronan-Binding Proteins in Blots
1. Separate proteins (10–20 µg per lane for crude extracts; 0.1–0.5 µg per lane for purified

proteins) by 10% SDS-PAGE under reducing (0.1 M DTT) or nonreducing conditions.
2. Transfer proteins to Hybond-ECL nitrocellulose membranes in transfer buffer at 300 mA

(constant current) for 1.5 h at 4oC. After transfer, wash the membranes with TTBS, then
block with 20% calf serum (or 1% BSA, 1% nonfat milk) in TTBS at 37oC for 1 h, and
wash 3 more times with TTBS. If interference from endogenous peroxidase activity
occurs, treat the membranes with 10% hydrogen peroxide in TBS at room temperature for
15 min and then wash twice with TBS, before blocking with 20% calf serum in TTBS.
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3. Incubate the membranes with 10 µg/mL bHA in TTBS at room temperature for 2 h. To
establish specificity, preincubate parallel membranes (or strips of membrane) with 200 µg/
mL unlabeled hyaluronan or 1 mg/mL hyaluronan oligomers (see Note 4) in TTBS at
room temperature for 1 h. The bHA is then added, together with unlabeled competing
reagent, and the mixture incubated for 2 h more.

4. Wash the membranes 3–4 times with TTBS for 5–10 min each, and treat with Streptavidin-
peroxidase conjugate in TTBS (1/1000 dilution) for 30 min at room temperature. Wash 3
times with TTBS for 5 min each, incubate the membranes with ECL Western blot detection
reagents for 1 min, and expose using Hyperfilm-ECL (see Note 7).

3.3. Measurement of Hyaluronan Binding to Cell Surface Receptors
by Flow Cytometry (23)
3.3.1. Preparation of Fluorescein-Labeled Hyaluronan

1. Dissolve 3.8 mg of fluoresceinamine in 1 mL of methanol; add dropwise to hyaluronan
solution (~50 mg in 10 mL of water) with constant stirring (see Note 5).

2. Add 1.5 mL of 46 mM cyclohexyl isocyanide in methanol and 0.5 mL of 250 mM acetal-
dehyde and stir for 1 h.

3. Add 3 volumes denatured alcohol, centrifuge, and wash precipitate several times with
alcohol; dry under vacuum (see Note 8).

3.3.2. Measurement of Hyaluronan Binding by Flow Cytometry

1. Detach cells from tissue culture plates with EDTA, wash with media and then with PBS-A.
2. Add 5–50 µg/mL fluorescein-labeled hyaluronan; incubate on ice for 2 h.
3. Wash 3 times with PBS-A; resuspend in PBS-A; analyze in FACScan (see ref. 24).
4. Controls for specific binding include pre-incubation with antibody to CD44, unlabeled

hyaluronan or hyaluronan oligomers (see Note 4).

4. Notes

1. The bHABP is prepared from the proteoglycan complex of cartilage, a ternary complex
containing proteoglycan (aggrecan), link protein, and hyaluronan. Aggrecan and link protein
contain specific hyaluronan-binding domains that bind the three components together. In the
method described, the complex is first extracted in 4 M guanidinium HCl, conditions that
dissociate the components of the complex. The complex is then reassociated by dialysis
against water and treated with trypsin. Trypsin treatment is performed in the associated state,
so as to protect the hyaluronan-binding sites in link protein and aggrecan. The resulting
complex, that is, link protein plus the hyaluronan-binding domain of aggrecan bound to
hyaluronan, is biotinylated while the hyaluronan-binding sites are still protected. The complex
is dissociated again in 4 M guanidinium HCl and then biotinylated link protein plus
hyaluronan-binding domain of aggrecan are purified by affinity chromatography on
hyaluronan-Sepharose. Purified bHABP is now available from Seikagaku.

2. SDS-PAGE analysis of the final product shows two bands, one at ~70–80 kDa (the
hyaluronan-binding domain of aggrecan) and one at ~43 kDa (link protein).

3. Other methods of processing and sectioning, (cryostat, plastic, etc.), may be used.
4. A higher concentration of oligomer than polymer is used for competition, since the former

has a lower affinity for most hyaluronan-binding proteins (25). Competition with chon-
droitin sulfate and heparin can also be used for comparison.

5. It is very important that pure hyaluronan be used for preparation of biotinylated and fluo-
rescein-labeled hyaluronan.
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6. We calculated the amount of biotin-LC-hydrazide to be used from the approximate molar
concentration of carboxyl groups in the HA preparation, such that a maximum of 1 out of
10–20 carboxyl groups in the HA would be labeled. Thus, 80–90% of the carboxyl groups
would remain unaltered. We have found that this degree of conjugation yields sufficient
labeling for sensitive detection while preserving full reactivity of the bHA.

7. If high background occurs, perform each step in TTBS containing 10% calf serum.
Sometimes biotin or streptavidin also causes nonspecific binding in the procedure. In
such cases the sample should be preabsorbed, before reaction with bHA, by mixing the
protein extract with biotin-agarose beads (Sigma; 3/1, vol/vol) for 20 min at room
temperature, followed by removal of the beads by centrifugation. The supernatant is
then mixed with Streptavidin-agarose beads (Sigma; 3/1, vol/vol) for 20 min, followed
by removal of these beads.

8. Approximately 7% of the carboxyl groups of hyaluronan are labeled with fluorescein under
these conditions.
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Novel Confocal-FRAP Analysis
of Carbohydrate–Protein Interactions
Within the Extracellular Matrix

Philip Gribbon, Boon C. Heng, and Timothy E. Hardingham

1. Introduction

Extracellular matrices (ECMs) contain a mixture of fibrillar and nonfibrillar mac-
romolecular components, which interact through a range of covalent and noncovalent
associations to form a composite structure (1–3). It is the ECM that defines the archi-
tecture, the form, and the biomechanical properties of many tissues. In order to per-
form their functional roles, many of the important noncollagenous components of
extracellular matrices are required to be immobilized or focally located within tissues
(4,5). Positioning of macromolecules within tissues occurs as a consequence of spe-
cific protein–protein and protein–carbohydrate interactions. Aggrecan, the large
aggregating proteoglycan, is noncovalently associated with hyaluronan via its N-ter-
minal domain and this association is further stabilised by link protein (6). A large
immobilized hydrated aggregate structure is formed, with up to 50 aggrecan molecules
per hyaluronan chain, which gives articular cartilage the ability to resist the high com-
pressive loads generated during joint articulation. Other examples of specific intermo-
lecular associations include the binding of cell surface integrins to fibronectins and
collagenous proteins (7) and growth factors to heparan sulphate (8). A variety of meth-
ods have been developed to investigate the affinity and specificity of these associa-
tions and their sensitivity to environmental factors such as pH and metal ion
concentration. Many techniques for analyzing binding equilibria or kinetics require
either the ligand or substrate to be linked to a solid support. As a consequence of
derivitization and high local concentrations, binding equilibria can be significantly
perturbed.

Confocal fluorescence recovery after photobleaching (confocal FRAP) offers a
method for investigating the interactions of molecules at high concentrations, the
formation of molecular networks, and the permeability of such networks to “reporter”
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molecules of different sizes. Additionally, confocal FRAP can be used to quantify
protein–protein binding and protein–carbohydrate binding under true equilibrium
conditions with a minimum of chemical modifications (9–13).

Experimentally, confocal FRAP involves viewing a solution of a fluorescently labeled
molecule with a confocal microscope, locally creating a bleached area in the solution,
followed by observing the subsequent redistribution of fluorescence (see Notes 1 and 2).
The bleaching can be achieved rapidly by brief high-power laser illumination. In simple
solutions of monodisperse macromolecules, the measurement of the recovery of fluores-
cence yields a long time translational lateral self-diffusion coefficient. This describes the
movement of the macromolecule through a matrix of similar macromolecules and can be
used to investigate self-association and molecule entanglement at high concentration (11).
The lateral tracer diffusion coefficient describes the movement of a macromolecule within
a matrix composed of a high concentration of another macromolecule. Self and tracer
diffusion coefficients are a function of the hydrodynamic friction caused by the solvent
and the hindrances, steric or otherwise, offered by other components in the solution. If a
macromolecule associates specifically with one or more components in a matrix, and its
diffusion coefficient is sufficiently changed in the process, then confocal FRAP can be
used to determine the affinity and specificity of the interaction (13).

The application of confocal FRAP to characterize the specific binding of a low-
molecular-weight protein to a high-molecular-weight ligand will be discussed in
detail here. The movement of a fluorescently labeled macromolecule A, diffusing
within a matrix of an unlabeled macromolecule B, will be considered. The transla-
tional diffusion coefficients of A, B, and the complex AB are DA, DB and DAB, respec-
tively. The binding equilibrium between A and B is defined as

A + B ⇔ AB (1)

 and at equilibrium, the dissociation constant (Kd) is given by:

(2)

where [ ] represents concentration. In a confocal FRAP experiment only the fluores-
cence recovery of component A is measured. At equilibrium, A exchanges rapidly
between bound and free states that have characteristic lifetimes of τbound and τfree

respectively. If the fluorescence recovery of A is observed over time t, where t >>
(τbound + τfree), then the redistribution of A results from diffusion during multiple free
and bound phases. The measured diffusion coefficient (Dm) can then be defined as

Dm = [DA × 〈Tfree〉] + {DAB  [1 – 〈Tfree〉]} (3)

 where 〈Tfree〉 is the fraction of time t that macromolecule A was free during time t.
Since t >> (tbound + tfree), then 〈Tfree〉 � Afree, the fraction of free A at equilibrium.
Similarly, if DA >> DB, then DB � DAB and Eq. 3 can be re-expressed as

(4)

The expression for the inverse Scatchard plot is then

Kd =
[A][B]
[AB]

Afree =
Dm – DB

DA – DB
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(5)

where [B]bs is the concentration of binding sites on B, and n is the number of molecules
of A bound per molecule of B. Values for Kd are determined by measuring Dm as a
function of the concentration of substrate B. Magnitudes of DA and DB are determined
independently.

Confocal FRAP can be used to characterise competitive binding. Consider an equi-
librium between A and B, in the presence of a competitor, C:

A + B + C ⇔ AB + AC + BC (6)

This equilibrium can be analyzed by confocal FRAP if (1) the translational diffusion
coefficient of C, (Dc), is very different from that of B, and (2) binding between B and
C is minimal, that is, [BC] = 0.

Confocal FRAP has recently been used to analyze the association between the G1
domain of aggrecan and hyaluronan. This interaction is ideally suited to analysis by
this technique because (1) the interaction is noncovalent, (2) the diffusion coeffi-
cients of G1 and HA differ considerably, and (3) the diffusion coefficient of the G1-HA
complex is similar to that of hyaluronan (HA) (14). The G1 domain of aggrecan was
labeled with fluorescein isothiocyanate (FITC) at 2.5 mol FITC per mole of G1 (see
Subheading 3.1.1.) and its diffusion coefficient in increasing concentrations of
hyaluronan (800 kDa) at pH 7.4 was determined (see Fig. 1). The diffusion coefficient
of the FITC-G1 was reduced with increasing hyaluronan concentration. Tracer diffu-
sion studies on nonbinding FITC-G1, which had been reduced and alkylated, showed
the reduction in FITC-G1 mobility was not due to the steric effect of the hyaluronan
(14). The self-diffusion of fluoresceinamine (FA)-labeled hyaluronan (800 kDa) was
then determined independently by conventional confocal FRAP. An inverse Scatchard
plot was constructed from the FITC-G1-binding isotherm (see Fig. 2). This gave Kd as
4 × 10-8 M, and n = 1, (see Fig. 2) which agrees well with dissociation constants
determined by solid-phase-type assays (15,16).

The confocal FRAP technique was used to determine the minimum length of
hyaluronan oligosaccharide required for binding to a single G1 domain. The low
molecular weight of the competitor oligosaccharides compared to the FITC-G1 and
the high-molecular-weight hyaluronan makes this an ideal system for analysis by
confocal FRAP. A mixture of FITC-G1 (5.5 µM) and 800-kDa hyaluronan (12.5 mM
of HA10 binding sites) was prepared and >99% of the FITC-G1 was found to be bound
to the hyaluronan. Hyaluronan oligosaccharides (21 mM) of length 4–14 monosaccha-
rides were added (17), and the diffusion coefficient of the FITC-G1 was determined
(see Fig. 3). It can be seen that hyaluronan oligosaccharides compete effectively with
full-length hyaluronan and cause an increase in the diffusion coefficient of FITC-G1.
The method shows that a minimum length of 10 hyaluronan monosaccharides is
needed for maximal binding to FITC-G1 (15).

The confocal FRAP technique is a novel and direct method for investigating the
many protein–protein and protein–carbohydrate interactions that contribute greatly
to the organization and function of extracellular matrices. It can be applied over a

=
DA – DB

Dm – DB

1
n

+ Kd
n[B]bs
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wide range of conditions, including high concentrations, and in the presence of mul-
tiple interacting components. Confocal FRAP also has the major advantage that
interactions are analyzed under near-equilibrium conditions, which allows the analysis
of the weak interactions that are potentially important in defining matrix properties.

Fig. 1. Translational diffusion coefficient of FITC-G1 (80 µg/mL) as a function of increasing
concentration of hyaluronan (800 kDa). The self-diffusion of G1 is 3.3 × 10-8 cm2/s. All
measurements in PBS (pH 7.4) at 25°C

Fig. 2. Inverse Scatchard type plot of data from Fig. 1. Analysis of binding between FITC-
G1 (80 µg/mL) and hyaluronan (800 kDa). The dissociation constant was calculated as 4 × 10-8 M
and n =1 (see Eq. 6).
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2. Materials
2.1. Protein Labeling

1. Protein labeling buffer, 0.2 M: NaHCO3 (1.48 g /100 mL), Na2CO3 (0.24 g/100 mL), pH
9.0. Filter 0.2 µm before use. Should be prepared fresh, keeps at 4°C for 2 wk.

2. PBS: 8 g of NaCl, 0.2 g of KCl, 1.44 g of Na2HPO4∞• 2H2O, 0.2 g of KH2PO4, made up to
1 L, pH 7.4. Filter 0.2 µm before use, keep at 4°C.

2.2. Photobleaching Experiments
1. Upright confocal laser scanner and fluorescence microscope: The authors use a 100-mW

argon-ion laser with a MRC-1000 scanner (Bio-Rad, Hemel Hempstead, UK). Macros
written in a simple programming language (MPL) control data acquisition and analysis.
The majority of confocal microscopes include similar facilities for user application
development.

2. Microscope objectives of numerical aperture < 0.5 (magnification: ↔10). A low numerical
aperture gives a more uniform and parallel bleach volume.

3. Cavity microscope slides, 12-mm cavity diameter, 30 µL volume (Scientific Lab Supplies,
Nottingham, UK).

3. Methods
3.1. Sample Preparation and Fluorescence Labeling

For studies of interactions involving carbohydrate components of the extra cellular
matrix (ECM), glycosaminoglycans such as chondroitin sulfate and hyaluronan are
commercially available (e.g., Sigma, Seikagaku) from several tissue sources (e.g., bac-
teria, cock’s comb, umbilical cord). Commercially available FITC-labeled proteins
are sometimes unsuitable for binding studies, as they can be excessively substituted

Fig. 3. Competition between high-molecular-weight hyaluronan (800 kDa, (25 µg/mL) and
hyaluronan oligosaccharides (4mer to 14mer, 21 µM) for binding to FITC-G1 (88 µg/mL). All
measurements in PBS (pH 7.4) at 25°C.
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(>10 mol FITC per mole protein) and their binding and diffusion properties may differ
significantly from those of the native protein. Many important matrix proteins, such as
the G1 domain of aggrecan, are not commercially available and will have to be extracted
from tissues using standard protocols (14). Functional binding properties of proteins
can normally be preserved if they are labeled with a low degree of FITC substitution,
as outlined next.

3.1.2. Protein Labeling
1. Dissolve protein at 0.5 mg/mL in carbonate-labeling buffer (pH 9.0) by mixing with gentle

rotation for 24 h at 4°C.
2. Add 0.1 mg of FITC to 1 mL of labeling buffer. Immediately, add the cold FITC solution

dropwise until the final molar ratio of FITC to protein is 20/1 and incubate overnight at 4°C
with gentle rotation.

3. Remove unconjugated FITC by exhaustive dialysis against de-ionized water at 4°C and
freeze-dry to constant mass.

3.1.3. Preparation of Samples for Confocal FRAP Analysis
FITC concentration in final solutions for analysis should be kept below 1 mM to

avoid fluorescence self-quenching effects.

1. Make up solutions of labeled protein and matrix macromolecules by weight and equili-
brate at 4°C for 48 h. In competition studies, add competitor species and equilibrate for a
further 24 h at 4°C.

2. Pipet 30 uL of sample onto a cavity slide and seal under a 20-mm-diameter circular cover
slip using nail polish; allow 10 min to dry. Place slide on microscope stage and allow to
reach thermal equilibrium.

