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Preface

An Overview of Quantitative Proteomics by Mass Spectrometry

The dynamic nature of the proteome and its complexity undoubtfully present
huge technological challenges. Recent developments in mass spectrometry
(MS) dramatically improved the throughput in protein identification and quan-
tification. Although major advances have been made and these technologies
already offer a great opportunity for better understanding human diseases and
for identifying biomarkers, it is apparent that we still need to put major efforts
to improving the correct methods. For example, the coverage of the proteome
for all organisms is still very limited and our understanding of the dynamic
processes of posttranslational modifications, at the most, is still rudimentary.
Quantitative Proteomics by Mass Spectrometry describes in detail the methods
and protocols used for many of the most significant recent developments in
this field. MS has played a major role in proteomics and it is becoming an
essential tool for studying complex biological systems and diseases. Some in-
struments have reached attomole and even zeptomole sensitivity. Newborns
today can be screened for almost 50 diseases, mainly using MS, for less than
$2 per disease.

Most of the quantitative proteomics approaches by MS utilize isotopic
labels as a reference for either relative or absolute quantitation. These labels
can be introduced in vivo, for example, growing an organism in a media
enriched with specific isotopes. Several chapters in this book describe this
approach. Ong and Mann describe the stable isotope labeling by amino acids
in cell culture approach where cells are labeled by growing them in the pres-
ence of isotopically labeled amino acids. Wu and MacCoss describe a proce-
dure for labeling mammalian organisms and use the tissues as standard
reference in Multidimensional Protein Identification Technology (MudPIT)
analysis. Sato  et al. describe a procedure where isotopically labeled cells are
used as a standard in the analysis of various tissues.

  An isotopic label can also be introduced by proteolyzing a protein with
trypsin in the presence of 18O-water.  Fenselau and Yao describe this approach
and Liu et al. couple the labeling with 18O-water to cysteine containing peptide
enrichment for high-throughput quantitative proteomics.

  Another way to introduce an isotopic label is to react the protein or the
protein mixture with a reagent that contains isotopes. Excellent targets for this
reaction are cysteines because they are a very reactive nucleophile. Ranish  et



al. describe the isotope coded affinity tags (ICAT) approach for quantifying
protein complexes, and Turko and Sechi describe the use of acrylamide as a
simple tool in quantitative proteomics. Several other amino acids can be the
targets of specific reactions with istopically labeled reagents. For example,
Regnier describes a coding strategy involving the labeling of both amine and
carboxyl groups.

Substantial effort is ongoing in the characterization of posttranslational
modifications and perhaps the major advancements have been in the character-
ization of the phosphoproteome. The procedure described by Zhang et al.
couples affinity enrichment of phosphopeptides to stable-isotope labeling and
perhaps this is one of the most comprehensive approaches to characterize the
phosphoproteome that has been developed. Labeling with isotopes has been
used mostly for determining the relative quantities of proteins, isotopically la-
beled reagents and peptides can also be used for determining the absolute quan-
tities of specific peptides and proteins. For example, Gerber describes how to
determine the absolute quantity of a specific protein and its phosphorylation
state and Lu et al. describe the use of an isotopically labeled reagent that tar-
gets cysteines and that can be used for absolute quantitation.

  Tandem MS has been widely used for the detection of inborn errors of
metabolism. This is perhaps one of the most apparent applications of MS to
disease detection and Turecek et al. describe a procedure for the determina-
tions of enzyme activities that could potentially be used for large-scale screen-
ing of newborns. Quantitation can also be achieved without labeling with
isotopes and Roy and Becker describe this methodology. The challenge here is
to be able to have a highly reproducible system and  excellent software for
correcting experimental variations that are usually intrinsic in a proteomic
experiment.

The methodologies described here are among the leading technologies in
quantitative proteomics used today. Their application to complex biological
systems and human diseases is becoming a reality. Although we are a long way
from a comprehensive understanding of the proteome, considering the pace of
recent developments we can be optimistic that MS will indeed play a key role
in deciphering the complexity of cellular networks and in the development of
patient-tailored medicine.

Salvatore Sechi, PhD

vi Preface



vii

Contents

Preface ..............................................................................................................v
Contributors ..................................................................................................... ix

1 Acrylamide—A Cysteine Alkylating Reagent
for Quantitative Proteomics

Illarion V. Turko and Salvatore Sechi ................................................... 1
2 Using Stable Isotope Tagging and Mass Spectrometry

to Characterize Protein Complexes and to Detect Changes
in Their Composition

Jeffrey A. Ranish, Marjorie Brand, and Ruedi Aebersold ................... 17
3 Stable Isotope Labeling by Amino Acids in Cell Culture

for Quantitative Proteomics
Shao-En Ong and Matthias Mann ....................................................... 37

4 Quantitative Proteomics of Mouse Brain and Specific
Protein-Interaction Studies Using Stable Isotope Labeling

Toshitaka Sato, Yasushi Ishihama, and Yoshiya Oda ......................... 53
5 The Absolute Quantification Strategy: Application

to Phosphorylation Profiling of Human Separase Serine 1126
Scott A. Gerber, Arminja N. Kettenbach, John Rush,

 and Steven P. Gygi ......................................................................... 71
6 Quantification of Proteins and Metabolites by Mass

 Spectrometry Without Isotopic Labeling
Sushmita Mimi Roy and Christopher H. Becker ................................. 87

7 The Use of a Quantitative Cysteinyl-Peptide Enrichment
Technology for High-Throughput Quantitative Proteomics

Tao Liu, Wei-Jun Qian, David G. Camp, II,
 and Richard D. Smith .................................................................. 107

8 An Isotope Coding Strategy for Proteomics Involving Both
Amine and Carboxyl Group Labeling

Fred E. Regnier .................................................................................. 125
9 Proteolytic Labeling With 18O for Comparative Proteomics

 Studies: Preparation of 18O-Labeled Peptides
and the 18O/16O Peptide Mixture

Catherine Fenselau and Xudong Yao ................................................ 135



viii Contents

10 Tandem Mass Spectrometry in the Detection of Inborn Errors
of Metabolism for Newborn Screening

Frantisek Turecek, C. Ronald Scott,
and Michael H. Gelb .................................................................... 143

11 Absolute Quantification of Specific Proteins in Complex Mixtures
 Using Visible Isotope-Coded Affinity Tags

Yu Lu, Patricia Bottari, Ruedi Aebersold, Frantisek Turecek,
and Michael H. Gelb .................................................................... 159

12 Computational Analysis of Quantitative Proteomics Data
Using Stable Isotope Labeling

Michael J. MacCoss and Christine C. Wu ......................................... 177
13 Quantitative Proteomic Analysis of Mammalian Organisms

Using Metabolically Labeled Tissues
Christine C. Wu and Michael J. MacCoss ......................................... 191

14  Quantitative Proteomic Analysis of Phosphotyrosine-Mediated
Cellular Signaling Networks

Yi Zhang, Alejandro Wolf-Yadlin, and Forest M. White .................. 203
Index ............................................................................................................ 213

ˆ ˆ

ˆ ˆ



Contributors

RUEDI AEBERSOLD • Institute of Molecular Systems Biology, ETH Zurich,
Switzerland and Faculty of Science, University of Zurich, Switzerland

CHRISTOPHER H. BECKER • Biomarker Discovery Sciences, PPD, Inc., Menlo
Park, CA

PATRICIA BOTTARI • Departments of Chemistry and Biochemistry, University
of Washington, Seattle, WA

MARJORIE BRAND • Ottawa Health Research Institute, Molecular Medicine
Program, Ottawa, Ontario, Canada

DAVID G. CAMP, II • Environmental Molecular Sciences Laboratory
and Biological Sciences Division, Pacific Northwest National
Laboratory, Richland, WA

CATHERINE FENSELAU • Department of Chemistry and Biochemistry,
University of Maryland, College Park, MD

MICHAEL H. GELB • Departments of Chemistry and Biochemistry, University
of Washington, Settle, WA

SCOTT A. GERBER • Department of Genetics, Norris Cotton Cancer Center
and Dartmouth Medical School, Hanover, NH

STEVEN P. GYGI • Department of Cell Biology, Harvard Medical School,
Boston, MA

YASUSHI ISHIHAMA • Eisai Co., Ltd., Tsukuba, Ibaraki, Japan
ARMINJA N. KETTENBACH • Department of Cell Biology, Harvard Medical

School, Boston, MA
TAO LIU • Environmental Molecular Sciences Laboratory and Biological

Sciences Division, Pacific Northwest National Laboratory, Richland, WA
YU LU • Departments of Chemistry and Biochemistry, University

of Washington, Settle, WA
MICHAEL J. MACCOSS • Department of Genome Sciences, University

of Washington, Seattle, WA
MATTHIAS MANN • Department of Proteomics and Signal Transduction, Max

Planck Institute for Biochemistry, Martinsried, Germany
YOSHIYA ODA • Eisai Co., Ltd., Tsukuba, Ibaraki, Japan
SHAO-EN ONG • Proteomics and Biomarker Discovery, The Broad Institute

of MIT and Harvard, Cambridge, MA
WEI-JUN QIAN • Environmental Molecular Sciences Laboratory

and Biological Sciences Division, Pacific Northwest National
Laboratory, Richland, WA

ix



x          Contributors

JEFFREY A. RANISH • Institute for Systems Biology, Seattle, WA
FRED E. REGNIER • Department of Chemistry and Cancer Center, Purdue

University, West Lafayette, IN
SUSHMITA MIMI ROY • Biomarker Discovery Sciences, PPD, Inc., Menlo

Park, CA
JOHN RUSH • Cell Signaling Technology, Beverly, MA
TOSHITAKA SATO • Eisai Co., Ltd., Tsukuba, Ibaraki, Japan
SALVATORE SECHI • National Institute of Diabetes and Digestive and Kidney

Diseases, National Institutes of Health, Bethesda, MD
C. RONALD SCOTT • Department of Pediatrics, University of Washington,

Seattle, WA
RICHARD D. SMITH • Environmental Molecular Sciences Laboratory

and Biological Sciences Division, Pacific Northwest National
Laboratory, Richland, WA

ILLARION V. TURKO • Center for Advanced Research in Biotechnology, NIST/
UMBI, Rockville, MD

FRANTISEK TURECEK • Department of Chemistry, University of Washington
Seattle, WA

FOREST M. WHITE • Biological Engineering Division, MIT, Cambridge, MA
ALEJANDRO WOLF-YADLIN • Biological Engineering Division, MIT,

Cambridge, MA
CHRISTINE C. WU • Department of Pharmacology, University of Colorado

Health Sciences Center, Aurora, CO
XUDONG YAO • Department of Chemistry, University of Connecticut, Storrs, CT
YI ZHANG • Biological Engineering Division, MIT, Cambridge, MA

ˆ ˆ



Acrylamide in Quantitative Proteomics 1

1

From: Methods in Molecular Biology, vol. 359: Quantitative Proteomics by Mass Spectrometry
Edited by S. Sechi © Humana Press Inc., Totowa, NJ

1

Acrylamide—A Cysteine Alkylating Reagent
for Quantitative Proteomics

Illarion V. Turko and Salvatore Sechi

Summary
Mass spectrometry-based relative quantification of proteins is often achieved by the

labeling of two samples with isotopically light and heavy reagents. The intensities of the
ions with different masses, but same chemical properties, can be reliably used for deter-
mining relative quantities. Several strategies of labeling with various weakness and
strength and degrees of complexity have been described. In this chapter, we describe a
simple and inexpensive protein-labeling procedure based on the use of acrylamide and
deuterated acrylamide as a cysteine alkylating reagent. Gel electrophoresis is one of the
most commonly used techniques for analyzing/visualizing proteins, thus, we emphasize
the use of acrylamide as a labeling procedure for quantifying proteins isolated by one-
and two-dimensional polyacrylamide gel electrophoresis.

Key Words: Quantitation; proteomics; acrylamide; cysteine alkylation; gel electro-
phoresis; mass spectrometry; isotopic labeling; quantitative proteomics.

1. Introduction
Quantitative proteome profiling using mass spectrometry (MS) and protein

labeling with stable isotopes can provide the relative abundance of many indi-
vidual proteins within two different samples (1,2). The isotopic label can be
introduced in vivo or in vitro (2). For example, a label can be easily introduced
in vivo in bacteria or yeast by growing them in media enriched with specific
isotopes (3). A label can also be introduced by performing a tryptic digest in the
presence of 18O-water (4–6). Several approaches using isotopically labeled
reagents that react with specific amino acids or the protein N-terminus have
also been developed (2).
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Cysteine is a strong nucleophile that is readily modified by a variety of
reagents (7) and has been used as a target for attaching isotopic labels by sev-
eral reagents including ICAT (8) and acrylamide (7). The use of acrylamide
and deuterated acrylamide (D3-acrylamide) in quantitative proteomics was first
introduced by Sechi (9) and was later combined with two-dimensional poly-
acrylamide gel electrophoresis (2D-PAGE) (10–12). Acrylamide together with
D3-acrylamide has been used for quantifying proteins isolated from various
biological samples (9–14). The alkylation reaction with acrylamide when opti-
mized was found to be highly specific (7) and the accuracy and dynamic range
in proteomic experiments were evaluated and further validated in several stud-
ies (9–14).

In a typical quantitative proteomic experiment that involves acrylamide as
alkylating reagent, one sample is labeled with acrylamide and the other sample
is labeled with D3-acrylamide (Fig. 1). D3-acrylamide has three deuteriums
instead of three protons, and, thus, is three mass units heavier than acrylamide.
Acrylamide and D3-acrylamide have the same chemical properties and equal
alkylation efficiency. After mixing the acrylamide- and D3-acrylamide-labeled
samples in a 1:1 ratio, the mixture can be loaded on a one-dimensional (1D)- or
2D-PAGE separation system. The bands (1D) or spots (2D) can be excised,
digested with an enzyme (e.g., trypsin), and analyzed by MS. The isotopic
distributions of the cysteine-containing peptides as shown in the mass spectra
are the result of the overlap of two isotopic envelopes that differ by three mass
units (the difference between acrylamide and D3-acrylamide). Quantification
is accomplished by comparing the intensities of the normal and deuterated mass
components of the cysteine-containing peptide(s) (Fig. 1). Simultaneous pro-
tein identification can usually be accomplished by peptide mass finger printing
(9) or by obtaining the tandem mass spectra of a few peptides.

Cysteine alkylation is an important step in proteomics for improving the
protein identification process and/or for obviating heterogeneous alkylation
that might occur from the reaction with unpolymerized acrylamide during elec-
trophoresis (7). Free thiols are relatively strong nucleophiles and have a ten-
dency to be easily modified by several chemicals, thus, it is important to
stabilize them with a well-controlled reaction, such as the alkylation with
acrylamide or other well-characterized alkylating reagents prior to electro-
phoresis. Considering the importance of stabilizing the cysteines by alkyla-
tion, the quantitation that can be obtained by alkylating with isotopically
labeled acrylamide could also be considered a “free” added benefit.

The analysis of samples using 1D-PAGE is quite simple and fast. It can be
used for studying/characterizing specific proteins or relatively simple protein
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mixtures. For example, characterization of protein complexes isolated by
immunoprecipitation can be easily achieved by 1D-PAGE and MS (15). For
resolving/studying complex protein mixtures, like whole protein lysates, the
use of 2D-PAGE or other separation procedure coupled to 1D-PAGE is recom-
mended. Here, we will not describe the coupling of other separation methods
(e.g., ion exchange chromatography) to 1D-PAGE, and we will limit the
description to the last steps of these procedures (i.e., 1D-PAGE and MS) that is
common to most of them. Analysis by 2D-PAGE is definitely more complex
and delicate than 1D-PAGE. One of the reasons for this is that it can be easily

Fig. 1. Diagram depicting the general scheme for relative quantification. The cys-
teines from two protein mixtures in which the relative protein quantification needs to
be determined are separately reduced and alkylated using acrylamide and D3-
acrylamide. The two samples are then mixed in a 1:1 ratio and the proteins are sepa-
rated using gel electrophoresis. The proteins of interest are excised from the gel,
digested with trypsin, and the tryptic peptide maps obtained by MALDI-TOF. The
isotopic envelopes of the cysteine-containing peptides are used to determine the rela-
tive quantities of the proteins in the two samples. A schematic representation of the
isotopic envelope for a cysteine-containing peptide in the case when the protein is
present in equal amounts and in a 1:2 ratio in the two samples is shown. The same
mass spectrum is used for identifying or confirming the protein. Reproduced with
permission from ref. 9.
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hampered by the presence of lipids and salts in the sample; thus, an additional
chloroform/methanol precipitation of the sample is often required for ensuring
a good quality separation. In this chapter, we illustrate the quantitation of
bovine serum albumin (BSA) isolated and separated by 1D-PAGE, and the
quantitation of several mitochondrial proteins isolated from the heart of dia-
betic and normal rats separated by 2D-PAGE. The alkylation with acrylamide
and D3-acrylamide reveals itself to be a simple and inexpensive proteomic tool
for determining the relative quantity of proteins. An intrinsic benefit of this
quantitative proteomic approach is the stabilization of the cysteines.

2. Materials
2.1. Quantitation of Proteins Separated by 1D-PAGE

1. BSA stock solution: BSA (Sigma-Aldrich, St. Louis, MO) and other protein stan-
dards solutions are obtained by weighing the protein crystals and dissolving them
in water.

2. Reducing sample buffer for 1D-PAGE: for preparing this solution, 25 mM dithio-
threitol (DTT) is added to NuPAGE sample buffer (Invitrogen, Carlsbad, CA).
NuPAGE buffer consist of 1.09 M glycerol, 141 mM Tris-base, 106 mM Tris-
HCl, 73 mM lithium dodecylsulfate, 0.51 mM ethylenediaminetetraacetic acid
(EDTA), 0.22 mM Coomassie G-250, and 0.175 mM phenol red, pH 8.5. A con-
centrated 2X or 4X sample buffer could be used and should be appropriately
diluted with the protein sample to be analyzed or water.

3. Alkylating stock solutions: a 4 M acrylamide (Bio-Rad, Hercules, CA) and 4 M
2,3,3'-D3-acrylamide (Cambridge Isotope Laboratories, Inc., Woburn, MA) stock
solutions are prepared in water (see Note 1). Acrylamide and D3-acrylamide are
highly toxic and light sensitive. Stock solutions can be stored at –20°C. Extreme
caution is needed when weighting and handling acrylamide crystals. These crys-
tals should be handled in a chemical hood.

4. 1D-PAGE buffer: precast 10% acrylamide Nu-PAGE gel (Invitrogen) or other
gel of appropriate acrylamide concentration are run using a MES buffer
(Invitrogen) that consist of 50 mM 2-(N-morpholino) propane sulfonic acid, 50
mM Tris-base, 3.5 mM sodium dodecylsulfate (SDS), and 1 mM EDTA, pH 7.3.

2.2. Quantitation of Proteins Separated by 2D-PAGE

2.2.1. Preparation, Reduction, and Alkylation of Soluble Mitochondrial
Proteins

1. Male Sprague-Dawley rats (median body weight 250 g; Harlan, Indianapolis, IN)
are maintained on standard rat chow and tap water ad libitum.

2. STZ solution: 15 mg/mL STZ (Sigma-Aldrich) in 0.1 M citrate buffer, pH 4.5.
This solution should be prepared fresh before injecting the rats.
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3. Extraction buffer: 5 mM HEPES-KOH, pH 7.4, 0.25 M mannitol, 0.1 mM EDTA,
and 0.1% BSA.

4. Percoll solution: a 30% Percoll (Amersham Biosciences, Piscataway, NJ) solu-
tion is prepared in extraction buffer following the manufacturer instruction.

5. Solubilizing buffer: 2 M thiourea, 7 M urea, and 4% CHAPS in 20 mM Tris-HCl,
pH 8.5.

6. Acrylamide solutions: 4 M acrylamide and 4 M D3-acrylamide solutions are pre-
pared in solubilizing buffer.

2.2.2. Chloroform/Methanol Precipitation

1. Methanol, chloroform, and water used for the precipitation are HPLC grade.
Methanol and chloroform are toxic and should be handled with appropriate care
in a chemical hood (see Note 2).

2.2.3. 2D-PAGE

1. Immobilized pH gradient strips pH 3.0–10.0 (BioRad) are prepared following the
manufacturer instructions.

2. 2D-PAGE sample buffer: 2 M thiourea, 7 M urea, 4% CHAPS, 0.5% Triton X-
100, 0.2% Biolytes 3-10, and some bromophenol blue.

3. Equilibration buffer: 50 mM Tris-HCl, pH 8.8, with 6 M urea, 30% glycerol, 2%
SDS, and some bromphenol blue.

4. Electrode buffer: 25 mM Tris-HCl, pH 8.3, with 192 mM glycine and 0.1% SDS.

2.3. 1D- and 2D-PAGE Staining

1. Coomassie solutions: 0.1% Coomassie blue R-250 in 50% methanol/10% acetic
acid. Coomassie Simply BlueTM solution (Invitrogen) or other Coomassie solu-
tion might also be used.

2.4. In-Gel Digestion and Peptide Extraction of Proteins Isolated
by 1D- and 2D-PAGE

1. Destaining solutions: 25 mM NH4HCO3/50% CH3CN; 50% CH3CN/0.1%
FC3COOH.

2. Trypsin digestion solution: 5 µg/mL of sequencing grade-modified trypsin
(Promega, Madison, WI) in 25 mM NH4HCO3, pH 8.0 (no need to adjust pH).

3. Siliconized 0.65-mL microcentrifuge tubes (Corning Inc., Corning, NY) or other
nonstick tubes (see Note 3).

2.5. MALDI-MS

1. MALDI matrix solution: 10 mg/mL α-cyano-4-hydroxycinnamic acid (Sigma-
Aldrich) in 50% CH3CN/0.1% FC3COOH (see Note 4). The solution should be
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vortexed for 5 min and centrifuged at 15,000g for 2–3 min to remove any undis-
solved matrix.

3. Methods
Depending on the complexity of the protein sample, a 1D- or 2D-PAGE

separation might be appropriate. The type of protein separation to be used
determines how the sample should be handled. Here, we use similar but not
identical procedures to demonstrate an accurate relative quantification of pro-
teins labeled with acrylamide and D3-acrylamide, which are then separated by
1D-PAGE (Figs. 2 and 3) or 2D-PAGE (Figs. 4 and 5).

3.1. Quantification of Proteins Isolated by 1D-PAGE

3.1.1. Sample Reduction and Alkylation

1. Prior to cysteine alkylation it is important to ensure that all cystines are reduced
to cysteines. For this purpose, the solution containing the protein of interest, in
this case a specific amount of BSA, is mixed with reducing sample buffer and
incubated at 100°C for 5 min (see Note 5). The sample should be cooled down to
room temperature and briefly centrifuged to spin down the condensate.

2. For determining the relative quantity of a protein, two samples are reduced and
alkylated separately using two different alkylating reagents. In the example
shown in Figs. 2 and 3, the two samples to be compared, containing various
amount of BSA, were alkylated with acrylamide or D3-acrylamide.
One sample is alkylated by adding 1/10 (v/v) of acrylamide and the other sample
is alkylated adding 1/10 (v/v) of D3-acrylamide (e.g., to 8–20 µL of reduced
sample, 2 µL of alkylating solution are added). The solutions are mixed by gently
pipetting several times and then left in the dark at room temperature for 1 h (see
Note 5).

3. After completion of the alkylation reaction described in step 2, the two samples
to be compared (one alkylated with acrylamide and the other with D3-acrylamide)
are mixed in a 1:1 ratio (v:v).

3.1.2. 1D-PAGE

1. Samples to be quantified are loaded on a 10% acrylamide NuPAGE gel and run
using an Invitrogen MES buffer following the manufacturer instructions.

2. After the run is completed, the gel is stained with a Coomassie solution.

3.2. Quantitation of Proteins Separated by 2D-PAGE

3.2.1. Preparation, Reduction, and Alkylation of Soluble
Mitochondrial Proteins

In this example we use alkylation with acrylamide and D3-acryalmide to
identify and quantify changes in the protein profile caused by diabetes in heart
mitochondria from STZ-treated rats.
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1. To trigger insulin-dependent diabetes mellitus, rats are injected intraperitoneally
with STZ at a dose of 60 mg of STZ per kg of body weight. Control animals
receive the corresponding volume of citrate buffer. Diabetic rats and aged
matched control rats are sacrificed 1 or 4 wk after STZ injection (13).

2. Homogenize individual rat hearts in extraction buffer. Large cell debris and nu-
clei should be first pelleted by centrifugation at 4000g for 20 min and discarded.
Mitochondria are then pelleted from the supernatant by centrifugation at 12,000g
for 20 min. To further purify mitochondria, various density gradients could be
used. In this particular experiment, mitochondria are suspended in extraction
buffer, loaded on the top of the Percoll solution, and centrifuged for 30 min at
95,000g. Percoll-purified mitochondria are collected from the lower part of the
dense, brownish-yellow band, washed twice with extraction buffer, sonicated,
and centrifuged at 100,000g for 1 h. The high-speed supernatant fraction includes
soluble mitochondrial proteins.

Fig. 2. MALDI-TOF spectrum of the tryptic digest of acrylamide-labeled bovine
serum albumin (BSA). Two solutions each containing 250 femtomoles of BSA were
reduced and alkylated separately with acrylamide or D3-acrylamide and mixed with a
1:1 ratio. The sample was then analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and the band corresponding to BSA was excised and digested with
trypsin. The MALDI-TOF spectrum of this tryptic digest is shown. The six panels
show zoom images of the isotopic envelopes of six cysteine-containing peptides.
Reproduced with permission from ref. 9.
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Fig. 3. Isotopic envelopes for one cysteine-containing peptide from the MALDI-
TOF spectra of acrylamide-labeled bovine serum albumin (BSA). Two hundred fifty
picomoles of BSA treated with acrylamide and 250 picomoles of BSA treated with D3-
acrylamide were mixed at different ratios (1:1, 1:2, 1:5, 1:10, 2:1, 5:1, and 10:1) and run
on a one-dimensional polyacrylamide gel electrophoresis. The bands corresponding to
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3. Use solubilizing buffer with 40 mM DTT for preparing samples containing 1 mg/
mL of soluble mitochondrial proteins and incubate the solutions at room tem-
perature for 1 h.

4. Mix 90 µL of reduced mitochondrial proteins from the control heart with 10 µL
of acrylamide solution, and mix 90 µL of reduced mitochondrial proteins from
the diabetic heart with 10 µL of D3-acrylamide solution. Gently pipet the two
samples to ensure good mixing and leave the samples in the dark at room tem-
perature for 5 h (see Note 6).

5. In 1.5-mL conical microcentrifuge tubes, mix mitochondrial proteins treated with
acrylamide and mitochondrial proteins treated with D3-acrylamide in a 1:1 ratio
(v:v). To ensure good mixing, pipet the sample several times and then proceed to
the chloroform/methanol precipitation.

3.2.2. Chloroform/Methanol Precipitation

The main purposes of the chloroform/methanol protein precipitation are to
delipidate and desalt the sample. This is a critical step for improving the qual-
ity of the 2D-PAGE separation. The following procedure is described for a
150-µL protein sample. Smaller samples might be adjusted to 150 µL with
water and larger samples can be divided in several microcentrifuge tubes.

1. Add 600 µL of methanol, 150 µL of chloroform, and 450 µL of H2O to a protein
sample in the listed order.

2. Briefly vortex the tubes, then centrifuge the tubes using a microcentrifuge at
16,000g for 10 min at room temperature. Expect to see separation into two phases
with a precipitated protein layer on the interface. Carefully remove and discard
the upper phase, making sure to keep the protein layer untouched.

3. Add another 600 µL of methanol and centrifuge at 16,000g for 10 min at room
temperature. Expect to see a single liquid phase and a solid protein pellet at the
bottom of tube. Carefully remove the liquid phase and let the protein pellet air-
dry for 3–5 min.

4. On completion, the expected amount of precipitated acrylamide-labeled mito-
chondrial proteins should be approx 135 µg. This amount is suitable for a single
2D-PAGE separation using 7-cm immobilized pH gradient strips.

3.2.3. 2D-PAGE

1. Dissolve protein pellets in 125 µL of 2D-PAGE sample buffer and rehydrate a 7-
cm immobilized pH gradient strip (pH 3.0–10.0) with this sample. During load-
ing a sample in the focusing tray channel, take care not to introduce any bubbles

Fig. 3 (continued from opposite page) BSA were excised, digested with trypsin, and the
MALDI-TOF spectra of the tryptic peptides obtained. The isotopic envelopes, for all
ratios, of one cysteine-containing peptide, are shown. Reproduced with permission from
ref. 9.
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which may interfere with the contact of the sample and immobilized pH gradient
strip. Place the strip gel side down toward the sample and apply mineral oil to
each channel containing a sample and strip. Make sure the entire strip is covered.
After rehydration, conduct isoelectric focusing at 250 V for 15 min, linearly
increase voltage to a maximum of 4000 V over a 2-h period, and then run to
accumulate a total of 20,000 V/h.

2. For the second dimension (see Note 7), equilibrate the strips for 15 min in equili-
bration buffer. Embed the strips in 0.7% (w/v) agarose on the top of the appropriate
polyacrylamide slab gels and run SDS-PAGE separation using the electrode buffer.

3. After the run is completed, stain the gels with Coomassie solution for 10 min at
room temperature and destain it with 10% acetic acid/20% methanol.

3.3. In-Gel Digestion and Peptide Extraction

1. Excise Coomassie-stained protein bands/spots of interest from a polyacrylamide
gel. Cut each gel piece into small particles (~1 mm2) using a scalpel, and place
into a 0.65-mL siliconized tube (see Note 8).

Fig. 4. Two-dimensional polyacrylamide gel electrophoresis pattern of acrylamide-
labeled soluble mitochondrial proteins from rat heart. Soluble mitochondrial proteins
from normal and 4 wk diabetic rat heart were treated with normal and deuterated
acrylamide, respectively, and mixed at a 1:1 ratio. Many proteins were identified and
quantified. The selected proteins which quantification is shown in the Fig. 5 are num-
bered: 1, acyl CoA dehydrogenase, short chain; 2, catalase; 3, creatine kinase. Repro-
duced with permission from ref. 12.
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Fig. 5. Changed protein abundance after one of 4 wk of diabetes. Soluble mitochon-
drial proteins from normal and diabetic rat heart were treated with acrylamide and D3-
acrylamide, respectively, and mixed at a 1:1 ratio. Representative isotopic envelopes
for selected cysteine-containing peptides are shown for 1- and 4-wk diabetic samples.
Reproduced with permission from ref. 12.
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2. For removing the Coomassie from the gel pieces, wash several times with 25 mM
NH4HCO3/50% CH3CN. Every 10–15 min or when the solution is blue, centri-
fuge, discard supernatant, and add more solution to the gel pieces (see Note 9).

3. After the gel pieces are destained, dry them by putting the tubes in a speed-vac
apparatus (Savant, Holbrook, NY) for 10–20 min.

4. Add 5 µL of trypsin solution to the gel pieces and then add sufficient 25 mM
NH4HCO3 to rehydrate the gel pieces (see Note 10).

5. Incubate at 37°C overnight (~10–16 h).
6. To extract the peptides, add 20–100 µL of 50% CH3CN/0.1% FC3COOH in each

tube (the extraction solution should cover the gel pieces), incubate for 10 min,
and occasionally vortex or use a mixer. Using a gel-loading tip, transfer the liq-
uid containing the extracted peptides to a new siliconized tube. The extraction
can be repeated a second time and the gel pieces dehydrate by using 10–50 µL of
CH3CN. If more than one extraction is made, combine the solution of the first
extraction with the second extraction and add the CH3CN wash.

7. Dry the solution containing the peptide extract using a speed-vac. These samples
are stable for several months at –20°C.

 3.4. MALDI-MS

1. Dissolve a dry peptide sample in 2 µL of 50% CH3CN/0.1% FC3COOH. Mix 0.5
µL of the matrix solution with 0.5 µL of the peptide solution on the sample target
(and let it air-dry [see Note 11]).

2. Insert sample target into the mass spectrometer and analyze the sample as recom-
mended by the manufacturer.

3. Spectra shown in Figs. 2, 3, and 5 were acquired using a Voyager-DE STR mass
spectrometer (Applied Biosystems, Framingham, MA) operated in the delayed
extraction and reflector mode (see Note 12).

3.5. Protein Identification and Quantification

1. All MALDI mass spectra should be internally calibrated using the monoisotopic
masses of the autolysis peptides of trypsin (e.g., m/z at 842.51 and 2211.10) (see
Note 13).

2. To identify proteins from peptide mass fingerprinting data, use MASCOT soft-
ware (www.matrixscience.com) or Profound (http://prowl.rockefeller.edu) (see
Note 14) assuming that all cysteines were modified with acrylamide. A second
search can be done assuming that all proteins are modified with D3-acrylamide.

3. To achieve quantification, the manual analysis is required because at this stage
the software we used could not recognize the distribution of cysteine-containing
peptides when labeled with a mixture of acrylamide and D3-acrylamides. Divide
the peak height of the monoisotopic peak of the D3-acrylamide-labeled peptide
by the peak height of the monoisotopic peak of the acrylamide-labeled form of
the peptide (see Note 15).

http://prowl.rockefeller.edu
www.matrixscience.com
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4. Notes

1. It might be difficult to properly weigh milligram quantities in a chemical hood
with good ventilation; thus, it is advisable to put the acrylamide crystals in a
closed vial and determine the weight outside of the hood. The appropriate vol-
ume of buffer can then be added.

2. Do not use serological plastic pipets to handle chloroform because they will
“melt.” Borosilicate glass pipets and tubes, as well as polypropylene tubes, are
chloroform resistant.

3. Some batches of siliconized tubes were not well washed by the manufacturer and
still had some residues of reagents used in the siliconization process that lead to
artifacts in the mass spectra. Depending on the tube used and the batch, it might
be useful to wash the tubes with 50% CH3CN/0.1% FC3COOH prior to use.

4. The MALDI matrix solution should be prepared on the same day that it is used.
In some cases we found that the quality of the matrix was not sufficiently good
for MS. In these cases, it is possible to further purify α-cyano-4-hydroxycinnamic
acid by recrystallization in 40% ethanol. However, often it is possible to find
from Sigma or other vendors α-cyano-4-hydroxycinnamic acid of MS quality.
The amount of F3CCOOH and CH3CN can be varied and optimized for specific
molecular weight range.

5. A simple way to have the appropriate final concentration of buffer is to use 2X
reducing sample buffer and mix it 1:1 with the sample to be analyzed.
When the protein concentration is in a range of 1–2 mg/mL, the amount of DTT
present in the reducing sample buffer is usually sufficient for completely reduc-
ing all cystines. However, for more concentrated protein samples, the amount of
DTT should be increased to warrant a complete reduction. A 50-M excess of
DTT over cysteine residues is sufficient for ensuring complete reduction. It is
also important to note that this is assuming that the proteins are completely dena-
tured and that the final pH is appropriate. In some cases, the sample might modify
the pH of the sample buffer. For example, a very acidic sample might bring the
pH to 7.0. In these cases, a more concentrated sample buffer with stronger buff-
ering capacity might be used (e.g., 4X sample buffer). From our experience, the
reduction and alkylation is optimal at pH 8.0–9.0. An easy and approximate way
to check the pH of the sample is to use 1 µL of sample on pH paper.

6. It seems that the alkylation reaction in the buffer used for 2D-PAGE proceeds
slower than in 1D-PAGE and that longer incubation time might be needed when
preparing samples for 2D-PAGE analysis. Although acrylamide, in the condi-
tions described in Subheadings 3.1. and 3.2., has no strong tendency to react
with other amino acids, it is advisable to not overextend the alkylation reaction
time. In some cases, no major difference was observed when extending the reac-
tion to overnight, but in this case it would be appropriate to verify that indeed no
other amino acids besides cysteines are getting modified by acrylamide.
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7. Immobilized pH gradient strips after isoelectrofocusing can be stored for several
months at –80°C before the second dimension.