3.2. Microscope Setup and Data Acquisition

In a confocal FRAP experiment a prebleach image is acquired, the sample is
bleached, and a recovery image series is collected and analyzed. Scanning confo-
cal microscopes excite fluorescence with a laser and detect emitted light with a
photomultiplier (PMT). The essential elements of a protocol, based on a square
bleach and a moments recovery analysis will be given (10,11). The analysis is not
dependent on the shape of the bleach as long as it is symmetrical about the bleach centre.

1. Determine instrument settings for bleach and prebleach/recovery and save as separate
setup configurations to be accessed by the bleaching software. Typically, for prebleach/
recovery, scan time = 2 s, laser intensity = 1% of maximum, PMT gain = 1000 V, iris size
= 75% of maximum. Typical bleach settings are scan time = 2 s, laser intensity = 100%,
PMT gain = 0, iris size = minimum, (see Notes 1 and 2).

2. At the start of the bleaching and data acquisition program, a square region for bleaching
is defined at the center of the field of view (see Note 3).

3. The microscope is set for recovery and one or more prebleach images are scanned, centered
on the proposed bleach. Scan dimensions are 4↔ the bleach width, optical zoom = 1. Several
prebleach images may be averaged to reduce noise.

4. The microscope switches to bleach configuration and sample bleaching is performed at
100% laser power.
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5. The microscope resets to the prebleach setup, and a series of recovery images (up to 50)
is collected. For slowly moving species or where there is strong binding, two or more
images should be taken consecutively and averaged to reduce noise (see Note 4).

6. Final images should be taken at two long time points and compared to determine whether
recovery approaches completeness. This is important, as incomplete recovery will indi-
cate the presence of irreversible binding.

7. The image series is processed and analyzed. This operation is ideally carried out on a
separate computer (see Notes 1–4).

8. Less than 0.01% of the total sample volume is typically included in the bleach. This allows
a number of repeat experiments to be made on a single sample. The authors normally
perform 6 measurements per sample.

3.3. Data Analysis
The data analysis strategy for confocal FRAP is based on the variance method of

Kubitscheck et al. for determining the diffusion properties of monodisperse popula-
tions of macromolecules (10,11) (see Note 5). This method can be applied to binding
studies, provided the validity of Eq. 3 is ensured (see Notes 6 and 7). The redistribu-
tion of fluorescence is measured over the whole imaged area, which includes the area
inside and immediately outside the bleached region (see Notes 3 and 4). The straight-
forward computing routine developed by the authors combines the image analysis
tools in the MRC-1000 Microscope Programming Language (MPL) and the data
analysis capabilities found in Excel.

4. Notes
1. Each recovery series is checked to ensure that no convective motion of the solution has

occurred.
2. The effects of nonuniformity in illumination and detector response are corrected for by

dividing each recovery image by the prebleach image.
3. Pixels contained within three bleach widths of the center are quantified and a normalized radial

intensity distribution is determined for each image, with the bleach center set as the origin.
4. Intensity profile data is passed from MPL to Excel. The radial distribution of bleached

fluorophores is determined by subtracting radial intensity values from the image back-
ground intensity.

5. The variance of the radial distribution of bleached fluorophores is calculated and plotted as
a function of time (see ref. 11 for background details of how to calculate the variance
values). The lateral translational diffusion coefficient is calculated from the gradient deter-
mined from a linear least-squares fit to the data.

6. Independent noninteracting multiple diffusing species with greatly differing diffusion coef-
ficients show characteristic multicomponent recovery of total intensity in the bleached area.
Typically there is fast initial recovery as the smaller components redistribute, followed by a
slower recovery phase as the mobility of larger species dominates. This also results in plots
of variance against time being nonlinear.

7. In dynamic binding equilibria, fluorescent molecules redistribute between bound and
unbound forms and fast and slow components are not distinguishable in the recovery
curve. Plots of variance vs time are essentially linear, and the equilibrium mixture behaves
similarly to a monodisperse species having an intermediate diffusion coefficient, provid-
ing the experiment is designed so that Eq. 3 is valid.
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Regulatory Roles of Syndecans in Cell Adhesion
and Invasion

J. Kevin Langford and Ralph D. Sanderson

1. Introduction
Evidence accumulated over the last decade demonstrates that proteoglycans pro-

foundly influence many cell behaviors such as growth factor binding, apoptosis, cell
adhesion, and cell invasion. The major family of transmembrane proteoglycans is the
syndecans, all of which have heparan sulfate chains that interact with various soluble
and insoluble molecules within the extracellular matrix (1). Our lab has developed
two experimental techniques to examine the biological role of the syndecans. One
assay examines syndecan-1–mediated cell–cell adhesion (i.e., aggregation assay). The
other examines the syndecan-1–mediated inhibition of cell invasion.

The aggregation assay has the advantage of simplicity. Cells suspended in buffer
are allowed to interact by gravity and then counted on a hemocytometer for the number
of cells in aggregates (2,3). This assay is rapid, yields highly reproducible results, and
is easily manipulated by the inclusion of promoters or inhibitors of cell aggregation.

To investigate the invasive potential of myeloma cells, we employ a hydrated native
type I collagen gel. First, the distance, or depth of invasion is measured by phase micros-
copy. Next, protease digestions facilitate the harvest of noninvasive cells from the top
of the gel, followed by subsequent digestion of the gel to remove the invasive cells.
After counting cells on a hemocytometer or Coulter counter, a simple calculation
determines the percentage of invasive cells. The major advantage of this model is that
it allows quantification of both the distance and extent of cell invasion. For an exten-
sive review of in vitro and in vivo techniques used to examine cell migration or cell
invasion, see Mareel et al. (4).

Both of the above assays have proven to be powerful tools to probe the biology of
the syndecans as they relate to tumor cell adhesion and invasion. We have used these
assays to demonstrate that, following transfection with the cDNA for syndecan-1,
ARH-77 cells gain the ability to form cellular aggregates and are rendered noninvasive
in collagen gels (2,5). These assays have been further used to examine the behavior of
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ARH-77 cells expressing mutant or chimeric proteoglycans in order to investigate the
molecular mechanisms of syndecan-1 function.

2. Materials
2.1. Cell Aggregation Assay

1. Aggregation buffer: For 500 mL of aggregation buffer add: 0.2 g of KCl ; 0.03 g of
KH2PO4; 4.0 g of NaCl; 0.046 g of Na2HPO4 · 7H2O; 5 mL of a 1.0 M HEPES solution;
0.175 g of NaHCO3; 5.0 g of bovine serum albumin (BSA). Next, add water to 500 mL and
adjust pH to 7.0. Then, sterile filter and store at 4°C.

2. Heparin solution (1 mg/mL porcine heparin (Sigma; St. Louis, MO) in sterile deionized water).
3. Hemocytometer or Coulter counter.
4. Disposable transfer pipets (5-mL capacity; Fisher, Pittsburgh, PA).

2.2. Invasion Assay
1. Rat tail type I collagen stock  (Collaborative Biochemical Products; Bedford, MA).
2. Sodium bicarbonate solution, 7.5% (w/v) (Gibco BRL; Grand Island, NY).
3. Complete medium: Final concentration of each component is as follows: 1 × RPMI solution;

2mM L-glutamine; and 1 × antibiotic-antimycotic solution (Mediatech, Herndon, VA); 5%
fetal calf serum (Atlanta Biologicals, Norcross, GA).

4. 10 × RPMI solution (Mediatech, Herndon, VA).
5. Sterile distilled deionized water (Mediatech Inc., Herndon, VA).
6. 24-well cell culture plate.
7. Trypsin (0.25%) EDTA (0.1%) solution (Mediatech, Herndon, VA).
8. Collagenase solution (0.5 mg/mL of collagenase type 2 (Worthington Biochemical,

Freehold, NJ) in 1 × RPMI).
9. Phosphate-buffered saline (PBS) + EDTA (0.5 mM) solution.

10. Hemocytometer or Coulter counter.

3. Methods

3.1. Cell Aggregation Assay (see Fig. 1)

1. Prewarm aggregation buffer to 37°C (see Note 1).
2. Collect 5.0 × 106 cells in an eppendorf tube.
3. Centrifuge the cells at 300g for 5 min and remove the supernatant.
4. Wash the cell pellet in 1 mL of aggregation buffer and centrifuge again.
5. Using a transfer pipet, vigorously resuspend the cells in 1 mL of aggregation buffer.

During initial experiments, visually inspect the cells using a phase microscope to ensure
that the cells are in a single-cell suspension.

6. Split the sample into two equal volumes (i.e., 500 µL).
7. To one tube, add 65 µL of a heparin solution (see Note 2).
8. To the other tube, add 65 µL of sterile deionized water.
9. Incubate the cells undisturbed at 37°C for 1 h.

10. Resuspend the cells by gently pipetting the solution 5 times. This is a critical step in that
pipetting must be uniformly gentle or aggregates may be disrupted (see Notes 3 and 4).

11. Cells are counted in both the heparin-containing and heparin-free samples using a hemocy-
tometer. A single cell or aggregates containing more than 3 cells are counted as 1. However,
in aggregates consisting of 2 or 3 cells, each cell is counted (see Note 5).



Syndecans in Cell Adhesion and Invasion 497

12.  The percentage of cells in aggregates can now be determined as follows:

 total cells – (single cells + aggregates) 
 × 100 = % cells in aggregates

total cells

total cells = number of single cells in heparin-containing sample
single cells + aggregates = number of single cells plus number of aggregates in the heparin-

free sample

Fig. 1. Diagram of the aggregation assay. Cells from each sample are separated into two
tubes containing equal numbers of cells. Heparin is added to one tube (to block aggregation),
while the other cells are allowed to aggregate. Following gentle pipetting, the number of cells
in each tube is determined. Single cells and aggregates containing more than three cells are
counted as 1. Cells within groups of 2 or 3 are counted individually.
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3.2. Invasion Assay
3.2.1. Preparing and Seeding Collagen Gels

1. Determine the total volume of collagen gel solution required. Use 1 mL of collagen gel
solution for each well of the 24-well plate (example: 10 wells will require 10 mL of
collagen gel solution).

2. Prepare the collagen gel solution: Add cell-culture grade deionized water to approxi-
mately one-half of the total collagen gel solution required to an appropriately sized cul-
ture tube (see Note 6).
Next, add the collagen stock solution to the final working (see Notes 7–9). Mix by invert-
ing the tube several times and place on ice. Then add 1/10 volume of 10 × RPMI dropwise
while gently shaking the tube. After addition of 10 × RPMI, mix by inverting the tube
several times and place on ice. Now add sodium bicarbonate solution dropwise while
gently shaking the tube to achieve a pH of approximately 7.2–7.4 (see Note 10). Again,
mix by inverting the tube several times and place on ice.

3. Degas the solution by allowing it to sit undisturbed for approximately 20 min on ice (see
Note 11).

4. Gently, so as not to introduce bubbles, pipet 1 mL of the collagen gel solution into each well
of the 24-well plate.

5. Place the plate containing the collagen gel solution into a tissue culture incubator at 37°C and
5% CO2 for at least 1 h. Polymerization can be assessed by tilting the plate 45°C. If the
solution remains liquid, discard.

6. To equilibrate the gel, carefully pipet 1 mL of complete medium to the surface of each
collagen gel, and place back into the incubator for at least 1 h (see Note 12). For conve-
nience, the gels may be equilibrated overnight.

7. To each gel, carefully add cells diluted in 1 mL of complete medium and culture at 37°C
in 5% CO2 for 48 h (see Notes 13–15).

3.2.2. Quantification of Maximum Invasive Depth
The depth of cell invasion is determined by measuring the distance from the top of

the gel to the leading front of migrating cells using the calibrated micrometer present
on the fine-focus dial of an inverted phase microscope (see Fig. 2). The leading front
is defined as the point at which two of the leading cells within a given field are in the
same focal plane under 200× magnification.

1. Measurements are taken in five fields within each well; using the center of the well as a
landmark and as the first point (center point), the four additional measurements are taken in
fields selected by moving the stage to points north, south, east, and west of center. The distance
to each field is defined as half the distance from the center point to the edge of the well.

2. Starting near the bottom of the gel, turn the fine-focus dial so the focal plane moves toward
the surface of the gel. When two cells appear in the same focal plane, begin counting
revolutions until you reach the surface of the gel.

3. To calculate the distance from the gel surface to cells at the leading front, multiply the
number of revolutions of the fine-focus dial by the number of µm/revolution. For the Nikon
Diaphot used in our lab, 1 revolution moves the focal plane 100 µm.

3.2.3. Quantification of the Percentage of Invasive Cells
The percentage of invading cells is determined by using a limited trypsin and colla-

genase treatment to remove the noninvasive cells (i.e., cells attached at or near the gel
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surface). This is followed by complete digestion of the gel with collagenase and recovery
of the invasive cells (see Fig. 3). Once the numbers of invading and no+ninvading cells
are determined, the percentage of invading cells can be calculated.

1. Collection of the noninvasive cell population:
a. Aspirate the medium from the surface of each gel and discard.
b. Carefully wash the gel with 0.5 mL of PBS + 5 mM EDTA solution and collect by

aspiration into the appropriate tube (see Note 12). Repeat this wash/collection step
two additional times. Place all solutions (i.e., washes, trypsin, and collagenase solu-
tions) collected from each well into the same 15-mL culture tube.

c. Incubate the collagen with 0.5 mL of trypsin/EDTA solution at room temperature
for 30 min and collect the medium and released cells by aspiration. Although this
digestion does not release many cells, it does prepare the collagen for the collagenase
treatment.

d. Wash the gels twice and collect the solution two times as in step b.
e. Incubate the gels with 0.5 mL of collagenase solution (0.5 mg/mL of collagenase in

1 × RPMI, prewarmed to 37°C) for approximately 10 min at 37°C (see Notes 16–17).
f. Quickly but carefully remove the collagenase solution and wash the gels 3 times as

in step b.

Fig. 2. Measuring depth of cell invasion. Following the incubation of the cells on the col-
lagen gels, the distance from the surface of the gel to the cells of the leading front is determined
using the calibrated micrometer (on the fine-focus dial) of an inverted phase microscope. Illus-
trations of collagen gels with an invasive or noninvasive cell line are drawn on the left side of
the figure. Photomicrographs taken of cells within collagen gels are shown on the right. In this
example, for the invasive cell culture, invading cells are visible 300 µm below the surface of
the gel. However, for noninvasive cells, the field at 300 µm below the surface of the gel is
devoid of cells.
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g. Centrifuge the tubes containing the noninvasive cell population at 300g for 10 min
and resuspend the cell pellet in an appropriate amount of buffer for cell counting (i.e.,
hemocytometer or Coulter counter).

2. Collection of the invasive cell population:
a. Add 0.5 mL of collagenase solution to each well and incubate at 37°C until the gels are

completely digested (approximately 1.5 h).

Fig. 3. Diagram of cell invasion assay. Collagen gels are prepared and seeded with cells.
After the appropriate incubation period, first the depth of cell invasion is determined, followed
by determination of the percent of cell invasion. Noninvading cells are recovered from the
surface of the gels by trypsin and limited collagenase digestions and counted. Next, following
complete digestion of the remaining collagen with collagenase, the invading cells are collected
and counted. The percentage of cell invasion for each gel is calculated by dividing the number
of invading cells by the total number of cells recovered from the collagen gel (noninvading +
invading cells) and multiplying by 100.
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b. Collect the solution by aspiration into individual tubes. Place all solutions collected
from each well into the same 15-mL culture tube.

c. Wash the wells and collect the solution by aspiration as in step b.
d. Centrifuge the cells and count as in g above.

3. Determine percentage of invasive cells:

invasive cells
× 100  = % invasive cells

noninvasive cells +  invasive cells

4. Notes

1. Because the buffer used for this assay is highly conducive to bacterial growth, care must
be taken to use fresh and uncontaminated solutions. The buffer should be sterile filtered,
stored at 4°C, and handled using aseptic techniques in order to reduce contamination.

2. The heparin solution is used to disrupt cell aggregation and thus obtain single cells that are
counted and used in the calculation of the percentage of cell aggregation. This is possible
because aggregation, in our cell lines, is mediated via the heparan sulfate chains of syndecan-
1. It may be necessary to use another disrupting agent for other cell types.

3. The force used to resuspend the cells prior to counting is the only subjective step in the entire
assay. Considering this, it has been helpful to gain the assistance of a colleague to code the
tubes containing the cells and thus “blind” the study.

4. A disposable transfer pipet (5-mL capacity) works well for resuspending the cells prior to
counting. Holding the opening of the pipet at the 0.5-mL line of a 1.5-mL Eppendorf tube
and gently applying pressure to the bulb has yielded consistent results when resuspending
cells. Also, this pipet has a large enough opening so cell aggregates are not mechanically
dispersed as they would if forced through a narrow aperture.

5. When counting cells using a hemocytometer, for each sample, count the cells within the four
1-mm2 corners and divide by 4 to obtain an average cell number. This is done for cells in
buffer containing heparin and cells in heparin-free aggregation buffer. Cells in groups of 2
and 3 cells may not represent aggregated cells but may simply be cells passively associated.
Therefore, cells in these groups are counted individually.

6. Because of the duration of the invasion assay, care must be taken to ensure the sterility of the
solutions and collagen gels during gel preparation.

7. A major consideration in the preparation of the gels is the collagen concentration best
suited to yield cell invasion. The concentration of the collagen dramatically affects the
rate of cell invasion. At high collagen concentrations, invasion may be inhibited all
together; whereas at low concentration, with little to no resistance, all cells may simply
fall through the large spaces of the gel. Therefore, a concentration of collagen that
allows suitable invasion in an appropriate period of time and allows experimental
manipulation of invasion (i.e., inhibition) must be determined empirically for each cell line.
For example, although we use a collagen concentration of 0.5 mg/mL and an assay time of
48 h for myeloma cells (5) for breast cancer cells, the time was extended to
72 h (6).

8. Although a collagen stock may be obtained from several sources, we have found that the
collagen produced by Collaborative Biomedical Products yields consistent results and
reproducible gels.

9. Prepare the collagen gel solution on ice, making certain that the solution remains cold during
setup, to prevent premature polymerization of the collagen.
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10. The pH of the collagen gel is a variable that influences the integrity of the gel and thus the
invasive extent of the cells. The pH is adjusted by varying the amount of sodium bicarbon-
ate added to the collagen gel solution. At slightly more acidic pH (i.e., 6.8–7.0) the gels do
not polymerize as well, and are unstable. While this allows cells to invade faster, the gels
become fragile, making it difficult to add media or wash solutions to the gels without damag-
ing the surface. Conversely, a more basic pH (i.e., 7.6–8.0) creates a gel through which cells
have difficulty invading. With experience, one can determine the optimal pH by carefully
examining the color of the solution. The appropriate pH results in a “salmon pink” color. For
initial experiments, a small amount of collagen gel solution can be applied to pH test strips for
accurate pH determination. If the pH of the collagen gel solution becomes too basic, discard
the solution.

11. If the collagen gel solution is not properly degassed, trapped air bubbles will compromise
the integrity of the gel and allow cells to invade at an artificially rapid rate.

12. While washing the gels and changing the media, care must be taken not to damage the gels.
If a hole appears during the quantification process, the gel must be discarded. When pipetting,
slowly allow each drop of liquid to spread over the surface of the gel or liquid surface rather
than drop from a distance. The impact of a large droplet of liquid may damage the gel.

13. The density of cells growing in culture before to the start of the invasion assay may also
affect the results. For myeloma cells, the most consistent results are obtained from cells
growing between 50% and 75% confluency. Myeloma cells at low density in fresh media,
or overconfluent cells in exhausted media, do not invade well.

14. Cells placed on the collagen gels should not have extensive cell–cell contact. This applies at
the beginning and end of the experiment. Thus, the size and mitotic rate of the cells to be
used dictate the density at which they are added to each collagen well. For myeloma cells, we
use 5.0 × 104 cells per collagen gel.

15. One of the most necessary requirements for obtaining interpretable results is the inclusion of
positive and negative controls (i.e., invasive and noninvasive cells respectively). This ensures
that the collagen gel is permissive for invasive cells yet still able to prevent noninvasive cells
from passively falling through the spaces between collagen fibers. By including these two
controls, data can be reported either as raw data (5) or as the percent invasion relative to the
controls (3). The latter method compensates for interassay variability.

16. The most critical step in the quantification process is the collagenase treatment used to
remove the noninvasive cell population from the gel surface. Overdigestion of the gel will
result in removal of many of the invasive cells, while underdigestion will fail to remove the
cells at the surface. Both situations produce inaccurate data.

17. Because the majority of cells in the noninvading controls are attached at the surface of the gel,
they form a “landmark” that can be used to determine the time required to remove the
noninvasive cells from the surface of all gels. After 5 min at 37°C of the first collagenase
digestion, the plate can be removed from the incubator and the cells on the surface examined
under an inverted phase microscope. If the majority of cells in the noninvading control are in
suspension, proceed to the next step. If many cells remain attached at the gel surface, return
the plate to the incubator for 1-min intervals and examine until the noninvading cells are
released from the gel surface.
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Optical Biosensor Techniques to Analyze
Protein-Polysaccharide Interactions

David G. Fernig

1. Introduction
Networks of interacting molecules, operating from the outside of the cell to the cell

nucleus, regulate cell behavior. Optical biosensors provide a means of analyzing
these interactions and possess key advantages over other methods: posttranslationally
modified proteins, secondary gene products such as polysaccharides, chemically
synthesized molecules, and nucleic acids are all equally susceptible to analysis; a
quantitative description of an interaction is obtained; the structural rules and the
kinetics governing the formation of multimolecular assemblies can be probed.

The principles of measurement underlying optical biosensors have been reviewed
in detail elsewhere (1), and only a basic description will be given here. Optical
biosensors consist of a sensor surface, on one side of which reside the optics that
enable measurements to be made and on the other side of which resides the liquid
phase (see Fig. 1). The optical system generates an exponentially-decaying evanes-
cent wave that penetrates into the liquid phase. The greatest sensitivity occurs where
the evanescent wave is strongest, that is, closest to the surface. In general, useful
measurements can be made within about 200 nm of the surface. The optics essentially
measure changes in refractive index, so the signal obtained depends on the refractive
index within this 200 nm.

The essence of experiments using optical biosensors is that one partner of a
molecular interaction is immobilized on the surface and the interaction of the other
partner(s) is then followed in real time by adding them to the liquid phase. It is usual
to refer to the immobilized molecule as the immobilized ligand or ligand and the soluble
partner(s) as the soluble ligate(s) or ligate(s). The signal obtained from proteins and
nucleic acids depends solely on the amount of material at the surface. Hence with
these macromolecules, the optical biosensor acts as a very sensitive mass sensor. How-
ever, glycosaminoglycans have a low refractive index, which may vary with the degree
of sulfation (Fernig, D. G., unpublished). Therefore, compared to proteins, glycosami-
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noglycans give a small signal on a mass basis, and this signal cannot be related directly
to the amount of material, since it may depend on composition. For these reasons,
experiments should always be designed such that the proteoglycan, its glycosami-
noglycan chains or oligosaccharides derived from the latter are immobilized on the
surface and the protein partner(s) are used as soluble ligate. Unfortunately, pro-
teoglycans often contain more than one glycosaminoglycan chain, and each chain may
contain more than one binding site for the protein partner of interest. Multivalent
ligands usually have high avidity. Molecules with high avidity exacerbate the major
artifacts encountered in optical biosensors (see Subheading 3.5.5.).

There are currently four commercial instruments on the market, BIAcore
(Pharmacia Biosensor, Uppsala, Sweden), BIOS-1 (Artificial Sensing Instruments,
Zurich, Switzerland), BioTul (BioTul, Munich, Germany), and IAsys (Affinity Sen-
sors, Cambridge, UK). Two of these instruments, the BIAcore and the BioTul, use
surface plasmon resonance to produce the evanescent wave in order to probe the liquid
phase and thus have a gold film at the sensor surface. The ability of thiol groups to
bond gold is used to modify the surface so as to make it amenable to the attachment of
biological macromolecules. Available surfaces include carboxymethyl dextran for
BIAcore and BioTul, and for BIAcore only, carboxymethyl dextran derivatized with
streptavidin and nitrilotriacetic acid, short carboxymethyl dextran, dextran with a low
degree of carboxylation, planar hydrophobic, carboxylated, and gold. In contrast, the
BIOS-1 and IAsys use an evanescent wave generated by waveguiding to probe the
liquid phase. The IAsys has a layer of metal oxide at the sensor surface, which enables
molecular deposition of a variety of groups, and, in addition to carboxymethyl dext-
ran, hydrophobic, amino, carboxyl, and biotin surfaces are available. There are two
issues to bear in mind regarding the surfaces. First, they will possess holes at the
atomic level and thus some gold or metal oxide may be exposed to the experiment.
Second, carboxymethyl dextran gels possess hydrophobic pockets, which may either
cause nonspecific binding artifacts or be a useful functionality.

The liquid phase, in which experiments take place (see Fig. 1), consists of two
components, a homogenous bulk phase that is mixed by a vibrational stirrer (IAsys) or
by flow (BioTul and BIAcore), and a thin stationary phase next to the sensor surface,
whose constituents exchange by diffusion with the bulk phase. The ligand immobilized
on the sensor surface is within the stationary phase. The depth of the stationary phase

Fig. 1. Schematic of an optical biosensor.
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depends on the efficiency of mixing, which in turn determines the likelihood of diffu-
sion artifacts (see Subheading 3.5.5.). The vibrational stirrer in IAsys should always
be set to maximum. Since it induces chaotic mixing at the interface between the bulk
phase and the stationary phase, the latter is reduced to a minimum and exchange
between the two phases is efficient. In flow systems, mixing depends on the rate of
flow (BioTul and BIAcore), and this should always be set to the maximum. The issue
of mixing is compounded with laminar flow systems (BIAcore), since, as the bulk
phase approaches the stationary phase, the rate of flow decreases, thus reducing the
efficiency of mixing at the bulk phase–stationary phase interface.

2. Materials
2.1. Biotinylation

1. N-hydroxysuccinimide (NHS) amino caproate (LC) biotin (Pierce) or hydrazide-LC-biotin
(Pierce), 50 mM, dissolved in dimethyl sulfoxide. It is essential to use biotin with the
aminocaproate spacer arm. Stored in 10-µL aliquots at –70°C, the NHS-LC-biotin and
hydrazide-LC-biotin are stable for at least 4 mo.

2. Proteoglycan or peptidoglycan chains, normally desalted and freeze-dried.
3. 3 M Tris-HCl, pH 7.2.
4. Sephadex G-25 desalting column (1 × 25 cm).

2.2. Biotinylation of Amino Groups
1. Add 10 µL of a 50 mM solution of NHS-LC-biotin in dimethyl sulfoxide to 100 µg of

proteoglycan in 100 µL of distilled water, mix, and allow the reaction to proceed at room
temperature for 24 h.

2. Two further additions of 10 µL of NHS-LC-biotin may be made, either over the initial 24 h
or over a subsequent 48 h. Blocking of unreacted NHS groups on biotin is achieved by the
addition of 10 µL of 3 M Tris-HCl, pH 7.2, followed by a 10 min incubation at room
temperature.

2.3. Biotinylation of Reducing Ends
1. Add 10 µL of a 50 mM solution of hydrazide-LC-biotin in dimethyl sulfoxide to 100 µg of

oligosaccharide in 100 µL of distilled water, mix, and allow the reaction to proceed at room
temperature for 24 h. Two further additions of 10 µL of hydrazide-LC-biotin may be made
either over the initial 24 h or over a subsequent 48 h.

2.4. Removal of Free Biotin
1. Free biotin is removed by fractionation on a Sephadex G-25 column (1 × 25 cm, flow rate

0.5 mL/min), equilibrated in distilled water, and calibrated with high-molecular-weight
blue dextran and potassium dichromate. The biotinylated proteoglycans or peptidoglycans
elute in the void volume and are then lyophilized.

2.5. Capture of Biotinylated Ligands, Surface Regeneration
and Storage

1. PBST (phosphate-buffered saline, pH 7.2 with 0.02 % [v/v] Tween-20).
2. Biotinylated ligand between 1 µg/mL and 1 mg/mL dissolved in PBST (see Subhead-

ing 3.4.).
3. Instrument stirrer setting: 100 (maximum).
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2.6. Regeneration
1. 2 M NaCl, 10 mM NaH2PO4, pH 7.2.
2. 20 mM HCl.
3. 2 M guanidine-HCl, pH 7.0, freshly made and the highest grade available, for example,

Aristar from BDH, (Poole, UK).

3. Methods
3.1. Background Binding and Choice of Surface

Optical biosensors are extremely sensitive and precise instruments. Since all
instruments offer parallel/multiple channels, the temptation is to subtract any
nonspecific binding by using a control surface. There are two drawbacks to this
approach. When nonspecific binding is considerable, the signal is a fraction of the
noise, which is always a poor basis for any type of measurement. In addition, a true
control surface is almost impossible to generate, since, by definition, only the experi-
mental surface has immobilized ligand. If an unrelated ligand is used on the control
surface, the potential effects of immobilization of this ligand on the ligate should be
explored. For example, commonly used “blocking” proteins such as bovine serum
albumin (2) bind weakly a large number of protein ligates and are often not suitable.
The search for a suitable control surface for nonspecific binding rapidly becomes
recursive. It is far more profitable to spend time identifying a surface that maximizes
the signal-to-noise ratio. In the author’s experience, protocols that have no background
binding can be identified with a little effort (see Fig. 2). Ideally, two different sur-
faces, at least one of which should be planar (see Subheading 3.5.5.) should be
identified.

If a capture system, such as streptavidin for biotinylated ligands, is to be used,
following the identification of suitable surfaces, the tests for nonspecific binding
should be repeated on a surface with the capture system immobilized. If nonspecific
binding occurs, then, in addition to the procedures outlined in Fig. 2, alternative cap-
ture systems should be explored. In the case of streptavidin, substitution with avidin or
neutravidin often reduces background binding to zero.

3.2. Immobilization of Proteoglycans, Glycosaminoclycan Chains
and Oligosaccharides

The immobilization of ligands is accomplished by chemically activating a func-
tional group on the surface, e.g., carboxyl on carboxymethyl dextran or amino on
aminosilane. Since excellent protocols for ligand immobilization are supplied by the
manufacturers, only points specific to proteoglycans will be considered here. There
are major difficulties in the efficient direct coupling of proteoglycans, glycosaminogly-
can chains, and oligosaccharides to surfaces, due to the highly anionic character of
these molecules, which is a consequence of the carboxyl and sulfate groups present on
the saccharides. Thus, electrostatic uptake strategies, which are used to concentrate
ligand on carboxymethyl dextran surfaces to increase the efficiency of immobiliza-
tion, will not work, since the isoelectric point of the polysaccharide chains is lower
than that of the carboxyl groups on the matrix. Moreover, due to the high negative
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charge of the glycosaminoglycan chains, proteoglycans and their saccharide
components will not penetrate readily into the carboxymethyl dextran gel in the absence
of a counterion. To obtain reasonable levels of immobilized ligand in the absence of
electrostatic uptake requires a high concentration of ligand (>1 mg/mL) during the
coupling reaction. Samples of proteoglycan, glycosaminoglycan chains, and oligosac-
charides are usually fairly precious. A capture system such as biotin–streptavidin
avoids the problems inherent to the direct coupling of proteoglycans and derived
polysaccharides, and so is the preferred method for the immobilization of these ligands.
In addition, the capture of biotinylated proteoglycans and polysaccharides allows
the oriented immobilization of the ligand, which optimizes ligate binding (see Sub-
heading 3.5.5.).

Fig. 2. Identification of zero background surfaces. Ligate is added in the buffer chosen for
binding assays at the highest concentration likely to be used in these assays. The most commonly
used detergent is Tween-20. In 0.5% (v/v) Tween-20 no background binding is observed with
crude lysates of tissues or cells on streptavidin-derivatized IAsys aminosilane surfaces (Wain-
wright, G. and Fernig, D.G., unpublished observations). Changing the charge of the surface at
physiological pH, e.g., negative charge of carboxymethyl dextran, is accomplished by repeated
activation of the charged groups of the surface. An elegant example is provided in ref. (8).
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Proteoglycans and glycosaminoglycan chains isolated as peptidoglycans can be
conveniently biotinylated on amino groups. Free amino groups may also occur along
the polysaccharide chain. If required, the relative level of biotinylation of peptide and
polysaccharide can be estimated, with respect to a specific ligate, e.g., basic fibroblast
growth factor (bFGF) (3). Oligosaccharides produced by enzymatic cleavage of gly-
cosaminoglycan chains, e.g., heparinase, will contain a reducing end. Again this pro-
vides a unique functionality that can readily be biotinylated.

3.3. Capture of Biotinylated Ligands, Surface Regeneration and Storage
3.3.1. Capture

Streptavidin, avidin, or neutravidin should be immobilized on the appropriate sur-
face according to the instructions of the instrument manufacturer. The following pro-
tocol is suitable for the IAsys instrument. It will have to be adapted for the other
instruments. In particular, high flow rates (100 µL/min) should be maintained through-
out the capture reaction in BIAcore and BioTul to ensure efficient mixing and hence
an even capture of biotinylated ligand over the sensor surface.

The cuvet is equilibrated in 50 µL of PBST. Replace the PBST with 20 µL
biotinylated proteoglycan, peptidoglycan chains, or oligosaccharides, usually at con-
centrations between 1 µg/mL and 1 mg/mL in PBST. The contact time of the
biotinylated ligand is generally 30 min.