8. The small gel particle size facilitates the removal of SDS and Coomassie, and
improves trypsin access to the gel.

9. At this point, the visual criterion should be used to determine whether or not
additional washes should be performed. In some cases, washing with 40% etha-
nol might also help for completely removing the Coomassie stain. However, the
major interfering compound is SDS, not Coomassie. Usually three washing steps
are enough to remove SDS. Although some gel pieces may remain slightly blue,
it is all right to proceed further.

10. Do not use too much trypsin or the mass spectra will be dominated by trypsin
autolysis products. Usually 5 µL of trypsin solution contains a sufficient amount
of trypsin (i.e., 0.025 µg) for proteolyzing most samples isolated by 1D- or 2D-
PAGE. However, for very concentrated or very large spots, a higher amount of
trypsin might be used.

11. Load the matrix solution first. If the sample has a high concentration of peptides
a sample more diluted with matrix could be prepared (e.g., 0.5 µL sample + 2–5
µL of matrix solution).

12. Often 100 laser shots are sufficient for obtaining good quality spectra. However,
for obtaining higher-quality spectra, more spectra can be collected and averaged.
For example, in the spectra shown in Figs. 2 and 3, five spectra each generated
with 100 laser shots were averaged.

13. These two peptides (842.51 and 2211.10) usually give the most intense ions in
the spectra amongst the autolysis trypsin products. In addition, the m/z 2284.6
from trypsin could be used for internal calibration if necessary. The autolysis
products differ depending on the trypsin manufacturer and the digestion condi-
tions. It is therefore important to do the digest also on a piece of gel not contain-
ing any protein for confirmation of the peptides that are derived from trypsin.

14. In several cases it might be useful to identify a protein using more than one soft-
ware platform. If an instrument with MS–MS capability is available, it might
also be useful to further confirm uncertain identification by obtaining the MS/
MS spectra of several peptides.

15. Depending from the mass of the peptide, there might be less or more overlap
between the isotopic envelope of the peptide labeled with acrylamide and the
envelope of the peptide labeled with D3-acrylamide. If there is significant over-
lap, the relative quantity could be determined more accurately using the M+1 or
M+2 isotopes. Ideally there should be no overlap between the isotopes used for
the quantitation. However, several companies and investigators have been devel-
oping software for automatically deconvoluting and determining the areas under
the isotopic envelopes, so better alternative for analyzing these spectra might be
available soon. Such software would make this procedure even more accurate. It
should also be noted that in most cases the relative quantity could be determined
within a 20% error by just determining the peak heights.
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Using Stable Isotope Tagging and Mass Spectrometry
to Characterize Protein Complexes and to Detect
Changes in Their Composition

Jeffrey A. Ranish, Marjorie Brand, and Ruedi Aebersold

Summary
One of the primary goals of proteomics is the description of the composition, dynam-

ics, and connections of the multiprotein modules that catalyze a wide range of biological
functions in cells. Mass spectrometry (MS) has proven to be an extremely powerful tool
for characterizing the composition of purified complexes. However, because MS is not a
quantitative technique, the usefulness of the data is limited. For example, without quan-
titative measurements, it is difficult to detect dynamic changes in complex composition,
and it can be difficult to distinguish bona fide complex components from nonspecifically
copurifying proteins. In this chapter, we describe a strategy for characterizing the com-
position of protein complexes and their dynamic changes in composition by combining
affinity purification approaches with stable isotope tagging and MS. The use of software
tools for statistical analysis of the data is also described.

Key Words: Mass spectrometry; stable isotope tagging; ICAT reagents; quantifica-
tion; protein complex; dynamics; affinity purification; SEQUEST; Peptide Prophet; Pro-
tein Prophet; ASAPratio.

1. Introduction
Mass spectrometric analysis of purified protein complexes is an extremely

powerful tool for identification of protein components and their posttransla-
tional modifications (1), and the development of rapid methods for protein
complex purification such as tandem affinity tagging (2), has enabled the iso-
lation of numerous complexes for mass spectrometric analysis (3–6). How-
ever, even with the best purification protocols, it is often difficult to purify a
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complex to homogeneity. Without proper controls, this can lead to the identifi-
cation of nonspecifically copurifying proteins. Furthermore, protein complexes
are dynamic. Individual subunits have a wide range of affinities for the com-
plex, and composition can change depending on the status of the cell. Because
mass spectrometry (MS) is not an inherently quantitative technique, it is diffi-
cult to detect these changes.

The development of stable isotope tagging approaches permits quantifica-
tion of the relative levels of proteins in two or more samples (7). Peptides
derived from proteins, which are differentially labeled with stable isotopes,
can be distinguished by a characteristic mass shift in the mass spectrometer.
Importantly, the isotopically labeled peptides are virtually chemically identi-
cal and thus generate similar specific signal intensities in a mass spectrometer.
Therefore, the relative levels of the isotopically labeled peptides can be deter-
mined by comparing the signal intensities of sibling peptides. Application of
isotope tagging and MS to the analysis of protein complexes can guide the
identification of bona fide complex components by comparing the relative
abundances of peptides derived from a specific purification and a control puri-
fication in which the complex of interest is not enriched (8–11) Fig. 1. It can
also be used to detect changes in the composition of complexes by comparing
the relative abundances of peptides derived from complexes isolated from cells
exposed to different growth conditions (9–12). Here, we describe methods for
using stable isotope tagging and MS to characterize the composition of protein
complexes and to detect changes in their composition. There are now several
approaches available for isotope tagging, including isotope-coded affinity tag-
ging reagents (ICAT) and related approaches, oxygen 18 (18O) labeling, and
SILAC (see ref. 8 for review). In this chapter we concentrate on the ICAT-
labeling technique because, like 18O labeling, it is a postisolation approach,
and these approaches are the most general. In addition, they are compatible
with labeling tissues.

2. Materials
2.1. Characterization of Protein Complexes

2.1.1. Preparation of Yeast Nuclear Extracts

1. YPD (for cell growth): 10 g yeast extract, 20 g peptone, and water to 950 mL;
autoclave and add 50 mL 40% glucose before use.

2. YPD/S: 20 g yeast extract, 40 g peptone, 40 g glucose, 364 g sorbitol, and water
to 2 L. Prepare fresh on the day extracts are being prepared.

3. YPD/S (4°C): 20 g yeast extract, 40 g peptone, 40 g glucose, 364 g sorbitol, and
water to 2 L. Prepare fresh on the day extracts are being prepared. Store at 4°C.

4. 1 M sorbitol (4°C): 182 g sorbitol and water to 1 L. Prepare fresh. Store at 4°C.
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5. Zymolyase (ICN Biomedicals, Irvine, CA): dissolve at 6 mg/mL in 50 mM Tris-
HCl, pH 8.0 with 2X concentrated protease inhibitors. Incubate 10 min on ice
before using. This material does not dissolve well, so keep in suspension as well
as possible. Zymolyase is reportedly contaminated with proteases, so extra care
is needed to wash spheroplasts.

6. 400 mL Buffer A: 18% polysucrose 400 (or Ficoll 400), 10 mM Tris acetate pH 7.5,
20 mM potassium acetate, 5 mM magnesium acetate, 1 mM ethylenediaminete-
traacetic acid (EDTA). The polysucrose takes many hours to dissolve and is fre-
quently stirred overnight. Add 0.5 mM spermidine, 0.15 mM spermine, 3 mM
dithiothreitol (DTT), and protease inhibitors before use.

7. Buffer B: 100 mM Tris acetate, 50 mM potassium acetate, 10 mM magnesium
sulfate, 20% glycerol, and 2 mM EDTA. Adjust pH to 7.9 with KOH. Store buffer
at 4°C. 3 mM DTT and protease inhibitors are added before use.

8. Buffer C: 20 mM HEPES, 10 mM magnesium sulfate, 1 mM EGTA, and 20%
glycerol. Adjust pH to 7.6 with KOH. Store buffer at 4°C. 3 mM DTT and pro-
tease inhibitors are added before use.

9. 1.5 L Buffer C + 75 mM ammonium sulfate: store buffer at 4°C. 3 mM DTT and
protease inhibitors are added before use.

10. Protease inhibitors:
a. 16 mg/mL Phenylmethyl Sulfonyl Fluonide (PMSF) 0.1 M 100X in ethanol.

Store at –20°C.
b. 32 mg/mL 100X benzamidine in water. Store at –20°C.
c. 0.15 mg/mL leupeptin (500X) in ethanol. Store at –70°C for less than 6 mo.
d. 0.28 mg/mL pepstatin (200X) in methanol. Store at –20°C.
e. 5 mg/mL chymostatin (2500X) in dimethyl sulfoxide. Store at –20°C.

2.1.2. Immunopurification of Protein Complexes

1. Buffer IP: 20 mM HEPES, pH 7.6, 100 mM potassium acetate, 1 mM EDTA, 5
mM magnesium acetate and 0.05% NP-40. Add protease inhibitors before use.

2. Buffer EL: 20 mM HEPES, pH 7.6, 100 mM potassium acetate, 1 mM EDTA, 5
mM magnesium acetate 0.0025% NP-40.

3. FLAG-M2 agarose (Sigma-Aldrich, St. Louis, MO).
4. 3X FLAG peptide (Sigma-Aldrich).

2.1.3. Stable Isotope-Labeling With Cleavable ICAT Reagents

1. Microcon 10 concentrators (Millipore, Billerica, MA).
2. TE 8.3: 20 mM Tris-HCl, pH 8.3, and 1 mM EDTA.
3. Tributylphosphine (TBP) (Sigma-Aldrich): TBP is toxic, so work in the hood.

Prepare a 0.2 M 5% solution in 1-propanol (high performance liquid chromatog-
raphy [HPLC] grade) (see Note 1).

4. Cleavable ICAT reagents (Applied Biosystems, Foster City, CA). The reagents
are light sensitive. Perform labeling reactions in tubes supplied by vendor.
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Fig. 1. Schematic representation of the quantitative proteomics approach for the
analysis of affinity-purified macromolecular complexes. To distinguish specific com-
plex components from copurifying proteins, a control purification (sample 1) is per-
formed in which the complex of interest is not enriched. To detect quantitative changes
in the abundance and composition of a complex isolated from cells in different states,
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2.1.4. Proteolysis, Fractionation, and Purification of ICAT-Labeled
Peptides

1. Endoproteinase LysC, sequencing grade (Roche Diagnostics Corporation, India-
napolis, IN). Resuspend in 0.4% acetic acid at 0.25 mg/mL.

2. Trypsin, sequencing grade modified (Promega Corporation, Madison, WI). Re-
suspend in buffer supplied by vendor at 1 mg/mL.

2.1.5. Strong Cation Exchange Fractionation of Peptides

1. Strong cation exchange (SCX) buffer: 5 mM KH2PO4, pH to 3.0 with 10% phos-
phoric acid, then add acetonitrile to 25% of final volume.

2. SCX buffer + 1 M KCl: 5 mM KH2PO4, 1 M KCl, pH to 3.0 with 10% phosphoric
acid, then add acetonitrile to 25%  of final volume.

3. 200-µL SCX cartridges (Applied Biosystems) (see Note 2).

2.1.6. Purifying ICAT-Labeled Peptides

1. 10X phosphate buffered saline (PBS) (Fisher Scientific International Inc., Hamp-
ton, NH): 1.37 M sodium chloride, 0.027 M potassium chloride, and 0.119 M
phosphate buffer. Dilute 10X PBS one-fifth and one-tenth for 2X and 1X solu-
tions, respectively.

2. Monomeric avidin cartridge (Applied Biosystems) (see Note 3).
3. Avidin elution buffer: 30% acetonitrile and 0.4% trifluoroacetic acid (TFA). Pre-

pare fresh.
4. Avidin wash buffer: 50 mM ammonium bicarbonate and 20% methanol. Prepare

fresh.
5. Glass collection vials (Waters, Milford, MA; cat. no. WAT025054).

Fig. 1 (continued from opposite page) the samples are prepared identically. Affinity-
purified proteins from specific and control purifications are reduced, labeled with either
the isotopically heavy or normal version of the ICAT reagent, and combined. After
proteolysis, sample complexity is reduced in three sequential chromatographic steps,
followed by electrospray ionization-MS/MS analysis. During this process, peptides pairs
are quantified by measuring their peak ratios as they coelute from the C18 column into
the mass spectrometer. In every other scan, peptides are selected for fragmentation. The
resulting MS/MS spectra are used to search sequence databases using SEQUEST to
identify the peptides and, thus, the proteins from which they originated. Depending on
the experiment, the relative quantification can be used to distinguish specific complex
components from copurifying proteins, or to detect changes in the abundance and com-
position of complexes isolated from cells in different states. Reproduced with permis-
sion from ref. 8.
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2.1.7. Removing Biotin From ICAT-Labeled Peptides

1. Cleaving reagent A (Applied Biosystems) contains concentrated TFA. TFA is
toxic, so work in the hood.

2. Cleaving reagent B (Applied Biosystems) contains a scavenger that reduces side
reactions during the cleaving reaction.

2.1.8. MS Analysis

1. 75 µ ID X 360 OD micron-fused silica capillary tubing (Polymicro Technolo-
gies, Cedar Hill, TX).

2. Pressure bomb (Mass Evolution, Houston, TX).
3. Magic C18 resin (Michrom Bioresources, Inc., Auburn, CA), 5 µ, 200 Α.
4. HPLC buffer A: 0.4% acetic acid and 0.005% heptafluorobutyric acid.
5. HPLC buffer B: 100% acetic acid, 0.4% acetonitrile, and 0.005% heptafluorobutyric

acid.
6. LCQ ion trap mass spectrometer with nanoelectrospray ionization source

(Thermofinnigan, Waltham, MA).

2.1.9. Data Analysis

1. SEQUEST software (Thermofinnigan).
2. Protein Prophet, Peptide Prophet, Xpress, ASAPratio (http://sashimi.sourceforge.net/).

2.2. Characterizing Changes in Complex Composition

2.2.1. Preparation of Murine Erythroleukemia Cell Nuclear Extracts

1. Cell culture medium: RPMI 1640, 10% fetal bovine serum, 100 U/mL penicillin,
0.1 mg/mL streptomycin, and 2 mM glutamine.

2. Buffer A: 10 mM HEPES, pH 7.9, 1.5 mM MgCl2, and 10 mM KCl. Store at
4°C. Add 0.5 mM DTT and protease inhibitors cocktail EDTA-free (Roche)
before use.

3. Buffer B: 20 mM HEPES pH 7.9, 1.5 mM MgCl2, 600 mM KCl, 25% glycerol,
and 0.2 mM EDTA. Store at 4°C. Add 0.5 mM DTT and protease inhibitors cock-
tail EDTA-free (Roche) before use.

4. Buffer C: 20 mM HEPES pH 7.9, 5 mM MgCl2, 100 mM KCl, and 20% glycerol.
Store at 4°C. Add 0.3 mM DTT and protease inhibitors cocktail EDTA-free
(Roche) before use.

2.2.2. Immunopurification of Protein Complexes

1. p18-Specific rabbit polyclonal antibodies (Santa Cruz, Santa Cruz, CA, sc-477).
2. Normal rabbit immunoglobulin G (IgG) (Santa Cruz, sc-2027).
3. Protein A-sepharose resin (Pharmacia, New York, NY).
4. Dimethylpimelimidate (DMP) (Sigma-Aldrich).
5. Crosslink buffer A: 3 M NaCl and 50 mM Na borate, pH 9.0.

http://sashimi.sourceforge.net/
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6. Crosslink buffer B: 3 M NaCl and 200 mM Na borate, pH 9.0.
7. 0.2 M ethanolamine, pH 8.0.
8. IP buffer: 25 mM Tris-HCl, pH 7.9, 5 mM MgCl2, 10% glycerol, and 0.1% NP-

40. Store at 4°C. Add 0.3 mM DTT and protease inhibitors cocktail EDTA-free
(Roche) before use.

9. Elution buffer: 6 M urea. Prepare fresh.

2.2.3. Stable Isotope Labeling With ICAT Reagents (see Subheading
2.1.3.)

1. Nanosep 3K centrifugal devices (Pall Corporation, New York, NY).

2.2.4. Preparation of Control Peptides
1. 1-cc MCX cartridges (Waters).

3. Methods
We describe methods for characterizing the composition of protein com-

plexes and for detecting changes in the composition of complexes using stable
isotope tagging and MS. In both approaches, single-step affinity purifications
can be used for complex isolation. Owing to the high resolving power of liquid
chromatography–mass spectrometry (LC–MS) techniques, the copurifying
contaminants are not detrimental. In fact, they are actually useful for calibrat-
ing a common ratio. In addition, the potential for sample losses and for the
dissociation of weakly interacting factors is minimized by using single-step
affinity purifications. In the method for characterizing the composition of pro-
tein complexes, specific complex components are distinguished from nonspe-
cific, copurifying proteins by comparing the relative abundance of isotopically
labeled peptide pairs derived from affinity purification of the complex of inter-
est and a control purification that is performed in parallel (8,9). In the example
presented here, a previously uncharacterized yeast protein is tagged with a
FLAG epitope at its’ chromosomal locus, and extracts are prepared from this
strain and from an untagged strain (10). Immobilized anti-FLAG antibodies
are used to purify the FLAG-tagged protein along with associated proteins. In
an attempt to preserve complex interactions, the antibody resin is washed with
a buffer containing low concentrations of salt and detergent (100 mM potas-
sium acetate, 0.05% NP-40). Proteins are eluted from the resin by competition
with a triple FLAG-containing peptide and prepared for labeling with ICAT
reagents by concentration and buffer exchange with filtration devices. After
labeling with ICAT reagents, the protein mixtures are combined and digested
with endoproteinase Lys-C and trypsin. Peptides are fractionated on strong
cation exchange columns and ICAT-labeled peptides are then isolated by avi-
din affinity chromatography. Labeled peptides are analyzed by microcapillary
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reversed-phase liquid chromatography (µLC), electrospray ionization, tandem
mass spectrometry (MS/MS), and peptides are identified by sequence database
searching using the search algorithm SEQUEST (13). The relative abundances
of identified ICAT-labeled peptide pairs are determined from the ratio of the
peptides’ signal intensities using Xpress (14) or ASAPratio software (15). Bona
fide components of the complex (or complexes) are identified by their increased
abundance in the specific purification compared with the nonspecific purifica-
tion. The significance of each peptide and protein identification is estimated
using the software tools, Peptide Prophet (16) and Protein Prophet (17).
ASAPratio provides a statistical assessment to help distinguish potential com-
plex components with significant abundance changes from the population of
nonspecific proteins.

In the method for detecting changes in complex composition, the transcrip-
tion factor p18NF-E2/MafK is immunopurified from murine erythroleukemia
(MEL) cell extracts, derived from either proliferating or differentiating cells,
using an immobilized p18-specific antibody (12). After washing the antibody
resin, the bound proteins are eluted by incubation with 6 M urea for 2 h at
37°C. Control immunopurifications are performed in parallel using normal rab-
bit IgG. Eluted proteins from the p18 immunopurifications are prepared for
isotopic tagging and MS analysis as previously described. Proteins from the
control purification are directly analyzed by MS without isotopic tagging (see
Note 4). Protein identification and relative abundance ratios are determined
using SEQUEST (13) and Xpress (14), or ASAPratio (15), respectively. Only
proteins that are enriched in the p18-specific purifications and are not detected
in the control fractions (as tested by MS and/or Western blot) are considered
p18-interacting proteins. The significance of each peptide and protein identifi-
cation was estimated using Peptide Prophet (16) and Protein Prophet (17).

3.1. Characterizing the Composition of Protein Complexes

3.1.1. Preparation of Yeast Nuclear Extracts

(http://www.fhcrc.org/labs/hahn/methods/biochem_meth/)

Day 1
1. The Saccharomyces cerevisiae strains JRY14 (TFB5-FLAG) and BWG1-7a

(untagged) are grown in YPD medium to an OD600 of three at 30°C. For wild-type
cells, approx 2.5 mL of a saturated overnight culture inoculated per liter at 5:30
pm gives A600 of approx three at 9:00 AM. Grow 3 L of cells.

2. Harvest cells in 1-L bottles (4500g for 10 min, i.e., 4000 rpm in a Beckman J6-
HC centrifuge). Drain excess media as well as possible and weigh cells. Expected
yield is 20–35 g cells. If cells are overgrown, zymolyase will work poorly in
spheroplasting cells.

http://www.fhcrc.org/labs/hahn/methods/biochem_meth/
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3. Resuspend cell pellets in 35 mL 50 mM Tris-HCl, pH 7.5 and 30 mM DTT. Usu-
ally this can be done by gently shaking the centrifuge bottles. Leave cells in 1-L
bottles. Incubate at 30°C for 15 min.

4. Pellet cells (4500g for 8 min) and resuspend in 20 mL YPD/S. Add 2–3 mL 2 M
sorbitol and an equal volume 6 mg/mL zymolyase solution. The amount required
can vary from approx 12–18 mg depending on the yeast strain. Incubate at 30°C
with occasional gentle mixing (see Note 5).

5. Check progress of spheroplasting every 15 min. To check, mix 4 µL of cells with
4 µL 1% SDS on a glass slide. Observe the number of cell ghosts under the
microscope. Incubate cells until about 80% spheroplasts are obtained. This can
take anywhere from 30 min to 2.5 h. If cells are spheroplasting slowly after 1 h,
an extra 1–2 mL of zymolyase can be added. However, if cells were overgrown
(A600 >5), they may never spheroplast. Spheroplasting is also somewhat strain
dependent.

6. After spheroplasting has reached about 80%, add 100 mL YPD/S (room tempera-
ture) and pellet cells (4500g for 12 min).

7. Resuspend cells in 250 mL YPD/S (room temperature) and incubate at 30°C for
30 min to allow cells to recover. The resuspension of spheroplasts works best if a
small volume (~50 mL) of YPD/S is first added and cells are resuspended using
a baking spatula. Then add the remaining YPD/S.

8. Pellet cells (4500g for 12 min) and resuspend in 200 mL cold YPD/S (4°C).
Resuspend as in step 7. Keep everything cold from this point on. Cells can be
kept on ice for an hour or so if other cells are still spheroplasting.

9. Repeat step 8.
10. Pellet cells (4500g for 12 min) and resuspend in 250-mL cold 1 M sorbitol.
11. Pellet cells (4500g for 12 min) and drain sorbitol media as well as possible (care-

ful—sometimes the spheroplast pellet is not very tight). Resuspend in 100-mL
buffer A at 4°C.

12. Dounce the spheroplasts three times using a B-type pestle. Transfer dounced cells
to 250-mL centrifuge bottles.

13. Spin at 4100g for 8 min (5000 rpm in a GSA rotor). Transfer supernatant to new
centrifuge bottles. Do not worry about the slimy loose pellet that also transfers.
Repeat.

14. Spin supernatant at 4100g for 5 min. Transfer supernatant to a new centrifuge
bottle. Repeat. By the last (fourth) spin, the slimy nonpelleted material should be
nearly gone and the pellets firm.

15. Transfer supernatant to 50-mL centrifuge tubes and pellet crude nuclei. Spin
20,200g for 30 min (13,000 rpm in an SS34 rotor). Remove supernatant by de-
canting and remove the remaining supernatant by inverting the tubes.

16. Resuspend crude nuclear pellets with a small spatula in 10-mL buffer B and trans-
fer to 50-mL screwcap tubes. The prep can be stopped at this point. Quick freeze
and store resuspended nuclear pellets at –70°C.

Day 2
1. Thaw nuclei on ice and measure volume. Add 3 M ammonium sulfate (pH 7.5) to
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0.5 M final concentration (1/5 original volume of nuclei), and immediately mix
and incubate on roller in cold room for 30 min. After 10 min, break up any lumps
with a glass rod. This step lyses nuclei.

2. Transfer to SW28 thick-walled ultracentrifuge tubes and spin at 141,000g for 90
min at 4°C in an ultracentrifuge.

3. Carefully remove supernatant with a 5-mL pipet (and Pasteur pipet if necessary)
being careful to avoid the pellet. Do not worry about the white floating material.
Transfer to a 50-mL screwcap tube.

4. Add 0.35 g solid ammonium sulfate per milliliter supernatant and immediately
incubate on cold room roller for 30 min. The ammonium sulfate can be added all
at once if a number of preps are being done. However, it is best if ammonium
sulfate is added slowly while stirring supernatant in a beaker. The pH should
remain greater than 7.0 (it almost always does) but should be checked. Adjust pH
with 1 M NaOH, if necessary.

5. Transfer to thick-walled ultracentrifuge tubes and spin in SW28 at 18,000g for
20 min at 4°C. Remove supernatant by dumping and respin pellets at 18,000g for
4 min. Carefully remove all remaining supernatant with a Pasteur pipet.

6. Resuspend pellets in buffer C containing DTT and protease inhibitors. Depend-
ing on protein pellet size, resuspend in 0.4–1.5 mL buffer. This can be done with
a small dounce homogenizer or a blue pipet tip depending on the amount of pro-
tein. Extracts can be frozen on dry ice and stored at –70°C at this point.

7. Dialyze nuclear extracts against 500 mL buffer C + 75 mM ammonium sulfate at
4°C. Exchange buffer after 2 and 4 h.

8. Aliquot extract and store at –70°C.
9. Measure the protein concentration using a Bradford assay. It may be difficult to

get reproducible measurements of protein concentration using the Bio-Rad assay.
This modified method works well. Dilute extract one-quarter in 0.1% SDS. Add
1–2 µL of diluted extract to 0.8 mL water in a 13 × 100-mm disposable test tube.
Add 1 µL 0.1% SDS to protein standards. Add 0.2 mL dye reagent. After 10 min,
read absorbance at A595. Extracts should be 25–50 mg/mL in protein. Protocol
available online at http://www.Fhcrc.org_labs_hahn_methods_biochem_meth_.

3.1.2. Immunopurification of Protein Complexes

1. 12.5-mg nuclear extract from JRY14 (TFB5-FLAG) and BWG1-7a is diluted to
5 mL in buffer IP, incubated at 22°C for 10 min, and then centrifuged at 3000g
for 2 min. The supernatant is retained.

2. 2 mL of a 50% slurry of FLAG-M2 agarose beads is prepared by washing with 20
mL buffer IP in a 10-mL Bio-Rad (Hercules, CA) column, followed by washing
with approx 4 mL 0.1 M glycine pH 3.5 over 15 min. Next, the beads are equili-
brated with 10 mL buffer IP. Be careful not to overexpose the beads to acidic
glycine.

3. Transfer 1 mL of the 50% slurry of FLAG-M2 beads to a 15-mL tube. Gently
pellet the beads by centrifuging at 1000g for 5 min. Remove the supernatant, and
add the clarified extracts. Extracts are incubated with the beads for 2 h at 4°C

http://www.Fhcrc.org_labs_hahn_methods_biochem_meth_
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with gentle agitation, after which the beads are pelleted at 1000g for 5 min and
the supernatants are removed. Save the supernatants for monitoring binding effi-
ciency.

4. The beads are washed twice with 12 mL buffer IP, and then twice with 12 mL
buffer EL, by incubating them for 5 min at 4°C with gentle agitation.

5. Beads are transferred to mini spin columns (Bio-Rad), the supernatant is dis-
carded, and proteins are eluted by incubating beads in 0.5 mL buffer EL contain-
ing 0.1 mg/mL 3X FLAG peptide for 30 min at 22°C. The supernatant is collected
and the elution step is repeated. The beads are washed with 0.5 mL buffer EL and
the wash is combined with the previous elutions. Save approximately one-forti-
eth of the eluates for analysis by Western blotting and silver-stained sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

3.1.3. Stable Isotope Labeling With ICAT Reagents

1. Eluted protein samples (each containing approx 30 µg of total protein) are con-
centrated to approx 50 µL in Microcon 10 devices by centrifuging at 3000g in the
cold room. The buffer is exchanged by addition of 500 µL of TE 8.3 containing
50 mM NaCl, and the volume is reduced to approx 25 µL. Save an aliquot of the
concentrated samples for analysis by SDS-PAGE (see Note 6).

2. SDS is added to 0.3%, and the samples are boiled for 5 min.
3. Proteins are reduced with 5 mM TBP at 37°C for 30 min, and then diluted with

125 µL TE 8.3 containing 7.2 M urea.
4. Isotopically heavy or light ICAT reagents are added to 1.5 mM (see Note 7).

There are 175 nmol of reagent per tube. Briefly spin two tubes of isotopically
heavy and two tubes of isotopically light ICAT reagent in a microcentrifuge to
bring the reagent to the bottom of the tubes. Resuspend one tube of heavy and
one tube of the light reagent in 17.5 µL methanol (10 nmol/µL). Add each protein
solution to one tube of heavy or light ICAT reagent. To reach 1.5 mM ICAT
concentration, add an additional 5 µL of the appropriate reagent to each tube.
Vortex the samples thoroughly to resuspend the ICAT reagent, and incubate for
90 min at 22°C.

5. Reactions are quenched by addition of 10 mM β-mercaptoethanol or DTT for 20
min at 37°C. Optional: save an aliquot (~1/40) of each sample to monitor label-
ing efficiency by SDS-PAGE analysis.

3.1.4. Proteolysis and SDS-PAGE Analysis

1. Samples are combined, and proteins are digested by addition of endoproteinase
Lys-C (1:100 w/w) at 37°C for 3 h. SDS and urea concentrations are reduced to
0.01% and 1.2 M, respectively, by addition of TE 8.3, and samples are digested
with trypsin (1:20 w/w) overnight at 37°C. Optional: save an aliquot (~1/80) to
monitor digestion efficiency by SDS-PAGE analysis.

2. Before performing SCX fractionation, it is advisable to analyze the samples by
SDS-PAGE and silver staining to monitor digestion efficiency. Analyze an ali-
quot of the starting samples, the ICAT-labeled samples, and the combined



28 Ranish, Brand, and Aebersold

digested sample. The lane containing the digested sample should contain very
little full-length proteins. Trypsin migrates at 24 kDa and it may be visible. If the
sample is not completely digested, add more trypsin (1:20 w/w), and incubate at
37°C for 3 h.

3.1.5. SCX Fractionation of Peptides

This step removes SDS and trypsin, and permits reduction of sample complexity.

1. Peptides are diluted with an equal volume of SCX buffer and the pH is adjusted
to 3.0 with 10% trifluoroacetic acid (TFA). 10% TFA is added in 1–5 µL incre-
ments and the pH is monitored by spotting 1 µL of sample onto pH paper.

2. SCX cartridges are prepared by washing with 3 mL SCX buffer containing 1 M
KCl, and equilibrated with 3 mL SCX buffer (see Note 2). To wash SCX car-
tridges, fill a 1–2.5 mL Hamilton syringe with the appropriate solution, remove
air bubbles, insert the syringe needle into the needle port adapter, and slowly
depress the plunger. For washing and equilibrating, inject the solution so that two
to three drops per second flow from the outlet.

3. Peptides are slowly loaded onto equilibrated SCX cartridges (~1 drop/s). Save
the flow through. Peptides are successively eluted with 0.75 mL SCX buffer con-
taining 40, 200, 350, and 600 mM KCl into Eppendorf tubes (see Note 8).

4. To clean the SCX cartridge, wash with 2 mL SCX buffer containing 1 M KCl. To
store the column, wash with 2 mL SCX buffer. For long-term storage include
0.1% sodium azide in the wash. Cartridges can be reused approx 20 times
depending on the complexity of the samples.

3.1.6. Purifying ICAT-Labeled Peptides

1. Reduce the acetonitrile concentration by drying the samples under reduced pres-
sure to approx 350 µL, and dilute the samples twofold with 2X PBS (pH 7.2).
Adjust the pH to approx 7.0 with approx 10 µL 1 M ammonium bicarbonate.

2. Prepare a monomeric avidin cartridge by washing with 2 mL avidin elution
buffer, followed by 2 mL 2X PBS (pH 7.2) (~2 drops/s) (see Note 3).

3. Slowly load peptides onto avidin cartridges (~1 drop/s). Save the flow through.
4. Wash the cartridge with 2 mL 2X PBS (pH 7.2), followed by 1 mL 1X PBS (pH

7.2) to reduce the salt concentration.
5. Wash the cartridge with 1 mL avidin wash buffer. This step removes

nonspecifically bound peptides.
6. Wash with 1 mL Milli-Q water.
7. Peptides are eluted by slowly injecting 800 µL avidin elution buffer (1 drop/s).

Allow the first 50 µL to go to waste. Collect the remaining 750 µL in a glass vial.
8. To purify additional samples, repeat the procedure beginning at step 2.
9. To store the cartridge, wash with 2 mL avidin elution buffer, followed by 2 mL

2X PBS (pH 7.2). Include 0.1% sodium azide for long-term storage.
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3.1.7. Removing Biotin From ICAT-Labeled Peptides

1. Purified peptides are dried under reduced pressure.
2. Prepare the final cleaving reagent by combining cleaving reagent A and cleaving

reagent B in a 95:5 ratio. Approximately 90 µL of final cleaving reagent are
needed for each fraction.

3. Vortex to mix, then centrifuge for a few seconds to bring the solution to the
bottom of the tube.

4. Add approx 90 µL of freshly prepared cleaving reagent to each sample tube.
5. Vortex to mix, then centrifuge for a few seconds to bring the solution to the

bottom of the tube.
6. Incubate for 2 h at 37°C.
7. Centrifuge the tube for a few seconds to bring the solution to the bottom of

the tube.
8. Evaporate the sample to dryness in a centrifugal vacuum concentrator (~30–

60 min).

3.1.8. MS Analysis

1. Peptides are resuspended in 10% acetonitrile and 0.1% TFA.
2. Peptides are pressure loaded onto in-house prepared 10 cm × 75-µm fused silica

microcapillary columns packed with 5 µ Magic C18 beads and equilibrated with
HPLC buffer A containing 10% acetonitrile using a pressure cell at 1000 psi
helium (see Note 9).

3. Columns are placed in-line with a mass spectrometer that is capable of acquiring
tandem mass spectra. Peptides are resolved by running 80 min gradients from
10–40% HPLC buffer B at 0.3 µL/min, and analyzed by automated data-
dependent MS/MS. The mass spectrometer is set to scan from 400–1800 m/z
followed by one data-dependent MS/MS scan on the most abundant ion. Dy-
namic exclusion is set to exclude ions that have been selected for MS/MS analy-
sis for 2 min with a mass window of 2 Da.

3.1.9. Data Analysis

1. Peptides are identified by searching MS/MS spectra against an appropriate data-
base using the SEQUEST algorithm. For ion trap data, peptide mass tolerance is
set at 3 Da, and average masses are used for the precursor masses and for frag-
ment masses. The mass of cysteine is statically modified by 227.13 Da, which
accounts for the mass of the isotopically normal form of ICAT after the cleavage
reaction that is added to the peptides. In addition, the mass of cysteine is differen-
tially modified by 9.03 Da to account for peptides modified with the isotopically
heavy form of the ICAT reagent. Methionine is also differentially modified with
16 Da to account for oxidized methionine residues.
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2. Next, the search results are analyzed with the programs Peptide Prophet and Pro-
tein Prophet (16,17). These programs estimate the probability of each peptide and
protein identification using a statistical model that is based on a number of criteria,
including Sequest search scores and the number of tryptic termini of peptides. We
typically select proteins with probability values > 0.9 for further analysis.

3. The relative abundance ratios of correctly identified ICAT-labeled peptide pairs
are determined using XPRESS (14) or ASAPratio (15) programs. Ratios are cal-
culated by comparing the summed ion intensity of each peptide over its elution
peak. To adjust for any systematic error from sample handling, ASAPratio nor-
malizes the abundance ratios. This is done by generating a ratio distribution from
the logarithm (base 10) of all peptide ratios, fitting it with a normal distribution,
and setting the most common ratio to 1.

4. Specific complex components are distinguished from nonspecifically,
copurifying proteins by inspection of the distribution of all abundance ratios.
ASAPratio calculates a p-value for each protein from the distribution that can be
used to distinguish true interactors from the background of copurifying proteins
(see Note 10).

3.2. Characterizing Changes in Complex Composition

3.2.1. Preparation of Mouse MEL Cell Nuclear Extracts

1. MEL cells are grown in spinner flasks in RPMI cell culture medium up to a con-
centration of 1.5 × 106 cell/mL, in the absence (proliferating) or presence (differ-
entiated state) of 2% dimethyl sulfoxide. Grow 8 L of each differentiation state.

2. Nuclear extracts from proliferating and differentiating cells are prepared sepa-
rately.

3. Cells are harvested in 500-mL conical tubes (500g for 10 min at 4°C, i.e., 1500
rpm in a Beckman Allegra X-15R, rotor SX 4750), and washed with five packed
cell volumes (PCVs) of ice-cold PBS buffer.

4. Cells are resuspended in five PCVs of ice-cold buffer A, and incubated on ice for
10 min to allow swelling.

5. Cells are pelleted (500g for 10 min), resuspended in two PCVs of ice-cold buffer
A, and lysed on ice by 10 dounces using a B-type pestle (Kimble/Kontes,
Vineland, NJ). Cell lysis is checked under a microscope using Trypan blue.

6. Nuclei are pelleted at 25,000g for 30 min at 4°C (Beckman Coulter, Inc., Fuller-
ton, CA; rotor JA25.50) and the supernatants are discarded.

7. Nuclei are resuspended in one nuclear pellet volume of ice-cold buffer B, and
nuclear proteins are extracted on ice by 10 dounces using a B-type pestle (Kimble/
Kontes), followed by a 30-min incubation on a roller in the cold room.

8. Nuclear extracts are recovered after centrifugation at 25,000g for 30 min at 4°C
(Beckman Coulter, Inc.; rotor JA25.50), and dialyzed twice against 50 vol of
buffer C for 2 and 12 h, respectively.

9. After dialysis, nuclear extracts are further centrifuged (17,000g for 15 min at
4°C) to eliminate proteins that precipitated during dialysis. The supernatants are
then recovered and NP-40 is added up to 0.1% final volume.
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10. Nuclear extracts are aliquoted, snap frozen in liquid nitrogen, and stored at –80°C.
11. The total protein concentration is measured using a Bradford assay, and should

be 1–5 mg/mL for the differentiated extract and 5–10 mg/mL for the proliferating
extract.

3.2.2. Immunopurification of Protein Complexes

3.2.2.1. CROSSLINK OF P18-SPECIFIC ANTIBODIES ON PROTEIN A SEPHAROSE

1. The pH of the antibody solution (containing 1.6 mg of p18-specific antibodies) is
adjusted to 9.0 with NaOH. NaCl is added to this solution up to a final concentra-
tion of 3 M. Check the pH again and eventually readjust to 9.0 with NaOH.

2. 1.6 mL of protein A-Sepharose resin is washed with 10 vol H2O and equilibrated
with 10 vol of IP buffer containing 100 mM KCl.

3. Mix the antibody solution with the protein A-Sepharose resin for 1 h at room
temperature with rotation.

4. The beads are washed twice with 10 vol of crosslink buffer A and resuspended in
10 vol of crosslink buffer B. Save an aliquot for Coomassie-stained SDS-PAGE
analysis of the crosslink.

5. Add dimethylpimelimidate (DMP) to bring the final concentration to 20 mM and
mix for 30 min at room temperature with rotation. Save an aliquot for Coomassie-
stained SDS-PAGE analysis of the crosslink.

6. The reaction is stopped by washing the beads once in 0.2 M ethanolamine and
incubating in 0.2 M ethanolamine for 2 h at room temperature with rotation.

7. The antibody-bound beads are equilibrated with IP buffer containing 100 mM
KCl by washing three times with 10 bed volumes.

8. The efficiency of the crosslink is verified by the absence of the antibody heavy
chain in the samples after crosslink as analyzed on the Coomassie gel.

3.2.2.2. CROSSLINK OF NORMAL RABBIT IGG ON PROTEIN A-SEPHAROSE

1. Normal rabbit IgG (200 µg) is crosslinked to protein A-Sepharose (200 µL) resin
with 20 mM final of dimethylpimelimidate, as described in Subheading 3.2.2.1.

3.2.2.3. IMMUNOPURIFICATION USING P18-SPECIFIC ANTIBODIES

1. 8 mL of nuclear extract from proliferating and differentiating cells (containing
equal amounts of p18) are separately incubated with the p18-specific antibody-
bound resin (0.8 mL each) at 4°C for 12 h with rotation. Beads are recovered by
centrifugation at 500g for 5 min and the supernatants (unbound proteins) are kept
for analysis by Western blot.

2. Antibody-bound proteins are washed twice with 10 bed volumes of ice-cold IP
buffer containing 300 mM KCl, and equilibrated similarly with IP buffer con-
taining 100 mM KCl. All washes are kept for analysis by Western blot.

3. Bound proteins are then eluted by incubation with one bed volume of preheated 6
M urea for 2 h at 37°C with rotation. Approximately one-fortieth of the eluates
are saved for analysis by Western blot and silver-stained SDS-PAGE.
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3.2.2.4. CONTROL IMMUNOPURIFICATION USING NORMAL RABBIT IGG

1. 1 mL of nuclear extract from proliferating and differentiating cells (containing
equal amounts of p18) are separately incubated with the normal rabbit IgG resin
(0.1 mL each) at 4°C for 12 h with rotation.

2. Samples are then treated as described in Subheading 3.2.2.3., and proteins are
eluted in 100 µL 6 M urea.

3.2.3. Stable Isotope Labeling With ICAT Reagents

1. Eluted proteins from the p18 purifications (each containing approx 3 µg of total
protein) are concentrated to 25 µL each in Nanosep 3 K centrifugal devices (see
Note 6).

2. The solutions are adjusted to 20 mM Tris-HCl, pH 8.3 and 1 mM EDTA. Keep an
aliquot for analysis by silver-stained SDS-PAGE.

3. The proteins are denatured by adding SDS to 0.3% and heating to 37°C (see Note
11).

4. The samples are reduced by addition of TBP to 5 mM and incubation at 37°C for
30 min. Samples are then diluted with 125 µL TE 8.3 buffer containing 54 mg of
urea in order to obtain final concentrations of 0.05% SDS and 6 M urea.

5. One tube of heavy and one tube of light ICAT reagent are briefly spun in a
microfuge to pellet the reagent. Protein solutions are added separately to each
tube of ICAT reagent and after vortexing thoroughly, the tubes are incubated
with shaking for 90 min at 22°C.

6. Reactions are quenched by addition of 10 mM β-mercatopethanol or DTT for 20
min at 37°C. Optional: save an aliquot (~1/40) of each sample to monitor label-
ing efficiency by SDS-PAGE analysis. Please refer to Subheadings 3.1.4.–3.1.6.
for the remainder of the protocol.

3.2.4. Preparation of Control Peptides

A mixed bed cation exchange column is used to remove small molecules,
such as salts, SDS and urea, prior to MS.

1. The solutions containing eluted proteins from the control purifications are
adjusted to 20 mM  Tris-HCl, pH 8.3 and 1 mM  EDTA. Keep an aliquot for
analysis by silver-stained SDS-PAGE.

2. Proteins are reduced by addition of DTT to 2 mM and incubation at 37°C for 30
min.

3. Reduced cysteines are alkylated by addition of iodoacetamide to 10 mM, and
samples are incubated at 22°C for 20 min in the dark.

4. Proteins are digested by addition of endoproteinase Lys-C (1:100 w/w) at 37°C
for 3 h. The urea concentration is reduced to 1.2 M, by addition of TE 8.3, and
samples are digested with trypsin (1:20 w/w) overnight at 37°C. (Optional: save
an aliquot [~1/40] to monitor digestion efficiency by SDS-PAGE analysis.)

5. The pH of the samples is adjusted to approx 3.0 by addition of 10% TFA in small
aliquots (~1–5 µL) Check by spotting approx 1 µL to pH paper.
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6. Prepare a 1-cc MCX mixed bed cation exchange cartridge by wetting with 2 mL
methanol, followed by washing with 5 mL 80% acetonitrile, 0.1% TFA, 2 mL
water, 2 mL 10% ammonium hydroxide, 90% methanol, and 2 mL water.

7. Equilibrate with 2 mL 0.1% TFA.
8. Load sample slowly to the cartridge.
9. Wash with 5 mL 80% acetonitrile and 0.1% TFA.

10. Wash with 2 mL water.
11. Elute with 1 mL 10% ammonium hydroxide and 90% methanol prepared fresh.
12. Dry samples in speed-vac (avoid drying acidic samples at the same time), and

resuspend samples in 0.5 % acetonitrile and 0.1 % TFA. For information on MS
analysis and data analysis, please see Subheadings 3.1.8. and 3.1.9., respectively.

Data was analyzed as described in Subheading 3.1.9., and a histogram of
the measured abundance ratios was plotted. A ratio of 1.2 was assessed as in-
dicative of a significant enrichment either before or after differentiation. This
value was chosen after examining the abundance ratios obtained for p18 and
for the nonspecific proteins (the ones present in both the p18 fractions and the
control fractions), which served as internal controls, and displayed an average
ratio < 1.2 (see Note 4). It should be noted that owing to the variation of the
signal-to-noise ratios between different peptides, in some cases the abundance
ratios should only be regarded as tendency of enrichment and not as absolute
enrichment values between different proteins.

4. Notes

1. Tris (2-carboxyethyl) phosphine hydrochloride (TCEP·HCl; Pierce, Rockford,
IL) can be used instead of TBP. It is water soluble. A 0.2 M solution is prepared
in 100 mM Tris-HCl, pH 8.3.

2. SCX microcolumns can be prepared in cases where there is a small amount of
sample (i.e., ~10 µg). Western Analytical Products, Murrieta, CA sells 1 × 10-
mm SCX cartridges.

3. When working with small amounts of sample (i.e., ~10 µg starting material)
immobilized monomeric avidin (Pierce) can be used by packing it into a
microcolumn from Western Analytical Products or into a Pasteur pipet blocked
with glass wool.

4. With the use of iTRAQ reagents (Applied Biosystems), it is now possible to com-
pare the relative abundance ratios of up to four samples in one MS experiment.
This is very useful in experiments directed at detecting changes in complex com-
position because the proteins from control experiments can be isotopically tagged
and analyzed along with the proteins from the specific purifications. Thus, in one
experiment it is possible to accurately distinguish specific complex components
from nonspecific proteins, and to detect dynamic changes in complex composi-
tion. Mass spectrometers that can detect fragment ions between 114 and 117 m/z
are required for quantification of iTRAQ-labeled peptides.
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5. Recombinant lyticase (Sigma-Aldrich) can be used instead of zymolyase. It is
supposed to contain lower levels of proteases than zymolyase. When using
lyticase, step 9 of the extract prep in Subheading 3.1.1. can be omitted.

6. A fraction of the sample can be analyzed on a silver-stained SDS-polyacrylamide
gel along with a titration of a standard protein. This is useful for assessing the
quantity, quality, and complexity of the sample.

7. In cases where larger amounts of protein are being labeled, it is important to use
enough ICAT reagent to label all of the cysteine residues in the sample. To esti-
mate the total amount of cysteine in the sample, measure the protein concentra-
tion of the sample, calculate the number of moles of protein assuming an average
molecular weight of 50 kDa, and multiply this number by 6 (approximately six
cysteine residues per protein). ICAT can be added in a fivefold molar excess over
the total moles of cysteine.

8. The number of fractions collected depends on the complexity and quantity of the
sample.

9. Many laboratories use autosamplers (i.e., Famos autosampler) in place of pres-
sure bombs for loading samples onto C18 columns.

10. When analyzing the data, it is important to consider the following factors: (1) in
a typical experiment, the accuracy of quantification is around 20–25% and (2) for
low abundance peptides or peptides with low ionization efficiency, the measured
enrichment values may be affected by signal to noise issues.

11. If urea is used for eluting proteins, the sample should not be boiled before reduc-
ing and labeling. Urea can carbamylate proteins at high temperatures. Incubation
at 37°C for 30 min is sufficient for denaturing the proteins.
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Stable Isotope Labeling by Amino Acids in Cell Culture
for Quantitative Proteomics

Shao-En Ong and Matthias Mann

Summary
Mass spectrometry (MS)-based quantitative proteomics is an increasingly popular

approach to study changes in protein abundances in biological samples. Stable isotope
labeling by amino acids in cell culture (SILAC), one of the more widely used methods
for quantitative proteomics, is a metabolic-labeling strategy that encodes whole cellular
proteomes. Cells are grown in a culture medium where the natural form of an amino acid
is replaced with a stable isotope form, such as arginine bearing six 13C atoms. Incorpora-
tion of the “heavy” amino acid occurs through cell growth, protein synthesis, and turn-
over. SILAC allows “light” and “heavy” proteomes to be distinguished by MS while
avoiding any chemical derivatization and associated purification. In this chapter, we
provide detailed SILAC protocols and explain how to incorporate SILAC into any
experiment.

Key Words: SILAC; stable isotope labeling; mass spectrometry; proteomics; gene
expression.

1. Introduction
Several key advances in mass spectrometry (MS)-based proteomics over the

past decade have provided entirely new perspectives in protein analysis and
greatly accelerated the study of biological systems. These advances include the
development of nano-flow liquid chromatography (LC) coupled to automated
mass spectrometric analyses, faster and more sensitive mass spectrometers,
and new methods for quantitation of protein abundances with MS (1).

MS is not inherently quantitative, as peptide ionization efficiency cannot be
predicted. Therefore, more accurate quantitation in MS is facilitated through
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the use of stable isotope-labeled standards. Stable isotope labels such as 13C,
2H, 15N, and 18O are incorporated in place of the natural abundance isotope in
the ”heavy” standard. This increases the mass of the labeled species, but keeps
the chemical structure and hence other properties, as similar to the analyte of
interest as possible (Fig. 1). This approach to quantitation is well established in
small molecule quantitation in the pharmaceutical industry.

Stable isotope labeling by amino acids in cell culture (SILAC) is a meta-
bolic-labeling strategy in quantitative proteomics to label whole proteomes.
This is done through incorporation of stable isotope-labeled amino acids, like
L-arginine containing six 13C, through natural protein turnover and cell growth
(2–4). Cells are cultured in two separate medium formulations, the “light”
medium with amino acids of natural isotope abundance while the “heavy”
medium contains the SILAC amino acid of choice (see Note 1). In contrast to
radioactive labeling in biology, such as commonly used pulse-chase experi-
ments with 32P or 35S-Met, SILAC seeks to replace the labeled amino acid
within the proteome completely (see Fig. 2 and Note 2). Furthermore, with
radioactivity, detection with scintillation counters or film registers the signal
from the radioactive material only; full incorporation is neither necessary to
detect signal nor to make relative comparisons. SILAC depends on MS for
readout, thus even a small percentage of unlabeled amino acid will be detect-
able as a population of unlabeled peptides. When proteins or peptides from
unlabeled and labeled samples are analyzed by MS, they are separated by a
residue-specific mass difference corresponding to the number of stable isotope
labels (arg, lys), as well as the number of residues of the labeling amino acid
incorporated (such as one or two args in a peptide). This is a significant advan-
tage over the 15N metabolic-labeling approach as it is possible to identify a
“light” and “heavy” peptide pair by mass difference alone and without having
to first identify the peptide. The SILAC method is simple and robust, and labels
entire proteomes without chemical derivatization or sample handling steps.
Labeled cells can be mixed at the stage of whole cells, making the SILAC
approach ideally suited to quantitative proteomics experiments that study
subproteomes like cellular organelles, as complex purification protocols can
be performed without any detrimental effect on quantitative accuracy. The
method was first demonstrated for the quantitation of protein abundance
changes during a time course of myoblast differentiation in mouse C2C12 cells
(2). It was extended to other formats, including global protein profiling (5,6),
functional assays in protein–protein interaction (7), identification of proteins
enriched in particular cellular structures (8,9), and multiplexed analyses with
triple encoding SILAC to simultaneously compare three cellular states (10–
12). SILAC has also been applied to study protein turnover (13,14), which is a
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unique capability of metabolic-labeling strategies. Furthermore, SILAC label-
ing with tyrosine (15), methionine (16), and complete labeling with arginine
and lysine (17,18) has proven to be especially useful for the identification and
quantitation of protein posttranslational modifications (see Note 1).

Fig. 1. Encoding whole proteomes using stable isotope labeling by amino acids in
cell culture (SILAC). Cells growing in normal Dulbecco’s modified Eagle’s medium
(DMEM) medium are SILAC labeled by culturing them in DMEM medium contain-
ing a 13C6 stable isotope-labeled version of arginine in place of normal arginine (left
panel). After five cell doublings, every instance of arginine in each protein in these
cells are now “heavy,” 13C6-Arg. After subsequent digestion of the isolated proteins to
peptides by trypsin, arg-containing peptides are now six Da heavier than their
nonlabeled, “light” counterparts (multiple arg containing peptides will have n * six
Da, where n is the number of args) (right panel).
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The combination of high quantitative accuracy, flexibility in experimental
design and application, ease of use, and robustness makes SILAC a uniquely
powerful tool for quantitative proteomics. The rapidly increasing number of
applications of SILAC in cell culture systems and even the quantitation of tis-

Fig. 2. Adaptation of cells to allow full incorporation of the SILAC amino acid.
Starting from a single dish in normal Dulbecco’s modified Eagle’s medium, cells are
split into two separate dishes, containing “light” (�) and “heavy” (�) media, respec-
tively. Within a few hours, protein turnover and synthesis will result in incorporation
of the “heavy” amino acid (see Subheading 3.2. and Fig. 1). After five cell doublings,
virtually all proteins have incorporated the “heavy” amino acid. As this point, the two
cell populations are distinguishable in mass spectrometry and analysis of the mixture
of proteins from the two pools will allow direct quantitative measurements of protein
abundances.
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sues (19) are testaments to the power of this approach for quantitative
proteomics.

2. Materials
2.1. Preparation of SILAC-Labeling Medium

1. Here we describe the SILAC method using Dulbecco’s modified Eagle’s medium
(DMEM) and RPMI-1640, two widely used medium formulations, as examples.
By removing arginine, lysine, and methionine from standard formulations of
DMEM (Invitrogen, cat. no. 11885-084) and RPMI (Invitrogen, cat. no. 11875-
085), we can decide which of these amino acids to replace in the medium in their
stable isotope-labeled forms. The depleted media were obtained as custom syn-
thesized media products (Gibco-Invitrogen, Carlsbad, CA).

2. Stable isotope-labeled amino acids: L-arginine-13C6 hydrochloride (Cambridge Iso-
tope Labs, Andover, MA; cat. no. CLM-2265), L-arginine-13C6,15N4 hydrochloride
(Sigma-Isotec, St. Louis, MO; cat. no. 608033), L-lysine-13C6

15N2 hydrochloride
(Sigma-Isotec, no. 608041), and L-methionine-(methyl-13C2H3) (Sigma-Isotec, no.
299154 ).

3. Filter flasks for sterile filtration of media (Nalgene Nunc, Rochester, NY).
4. 10% (v/v) dialyzed fetal bovine serum (Gibco-Invitrogen) was supplemented to

both “light” and “heavy” media.
5. 1% (v/v) antibiotics (penicillin and streptomycin) and glutamine (Gibco-

Invitrogen) was supplemented.

2.2. Cell Culture, Lysis, and Gel Electrophoresis

1. The human adenocarcinoma cell line, HeLa, with a doubling time of approx 24 h
(ATCC, Manassas, VA) (see Note 3).

2. 0.25% trypsin solution with ethylenediamine tetraacetic acid (EDTA) for disso-
ciating attached cells in cell culture was from Gibco-Invitrogen.

3. Cell lysis buffer: 6 M urea and 2 M thiourea prepared in 50 mM Tris (Sigma-
Aldrich) and stored at room temperature.

4. Cell scrapers for lysing cells (Sarstedt, Newton, NC).
5. Estimation of protein amounts with Bradford assay (Bio-Rad, Hercules, CA).
6. Dithiothreitol (DTT; Sigma-Aldrich, D9163) and iodoacetamide (Sigma-Aldrich,

cat. no. I1149) for reduction and alkylation of proteins, respectively.
7. Polyacrylamide gel electrophoresis analysis was performed using the NuPAGE®

Novex 10% Bis-Tris gel system with the 2-morpholinethane sulfonic acid (MES)
buffer system (Invitrogen).

8. Colloidal Coomassie stain for visualizing proteins (SimplyBlue, Invitrogen).

2.3. Trypsin Digestion and Nano-Flow LC–MS

1. Gel destaining solution: 50% absolute ethanol in 50 mM ammonium bicarbonate
(Sigma-Aldrich). Stable at room temperature.

2. Washing buffer: absolute ethanol.
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3. Equilibration buffer: 50 mM ammonium bicarbonate (Sigma-Aldrich). Stable at
room temperature.

4. For enzymatic digestion of gel slices, trypsin (sequencing grade-modified trypsin;
Promega, Madison, WI) at 12.5 ng/µL with 50 mM ammonium bicarbonate was
prepared as needed and stored on ice.

5. Extraction solution 1: 30% acetonitrile in 0.1% trifluoroacetic acid. Stable at
room temperature for months.

6. Extraction solution 2: acetonitrile.
7. LC buffers:

a. Buffer A: 0.1% acetic acid.
b. Buffer B: 80% acetonitrile in 0.1% acetic acid.

2.4. Mass Spectrometric Data Analysis and Quantitation

1. MS instrument vendor supplied software to generate database search engine com-
patible MS/MS peak list files (mascot.dll with QSTAR XL [ABI-SCIEX], http:/
/www.matrixscience.com/help/instruments_analyst.html).

2. Search engine to analyze MS data: Mascot v1.9 or higher (Matrix Science LLC,
London).

3. Quantitation software: MSQuant (v1.4 or higher) (http://msquant.sourceforge.net)
(20).

3. Methods
3.1. Preparation of SILAC-Labeling Medium

Any defined medium formulation with known sources of amino acids can
be adapted for SILAC labeling. Simply leave out the amino acid for labeling
from a medium formulation so that the “light” and “heavy” amino acid stocks
supplied during medium preparation is the only available source of amino acid
to the growing cells. Although we describe SILAC in mammalian cell culture
here, the approach can be extended into other cell culture systems, such as
yeast (21), bacteria, plants (22), and whole organisms. The following example
describes preparation of SILAC-labeling medium for labeling with arginine-
13C6 (see Notes 1 and 4). We recommend obtaining amino acid depleted media
formulations compatible with all the SILAC-labeling strategies (arg, lys or met
alone, arg and lys), allowing flexibility in experimental design and media us-
age. For instance, when labeling with arginine, simply supplement normal iso-
tope abundance lysine and methionine to the media.

Cells may have to be adapted to grow in SILAC media because of slight
differences in medium formulations. In particular, dialyzed serum or altered
amino acid concentrations can alter growth rates in some cell types. An over-
view of the adaptation procedure is outlined in Fig. 2.

http://www.matrixscience.com/help/instruments_analyst.html
http://www.matrixscience.com/help/instruments_analyst.html
http://msquant.sourceforge.net
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1. Stable isotope-labeled amino acids like L-arginine-13C6 (Cambridge Isotope Labs),
L-lysine-13C6

15N2, and L-methionine-(methyl-13C2H3) (Sigma-Isotec) are dissolved
as concentrated stock solutions in either phosphate buffered saline or in the
medium lacking the amino acid. These were made as 1000X stocks for use in
DMEM where possible, depending on solubility of the individual amino acid.
Table 1 lists the concentrations of SILAC amino acid stock solutions made, see
Note 5.

2. Amino acids that are depleted in the formulation but not used in labeling are
replaced with the natural isotope abundance form. Here, although labeling with
arginine-13C6, normal lysine and methionine are supplemented to the medium.

3. Divide the medium into two portions—one aliquot for SILAC “light” and the
other for SILAC “heavy.”

4. Supplement the “light” and “heavy” forms of arginine to the respective aliquots.
5. Filter the media using filter flasks.
6. Dialyzed fetal bovine serum (Gibco-Invitrogen) was supplemented to both “light”

and “heavy” media at 10%. Dialyzing serum removes low molecular weight (<10
kDa) components and this removes amino acids and growth factors (see Note 2).

7. Antibiotics and glutamine (Gibco-Invitrogen) were added as 100X supplements
to both media.

3.2. Adaptation of Cells to SILAC-Labeling Media

1. Cells growing in normal DMEM were passaged into two separate dishes contain-
ing “light” or “heavy” SILAC media (see Fig. 2). Trypsin was used to detach
adherent cells from the dish. Continued maintenance and passaging of cells was
performed in the respective SILAC-labeling medium. Cells are passaged in a low
ratio (10–20% of cells in the confluent dish into the next passage) in early pas-
sages in order to reduce the amount of SILAC media used and also to ensure that
cells are allowed to undergo sufficient doublings for incorporation of the label.
After a minimum of five cell doublings, cells are expanded into the number of
dishes required for the experiment (see Notes 6–8).

2. When labeling with arginine in SILAC, arginine may be metabolically converted
to proline in some cell lines (HeLa is an example) (see Note 9). In order to mini-
mize the arg–pro conversion, we recommend performing a titration of arginine
concentration with all new cell lines and empirically determining the concentra-
tion at which metabolic conversion is minimized. The arginine concentration
determined to avoid the arg–pro conversion in our HeLa cell stocks is one-fourth
of DMEM concentration (21 mg/L). It is usually sufficient to perform the titra-
tion once for each cell stock, as the value should hold for all frozen cell stocks of
the same line. Importantly, note that the change in concentration of any of the
amino acids used should be made in both “light” and “heavy” media, effectively
nullifying any effect that the change in concentration may have on both cell
populations.
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Table 1
Concentrations of SILAC Amino Acid Stock Solutions for DMEM and RPMI-1640

Amino acid Final Final Conc. Working Working
concentration concentration Prepared stock for stock for

(DMEM, Invitrogen (RPMI, Invitrogen DMEN RPMI
11885-084 118875-085

Arginine 84 mg/L 240 mg/L 84 g/L 1000X 350X
13C6-Arginine 21.85 mg/L – 87.4mg/mL 4000X –
(see Note 4) (HeLa, 1/4th (HeLa, 1/4th

see Note 9 see Note 9
and text) and text)

Lysine 146 mg/L 40 mg/L 146 g/L 1000X 3650X
Methionine 30 mg/L 15 mg/L 30 g/L 1000X 2000X

44
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3.3. Application of the Differential Treatment to the SILAC Cells

1. Proteins from cells adapted to “light” and “heavy” SILAC media are distinguish-
able by MS. The perturbation to the cells is applied to the cells and both treated
and untreated cells harvested for analysis (see Note 10). The decision to treat
either the “light” or “heavy” cell population is entirely up to the investigator. It
can be very useful to repeat experiments and perform a reverse labeling, particu-
larly in some experimental designs (20). Briefly, if “heavy” cells are treated in
the first experiment, “light” cells are treated and “heavy” cells become the con-
trol in the repeated experiment. Ratio changes that indicate a perturbation-specific
change are inversed in the repeated experiment and, thus, fully recapitulate and
validate the finding.

3.4. Harvest of Cells, Lysis, and Estimation of Total Protein

1. Cells can be harvested using any standard protocol in tissue culture. In this
example using HeLa cells, aspirate the medium from the cells and rinse the at-
tached cells in warm phosphate buffered saline to remove remaining serum pro-
teins. This is done twice to reduce the amount of serum albumin (a major
component of serum) detectable in subsequent MS analyses. Scrape the cells in a
small volume of lysis buffer (750 µL for a 14-cm dish), vortex frequently to
ensure cell lysis, and obtain a small aliquot of each cell lysate for a Bradford
assay to estimate protein concentration.

2. Collect another set of unmixed “light” and “heavy” cell lysates and freeze these
(see Note 11). Analysis of these unmixed lysates may be necessary to ensure that
the cells have fully incorporated the SILAC amino acid. These unmixed protein
samples may also be used to calculate a correction factor for the mixing if incom-
plete incorporation has occurred (see Notes 2 and 6).

3. After having determined the protein concentrations of the lysates, dilute them
with lysis buffer to equalize the protein concentration between the “heavy” and
“light” lysate, if necessary. This will simplify subsequent mixing.

4. Mix the lysates in the desired proportions. A one-to-one mixing ratio is often
desirable, as it is much easier to identify these pairs in MS analyses. Changes in
protein abundances present themselves as fold changes in peptide intensities
between “light” and “heavy” peptides (see Note 12 and Fig. 3).

5. The disulfide bonds of cysteine in proteins are reduced with DTT (1 µg DTT:50
µg protein) and alkylated with iodoacetamide (5 µg iodoacetamide:50 µg pro-
tein) prior to gel separation.

6. Load the sample on the NuPage gel and stain the gel to visualize the proteins.
Divide the entire lane into equal slices, digest with trypsin, and process each gel
slice for MS analysis (see Note 13).

3.5. MS Analyses, Protein Identification, and Quantitation

1. Analysis of the peptide mixtures by LC–MS (not described in this protocol) will
generate several large data files. In our example, the data extraction script sup-
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Fig. 3. Quantitation of SILAC-labeled peptide pairs. The top panels show a “light”
(�) and “heavy” (�) peptide pair for a doubly charged peptide labeled with 13C6-
arginine. The mass separation between the pair is 6 Da. The top panels show indi-
vidual mass spectrometry (MS) scans of the peptide pair. The bottom panel is the
extracted ion chromatogram of the two peptides—“light” (solid line) and “heavy”
(dashed line) generated by plotting the intensities determined from the top panel over
chromatographic time. The fold abundance ratio can be determined in two ways:
determining the ratio of the intensities of each peptide from individual MS spectrums
(top panel) or by determining the ion chromatograms of the “light” and “heavy” pep-
tides as it elutes from the reversed-phase column, and then determining the ratio of the
areas under these curves (bottom panel).
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plied by Matrix Science (mascot.dll) generates a concatenated, formatted peak
list file comprising of all the tandem MS/MS experiments in a single LC–MS run
for database searching with the Mascot search program (v1.9 or higher).

2. The resulting “Peptide Summary Report” (saved in .html format) and the raw
QSTAR data file (.wiff) are the inputs required by MSQuant (v1.4).

3. Peptides are quantitated by obtaining a ratio between the “light” and “heavy pair.
Ratios for peptides from a protein are averaged to give the protein ratio. Figure 3
illustrates how quantitative information is derived from the MS spectrum.

4. Peptide and protein quantitation is performed by MSQuant in an automated fash-
ion. The software allows the user to manually inspect each peptide pair, validate
the quantitative data, and select appropriate spectra to include in determination
of the quantitative ratio (see Note 14) (1,23).

5. Normalization of the quantitative dataset may be necessary if the original mixing
ratio is not close to one-to-one (see Note 15).

3.6. Conclusion

As shown in this chapter, SILAC is a uniquely versatile quantitative
proteomics technology. Application is straightforward and only requires some
initial attention to cell culture conditions. We expect the utility of SILAC to
grow as many laboratories are currently adapting it to study a wide variety of
questions in cell biology, cell signaling, and biomedicine. At the same time,
the technology is being reduced to “kit form” by reagent companies. Currently,
the main impediment to widespread use is the availability of high performance
mass spectrometric instrumentation and especially quantitation software. When
all these building blocks are in place, SILAC may become a powerful adjunct
to the ubiquitous microarray platforms currently used to address “systems bio-
logical” questions.

4. Notes
1. The choice of labeling amino acid is important. Most crucially, the “heavy” amino

acid should provide at least a 4-Da separation of “heavy” and “light” peptides
(see Fig. 1). This reduces the overlapping of “light” and “heavy” peptide isotope
clusters and inaccurate quantitation (for example, with a 4-Da separation, isoto-
pic distributions of peptides of higher charge states [z > 4] will overlap). If pep-
tide clusters overlap, then deconvolution of the isotopic distributions would be
necessary to obtain accurate quantitative data. Arginine and lysine are useful for
labeling amino acids because trypsin cleaves after these residues and trypsin is a
very common proteolytic enzyme used in proteomics (24). In addition, using both
arginine and lysine will label essentially all tryptic peptides, except the carboxyl
terminal peptide of the protein. Therefore, because almost all peptides can be
quantified, this labeling strategy is very useful for the quantitation of
posttranslationally modified peptides (17,21). It can also be advantageous to label
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the posttranslationally modified residues directly, like tyrosine-13C9 in the case of
tyrosine phosphorylation (15) or methionine-(methyl-13C2H3), which labels the
methyl group in several methylated residues directly (16). The type of stable
isotope label is also important as deuterated molecules elute earlier than their
nondeuterated counterparts in reversed-phase chromatography (25). Although
using the more expensive 13C- and 15N-labeled amino acids will reduce this sepa-
ration between “light” and “heavy” peptides, these amino acids can also lead to
slight elution shifts, which in high accuracy experiments can dominate the
quantitation error. Noncoeluting peptides are more accurately quantified by their
extracted ion chromatograms (see Fig. 3).

2. Some cell lines do not grow well in dialyzed serum because of the loss of low
molecular weight growth factors, therefore, all cell lines should be tested before
a SILAC-labeling experiment. One possible workaround is to grow these cells
with a combination of undialyzed serum (2.5%) and dialyzed serum (7.5%),
although this leads to a small percentage of “light” peptides in the “heavy” cell
state (26). Determining the degree of incorporation in a separate analysis of the
“heavy” sample alone can provide a correction factor.

3. HeLa, the human adenocarcinoma cell line, is used in this protocol, but any mam-
malian cell line that can grow in dialyzed serum can also be used. The adaptation
of the protocol to other culture systems should adhere to the fundamental prin-
ciples of the SILAC mammalian culture system.

4. We expect that this methodology will be soon be commercially available from
several vendors, and may therefore be packaged under different trade names.
Regardless, these packages would come in a simple ready-to-use format, com-
plete with stable isotope labeled-amino acid, a common media formulation like
DMEM, and dialyzed serum. Although these packages are excellent for new us-
ers interested in testing SILAC in their experimental system, convenience does
come at a premium. We have found that it can be more economical to prepare
SILAC medium from components purchased separately, if larger experiments or
routine use is planned.

5. SILAC “heavy” amino acids are not sterile filtered as stock solutions to avoid
losses. Normal isotope abundance, “light” amino acids were prepared in the same
manner, but differences in the molecular weight of the amino acid were noted so
that molar equivalents of “light” and “heavy” amino acid were prepared in stock
solutions. Stock solutions of normal amino acids were filtered through a 0.22-µm
syringe filter.

6. A combination of protein turnover, new cell division, and protein synthesis con-
tributes to the incorporation of the SILAC amino acid. Even if one does not take
into account protein turnover, the maximum remaining unlabeled protein is (1/
2n)th of the total protein, where n is the number of cell divisions. Therefore, after
five cell doublings, one should minimally have 1–(1/25) or approx 97% of protein
in the labeled form.

7. Depending on the doubling time of the cells, it may be possible to achieve the
five cell doublings while expanding the cell culture to the required number of
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dishes. As an illustration, cultivating a single, confluent 10-cm dish into 10
confluent 14-cm dishes (an increase in 30X culture surface area) will achieve the
requisite number of doublings for full incorporation without discarding any cells.
Therefore, by passaging cells and using just a fraction of the original cell pool (a
1-in-10 split), the adaptation can be achieved on a much smaller and convenient
scale (10% of the confluent 10-cm dish into a confluent 14-cm dish is equivalent
to the previous example).

8. Cells can be continually passaged in SILAC-labeling media if necessary. The
cost of maintaining cells in “light” and “heavy” media may be high but would
save another adaptation period to the labeling media if a second round of experi-
ments is necessary.

9. The arg–pro interconversion is a result of an oversupply of arginine in the medium
for the particular cell line (27). Medium formulations have historically been
developed and evaluated by their ability to support cell growth. General medium
formulations like DMEM or RPMI-1640 are intended to support a large number
of cell lines and, thus, the concentration of any amino acid in the medium may be
far higher than required for normal growth. The titration series reduces the
amount of arginine used in steps, and through MS analyses, peptides that contain
proline and arginine are inspected to see if they contain a 13C6-Arg form, as well
as a 1C6-Arg and 13C5-Pro-containing form. This can be done by searching the
MS/MS data using both 13C6-Arg and 13C5-Pro as variable modifications in Mas-
cot or by visually looking for a coeluting satellite peak of mass 5 Da higher than
the 13C6-Arg-containing peptide. The usable arg concentration will usually be a
range of values rather than a narrow setpoint. Note however, that using too low
an arg concentration may result in a conversion of proline to arginine from the
proline present in the media, and potentially retardation in the growth rate of
cells.