If required, the unbound biotinylated material may be recovered by pausing the
experiment, withdrawing the cuvet and removing the bulk phase with a pipet.

Wash the cuvette 5 × 50 µL PBST.
Before using the cuvet for measurements, perform two cycles of regeneration, fol-

lowed by one binding reaction and one cycle of regeneration.
Before using a stored cuvet, perform one cycle of regeneration, followed by one

binding reaction and one cycle of regeneration.

3.3.2. Regeneration
Regeneration of the surface serves to remove all bound ligate, thus returning the

ligand to its original state. The importance of efficient regeneration cannot be over-
stated, since for optical biosensors to be useful the same surface, (see e.g., Subhead-
ing 3.5.), must be used for multiple, comparable measurements. It is essential that
regeneration protocols do not remove immobilized ligand or chemically alter the struc-
ture of the immobilized ligand. Luckily, glycosaminoglycans are robust ligands and
the biotin–streptavidin bond is extremely strong, resistant to 2 M NaCl, 20 mM HCl,
and 2 M guanidine. Most protein-glycosaminoglycan interactions depend heavily on
ionic bonding between the sulfate groups of the polysaccharide and the amino groups
of the protein. Therefore 2 M NaCl is usually sufficient to regenerate the surface.
When 2 M NaCl fails to remove all the bound the ligate, additional regeneration steps
with 20 mM HCl and, in extreme cases, with 2 M guanidine-HCl, may be required.

3.3.3.Storage
Cuvettes (BioTul, IAsys) and sensor chips (BIAcore) can be stored wet or dry at

4°C. For wet storage (<1 wk) of cuvets, put 70 µL PBST with 0.02 % (w/v) NaN3 in the
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cuvet and wrap with Parafilm to prevent evaporation. For dry storage, cuvets should
be washed 5 times with water, emptied, and stored upside down. Sensor chips
(BIAcore) can be stored in a similar fashion in a screw-top tube. Immobilized
proteoglycans, peptidoglycan chains, and oligosaccharides are very stable and will
retain their full ligate-binding capability after months of storage. The major cause of
deterioration of sensor surfaces is the effect of incomplete regeneration, which results
in a gradual loss of binding sites.

3.4. Control of the Amount of Immobilized Ligand
In some applications it is important to control the amount of immobilized ligand,

and in general, it is advisable to repeat experiments with different levels of immobi-
lized ligand. In addition, the interaction of proteins with the glycosaminoglycan
chains of proteoglycans is dependent on the presence of specific sequences of saccha-
rides. Therefore equal amounts of proteoglycan isolated from different sources will
not necessarily contain the same number of binding sites for a given ligate. The
difficulty of reliably detecting the amount of immobilized proteoglycan means that
this quantity must be determined empirically by calculating the total number of bind-
ing sites on the surface, Bmax (see Subheading 3.5.5.). To vary the amount of immobi-
lized ligand, vary the concentration of biotinylated ligand during ligand capture (see
Subheading 3.3.).

3.5. Binding Assays
A single binding assay is illustrated in Fig. 3, and the schematic (see Fig. 4) shows

the changes occurring at the surface in the bulk phase.

3.5.1. Footprinting and Multimolecular Complexes
In all footprinting experiments, it is essential that the ligates are used at

concentrations > Kd for the ligand, when the ligate will occupy >50% of the binding
sites on the ligand. The main measurement made in footprinting experiments is the
extent of ligate bound, which requires the binding reaction to be at or near equilib-
rium. Consequently, these experiments take a relatively long time. The extent of
binding is calculated in two ways, the results of which should be identical. First, the
extent of ligate binding can be determined directly from the binding curve, where it is
equal to the response at equilibrium minus the response before the addition of ligate,
minus the bulk shift. Second, the nonlinear curve-fitting software supplied by the
manufacturer is used to calculate the extent of binding from the association curve.

The protocols described in Figs 5 and 6 can be adapted for the other instruments,
though the high flow rates required for efficient mixing will require quite extensive
use of ligates.

3.5.2. Footprinting with a Competitor of the Ligate

These experiments test the hypothesis that two ligates bind to sites on the ligand
that are the same, overlap, or interfere with each other. In the example shown (see
Fig. 5), the two ligates are bFGF and a synthetic peptide bFGF(127–140). The experi-
ment illustrates how the dissociation rate constant of a ligate determines the experi-
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mental protocol. The bFGF dissociates slowly from heparin, whereas the peptide
bFGF(127-140) dissociates more rapidly (4).

In the first footprinting experiment (Fig. 5, 7.9–104 min), once bFGF binding has
reached a maximum, dissociation is initiated (Fig. 5, 29.7 min). At 43.8 minutes, the
dissociation of bound bFGF from the immobilized heparin is negligible compared to
the association of the peptide bFGF(127–140), so the peptide is added. In the second
experiment (116.9–206.1 min) the order of addition of the ligates is reversed. This
experiment has to contend with the relatively fast dissociation rate of the peptide
from heparin. After the binding of the peptide has reached a maximum, 1 µL of the
bulk phase is replaced with 1 µL of an identical solution (PBST containing 100 µg/
mL bFGF (127–140) and 90 µg/mL bFGF. In this way the equilibrium between the
soluble and bound peptide is only perturbed by the bFGF binding to the immobilized
heparin.

Fig. 3. A binding assay. Binding of bFGF (final concentration 3 µg/mL or 167 nM) to
biotinylated heparan sulfate from Rama 27 cell culture medium, immobilized on a streptavidin
derivatized carboxymethyl dextran cuvet. A response of 200 arc seconds is equal to 1 ng/mm2 of
protein in the carboxymethyl dextran gel. The binding curve is described by a series of events
(arabic numerals) and regions (letters). Event 1: Addition of ligate . Binding is initiated by the
addition of 1 µL of 90 µg/mL bFGF to the 29 µL of PBST in the cuvet. Event 2: PBST washes.
At the end of the association reaction, the cuvet is washed 3 times with 50 µL of PBST to
initiate the dissociation reaction. Event 3: Regeneration. To regenerate the surface, the cuvet is
washed 3 times with 2 M NaCl, 10 mM NaHPO4, pH 7.2, and left in this solution for 1 min.
Event 4: Return to starting conditions. The cuvet is washed 3 times with 50 µL of PBST and
then once with 29 µL of PBST. Region A is the baseline, 29 µL of PBST in the cuvet. Region
B is the 3–5 s region immediately after the addition of ligate (event 1), where mixing and bulk
shifts occur—the latter result from the difference in refractive indices of PBST and PBST con-
taining 3 µg/mL bFGF. Region C is the association phase from which the kon and the extent of
binding are calculated. Region D is the 3–5 s region immediately following the PBST washes
(event 2), where mixing and bulk shifts occur. Region E is the dissociation phase from which
kdiss is calculated. Region F is regeneration, which is initiated by the addition of 2 M NaCl
(event 3). Region G is the new baseline with 29 µL of PBST in the cuvet (event 4).
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The concentration of the ligates and their molecular weight have a considerable
effect on this type of footprinting experiment. The concentrations of peptide and bFGF
relative to their Kd for heparin (4) were chosen such that the peptide in the first experi-
ment (43.8 min) could displace bFGF, but in the second experiment bFGF was unlikely
to displace the peptide. The signal produced by proteins and nucleic acids in optical
biosensors is directly proportional to molecular weight. In this example the
molecular weights of bFGF and bFGF(127–140), 18 and 1.6 kDa, respectively,
differ by over 10-fold. Thus displacement of bFGF in the first experiment (43.8
min) by the peptide would cause a large decrease in signal, whereas bFGF is un-
likely to displace the peptide in the second experiment and cause an increase in signal.
Other experiments, however, may be set up differently due to the type of ligates, and
the results not be so clearcut. In these cases, if ligate dissociation is slow, antibodies
can be used at the end of the experiment to quantify the amount of each ligate that is
bound. Thus an antibody to bFGF could be added at 94.1 min, and once this has bound
maximally, antibody to the peptide would be added.

Fig. 4. Schematic of molecular changes occurring at the sensor surface in the course of the
experiment in Fig. 3. SA, streptavidin.
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Time (min) Event

0 Establish a baseline with 29 µL of PBST.
7.9 Add 1 µL of 90 µg/mL bFGF to the cuvet.
29.7 Maximal binding of bFGF, wash 3 × with 50 µL of PBST; leave the

cuvet in 29 µL of PBST.
43.8 Add 1 µL of 3 µg/mL bFGF(127–140) peptide.
77.7 Maximal binding of bFGF(127–140).
77.7 Wash 3 × with 50 µL of PBST; leave the cuvet in 29 µL of PBST.
94.1 Regenerate with multiple washes of 2 M NaCl.
104 Establish a baseline in 29 µL of PBST.
116.9 Add 1 µL of 3 mg/mL bFGF(127–140) peptide.
156.8 Maximal binding of bFGF(127–140); remove 1 µL from the cuvet.
156.8 Add 1 µL of 90 µg/mL bFGF in PBST containing 100-µg/mL

bFGF(127–140).
184.6 Wash 5 × times with PBST and allow dissociation to proceed.
206.1 Regenerate with multiple washes of 2 M NaCl to recover the baseline.

Fig. 5. Footprinting with a competitor of the ligate in an IAsys optical biosensor. In the first
experiment, the extent of binding of bFGF to biotinylated porcine mucosal heparin, captured on
streptavidin immobilized on a carboxymethyl dextran surface, is measured. Then the synthetic
peptide bFGF(127–140) is added to determine the extent of binding of the peptide to porcine mu-
cosal heparin in which over half the binding sites or bFGF are occupied. In the second experiment
the order of addition of the ligates is reversed, so the synthetic peptide is added first, followed by
bFGF. This experiment measures the extent of binding of the synthetic peptide to porcine mucosal
heparin and the extent of binding of bFGF to porcine mucosal heparin in which over half the
peptide binding sites are occupied. The table below is a detailed description of experiment.

Calculation of extent of binding: In the first experiment the bulk shifts do not have to
be explicitly subtracted, since the two binding reactions start and finish in PBST. The
extent of binding of bFGF and the bFGF(127-140) peptide is denoted by the vertical two
headed arrows. In the second experiment, the situation is a little more complex, since the
cuvette is not returned to PBST after the bFGF(127-140) peptide has bound, due to the
relatively fast rate of dissociation of the peptide-heparin complex. In this case the bulk
shift is taken as the first 5 s of the binding reaction and an offset baseline (horizontal
dotted lines) is used to calculate the extent of binding (two headed arrow).
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3.5.3. Footprinting with a Competitor of the Ligand
These experiments test the hypothesis that the region of the ligate that recognizes the

ligand can also recognize the soluble competitor. In the example shown (see Fig. 6),
the effect of heparin on the binding of heparin affin regulatory peptide (HARP) (5,6) to
immobilized heparin is determined.

3.5.4. Multimolecular Complexes
The analysis of multimolecular complexes, for example where ligate (1) binds to

heparan sulfate and ligate (2) binds to ligate (1), is a simple extension of the above
footprinting experiments. The only constraint is that the dissociation rate of ligate (1)
from the ligand is sufficiently slow (as in the case of bFGF in Fig. 5) to allow the
cuvette to be washed and returned to binding buffer prior to the addition of ligate (2).

3.5.5. Kinetics
One of the key uses of optical biosensors is the rapid determination of the kinetics

of a molecular interaction. The instrument manufacturers provide ample information
on the theoretical considerations behind the measurements of binding kinetics. This
section will therefore deal only with artefacts.

The major artefact associated with the determination of kinetics in optical
biosensors is the generation of second phase binding kinetics by diffusion limitations
(the so-called mass-transport artefact) and steric hindrance (1,7). Diffusion limitations
arise when the rate of diffusion of the soluble ligate (dependent on its diffusion
coefficient, D) from the bulk, stirred solution, through the boundary layer of immobile

Fig. 6. Footprinting with a competitor of the ligand. In the control binding reaction, 3 µL
HARP (20 µg/mL in PBST) is added to a cuvet containing 27 µL of PBST. In the subsequent
competitions, 3 µL of PBST containing 20 µg/mL HARP and 50-ng/mL, 5 µg/mL, or 50 µg/mL
heparin is added. The signal from the last experiment is indistinguishable from the background.
The fourth binding curve, which is again indistinguishable from background, controls for any
signal that might be generated by the competitor alone; in  this case 3 µL of PBST containing no
HARP and 50 µg/mL of heparin is added.
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solution, which exists next to the surface of the sensor, is equivalent or slower than the
apparent on rate, kon. In this case, after the initial rapid depletion of soluble ligate from
the solution near the surface, the observed association kinetics reflect diffusion rates
rather than association rates. The diffusion artefact also affects the measurement of the
dissociation rate constant, kdiss. kdiss should be independent of ligate concentration. If
kdiss is found to increase with increasing ligate concentration, it is likely that dissociated
ligate is rebinding to unoccupied ligand faster than it is diffusing into the bulk phase.
Multivalent ligates, which possess a high avidity, represent a special case of this effect.
The steric hindrance of binding sites arises when the immobilized ligand is at a high
density and/or randomly oriented, and is most prominent on 3-dimensional carboxy-
methyldextran surfaces (7).

There are two ways to investigate whether diffusion is indeed rate-limiting:

1. Decreasing the rate of flow or of stirring to determine the rate at which diffusion becomes
limiting. A drawback is that this is rather insensitive and in stirred systems the relationship
between diffusion and the rate of stirring may not be linear.

2. Increasing the viscosity of the binding buffer (diffusion is inversely proportional to viscos-
ity) by the addition of glycerol. This is the more sensitive method.

To avoid these possible artefacts, experimental design should always include the
following:

1. The minimum amount of ligand required to give a useful signal should be immobilized.
This is determined empirically.

2. Oriented immobilization of ligand rather than random reduces steric hindrance between
the surface and the binding site on the immobilized ligand.

3. Since kon depends directly on concentration, keeping the concentrations of ligate as low
as possible reduces the possibility of the rate of diffusion controlling the binding reaction.

4. To avoid rebinding during dissociation, kdiss should be determined at ligate concentra-
tions where the majority of the binding sites are occupied. If rebinding is still a problem,
soluble ligand can be added as a competitor to the dissociation buffer [e.g., (8)].

5. Diffusion into the bulk phase from the stationary phase is faster with planar than three-
dimensional, e.g., carboxymethyl dextran, surfaces, so some experiments should always
use a planar surface (7).

3.6.6. Microaffinity Chromatography

Optical biosensors provide the opportunity to carry out microaffinity chromatogra-
phy. In these experiments, the immobilized ligand is used to fish for a specific target
in a mixture. Once the target is bound, the regeneration step is used to elute the target
into the bulk phase. Recovery of the target is simplest in cuvet-based instruments.
IAsys cuvets come in analytical and preparative formats. Analytical surfaces have a
mask that covers all but 4 mm2 of the surface, so the total amount of ligand is low, thus
preventing depletion of ligate from the bulk phase during the binding reaction. Pre-
parative surfaces (“Select”) do not have the mask and the area of the surface is 16
mm2, which allows the immobilization of fourfold more ligand and the capture of a
correspondingly larger amount of ligate. Microaffinity chromatography can be used
either as a means to identify the steps required to prepare an efficient conventional
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chromatography column or as the preparative chromatography step itself. The only
constraint on the use of optical biosensors as microchromatography systems is that
nonspecific binding is undetectable.

The example shown is an experiment that used the optical biosensor to isolate hep-
arin-binding phage from a library that displayed a constrained 7-amino acid peptide
(see Fig. 7 and Chapter 50). Twenty clones were isolated from the second-generation
phage and, compared to the initial starting library, the DNA sequences encoding the
peptide library in second-generation phage always contained codons for basic amino
acids, illustrating the success of the method. The clear advantage of using the optical
biosensor as a microaffinity chromatography system is that the instrument provides a
readout in real time of the binding events. It is therefore possible to troubleshoot
protocols in real time and thus save considerable amounts of time and precious mate-
rials. In addition, since nonspecific binding is negligible, the fold-purification achieved
is dramatic. The major inconvenience is that only small amounts of material are recov-
ered, which require either a simple amplification step (as in the case of the phage) or
suitable downstream microanalytical facilities.

Fig. 7. Selection of phage that bind heparin. Biotinylated porcine mucosal heparin was immo-
bilized on a biotin select surface. Wild-type phage do not bind to this surface at NaCl concentra-
tions as low as 10 mM (Rahmoune, H., and Fernig, D. G. unpublished). The cuvet is cleaned with
phenol prior to the addition of phage, to eliminate contaminating wild-type phage from the envi-
ronment and all solutions are autoclaved prior to use. Phage from the initial library (70 µL at 1011

pfu/mL) are added to the cuvette (0 min, thin line). After a large bulk shift due to the high concen-
tration of phage, a low but significant amount of binding is observed (about 20 arc s). After
washing the surface with PBST, bound phage (A, the first generation) are eluted (equivalent to
surface regeneration) with either 2 M NaCl or 1 mg/mL heparin in PBST, both of which were
equally effective. These first-generation phage are grown up and added (70 µL at 1011 pfu/mL) to
the same surface (–2 min, thick line). Clearly the first generation is enriched in phage that are able
to bind to the heparin compared to the initial library, since the extent of binding is double and the
kon is considerably faster. Bound phage (B, the second generation) were collected as before and
grown up.
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Phage Display Technology
to Obtain Antiheparan Sulfate Antibodies

T. H. van Kuppevelt, G. J. Jenniskens, J. H. Veerkamp,
G. B. ten Dam, and M. A. B. A. Dennissen

1. Introduction
Antibodies have proven to be valuable tools in research on proteoglycans. They

have been used extensively to study the tissue expression patterns of proteoglycans at
the light as well as at the electron microscopical level. In addition, they have been
frequently applied as (immuno)precipitating agents, in immunoaffinity chromatogra-
phy, and—in some cases—as blocking agents. Most antibodies available are directed
against the core protein of proteoglycans. Only a few are reactive with the glycosami-
noglycan moiety. This is due to the largely nonimmunogenic character of glycosami-
noglycans. Those antibodies that have been raised to glycosaminoglycans were
obtained using proteoglycans as antigen, rather than the glycosaminoglycan chains as
such. Here, we describe the use of phage display technology to obtain antibodies to
glycosaminoglycans, as exemplified by heparan sulfate. Phage display allows the gen-
eration of antibodies to “self” antigens. The antibody is “displayed” at the surface of the
phage by fusion to a coat protein (1,2). In the protocol described here, a semisynthetic
antibody phage display library [“synthetic scFv library # 1”, (3)] was used, consisting of
>108  different clones, each expressing one unique antibody. In principle, any anti-
body phage display library can be used. The synthetic library #1 contains 50 different
VH  genes with synthetic complementarity-determining region 3 segments (CDR3),
which contain a random sequence, encoding 4–12 amino acid residues. Only one light-
chain gene is present. In the library, only the variable parts of the heavy and light chains
are expressed, joined to each other by a linker sequence to form so-called single-chain
variable fragments (scFv). All antibodies contain a cMyc tag for identification with
anti-cMyc antibodies.
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A major advantage of the phage display system is that once a phage expressing the
antibody has been selected, the DNA encoding the antibody is available. This opens
the realm of molecular-biological techniques (e.g., large-scale production in bacteria,
easy purification using His-tags, fusion of the antibodies to other proteins). Phage
display-derived antibodies may be of value in characterizing the structural heteroge-
neity of heparan sulfate and other glycosaminoglycans.

This chapter describes the selection and characterization of anti-heparan sulfate
antibodies and their coding genes using antibody phage display technology.

2. Materials
2.1. Selection of Phages Displaying Antibodies Reactive with Heparan
Sulfate Using Biopanning

1. To avoid any carryover of phages during selections, several precautions need to be taken.
The use of sterile disposable plastic ware and devoted pipetes is highly recommended.
Nondisposable plastic ware should be soaked for 1 h in 2% (v/v) hypochlorite, followed
by thorough washing and autoclaving. Glassware should be baked at 200ºC for at least 4
h. Use aerosol-resistant pipet tips (Molecular Bio-Products) when working with bacteria
or phages. It is recommended to work in a laminar-flow cabinet or in a fume cabinet.
Clean the workplace (benchtops, etc.) with 10% (v/v) hypochlorite before and after each
working day. Clean pipetes etc., daily by wiping the outside with 0.1 M NaOH.

2. Bacterial strain: Escherichia coli TG1 (3) suppressor strain (K12, ∆(lac-pro), supE, thi,
hsd∆(5/F'traD36, proAB, lacIq, LacZ∆(M15) (see Note 1).

3. VCS-M13 helper phages (Stratagene) (see Note 2) used at a titer of 1 × 1012  CFu/mL.
Alternatively, M13 KO7 helper phages (Pharmacia) can be used.

4. Glycerol stock of the (semi)-synthetic scFv Library #1 [Dr. G. Winter, Cambridge Uni-
versity, Cambridge, UK (3)],  stored at –80ºC.

5. 2XTY: 1.6% (w/v) Bacto-Trypton, 1.0% (w/v) Bacto-Yeast extract (Gibco BRL), and
0.5%  (w/v) NaCl.

6. 40% (w/v) glucose (Sigma) in H2O sterilized by filtering using a 0.2-µm filter (Schleicher
& Schuell).

7. Ampicillin (Sigma) and kanamycin (Gibco BRL).
8. 2XTY containing 100 µg of ampicillin/mL and 1% (w/v) glucose.
9. 2XTY containing 100 µg of ampicillin/mL and 25 µg kanamycin/mL.

10. Minimal medium: Autoclave 450 mL  of 2.2% (w/v) Bacto-Agar (Gibco BRL) in H2O.
Cool the solution down to 60°C and add, after sterile filtering with a 0.2-µm filter
(Schleicher & Schuell), 50 mL of 10XM9, 0.5 mL of 20% (w/v) MgSO4, 2.5 mL of 40%
(w/v) glucose, and 0.25 mL of 1% (w/v) thioamine.
a. 10 × M9 medium: 0.60 M K2HPO4, 0.33 M KH2PO4, 76 mM (NH4)2SO4, 17 mM

trisodium citrate · 2H2O, pH 7.4 (adjust with phosphate component).
11. Polyethylene glycol (PEG)/NaCl: 20% (w/v) PEG 6000 (Serva) containing 2.5 M NaCl.
12. Phosphate-buffered saline (PBS): 0.14 M NaCl, 8.1 mM Na2HPO4 and 1.5 mM

NaH2PO4 · 2H2O, 2.7 mM KCl, pH 7.4 (adjust with phosphate component).
13. Microlon immunotubes, 12/55 mm, 4 mL (Greiner).
14. Heparan sulfate from bovine kidney (Seikagaku).
15. Marvel: dried skimmed milk (Premier Beverages, Stafford, UK).
16. PBS containing 2% (w/v) Marvel.
17. PBS containing 4% (w/v) Marvel.
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18. Parafilm (American National Can).
19. Polyoxyethylenesorbitan monolaurate (Tween-20, Sigma).
20. PBS containing 0.1% (v/v) Tween-20.
21. 100 mM triethylamine (Merck): add 700 µL (7.18 M) to 50 mL of H2O (prepare on the

day of use).
22. 1 M Tris-HCl, pH 7. 4.
23. Sterile 50-mL tubes (Greiner).
24. TYE: 1.5% (w/v) Bacto-Agar, 0.8% (w/v) NaCl, 1.0% (w/v) Pepton, and 0.5% (w/v)

Bacto-Yeast extract.
25. TYE containing 100 µg of ampicillin/mL and 1% (w/v) glucose.
26.  Nunclon TC dish 245 × 245 × 25 mm (Nunc); 94/15 Petri dish (Greiner).
27.  Glycerol (Sigma).
28. 2XTY containing 15% (v/v) glycerol.

2.2.  Screening for Bacterial Clones Expressing Heparan
Sulfate-Binding Antibodies Using ELISA

1. 96-well flat-bottom and 96-well round-bottom sterile Cellstar plates (Greiner).
2. Sterile toothpicks.
3. 2XTY containing 100 µg of ampicillin/mL and 1% (w/v) glucose.
4. 2XTY containing 100 µg of ampicillin/mL and 0.1% (w/v) glucose.
5. Isopropylthio-β-D-galactoside (IPTG, Gibco BRL).
6. 2XTY containing 100 µg of ampicillin/mL and 9 mM IPTG.
7. Glycerol (Gibco BRL).
8. 96-well Microlon ELISA plates, nonsterile (Greiner).
9. PBS.

10. PBS containing 2% (w/v) Marvel (see Note 3).
11. PBS containing 4% (w/v) Marvel.
12. PBS containing 0.1% (v/v) Tween-20.
13. Anti-c-Myc antibody; hybridoma culture supernatant (clone 9E10, mouse IgG; see Note 4).
14. PBS containing 2% (w/v) Marvel and 0.2% (v/v) Tween-20.
15. Alkaline phosphatase-conjugated rabbit anti-mouse IgG antibodies (DAKO).
16. PBS containing 1% (w/v) Marvel and 0.1 % (v/v) Tween-20.
17. 0. 9% (w/v) NaCl.
18. 1 M diethanolamine (Fluka) containing 0.5 mM MgCl2, pH 9.8.
19. 4-Nitrophenyl phosphate disodium salt (hexahydrate) (P-NPP, Merck).

2.3. Detection of Antibodies Expressed by Bacterial Clones Using
an Immunoblot Assay

1. 0.45-µm nitrocellulose filter (Schleicher & Schuell).
2. Whattman 3 MM paper.
3. PBS.
4. PBS containing 3% (w/v) Marvel and 1% (v/v) Tween-20.
5. PBS containing 2% (w/v) Marvel and 0.2% (v/v) Tween-20.
6. Anti-cMyc antibody; hybridoma culture supernatant (clone 9E10, mouse IgG; see Note 4).
7. PBS containing 0.1% (v/v) Tween-20.
8. Alkaline phosphatase-conjugated rabbit anti-mouse IgG antibodies (DAKO).
9. PBS containing 1% (w/v) Marvel and 0.1% (v/v) Tween-20.

10. 1 M diethanolamine containing 0.5 mM MgCl2, pH 9.8.
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11. p-Nitro blue tetrazolium chloride (NBT, Merck), and 5-bromo-4-chloro-3-indolyl sulfate
p-toluidine salt (BCIP, Research Organics). Add to 10 mL of 1 M diethanolamine con-
taining 0.5 mM MgCl2 (pH 9.8): 45 µL of NBT (stock: 75 mg/mL 70% [v/v] dimeth-
ylformamide) and 35 µL of BCIP (stock 50 mg/mL dimethylformamide).

2.4. Screening for “Full-Length” Inserts Using Polymerase Chain
Reaction (PCR) and for VH Gene Diversity Using DNA Fingerprinting

1. TYE containing 100 µg of ampicillin/mL and 1% (w/v) glucose.
2. 94/15 Petri dishes.
3. Sterile toothpicks.
4. 5 mM dNTP, Taq  DNA polymerase (5 U/µL), and 10 × PCR buffer containing 15 mM

MgCl2 (Promega).
5. Primers: LMB3 (5'-CAGGAAACAGCTATGAC-3'), fd-SEQ1 (5'-GAATTTTCTGTATGAGG-3').

6. Mineral oil (Sigma).
7. Restriction enzyme BstNI (10 U/µL), NEBuffer 2 (New England Biolabs).
8. DNA marker: φX174/HaeIII Molecular Weight Marker 4 (Eurogentec).
9. SeaKem agarose, NuSieve 3:1 agarose (FMC Bioproducts).

10. 10 mg ethidium bromide (Sigma)/mL H2O.
11. 10× TBE buffer: 12.1% (w/v) Tris, 5.1% (w/v) boric acid, and 3.7% (w/v) EDTA.
12. 5× DNA sample buffer: 0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene cyanol FF,

and 40% (w/v) sucrose.
13. QIAprep Spin Miniprep Kit (Qiagen), ABI PRISMTM Big Dye Terminator Cycle

Sequencing Ready Reaction Kit (Perkin Elmer).
14. Sequencing primer: (5'- GCCACCTCCGCCTGAACC- 3'), annealing temperature: 65°C.
15. 2XTY containing 100 µg of ampicillin/mL and 1% (w/v) glucose.
16. 2XTY containing 15% (v/v) glycerol.
17. Sterile cryovials (Greiner).

2.5. Production of Culture Supernatant Containing Antibodies
1. Glycerol stock of a bacteria producing an anti-heparan sulfate scFv antibody, stored

at –80°C.
2. TYE containing 100 µg of ampicillin/mL and 1% (w/v) glucose.
3. 94/15 petri dish.
4. 2XTY containing 100 µg of ampicillin/mL and 1% (w/v) glucose.
5. 2XTY containing 100 µg of ampicilin/mL and 0.1% (w/v) glucose.
6. IPTG (Gibco BRL).
7. 10× protease inhibitor mix: 0.1 M EDTA, 250 mM iodacetamid, 1 M N-ethylmaleimide,

1% (w/v) NaN3, 1.5 mTIU aprotinin/mL, 0.1% (w/v) pepstatin A, and 1 mM
phenylmethylsulfofluoride in H2O.

2.6. Production of Periplasmic Fraction Containing Antibodies
1. See Subheadings 2.5.1. – 2.5.7.
2. Periplasmic fraction buffer (PPF): adjust 0.5 M boric acid (Gibco BRL) to pH 8.0 with

0.5 M sodium borate (Sigma). Take 20 mL of the adjusted solution and add 1.6 mL of 5 M
NaCl, 0.25 mL of 0.2 M EDTA, and adjust the volume to 50 mL with H2O.

3. 0.2 µm disposable filter holder.
4. Dialyzing membrane (Spectra/Por, cutoff value 10 kDa).
5. PBS.
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2.7. Evaluation of Specificity of Antibodies Using
 Immunofluorescence Analysis

1. Tissue specimens, snap-frozen in liquid isopentane cooled with liquid nitrogen, and stored
at –70°C.

2. 5-µm tissue cryosections (stored at –20 or –80°C).
3. Heparinase III (0.006 units/mL, Sigma) in incubation buffer (50 mM NaAc and 50 mM

Ca(Ac)2, pH 7.0).
4. Chondroitinase ABC (1 unit/mL, Seikagaku) in incubation buffer (25 mM Tris-HCl, pH 8.0).
5. Slides and cover slips.
6. PBS.
7. Blocking solution: PBS containing 1% (w/v) BSA .
8. Washing solution: PBS.
9. Primary antibody solution: add 1 volume of periplasmic fraction of an anti-heparan sul-

fate antibody to 1 volume of blocking solution.
10. Anti-cMyc (9E10) antibody (hybridoma culture supernatant) diluted 1/1 with blocking

solution (see Note 4).
11. Fluorophore (Alexa-488)-conjugated anti-mouse IgG antibody (Molecular Probes) solu-

tion: Make a dilution (1/200–1/500) in PBS containing 0.5% (w/v) BSA.
12. Mowiol (Hoechst) embedding solution.

2.8. Evaluation of Specificity of Antibodies by ELISA
1. ELISA plates (Microlon, Greiner).
2. PBS.
3. Washing  solution: PBS containing 0.1% (v/v) Tween-20.
4. Blocking solution: PBS containing 1% (w/v) BSA.
5. Anti-heparan sulfate (primary) antibody solution: add 1 volume of a bacterial culture

supernatant containing an anti-heparan sulfate antibody to 1 volume of blocking solution,
or use diluted periplasmic fraction.

6. Anti-cMyc (9E10) antibody (hybridoma culture supernatant) diluted 1/1 with blocking
solution (see Note 4).

7. Alkaline phosphatase-conjugated rabbit anti-mouse IgG antibodies diluted 1/1000 in PBS
containing 0.5% (w/v) BSA.

8. Substrate solution: 1 mg of p-nitrophenyl phosphate/mL diethanolamine solution (1 M
diethanolamine, 0.5  mM MgCl2, pH 9.8).

9. A number of molecules necessary for evaluation of crossreactivity of the antibodies. These
may include heparan sulfate from various sources, heparin, dermatan sulfate, chondroitin
4 and 6-sulfate, keratan sulfate, dextran sulfate, hyaluronate, and DNA.

3. Methods
3.1. Selection of Phages Displaying Antibodies Reactive
with Heparan Sulfate Using Biopanning

For a schematic outline of the selection procedure, see Fig. 1.

3.1.1. Growth of Antibody Phage Display Library
1. Inoculate 50 mL of 2XTY containing 100 µg of ampicillin/mL and 1% (w/v) glucose with

about  5  × 108 bacteria from a glycerol stock of the (semi)-synthetic scFv Library #1 (3).
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Fig. 1. Schematic representation of the selection of phage display-derived anti-heparan sulfate antibodies by
biopanning.
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2. Grow the culture, while shaking, at 37°C until an absorbance at 600 nm of 0.5 is reached
(see Note 5).

3. Pipet 10 mL of the culture into a sterile 50-mL tube and add about 4 × 1010  VCS-M13
helper phages (see Note 6).

4. Incubate in a water bath, without shaking, at 37°C for 30 min.
5. Spin the infected culture at 3000g for 10 min at room temperature. Decant the supernatant

and resuspend the pellet in 30 mL of 2XTY containing 100 µg of ampicillin and 25 µg of
kanamycin/mL.

6. Add the 30 mL of bacterial suspension to 270 mL of prewarmed (30°C) 2XTY contain-
ing 100 µg of ampicillin and  25 µg of kanamycin/mL (No glucose! see Note 7). Incu-
bate, while shaking, at 30°C for 16–20 h to allow for large-scale (antibody-displaying)
phage production.