10. Any differential treatment can be applied after full incorporation of the SILAC
label has taken place. Some examples include drug or growth factor treatment,
comparison of differentiated cells to undifferentiated cells, immunoprecipitation
of cell lysates to a different bait, or exposure to an external stimuli, such as ultra-
violet treatment. If the differential treatment is a prolonged cultivation step, such
as differentiation of cells into a different cell type (such as myoblast to myotube
differentiation), care should be taken to continually maintain the control state
and use the same number of cells, or the same amount of protein, in the final
comparison.

11. Analyses of unmixed cell lysates from a SILAC experiment serve as a good qual-
ity control for the experiment and can be essential for troubleshooting. This will
easily pinpoint potential problems in the experimental design and is strongly rec-
ommended in a new SILAC experiment.

12. Most often, protein abundances between abundant, housekeeping proteins will
remain unchanged (1:1 ratio) if the SILAC experiment is designed to track subtle
changes in protein abundance. The high accuracy and precision possible with
SILAC quantitative analyses (27) make it possible and highly desirable to per-
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form such experiments. Indeed, comparing two very different cell populations
with the SILAC (or any other) approach will yield a long list of quantitative
changes and the arduous task of validating each of these remains a challenge.

13. The one-dimensional gel separation coupled to nano-flow LC–MS is a popular
approach for proteomic analysis of samples. This system couples the high resolv-
ing powers of sodium dodecyl sulfate-polyacrylamide gel electrophoresis at the
protein level and the C18 reversed-phase separation at the peptide level (reviewed
in ref. 28). MS-based quantitation of SILAC samples can be performed with any
MS analytical workflow, including complex mixture analysis with in-solution di-
gests using one dimensional-LC–MS or multidimensional LC–MS, MALDI-based
workflows, and even the top-down approach with whole protein analyses (29).

14. In order to accurately quantify a peptide pair, overlapping isotopic peaks that
contribute to the signal of either member of the pair must be avoided or corrected
for. The isotopic distributions of the “light” and “heavy” pair should not overlap.
The signal-to-noise ratio of both members of a pair should be sufficiently high to
obtain good quantitative information. Furthermore, several spectra (ideally > nine
to model a Gaussian peak) of the peptide pair should be acquired across the elut-
ing peak in order to accurately plot their respective ion chromatograms. Software
for automated peptide and protein quantitation are useful for proteomic analyses
of larger datasets (RelEx [30], ASAPRatio [31], and MSQuant [http://
msquant.sourceforge.net] are examples of such software).

15. The ratios of these “unchanging” proteins are centered about the mixing ratio and
can sometimes be a useful normalization factor. For instance, if the protein con-
centration of the lysates determined by Bradford assay was inaccurate, and the
lysates were mixed in a 1:0.8 ratio, then the large proportion of unchanging com-
ponents would show the ratio of 0.8 (heavy-light). Dividing the quantitative ratios
in the entire dataset by the normalized mixing ratio will then yield the correct fold
change.
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Quantitative Proteomics of Mouse Brain and Specific
Protein-Interaction Studies Using Stable Isotope
Labeling

Toshitaka Sato, Yasushi Ishihama, and Yoshiya Oda

Summary
We describe a new method for quantitative tissue proteomics using culture-derived

isotope tags (CDIT), which are cells grown in stable isotope-enriched medium and added
to each tissue sample to provide internal standards. After protein identification by mass
spectrometry (MS), each peak derived from tissue protein is quantified relative to the cor-
responding CDIT peak. The amounts of each peak in different tissue samples can be com-
pared relative to CDIT. Even if the corresponding peak from CDIT can not be detected, a
peak with a similar scan number, but different sequence on liquid chromatography (LC)–
MS, can be used to obtain semiquantitative values. Absolute quantification is possible by
determining the protein amount in CDIT in advance using unlabeled synthetic peptides;
this is less costly than other methods, such as AQUA.

For identification of specific components in a protein complex, target proteins are
enriched or isolated by affinity techniques using bait-conjugated matrix, but many non-
specific binders are often found. Stable isotope labeling strategies have proven particu-
larly advantageous for the discrimination of proteins specifically associated with the
target population from nonspecifically, copurified contaminants. We also describe a pro-
tocol for efficient in-gel digestion and high-performance nano-LC column preparation,
which makes it possible to quantify larger numbers of proteins.

Key Words: Tissue proteome; in vivo labeling; metabolic labeling; stable isotope
labeling; relative quantification; absolute quantification; protein interaction; protein com-
plex; culture-derived isotope tag.

1. Introduction
In our original publication about in vivo labeling of proteins using heavy

isotope incorporation, protein expression profiles were quantified through the
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use of whole cell stable isotope labeling (1). The basic premise of this approach
involves growing cells on a medium lacking an essential nutrient and supple-
menting the medium with a stable isotope-labeled compound (reference cul-
ture). The advantages of this technique include minimal sample manipulation.
After the labeling, reference and sample cultures are mixed. Subsequent proce-
dures, such as cell lysis, protein extraction, sample work-up, and separation on
electrophoretic gels or liquid chromatography (LC), are thus identical for the
two cultures, eliminating the possibility that variability in these steps may af-
fect the calculated ratio of proteins of interest (2). However, in vivo labeling of
proteins in living cells with stable isotopes requires that the metabolic path-
ways be accessible to the label, and some samples, particularly animal tissues,
are very difficult to label with stable isotopes. Recently, Wu et al. reported a
method to label mammalian organisms by long-term feeding with a diet en-
riched in stable isotope (in vivo labeling) (3). The drawbacks of their method
are that it takes a long time (44 d) to get a labeled rat, the diet is expensive, and
some tissues, such as brain, can not be completely labeled with stable isotopes.
We have developed another quantitative approach to the mammalian proteome
using in vivo labeling (4). Mouse neuroblastoma Neuro2A cells were cultured
in 13C-labeled leucine-rich medium. We named these cells culture-derived iso-
tope tags (CDIT), and used them as comprehensive internal standards to nor-
malize the variations of sample preparation and analysis (Fig. 1). The CDIT
strategy was applied to quantify the mouse brain proteome.

Absolute concentrations of proteins in the sample are also important, in
addition to the relative concentrations between different stages. Conventional
methods, such as antibodies, enzymatic assays, and staining with dyes have
been used to measure the protein amounts. Another technique for absolute
quantitation is to use mass spectrometry (MS) after spiking known amounts of
isotopically labeled analytes as an internal standard; this is called isotope dilu-
tion (5) or AQUA (6). One of the proteolytic peptides of a particular target
protein is synthesized using isotope-labeled reagents and the absolute amount
is measured. Because isotope-labeled synthetic peptides are added to unlabeled
protein mixtures in the isotope dilution method, results are directly influenced
by the recovery rate in purification steps, such as immunoprecipitation and in
digestion steps. Recently Shevchenko et al. reported that the AQUA approach
does not work for in-gel-digested proteins because of the lower recovery in the
digestion or extraction step (7). In addition, synthesis of isotope-labeled pep-
tides is difficult to apply to the whole proteome, because peptide synthesis
usually requires 10-fold excess amounts of reagents (expensive isotopically
labeled reagents in this case), and the synthetic scale is µmol scale, whereas
MS requires only fmol scale. We also developed a novel strategy for absolute
quantification, in which quantified synthetic unlabeled peptides and labeled
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cultured cells are used (4). This approach was combined with CDIT and applied
to mouse whole brain proteins (Fig. 2).

Recent progress toward defining the complete proteomes of various eukar-
yotic organisms has generated a need for efficient procedures to determine the
functions of newly identified proteins. Proteins often interact with each other
or with nonprotein molecules, such as DNA, to form transient or stable com-
plexes, which mediate biological activities. Identification of the direct physi-
cal interactions of protein complexes provides an important clue to the
functional units of cellular molecular machinery, and the study of protein
interactions has emerged as a valuable method for finding novel components
of signaling pathways. The yeast two-hybrid screening is a genetic selection
procedure that is designed to detect binary interactions, but this approach only
records interactions between pairs of genes, misses interactions stabilized by
more than two partners, and does not necessarily reflect the physiological
environment. Another approach for the analysis of protein complexes involves
affinity purification using a bait molecule for complex isolation or enrichment.
A tag is introduced onto a target protein, and the tagged protein is purified
from a whole cell lysate, together with associated proteins, which are subse-
quently characterized by MS. Affinity purification appears to be the most effi-
cient and gentle discriminatory separation technique for the retrieval of protein
complexes. In particular, well-characterized small affinity tags such as FLAG,
His6, or glutathione-S-transferase have been widely used in affinity purifica-
tion of recombinant proteins or protein complexes. MS can rapidly and reli-
ably identify the binding partners in a protein complex, and therefore the
current limiting step appears to be the finding of specific proteins, rather than
protein identification. An affinity approach may fail to purify proteins of low
abundance because of nonspecific contamination during purification, and there-
fore, it remains difficult to distinguish specific from nonspecific interactions.
The use of more stringent washes to reduce contaminating proteins may also
affect the binding of weaker interactors. For example, regulatory subunits,
which are often not tightly associated with the enzymes they regulate, may be
lost during the purification procedure. Each protein has unique properties,
which can be exploited for its purification, but it is difficult to design a proce-
dure valid for all cases. Thus, comprehensive analysis of macromolecular com-
plexes has been hindered by the lack of a general and efficient purification
strategy. In biochemical studies to identify drug-binding proteins (drug target
proteins), compound-conjugated affinity matrix reagents have played an
important role; however, the affinity and specificity of synthetic small mol-
ecules for their protein targets are rather low in many cases. Thus, nonspecific
interactions often lead to difficulty in specifying the primary binding partners
of a synthetic compound. The stable isotope labeling strategies described here



56 Sato, Ishihama, and Oda

Fig. 1. (A) Quantitative tissue proteome analysis using stable isotope-labeled cul-
tured cells as global internal standards. Tissue samples 1 and 2 are mixed with cultured
cells early in the process to obviate variations during sample preparation. After protein
extraction and separation, digested proteins are analyzed by mass spectrometry to iden-
tify and quantify proteins. The ratio between the two isotopic distributions (one from the
tissue sample and one from cultured cells labeled with isotopes) can then be determined
from the mass spectra. Changes of protein levels in two tissue samples are estimated by
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provide the researcher with powerful new ways to approach these problems
(Fig. 3). Functionally important specific interactions can be picked out of the
background binding through the detection of isotope ratios on MS, avoiding a
trade-off between false-positive binding and the ability to detect weak compo-
nents (8–10). This approach provides a powerful new tool for the characteriza-
tion of a wide range of drug–protein complexes and macromolecular
complexes.

2. Materials
2.1. Preparation of Stable Isotope Labeled Cells

Any type of labeling method can be used for CDIT. Here we present one
example.

1. Culture medium: custom-made L-leucine-deficient RPMI-1640 (Invitrogen,
Grand Island, NT) supplemented with U-13C × six labeled l-leucine (Cambridge
Isotope Laboratories), 10% fetal bovine serum (Morgate, Australia), 1% penicil-
lin (5000 U/mL)-streptomycin (5 mg/mL) solution (Invitrogen) (see Note 1).

2. Cell lines: HCT116 (human colorectal cancer cell line) and Neuro 2A (mouse
neuroblastoma cell line).

2.2. Protein Extraction

1. Trypsin (0.05%)-ethylenediaminetetraacetic acid (EDTA) solution (Invitrogen).
2. Protease inhibitor cocktail (Roche Diagnostics GmbH, Mannheim, Germany).
3. Cell extraction buffer: 10 mM HEPES-KOH (pH 7.4), 10 mM KCl, 1 mM dithio-

threitol (DTT), 1 mM MgCl2, 1 mM NaF, 1 mM NaVO3, protease inhibitor cock-
tail.

2.3. Preparation of Protein Mixtures From Mouse Brain
for Quantification

1. Cell extraction buffer: 10 mM HEPES-KOH (pH 7.4), 10 mM KCl, 1 mM DTT,
1 mM MgCl2, 1 mM NaF, 1 mM NaVO3, protease inhibitor cocktail.

2. Fractionation buffer: 0.32 M sucrose, 1 mM sodium hydrogen carbonate-protease
inhibitor cocktail, and 1.2 M sucrose solution.

Fig. 1. (continued from opposite page) calculating the ratio of the two ratios, ratio 1/ratio
2, a procedure which cancels out the internal standards (cultured cells). (B) Method for
semi-quantifying a protein found in a tissue sample, but not in the cells cultured with
stable isotopes.

The ratio of a target peptide, which does not have a corresponding labeled peak in
cultured cells, is obtained by using the peak ratio to an isotope-labeled, cultured-cell-
derived peptide of different sequence, but with the closest (ideally the same) retention
time in LC–MS.
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2.4. Affinity Column Preparation for Protein Complex Analysis

1. NHS-activated SepharoseTM 4 Fast Flow (Amersham Bioscience, Uppsala, Swe-
den) (see Note 2) or Affi-gel 10 (Bio-Rad, Hercules, CA).

2. Coupling buffer: buffer without primary amine, such as 0.1 M NaHCO3, HEPES,
or MOPS at pH 6.0–8.0. For compound coupling, tetrahydrofuran/methanol/wa-
ter = 1/1/1 (v/v/v) plus a small amount (ca. 0.1%) of triethylamine.

3. Protein ligand, antibody, enzyme, or compounds, for example.
4. Ethanolamine and Tris-HCl.

Fig. 2. Absolute quantification using amplified isotope double dilution. An unla-
beled synthetic peptide is used as an internal standard for a target protein expressed in
CDIT. This reverse approach is cost-effective, because the scale of conventional pep-
tide synthesis is nanomole to micromole, but mass spectrometry requires only
femtomole to picomole levels of peptides. Also, peptide synthesis requires a large
excess of reagents, which should therefore be unlabeled on cost grounds. On the other
hand, all proteins in CDIT are labeled very efficiently with stable isotopes. Another
advantage of this method is that once a target protein in CDIT is quantified based on
the known amount of synthetic peptide, all digested peptides derived from that protein
are available to obtain the absolute amount of the target protein in tissue samples. This
improves the chance of finding a paired target peptide and internal standard, and more
reliable results can be obtained by calculating the average of the ratios of all pairs.
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2.5. In-Gel Digestion

1. Reducing buffer: approx 1 g DTT (Sigma-Aldrich, St. Louis, MO) in 100 mL of
0.1 M Tris-HCl–6 M guanidine-HCl, pH 8.5 (see Note 3). Store at –80°C in
aliquots. Do not repeat the freeze–thaw process.

2. Alkylating buffer: approx 1 g of acrylamide (Bio-Rad) in 100 mL of 0.1 M Tris-
HCl–6 M guanidine-HCl, pH 8.5 (see Note 3). Store at –80°C after aliquots. Do
not repeat the freeze–thaw process.

Fig. 3. Strategy for the identification of specific binding proteins from protein com-
plexes using stable isotope labeling. To distinguish specific complex components from
copurifying proteins, a control purification (negative complex, i.e., point-mutated bait)
is carried out in which the complex of interest is not enriched. To discriminate nonspe-
cific binding partners of a complex isolated from cells, the samples are prepared iden-
tically. Stable isotope labeling is performed metabolically at the cell culture level, or
by chemically attaching isotopically heavy or light tags after affinity purifications.
After combining two binding samples, followed by proteolysis, peak ratios are calcu-
lated to determine the specificity of each component of a complex.
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3. Washing buffer: methanol/water/acetic acid = 50/40/10 (v/v/v). Use high-perfor-
mance liquid chromatography (HPLC) grade or equivalent grade.

4. Washing buffer: methanol/water/acetic acid = 50/40/10 (v/v/v). Use HPLC grade
or equivalent grade.

5. Digestion buffer: 0.1% of 5-cyclohexyl-1-pentyl-β-D-maltoside (CYMAL-5)
(Anatrace, Maumee, OH) in 50 mM ammonium bicarbonate buffer (pH 8.0)
including an appropriate amount of TPCK-treated, sequencing-grade modified
trypsin (Promega, Madison, WI) (see Note 4).

6. Extracting buffer 1: acetonitrile/water/trifluoroacetic acid (TFA) (50/50/0.1 [v/v/
v]). Use HPLC grade or equivalent grade.

7. Extracting buffer 2: acetonitrile/water/TFA (75/5/0.1 [v/v/v]). Use HPLC grade
or equivalent grade.

2.6. Sample Preparation for LC–MS

1. Empore Disk C18 (3M, cat. no. 2215).
2. Needle and plunger.
3. Methanol.
4. Buffer A: acetonitrile/water/TFA (5/95/0.1 [v/v/v]). Use HPLC grade or equiva-

lent grade.
5. Buffer A: acetonitrile/water/TFA (80/20/0.1 [v/v/v]). Use HPLC grade or equiva-

lent grade.
6. 1-mL plastic syringe.

2.7. Nano-Column Preparation

1. Capillary puller (Sutter Instrument, P-2000).
2. Fused silica capillary (e.g., Polymicro Technology).
3. Methanol.
4. Innova Quartz capillary adaptor (Phoenix; cat. no. 3-2302S).
5. 3-µm C18 silica particles (e.g., ReproSil-Pur 120 C18-AQ; cat. no. r13.aq).
6. Air-pressure pump (Nikkyo Technos, Tokyo, Japan); other similar products are

also available (see http://www.proxeon.com or http://www.brechbuehler.ch/usa/).
7. Slurry solution: prepare 3-µm C18 silica particles, 10–30 mg, in 100 µL of metha-

nol. Can be stored for months at room temperature.

2.8. Nano LC–MS System

1. Custom flow-splitter: tee connector (Upchurch, cat. no. P775) and glass pipet
(Supelco, cat. no. P0549-1PAK).

2. HPLC mobile phase A: 0.5% acetic acid. Prepare 1 L in HPLC grade water (e.g.,
from Millipore system, Milli-Q Biocel A10). Can be stored for months at room
temperature.

3. HPLC mobile phase B: 0.5% acetic acid and 80% acetonitrile. Prepare 1 L in
HPLC grade water. Can be stored for months at room temperature.

4. Equipment:

http://www.proxeon.com
http://www.brechbuehler.ch/usa/
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a. Electrospray tandem mass spectrometer, e.g., quadrupole TOF hybrid:
QSTAR Pulsar (AB/MDS-Sciex) or Ultima (Micromass).

b. Linear iontrap: QTrap (AB/MDS-Sciex).
c. Iontrap: LCQ Deca (Finnigan) or Esquire (Bruker).
d. Triple quadrupole: API4000 (MDS-Sciex) or Quantum (Finnigan).
e. Database search software, e.g., Mascot.

3. Methods
3.1. Preparation of Stable Isotope-Labeled Cells

1. Warm culture medium, trypsin (0.05%)-EDTA, and phosphate-buffered saline
(PBS) in a water bath at 37°C.

2. Place 20 mL of culture medium in a 75-cm3 culture flask.
3. Transfer 1 × 106 cells to the culture flask.
4. Incubate the flask at 37°C in an incubator at 5% CO2.
5. Cells at 70–80% confluency (subconfluent) should be passaged. Remove the cul-

ture medium by aspiration and wash cells with PBS. Add 5 mL of trypsin
(0.05%)-EDTA solution to the flask and incubate at 37°C for 5 min.

6. Add 5 mL of culture medium to inactivate trypsin.
7. Transfer the suspension to a 15-mL centrifuge tube and centrifuge at 200g for 5

min at room temperature.
8. Aspirate the supernatant, then resuspend the cells in 5 mL of culture medium.
9. Place 20 mL of culture medium in a 75-cm3 culture flask and transfer 1 mL of

resuspended cells to the culture flask.
10. Incubate the flask at 37°C in an incubator at 5% CO2.
11. Repeat steps 7–10 at least three times to label proteins of the cells with U-13C ×

six labeled L-leucine.

3.2. Protein Extraction

1. Grow labeled cells in 10 150-mm diameter tissue culture dishes to the desired
cell density. A 150-mm diameter tissue culture dish of confluent cells of a typical
adherent cell line usually contains about 1 to 5 × 107 cells per dish.

2. Aspirate the medium, wash cells gently with PBS, and aspirate the wash solution.
3. Harvest cells by scraping with Teflon cell scraper (see Note 5).
4. Transfer cells to a 50-mL centrifuge tube, wash with PBS, and centrifuge at 200g

for 5 min at 4°C.
5. Add 20 mL of cell extraction buffer to the cell pellet, suspend thoroughly, and

incubate on ice for 15 min. Put a drop of the cell suspension on a glass slide and
check under a microscope. The cells should be swollen, but should not have burst.

6. Transfer the cell suspension to a precooled Dounce tissue homogenizer and
homogenize the cells on ice. Check the homogenized cells under a microscope
after every 10 strokes. Stop when more than 90% of the cells have burst.

7. Transfer the homogenate to a 50-mL centrifuge tube and centrifuge at 500g for 5
min at 4°C. The pellet from this step (nuclear fraction) contains unbroken cells
and nuclei.
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8. Remove the supernatant carefully, transfer it to centrifuge tubes, and centrifuge
at 100,000g for 1 h at 4°C.

9. Transfer the supernatant (soluble fraction) to a tube. Suspend the pellet (mem-
brane fraction) thoroughly in 5 mL of cell extraction buffer.

10. These fractions are stored at –80°C until use.

3.3. Preparation of Protein Mixtures From Mouse Brain
for Quantification

1. All mice should be treated ethically according to the rules of the institute.
2. Sacrifice the mice to be compared by rapid decapitation under anesthesia, then

remove each brain and weigh it.
3. Combine each experimental brain with labeled Neuro2A cells (1 × 108 cells/g wet

brain) and suspend the mixture in 0.32 M sucrose solution containing 1 mM
sodium hydrogen carbonate and protease inhibitor cocktail (10 mL/g wet brain).

4. Homogenize the suspension in a Teflon Potter-type homogenizer and centrifuge
at 710g for 10 min to remove the nuclear fraction.

5. Centrifuge the supernatant at 13,800g for 10 min to separate the soluble fraction
and insoluble materials. Resuspend the pellets in 0.32 M sucrose solution, and
layer the suspension on 1.2 M sucrose solution, then centrifuge at 82,500g for 2 h
to separate cytosol, trafficking and secretion-related organella, and mitochon-
drial fractions.

6. Suspend the organella thoroughly in cell extraction buffer containing 1% CHAPS
and 8 M urea. Extract protein for 1 h at 4°C, then centrifuge at 100,000g for 1 h at
4°C and collect the supernatant.

7. For whole brain analysis, suspend frozen mouse brain with added Neuro2A cells
in cell extraction buffer (10 mL buffer/g wet brain) and homogenize on ice. Cen-
trifuge the homegenate at 100,000g for 1 h at 4°C. The supernatant and the pellet
are collected as the soluble fraction and membrane-nuclear fraction, respectively.

8. Suspend the pellet fraction thoroughly in 5 mL of cell extraction buffer contain-
ing 1% CHAPS and 8 M urea. Extract protein for 1 h at 4°C, centrifuge at
100,000g for 1 h at 4°C, and collect the supernatant.

9. The extracted proteins are stored at –80°C until use.

3.4. Affinity Column Preparation for Protein Complex Analysis

Determination of specificity in protein complex analysis to distinguish non-
specific binders is achieved by comparison of peak intensities between bait-
positive and bait-negative complexes. Therefore, the strategy in principle is
the same as that for relative quantification using stable isotope labeling, e.g.,
for elucidation of biomarkers in disease models vs normal models.

1. Dissolve the ligand to be coupled in a suitable coupling buffer.
2. Wash NHS-activated SepharoseTM 4 Fast Flow with 10–15 gel volumes of cold 1

mM HCl on a Buchner funnel.
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3. Equilibrate the washed gel with coupling buffer and mix with the coupling solu-
tion. The recommended ratio of volumes, coupling solution to gel, is 1:2 (see
Note 6).

4. Continue gentle agitation of the gel slurry on a rocker, shaker, or wheel for 2–4 h
at room temperature or overnight at 4°C.

5. After the coupling is completed, any nonreacted groups on the gel should be
blocked by leaving the gel to stand in Tris-buffer or ethanolamine for a few hours.

6. To wash the gel after coupling, use a method which alternates two different buff-
ers (high and low pH, respectively).

7. The coupled affinity gel is now ready for use.

3.5. In-Gel Digestion

To identify more proteins after gel-based separation, efficient in-gel diges-
tion is a critical step (11–13).

1. Recommended gels are thin (typically 0.5 to 1.0-mm thickness) and short (typi-
cally less than 10-cm length), because lower gel volume results in a higher recov-
ery from the gel.

2. Negative staining, such as the zinc-imidazole method (Bio-Rad), is recommended
because negative staining provides better peptide recovery or affords a better
signal-to-noise ratio in the MS spectra than silver staining.

3. A whole lane on a sodium dodecyl sulfate-polyacrylamide gel electrophoresis
gel is excised and the gel is cut into 3 to 5-mm slices. Then each gel strip is cut
into 1 × 1-mm pieces to increase the surface volume (see Note 7).

4. Put gel pieces from same gel-strip into a 0.6-mL Eppendorf tube or a 0.8-mL well
of a 96-well plate.

5. Add 0.2 mL of reducing buffer and sonicate tubes/plates for 10 min.
6. Discard reducing buffer.
7. Add 0.2 mL of alkylating buffer and sonicate tubes/plates for 10 min.
8. Discard alkylating buffer.
9. Add 0.2 mL of washing buffer and sonicate tubes/plates for a period of from 5

min to several hours.
10. Discard washing buffer.
11. Repeat steps 9 and 10 three to five times.
12. Add 0.2 mL of 50 mM ammonium bicarbonate buffer to neutralize gel pieces and

sonicate tubes/plates for 5 min.
13. Discard ammonium bicarbonate buffer.
14. Add 0.2 mL of acetonitrile to dehydrate gel pieces and sonicate tubes/plates for 5

min.
15. Discard acetonitrile.
16. Dry gel pieces thoroughly in a speed-vac evaporator (Thermo Savant, NY) (see

Note 8).
17. Add a minimum volume of digestion buffer (see Note 8).
18. Add a sufficient volume of 50 mM ammonium bicarbonate buffer so that gel

pieces recover to their original size.
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19. Incubate samples at 37°C for a period from 2 h to overnight.
20. Add extracting buffer 1 in an amount of 10 times the volume of gel pieces, and

sonicate tubes/plates for 15 min.
21. Transfer solvent to new tubes/plates.
22. Add extracting buffer 2 in an amount of five times the volume of gel pieces, and

sonicate tubes/plates for 15 min.
23. Transfer solvent to tubes/plates of the same specification.
24. Dry samples in a Speed-Vac evaporator.

3.6. Sample Preparation for LC–MS

Although they can be achieved in the same step, desalting, filtering, and
concentration serve different purposes. Salts can interfere with the action of
reversed-phase materials, decreasing the column resolution. Particles can eas-
ily become irreversibly lodged in analytical columns, resulting in complete
sample loss. Dilute samples can take unacceptably long times to load onto the
analytical column. These points certainly apply to in-gel-digested samples, but
are absolutely critical for in-solution-digested samples. A general procedure
for desalting, filtering, and concentration is as follows (14):

1. Place an Empore Disk C18 (3M, cat. no. 2215) on a flat, clean surface such as a
disposable plastic Petri dish.

2. Wet the membrane using 20 µL of methanol and keep it wet throughout the pro-
tocol.

3. Punch out a small disk using a blunt-tipped hypodermic needle. The disk sticks in
the needle and can be transferred into a pipet tip.

4. Push the disk out of the needle and fix it in the tapering part of the pipet tip by
using a piece of fused silica or tubing fitting inside the needle (see Note 9).

5. Acidify the digested peptide sample using 2% TFA. For a 10 mM Tris-HCl (pH
8.0) buffered solution, one-tenth volume is sufficient. Check with pH strips on an
equal amount of digestion buffer.

6. Condition a C18-StageTip by introducing 5 µL of methanol from the top and press-
ing the liquid through at 50 µL/min using a 1-mL plastic syringe fitted with a
pipet tip trimmed at both ends to serve as an adapter between the syringe and
StageTip.

7. Equilibrate the StageTip using 10 µL of buffer A at 50 µL/min.
8. Load sample at 20 µL/min.
9. Wash with 10 µL of buffer A at 50 µL/min.

10. Elute using 2–5 µL of buffer B at 10 µL/min, and dilute 10 times by adding
buffer A.

11. Directly load onto a precolumn or an analytical column of an LC–MS system for
analysis. Reduce the volume if required by evaporation in a vacuum centrifuge;
however, do not dry completely.



Quantitative Proteomics Using CDIT 65

3.7. Nano-Column Preparation

In order to achieve higher sensitivity, we are currently using columns with
50 to 100-µm inner diameter at the flow rate of 100–200 nL/min. NanoHPLC
columns can be self-packed without compromising separation efficiency.
Instead of a capillary with frit we use tapered fused-silica capillaries without
any frit, which also work as electrospray emitters. In such a “stone-bridge”
column, where the opening size is two- to fivefold larger than the average par-
ticle size, particles at the end of the column arch over the opening and these
self-assembled particles work as a frit. Here, we describe the procedure to use
our “stone-bridge” columns with self-assembled particle frits using 3-µm par-
ticles and an 8-µm opening capillary (15).

1. Prepare a fused silica capillary 40 cm in length, and burn the middle point of the
capillary to remove the outer coating.

2. Pull the fused silica capillary using a P-2000 to make tapered needles (opening
size: ca. 6 µm. Tapered needles are also commercially available (e.g., PicoTipTM

cat. no. FS360-75 or 100-8-N-20; New Objective, Woburn, MA).
3. Immerse a tapered needle for 1 s into a glass reservoir filled with a slurry of C18

silica particles (3 µm)* in methanol (10–30 mg/100 µL).
4. Pack the particles using a disposal syringe with an Innova Quartz capillary adap-

tor (Phoenix, AZ) filled with methanol. This step is to avoid contamination of
small particles from ferrules, for instance, as well as avoid destroying the open-
ing structure during the following packing process.

5. Place the slurry solution in an air-pressure pump connected to a helium gas bomb
and connect the capillary to the pump.

6. Apply a pressure up to 50 bar to pack the C18 materials.
7. After packing is completed (the column reaches the desired length), the column

is connected to an HPLC pump and washed with HPLC buffers B and A at 100–
150 bar. The bed will shrink 5–10% in this step.

8. The column can be stored in HPLC-grade water.

3.8. Nano LC–MS System

Peptides eluting from nanoLC columns are ionized via electrospray ioniza-
tion and transferred with high efficiency into a mass spectrometer for analysis
by single and tandem (MS/MS) mass spectrometry. The combination of effi-
cient peptide separation and sensitive identification of individual peptides
makes nanoLC–MS/MS an extremely powerful technique for the characteriza-
tion of complex mixtures of peptides. We recommend careful optimization of
all parameters for nanoelectrospray of a peptide mixture.

1. Prepare the mass spectrometer for measurement according to the instructions of
the manufacturer and calibrate the machine using a standard.
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2. Place the column in front of the orifice.
3. Set the potential between the column and the entrance of the mass spectrometer

to give a stable spray (usually between 1500 and 2500 V).
4. Set the data-dependent acquisition method in the MS software according to the

manufacturer’s instructions. The m/z range is selected to encompass potential
ions of interest. A limited m/z range adapted to the abilities of the mass spectrom-
eter may, however, be advantageous to increase the scan time, improve sensitiv-
ity, or to eliminate background noise in the low m/z region. The use of high-purity
solvents helps to reduce background noise and thereby increases the overall sen-
sitivity of the nanoLC MS/MS experiment.

5. Set the pump for a standard 80 min gradient to:

Buffer B (%) Time (min)
5 0

10 5
30 65

100 70
100 80

5 80.1

6. Start the acquisition and the gradient. Stop the acquisition after the gradient has
finished eluting from the column.

7. Generate a peak list from the raw data file using a peak-picking script (e.g.,
Mascot.dll for Qstar).

8. Submit the peak list file to a database searching engine (e.g., Mascot) for protein
identification.

9. Save and store the output html file from Mascot.

3.9. Differential Measurement Using CDIT

Metabolic labeling for quantitative proteomics has been developed using
CDIT in various states. Because the incorporation of stable isotopes into pro-
teins is accomplished at the initial stage of the sample preparation using isoto-
pically modified medium, metabolic-labeling approaches have a significant
advantage over chemical-labeling approaches, in which variations among
samples can be introduced during preparation. However, samples from tissues
are difficult to label metabolically. In this chapter, we describe a new approach
for quantitative tissue proteomics using cultured cells as a source of internal
standards for tissue samples, as illustrated in Fig. 1.

1. Analyze the two samples of interest by LC–MS followed by database searching
to obtain protein identification results (see Note 10).

2. Extract Leu-containing peptides from the search results.
3. Integrate the peak areas of the Leu-containing peptides and their isotope pairs

(see Note 11). Quantify each peak relative to its corresponding isotope peak to
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obtain the ratio of the unlabeled peptide to the labeled peptide from Neuro2A
cells (Ratio A = tissue A/Neuro2A) (see Note 12).

4. Quantify ratios from another tissue sample relative to Neuro2A cells using the
same procedure (Ratio B = tissue B/Neuro2A).

5. Calculate ratios of tissue A to tissue B by dividing ratio A by ratio B.

3.10. Absolute Quantification Using CDIT

1. Select amino acid sequences of tryptic peptides, considering the amino acid used
for isotope labeling, ultraviolet (UV) absorbance, mass, and hydrophobicity
(tyrosine-containing peptides are preferable in terms of purification and
quantitation by LC–UV at 280 nm, and proper hydrophobicity and mass are nec-
essary for LC retention and MS detection, respectively) (see Note 13).

2. Synthesize peptides with a peptide synthesizer according to the instructions of
the manufacturer.

3. Purify and quantify peptides using HPLC with UV detection at 280 nm based on
the molar extinction of tyrosine-containing peptides (16).

4. Prepare CDIT (e.g., Neuro2A cells with 13C6 Leu labeling).
5. Spike synthesized peptides into CDIT cells and extract proteins using

ultrasonication.
6. Dissolve proteins in Tris buffer (pH 8.0) and 8 M urea, then reduce, alkylate, and

digest with Lys-C. Then dilute with 50 mM ammonium bicarbonate buffer (pH
9.0) and digest with trypsin.

7. Perform LC–MS analyses to obtain the ratio of labeled peptides to the unlabeled
peptides. The spiked amounts are adjusted to obtain a ratio in the range of 0.1–10
(see Notes 10 and 12).

8. Quantify protein amounts in Neuro2A cells from the spiked amounts and the
peak ratio between Neuro2A-labeled peptides and unlabeled synthetic peptides.

9. Spike Neuro2A cells into the sample (e.g., mouse brain proteins) and perform
relative quantitation using LC–MS.

10. Calculate the absolute amounts of mouse brain proteins from the peak ratio
between Neuro2A-labeled peptides and unlabeled brain peptides in the mass spec-
tra and the spiked amounts of Neuro2A proteins.

3.11. Determination of Specificity for Protein-Interaction Studies

1. Analyze the two samples of interest by LC–MS followed by database searching
to obtain protein identification results (see Note 10).

2. Extract Leu-containing peptides from the search results.
3. Integrate the peak areas of the Leu-containing peptides and their isotope pairs.

Quantify each peak relative to its corresponding isotope peak to obtain the ratio
of the unlabeled peptide to the labeled peptide (Ratio A = unlabeled A/labeled
A). If unlabeled peptides are from bait-positive complex, choose higher ratio
values, which are specific binders to bait (see Note 12).
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4. Notes

1. Dialyzed serum is usually used instead of normal serum (17–19). The use of nor-
mal serum in culture medium contaminates the pool of stable isotope-labeled
amino acids and leads to the incorporation of unlabeled and labeled amino acids
into synthesized proteins, because normal serum contains large amounts of free
(unlabeled) amino acids. Thus, the use of dialyzed serum without free amino
acids allows more efficient incorporation of labeled amino acids. However, dia-
lyzed serum is devoid of low-molecular-weight components and impairs the
growth of cells that require these components. As an alternative, it is reported
that 13C6-Arg and 13C6, 15N2-Lys are efficiently incorporated (~94%) with normal
serum (20). In the case of 13C6-Leu, however, we identified unlabeled proteins in
cells after repeated passage, and we also observed that around 10% of proteins
were unlabeled in commercially available dialyzed serum culture medium, which
results in almost the same level of unlabeled proteins as that of normal serum
culture. This potentially leads to a lower accuracy, though separate analysis of a
labeled state sample to determine the amount of unlabeled protein present pro-
vides a correction factor for quantification. When one peptide contains multiple
labeled amino acids, this correction factor should be carefully calculated. For
instance, 10% unlabeled amino acid contamination in labeled culture medium
gives ratios of 10 (unlabeled):90 (labeled) in peptide containing one labeled
amino acid, 1 (2 unlabeled):81 (2 labeled) in peptide containing two labeled
amino acids, and 0.1 (3 unlabeled):72.9 (3 labeled) in peptide containing three
labeled amino acids.