7. Inoculate 5 mL of 2XTY with a single E. coli TG1 colony from a minimal medium
plate and grow, while shaking, at 37°C for 16–20 h. This culture will be used in
Subheading 3.1.3, step 16.

3.1.2.  Isolation of Phages
1. Spin the culture from step 6 under Subheading 3.1.1 at 10,000g  for 10 min at 4°C to

remove bacteria. Decant the supernatant containing the phages into another sterile bucket.
2. Add 60 mL of ice-cold PEG/NaCl to the supernatant, mix well by inverting the bucket at

least 30 times, and leave the bucket on ice for 1 h. In this step (and step 3) phages are
precipitated (see Note 8).

3. Spin the phages at 10,000g for 30 min at 4°C. Resuspend the pellet in 40 mL of ice-cold,
sterile milli-Q water. Transfer the suspension to a 50-mL tube and add 8 mL of ice-cold
PEG/NaCl. Mix well  (as in step 2) and leave for 30 min on ice.

4. Spin the mixture at 3000g for 30 min at 4°C. Decant the supernatant and remove the
remains with a pipet. Respin briefly and remove residual PEG/NaCl. Invert the tube on a
piece of paper tissue, and leave for 30 min to drain any remaining PEG/NaCl.

5. Resuspend the pellet in sterile PBS and spin at 3000g for 10 min at 4°C to remove any
remaining bacterial debris. Decant the supernatant containing the phages into a sterile
tube and store at 4°C until use.

3.1.3. Selection of Phages Binding to Heparan Sulfate

1. Add 2 mL of a 20-µg heparan sulfate/mL solution to an immunotube for 16 h, 4°C.   Wash
the immunotube 3 times with PBS and block the tube with PBS containing 2% (w/v)
Marvel. Fill the tube to the brim, cover it with Parafilm, and incubate for at least 2 h at
room temperature to avoid nonspecific binding of phages to the surface of the tube. This
step should be performed early in the day, so the immunotube will be ready when the
phages used for biopanning (step 5, Subheading 3.1.2.) are obtained.

2. Wash the blocked tube 3 times with PBS. Add 2 mL of PBS containing 4% (w/v) Marvel
and 2 mL of phage supernatant (step 5, Subheading 3.1.2.) to the tube, cover with
Parafilm, and incubate for 30 min on an under-and-over turntable (room temperature),
followed by standing for 90 min (room temperature).

3. Discard the phage suspension and wash the tube 20 times with PBS containing 0.1% (v/v)
Tween-20, followed by 20 washes with PBS.

4. Remove the last remains of PBS and elute the bound phages with 1 mL of 100 mM tri-
ethylamine. Cover the tube with Parafilm and rotate for 10 min on an under-and-over
turntable at room temperature.
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5. Add the 1 mL of eluted phages to a 50-mL tube containing 0.5 mL of 1 M Tris-HCl (pH 7.4)
for pH neutralization. Also add 200 µL of 1 M Tris-HCl (pH 7.4) to the remaining phages in
the immunotube. At this point phages can be stored at 4°C for a short  period of time (up to
2 d), or used the same day to infect E. coli TG1 cells. The latter is recommended.

6. Add 1 mL of the eluted phages from the 50-mL tube (Subheading 3.1.3., step 5) to 9 mL of
exponentially growing E. coli TG1 cells in a 50-mL tube. Add 4 mL of the TG1 culture to
the remaining phages in the immunotube (step 5). Incubate both cultures for 30 min at 37°C in
a water bath, without shaking, to allow for infection. Exponentially growing TG1 culture is
prepared as follows: Inoculate 50 mL of 2XTY with 0.5 mL of overnight culture from Sub-
heading 3.1.1., step 7. Grow the culture, while shaking, at 37°C until an absorbance at 600
nm of 0.4–0.5  is reached. The culture obtained is ready for infection (see Note 5).

7. Pool both infected TG1 cultures. Take 100 µL of the pooled culture and make 4 serial
dilutions (1/102, 1/104, 1/106, and 1/108) in 2XTY containing 100 µg of ampicillin/mL
and 1%(w/v) glucose. Plate 100 µl of these dilutions on 94/15 TYE plates containing
100 µg of ampicillin/mL and 1% (w/v) glucose, and grow for 16–20 h at 37°C. Calculate
the titer from these dilutions (see Note 9).

8. Spin the rest of the pooled culture at 3000g for 10 min at room temperature. Decant the
supernatant and resuspend the pellet in 1 mL of 2XTY. Spread the cell suspension on a
Nunclon TC plate with TYE containing 100 µg of ampicillin/mL and 1% (w/v) glucose
and grow for 16–20 h at 37°C.

9. Add 5 mL of ice-cold 2XTY containing 15% (v/v) glycerol to the Nunclon TC dish and scrape
the bacterial cells from the plate with a glass spreader. Take 50 µL of the bacterial suspension
and use it for inoculation of 50 mL 2XTY containing 100 µg of ampicillin/mL and 1% (w/v)
glucose as in Subheading 3.1.1., step 1. Store the remaining bacteria at –70°C (see Note 10).
Repeat the selection procedure for another 3–4 rounds (all steps Subheading 3.1.1.–3.1.3.).

3.2. Screening for Bacterial Clones Expressing Heparan
Sulfate-Binding Antibodies Using ELISA

1. Pick individual bacterial clones, using sterile toothpicks, from the serial dilution plates of
the last 2 selection rounds (see Subheading 3.1.3., step 6) and inoculate 100 µL of 2XTY
containing 100 µg of ampicillin/mL and 1% (w/v) glucose (one clone per well!) in sterile
96-well flat-bottom tissue culture plates. Secure the lid with tape and grow for 16–20 h at
37°C while gentle shaking. These plates will be the master plates.

2. Transfer 2 µL of bacterial culture (step 1) to the corresponding wells of sterile 96-well
round-bottom tissue culture plates with 200 µL 2XTY containing 100 µg of ampicillin/
mL and 0.1%(w/v) glucose (see Note 11). Secure the lid with tape and grow at 37°C,
while shaking, until an absorbance at 600 nm of 0.9 is reached (see Note 12). Add to each
well 25 µL of 2XTY containing 100 µg of ampicillin/mL and 9 mM IPTG. Incubate the
plates, while shaking gently, at 30°C for 16–20 h. Add glycerol to the master plates to a
final concentration of 15% (v/v), mix well,  and store the plates at –70°C until further use.

3. Incubate wells from ELISA plates with 100 µl of a 10-µg heparan sulfate/mL solution for
16 h at 4°C. Wash 3 times with PBS and block with PBS containing 2% (w/v) Marvel for
1 h at 37°C. Wash the plates 3 times with PBS containing 0.1% (v/v) Tween-20.

4. Spin the 96-well round-bottom plates (step 2) at 1800g for 10 min at room temperature.
5. Add 60 µL of the culture supernatant (step 4) to 60 µl of PBS containing 4% Marvel, transfer

100 µl to wells of ELISA plates, and incubate for 1 h at room temperature. Use 50 µL of the
culture supernatant in an immunoblot assay used for evaluation of antibody production (see
Subheading 3.3.). The immunoblot assay can be performed simultaneously with the ELISA.
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6. Discard the culture supernatant and wash the ELISA plates 6 times with PBS containing
0.1% (v/v) Tween-20.

7. Add 100 µL of 9E10 hybridoma supernatant diluted 1/1 with PBS containing 2% (w/v)
Marvel and 0.2% (v/v) Tween-20 to the wells and incubate for 1 h at room temperature.

8. Discard the 9E10 solution and wash the ELISA plates 6 times with PBS containing
0.1% (w/v) Tween-20.

9. Add 100 µL of alkaline phosphatase-conjugated rabbit-anti-mouse IgG antibodies, diluted
1/1000 diluted in PBS containing 1% (w/v) Marvel and 0.1% (v/v) Tween-20 to the wells
and incubate for 1 h at room temperature.

10. Discard the fluid and wash the ELISA plates 5 times with PBS containing 0.1% (v/v)
Tween-20 followed by 1 wash with 0.9% (w/v) NaCl.

11. Add 100 µL 1 M diethanolamine containing 1-mg/mL P-NPP and 0.5 mM MgCl2 (pH 9.8) to
the wells and incubate, in the dark, at room temperature until color development is optimal.

12. Read the absorbance at 405 nm (see Note 13).

3.3. Detection of Antibody Expression
by Bacterial Clones Using an Immunoblot Assay

1. Cut two Whattman 3 MM papers and one 0.45-µm nitrocellulose filter to the size required
for use in a 96-well dot-blot apparatus.

2. Soak the papers and the filter in PBS for 10 min. Apply the papers and filter to the dot-
blot apparatus (nitrocellulose filter on top). Make sure to remove all air bubbles.

3. Transfer 50 µL of culture supernatant from step 4 under Subheading 3.2. to the dot-blot
apparatus and pull the fluid through the filter by vacuum suction.

4. Remove the nitrocellulose filter from the apparatus and air-dry the filter for 20 min at
room temperature.

5. Block the filter in a container with PBS containing 3% (w/v) Marvel and 1% (v/v) Tween-
20 for 1 h at room temperature, while shaking. The volume of fluids used in this step, as
well as in the following steps, depends on the size of the container used. Make sure the
filter is sufficiently covered with fluid.

6. Discard the blocking solution and add 9E10 hybridoma supernatant diluted 1/1 with PBS
containing 2% (w/v) Marvel and 0.2% (v/v) Tween-20. Incubate, while shaking, for 1 h at
room temperature.

7. Discard the solution and wash 3 times for 10 min, while shaking, with PBS containing
0.1% (v/v) Tween-20.

8. Add alkaline phosphatase-conjugated rabbit anti-mouse IgG antibodies diluted 1/1000 in
PBS containing 1% (w/v) Marvel and 0.1% (v/v) Tween-20. Incubate, while shaking, for
1 h at room temperature.

9. Discard the antibody solution and wash, while shaking, 2 times with PBS containing
0.1% (v/v) Tween-20 for 10 min, 1 time with PBS for 5 min, and 1 time with 1 M
diethanolamine containing 0.5 mM MgCl2  (pH 9.8) for 5 min.

10. Add NBT/BCIP substrate solution and incubate, while shaking, at room temperature until
the color develops. Discard the substrate solution and wash the filter a couple of times
with water (see Note 14).

3.4. Screening for “Full-Length” Inserts Using PCR
and for VH Gene Diversity Using DNA Fingerprinting

In this procedure, the positive clones will be analyzed for the presence of DNA
(about 1 kbp) encoding the scFv antibody. In addition, as an initial screening for the
diversity of the clones, restriction enzyme analysis will be performed. (Also see Fig. 2).
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Fig. 2. Restriction fragment analysis of clones expressing anti-heparan sulfate antibodies.
Polymerase chain reaction (PCR) is preformed to amplify the region encoding the scFv anti-
body (A), using a set of primers flanking the VH and VL segments. The resulting (full-length)
PCR fragments (B) harbor a unique pattern of BstN1 cleavage sites (CC*A/TGG), serving as a
fingerprint. Following digestion with restriction enzyme BstN1 (C), the fragments are sepa-
rated on an agarose gel and the restriction patterns of each clone are compared (D). Clones with
unique restriction patterns are selected and sequenced to establish the VH family, germ line
segment (DP number, see ref. 4) and VH -CDR3 sequence (randomized in the library used; see
ref. 3).FR, framework region; CDR, complementary determining regions; M, DNA marker.
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1. Select heparan sulfate-positive clones (as detected by ELISA) from the corresponding
master plate (see Subheading 3.2.). Plate bacteria on 94/15 dishes with TYE containing
100 µg of ampicillin/mL and 1% (w/v) glucose to obtain single colonies.

2. Pick a single colony of each clone (mark the colony on the back of the Petri dish) with a
sterile toothpick and transfer the cells into the following PCR-mixture: 34.5 µL H2O, 5.0 µL
10X PCR buffer, 2.5 µL 20X dNTP (5 mM each), 2.5 µL LMB3 primer (10 pmol/µL),
2.5 µL fd-SEQ1 primer (10 pmol/µL), 0.5 µL Taq polymerase (5 U/µL).  Overlay the PCR
mixture with a droplet of mineral oil and use the following PCR program:  10 min at 94°C,
30 cycles of 1 min at 94°C, 1 min at 60°C, 2 min at 72°C, 10 min at 72°C, cool to 4°C.

3. Take 4 µL of the PCR-mixture and add 1 µL of 5X DNA sample buffer. Run the samples
on a 1% (w/v) Seakem agarose gel (add 3.0 µL ethidium bromide [10 mg/mL] to 75 mL
of agarose solution). Include DNA marker (250 ng) in one of the lanes. Run the gel at
50 V in an appropriate volume of 1X TBE buffer. Analyze the gel on a UV transillumina-
tor. PCR products of about 1000 base pairs indicate full-length clones (see Note 15).

4. For DNA fingerprinting take 20 µL of the PCR-mixture and add 20 µL of the following
restriction enzyme mix:  17.8 µL H2O, 2.0 µL 10X NEbuffer 2, 0.2 µL BstNI (10 U/µL).
Overlay with mineral oil and incubate at 60°C for 3 h. Take 8 µL and add 2 µL 5X DNA
sample buffer. Run the restriction mixtures on a 4% (w/v) 3/1 NuSieve agarose gel as
described in step 3, Subheading 3.4., Differences in banding pattern indicate different
clones (see Note 16 and Fig. 2).

5. Take with a sterile toothpick unique clones from the plate with marked colonies (step 2,
Subheading 3.4.) and add to 10 mL 2XTY containing 100 µg ampicillin/mL and 1% (w/v)
glucose. Grow for 16–20 h, while shaking, at 37°C.

6. Take 1.5 mL of the bacterial culture (step 5, Subheading 3.4.) for preparation of phagemid
DNA, used for sequencing and for long-term storage (see Note 17). For phagemid isolation
and sequencing we use materials described in steps 13 and 14, Subheading 2.4.

7. Spin the rest of the culture at 3000g for 10 min at 4°C. Decant the supernatant and resus-
pend the pellet in 1 mL of ice-cold 2XTY containing 15% (v/v) glycerol. Aliquot the
bacterial suspension into several sterile cryovials and store at –70°C.

3.5. Production of Culture Supernatant Containing Antibodies
1. Inoculate 5 mL of 2XTY containing 100 µg ampicillin/mL and 1% (w/v) glucose with a

single colony from a  94/15 dish with TYE containing 100 µg ampicillin/mL and 1% (w/v)
glucose, and derived from a glycerol stock. Grow for 16–20 h, while shaking, at 37°C.

2. Inoculate 500 mL of 2XTY containing 100 µg ampicillin/mL and 0.1% (w/v) glucose
with 5 mL of culture (step 1, Subheading 3.5.) and grow, while shaking, at 37°C until an
absorbance at 600 nm of 0.5 –0.8 is reached.

3. Add IPTG to a final concentration of 1 mM and grow the culture, while shaking, at 30°C
for 16–20 h.

4. Put the culture on ice for 20 min.
5. Spin the culture at 3000g for 10 min at 4°C. Add 0.1 volume of 10X protease inhibitor

mix (see step 7, Subheading 2.5.) to the supernatant and store in aliquots at 4°C, if used
directly, or at –70°C (see Note 18).

3.6. Production of Periplasmic Fraction Containing Antibodies
1. See step 1, Subheading 3.5.
2. See step 2, Subheading 3.5.
3. Add IPTG to a final concentration of 1 mM and grow the culture, while shaking, at

30°C for 3 h.
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4. Put the culture on ice for 20 min.
5. Spin the culture at 3000g for 10 min at 4°C. Decant the supernatant and resuspend the

bacterial pellet in 5 mL of ice-cold “periplasmic fraction” (PPF) buffer (see step 2,
Subheading 2.6.).

6. Vortex the bacterial suspension vigorously for 10 s and spin at 48,000g for 30 min at 4°C.
7. Filter the supernatant (periplasmatic fraction) through a 0.2-µm disposable filter.
8. Dialyze the periplasmatic fraction for 16–20 h against 5 L of PBS at 4°C.
9. Add 0.1 volume of 10X protease inhibitors (see step 7, Subheading 2.5.). Store the

periplasmatic fraction at 4°C, if used directly, or at –70°C (see Note 18).

3.7. Evaluation of Specificity of
Antibodies Using Immunofluorescence Analysis

1. All incubation steps are carried out in a humid atmosphere at room temperature.
2. Incubate cryosections with heparinase III or chondroitinase ABC overnight at 37°C. As a

control for enzyme reactivity, incubation buffer without enzyme is used (see Notes 19
and 20).

3. Rinse 3 times in PBS and block in PBS containing 1% (w/v) BSA for 30 min.
4. Incubate cryosections with primary antibody solution (anti-heparan sulfate antibodies)

for 60 min.
4. Remove primary antibody solution carefully and rinse once and wash 3 times (10 min)

with PBS.
5. Incubate cryosections with mouse anti-cMyc antibody solution for 60 min.
6. Remove antibody solution carefully and rinse once and wash 3 times (10 min) with PBS.
7. Incubate cryosections with fluorophore-conjugated anti-mouse IgG antibody solution for

60 min.
8. Remove antibody solution carefully and rinse once and wash 3 times (10 min) with PBS.
9. Incubate cryosections in 100% methanol for 10 s for dehydration.