2. Immobilization should be attempted through the least critical region of the ligand.
Although NHS-activated SepharoseTM 4 Fast Flow immobilizes ligands contain-
ing –NH2 groups, ligands containing –SH and –OH groups can be immobilized
onto gel with Thiopropyl SepharoseTM 6B and Epoxy-activated SepharoseTM 6B
(Amersham Bioscience), respectively.

3. Denaturing conditions for in-gel alkylation are very important for cysteine-rich
proteins. Instead of 6 M guanidine-HCl, 8 M urea can be used.

4. Adding CYMAL-5 (or n-octyl glucoside at the same concentration) is very effec-
tive for in-gel digestion, probably because an increase in the solubility of the
protein enhances the efficiency of the digestion, CYMAL-5 serves to solubilize
the digested peptides, and CYMAL-5 prevents adsorption of peptides on the tube
wall and pipet tip. However, over-addition of CYMAL-5 (or n-octyl glucoside)
interferes with mass spectrometric analysis. The maximum amount of CYMAL-
5 (or n-octyl glucoside) is up to 0.1% concentration × 10 µL volume. The amount
of trypsin is usually up to 50 ng per tube per well of plate.

5. Commercially available kits can be used to prepare cell lysate and to isolate cell
organella. For example, Pierce Biotechnology Inc. (Rockford, IL) provides M-
PER (mammalian cell extraction), Mem-PER (membrane protein enrichment),
NE-PER (nuclear and cytoplasmic extraction) and a mitochondrial isolation kit.
For details, see the instructions of these kits.
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6. Be aware that NHS-ester groups are hydrolyzed at higher pH. Equilibrated gel
and coupling solution should be mixed rapidly.

7. TGel pieces that are too small are easy to lose during in-gel digestion procedures,
and may clog pipet tips and nanoLC columns.

8. A dehydration–rehydration process is used to drive the entry of protease into the
gel matrix for in-gel digestion. The yields of in-gel digestion in dry gels are gener-
ally about 30–50% higher than in semi-dry gels. Also, in the rehydration process,
trypsin may not sufficiently penetrate into the gels when digestion buffer still
remains in the tube per well of plate after the gels have recovered to the original
size, which reduces the digestion efficiency. The added volume of digestion buffer
is usually 1–10 µL, but is highly dependent on the total volume of gel strips.

9. StageTips can be stored dry at room temperature.
10. When LCQ/LTQ (Thermoelectron) is used, choose the profile mode during MS

scanning (MS/MS scanning is usually performed in the centroid mode). The pro-
file mode gives a better mass chromatogram, which makes it easier to calculate
peak areas.

11. Labeled peptides with different sequences eluting at the same retention times can
be used when the corresponding labeled peptides are not found.

12. To calculate the peak area of a target peak automatically, use MSQuant (http://
msquant.sourceforge.net/) or Xome (http://xome.hydra.mki.co.jp/en/).

13. To measure the absolute amount of a synthetic peptide is the most difficult point.
In general, amino acid analysis is used to obtain the absolute amount of peptides,
but this analysis requires large amounts of materials, and synthetic peptides con-
tain water, salts, and impurities. Therefore, it is really difficult to determine
accurately the absolute amount.
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The Absolute Quantification Strategy
Application to Phosphorylation Profiling
of Human Separase Serine 1126

Scott A. Gerber, Arminja N. Kettenbach, John Rush,
and Steven P. Gygi

Summary
The absolute quantification (AQUA) strategy provides a means to determine the

precise protein or modified protein levels directly from cells or tissues. The technique
is based on two major principles: stable isotope dilution theory and the use of synthetic
peptides containing such stable isotopes to exactly mimic native counterparts after
proteolysis. These peptides can be synthesized with modifications such as phosphory-
lation, methylation, and acetylation to allow for the direct, quantitative analysis of
posttranslationally modified proteins. In this chapter, we discuss the development of
an AQUA method and demonstrate its usefulness in the measurement of endogenous
levels of the human protein separase at a functionally relevant phosphorylation site,
serine 1126.

Key Words: Quantitative proteomic; quantitation; proteomics; mass spectrometry;
isotopic labeling; absolute quantification; phosphoprotein.

1. Introduction
Quantitative mass spectrometry has been greatly enhanced by the use of

stable isotope-labeled internal standards (1–4). Because synthetic biomolecules
enriched in 18O, 13C, 2H, and 15N are otherwise chemically and physically indis-
tinguishable from their native counterparts, they are ideal internal standards
for use in mass spectrometric assays. Given a minimum threshold of isotope
enrichment, separation and detection of these isotopomers via mass spectrom-
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etry (MS) is straightforward. For the quantitative analysis of the levels of pro-
teins and posttranslationally modified proteins, isotope-labeled tryptic peptides
can be synthesized to mimic their native equivalents. We have previously
described this approach as the “AQUA” strategy, as it is capable of returning
absolute quantitative numbers (e.g., copies/cell, ng/mL, and so on) instead of a
relative ratio (5–8). In this chapter, we will present an overview of the strategy
with a focus on the quantification of the extent of cell cycle-dependent phos-
phorylation of separase from HeLa cells.

2. Materials
2.1. Peptide Synthesis

1. Fmoc-protected heavy-isotope amino acid monomers (Cambridge Isotope Labo-
ratories, Inc., Andover, MA; see Note 1).

2. Dimethyl sulfoxide (DMSO) and N,N-dimethylformamide (American
Bioanalytical, Natick, MA).

3. Small glass reaction vessels with sidearms for Symphony peptide synthesis
instrument (Protein Technologies, Tucson, AZ; cat. no. SMP-010135).

2.2. Cell Culture and Lysis

1. Dulbecco’s modified Eagle’s medium (DMEM) (Gibco/Invitrogen, Carlsbad,
CA) supplemented with 10% fetal bovine serum (HyClone, Ogden, UT), penicil-
lin/streptomycin (Gibco/Invitrogen) (penicillin at 100 U/mL, streptomycin at 100
µg/mL).

2. Phosphate buffered saline (PBS), pH 7.4 (Gibco/Invitrogen)
3. Trypsin-ethylenediaminetetraacetic acid (EDTA) (0.25% trypsin with EDTA-

4Na) (Gibco/Invitrogen).
4. Thymidine: dissolve 2.4 g of thymidine HCl (Sigma, St. Louis, MO) in 50 mL

water to make a 100X stock. Incubation at 37°C may be required for complete
solubilization. Sterile filter (0.2 µm), aliquot, and store at –20°C.

5. Nocodazole: add 2 mL DMSO to a 2 mg vial of nocodazole (Sigma) to make a
10,000X stock. Aliquot and store at –20°C. Immediately prior to use, warm to
37°C, and predilute 1:100 in sterile media for the estimated total amount to be
used.

6. 100X Phosphatase inhibitor cocktail A. Warning: always wear nitrile gloves when
handling DMSO-solvated phosphatase inhibitors, as they are extremely toxic and
can penetrate skin and latex more easily than nitrile gloves. Microcystin-LR (dis-
solve 0.5 mg vial in 1 mL DMSO for 10,000X stock), (–)-p-bromotetramisole ox-
alate (dissolve 9.3 mg in 1 mL DMSO for 1000X stock), and cantharidin (dissolve
10 mg in 1 mL DMSO for a 10,000X stock) (Sigma-Aldrich). Store concentrated
stocks at –80°C. Dilute to 100X working stock in DMSO (e.g., 10 µL microcystin-
LR, 10 µL cantharidin, and 100 µL (–)-p-bromotetramisole oxalate concentrated
stocks in 880 µL DMSO) and store at –20°C until use.
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7. 100X Phosphatase inhibitor cocktail B: 100 mM sodium fluoride, 100 mM β-
glycerophosphate, 120 mM sodium molybdate, and 400 mM sodium tartrate
(Sigma-Aldrich). Store in aliquots at –20°C until use.

8. Lysis buffer: 50 mM Tris-HCl, pH 8.0, 150 mM sodium chloride, 4 mM magne-
sium chloride, 1 mM EDTA, 0.5% Triton X-100 in Milli-Q grade water.

9. Protease inhibitors (Mini-Complete, EDTA-free; Roche, Penzburg, Germany).
10. Hemacytometer and phase-contrast microscope.
11. Bench-top centrifuge.
12. 500-mL liquid nitrogen.
13. Microtip sonicator.

2.3. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis
1. Sample buffer: LDS 4X sample buffer (Invitrogen).
2. Gels: Novex NuPage 4–12% bis-Tris gels, 1.5-mm width, 10-well.
3. MOPS–sodium dodecyl sulfate (SDS) running buffer (Invitrogen).
4. Molecular weight markers: Mark12 unstained markers (Invitrogen).
5. Coomassie blue stain: 0.5% (w/v) Coomassie blue R-250 (Pierce, Rockville,

MD), 10% acetic acid, and 30% methanol in water.
6. Destain: 10% acetic acid and 30% methanol in water.

2.4. In-Gel Digestion With Trypsin
1. In-gel destain: 50 mM ammonium bicarbonate (no pH adjustment) in 50% high

performance liquid chromatography (HPLC)-MS grade acetonitrile/50% HPLC-
MS grade water (both solvents, Honeywell Burdick and Jackson, Muskegon, MI).

2. Digestion buffer: 500 mM ammonium bicarbonate (no pH adjustment) in purified
water as a 10X stock. Prepare dilutions fresh for use. Store at room temperature.

3. Trypsin stock solution: reconstitute a 20-µg vial of modified sequencing grade
trypsin (Promega, Milwaukee, WI) with 80 µL of the supplied reconstitution
buffer to make a 12.5X stock. Store at –20°C for up to 1 mo.

2.5. Liquid Chromatography
1. FAMOS autosampler (LC Packings, Palo Alto, CA) with inert PEEKsil valve

and Peltier chiller.
2. Agilent 1100 binary HPLC pump (Agilent, Palo Alto, CA) with degasser.
3. Microtees, 100- and 175-µm I.D. PEEK tubing (Upchurch, Bellingham, WA).
4. Reverse-phase C18 column (1 × 150-mm) (Vydac, Hisperia, CA).
5. Aqueous buffer A: 0.4% ultra high-purity acetic acid (JT Baker, Phillipsburg,

NJ), 0.005% heptafluorobutyric acid (HFBA) (Pierce, Rockford, IL), 5% HPLC-
MS grade acetonitrile in HPLC-MS grade water.

6. Organic buffer B: 0.4% ultra high-purity acetic acid (JT Baker, Phillipsburg,
NJ), 0.005% HFBA (Pierce), 5% HPLC-MS grade water in HPLC-MS grade
acetonitrile.

7. Peptide loading buffer/autosampler chase solution: 4% high-purity formic acid
(EM Science, Gibbstown, NJ), 8% HPLC-MS grade acetonitrile in HPLC-MS
grade water.
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2.6. Mass Spectrometry

1. Quantum triple quadrupole mass spectrometer (ThermoElectron, San Jose, CA).
2. Grade 5.0 nitrogen and argon gases.

2.7. Data Processing

1. QualBrowser software (supplied with mass spectrometer).

3. Methods
The AQUA strategy is capable of profiling protein posttranslational modifi-

cations directly from sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) separated whole cell lysates (5,6,9,10). In this sense, one can
think of an AQUA experiment as analogous to a quantitative Western blot. The
use of an isotopically labeled internal standard peptide provides a recognition
marker in the reverse-phase chromatographic, as well as tandem MS fragmen-
tation space. Only signals generated in the corresponding light channel at the
same retention time as the chemically identical heavy peptide are unique to the
native peptide formed by trypsin digestion. As both phosphorylated and
unphosphorylated AQUA peptides can be synthesized, the extent of phospho-
rylation at a given residue can be established by monitoring the native levels of
both in a single experiment.

The overall AQUA process is described in Fig. 1. An AQUA method is first
developed by synthesizing and standardizing an appropriate AQUA peptide,
with one residue enriched in stable isotopes. This purified standard is then in-
terrogated by tandem mass spectrometry to select an informative and sensitive
fragment ion for use in a selected reaction monitoring (SRM) experiment. A
biologically relevant whole cell lysate is then fractionated by gel electrophore-
sis, and the region corresponding to the migration of the protein of interest is
excised and digested in the presence of the internal standard peptide. Finally,
the digest is extracted from the gel and transferred to an LC–SRM setup for
analysis.

Human separase is a cysteine endoproteinase that acts on its substrate
cohesin in a cell-cycle dependant manner (11). Cohesin is a multisubunit pro-
tein complex that holds sister chromatids together during the early stages of
mitosis. When certain criteria have been established that ensure fidelity of chro-
mosome segregation into progeny cells, separase is activated and proteolyzes
cohesin, allowing chromatids to separate and thereby marking the initiation of
cell division.

One mechanism that prevents separase from being prematurely activated is
inhibitory phosphorylation. We have previously shown that separase activity
is blocked by phosphorylation at serine 1126 (5,6). As an example method of
development for the AQUA strategy, we describe here in detail the process for
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monitoring endogenous, cell cycle-dependant phosphorylation of human
separase at serine 1126.

3.1. Synthesis of AQUA Peptides

1. For accurate quantification, the isotope clusters of the biological peptide and the
heavy-isotope AQUA peptide should not overlap. This is achieved by synthesiz-
ing AQUA peptides with at least six heavy isotopes, and ideally this additional
mass originates from just one heavy isotope amino acid residue. Most AQUA
peptides contain heavy isotopes from Leu, which adds seven to the peptide mass
(6 13C and 1 15N), or Pro or Val, which add six to the mass (5 13C and 1 15N). When
necessary, more expensive heavy-isotope monomers are incorporated, for
example, Asn (+6), Phe (+10), or Tyr (+10). In unusual cases AQUA peptides
contain two heavy-isotope monomers, for example, any combination of two Ala
(+4) and Gly (+3) residues (see Note 1).

2. Peptides are made following the same synthesis strategies and approaches as for
their ordinary peptide counterparts, except that at one particular residue, an
expensive heavy-isotope monomer is substituted for the usual light-isotope mono-
mer. Much of the strategy unique to AQUA peptide synthesis is devoted to mak-
ing cost-effective use of this expensive heavy-isotope monomer. One approach is
to “trick” a conventional peptide synthesis instrument into making a smaller than
usual amount of peptide (see Note 2). Another strategy is to use a highly special-
ized peptide synthesis instrument designed for small volume (<0.1 mL) reagent
delivery (see Note 3).

4. For the Rainin/PTI Symphony instrument, dissolve heavy-isotope monomers in
DMSO to make 0.1 M stocks. For example, add 2.78 mL DMSO to 0.1 g of U-
13C-15N-L-Leu-N-Fmoc. Let the monomer sit at room temperature for 5 min with
gentle agitation, and examine the vial to be sure the monomer has dissolved. If
peptides are made at 5-µmole scale, 11 peptides can be made from the dissolved
heavy-isotope monomer stock. Unused stock can be stored at –20°C for 6 mo
(see Note 4).

5. Program the Symphony instrument using cycles for a 25-µmol scale synthesis, the
smallest scale allowed on the Symphony. This delivers 1.25 mL of each synthesis
reagent to the reaction vessel. However, instead of 25 µmol of preloaded resin, put
5-µmol resin in a small, glass, sidearmed reaction vessel (see Note 5). This re-
duces the amount of heavy-isotope monomer needed for synthesis fivefold.

6. At the heavy-isotope position, use a special Symphony cycle that deprotects and
washes the peptide resin, but does not couple the monomer. Start peptide synthe-
sis but program a pause for that reaction vessel at the heavy-isotope position.
When the pause is reached, remove the cap from the reaction vessel sidearm and
add 0.25 mL freshly made activator solution, then add 0.25 mL monomer. In
Manual Operations, select the Mix operation (with drain on) for 120 min to couple
the monomer to peptide resin. When coupling is finished, in Manual Operations
wash the resin three times and then resume synthesis, which should wash the
resin further and continue automated synthesis of the remainder of the peptide.
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7. For the Intavis MultiPep instrument, make 0.23 M heavy-isotope monomer stocks
in N,N-dimethylformamide. Store unused stocks as described in Subheading
3.1.4.

8. Write a special double-coupling cycle for the MultiPep instrument that delivers
17.5 µL monomer per coupling and uses 25 µL per cycle (as excess volume of
amino acid) to prime the delivery line. If only one of the 192 peptides uses the
heavy-isotope monomer during one particular synthesis cycle, the total monomer
volume consumed is 85 µL; however, if all 192 peptides use the monomer during
one cycle, the total volume consumed is 6770 or 35.3 µL per residue. Under these
conditions, the heavy-isotope monomer is coupled at twofold molar excess, but it
is double-coupled to help drive the reaction to completion and to compensate for
any minor reagent delivery errors. Ordinary amino acids are coupled as 17.5 µL
of 0.6 M stocks (fivefold molar excess) with 50 µL per cycle for priming.

10. At the end of synthesis, peptides are cleaved from peptide resins in an automated
manner (Symphony) or manually (MultiPep) and worked up by ether precipita-
tion and washing from trifluoroacetic acid (TFA)-based cleavage solutions.
Aliquots of redissolved peptides are analyzed by reversed-phase HPLC and
MALDI-TOF mass spectrometry, and the remainder of the peptide is lyophilized
and stored at –20°C.

11. AQUA peptide stocks are prepared by dissolving about 1 mg of dry peptide in 0.1
mL of 0.1% TFA and purifying the peptide by reversed-phase HPLC on a 4.5-
mm ID column. Fractions are collected using a fraction collector with an auto-
mated peak slope detector, so the collector advances as significant changes in
absorbance at 214 nm are detected. Adjustments are made to the HPLC gradient
according to crude peptide purity, so that the gradient and re-equilibration time
for high-quality crude peptides can be as short as 15 min. Each purified peptide is
reanalyzed by MALDI-TOF MS and stored without further handling at –20°C in
0.1% TFA and the acetonitrile concentration at which the peptide eluted.

Fig. 1. (continued from opposite page) Overview of the absolute quantification
(AQUA) strategy. (A) The primary sequence of a protein of interest is digested in silico
to tryptic peptides to evaluate their candidacy for the AQUA process. A section of the
sequence surrounding separase serine 1126 is demonstrated as an example. (B) The
sequences corresponding to the phosphorylated and unphosphorylated tryptic peptides
containing serine 1126 are synthesized with an isotopically enriched leucine residue
and standardized to a known concentration. (C) The resultant AQUA peptide pair is
subjected to tandem mass spectrometry (MS/MS) and an informative and sensitive ion
fragment is chosen for use in a selected reaction monitoring (SRM) experiment. The
actual MS/MS spectra and liquid chromatography (LC)–SRM transitions are shown for
the separase pSer1126 AQUA peptide pair. (D) A biologically relevant sample is ana-
lyzed by lysis, rapid and simple fractionation on an SDS-PAGE gel, excision of the
region containing the protein (or proteins) of interest, digestion with a specific protease
to generate native peptides, and LC–SRM analysis.
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12. Purified peptide stocks are quantified by acid hydrolysis and amino acid analysis
using the Waters PicoTag® kit. Each sample is hydrolyzed, derivatized, and HPLC
analyzed in duplicate. To be considered a valid measure of peptide concentra-
tion, the duplicate analyses must give concentrations that are within 10% of each
other, the amino acid monomer amounts must fall in the linear range defined by
analysis of a low-concentration and high-concentration amino acid calibration
standard, and the measured amino acid composition must fit the expected com-
position reasonably well.

3.2. HeLa Cell Synchronization

1. The following protocol is a template, designed to yield at least 107 cells for four
individual cell-cycle timepoints: interphase, prometaphase, anaphase, and telo-
phase. This can be adjusted according to the desired number of cells and/or num-
ber of timepoints. The synchronization starts with one confluent 15-cm plate of
HeLa cells (roughly 12–15 × 106 cells), which are plated into four separate dishes,
each synchronized independently (see Note 6).

2. All media, arresting agents, and PBS are warmed to 37°C prior to use.
3. One confluent 15-cm dish of HeLa cells is washed twice with 10 mL of PBS,

then trypsinized for 1–3 min with 3 mL of trypsin-EDTA solution at 37°C. The
cells are then harvested by washing the plate first with 10 mL and then 5 mL of
media, and collecting the media washes containing cells in a sterile 50-mL coni-
cal vial. Mix the collected cells thoroughly, and then establish an accurate cell
count using a hemacytometer.

4. Plate 3 × 106 HeLa cells on four separate 15-m dishes in a total of 20 mL of
DMEM. After 12 h, add 200 µL of thymidine stock to each plate, tilt back-and-
forth repeatedly to mix, and return the cells to 37°C incubator.

5. After 18 h, remove media containing thymidine, and wash each plate twice with 10
mL of PBS. Add 20 mL of fresh media to each plate and return the plates to 37°C.

6. 8 h after thymidine release, add 200 µL of thymidine stock to each plate. Return
the plates to 37°C.

7. After an additional 18 h, wash each plate twice with 10 mL of PBS. Add 20 mL
of fresh media to each plate and return the plates to 37°C.

8. 4 h after the second thymidine release, add 200 µL of the media-diluted
nocodazole stock to three of the plates, which are then returned to 37°C. The
interphase timepoint is collected by washing the fourth plate twice with PBS,
trypsinizing, and harvesting and collected as described in step 3. The cells are
then washed to remove serum proteins by centrifugation at 1000g for 5 min. The
media is aspirated to waste and the cells are resuspended in 50 mL PBS and
centrifuged again. The PBS is aspirated to waste, then the cells are resuspended
in 10 mL of PBS, transferred to a 15-mL conical vial, and a final cell count is
established prior to centrifuging a final time. The PBS is removed, and the cell
pellet is snap–frozen in liquid nitrogen and stored at –80°C until lysis.

9. After an additional 15 h, mitotic cells from the other three plates are collected by
mitotic shake-off. While holding the plate level, rap sharply on an edge of the
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plate, while taking care not to spill the contents. After 15 or 20 sharp raps, remove
the media to a sterile 50-mL conical vial without further washing the plate. Count
cells and split into one- and two-thirds. One-third of the cells are washed as
described in step 8 to remove serum proteins and collected as prometaphase time
point. The other two-thirds are released from nocodazole arrest by washing the
cells twice as described in step 5 for a thymidine release, substituting media in
place of PBS. After the second wash, resuspend the cells in 40 mL of media, and
replate 20 mL of cell suspension to separate clean dishes.

10. After 30 min from nocodazole release, collect the anaphase timepoint.
11. After 120 min from nocodazole release, collect the telophase timepoint.

3.3. Cell Lysis, SDS-PAGE, and In-Gel Digestion

1. Chill 8 mL lysis buffer thoroughly on ice. Add 80 µL of each phosphatase inhibi-
tor working stock solution to the chilled lysis buffer. Immediately prior to thaw-
ing the frozen cell pellets, add one tablet of protease inhibitors and sonicate
briefly to dissolve.

2. Partially thaw the frozen pellets in a beaker of room temperature water by swirl-
ing for 2–3 min. Add 1 mL lysis buffer per 5 × 106 cells—this yields a final
protein concentration of roughly 2 mg/mL (about 2 mL lysis buffer total). Soni-
cate the pellet at 15% power, constant emission, for 30 s, taking care not to allow
the tip to get too close to the upper level of liquid as this can cause foaming. Best
results are obtained by placing the microtip probe immediately above the cell
pellet. Return each lysate to ice for 1 min, with intermittent swirling to ensure
even heat dissipation. Repeat the sonication twice to completely lyse cells.

3. Transfer the lysate to duplicate 1.5-mL Eppendorf tubes (~1 mL in each) and
centrifuge at 13,000 rpm (16,000 rcF) in a microfuge at 4°C for 20 min.

4. Carefully remove the supernatant to clean Eppendorf tubes. At this point, samples
can be aliquoted for archival at –80°C. To do so, snap–freeze each lysate tube in
liquid nitrogen before storage.

5. For SDS-PAGE, prepare 2X sample buffer by diluting the 4X LDS-SDS sample
buffer 1:1 in purified water and adding DTT to a final concentration of 10 mM.
Mix the 2X sample buffer with lysate in a 1:1 ratio (200 µL of each). Boil the
samples for 3 min and allow to cool to room temperature.

6. Load 40 µL into each well. For each sample or timepoint, load a total of four wells.
This yields a final load of each sample of roughly 200 µg on-gel (see Note 7).

7. On 4–12% bis-Tris gels, using the Invitrogen molecular weight markers, separase
runs at a lower molecular weight than expected. Previous reports indicate that the
full-length protein runs at or slightly above a 200-kDa (myosin) marker, and an
autolytic N-terminal cleavage product (which contains serine 1126) migrates to
about 155 kDa (6,11,12). Using this PAGE system, full-length separase runs at
roughly 175 kDa, and the N-terminal fragment runs at roughly 140 kDa. This was
confirmed by Western blotting using two different anti-separase antibodies (13).
To ensure collection of both portions of the protein, the entire region between the
120- and 200-kDa markers should be excised.
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8. Run the gel for 30 min at 80 V. Turn up the voltage to 120 V until the dye front is
roughly half-way down the gel. For this assay, it is only important to separate the
120- to 200-kDa region from all other molecular weights. Partial electrophoresis
of the gel reduces the amount of polyacrylamide excised for in-gel digestion (and
therefore the trypsin digestion and extraction solution volumes).

9. Remove gel from the loading cassette and stain for 30 min in Coomassie blue
dye. Decant the Coomassie stain to the appropriate waste container and add
destain solution and a folded Kimwipe. Allow to destain until the molecular
weight markers are clearly visible.

10. Clean a fresh scalpel blade with a water-soaked Kimwipe. Be sure to wear
powder-free gloves. Cut horizontally across the gel from one 200-kDa marker to
the other. Repeat across the gel just above the 120-kDa marker. Cut away excess
gel between lanes, dice stained regions into 1-mm cubes, and collect all regions
from the same time point into a 1.5-mL Eppendorf tube. See Fig. 1D for an
example of the gel. Repeat for as many time points and gels as necessary.

11. Add 1-mL in-gel destain solution to the pieces and vortex to mix. Incubate at
37°C for 3 h, remove supernatant to waste, and add an additional 1 mL of in-gel
destain solution plus 150 µL HPLC-MS grade purified water to each tube. Vor-
tex to mix and incubate at 37°C for an additional 2 h or until completely clear,
mixing occasionally.

12. Remove the destain solution to waste. Add 1 mL of acetonitrile to each tube and
vortex to mix. Allow tubes to stand for 10 min, followed by vortexing to mix and
removal of the acetonitrile. Replace with fresh acetonitrile. Using the tip of a
pipet, attempt to disrupt and dislodge the gel aggregate into individual pieces.
Allow to stand for an additional 10 min, followed by removal of solvent. Dry in
a vacuum centrifuge for 15 min to completely remove traces of acetonitrile.

13. Dilute stock AQUA peptides from stated concentration to 200 fmol/µL in 500
mM ammonium bicarbonate. Perform this dilution immediately prior to use.
Dilute enough to add 5 µL of this solution to the digest in the next step.

14. Prepare 735 µL of a 50 mM solution of ammonium bicarbonate from the concen-
trated stock and allow to chill completely on ice. If frozen, allow the trypsin
stock solution to thaw on ice. Place tubes containing dried gel pieces on ice. Add
60 µL of trypsin stock and 5 µL of the AQUA peptide dilution to the 50 mM
ammonium bicarbonate solution and vortex well to mix. Add 200 µL of the work-
ing trypsin solution to each tube and allow to stand on ice for 20–30 min, or until
completely rehydrated. If necessary, add additional 50 mM ammonium bicarbon-
ate solution to maintain a slight excess of liquid over the gel pieces, leaving them
on ice during the rehydration process (see Note 8).

15. Once fully rehydrated, allow the samples to digest at 37°C for at least 12 h. After
digestion, add 200 µL of peptide extraction solution to each tube, vortex to mix,
and allow to stand for 20 min. Centrifuge the tubes in a bench-top microfuge at
13,000 rpm (16,000 rcF) for 30 s, then remove the supernatant to a clean 500-µL
Eppendorf tube. Add an additional 150 µL of extraction solution and repeat the
vortexing, standing, and centrifugation. Remove the supernatant and combine
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with the first extraction. Dry the extraction solutions completely in a vacuum
centrifuge. The samples can then be stored at –20°C until ready for analysis.

3.4. Selected Reaction Monitoring Experiment Via Tandem MS

The LC–MS setup described here is intended as a working example only.
Changes to the setup may be required for ad-hoc instrumentation in different
laboratories.

1. Outfit the FAMOS with a 25-µL PEEK loop (250-µm inner diameter × 50-cm
length). Place a microtee immediately before the autosampler inlet, and attach a
75-µm ID × 75-cm length piece of fused silica capillary to the microtee to supply
the necessary backpressure. Use 100-µm inner diameter PEEK postautosampler
to connect the column to the inlet of the mass spectrometer. To minimize analyte
band broadening post-column, use as little tubing as possible to connect the LC
column to the MS source. If the API inlet has internal fused silica tubing or a
stainless steel transfer needle to the electrospray inlet, use as small of an inner
diameter as allowed by the manufacturer.

2. Affix nitrogen and argon gas lines to the appropriate inlets. Pressurize per
manufacturer’s directions.

3. It is important to recognize that individual peptides may require unique tuning
parameters. For the separase peptides described here, we were able to optimize
the instrument to obtain a maximum signal for both the phosphorylated and
unphosphorylated peptides under the same conditions. It should also be noted
that, in our hands, nanospray sources require more careful, peptide-dependant
tuning optimization than do microspray or standard probe interfaces. Peptide tun-
ing should be performed using identical LC format, but with the column removed
and replaced with a standard loop injector mounted through the multiport valve
on the front of the mass spectrometer. We typically dilute our AQUA peptides to
1–5 µM in a buffer composition similar to the organic content in their LC elution
profile. As an example, we estimate that these separase peptides elute at between
18 and 22% buffer B. We therefore perform all of our tuning with the separase
AQUA peptides diluted in 20% buffer B 80% buffer A, to a concentration of 2
µM. If necessary, calibrate the instrument prior to tuning.

4. SRM optimization can be performed either while infusing or in the final LC for-
mat. It is quicker to optimize the SRM while infusing, although this expends much
more labeled peptide (which may be expensive). When optimizing signal, impor-
tant parameters to consider are inlet sheath and auxiliary gas flow rates, tube lens
and capillary offset voltages, m/z maxima for Q1 and Q3 resolution settings (typi-
cally 0.7 and 1.0 FWHM, respectively), and Q2 collision gas pressure and energy.
In infusion mode, this is performed on-the-fly; when using an LC format, iterative
adjustments are evaluated by replicate injections (see Note 9).

5. Establish that the LC–SRM is working correctly in the LC format if infusion is
used in step 4. Our LC program is as follows: 0–1 min, 0% B; 1–12 min, 0–40%
B; 12–13 min, 40–100% B; 13–18 min, 100% B; 18–19 min, 100–0% B; 19–25
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min, 0% B. Use a flow rate such that the pressure at the split is maintained
between 90 and 100 bar. Remember to include SRM channels for the native pep-
tide species, as well as the AQUA peptides of interest in the final SRM method.

6. Resuspend each time point in 15 µL of peptide loading buffer and vortex thor-
oughly to mix. Centrifuge the samples to pellet debris at 13,000 rpm (16,000 rcF)
for 15 min in a bench-top microfuge. Using a microbore gel-loader pipet tip,
carefully remove the liquid from each timepoint, and place directly at the bottom
of a deactivated glass limited volume insert. Place the insert in a 2-mL
autosampler vial and seal the vial.

7. Perform the LC-SRM by injecting 12 µL of each sample.
8. Data analysis is performed by plotting the total ion chromatogram of each SRM

channel and integrating each peak within identical time limits on data processing
software supplied by the instrument manufacturer. Example raw data is depicted
in Fig. 2. The extent of phosphorylation is expressed as the ratio of phosphory-
lated analyte to AQUA peptide divided by the sum of the ratios of phosphory-
lated analyte to AQUA peptide and unphosphorylated analyte to AQUA peptide.

4. Notes
1. Fmoc-protected heavy-isotope amino acid monomers can be purchased from

other commercial sources, such as the Isotec Division of Sigma-Aldrich. The
monomers we use most frequently are all from Cambridge Isotope Laboratories:
L-Leu-N-Fmoc (U-13C6, 15N), cat. no. CNLM-4345; L-Pro-N-Fmoc (U-13C5, 15N),
cat. no. CNLM-4347; and L-Val-N-Fmoc (U-13C5, 15N), cat. no. CNLM-4348.
For peptides with sequences that do not contain Leu, Pro, or Val, we use L-Asn-
N-Fmoc (U-13C4, 15N2), cat. no. CNLM-6193; L-Phe-N-Fmoc (U-13C9, 15N), cat.
no. CNLM-4362; and L-Tyr-N-Fmoc (U-13C9, 15N), cat. no. CNLM-4349. As a
last resort we will incorporate two heavy-isotope monomers of Ala or Gly in any
combination per peptide: L-Ala-N-Fmoc (U-13C3, 15N), cat. no. CNLM-4355 and
L-Gly-N-Fmoc (U-13C2, 15N), cat. no. CNLM-4357.

2. Many laboratories have access to conventional peptide synthesis instruments
through either departmental resources or core facilities, e.g., the Rainin/Protein
Technologies Symphony instrument. This instrument makes 12 peptides at once
at 25- to 100-µmol scale, which corresponds to about 40–175 mg of a 15-residue
peptide. Because amino acid monomers are usually coupled at a fivefold molar
excess, a 25-µmole scale synthesis would require 125 µmol of heavy-isotope
monomer or 45 mg of heavy-isotope L-Leu-N-Fmoc. Therefore, the lowest syn-
thesis scale possible with these instruments would be wasteful with respect to
both peptide amount and usage of heavy-isotope monomer. This is easily
addressed by (1) using the instrument to synthesize just 5 µmol of peptide and (2)
manually delivering heavy-isotope monomer to peptide resin through a reaction
vessel sidearm.

3. A new development in peptide synthesis instrumentation is the availability of
high-throughput, small-scale synthesis instruments, for example, the Intavis
MultiPep (see http://www.intavis.com/multipep.html). These highly specialized

http://www.intavis.com/multipep.html
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Fig. 2. Liquid chromatography-selected reaction monitoring (LC–SRM) analysis of cell-cycle, stage-specific phosphorylation
of separase at serine 1126. (A) Absolute quantification (AQUA) and native LC–SRM channels for the phosphorylated and
unphosphorylated tryptic peptides containing serine 1126 at interphase, prometaphase, anaphase, and telophase. The individual ion
chromatograms are normalized to the intensity of each AQUA peptide. Note the relative decrease in intensity of the phosphory-
lated peptide signal after release from nocodazole, and the concomitant increase in signal for its unphosphorylated cognate. (B)
The peak areas for each species in A is transformed into percent phosphorylation values at each time point.
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instruments are essentially low-volume liquid handlers and not yet widely used.
The MultiPep can make up to 192 peptides at once at 1- to 5-µmol scale in a
microtiter-plate format. We use this instrument to make AQUA peptides at 2-
µmol scale, which corresponds to about 3.5 mg of a 15-residue peptide. In con-
trast to the approach previously described for conventional instruments, all
reagents are used in proportion to the peptide synthesis resin and peptides are
synthesized in a fully automated manner.