10. Air-dry sections and use mowiol for embedding.
11. Analyze staining patterns by fluorescence microscopy (see Note 21). Figures 3 and 4 are

examples of staining patterns.

3.8. Evaluation of Specificity of Antibodies Using ELISA
The reactivity of the anti-heparan sulfate antibodies with other molecules can be

analyzed by ELISA in two ways: (1) by application of antibodies to wells of microtiter
plates coated with the test molecule, or (2) by an inhibition assay in which the antibod-
ies are incubated with the test molecule.

Method 1

1. All incubation steps are carried out at room temperature.
2. Coat wells with test molecules (see step 9, Subheading 2.8.) by incubation with 10 µg of

test molecules/mL solution for 16 h at 4°C.
3. Wash the wells 6 times with PBS containing 0.1% (v/v) Tween-20.
4. Block the free binding sites with 200 µL of blocking solution for 1 h.
5. Wash the wells 6 times with PBS containing 0.1% (v/v) Tween-20.
6. Incubate the wells with 100 µL of anti-heparan sulfate (primary) antibody solution for 60 min.
7. Wash the wells 6 times with PBS containing 0.1% (v/v) Tween-20.
8. Incubate the wells with 100 µL of mouse anti-cMyc antibody solution for 60 min.



Phage Display Antibodies to Heparan Sulfate 531

9. Wash the wells 6 times with PBS containing 0.1% (v/v) Tween-20.
10. Incubate the wells with 100 µL of alkaline phosphatase-conjugated rabbit anti-mouse

IgG antibody solution for 60 min.
11. Wash the wells 4 times with PBS containing 0.1% (v/v) Tween-20.
12. Wash the wells 2 times with 0.9% (v/v) NaCl.
13. Incubate the wells with 100 µL of substrate solution (in the dark) until color development

is optimal.
14. Read absorbance at 405 nm.

Method 2
1. Add 6 µg of test molecule to 150 µl antibody solution and incubate overnight at room

temperature.
2. Transfer 100 µl of this solution to a well coated with heparan sulfate and incubate for 60 min.
3. Proceed as under Method 1, starting with step 7.

Fig. 3. Specificity of anti-heparan sulfate antibody HS3G8. Rat kidney cryosections were
treated with heparinase III (A), heparinase III incubation buffer (B), chondroitinase ABC (C),
and chondroitinase ABC incubation buffer (D). Next, sections were incubated with periplasmic
fraction containing the antibody. Bound antibodies were visualized using mouse anti-cMyc IgG
followed by Alexa 488-conjugated goat anti-mouse IgG. Bar= 50 µm. Source: from ref. 5.
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4. Notes
1. E. coli TG1 is a T–phage resistant strain that harbors a mutated tRNA gene. The mutated

tRNA will suppress the UAG amber (stop) codon. A glutamine will be substituted for the
amber codon allowing the expression of scFv-pIII fusion protein on the phage tip.

2. VCS-M13 helper phages provide phage coat proteins and enzymes necessary for
phage rescue.

3. Except for the scFv antibody selection procedure, Marvel can be substituted with bovine
serum abumin (BSA) in the same concentrations.

4. The 9E10 hybridoma cell line is available from the ATCC (American Type Culture Col-
lection). Alternatively, a polyclonal rabbit anti c-Myc antibody (A14, Santa Cruz Bio-
technology) can be used.

5. M13 phages infect F+ E. coli via sex pili. For production of sex pili, E. coli needs to be
grown into the log phase (absorbance at 600 nm of 0.4–0.5) at 37°C. When grown to a
higher density, sex pili are lost very rapidly. A log phase culture can be kept on ice for no

Fig. 4. Immunostaining of rat kidney with three different anti-heparan sulfate scFv antibod-
ies. Cryosections were incubated with periplasmatic fractions of bacteria expressing  antibody
HS4C3 (A), HS4D10 (B), HS3G8 (C), and anti-filaggrin (D)(control; filaggrin is not present in
the kidney). Bound antibodies were visualized using mouse anti-cMyc IgG followed by Alexa
488-conjugated goat anti-mouse IgG. Bar=25 µm. All three anti-heparan sulfate antibodies
stain differently, indicating reactivity with different heparan sulfate species. G, glomerulus.
Arrow in a: peritubular capillary. Source from ref. 5.
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longer than 30 min. Have the eluted and neutralized phages (step 5, Subheading 3.1.3.)
ready for immediate infection.

6. Take the remaining 40 mL of the culture, spin it down and resuspend the pellet in 1 mL
2XTY. Spread it on a 245 ↔ 245 ↔ 25 Nunclon TC dish containing TYE , 100 µg
ampicillin/mL and 1% (w/v) glucose, and grow overnight at 37°C. Harvest the cells in
1–2 mL of ice-cold 2XTY containing 15% (v/v) glycerol and store this stock in 50-µL
aliquots (about 108 clones) at –70°C for other selections.

7. Glucose represses transcription of the scFv-pIII fusion protein through the lac operon in
the phagemid.

8. Besides concentrating the phages, this step is also necessary for removing any soluble
antibodies, since the TG1 suppression of the amber codon is never complete.

9. After each selection round an increase in titer is expected, indicating enrichment of
binding clones.

10. The glycerol stocks are used as a backup. When a subsequent selection round fails, use
50 µl of stock for a new round of selection.

11. In this step, 0.1% (w/v) glucose is added to suppress the expression of scFv antibodies
until a sufficient number of cells is produced for large-scale antibody production. The
total amount of glucose will be metabolized at an absorbance at 600 nm of 0.9.

12. In case no suitable apparatus is available for measering absorbance, grow for 3 h, while
shaking, at 37°C before adding IPTG. Bacterial growth should be clearly visible.

13. Include negative controls (e.g., supernatant without scFv antibodies, omission of culture
supernatant).

14. Clones that are weakly positive in both the immunoblot assay  and in the ELISA may still
be clones of interest. They may react weakly in ELISA because of poor scFv antibody
production.

15. Non–full-length clones should be ignored, since they are notoriously unspecific binders.
16. Fingerprinting is a quick method for looking for clone diversity. This method is very

useful when a large number of positive clones is to be examined.
17. Next to storage of bacteria, it is recommended to store phagemid DNA of a selected clone

in 70% (v/v) ethanol at –70°C. You can analyze the DNA sequence for the VH- gene
number using the Sanger center’s germline query (http://www.sanger.ac.uk/DataSearch/
gq_search.shtml). With the gene number the VH family can be identified using a paper by
Tomlinson et al. (4).

18. The stability of scFv antibodies is variable. Some antibodies can be stored at 4°C for
weeks to months, whereas others will stay immunoreactive only for a couple of days.
Most antibodies can be stored at –70°C for months up to years. Bacterial supernatants
containing scFv antibodies are suitable for ELISA, but are generally not suitable for
immunohistochemistry. Periplasmic fractions, in which the antibodies are more concen-
trated, are suitable for both. The use of the HB2151 nonsuppressor strain of E. coli  gen-
erally gives a higher yield of (soluble) antibodies.

19. To analyze the HS specificity of the antibody, tissue sections are pretreated with
heparinase III, which digests all heparan sulfates. As a control, pretreatment with
chondroitinase ABC, which digests chondroitin sulfates and dermatan sulfates, is
performed.

20. As a control to verify effectiveness of heparinase III treatment, an antibody (3G10,
Seikagaku) directed against heparan sulfate stubs, generated by the enzyme, may be used.

21. The stained tissue sections can be kept for up to 6 mo. The fluorescent tag (Alexa 488) is
very stable, and fading of the signal hardly occurs. Store frozen or at –20°C. Background
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staining can often be eliminated by additional blocking steps with 1–2% (w/v) BSA or
with serum (1–5% v/v) from the same species in which the tertiary antibody is raised.
Extra washing steps can also lower the background signals.
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Tissue-Specific Binding by FGF and FGF Receptors
to Endogenous Heparan Sulfates

Andreas Friedl, Mark Filla, and Alan C. Rapraeger

1. Introduction

Heparan sulfate proteoglycans (HSPGs) bind via their heparan sulfate (HS) gly-
cosaminoglycan chains to a large variety of extracellular ligands.  These ligands include
components of the extracellular matrix, other cell surface receptors, viruses, proteases
and their inhibitors, and growth factors.  The interaction of growth factors with HS has
been proposed to affect growth factor function, if by no means other than limiting growth
factor diffusion.  For certain growth factors, however, work over the past decade has
shown that HS binding has a more direct role in signaling.  It is proposed that the HS
chain participates directly in the assembly of these growth factors with their signaling
receptor and may even act as a regulator of the signaling (1,2). This role for HSPGs has
been shown for epidermal growth factor family members, most notably heparin-binding
EGF and the heregulins (3), hepatocyte growth factor/scatter factor (4), and for the mem-
bers of the fibroblast growth factor (FGF) family (5,6).

The role of HSPGs as regulators of growth factor action is best characterized for
the FGF family, and this family will be the focus of this chapter.  HSPGs regulate FGF
signaling by participating in the formation of a ternary signaling complex comprised
of the FGF ligand, FGF receptor tyrosine kinase (RTK), and HS (7,8).  HS-binding
sites on both the FGF ligand (9) and the RTK (10) facilitate assembly of this signaling
complex.  Because the HS structure is known to have considerable variation, particu-
larly in its sulfation pattern, it becomes an important question as to whether this varia-
tion is specific and serves to regulate the formation of these signaling complexes. The
19 FGF family members currently known signal through RTKs that are encoded by
four genes (FGFR1–4). In addition, all FGFRs with the exception of FGFR4 are sub-
ject to RNA splice variation with profound effects on ligand specificity [reviewed in
(11)]. HSPGs have been shown to be both promoters and inhibitors of FGF signaling
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(12,13). This dual role can be explained by differential binding of domains within the
HS chain to FGF ligand and its RTK. For example, a HS that contains a specific
sulfation sequence for both the FGF and the RTK is predicted to behave as a stimula-
tor of FGF signal transduction, whereas a sulfation sequence that binds the FGF ligand
but fails to recognize the RTK is postulated to be a competitive inhibitor.  Specificity
in the binding interactions between HS and the other signaling partners is made pos-
sible by the remarkable diversity of HS polysaccharide chains. In fact, the information
density present in HS chains exceeds that of nucleic acids or polypeptides (14).

Experimental evidence is also accumulating in support of the notion that specific
HSPG core proteins bear specific FGF-modulating HS chains (15,16). It is unclear
whether this is a uniform behavior of a specific core protein, since literature reports
have attributed FGF stimulatory and inhibitory activities to basically all existing
HSPG classes, or whether this depends on the cell type that expresses the HSPG.
Divergent reports on the activity of specific HSPGs are likely to reflect differences in
the cell type of origin and metabolic state of the experimental model.  In vivo, HSPGs
are widely distributed, but show remarkable tissue- and cell type-specific patterns of
expression. It is also becoming increasingly clear that HSPGs are not passive FGF
co-receptors, but are themselves dynamically regulated with dramatic effects on FGF
signal transduction (17).

An important question regarding HSPG regulation of FGF signaling, therefore, is
whether the HS chains are expressed with specific regulatory properties and whether
this specific expression occurs within a specific tissue or cell type.  Much of the
information on HS regulation of FGF signaling has been acquired using heparan sul-
fate isolated in bulk from tissues. These extracts would of course represent a mixture
of HSPGs stemming from multiple cellular and extracellular sources, and any loca-
tion-specific information would inescapably be lost. Although the question can also
be addressed by extracting HSPGs from cells in culture and examining the effects of
the isolated HSPG preparations on FGF signaling, the clear disadvantage of this
approach is that there is no reason to believe that cell lines that have escaped normal
growth control would still be equipped with HSPGs equivalent to their counterparts in
vivo. Therefore, we have developed different assays that allow us to localize HS chains
in situ and to explore their abilities to assemble a ternary complex with FGF and RTK,
thereby providing direct information of their potential role in FGF signaling (18,19).

The strategy that will be described is to reconstitute the signaling complex in situ in
a stepwise fashion by adding each of its components as a binding probe (illustrated
schematically in Fig. 1). As a first step, the HS chains in the tissue need to be local-
ized. This can be achieved by using an antibody directed against the “stubs” remaining
on HSPGs after heparitinase digestion (anti-delta-HS antibody 3G10) (20). This local-
ization is important for establishing whether all of the HS participates in formation of
a signaling complex, or whether this is limited to only a specific HS population.  Since
monoclonal antibody 3G10 reacts with HS sugar moieties rather than the protein, it
detects all HSPGs regardless of the core protein identity. Next, HS capable of binding
the FGF under investigation needs to be identified. This is done by incubating the
tissue sections with the FGF and detecting bound growth factor (see Fig. 1A). Due to
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the abundant expression of HS is tissues, this can be performed relatively easily using
either frozen and paraffin-embedded tissue sections.  Finally, the ability of the FGF/
HS complexes to bind FGF RTK is tested by adding a soluble tagged receptor construct
(see Fig. 1B). The binding pattern of this construct to the FGF provides a detailed picture
of which HS populations are able to bind the FGF and promote its binding to RTK.

Fig. 1. Schematic representation of the in situ binding assays. (A) Assay to detect growth
factor binding to tissue HSPGs. Tissue sections are incubated with growth factor and bound
growth factor is detected with antibody directed against the growth factor protein or a biotin tag.
This assay distinguishes the following classes of HSPGs: (1) HSPGs that do not bind FGF and
are expected not to play a role in signaling; (2) HSPGs that bind FGF and may be positive or
negative regulators of signaling. (B) Assay to distinguish positive and negative regulators of
growth factor signaling. This assay allows the differentiation of the following classes of HSPGs:
(1) HSPGs that do not bind FGF; (2a) HSPGs that bind FGF, but the HSPG/growth factor
complex does not bind soluble receptor (These HSPGs are expected to sequester FGF and
therefore not to promote signaling.); (2b) HSPGs that not only bind FGF, but assemble the
complete signaling complex (These HSPGs are expected to promote signaling.). AP, alkaline
phosphatase; FR1cECD, FGFR-1c extracellular domain.
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2. Materials
1.1. Preparation of Biotinylated FGF

1. Growth factors: FGF is commercially available from a number of companies.  These are
usually expressed in bacteria.

2. Heparin-agarose beads: commercially available from Sigma (St. Louis, MO).
3. PBS: 140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4.
4. Reaction buffer: 0.2 M sodium bicarbonate in double distilled water (pH 8.1).
5. Bead wash buffer: 20 mM HEPES, 200 mM NaCl, pH 7.4.
6. Elution buffer: PBS, 2.5 M NaCl (sodium chloride concentration may vary depending on

affinity of FGF for heparin).
7. Biotinylation reagent: Sulfo-NHS-biotin (Pierce, Rockford, IL, cat. no. 21217ZZ) dis-

solved in double-distilled H2O as stock at 100 mg/mL (225 mM).

2.2.  Purification of FR1c-AP–Binding Probe
1. COS-7 selection medium: DME culture medium (500 mL) containing 10% calf serum to

which is added 10 mL of freshly thawed stocks of 4 mM L-glutamine, 5 mL 1% penicil-
lin/streptomycin, and 500 µg/mL Geneticin (G418 sulfate).

2. COS-7 cell culture medium:  Same as selection medium, without added Geneticin.
3. Filter: 0.45 µm filter in a Büchner funnel for filtration of conditioned culture medium.
4. Anti-AP affinity column: 1 mL of commercial preparation of monoclonal anti-AP conju-

gated to agarose beads (Sigma, cat. no. A-2080).
5. AP column elution buffer: 0.1 M glycine (pH 2.5).
6. Neutralization buffer: 1 M Tris (pH 8.0).
7. Human placental alkaline phosphatase: Dilute in PBS to use as a standard for comparison

with purified FR1c-AP (Sigma, cat. no. P1391).
8. 2× AP assay substrate: 2 M diethanolamine, 1 mM MgCl2 (dissolved at 10 mM concentra-

tion in water prior to addition), 20 mM L-homoarginine, 12 mM p-nitrophenylphosphate
(Sigma 104; Sigma cat. no. 1040-1G).