4. Remove monomer stocks from the freezer at least 1 h before use, to avoid con-
taminating the stock with condensation.

5. The lower limit for the Symphony synthesis scale is set by the rather large size of
the reaction vessel (10 mL). Our experience is that if resin amounts below 5 µmol
are used with these reaction vials, much of the resin is lost during synthesis,
cleavage, and handling. On the other hand, the much smaller volume of the
MultiPep reaction wells (0.6 mL) gives good peptide yields for scales as low as 2
µmol. The waste associated with priming the MultiPep delivery line (vs wasteless
manual addition of heavy-isotope monomer with the Symphony) has to be
weighed against the benefit of fully unattended, automated synthesis. The Sym-
phony uses 25 µmol of heavy-isotope monomer to make 5 µmol of peptides (five-
fold) vs 8 µmol monomer (plus waste) for 2 µmol peptides on the MultiPep (at
least fourfold).

6. The synchronization consists of two sequential thymidine blocks to generate
coarse synchronicity entering G2/M. The cells are then arrested in prometaphase
with nocodazole, which can be washed out to allow progression through mitosis.
The synchronization process requires manipulation of the cells over the course of
3 d; prepare a workflow schedule in advance to avoid conflicts.

7. Load molecular weight markers on both sides of the gel. This is important, as the
markers act as rulers to determine the regions of gel to be excised. As the gel can
smile, lean, or list to one side or the other, using markers at each side can amelio-
rate these problems.

8. It is important to establish a trypsin titration curve for the system of interest (14).
A constant amount of AQUA peptide can be added to serial dilutions of trypsin to
determine a concentration that will adequately digest the sample. Note that the
required amount of trypsin in an actual experiment may be greater than that for
purified protein because of the presence of many other, possibly more abundant,
proteins in the excised section of gel. In this regard, adding the AQUA peptide to
the digest to mimic extraction efficiency is also important to avoid underestimat-
ing the amount of target.

9. In choosing a fragment ion to monitor, we have generally found that intense,
singly charged fragments of higher m/z than that of the parent yield the cleanest
SRM traces, as they reduce noise contributions from singly charged species in
complex samples. In addition, a wider dynamic range between the analyte and
AQUA peptide can be achieved when the monitored fragment ion contains the
labeled residue. Of course, the exact nature and complexity of the sample to be
probed should dictate the SRM in the final analysis. For example, it has occurred
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that a low-intensity SRM transition (at one-tenth the signal relative to a more
intense fragment transition) for purified AQUA peptides yielded greater signal-
to-noise in the final AQUA experiment resulting from less interference in that
particular SRM channel. It is of course possible to monitor multiple fragment
ions per parent (multiple reaction monitoring [MRM]). However, when starting
with the most intense MS/MS fragment in a single-channel SRM experiment, the
maximum absolute signal improvement in a two-channel SRM can be not more
than twice the single-channel result. Also, each additional channel contains idio-
syncratic chemical noise that must be evaluated, as well as reduces the duty cycle
of the SRM series. In our hands, it is much more informative to split a sample in
half and perform two separate AQUA experiments that monitor different, single-
channel SRM transitions than to analyze a single sample using an MRM.
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Quantification of Proteins and Metabolites by Mass
Spectrometry Without Isotopic Labeling

Sushmita Mimi Roy and Christopher H. Becker

Summary
We demonstrate the quantification capability and robustness of a new integrated liq-

uid chromatography–mass spectrometry (LC–MS) approach for large-scale profiling of
proteins and metabolites. This approach to determine differential expression relies on
linearity of signal vs molecular concentration using electrospray ionization LC–MS,
reproducibility of sample processing, a novel normalization strategy and associated data
analysis software. No isotopic tagging or spiking of internal standards is required. The
method is general and applicable to the proteome and metabolome from all biological
fluids and tissues. Small or large numbers of samples can be profiled in a single experi-
ment. Differential profiling of 6000 molecular ions per sample by one-dimensional chro-
matography LC–MS and 30,000 molecular ions per sample by two-dimensional
chromatography LC–MS is demonstrated using rheumatoid arthritis patient samples
compared with control samples. A new approach to peptide identification is described
that involves building libraries of previously identified peptides, circumventing the need
to acquire MS/MS data during profiling. Robustness of the platform was tested by
repeating sample preparation and LC–MS differential expression analysis after 10 mo,
using independent serum aliquots stored at –80°C. To the best of our knowledge, this is
the first demonstration of long-term robustness of a platform for quantitative proteomics
and metabolomics.

Key Words: Proteomics; metabolomics; quantification; quantitative mass spectrom-
etry; protein identification; differential profiling; differential expression.

1. Introduction
It is anticipated that the ability to quantify changes in the proteome and

metabolome will lead to the discovery of useful biomarkers, a greater under-
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standing of underlying biology and, thus, allow more efficient drug discovery
(1,2). The usefulness of such technology strongly relies on the ability to per-
form reliable and quantitative differential profiling, as well as properly identify
proteins and metabolites. Differential quantification of thousands of peptides
and metabolites must be highly sensitive while covering a large dynamic range,
and be amenable to analysis of a variety of biological fluids or tissues. In addi-
tion, the methods must be sufficiently robust and stable to enable comparisons
over a statistically and biologically significant number of samples.

We present a method to differentially quantify polypeptides and metabolites
in up to hundreds of samples. Furthermore, the approach uses no isotopic tag-
ging or labeling, nor the spiking of standards. This method relies on the long-
term reproducibility of signal and the linearity of signal vs molecular
concentration. The approach is undirected, comprehensive, and equally appli-
cable to proteins and metabolites, as well as to all body fluids and tissues.
Molecular ion intensities are directly measured for each sample and are glo-
bally normalized to all other samples in the study.

Data analysis has been made possible by developing and employing a com-
puter application, the MassViewTM software, which deisotopes and tracks
molecular ions, determines monoisotopic mass from a resolved isotopic enve-
lope, corrects any shifts in retention times between liquid chromatography–
mass spectrometry (LC–MS) runs, and performs normalization by employing
signals of molecules that do not change concentration from sample to sample
(3). For each sample, approx 6000 molecular ions are currently differentially
quantified in the human serum proteome using one-dimensional (1D) separa-
tion. More than 2000 molecular ions in the serum metabolome are tracked and
quantified. These comparisons have been made successfully in single-study
sizes of over several hundred samples.

This approach has recently been applied successfully to relative quantifica-
tion of protein phosphorylation stoichiometry (4). Although the 1D LC–MS
profile shows clear differences between the disease and control cohort, more
information can be gained by extending the dynamic range of the proteome
measurements (5,6). We have recently developed a method for quantification
of approx 30,000 molecular ions by employing two-dimensional (2D) chroma-
tography. Access to a greater dynamic range is achieved by off-line and
orthogonal fractionation of the digested serum proteins into approximately
eight fractions using strong cation exchange (SCX) chromatography. Each of
the resulting fractions is individually subjected to (on-line) 1D LC–MS. These
methods are also described.

Research in the field of quantitative MS has thus far led to technologies that
enable differential profiling (see Chapters 2–4). Stable isotope tagging meth-
ods for relative quantification have been extended to serve quantification of
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peptides by subjecting a specific amino acid in the proteome sample to mass
labeling chemistry by tagging or metabolic incorporation (7,8). Although these
approaches have been used successfully, disadvantages include reagent
expense, additional processing steps, and required presence of a specific amino
acid (9). Because metabolites lack a common tagging site, a general labeling
approach cannot be used for metabolomics. It has been speculated that a com-
prehensive set of spiked standards can be synthesized for quantification (10).
However, the complexity of the sample makes spiking of large numbers of
known standards a challenging approach.

In addition to differential expression quantification by 1D and 2D LC–MS,
we present a new approach to large-scale identification of peptides/proteins
and metabolites, regardless of their degree of differential expression. This
approach is based on building a library of observed biomolecules for any given
species and sample type, where the identity of the peptide is stored along with
its accurate m/z, charge state, and retention time. Having identical sample pro-
cessing and LC for the separate profiling and identification processes is key.
After quantification of differential profiling data, the library is used to match
the m/z, charge state, and retention time of profiled peaks. The same human
serum peptide library, for example, may be used every time a human serum
differential profiling study is conducted. For molecular ions that are changing
significantly, but are not yet successfully matched in this process, additional
tandem MS (MS/MS) experiments are conducted. The new directed identifica-
tion results are added to the library, making the library more comprehensive
with time. This method has been successfully used to identify significantly
changing proteins and metabolites in serum, cerebrospinal fluid, and urine as
well as tissues from human, primate, dog, rat, and mouse.

In this chapter, we describe our quantification and identification methods,
and show results from 1D and 2D LC coupled to MS. Examples are shown
comparing sera from individuals with rheumatoid arthritis (RA) to individuals
from a control group. Finally, the reproducibility and robustness of the entire
platform is demonstrated by repeating an entire study using 1D LC–MS differ-
ential profiling of separate frozen serum aliquots 10 mo after the first study.
We suggest that such experiments be carried out to validate a given quantita-
tive MS platform prior to its use in studies of biological significance.

2. Materials
2.1. Serum Samples

1. Pooled human serum for proteomics was purchased from Sigma-Aldrich (St.
Louis, MO).

2. For the RA, serum was collected from patients diagnosed with different degrees
of RA, as well as individuals with no symptoms of RA serving as controls. The
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handling of these biological materials must be performed in accordance with US
Department of Health and Human Services guidelines for level 2 laboratory
biosafety as found in ref. 11.

2.2. Sample Preparation

1. The 5-kDa molecular weight cut-off spin filter was the model Centricon Plus-20
(Millipore Corp., Bedford, MA).

2. For depletion of the top six abundant proteins (serum albumin, immunoglobulin
[Ig] G, IgA, transferrin, haptoglobin, and antitrypsin) the antibody-based Mul-
tiple Affinity Removal System (Agilent, Palo Alto, CA) has been used effec-
tively. In earlier studies, affinity depletion was by use of small molecule-coated
beads purchased from Prometic Biosciences (Cambridge, UK) for human serum
albumin and IgG removal.

3. Modified trypsin (Promega Corp., Madison, WI) was used at 1% weight equiva-
lence of the proteins. Sample protein concentrations are determined via the
Bradford assay (Pierce Biotechnology, Inc., Rockford, IL).

4. For desalting, a C-18 SPE cartridge (Sep-Pak, Waters Corporation, Milford, MA)
was used. The washing was performed with 6 mL of 0.1% formic acid in water
and the elution with 1.5 mL of a solution containing 90% acetonitrile and 0.1%
formic acid.

5. Desalting steps were automated using the RapidTrace system from Caliper Life
Sciences, Inc. (Hopkinton, MA).

6. For SCX chromatography, a Keystone BioBasic, 250 × 2.1-mm column from
Thermo Electron Corp. (Waltham, MA) was used.

7. Antibody column for depletion of abundant proteins from human serum was the
MARS column from Agilent.

8. 0.2-µm nylon filter was a Spin-X centrifuge tube from Fisher Scientific (Hamp-
ton, NH).

9. 25 mM phosphate buffer, pH 6.0 is prepared with a 1000-mL beaker with 0.8 g
dibasic sodium phosphate heptahydrate and 3.0 g monobasic sodium phosphate
monohydrate. Volume is brought up to 950 mL with high-performance liquid
chromatography (HPLC)-grade water while stirring. With a pH meter, adjust pH
to 6.0 with droplets of 6 N NaOH while stirring.

10. 6 M guanidine hydrochloride: 576 g guanidine hydrochloride plus 12.1 g Tris
base (2-amino-2-[hydroxymethyl]-1,3-propanediol) in a 1000-mL beaker, with
the addition of HPLC water to the 950-mL level, with stirring for dissolution.
Using a pH meter, adjust pH to 8.3 by titration with droplets of concentrated HCl
while stirring. Bring the volume to 1000 mL with additional HPLC-grade water.
Filter. Shelf life is 1 mo at room temperature.

11. 10 mM dithiothreitol (DTT): 0.16 g of DTT (white powder) is transferred to a
1.5-mL tube to which 1.0 mL of HPLC-grade water is added, then vortexed to
dissolve completely. Store at –20°C when not in use. Shelf life is 3 mo frozen.

12. 25 mM iodoacetic acid: 0.19 g of iodoacetic acid (yellow powder) is transferred
to a 1.5-mL tube to which 1 mL of 1 M NaOH is then added and vortexed to
dissolve completely. Make fresh and discard after use. Shelf life is 1 d.
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13. 50 mM (NH4)2CO3 buffer at pH 8.3: transfer 3.95 g of (NH4)2CO3 (white powder)
to a 1000-mL beaker, then add HPLC-grade water to the 950-mL mark, stirring
to dissolve. Then with a pH meter, titrate solution to pH 8.3 by addition of drops
of 28% ammonium hydroxide while stirring. Bring the total volume to 1000 mL
by addition of HPLC-grade water. Filter the solution. Store at room temperature.
Shelf life is 2 wk.

14. Preparation of SCX buffers A and B begins with preparation of a concentrated
potassium phosphate solution. This concentrated solution is made in a 1000-mL
bottle with 54.4 g of potassium phosphate monobasic, plus HPLC-grade water
and 3.0 mL of concentrated HCL. Mix well, and add additional water to 1000
mL. Filter.

a. For buffer A, take one part of this concentrated solution and add to five parts
HPLC-grade acetonitrile plus 14 parts HPLC-grade water, and mix well. Store
at room temperature with a 2-wk shelf life.

b. For buffer B, take one part of the concentrated phosphate solution and add to
five parts acetonitrile, 10 parts water, and 4 parts of filtered 2.5 M KCl; mix
well. Store at room temperature with a 2-wk shelf life.

15. All other general reagents were purchased either from Fisher Scientific or VWR
Scientific (West Chester, PA).

2.3. LC–MS

1. A binary Agilent capillary 1100 series HPLC was used for separation on-line
with the MS.

2. Reverse-phase capillary columns (C18; 320 µm × 15 cm) were used for LC–MS
(Micro-Tech Scientific, Inc., Vista, CA).

3. Electrospray ionization-time-of-flight (ESI-TOF™) mass spectrometer used for
profiling was a microTOF™ (from Bruker Daltonics, Billerica, MA) or LCT™
(from Micromass, Waters Corp).

4. A quadrupole TOF mass spectrometer (microQTOF™ was used for identifica-
tion by MS/MS (from Micromass, Waters Corp).

5. All peptide identification searches were conducted using Mascot Search Engine
(Matrix Science, London, UK).

3. Methods
Figure 1 gives an overview of the LC–MS platform developed and a typical

workflow for quantitative proteomics without tagging or spiking. This includes
sample preparation, LC–MS analysis, data analysis for differential quantifica-
tion, statistics (based on study design), and identification of components
(tracked molecular ions) by library construction as well as directed MS/MS.

3.1. Sample Preparation (1D LC–MS)

1. 1 mL serum was fractioned into serum proteome and serum metabolome using a
5-kDa molecular weight cut-off spin filter.



92 Roy and Becker

2. 25 µL of the high molecular-weight fraction (serum proteome) was diluted by
addition of 425 µL of 25 mM phosphate buffer (pH 6.0) before it was applied to
affinity beads for human serum albumin and IgG removal. After a 10-min incu-
bation in a 0.2-µm nylon filter tube, the sample was spun to recover depleted
serum. Alternatively, in most recent experiments, the use of affinity beads for
albumin and IgG removal has been supplanted by use of an antibody column for
the most abundant proteins in serum; for humans this is albumin, IgG, IgA, α-1-
antitrypsin, transferrin, and haptoglobin.

3. The albumin- and IgG-depleted serum proteome was denatured by addition of 1
mL of 6 M guanidine hydrochloride, reduced by addition of 10 µL of 10 mM
DTT and alkylated with 25 µL of 25 mM iodoacetic acid at room temperature.

4. The denaturant and reduction–alkylation reagents were removed from the mix-
tures by buffer exchange against 50 mM (NH4)2CO3 at pH 8.3 using a 5-kDa
molecular weight cut-off spin filter.

5. Modified trypsin was then added to the mixtures with incubation at 37°C for 14
h. A total of approx 20 µg of processed peptides in a 20-µL volume of 0.1%
formic acid water was injected into the LC–MS. This amount of material is
equivalent to that in about 1.5 µL of serum starting fluid.

Fig. 1. Differential profiling workflow. The major steps of sample processing, data
acquisition, quantification, and identification are shown for one-dimensional and two-
dimensional liquid chromatography–mass spectrometry.
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6. Samples from each of the two cohorts were processed and analyzed in pairs. The
order of each pair was randomized over the study in order to minimize skewing
because of sample processing or instrument variability over time. For example,
for cohorts A and B, the run order was AB, BA, AB, BA and so on. Pairs were
matched by minimizing the sex and age of candidates.

3.2. LC–MS

1. All LC–MS profiles were run at a flow rate of 8 µL/min.
2. Gradient elution of the proteome sample was achieved using 100% solvent A

(0.1% formic acid in H2O) to 40% solvent B (0.1% formic acid in acetonitrile)
over 100 min.

3. The throughput for proteome analysis was 50 samples per week per instrument.

3.3. Quantification

1. All data analysis uses the MassView software developed in-house (3,12–14); this
software is not available for sale at this time, but similar software packages are
being developed, for example, the MarkerViewTM Software (MDS Sciex, Con-
cord, Ontario, Canada). Data stored as a list of peaks for every scan undergoes
baseline subtraction, smoothing, and deisotoping. As part of deisotoping, an iso-
topic pattern assignment is made along with charge state and accurate mass
determination. (See ref. 3 for further information on the software methods
employed.)

2. Baseline correction, smoothing, deisotoping, and application of a modest thresh-
old ensure that all the signals being tracked have substantial ion counts.

3. A chromatographic peak is then built by linking together a series of consecutive
scans that contain a signal above threshold at a given m/z with an uncertainty
window of +/– 0.05–0.10 Da.

4. A list of deisotoped peaks is obtained for a given LC–MS run, each peak distin-
guished by its characteristic monoisotopic m/z, retention time, charge state, and
maximum intensity.

5. Retention times of components for each file are mapped onto a reference file
using a nonlinear mathematical function that allows for minor local shifts, con-
tractions, and expansions in the chromatographic time base. The algorithm was
earlier developed for speech recognition (15).

6. A global intensity normalization is performed by choosing one file as a reference
and normalizing all other files one at a time. The single normalization constant
for each file is taken as the median of the ratios of intensities for all components
between the file in question and the reference file. Thus, the method relies on
employing signals of molecules that do not substantially change concentration
from sample to sample. In this way, differences in sample concentrations and/or
instrument response over time are taken into account.

7. Peaks within user-adjustable m/z and retention time windows are then correlated
between all samples by a process called “component building.” Typically a com-
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ponent (tracked and quantified molecular ion) that is observed in a minimum of
25% of all samples is qualified for final differential quantification. This number
can be modified depending on the study requirement.

8. Finally a list of all molecular ions profiled in the study is obtained, each associ-
ated with its characteristic monoisotopic m/z, retention time, charge state, and
relative intensity in all samples quantified.

3.4. Validation of Sample Processing and LC–MS Reproducibility

A 1D LC–MS proteome sample obtained from injecting 20 µL (approx 20
µg) of processed peptides in 0.1% formic acid water derived from the equiva-
lent of a starting 1.5 µL of serum, after depletion of serum albumin and IgG,
displays over 6000 molecular ions (not counting isotopes). Because this method
relies on reproducibility, sample processing variability and the variability in
LC–MS (from chromatographic separation, sample injection volumes, ion sup-
pression, transmission, and detection in the mass spectrometer) should both be
measured (Fig. 2). This type of measurement is an essential part of setting up a
quantitative proteomics platform and should be followed as described.

1. To measure LC–MS variance independent of sample preparation, 20 human
serum samples were pooled after independently being prepared, realiquoted, and
analyzed on the LC–MS platform. A median coefficient of variance (CV) of
15.1% was measured for the approx 5000 (deisotoped) molecular ions measured
per run in each of these 20 samples. The distribution of CVs is shown in Fig. 2A.

2. To measure the variability in the platform independently of biological variability
(i.e., variability in sample preparation plus LC–MS measurement), 20 aliquots of
the same, pooled human serum were individually prepared in parallel and indi-
vidually subjected to LC–MS analysis and differential quantification. A median
CV of 25.4% was measured for the entire platform (Fig. 2B).

3. Using the already obtained values for variance of the total platform, and that of
the LC–MS or instrument alone, the median CV of sample preparation for the
proteome was calculated to be 20.4% (12), based on a sum of the square of the
means.

4. These experiments have been used to formulate an error model for the platform
(12) and to calculate the biological variability within a normal and a diseased
group (13).

5. If the median CVs for the LC–MS are significantly higher than those demon-
strated here, this indicates lack of stability of one or more aspects of the LC–MS
set-up. Stability of the HPLC pump, column performance as well as stability of
the mass spectrometer signal intensity over 20 or more sample injections, are
crucial.

6. If the median CV for sample preparation is significantly higher than demonstrated
here, this indicates greater need for standardizing sample collection methods,
operating procedures, reagent preparation methods, and any automating steps, as
well as training laboratory technicians to operate identically.
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7. These median CVs can be further reduced as evidenced by very recent work in
our laboratory.

3.5. Statistics
1. Differential quantification is performed by comparing the intensity of the com-

ponents between groups or pairs of individuals using a standard two-sided t-test
or a nonparametric test, as appropriate. For three or more group comparisons,
ANOVA tests may be used (16).

2. A standard deviation can easily be calculated for each component. The variance
of this measurement is defined as the square of the standard deviation, and the
coefficient of variance is the ratio of the standard deviation divided by the mean
value for a given group (16).

3. The significance of any observed change can be determined by its p-value and
significantly changing molecules that are not already identified in previous library
construction can be marked for directed identification efforts.

Fig. 2. The frequency distribution of coefficients of variation (CVs) for (A) serum
pooled after processing before injection into the liquid chromatography–mass spec-
trometry (LC–MS), (B) individually processed serum with no pooling, and a typical
one-dimensional LC–MS study with (C) normal and (D) diseased populations. Each
panel reports the data from 20 samples and about 5000 molecular ions per sample (not
counting isotopes). For case (A) the median CV is 15.1%, whereas for case (B) it is
25.4%. It can then be calculated that the median CV for sample preparation of the
proteome is about 20%. Histograms of CVs for the proteome from healthy individuals
(C) and individuals diagnosed with rheumatoid arthritis (D) result in a median CV of
33.8 and 35.0%, respectively.
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4. A variety of additional data mining algorithms can be applied as appropriate for
the study.

3.6. Differential Profiling by 1D LC–MS: Example

SurroMed is undertaking a longitudinal RA study that will measure disease
progression by metabolic and proteomic profiling using this mass spectrometric
method. Some initial results comparing a subset of individuals enrolled in this
study who are healthy (controls) to those diagnosed with RA are presented. This
method may be followed for differential profiling in any biological context.

1. Sera from 19 selected RA patients and 19 age- and sex-matched healthy controls
were prepared as described before in Subheading 2.2.

2. The MassView software platform was able to distinguish isotopic patterns, build
peak lists for a given sample, build components by connecting these peaks
between all 38 samples, and quantify each observed component (deisotoped
molecular ion) in all samples being studied.

3. More than 6000 components/molecular ions were quantified in the proteome for
each of these 38 samples. Each molecular ion was quantified by using its signal
intensity at the maximum of elution.

4. The distribution of CVs for the proteome for both the control and RA groups is
shown in Figs. 2C and D, respectively. These CVs have contributions from bio-
logical variation, as well as processing and instrument variation. The median CV
of the distribution is 35.5% for the RA group and 34.6% for the 19 normal indi-
viduals.

3.7. 2D Sample Preparation

1. For 2D LC–MS, 50 µL of serum was depleted of human serum albumin (HSA)
and IgG and digested, following the methods of Subheading 3.1.

2. Depleted, digested serum was fractionated off-line into eight fractions on a SCX
column. The gradient of SCX buffers A and B was adjusted so that each fraction
would contain a similar quantity of protein. The number of fractions collected
may be varied depending on the scope of the project and material availability.

3. All fractions were lyophilized to dryness.
4. Each fraction was redissolved in 5 mL of water acidified to a final concentration

of 1.0% formic acid and desalted with a C-18 SPE cartridge, eluting with 90%
acetonitrile-water-0.1% formic acid. These samples were then dried again.

3.8. 2D LC–MS

1. The final dimension of the 2D LC–MS set-up is identical to the 1D LC set-up,
using on-line reverse-phase capillary HPLC coupled with ESI-TOF read-out.
Samples for each fraction from all individuals were analyzed.

2. Desalted samples from the first chromatographic dimension were each dissolved
in 40 µL of 0.1% formic acid, and 20 µL was then injected into the LC–MS at
approx 20 µg per injection.
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3. For 2D LC, the order in which fractions were run was carefully considered. The
first fraction of all samples were run back-to-back on the LC–MS to ensure mini-
mal deviation in recorded m/z, retention times, and detector sensitivity within a
fraction. Remaining fractions were run in a similar fashion. Run order within a
given fraction was determined as described for 1D LC–MS, with pairing between
individual samples from the two cohorts (Subheading 3.1., step 6).

3.9. 2D Quantification

1. For 2D LC, data from all samples of a given fraction are grouped and treated as a
1D study. All peaks are differentially quantified, fraction by fraction, with all the
data from each fraction being treated independently of the other fractions.

2. After this fraction-wise quantification, the list of all components for the eight
fractions within a given sample are collated.

3. Next, those molecular components between neighboring fractions merge if they
have essentially the same m/z and reverse-phase chromatographic retention time
(recognizing two such fraction-based components as a single component). Any
components eluted in adjacent fractions within 0.05 m/z, the same charge state,
and 1 min retention time are considered the same component and their intensities
are added.

3.10. Differential Profiling by 2D LC–MS: Example

1. To compare the profiles of the RA and control group using 2D LC–MS, six
samples were picked from each group and subjected to this mass spectrometric
platform.

2. The great increase in information content of 2D LC–MS compared with 1D LC–
MS is shown in Fig. 3A. In this figure, 38 individual profiles were used in the 1D
study and 12 individual profiles in the 2D study. Although many more samples
were profiled in the 1D study, the number of significant changes observed is far
greater in the 2D study. This shows the advantage of using a larger amount of
starting serum and adding an orthogonal chromatography step. The same
MassView software was used for both analyses.

3. The extent of significant changes observed in the 1D and 2D profile data was also
compared (Fig. 3B) for the same 12 samples (out of a total of 38 samples profiled
by 1D LC–MS). Only 23 significant changes were found (p < 0.005) between the
two cohorts by 1D LC–MS. In comparison, the 2D method was able to uncover
364 molecular ions that were significantly different between the two groups (p <
0.005).

3.11. Other Dimensions of Separation

This quantification method described in Subheading 3.8., can be expanded
or modified to incorporate other separations. These could include, for example,
alternative 1D chromatography for the 2D LC–MS approach, adding a third
dimension, or employing subcellular fractionation when working with tissues.
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Fig. 3 (A) Comparison of proteome difference maps generated using the one-dimen-
sional (1D) liquid chromatography–mass spectrometry (LC–MS) (6000 molecular com-
ponents, 19 individuals per group) and two-dimensional (2D) LC–MS (34,000 molecular
components, six individuals per group). Significant changes (p < 0.005) are shown for
patients diagnosed with rheumatoid arthritis (RA) and healthy individuals. Cells in one
row correspond to the same component. Columns correspond to individuals. Each cell
is assigned a color corresponding to its Z-score. The Z-parameter is defined as the dif- 
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3.12. Protein Identification

For protein identification, a unique strategy is used so that all samples do
not require analysis by MS/MS.

1. First, in the case of human serum or plasma, a library consisting of approx 1000
proteins identified by MS/MS was created on the Waters microQTOF ESI-qua-
drupole-TOF mass spectrometer. This can be done by undirected MS/MS, as the
starting run using identical chromatography conditions as used for the profiling
work. Data from this run is then searched against a large sequence database (such
as RefSeq from the National Center for Biotechnology Information at NIH’s
National Library of Medicine) for identification matches using standard com-
mercial software such as Mascot. Some number of posttranslational modifica-
tions (PTMs) are routinely included in the searches. For microQTOF data, a
Mascot score threshold of about 40 is generally used, although other constraints
can be applied, such as retention time prediction. In the second run, molecular
ions that have been identified during the first run are put on an exclusion list so
that MS/MS data is collected on ions as yet unidentified. Subsequent runs are
searched against the database and successfully identified ions are continually
added to the exclusion list. As more runs are conducted, abundant peptides get
appended to the exclusion list, and peptides of lower concentration become iden-
tifiable. The built library contains information on the m/z, charge state, retention
time, and identity (peptide sequence, protein name, and accession number) of the
identified molecular ion.

2. All molecular ions measured in the MS differential profiling study were matched
against the library using their accurate mass and chromatographic retention times.
Any component from differential profiling results found within 50 or 100 mDa
and +/– 1 min with the same charge state in the library is considered a match, the
matching or linking range being flexible depending on the experiment.

Fig. 3 (continued from opposite page) ference between the individual measure Xi and
the average of all measures <Xi>, divided by the standard deviation s; Z= (Xi-<Xi>)/s.
Each component (for RA and controls together) is scaled to zero mean and unit variance
in order to apply a mapping to the color scale. Normal individuals clearly show a differ-
ent pattern of their proteomic 1D and 2D profiles from RA patients. In addition, differ-
ent individuals show slightly different patterns within a given group. The 2D LC–MS
platform differentially profiles more low-abundance proteins, identifies more signifi-
cant changes, and easily differentiates healthy individuals from RA patients. (B) Com-
parison of CVs and significant changes found by 1D LC–MS and 2D LC–MS. Profiling
data from the same 12 individuals are compared. In the 1D study, although a total of 38
samples were quantified, this data only considers the 12 samples that were followed up
with 2D LC analysis. Maintaining 1D CVs, many more significant changes can be quan-
tified by 2D LC.
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3. For molecular ions that were not successfully matched against the existing pep-
tide ID library, additional directed MS/MS experiments are conducted. These
experiments are prioritized based on the statistical results. Figure 4 illustrates
the sequential and decoupled process of (1) profiling, (2) statistics, and then (3)
identification, with a two-step identification process.

4. An important validation or quality check is that when tracking several peptides
from the same protein they must show similar fold changes in concentration. An
example is shown in Fig. 4. Note that there can be valid exceptions to this consis-
tency, especially for peptides that reflect PTMs or in vivo enzymatic cleavages.

5. Not all top-changing (lowest p-value) molecules can be easily identified by this
method. Unidentified molecular ions may reflect difficulty in obtaining high-

Fig. 4. Identification (ID) using libraries. After obtaining profiling data, matches to
the ID library are linked. Unmatched components of interest (low p-values) are tar-
geted for ID by directed tandem mass spectrometry. Finally, differentially profiled
proteins can be observed. Proteins with more than one peptide showing consistency in
fold change, as shown in the figure, are more reliable. There still may be profiled
molecular ions that are difficult to identify because of poor fragmentation or the pres-
ence of posttranslational modifications.
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quality fragmentation data, or the complexity of determining unusual PTMs.
However, in our experience, if the molecular ion that is changing is of great inter-
est, and shows, for example, a significantly greater fold change than all other
components, it can be targeted for searches with additional PTMs, and can also
be subjected to de novo sequencing.

3.13. Validation of Overall Platform Reproducibility

Technology reproducibility and robustness are key in any quantitative MS
approach, especially involving clinical samples. The following describes a
large-scale reproducibility study designed to evaluate this platform.

1. The 1D LC–MS study on RA described previously in Subheading 3.6. was re-
peated after 10 mo by using a second set of frozen serum aliquots stored at –80°C
and repeating sample processing, LC–MS analysis, and quantification. Identical
sample processing and data analysis procedures were used.

2. Results from the original and the repeat study were compared to demonstrate the
long-term validity of this platform. Table 1 shows that the fold changes mea-
sured during differential profiling of the RA and control group during the first
study are very similar to those measured during the repeat study. All 35 proteins
having p-values less than 0.05 show identical trends (direction of concentration
change, up or down).

3. The data in Table 1 for the percentage difference was combined into a histogram
format; see Fig. 5. This figure shows that most of the fold changes measured in
the repeat study are within 10% of those measured in the original study. Consid-
ering that the overall CVs for measuring thousands of peaks is in the range of 20
to 30%, it is very encouraging that fold changes can be reproduced within 20%.
Note that the values of fold change for the protein are based on the average fold
change from those tryptic peptides with p < 0.05.

4. This type of reproducibility study demonstrates the capability of this quantifica-
tion platform. It is recommended that any differential expression platform be
tested in this or a similar manner before conducting clinical studies whose results
will be used to make decisions on drug or diagnostic development.

4. Notes
1. All biological samples should be collected under identical conditions (17). Care

should be taken to collect serum and/or plasma as well as cerebrospinal fluid
without hemolysis.

2. Several serum and plasma collection tubes contain polymer plugs that result in
considerable amounts of polyethelyne glycol (PEG) in the sample. As PEG can
interfere with signals from analytes, it is best to develop methods that decrease
PEG contamination, for example, washing ultrafiltration devices repeatedly with
organic solvents and water prior to use. In fact, differential results in the amount
of PEG seen in different samples may be a good way to track and understand
inconsistencies in sample preparation. The authors currently prefer tubes spray-
coated with ethylenediaminetetraacetic acid or heparin for plasma collection.
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Instructions for serum or plasma collection should be followed closely with spe-
cial attention to the time within which collected sample is spun and separated.

3. Removal of abundant proteins from serum or plasma is considered of major
importance. Based on sample availability and cost constraints, it may be practical
to remove only the top two abundant proteins instead of the top six, as described
in Subheading 2.2., step 2.

4. These methods may be used in nano-LC or micro-LC mode. The protein identifi-
cation library is constructed on an LC–MS system where the HPLC conditions
are identical to that used for profiling. Simple standards (such as peptide mix-
tures) are used to monitor any drifts in retention time.

Table 1
Percent Change Upon Repeat Analysisa

aThe original study (S1) and repeat study (S2, after 10 mo) show identical trends for all 35
proteins. Fold changes are consistent and percentage difference (% diff) between the original and
repeat study values are small. The gi# is the identification number from the National Center for
Biotechnology Information (NCBI) RefSeq data base.
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5. It is important to consider chromatographic resolution while planning a 2D LC
study. Increasing the number of fractions to large numbers does not increase the
dynamic range of profiling when the elution time window of a collected fraction
approaches peak widths limited by the chromatographic resolution. 2D chromato-
graphic methods and fraction size should be designed for a given amount and
type of sample material, SCX column size, and resolution.

6. In this method, the quantification software is key to differential profiling.
Quantification results need to be validated in detail at all stages of software
development.

7. It is common to see that the distribution of CVs in a control group is less broad
than a disease group, and that CVs from humans are greater than that for labora-
tory animals, especially mice and rats.

8. It is important to consider the number of samples necessary to profile for reliable
statistics. We suggest a minimum of 20 individuals in each group to get relatively
reliable statistical power in a 1D study. Statistical power calculations are recom-
mended.

9. Library building and the linking of profiling data to the library require consider-
able attention to detail. Consistency of fold change between all peptides from the
same protein should be checked. Inconsistent peptides must be followed up to

Fig. 5. Histogram of percent difference in fold changes recorded on repeat analysis
(1D liquid chromatography–mass spectrometry rheumatoid arthritis studies separated
by 10 mo). Data is shown for 35 statistically significant (p < 0.05) putative protein
biomarkers.
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investigate an incorrect link or the presence of a PTM. Singletons, i.e., proteins
represented by a single peptide in the library or in the linked data, must be treated
with caution for biological interpretation. We suggest following published guide-
lines for such data.