2.3. Preparation of Tissue Sections and General Histology Material
1. Frozen tissue embedding medium, for example, Tissue Tek OCT compound (Sakura,

Torrence, CA, cat. no. 4583 ).
2. Charged histology slides, for example, Fisher “Plus” slides (Fisher Scientific, Pittsburgh,

PA, cat. no. 12-550-15).
3. Cover slips, e.g. Fisher “Finest” (Fisher Scientific, cat. no. 12-548-5P).
4. Slide-staining racks (optional), for example, Shandon Sequenza racks and cover plates

(Shandon, Pittsburgh, PA).
5. Humidified chamber (as an alternative to staining racks).
6. Fixation of frozen sections: 70 vol% ethanol in double-distilled H2O: 4% paraformaldehyde

(e.g., EMS, Ft. Washington, PA, cat. no. 15710) in PBS.
7. Autofluorescence reduction reagents: 0.5mg/mL sodium borohydride, prepared in 4°C

double-distilled H2O; 0.1 M glycine, in PBS.
8. Blocking buffer: Bovine serum albumin (2%) in TBS, or 10% serum (e.g., normal swine

serum, Dako, Carpinteria, CA,  X0901)
9. Washing buffer TBS: 150 mM NaCl, 10 mM Tris-HCl, pH 7.4.

10. Fluorescently labeled secondary antibody: Alexa-conjugated secondary antibody (e.g.,
Alexa-546-goat-anti-mouse, Molecular Probes, Eugene, OR, cat. no. A-11003).
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11. Detection system for brightfield microscopy, for example, Dako EnVision+ system, HRP
(DAB), cat. no. K4006, or Dako LSAB+ peroxidase, Dako, cat. no. K0679.

12. Nuclear counterstain, optional (applied after staining or binding reaction), for example,
Hoechst 33258 for fluorescence microscopy, Meyer’s hematoxylin (e.g., Dako, cat. no.
S3309) for bright-field microscopy.

2.4. Localization of Heparan Sulfate

1. Anti-heparan sulfate antibody: Mouse monoclonal antibody, clone 3G10, Seikagaku,
cat. no. 370260 (Seikagaku-USA [now Cape Cod], Ijamsville, MA).

2. Heparitinase enzyme: Heparitinase (mixture of heparitinase I and II, e.g., Seikagaku,
cat. no. 100703).

3. Heparitinase buffer: 50 mM HEPES, 50 mM NaOAc, 150 mM NaCl, 9 mM CaCl2, 0.1%
BSA, pH 6.5.

2.5. Binding of FGF and FR1c-AP to Tissue Sections

1. FGF: Biotinylated (see Subheading 2.1.) or native growth factor.
2. Anti-biotin antibody, for example, mouse monoclonal (Jackson, Cat. # 200-002-096, Jack-

son ImmunoResearch, West Grove, PA) or goat polyclonal (Vector, cat. no. SP-3000,
Vector Laboratories, Burlingame, CA).

3. Anti-placental alkaline phosphatase antibody, for example, mouse monoclonal (Sigma,
clone 8B6, cat. no. A2951) or rabbit polyclonal (Biomeda, cat. no. A67, Foster City, CA).

4. Heparitinase enzyme: Heparitinase (mixture of heparitinase I and II, e.g. Seikagaku,
cat.no. 100703), and heparitinase II, ICN, cat. no. 190102, Costa Mesa, CA.

5. Heparitinase buffer: 50 mM HEPES, 50 mM NaOAc, 150 mM NaCl, 9 mM CaCl2, 0.1%
BSA, pH 6.5.

Methods

3.1. Preparation of Biotinylated FGF

The in situ assays require growth factor ligand and soluble receptor-binding probes.
Our experiments have been performed using human recombinant FGFs expressed in
yeast or bacteria. We have used both biotinylated and native FGFs in binding experi-
ments. Biotinylated FGFs offer the advantage that their biotin tag allows detection
without potential background signaling from endogenous FGFs.  However, using a
chemically modified FGF introduces potential variability in labeling efficiency and
growth factor inactivation during the biotinylation reaction. In our experience, high
labeling efficiency leads to some loss of activity, which may be of concern. An alter-
native is to use native FGF and observe its localization using high-quality antibodies.
The obvious caveat to this approach is that endogenous FGFs may potentially also be
detected. In practice, this possibility has not been a problem, perhaps because tissue
fixation destroys immunoreactivity of endogenous FGFs sufficiently to prevent their
facile detection. In our routine work, sections consistently lack any endogenous sig-
nal if the incubation step with FGF ligand is omitted before the detection step. In some
embryonic tissues, endogenous FGF can be detected, but its staining is often minor
and can be easily accounted for.  For some FGFs and other heparan sulfate-binding
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growth factors, high-quality antibodies allowing in situ localization may not be avail-
able. In this case, biotinylation of ligand may be necessary. Alternatively, the growth
factor could be expressed with a short epitope tag peptide sequence, presumably with-
out affecting its activity (see Note 1).

1. Lyophilized growth factor is dissolved in PBS at 1 mg/mL concentration, aliquoted into
50-µL aliquots, and snap-frozen in liquid nitrogen.  It is important to store and handle the
growth factor in polypropylene containers, as it binds avidly to glass.

2. One FGF aliquot (50 µg) is thawed and diluted to 0.5 mL in reaction buffer.
3. Heparin-agaose beads (e.g. 200 µL slurry equaling 100 µL bead volume) are prewashed 1

time with 1 mL elution buffer and 3 times with 1 mL bead wash buffer by centrifugation
using 1.5-mL polypropylene centrifuge tubes. The beads are then equilibrated in 1 mL of
reaction buffer for 10 min.

4. The prewashed beads are combined with the FGF solution and incubated at room tempera-
ture for 10 min, resuspending the beads several times during the binding reaction.  The FGF
binds quantitatively to the beads.

5. Sulfo-NHS-biotin stock solution is added to a final concentration of 20 mM. The beads are
incubated in biotinylation reagent at room temperature for 5 min.

6. The reaction is terminated by washing the beads 6 times with bead washing buffer.
7. Biotinylated growth factor is batch-eluted in 200 µL of elution buffer containing NaCl at a

concentration appropriate for the FGF used (e.g., 2.5 M for FGF-2, 1.0 M for FGF-7).
The 2-min incubation is followed by centrifugation, and the process is repeated.

8. The concentration of the biotinylated FGF pooled from the two elution washes is deter-
mined by antibody binding (Westerns blots, ELISA) and comparison with native FGF
standards.  The activity of the FGF is compared with native FGF standards in mitogenesis
assays.

3.2. Expression and Purification of RTK-Binding Probe
Soluble FGF RTK is expressed as fusion protein containing the extracellular

(ligand-binding) portion of the RTK at the amino terminus and carboxy-terminal
human placental alkaline phosphatase, which serves as a tag (e.g., FR-AP). Fusion
constructs containing the extracellular portion of the FGFR1c and most other FGF
receptors and their splice variants have been designed and generated by D. Ornitz
(Washington University, St. Louis, MO) (21). FR1c-AP has been extensively charac-
terized in binding studies in vitro and will be used as the example here. This soluble
receptor fusion protein shows HS-dependent binding interactions similar to native
full-length transmembrane receptor. The alkaline phosphatase tag offers a means for
facile purification and the advantage that the protein is easily traceable with a simple
enzyme activity assay. Because human placental alkaline phosphatase is a dimer, the
fusion construct also forms a dimer under physiological conditions.  Whether this
dimer formation is critical for its binding activity is uncertain.

1. FR1c-AP is expressed in mammalian COS-7 cells. This cell line is easily transducible and
stably transfected clones can be quickly generated. Using the CMV promoter in the expres-
sion vector (e.g., pCDNA3.1, Invitrogen, Carlsbad, CA) assures high-level expression.
Expression in yeast or insect cells would also be possible, but bacterial expression would
likely not produce satisfactory results because RTK binding requires glycosylation and
disulfide bridges.
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2. Transfected COS-7 cells are grown in selection medium in T175 flasks.  Once confluent,
the cells are suspended by trypsinization, and plated in 850-cm2 roller bottles (1 flask per
roller bottle) in 100 mL of culture medium.  The bottles are gassed with 5% CO2/air
mixture, capped tightly, and placed in a 37°C roller bottle apparatus.  Once the roller
bottle is 50–60% confluent, the medium is replaced daily.  The conditioned medium is
saved, snap-frozen in liquid nitrogen, and stored at –70°C.

3. The anti-AP antibody affinity column is stored in the cold room in 0.02% NaN3 as a
preservative.  Before using the column, wash with 5–10 bed volumes of PBS.

4. Conditioned medium from the transfected COS cells is filtered to remove cell debris and 250
mL are applied to a 1-mL anti-AP antibody affinity column.  The conditioned medium
typically contains 1–10 µg/mL FR1c-AP.

5. After washing the column with 5 column volumes of PBS, FR1c-AP is eluted from the
column with 3.6 mL of AP elution buffer. Fractions (0.3 mL) of the eluate are collected
directly into an equal volume of neutralization buffer. Immediate neutralization is important
to preserve the activity of AP and probably also ligand-binding activity. Following elution,
the eluate is dialyzed against PBS.

6. The concentration of purified FR1c-AP is determined is several ways.  It is quantified in an
AP assay using p-nitrophenylphosphate as a substrate and comparing the activity with
human placental alkaline phosphatase as standard.  Aliquots containing FR1-AP are mixed
with an equal volume of 2× AP assay substrate and incubated at 37°C for 10, 20, and
30 min before reading absorbance at A405. Second, its purity is assessed using SDS-PAGE
gels stained with Coomassie blue and concentration is estimated using human PLAP as a
standard.  Finally, once the preparations are shown to be pure, protein is determined using
a BCA protein assay (Pierce).

3.3. Preparation of Tissue Sections
The binding and localization procedure can be performed using either frozen or

paraffin-embedded tissue sections. When fresh-frozen tissues are being examined, the
tissue should be embedded in OCT or equivalent compound (see Note 2).

1. (Frozen sections) 4-µm sections are thaw-mounted on charged slides (e.g., Fisher   Plus
slides) and immediately dipped in 70% ethanol and then fixed in 4% paraformaldehyde in
PBS at room temperature. The fixation procedure is crucial for reproducible FR1-AP bind-
ing of high intensity.
(Paraffin-embedded sections) Formalin-fixed and paraffin-embedded tissues are also cut at
4 µm and mounted on charged slides. Paraffin sections are rehydrated according to standard
histology technique by melting and exposure to xylene and a series of graded alcohols.

2. When bound protein probes are to be detected by fluorescence microscopy, autofluorescence
is reduced by treating the tissues with sodium borohydride (0.5 mg/mL; prepared in 4°C
double-distilled H2O, and then warmed to room temperature).  Following a 10 min incubation,
the slides are washed in PBS and incubated with glycine (0.1 M) in PBS overnight at 4°C.

3. To reduce nonspecific binding, the sections are blocked before addition of antibody (for
3G10 staining) or before growth factor incubation with either blocking solution.

4. The staining and in situ binding reactions can be carried out in a humidified chamber. We
have also found vertical slide staining racks (Sequenza System) to be very useful, especially
when staining large numbers of slides. The cover plates used in the Sequenza racks create a
capillary space above the tissue section, allowing for even and consistent antibody/growth
factor exposure. The staining intensities are somewhat reduced when using this system,
compared to slide incubation in the humid chamber.
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3.4. Localization of Heparan Sulfate
The detection of heparan sulfate relies on cleavage of the glycosaminoglycan by a

highly specific heparitinase.  Preparations of this enzyme are commercially available,
and different forms recognize different sulfation or sugar sites in the heparan sulfate
chain.  Because these enzymes are lyases rather than hydrolases, they generate a novel
unsaturated glucuronate residue at the nonreducing terminus of the chain fragment
that remains attached to the core protein.  This unsaturated glucuronate is antigenic,
and antibodies (e.g., mAb 3G10) for its detection are commercially available.  Thus,
detection of the heparan sulfate in the tissue requires only a single clip by the
heparitinase somewhere in the length of the chain. Antibody 3G10 and the immuno-
histochemistry method have been developed by David and co-workers (20):

1. The tissue sections (frozen sections or rehydrated paraffin sections) are treated with
heparitinase. We use generic heparitinase at 10 mIU/mL in heparitinase buffer for 4 h at
37°C, replenishing the enzyme after 2 h.

2.  After blocking for 30 min, the sections are incubated with anti-delta-HS antibody 3G10 at
2 µg/mL for 60 min. After washing, the bound antibody is detected by a fluorescent sec-
ondary antibody (frozen sections) or an HRP-conjugated secondary antibody (paraffin
sections).

3. An important control is to omit the heparitinase digestion step.  Sections stained without this
prior step lack the unsaturated glucuronate antigen, and antibody staining is typically seen to
be absent.

3.5. Binding of FGF and FR1c-AP to Tissue Sections
1. After blocking, the tissue sections are incubated with FGF (e.g., FGF-2 at 3–10 nM) in

blocking solution for 60 min.
2. Unbound FGF is removed by washing 5 times in TBS.  After washing, continue to step 3

to detect bound FGF by antibody staining, or to step 5 to carry out FR1c-AP binding to
the FGF/HS complexes.

3. After washing in TBS to remove unbound growth factor, the sections are incubated with
anti-FGF-2 antibody, or with anti-biotin antibody for 60 min.

4. Bound FGF is detected with fluorescent (frozen) or HRP-conjugated secondary antibody or
avidin (for biotinylated FGF).

5. Alternatively, rather than detect the bound FGF ligand with antibody, sections containing
bound, exogenous FGF are incubated with FR1c-AP at 10–30 nM for 60 min at room
temperature.

6. Unbound FR1c-AP is removed by 5 washes in TBS.
7. Bound FR1c-AP is detected with anti-placental alkaline phosphatase antibody.  Antibody is

detected as described below.

3.6. Important Binding Controls
The purpose of the binding assays is to detect (1) HSPGs capable of binding FGF

ligand and (2) HSPGs capable of forming the complete FGF signaling complex. There-
fore, the controls have to prove that the FGF-binding sites are HSPGs and that soluble
receptor binding is FGF-dependent. The HS identity of the FGF-binding sites can be
demonstrated by treating the tissue sections with heparitinase before the FGF binding
step. Bacterial heparitinase has a high degree of substrate specificity and will not
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degrade other glycosaminoglycans such as chondroitin sulfate or hyaluronate. Best
results are obtained by treating the sections for 4 h with a mixture of generic
heparitinase and heparitinase II, both at 10 mIU/mL in heparitinase buffer, for 4 h at
37°C. The enzyme is replenished after 2 h.  Using the combination of the two enzymes
with different heparan sulfate-specific scission sites results in more efficient signal
reduction. FGF dependence of soluble receptor binding is shown by omitting the FGF
incubation step.

3.7. Detection Systems

For antibody detection by fluorescence microscopy, we recommend secondary
antibodies conjugated with Alexa dyes by Molecular Probes (Eugene, OR). The Alexa
fluorochromes are available for excitation and emission wavelength compatible with
commonly used filters, deliver a signal of high intensity, and are very resistant to
fading. For viewing with a regular bright-field microscope and for paraffin sections,
the DAKO detection kits have been used by us with good success. The polymer-based
Envision-Plus® or the biotin-avidin-based LSAB-Plus detection systems combine
high sensitivity with low background.

4. Notes

1.  The combined application of these in situ assays has allowed us to distinguish HSPGs that
bind FGF-2 from those that bind FGF-7 (18), and to classify HSPGs as promoters and inhibi-
tors of FGF-2 signaling complex formation (19). In human skin, an organ governed by sig-
naling of different members of the FGF family, distinct differences are detected between
keratinocyte surface HSPGs (likely members of the syndecan and glypican families of
HSPGs) and epidermal basement membrane HSPGs (predominantly perlecan). Specifically,
we find that keratinocyte surface HSPGs bind both FGF-2 and FGF-7, while epidermal base-
ment membrane HSPGs bind FGF-2 but not FGF-7 (see Fig. 2B,C). Similarly, distinct dif-
ferences between cell surface and basement membrane HSPGs are detected with regard to
soluble FGF RTK binding. Epidermal surface HSPGs immobilize FR1c-AP, while epider-
mal basement membrane HSPGs failed to so (see Fig. 2E), despite the fact that HSPGs in this
extracellular location bind ample amounts of FGF-2 (see Fig. 2C).  These in situ techniques
enable one to examine HSPG location and function in model systems where HSPGs have
been found to be dynamically regulated and where FGFs play important roles, such as during
development and in pathological conditions. The applicability of the assays to paraffin-
embedded archival tissues opens the door to retrospective analysis of pathological specimens.

2. A few limitations of the in situ binding assays have to be emphasized.  The assays do not
allow the clear assignment of a certain HSPG species to FGF binding or signaling; they
localize HS-binding activities and, when combined with immunohistochemical detection of
HSPG core proteins, the HS may be shown to co-localize with a specific core protein. Also,
it cannot be ruled out that endogenously produced HS-binding ligands may mask some of
the binding sites on tissue HSPGs. In pilot experiments, we have rinsed tissue sections with
2 M NaCl before fixation to remove potential blocking ligands.  No difference in binding
patterns is detected, but this possibility cannot entirely be excluded. Despite these limita-
tions, the ligand and soluble receptor binding assays provide important information on
HSPG functions in vivo.  These are tools to formulate hypotheses that can subsequently
be vigorously tested with in vitro models.
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