10. This protocol can be adapted to any biological fluid by starting with a similar
amount of protein (after abundant proteins have been depleted). For example, in
cerebral spinal fluid, protein concentrations are about 200-fold less than in serum,
yet a similar method for denaturation, reduction, alkylation, and digestion of pro-
teins is used. For tissue samples, standard methods of protein extraction may be
used prior to the steps described for serum or plasma protocols. This LC–MS
quantification and identification strategy can be applied to any proteomic or
metabolomic data, irrespective of the biological fluid or sample type.
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The Use of a Quantitative Cysteinyl-Peptide Enrichment
Technology for High-Throughput Quantitative
Proteomics

Tao Liu, Wei-Jun Qian, David G. Camp, II, and Richard D. Smith

Summary
Quantitative proteomic measurements are of significant interest in studies aimed at

discovering disease biomarkers and providing new insights into biological pathways. A
quantitative cysteinyl-peptide enrichment technology (QCET) can be employed to
achieve higher efficiency, greater dynamic range, and higher throughput in quantitative
proteomic studies based on the use of stable isotope-labeling techniques combined with
high-resolution capillary or nano-scale liquid chromatography–mass spectrometry (LC–
MS) measurements. The QCET approach involves specific 16O/18O-labeling of tryptic
peptides, high-efficiency enrichment of cysteinyl-peptides, and confident protein identi-
fication and quantification using high mass accuracy LC–Fourier transform ion cyclo-
tron resonance mass spectrometry (FTICR) measurements and a previously established
database of accurate mass and LC elution time information for the labeled peptides. This
methodology has been initially demonstrated by using proteome profiling of naïve and
in vitro-differentiated human mammary epithelial cells as an example, which initially
resulted in the identification and quantification of 603 proteins in a single LC–FTICR
analysis. QCET provides not only highly efficient enrichment of cysteinyl-peptides for
more extensive proteome coverage and improved labeling efficiency for better quantita-
tive measurements, but more importantly, a high-throughput strategy suitable for quanti-
tative proteome analysis where extensive or parallel proteomic measurements are
required, such as in time course studies of specific pathways and clinical sample analy-
ses for biomarker discovery.

Key Words: Quantitative proteomics; QCET; 18O-labeling; cysteinyl-peptide enrich-
ment; FTICR; AMT.
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1. Introduction
Quantitative proteomic measurements play a significant role in studies

aimed at discovering disease biomarkers and providing new insights into bio-
logical pathways. A common strategy for obtaining these measurements is to
combine stable isotope-labeling techniques with automated liquid chromatog-
raphy (LC)–tandem mass spectrometric analyses (MS/MS) (1–4). Inherent with
this strategy, however, are a number of analytical challenges that stem from
sample complexity and the wide dynamic range of protein abundances, in
addition to the low analysis throughput that results from extensive chromato-
graphic fractionation often needed to minimize MS/MS undersampling issues
(5) and improve overall proteome coverage.

In this chapter, we detail a quantitative proteomics approach—the quantita-
tive cysteinyl-peptide enrichment technology (QCET)—that was developed in
response to these challenges. The QCET approach involves specific 16O/18O-
labeling of tryptic peptides, high-efficiency enrichment of cysteinyl-peptides,
and confident protein identification and quantification using high mass accu-
racy LC–Fourier transform ion cyclotron resonance mass spectrometry
(FTICR) measurements and a previously established database of accurate mass
and elution time information. This technology enables higher efficiency,
greater dynamic range, and higher throughput quantitative proteomic analyses
than previous quantitation technologies (6).

This chapter is organized as follows with the materials required for the
QCET approach being presented in Subheading 2. Following an overview of
the technological approach and some of its attractive features, Subheading 3.
provides stepwise methods that exemplify the QCET approach for protein pro-
filing, using naïve and in vitro-differentiated human mammary epithelial cells
(HMEC) as our specific example. Subheading 4. concludes with notes that
pertain to both materials and methods.

2. Materials
In our example of protein profiling using QCET, naïve and in vitro-differen-

tiated HMEC nontumorigenic strain 184A1 were routinely cultured in DFCI-1
medium (Gibco BRL, Gaithersburg, MD) until 90% confluence was achieved
(7). Cells in eight dishes (1 × 107 cells/dish) were treated with 200 nM Phorbol
12-myristate 13-acetate (PMA) for 24 h to provide in vitro-differentiated cells,
and cells in another eight dishes were cultured under normal conditions to pro-
vide naïve cells. The materials required for this example are listed by activity.

2.1. Protein Digestion and Clean-Up

1. Common phosphate-buffered saline.
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2. Cell lysis buffer: 10 mM Tris, 150 mM NaCl, 1% NP-40 (v/v), 1mM NaVO3, 10
mM NaF, and protease inhibitor cocktail (Roche, Indianapolis, IN), pH 7.4 (see
Note 1).

3. Bicinchoninic acid protein assay (Pierce, Rockford, IL).
4. Reducing buffer: 50 mM Tris-HCl, pH 8.2.
5. Solid high purity urea (Sigma, St. Louis, MO) for denaturing the proteins.
6. 200 mM tributylphosphine (TBP) solution (Sigma) for reducing the proteins (see

Note 2).
7. Digestion buffer: 20 mM Tris-HCl, pH 8.2.
8. Sequencing grade-modified porcine trypsin (Promega, Madison, WI), freshly dis-

solved in digestion buffer to a final concentration of 1 µg/µL.
9. 1-mL solid-phase extraction (SPE) C18 column per cell state (Supelco,

Bellefonte, PA).
10. SPE conditioning solution: 0.1% trifluoroacetic acid (TFA).
11. SPE washing solution: 5% acetonitrile and 0.1% TFA.
12. SPE eluting solution: 80% acetonitrile and 0.1% TFA.

2.2. Postdigestion 16O- to 18O-Exchange
1. Immobilized trypsin (Applied Biosystems, Foster City, CA), used as supplied by

the manufacturer (see Note 3).
2. 1 M NH4HCO3 stock solution in 18O water: dissolve 79 mg (solid) NH4HCO3 in 1

mL 18O-enriched water (95%; Isotec, Miamisburg, OH).
3. 1 M CaCl2 stock solution prepared with regular (16O) water.
4. Thermal mixer (Model Thermomixer R; Eppendorf, Westbury, NY).
5. 60% methanol prepared with regular (16O) water.
6. Handee Mini-Spin column (Pierce).

2.3. Cysteinyl-Peptide Enrichment
1. Thiopropyl Sepharose 6B affinity resin (Amersham Biosciences, Uppsala, Swe-

den) (see Note 4).
2. Handee Mini-Spin column kit (Pierce) (see Note 5).
3. Coupling buffer: 50 mM Tris-HCl, pH 7.5 and 21 mM ethylenediaminetetraacetic

acid (EDTA).
4. Washing buffer: 50 mM Tris-HCl, pH 8.0 and 1 mM EDTA.
5. 100 mM dithiothreitol (DTT) in coupling buffer: made fresh from aliquots of 1 M

DTT stock stored at –80°C (see Note 6).
6. 2 M NaCl.
7. 80% acetonitrile/0.1% TFA solution.
8. 20 mM DTT in washing buffer: made fresh from aliquots of 1 M DTT stock

stored at –80°C.
9. 1 M iodoacetamide solution: made fresh from solid iodoacetamid (Sigma).

2.4. Strong Cation Exchange Fractionation
1. Agilent 1100 series high-performance liquid chromatography system (Agilent,

Palo Alto, CA).
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2. Polysulfoethyl A 200 × 2.1-mm column (PolyLC, Columbia, MD) preceded by a
10 × 2.1-mm guard column (PolyLC) with a flow rate of 0.2 mL/min.

3. Solvent A: 10 mM ammonium formate and 25% acetonitrile, pH 3.0.
4. Solvent B: 500 mM ammonium formate and 25% acetonitrile, pH 6.8.

2.5. Capillary LC–MS/MS and LC–FTICR Analyses

1. High-pressure capillary LC system (8).
2. LTQ ion trap mass spectrometer (ThermoFinnigan, San Jose, CA).
3. Apex III 9.4-Tesla FTICR mass spectrometer (Bruker Daltonics, Billerica, MA).
4. 5-µm Jupiter C18-bonded particles (Phenomenex, Torrence, CA).
5. 65-cm long, 150 µm-id × 360 µm-od fused silica capillary (Polymicro Technolo-

gies, Phoenix, AZ).
6. 2-µm retaining stainless steel screen (Valco Instruments Co., Houston, TX).
7. On-line vacuum degasser (Jones Chromatography Inc., Lakewood, CO).
8. Mobile phase A: 0.2% acetic acid and 0.05% TFA in water.
9. Mobile phase B: 0.1% TFA in 90% acetonitrile/10% water.

3. Methods
Quantitative proteomics analysis using the QCET approach involves two

stages (see Fig. 1). In the first stage, proteins from different cell states are
extracted, mixed, and digested (to improve the proteome coverage). The
cysteinyl-peptides from the tryptic digest are covalently enriched using a thiol-
affinity resin (see Fig. 2) and further fractionated using strong cation exchange
(SCX) chromatography. LC–MS/MS analysis of each SCX fraction provides
accurate calculated mass and normalized elution time (NET) information for
each peptide that serve as an effective “look-up table” of markers or “accurate
mass and time tags” (AMT tags) for future peptide identifications (9).

In the next (typically second) stage, equal masses of protein from two differ-
ent cell states are separately digested by trypsin under identical conditions, and
the tryptic peptides from each sample are labeled with either 16O or 18O by
trypsin-catalyzed oxygen exchange in either regular or 18O-enriched water. The
highly efficient postdigestion 18O-labeling strategy incorporates two 18O atoms
in essentially all tryptic peptides. The 16O/18O-labeled peptide pairs coelute
during LC separations. As a result, errors potentially introduced by differences
in electrospray ionization suppression effects are minimized, and a framework
for accurate quantitation is established.

The differentially labeled peptide samples are combined and subjected to
cysteinyl-peptide enrichment. Enrichment of cysteinyl-peptides by the thiol-
specific covalent resin is reproducible, highly efficient, and amenable to auto-
mation for high-throughput studies. The reversible capture and release reaction
of cysteinyl-peptides has no side reactions, and the enriched cysteinyl-peptide
does not have a labile tag, which eliminates the problem of fragment in produc-
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Fig. 1. Strategy for quantification of differential protein expression using quantita-
tive cysteinyl-peptide enrichment technology. In the first stage, proteins from differ-
ent cell states are mixed and digested by trypsin, followed by cysteinyl-peptide
enrichment using thiol-affinity resin. The enriched cysteinyl-peptides are fractionated
by strong cation exchange chromatography with each fraction analyzed by liquid chro-
matography–tandem mass spectrometry (LC–MS/MS). An accurate mass and time
(AMT) tag database is generated based on the calculated masses and normalized elu-
tion times for all identified peptides. In the second stage, the two protein mixtures
representing two different cell states are digested by trypsin separately. The resulting
tryptic peptides are labeled by trypsin-catalyzed oxygen exchange using 16O- and 18O-
enriched water, respectively. The two samples are combined and cysteinyl-peptides
are selectively enriched and analyzed by LC–Fourier transform ion cyclotron reso-
nance mass spectrometry (FTICR) without prefractionation. Peptide features are iden-
tified and quantified by matching to the AMT tag database without the need for
additional LC–MS/MS analyses. Once an AMT tag database is established for a bio-
logical system, the system can be extensively investigated in a high-throughput man-
ner by analyzing samples generated under different conditions using LC–FTICR.
(Modified from ref. 6 with permission from the American Chemical Society.)

tion from the tags (e.g., isotope-coded affinity tag [ICAT] and ICAT-like re-
agents) during collision induced dissociation (CID). Use of high efficiency
cysteinyl-peptide enrichment along with global analysis has been demonstrated
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to significantly improve overall proteome coverage (10), and the significantly
reduced sample complexity makes the AMT tag approach even more effective
for profiling complicated mammalian systems.

The enriched cysteinyl-peptides are then separated using LC conditions
identical to those used in the first stage and analyzed by FTICR, which pro-
vides increased sensitivity and dynamic range, in addition to higher throughput
proteomic measurements (11). The greater sensitivity improves identification

Fig. 2. Enrichment of cysteinyl-peptides using thiol-specific covalent resin.
Cysteinyl-peptides were captured by the resin through the formation of a mixed disul-
fide bond. Stringent washes were applied to remove the nonspecifically, noncovalently
bound peptides, after which a low molecular weight reducing reagent (e.g., DTT) was
added to release the bound cysteinyl-peptides. (Reproduced from ref. 10 with permis-
sion from John Wiley and Sons, Inc.)
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of lower abundance peptides, and thus leads to better overall proteome cover-
age without the need for SCX fractionation, and higher overall throughput. An
LC–FTICR detected peptide “feature” is identified when both the measured
mass and NET values match those of a particular AMT tag in the database
within a defined error tolerance (see Fig 3). Once peptides are identified, rela-
tive abundance differences are quantified based on the MS peak intensities of
the 16O/18O-labeled peptide pairs.

The combination of cysteinyl-peptide enrichment and AMT tag strategy can
be readily combined with other labeling methods, such as 15N labeling (2) and
labeling using amino acids in cell culture (3). Another advantage of this two-
stage strategy is that once a database has been established for a particular bio-
logical system, time-consuming LC–MS/MS analyses are replaced in
subsequent studies by high-throughput LC–FTICR analyses that enable exten-
sive investigations of that biological system. In practice, the QCET approach
for high-throughput quantitative proteome profiling can be effectively used
with any high resolution MS (e.g., quadrupole time-of-flight).

In our initial demonstration of HMEC protein profiling using QCET (6),
603 proteins were identified and quantified in a single LC–FTICR analysis,
with a number of proteins displaying either up- or down-regulation following
PMA treatment (see Fig. 4). The histograms of mass and NET errors for pep-
tides identified from AMT tag identifications (see Fig. 4B) display a typical
Gaussian distribution. Note that the majority of these identifications are dis-
tributed within a mass error of two parts per million (ppm) and a NET error of
2%. Moreover, no peptide pairs are identified as C-terminal open tryptic pep-
tides (peptides lacking a C-terminal lysine or arginine) when applying 5 ppm
for mass and 5% for NET criteria. Trypsin-catalyzed 18O-labeling has specific-
ity for only peptides with K or R at the C terminus, thus any peptide pairs
matching to C-terminal open partial tryptic peptides represent false-positive
hits. This result shows that the 5 ppm mass and 5% NET tolerances provide
highly confident peptide identifications.

The stepwise methods employed for this demonstration of QCET protein
profiling are detailed below.

3.1. Preparation of HMEC Protein Digests

1. Naïve and PMA-treated HMEC cells are placed in 50-mL Falcon tubes and spun
at 1000g for 10 min. Each cell pellet is washed three times with ice-cold phos-
phate-buffered saline.

2. Add cell lysis buffer (0.4 mL/dish) to the cell pellets and lyse the cells using
intermittent sonication on ice for 1 min.

3. Centrifuge the lysates for 20 min at 4°C and 14,000g to pellet any cellular debris.
Collect the supernatants into separate containers and then split the supernatant
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from each cell state into two aliquots: the first aliquot contains 1.5 mg of protein
for generating the AMT tag database and the second contains 100 µg of protein for
quantitative analysis. The protein concentrations are approx 10 mg/mL using the
bicinchoninic acid protein assay. All aliquots are stored at –80°C until further use.

4. Mix 1.5 mg of protein from naïve cells with 1.5 mg of protein from PMA-treated
cells and digest as described in steps 6 and 7.

5. Digest 100 µg of protein from each of the two lysates separately as described in
steps 6 and 7.

6. First, dilute each sample by a factor of two by adding the reducing buffer. Then,
add 200 mM TBP stock solution and solid urea to final concentrations of 10 mM
and 8 M, respectively. Incubate samples at 37°C for 1 h with gentle mixing.

7. Dilute the reduced protein mixture by a factor of 10 using the digestion buffer.
Add sequencing grade-modified porcine trypsin to obtain a trypsin:protein ratio
of 1:50 (w/w) and incubate at 37°C for 3 h.

8. Precondition 1-mL SPE C18 columns by slowly passing 3 mL methanol and then
2 mL SPE conditioning buffer through the column.

9. Load each of the tryptic digests onto separate preconditioned SPE C18 columns;
pass each sample through, and wash each column with 4 mL of SPE washing
buffer.

Fig. 3. (continued from opposite page) Experimental steps involved in establishing
and using an accurate mass and time (AMT) tag and the identification and quantifica-
tion of liquid chromatography–Fourier transform ion cyclotron resonance mass spec-
trometry (LC–FTICR)-detected features using the AMT tag strategy. Protein mixtures
A and B, each containing the following five proteins but at different concentrations are
prepared using 16O/18O labeling and cysteinyl-peptide enrichment: bovine serum albu-
min (BSA; 1:1, A/B); bovine ribonuclease A (1:6); chicken lysozyme (6:1); chicken
ovalbumin (3:1); and rabbit glyceraldehyde-3-phosphate dehydrogenase (1:3). (A)
Enriched cysteinyl-peptides from the protein mixture are analyzed by LC–tandem mass
spectrometry (MS/MS). (B) A tryptic peptide from BSA (EC*C*DKPLLEK, where C*
represents alkylated cysteine residues) is identified by LC–MS/MS. The calculated
mass of this peptide based on its sequence (i.e., 1290.5948 Da) and its observed elution
time are recorded in the AMT tag database. (C) In the second stage, the same sample is
analyzed under the same LC conditions using a FTICR mass spectrometer. (D) A dou-
bly charged feature was observed at the same elution time (36 min), having a mass
within 1 ppm (i.e., 1290.5948 Da) of the calculated mass of this AMT tag. This feature
is then identified as the corresponding peptide from BSA. The 16O/18O ratio for this
peptide was estimated as 1.08 using the maximum intensities of paired monoisotopic
peaks (inset). The expected ratio was calculated from the known amount of BSA present
in each mixture. (Modified from ref. 6 with permission from the American Chemical
Society.)
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Fig. 4. Quantitative profiling of labeled and enriched cysteinyl-peptides from naive
and Phorbol 12-myristate 13-acetate (PMA)-treated human mammary epithelial cells
(HMEC)-cells using a single liquid chromatography–Fourier transform ion cyclotron
resonance mass spectrometry analysis. (A) A two-dimensional display of 1348 peptide
pairs from which 935 pairs were identified as unique accurate mass and time (AMT)
tags corresponding to 603 proteins identified and quantified. Insets show three samples
of peptide pairs with their sequences, corresponding proteins, and the 16O/18O ratios. (B)
The mass error (left) and normalized elution time error (right) distributions of the 935
AMT tag hits. (Reproduced from ref. 6 with permission from the American Chemical
Society.)
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10. Elute the peptides from each SPE C18 column with 1 mL of SPE eluting buffer
and dry each of the samples under reduced vacuum using a Speed-Vac.

11. Store samples at –80°C until further use.

3.2. Postdigestion 16O- to 18O-Exchange

1. Treat each sample to be labeled with 16O or 18O (100 µg each) separately until
step 8. Dissolve the dried peptide samples in 100 µL of 50 mM NH4HCO3, and
boil for 10 min using water bath; immediately cool the samples on ice for 5 min
to eliminate the residual trypsin activity (see Note 7).

2. Dry samples completely using a Speed-Vac.
3. Dissolve the dried peptide samples in 20 µL of acetonitrile plus 100 µL of 50

mM NH4HCO3 in either 18O-enriched water (made freshly from the 1 M stock in
18O-enriched water) or regular 16O water, depending on cell type. Peptides from
naïve HMEC are to be labeled with 16O and those from the PMA-treated HMEC
with 18O.

4. Add 1 µL of 1 M CaCl2 and 5 µL of immobilized trypsin resin to each of the
peptide samples, then mix with constant shaking for 24 h at 30°C using a thermal
mixer (see Note 8).

5. Centrifuge the samples for 5 min at 15,000g, and collect each supernatant in a
separate, new microcentrifuge tube (see Note 9).

6. Add 100 µL of 60% methanol to the remaining pellet of immobilized trypsin
resin and thoroughly mix the pellet into solution. Using a pipet, transfer the sus-
pension into an empty Handee Mini-Spin column (with frit) in a 1.7-mL receiv-
ing tube; and collect the flow-through by centrifuging at 1000g.

7. Repeat step 6 to wash the immobilized trypsin one more time.
8. Now, combine the supernatants that correspond to the 16O- and 18O-labeled

samples from step 6 and the flow-through from step 7 (i.e., mix the naïve HMEC-
16O peptide sample with the corresponding PMA-treated HMEC-18O peptide
sample).

9. Dry the combined sample using a speed-vac and store at –80°C until further use
(see Note 10).

3.3. Cysteinyl-Peptide Enrichment by Thiopropyl Sepharose 6B

1. Degas the coupling and washing buffers and 100 mL of water for 20 min to pre-
vent oxidation of the thiol content.

2. With the exception of the sample to be used to generate the AMT tag database,
dissolve the 16O/18O-labeled sample in 20 µL of coupling buffer, and add 1 µL of
100 mM DTT (5 mM) to the sample; incubate at 37°C for 1 h to reduce any
possible mixed disulfide formation in the sample. Because of the larger size of
the peptide sample that is being used to generate the AMT tag database, dissolve
this sample in 80 µL of coupling buffer, and add 4 µL of 100 mM DTT.

3. Place 5 × 35 mg (5 × 2 µmol disulfide exchange capacity) of dried Thiopropyl
Sepharose 6B resin into individual 1.7-mL tubes. Add 1 mL of water to each
tube, and rehydrate the resin for 15 min at room temperature. Suspend the resin
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well using the pipet and modified 1-mL tips (see Note 11), and then place in a
rack for approx 10 min. The final volume of rehydrated resin should be around
100 µL.

4. Remove and discard 0.5 mL of supernatant (water) off the top of each tube and
resuspend the resin with the solution remaining in the tube. Use a pipet and the
modified 1-mL tip to carefully transfer each suspension to a Handee Mini-Spin
column (without the bottom cap on). Place each spin column in a 2-mL receiving
tube and centrifuge at 1000g for 30 s to remove the water.

5. Add 0.5 mL of water to the spin column, which will readily resuspend the resin
when water is added. Spin at 1000g for 30 s to remove the water. Repeat this
washing step five more times.

6. Wash the resin 10 times each with 0.5 mL of coupling buffer in the spin column.
After the last wash, tightly put the bottom caps on.

7. Dilute the reduced samples to 100 µL by adding coupling buffer to a final DTT
concentration of 1 mM. Dilute the peptide sample for generating the AMT tag
database to 400 µL and then split the sample into four 100-µL aliquots.

8. Add each 100 µL sample to a spin column that contains approx 100 µL of thiol-
affinity resin, and put the top caps on the spin columns. Place each spin column
with sample into a 1.7-mL tube (with caps cut off) and shake at medium speed for
1 h at room temperature to allow for cysteinyl-peptide capture by the resin (see
Note 12).

9. Place each spin column into a new 1.7-mL tube with both top and bottom caps
removed and spin at 1500g for 1 min to collect the unbound portion
(noncysteinyl-peptides, which can be retained for global quantitative analysis
based on noncysteinyl-peptides).

10. Extensively wash the resin using 0.5 mL (six times) of: washing buffer (six
times), 2 M NaCl (six times), 80% acetonitrile/0.1% TFA (six times), and wash-
ing buffer (six times) as in steps 5 and 6 above to remove the peptides bound
nonspecifically to the resin via ionic interactions or hydrophobic interactions.

11. Put the bottom caps back on the spin columns. Add 100 µL of 20 mM DTT to the
resin, close the top caps, and incubate the spin columns at room temperature for
30 min with shaking. Collect the released cysteinyl-peptides as flow-through by
centrifuging the spin columns at 1500g for 1 min with both top and bottom caps
removed. Use 2-mL receiving tubes for easy pooling of the flow-through with
subsequent eluates.

12. Add another 100 µL of 20 mM DTT to the resin and mix using pipet tips (see
Note 13). After incubating at room temperature for 10 min with shaking, place
the spin columns into the same collection tubes and centrifuge at 1500g for 1 min
to collect the released cysteinyl-peptides. Repeat this step once.

13. Repeat step 12, but this time use 80% acetonitrile instead of 20 mM DTT.
14. Immediately alkylate the released cysteinyl-peptides by adding 32 µL (80 mM)

of 1 M iodoacetamide solution to the pooled eluates (a total of 400 µL) and incu-
bate for 1 h at room temperature in the dark.

15. Dilute the alkylated samples to 2 mL by adding washing buffer, followed by SPE
C18 clean up as described in Subheading 3.1.
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16. Dry the SPE C18 eluates using a speed-vac and store at –80°C until further use.

3.4. SCX Fractionation of Enriched Cysteinyl-Peptides

1. Reconstitute the enriched cysteinyl-peptides from the large peptide sample (for
generating the AMT tag database) with 900 µL of solvent A and inject onto the
SCX column with a flow rate of 0.2 mL/min.

2. Once loaded, maintain an isocratic gradient with 100% solvent A for 10 min.
Separate peptides by applying a gradient from 0 to 50% B over 40 min, followed
by a gradient of 50–100% B over 10 min. Hold the gradient isocratically at 100%
solvent B for an additional 10 min.

3. Collect a total of 35 fractions using the automatic fraction collector on the high-
performance liquid chromatography. Dry each fraction and store at –80°C until
time for analysis.

3.5. Capillary LC–MS/MS and LC–FTICR Analyses

1. In our laboratory, peptide samples are analyzed using a custom-built capillary
LC system (8) coupled online to either a LTQ ion trap mass spectrometer (for
generating the AMT tag database) or to an Apex III 9.4-Tesla FTICR mass spec-
trometer equipped with an electrospray ionization (ESI) interface for subsequent
measurements.

2. The reversed-phase capillary column is prepared by slurry packing 5-µm Jupiter
C18 bonded particles into a 65-cm long, 150-µm inner diameter (id) fused silica
capillary.

3. Mobile phases are degassed on-line using a vacuum degasser. After injecting 10
µL of peptide sample onto the reversed-phase capillary column, hold the mobile
phase at 100% A for 20 min. Attain exponential gradient elution by increasing
the mobile-phase composition to approx 70% B over 150 min, using a stainless
steel mixing chamber. Apply this same gradient for both LC–MS/MS and LC–
FTICR analyses.

4. The ion trap and the FTICR mass spectrometers are operated under normal con-
ditions. Details of the LC–MS/MS and LC–FTICR operating parameters
employed for this demonstration are available in refs. 10 and 12.

3.6. Data Analysis

In our laboratory, data analysis and processing steps are automated and pro-
ceed as follows:

1. For LC–MS/MS analyses, peptides are identified using SEQUEST and static
modification of cysteine residues (+57 Da) to search the MS/MS spectra against
a normal nonredundant human International Protein Index database (consisting
of 47,306 protein entries at the time of our analysis; available online at http://
www.ebi.ac.uk/IPI) and its sequence-reversed version.

2. The false-positive rate of the SEQUEST search results is evaluated using a
reversed protein sequence database (13). From this evaluation, the following set

http://www.ebi.ac.uk/IPI
http://www.ebi.ac.uk/IPI
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of criteria are determined for filtering the raw SEQUEST data with an overall
confidence of greater than 95% ( Cn � 0.1): for the 1+ charge state, Xcorr � 1.5
for fully tryptic peptides, and Xcorr � 3.1 for partially tryptic peptides; for the
2+ charge state, Xcorr � 1.9 for fully tryptic peptides and Xcorr � 3.8 for par-
tially tryptic peptides; and for the 3+ charge state, Xcorr � 2.9 for fully tryptic
peptides and Xcorr � 4.5 for partially tryptic peptides. Nontryptic peptides are
not included.

3. Peptides that meet the criteria in step 2 are included in the AMT tag database.
The peptide retention times from each LC–MS/MS analysis are normalized to a
range of 0 to 1 by using a predictive peptide LC–NET model and linear regres-
sion (14). An average NET value and NET standard deviation are assigned to
each identified peptide, provided the same peptide was observed in multiple runs.
Both the calculated accurate monoisotopic mass and the NET of the identified
peptides are included in the AMT tag database.

4. The initial analysis of raw LC–FTICR data involves a mass transformation or
deisotoping step using ICR2LS, an analysis tool based on the THRASH algo-
rithm (15). ICR2LS data analysis generates a text file report for each LC–FTICR
data set that includes both the monoisotopic masses and the corresponding inten-
sities for all detected species for each spectrum.

5. Following ICR2LS analysis, data are processed to yield a two-dimensional mass
and LC elution time data set. Automated data processing steps include filtering
data, finding features (i.e., a peak with a unique mass and elution time signature)
and pairs of features, computing abundance ratios for pairs of features, normaliz-
ing LC elution times, and matching the accurately measured masses and NET
values of each feature to the corresponding AMT tag in the database to identify
peptide sequences. The peptide sequences of a given feature or pair of features
are assigned when the measured mass and NET match the calculated mass and
NET in the AMT tag database within 5 ppm mass error and 5% NET error.

6. The abundance ratios (18O/16O) for labeled peptide pairs are computed by using
an equation similar to that previously reported (4).
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where I0, I2, and I4 are the measured intensities for the monoisotopic peak
for the peptide without 18O label, the peak with mass 2 Da higher, and the
peak with 4 Da higher mass, respectively. M0, M2, and M4 are the predicted
relative abundances for the monoisotopic peak for the peptide, the peak with
mass 2 Da higher, and the peak with mass 4 Da higher, respectively. The
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tions (Eq. 2 and 3) (16) where Mr represents peptide molecular weight.
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7. Ratios from multiple observations of the same peptide across different analyses
are averaged to give one ratio per peptide. All quantified peptides are rolled up to
nonredundant protein groups using ProteinProphet (17) (see Note 14), and the
abundance ratio for each protein group is calculated by averaging the ratio of
multiple unique peptides stemming from the same protein group.

4. Notes
1. Unless otherwise stated, all solutions should be prepared in deionized water that

has a resistivity of 18.2 M -cm and total organic content of less than 5 ppb (parts
per billion). This standard is referred as “water” or regular “(16O) water” in the
text.

2. TBP is received in sealed Ampere vials. Once opened, TBP may decline in quality.
Thus, it is best used if stored at 4°C under nitrogen gas for no longer than 1 wk.

3. Immobilized trypsin is in the form of a fine resin and is received as a white sus-
pension. Mix well or shake briefly before use.

4. Thiopropyl Sepharose 6B resin is received as dried powder. Once opened, it is
best stored at 4–8°C in a desiccator.

5. The Handee Mini-Spin column kit contains an empty spin column (0.5 mL capac-
ity, with frit), top cap, and bottom cap. Make sure the bottom cap is fitting tightly
with the bottom of the spin column to prevent leakage during incubation with
shaking.

6. Because of the frequent use of DTT in the cysteinyl-peptide enrichment experi-
ment, it is convenient to make a 1 M DTT stock solution in water and then split it
into 10-µL aliquots. This stock solution can be stored at –80°C for more than 3
mo without decline in quality.

7. Failure to eliminate residual trypsin activity will result in 16O and 18O back-
exchange. Alternatively, immobilized trypsin can be used for protein digestion,
but additional sample handling may required (e.g., washing the immobilized
trypsin resin following the digestion).

8. White precipitates are observed once the CaCl2 and immobilized trypsin are
added. It is necessary to shake the suspension at high speed (e.g., 1300 rpm) to
keep the immobilized trypsin homogeneously distributed to improve the reaction
efficiency.
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9. Keep corresponding 16O- and 18O-labeled samples separate in different tubes until
immobilized trypsin resin is filtered using the empty spin column. We recom-
mend mixing differentially labeled samples from the same biological system as
the last step to prevent trypsin-catalyzed 16O- and 18O back-exchange. If a pre-
cipitate is still observed in any of the final combined samples, we recommended
centrifuging again and transferring the supernatant to a new tube.

10. There will be a light yellowish or whitish layer on the bottom of tubes after com-
pletely dried, but it can be readily dissolved in the coupling buffer in the cysteinyl-
peptide enrichment step, or in other common buffers, such as 25 mM NH4HCO3.

11. The resin tends to get sticky at the beginning of the rehydration and, thus, forms
chunks that make pipetting difficult using regular tips. Cut 5 mm off the end of
the tip to make the hole larger for easier mixing and transfer.

12. We recommend shaking the spin column at no less than 800 rpm to keep the resin
homogeneously distributed. However, the use of a speed of higher than 1000 rpm
may cause spillage of the solution through the top cap, resulting in sample loss.
Also, we recommend checking the bottom caps after shaking for 5 min. Finding
a potential leakage problem earlier minimizes the chance of failure in the
cysteinyl-peptide enrichment experiment.

13. Once incubated with DTT, the resin tends to get packed and sticky after the low-
speed centrifugation step because its structure is changed with the elution of
cysteinyl-peptides. Use pipet tips to completely mix the freshly added DTT with
the resin.

14. All peptides that pass the filtering criteria are given the identical probability score
of 1, and entered into the Protein Prophet program only for clustering analysis to
generate a final nonredundant list of proteins or protein groups.
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An Isotope Coding Strategy for Proteomics Involving
Both Amine and Carboxyl Group Labeling

Fred E. Regnier

Summary
A stable isotope coding strategy is described for the analysis of all types of tryptic

peptides, including those that are N-terminally blocked and from the C-terminus of pro-
teins. The method exploits differential derivatization of amine and carboxyl groups gen-
erated during proteolysis as a means of coding. Carboxyl groups produced during
proteolysis incorporate 18O from H2

18O. Peptides from the C-terminus of proteins were
not labeled with 18O unless they contained a basic C-terminal amino acid. Primary amines
form controls, and experimental samples were differentially acylated after proteolysis
with either 1H3- or 2H3-N-acetoxysuccinamide. When these two types of labeling were
combined, unique coding patterns were achieved for peptides arising from the C-termini
and blocked N-termini of proteins.

Key Words: Proteomics; isotope coding; C-terminal; N-terminal; TACT; 18O coding.

1. Introduction
In vitro quantification based on stable isotope labeling requires that proteins

or peptides be derivatized with an isotopically coded labeling agent. This can
be done in several ways. One is by derivatizing a functional on an amino acid
side chain of the protein or peptide. This is the basis for the popular ICAT
method in which sulfhydryl groups on cysteine residues are coded (1,2).
Among the many advantages of this approach are that differentially coded
proteome samples can be mixed and digested simultaneously, eliminating dif-
ferences in proteolysis between samples. Another is that the coding agent con-
tains biotin and only cysteine-containing peptides are selected from a proteome



126 Regnier

digest. Greater than 80% of the peptides in proteolytic digests are eliminated
through affinity selection while still sampling a major portion of the proteome
(3). A limitation of side chain derivatization is that a protein might not have the
specific amino acid being derivatized (4) or it is present in such low abundance
that protein identification could be based on a single peptide. There is also the
problem that unless a posttranslationally modified peptide contains the
derivatizable side chain can it be selected and studied (5).

Another coding strategy is to derivatize either amino (6) or carboxyl groups
(7) arising from proteolysis of the proteome. Peptides thus formed contain a
basic amino acid at their C-terminus and a primary amine at their N-terminus,
even in the case of peptides with posttranslational modifications (PTMs). Pri-
mary amine groups formed during proteolysis have been stable isotope coded
in a number of ways ranging from acylation and reductive amination to
dansylation and isocyanate derivatization.

Stable isotope coding of carboxyl groups is achieved exclusively by incor-
poration of 18O from H2

18O into the C-terminus of peptides. When proteolysis
is achieved with a serine protease, a reversible covalent linkage is formed
between peptide products and the active site serine residue. Even after pro-
teolysis, peptides still continue to be covalently bound and released from serine
proteases. The reversibility of this reaction makes it possible to incorporate
two moles of 18O into the C-terminal carboxyl group of a peptide.

A problem with all these methods is that they are not truly global. Each has
cases in which a class of peptides will fail to be derivatized. Limitations of
amino acid side chain derivatization have already been noted in this respect.
When the N-terminus of a protein is acylated, as is the case with many serum
proteins, stable isotope coding methods that target α-amino groups cannot label
the amino terminal peptide of the protein. The problem with 18O coding is that
it never codes the C-terminal peptide from a protein unless the C-terminal
amino acid is either lysine or arginine. The same is true if the C-terminus of the
protein is derivatized in some way. Figure 1A shows the general structure of
the three types of tryptic peptides derived from none end-blocked proteins.
The C-terminal peptide does not contain any basic amino acids, whereas all
other peptides contain either an arginine or lysine residue at the C-terminus.
Figure 1C shows three classes of tryptic peptides obtained from either an N-
terminally or C-terminally blocked protein. A peptide with a methyl ester at
the C-terminus is shown as an example of a C-terminally blocked protein. Pep-
tides from N-terminally blocked proteins are indicated as being derivatized
with an “acyl” group. The other amino acids that could be at the C-terminus of
a peptide are indicated by R1–20. No missed cleavages or adjacent basic amino
acid-containing peptides are shown.
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Fig. 1. A scheme for tagging amino and carboxyl termini of peptides simulta-
neously. The amino acid side chains in this illustration are on the C-terminal amino
acid of the peptide. The bold solid line is the rest of the peptide backbone. (A) illus-
trates the general types of peptides obtained from unblocked proteins. (B1) shows how
these peptides would be derivatized when a proteome sample was tryptic digested in
H2

16O and derivatized with N-(1H3)acetoxy succinimide. (B2) shows how peptides from
a second sample would be derivatized when they were tryptic digested in H2

18O and
derivatized with N-(2H3)acetoxy succinimide. (C) illustrates peptides that would be
obtained from proteins that are either N-terminally or C-terminally blocked. A methyl
ester is used as an example of a C-terminal block. Differential labeling of the C-termi-
nally blocked peptides from two samples is illustrated in (D1) and (D2). Differential
labeling of the N-terminally blocked peptides from these samples is seen in (E1) and
(E2). Note that in the case of terminally blocked peptides, only one end of the peptide
is labeled. After differential labeling of the samples they are mixed and analyzed by
liquid chromatography–mass spectrometry.
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These problems can be circumvented by labeling tryptic peptides with ac-
etate on their primary amino groups and 18O in the carboxyl groups of basic
amino acids at their C-termini. The products of the differential labeling pro-
cess are seen in Fig. 1. Peptides from the A and C panels labeled with the light
form of acetate are seen in panels B1, C1, and E1, respectively. Labeling occurs
in all cases except those that are N-terminally blocked with an “acyl” group.
Carboxyl groups at the C-termini of peptides are not labeled in this case be-
cause proteolysis was carried out in H2

16O.
When proteolysis is carried out in H2

18O and primary amines are labeled
with trideuteroacetate the labeling pattern in panels B2, D2, and E2 is achieved.
This method of simultaneously tagging amino and carboxyl termini is referred
to as the TACT method (8).

2. Materials
2.1. Reagents

1. The reference proteins bovine cytochrome c, chicken lysozyme, and turkey
lysozyme (Sigma, St. Louis, MO).

2. Sequence grade trypsin (Promega, Madison, WI).
3. Reference peptides (Bachem, Torrance, CA).
4. Oxygen-18 enriched water (95–98 atom% 18O) (Isotech, Miamisburg, OH).
5. C2H3COOH (Isotech).
6. N-hydroxysuccinimide (Aldrich, Milwaukee, WI).
7. N-hydroxylamine, iodoacetic acid, cysteine, dithiothreitol, N-tosyl-L-lysyl

chloromethyl ketone, and all the reagents for trypsin digestion were purchased
from Sigma.

8. The MALDI matrix α-cyno-4 hydroxycinnamic acid (Aldrich).

2.2. Solvents

1. Acetonitrile (ACN) (Sigma).
2. Reagent grade trifluoroacetic acid (TFA) (Sigma).
3. Hexane (Aldrich).

2.3. Equipment

1. MALDI-mass spectrometry (MS). MALDI-MS was performed using a Voyger DE-
RP BioSpectrometry Workstation (PE Biosystems, Framingham, MA). The matrix
used to analyze the peptides was a solution containing 10 mg/mL of α-cyno-4
hydroxycinnamic acid in 50% ACN, 50% water, and 0.1% TFA. Dried fractions
collected from RPC separations were reconstituted in 20 µL of the matrix solution
and 1 µL of the sample was spotted onto the plate for analysis. All peptides were
analyzed in the reflective, positive ion mode by delayed extraction.

2. Electrospray ionization–MS. Samples were analyzed by an electrospray ioniza-
tion source on a QSTAR hybrid Q-TOF MS (Applied Biosystems/PE SCIEX,
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Foster City, CA) equipped with an Integral Liquid Chromatography Work Sta-
tion (Applied Biosystems). Samples were dissolved in ACN-H2O (50:50) con-
taining 0.1% formic acid, and infusion injected with a syringe pump flowing at
10–30 µL/min. The QSTAR was operated above 8000 in resolution with a mass
accuracy of 10–30 parts per million using an external calibration maintained for
24 h. MS/MS sequencing was achieved by selecting the parent ion in the qua-
druple using the unit-resolution selection. The instrument was run in the positive
TOF mode (m/z 300–2000). The typical ion spray voltage used was 5000 V with
a collision energy of 30–60 eV to fragment peptides. Nitrogen gas was used for
the collision gas and typical pressures in the collision cell during MS/MS were
from 4 to 6 ×10–6 torr. Sequences were obtained from the MS/MS spectrum
through manual interpretation and with the MASCOT software (Matrix Sciences,
London, UK).

3. Liquid chromatography. RPC separations were achieved using either a BioCAD
Liquid Chromatography Works Station or an Integral Liquid Chromatography
Work Station (Applied Biosystems) fitted with a 2 × 250 mm or 4.6 × 250 C18

PepMap (Applied Biosystems) column packed with 5 µm particle diameter
reversed-phase sorbent material.

3. Methods
3.1. Coding Agent Synthesis

The synthesis of N-(1H3)acetoxysuccinamide and N-( 2H3)acetoxysuccina-
mide were achieved in an identical manner. The deuterated reagent was syn-
thesized by substituting (2H3)acetic anhydride for (1H3)acetic anhydride in the
protocol. These reagents were synthesized according to the literature ([9]).

1. A solution of 4.0 g (34.8 mmol) of N-hydroxysuccinimide in 10.7 g (105 mmol)
of (1H3)acetic anhydride was stirred for 15 h at room temperature. White crystals
began to deposit in 10 min.

2. The reaction was terminated by filtration of the crystalline residue.
3. The crystals were then washed with hexane to remove residual acetate and acetic

anhydride and dried in vacuum. A 5.43 g (100%) yield of product was obtained,
melting point 133–134°C.

3.2. Proteolysis

1. Control and experimental proteome samples with total protein concentrations in
the range of 0.1 to 1 mg/mL were individually reduced and alkylated in 0.1 M
ammonium bicarbonate buffer (pH 8.2) containing 6.2 M urea and 10 mM dithio-
threitol. The difference in the treatment of these two samples was that the pro-
teolysis step was carried out in 18H2O with the experimental sample.

2. After a 2-h incubation at 37°C, iodoacetic acid was added to each of these
samples to a final concentration of 30 mM, and incubated in darkness on ice for
two more hours.
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3. Cysteine was then added to both the control and experimental sample reaction
mixtures to a final concentration of 40 mM, and the reaction was allowed to pro-
ceed at room temperature for 30 min.

4. After dilution with 0.1 M ammonium bicarbonate buffer to a final urea concen-
tration of 0.8 M, sequence grade trypsin (2% [w/w] enzyme to that of protein
based 1 mg/mL of protein) was added and incubated for 24 h at 37°C.

5. Proteolysis was terminated by the addition of N-tosyl-L-lysyl chloromethyl ketone
in slight molar excess to the trypsin concentration.

3.3. Peptide Derivatization With N-Acetoxysuccinimide Coding Agent

Both affinity chromatography-selected samples on nonaffinity selected
samples were treated in the same manner in this step of the analytical process.
Experimental samples were treated in exactly the same manner as control
samples except that N-(2H3)acetoxysuccinamide was used as the isotopic cod-
ing agent instead of N-(1H3)acetoxysuccinamide in the control sample.

1. A fivefold molar excess of N-(1H3)acetoxysuccinamide was added to the tryptic
digest of the control sample and incubated at room temperature for 4 h.

2. N-hydroxylamine was then added to adjust to pH 12.0. Incubation with hydroxy-
lamine for 10 min was used to hydrolyze esters that might have been formed
during the acylation reaction, especially tyrosine esters.

3. Equal aliquots of this sample and the isotopically coded experimental sample
described below were mixed and then separated on a C18 RPC column prior to
mass spectral analysis.

3.4. RPC of Isotopically Labeled Peptides

1. Derivatized peptides were fractionated using a 250 × 4.6-mm C18 PepMap
(Applied Biosystems) reversed-phase column with a 60 min gradient ranging from
100% solvent A (0.1% TFA with 1% ACN/99% water) to 80% solvent B (0.1%
TFA with 90% ACN/10% water). Peptide elution was monitored at 214 nm.

2. RPC fractions where either transferred directly to a mass spectrometer through
an electrospray interface or collected and examined by MALDI-MS.

3. Collected fractions were evaporated to dryness and resuspended in MALDI
matrix before MALDI analysis.

4. Notes
As opposed to other forms of stable isotope coding, coded peptides from the

TACT method vary in mass difference between the heavy and light forms of
peptides. The notes below provide a set of rules for interpretation.

1. C-terminal peptides from nonblocked proteins. Peptides derived from the C-
terminus of proteins that are not blocked and do not have a basic amino acid at
their C-terminus will only be labeled with d0/d3 acetate at the N-terminus. (Recall
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that 18O is not incorporated into peptides derived from the C-terminus of proteins.)
This means the difference in ion clusters seen in the mass spectra will by 3 amu.

2. N-terminal peptides from nonblocked proteins. These peptides will have both a
free α-amino group and a basic amino acid at the C-terminus that can incorporate
two moles of 18O. After labeling with 2H3-acetate, heavy peptide isotopomers
with an arginine at their C-terminus will contain three 2H and two 18O. This means
they will have 3 + 4 = 7 amu higher molecular weight that the light form of the
peptide.
Peptides with a lysine at their C-terminus are also acetylated on their ε-amino
group so the difference in the molecular weight of heavy and light forms will be
3 + 3 + 4 = 10 amu.

3. Peptides from the interior of proteins. Miscleavages by trypsin can occasionally
generate peptides that have two lysine residues. In this case, the mass difference
in the heavy and light forms of peptides would be 3 + 3 + 3 + 4 = 13 amu.

4. Peptides from the blocked C-termini of proteins. Because the C-terminal peptides
arising from proteins do not incorporate 18O anyway, stable isotopelabeling pat-
terns can not differentiate between unblocked and blocked C-termini of proteins.

5. Peptides from the blocked N-termini of proteins. A block at the N-terminus of a
protein yields a peptide without a free α-amino group. When these peptides have
an arginine at their C-terminus, they are only labeled at their C-terminus with
18O. This means the difference in mass between the heavy and light forms of
peptides will be +4. Peptides that contain a lysine residue at the C-terminus will
be labeled by d3-acetate and 18O. This means the heavy and light forms differ in
mass by 3 + 4 = 7 amu. This is the same difference as for an internal peptide with
an arginine at the C-terminus.

6. Interpretation rules can be broken down into four parts. The first is that peptide
clusters differing by 3 amu always come from the C-terminus of a protein. The
second is that peptide clusters differing by 4 amu always come from the N-term-
inus of a protein and contain arginine at their C-terminus. A third is peptide clus-
ters varying by more than 7 amu always come from the interior of a protein and
have one or more lysine residues. And the fourth is that peptide clusters varying
by 7 amu can either come from the interior of a protein and carry arginine at their
C-terminus, or be from a N-terminally blocked protein and have a lysine residue
at their C-terminus. Differentiation between these two is easily achieved by col-
lision-induced dissociation analysis in MS/MS analysis. Peptides from N-term-
inally blocked proteins will have all the heavy isotopes in the C-terminal lysine
residue. In contrast, internal peptides with arginine at the C-terminus will be
heavy isotope labeled at both ends of the molecule. This is very apparent in the
“b” and “y” ions in tandem mass spectra.

7. Based on the knowledge that the TACT method provides global labeling of all
peptides, all differentially code peptide mixtures should appear in mass spectra
as doublet clusters according to the rules outlined in step 6. It is therefore sur-
prising when single clusters of ions are found in mass spectra. (Singlet clusters
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refers to the normal envelope of M, M+1, and M+2 ions seen in a mass spec-
trum.) Singlet clusters give very important clues about differences in biological
systems. Singlets may occur in the following ways. One would be when there is
a profound regulatory change that causes huge changes in the concentration of a
protein between the two samples. In this case, other peptides from the same pro-
tein should show the same large change in relative concentration. A second rea-
son would be because of a PTM. A PTM will change both the molecular weight
and probably the chromatographic properties enough that peptides will not
coelute from the RPC column and appear in the expected 3, 4, 7, 10, or 13 amu
spacing between doublet clusters. Finally there is the possibility of a single amino
acid polymorphism (10). Genetic differences, i.e., mutations, between the organ-
isms providing the two samples being used in the differential analysis can be
another reason that the expected 3, 4, 7, 10, or 13 amu spacing between doublet
clusters will not be seen. Peptides will appear as singlets for the same reason as
with a PTM.
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Proteolytic Labeling With 18O for Comparative
Proteomics Studies
Preparation of 18O-Labeled Peptides
and the 18O/16O Peptide Mixture

Catherine Fenselau and Xudong Yao

Summary
The method reported here uses proteolytic catalysis to introduce two 18O atoms into

the carboxyl termini of peptides in mixtures, and is intended to be part of the work-flow
in comparative proteomics strategies. Proteins are first cleaved with trypsin in water,
and subsequently the peptide products are dried and labeled by incubation with trypsin
in 18O-enriched water. One important aspect of this two-step procedure is that peptides,
and not proteins, are dried and redissolved in H2

18O for the labeling reaction. Incorpora-
tion can exceed 95% if it is carried out in water that is sufficiently enriched with H2

18O.
The byproduct of the reaction is water. The use of catalytic enzyme immobilized on
beads facilitates its removal and termination of the exchange. In differential proteomic
studies, heavy isotope-labeled peptides are combined with peptides carrying 16O for iso-
tope ratio measurements by mass spectrometry.

Key Words: Comparative proteomics; isotope labeling; proteolytic catalysis; 18O/16O
labeling; mass spectrometry; differential analysis; non-gel proteomics; peptide analysis;
isotope ratios; immobilized trypsin; serine proteases.

1. Introduction
The use of mass spectrometry (MS) in combination with bioinformatics has

elevated proteomics to the level of a new paradigm. As the inventory stage
implemented by this paradigm matures, scientists are focusing on the enor-
mous potential of comparative studies or differential proteomics. The histori-



136 Fenselau and Yao

cally important capability of MS to provide measurements of isotope ratios has
been newly exploited to provide reliable analyses of pairs or multiples of pep-
tides carrying heavy and light labels. Although these labels can be introduced
metabolically into cells growing in culture, protein samples from animals or
clinical specimens are most practically labeled by chemical or enzymatic reac-
tions. Advantage has been taken of the mechanism of serine proteases to intro-
duce 18O atoms into the carboxyl termini of peptides. The introduction of
labeled oxygen in the hydrolysis of proteins was reported more than 25 yr ago
(1). The ability of trypsin and related enzymes to rebind the peptide products
and to introduce a second atom of 18O by microreversibility was documented in
1996 (2). This mechanism is shown in Fig. 1 and forms the basis for the label-
ing method reported in this chapter.

The reaction shown in Fig. 1 allows protein labeling to be separated from
peptide cleavage. This adds greatly to the versatility of the method. It means
that after proteins are cleaved under optimal conditions, the peptide products
are dried and redissolved in labeled water, eliminating the need to resolubilize
proteins. The two-step strategy (3) means, for example, that proteins can be
first digested with Lys-C endoproteinase, which is active at a higher urea con-
centration, and then the peptide products can be cleaved and labeled with
trypsin. Peptides labeled with 18O are combined with peptides carrying 16O, pre-
pared in parallel from another protein sample, and the isotope ratios are mea-
sured by MS. This is a global labeling strategy. Only the peptide carrying the
original carboxyl terminus without a terminal arginine or lysine is not labeled.
It should be pointed out that this labeling method is effective with both lysine-
and arginine-terminated peptides, as well as both long and short peptides. Dif-
ferent peptides are labeled at different rates. Thus, the exchange is extended
with the addition of a second batch of immobilized trypsin. A major advantage
is that the 18O/16O peptide pairs coelute from reverse-phase high-performance
liquid chromatography (HPLC) columns. A spectrum of such a peptide pair is
shown in Fig. 2, along with a theoretical distribution of natural isotopes. The
ratio of the abundance of the 18O-labeled peptide to the 16O-labeled peptide can
be calculated from peak heights of the monoisotopic species, corrected for 13C
contributions and single 18O incorporation by the formula:

Ratio = {I4 – (M4/M0)I0 – (M2/M0)[I2 – (M2/M0)I0] + [I2 – (M2/M0)I0]} / I0

In a controlled study using Glu-C endoprotease the ratio of isotopic peaks
was shown to correlate linearly with independently determined peptide ratios,
with a correlation coefficient of 0.997 ± 0.238 (4). The precision of the liquid
chromatography (LC)–MS measurement has been shown to be less than ± 10%,
using either the previously mentioned equation or the simpler ratio of peak
heights I4/I0. Variation in sample preparation and biological variation can con-
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tribute additional uncertainty to the measurement (see Notes 1–5).The method
has been used with most types of mass spectrometer analyzers, including Fou-
rier Transform analyzers (3,5) and low-resolution ion traps (6–8), and is suit-
able for high-throughput protocols (7). Both MALDI and electrospray
ionization (ESI) have been used successfully. Because the isotope pair is
located at the carboxyl terminus of each peptide, all fragment ions that contain
the carboxyl terminus will be marked by isotope doublets. This facilitates
interpretation of tandem mass spectra. An example is shown in Fig. 3.

2. Materials
The more enriched the isotope-labeled water, the more completely labeled

the peptides will be.

1. H2
18O (>97% enrichment; Isotec Inc., Miamisburg, OH).

2. H2
16O (HPLC grade or deionized).

3. Stock solution (0.5 µg/µL) of modified trypsin in H2
16O. Into a vial of 100 µg of

trypsin (treated with reductive methylation and L-[tosylamido-2-phenyl] ethyl
chloromethyl ketone [TPCK]; Trypsin Gold, mass spectrometry grade, Promega,
Madison, WI), add 200 µL of H2

16O. Transfer aliquots of the trypsin solution in
desired volumes into nonstick Eppendorf tubes. Fast freeze the enzyme stock
solutions and store at –80°C (see Note 6).

4. Digestion buffer: 20 mM Tris-HCl, 50 mM NaCl, and 50 mM CaCl2. Mix 2 mL of
100 mM Tris-HCl stock solution (pH 8.0; Sigma-Aldrich, St. Louis, MO), 5 mL
of 100 mM CaCl2, 100 µL of 5 M NaCl stock solution and 2.9 mL of H2

16O.
5. Prewet microcentrifugal filter. Add 100 µL of a solution of the digestion buffer

and acetonitrile (8:2 v/v) to a microcentrifugal filter (UFC30VV25; Millipore,
Bedford, MA) and spin the filter unit at 4000g for 1 min.

6. Prewashed immobilized trypsin beads. Add 100 µL of a solution of the digestion
buffer and acetonitrile (8:2 v/v) on top of a prewet microcentrifugal filter and then
add 40 µL of the immobilized trypsin resin in suspension (Applied Biosystems,
Framingham, MA or Stratagene, Inc., La Jolla, CA). Mix well by reversing the

Fig. 1. Mechanism for introduction of 18O into peptides, catalyzed by a serine pro-
tease. Introduction of two atoms of 18O is achieved when the reaction is repeated.
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unit 10 times and spin at 4000g for 1 min. Wash the immobilized trypsin beads
with 100 µL portions of a solution of the digestion buffer and acetonitrile (8:2 v/
v) for four more times. Add 40 µL of digestion solution to resuspend the immobi-
lized trypsin.

7. Anhydrous acetonitrile (Sigma-Aldrich).
8. Trifluoroacetic acid (TFA) solution (10% v/v). Add 10 µL of TFA (Sequanal

grade, Pierce, Milwaukee, WI) to 10 mL of H2
16O.

9. TFA solution (1% v/v). Add 100 µL of TFA (Sequanal grade) to 10 mL of H2
16O.

3. Methods
In this strategy, proteins are cleaved first and then the peptides are labeled

with either 18O or 16O. Peptides from one tissue or cell sample are labeled with
18O, and peptides from a second sample are labeled with 16O. The peptides are
mixed for further fractionation (see Notes 7–9) and isotope ratio measurements
by LC–MS, LC-ESI-MS/MS, and LC-MALDI-MS/MS.

1. Dissolve a mixture of reduced and alkylated proteins (100 µg, desalted) in a 0.5-
mL nonstick tube, by adding 5 µL acetonitrile and 20 µL of the digestion solution
(see Note 10).

Fig. 2. Partial mass spectrum of a pair of triply charged peptides carrying 18O or 16O
labels. The inset shows the theoretical isotope distribution, reflecting mainly the natu-
ral abundance of 13C.
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2. Add 4 µL trypsin stock solution (0.5 µg/µL) in H2
16O.

3. Spin the tube at 1000g for 0.5 min and incubate the digestion solution without
shaking and at room temperature for 6 h.

4. Add 20 µL more of the digestion buffer.
5. Mix the prewashed immobilized trypsin beads by reversing the microcentrifugal

filter unit 10 times.
6. Add 10 µL of prewashed immobilized trypsin beads to the digestion solution.
7. Dry the digestion mixture by vacuum centrifugation (SpeedVac, Thermo Savant,

Holbrook, NY) at room temperature.
8. Add 40 µL of anhydrous acetonitrile, slightly tap the tube (to mix), and then

incubate for 5 min. Dry the mixture by vacuum centrifugation at room tempera-
ture one more time.

9. Dissolve the dried mixture in 10 µL of anhydrous acetonitrile.
10. Add 40 µL of H2

18O and gently vortex the tube.
11. Incubate the suspension with gentle rotation overnight.
12. Acidify the reaction suspension with a minimal volume of 10% (v/v) TFA to pH

< 3.0 (see Notes 11–13).
13. Transfer the reaction suspension onto a prewet microcentrifugal filter and spin at

4000g for 1 min (see Note 14).

Fig. 3. Tandem mass spectrum of a pair of peptides carrying 18O or 16O labels at
their carboxyl termini. Pairs of fragment ions containing the C-termini (y ions) are
indicated, from which a partial sequence has been deduced.
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14. Wash the reaction tube with 50 µL of a solution of 1% TFA:acetonitrile (8:2 v/v)
and transfer the washing solution to the filter and spin at 4000g for 1 min.

15. Repeat step 14 once. Combine all the filtrates from steps 13–15.
16. Dry the reaction products by vacuum centrifugation at room temperature.
17. Add 200 µL of anhydrous acetonitrile and dry the reaction products by vacuum

centrifugation at room temperature one more time.
18. Store the 18O-labeled peptide mixture for future analyses.
19. Prepare 16O-labeled peptides by following the same procedure in H2

16O.
20. Dissolve and combine the 16O/18O-labeled peptide mixtures for mass spectromet-

ric analysis.

4. Notes
1. This labeling method is reported to be compatible with smaller sample quantities

than others (8). Formation of the enzyme/peptide adduct is driven by high con-
centrations of immobilized trypsin, despite low concentrations of target peptides.
The large molar excess of water drives the exchange reaction to completion.

2. In the current literature, the dynamic range has been limited to about 1;20 for 16O/
18O or 18O/16O (9,10).

3. Accuracy for ratios of peptide pairs with a significantly low concentration of the
18O-peptide may be increased by using an inverse labeling strategy (6).

4. Isotope ratios are more difficult to determine accurately in mass spectra obtained
in tandem experiments. Ratios should be measured in conventional scans.

5. Multiple peptide ratios should not be averaged to obtain the protein ratio, because
peptides are labeled at varying rates (3). Rather, the ratio that involves the peptide
with the highest incorporation of 18O is generally the most meaningful.

6. Glu-C endoproteinase (4) and chymotrypsin (3) have been shown to catalyze the
labeling reaction.

7. This differential labeling method can be combined with any affinity separation
method. Bonenfant et al. have successfully combined it with metal-affinity chro-
matography (9).

8. Proteolytic labeling can be combined with glycolytic labeling, which marks the
sites of attachment of N-glycosylated peptides (4).

9. Because the isotope labels are introduced only after proteins have been isolated
and cleaved, care must be taken that both protein pools are processed analogously.

10. Anhydrous dimethyl sulfoxide can be used as an alternative to anhydrous aceto-
nitrile as organic solvent to dissolve peptides for the exchange reaction. In this
case 0.5% (v/v) of 2-mercaptoethanol should be included in the exchange sus-
pension to prevent oxidation of peptides. Dimethyl sulfoxide should not be used
for the digestion reaction.

11. Clay and Murphy have demonstrated that 18O labels in a carboxylic acid group are
relatively stable in the pH range 2.0 to 8.0, and that the labels are stable in aceto-
nitrile gradients in reverse-phase HPLC (11). Aspartate and glutamate side chains
will not be exchanged under the conditions of Subheading 3. used because they
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do not evaporate during vacuum centrifugation and provide buffering capacity
after reconstitution with labeling water.

12. Nonvolatile buffers should be avoided because they are not compatible with MS.
13. Staes and colleagues have carried out the postdigestion exchange at pH 4.5 (12),

and Zang et al. (8) used pH 6.75, reporting that the exchange occurs more rapidly.
14. The use of immobilized trypsin allows high ratios of enzyme to peptide and mini-

mizes trypsin autolysis. Most importantly, immobilized trypsin can be readily
removed from the reaction (see Subheading 3

.), thus precluding catalysis of back exchange. A common practice is to reduce the pH
of the exchange reaction solution to slow enzyme-catalyzed back exchange (11).
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Tandem Mass Spectrometry in the Detection of Inborn
Errors of Metabolism for Newborn Screening

Frantisek Turecek, C. Ronald Scott, and Michael H. Gelb

Summary
Tandem mass spectrometry has been used for determinations of enzyme activities in

biological samples. Activities in rehydrated dried blood spots of lysosomal enzymes
glucocerebrosidase, acid sphingomyelinase, galactocerebroside -galactosidase, acid- -
galactosidase, acid -glucosidase, and -D-iduronidase are measured simultaneously by
multiple-reaction monitoring of ion dissociations from cations produced by electrospray
ionization of enzymatic products. Simple and inexpensive assay protocols are described
that are readily adopted for handling multiple samples in 96-well microtiter plates,
employing simple separation steps, and using less than or equal to 3 µmol of synthetic or
commercially available substrates, and less than 25 nmol of internal standards per analy-
sis. The assays have the potential of being used for large-scale screening of newborns for
the detection of inborn errors of metabolism.

Key Words: Lysosomal storage diseases; mucopolysaccharidosis; enzyme assays;
tandem mass spectrometry; multiple reaction monitoring; clinical chemistry; biochemi-
cal diagnosis.

1. Introduction
Mass spectrometry (MS) is a highly sensitive method that has been widely

used for the selective detection and quantitation of various metabolites that are
present at trace levels in body fluids and manifest genetic diseases (1). In the
traditional analytical approach to metabolite analysis, the compounds of inter-
est are extracted from the biological material (urine, blood serum, and so on)
(2) and separated by a gas chromatograph or a high-performance liquid chro-
matography that is coupled on-line to the mass spectrometer. The use of gas
chromatography often requires that the metabolites be chemically derivatized

ˆˆ
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prior to analysis to increase their volatility (3). The mass spectrometer ionizes
the metabolite molecules and provides information on the mass-to-charge ratios
(m/z) of the ions formed, in addition to their chemical composition and struc-
ture. Owing to the known and often unambiguous relationship between gas-
phase ions and their precursor analyte molecules, ion detection and analysis
serves to identify and quantify the analytes. Molecular structure is typically
inferred from ion dissociations occurring in the mass spectrometer that can be
directly induced by ionization of the analyte molecules, or by collisional acti-
vation of stable ions produced from the analyte by a soft ionization method
such as electrospray ionization (ESI) (4). In the latter case, ions are separated
by their mass-to-charge ratios in the mass spectrometer, the ions of interest are
selected, activated by collisions with gas, and one or several of their dissocia-
tion products are monitored, as described in Figs. 1–3. The group of techniques
using dissociations of mass-selected ions is referred to as tandem mass spec-
trometry (MS/MS) (5).

In this chapter we describe a novel approach of using MS/MS for the detec-
tion of inborn errors of metabolism in patients. In particular, we focus on two
groups of lysosomal storage diseases (LSD) that are caused by defective en-
zymes in the lysosome (6). The first group includes diseases caused by defi-
ciencies of lysosomal enzymes involved in catabolic degradation of
sphingolipids (7). The other group is mucopolysacharidoses that are caused by
deficiencies of enzymes that catalyze degradation of glycosaminoglycans, such
as heparan sulfate and dermatan sulfate (8). We note that the methods reported
here have evolved from our previous studies of mass spectrometric methods
for diagnosing enzyme deficiencies in cultured cells using affinity capture-
elution ESI MS (ACESIMS) (9,10) that addressed several LSD (11,12) and
congenital disorders of glycosylation (13). The advantage of MS/MS over other
mass spectrometry-based approaches is that it (1) provides highly selective
and efficient separation of ions from low-abundance analytes in the mass spec-
trometer, (2) increases overall selectivity and sensitivity, (3) works with rehy-
drated dried blood spots (DBS) from newborn screening cards as biological
sample, and, last but not least, (4) uses simpler and less expensive substrates
and procedures for routine use in clinical practice.

The use of MS/MS for enzyme assays in DBS is illustrated in Fig. 1. The
sample, which is a 2–5 mm diameter punch of a DBS on a screening card, is
incubated with a buffer containing a nonendogenous substrate conjugate that
incorporates a structure moiety that is similar to that in the natural substrate
and is recognized by the enzyme. Action of the enzyme forms the enzymatic
product (P) whose molecular mass is different from that of the substrate conju-
gate. ESI produces gas-phase ions (Ionized P) by protonation, alkali metal ion
attachment, or deprotonation of P that are directly related to its molecular mass
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and can be readily separated in the mass spectrometer from those of the sub-
strate conjugate. Internal standard (IS) is added to P that upon ESI forms gas-
phase ions that are chemically similar to ionized P, but differ in mass.
Collisional activation in the tandem mass spectrometer produces fragment ions
from ionized P and IS that are unequivocally related to P and IS and are used to
monitor the ionized P and IS intensities. Because ion intensities from
electrospray are proportional to analyte concentrations (4), the measured rela-
tive intensities of P and IS reporter fragment ions are proportional to P and IS
concentrations. The proportionalities (response factors in ESI–MS/MS) are
determined from calibration curves for P and IS. In case IS is an isotopomer of
P, their ESI–MS/MS response factors are nearly identical and no external cali-
bration is necessary.

Although ESI–MS/MS is suitable for the sensitive analysis of biomolecules
in complex mixtures, ESI can be suppressed by the relatively large amounts of
nonvolatile buffer and detergent components present in the DBS reaction mix-
tures. To remove the interfering components we developed a simple solid-phase
extraction methods using silica gel or C18-coated silica gel.

Fig. 1. Flow chart of quantitative analysis of enzyme activity in dried blood spots
by electrospray ionization–tandem mass spectrometry.
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The MS/MS analysis is carried out on a tandem quadrupole mass spectrom-
eter, abbreviated as Q1-q2-Q3, which is an instrument commonly used in clini-
cal laboratories. Q1-q2-Q3 mass spectrometers are currently available from
ABI-Sciex, (Foster City, CA), ThermoElectron (Finnigan, Waltham, MA), or
Waters (Micromass, Milford, MA). Precursor analyte ions that were produced
by ESI are selected by the first quadrupole mass filter (Q1), allowed to dissoci-
ate in a collision multipole (q2), and their dissociation products are detected
after passing through the second quadrupole mass filter (Q3). It should be noted
that other types of tandem mass spectrometers could be used for MS/MS mea-
surements, e.g., quadrupole-time of flight (Q-TOF), quadrupole-ion trap (Q-
Trap), or TOF-TOF.

Figure 2 illustrates the principle of an MS/MS analysis of
glucocerebrosidase (ABG) activity in DBS (14). ABG deficiency causes accu-
mulation of its substrate, glucosylceramide, in macrophages (Gaucher disease).
The enzyme is assayed by a glucosylceramide (ABG-substrate) containing an
unnatural C12 acyl-containing ceramide. The deglucosylated C12-ceramide,
ABG-P, is ionized by ESI together with an added internal standard which is a
C14-ceramide, ABG-IS, giving precursor ions at m/z 482 and 510, respectively.
Each of these ions is selected by Q1 and collisionally dissociated in q2 to pro-

Fig. 2. Chemical, ionization, and ion dissociation processes in assaying
glucocerebrosidase activity by electrospray ionization–tandem mass spectrometry.
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duce a common fragment ion at m/z 264. Q3 is set to transmit m/z 264, whereas
Q1 is scanned over a mass window including m/z 482 and m/z 510 to produce a
precursor ion scan. The ion intensities in the detection channels corresponding
to m/z 482 � m/z 264 and m/z 510 � m/z 264 are then used to quantify the ion
currents carried by ionized ABG-P and ionized ABG-IS and, thus, to deter-
mine the concentration of ABG-P relative to ABG-IS.

The same method is used to monitor ceramides produced by lysozomal
enzymes acid sphingomyelinase (ASM-P and ASM-IS with C6 and C4 fatty
acid chains, respectively) for the detection of Niemann-Pick type A/B disease,
and galactocerebroside -galactosidase (GALC-P and GALC-IS with C8 and
C10 fatty acid chains, respectively) for the detection of Krabbe disease (15). All
of these ceramides give the common m/z 264 ion on ESI–MS/MS and can be
monitored in one scan spanning the precursor ion m/z values, thus allowing the
three enzymes to be assayed in one analysis.

Isotope labeling is used to monitor P from assays of acid- -galactosidase
(GLA) for the detection of Fabry disease, and lysosomal acid -glucosidase
(GAA) for the detection of Pompe disease, as shown in Fig. 3. GLA-P pro-
duced by enzymatic action on GLA-substrate is ionized by ESI together with
GLA-IS. The product ion intensities from GLA-P (m/z 384) and GLA-IS (m/z
389) are measured in the multiple reaction monitoring (MRM) mode (16) that

Fig. 3. Chemical, ionization, and ion dissociation processes in assaying acid- -
galactosidase activity by electrospray ionization–tandem mass spectrometry.
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alternatively records fragment ion intensities in the m/z 484 � m/z 384 and m/
z 489 � m/z 389 channels. GAA is assayed in the same MRM mode by using
homologous P and IS that are one CH2 group (14 Da) heavier than those for
GLA. The measured activities are summarized in Table 1 (14).

MRM is also employed to assay the enzyme -L-iduronidase (IDUA) (17)
which is crucial for the degradation of glycosaminoglycans and whose defi-
ciency causes mucopolysaccharidosis type I (Hurler disease) (8). The molecu-
lar structures and ion m/z ratios used for the ESI–MS/MS assay are summarized
in Fig. 4. The measured IDUA activities in rehydrated DBS are available as
supporting information to ref. 17.

2. Materials

2.1. Equipment

1. Pipetman (AccuTek, San Diego, CA; http://www.accuteklab.com).
2. 96-well microtiter plates (Greiner Bio-One, Longwood, FL; http://www.gbo.com/

bioscience; cat. no. 655001).
3. Aluminum foil tape (Hillas Packaging, Inc., Fort Worth, TX; cat. no. 3M 425 3

X60).
4. 96-well polypropylene microtiter plate (E&K Scientific, Inc., Santa Clara, CA;

cat. no. 21201).
5. Megatiter 96-well polypropylene deep-well plates (2.2-mL well volume) (Conti-

nental Lab Products, San Diego, CA; cat. no. 2045-Megatiter plates).
6. Vacuum manifold (Millipore, Billerica, MA; http://www.millipore.com; cat. no.

MAVM0960R or MAVM0960T).
7. Teflon-lined covers (Cap Mats, E&K Scientific, cat. no. EK99116).
8. Well plate for IDUA assays (Innovative Microplate, Billerica, MA; http://

www.innovativemicroplate.com; cat. no. F20005).
9. Silicagel, 230–400 mesh (Merck Chemicals, Darmstadt, Germany).

2.2. Dried Blood Spots

1. All DBS were obtained from anonymous donors through Seattle Children’s Hos-
pital and Regional Center (Dr. C. R. Scott) or from the Laboratory for Neuro-
chemistry, Buenos Aires, Argentina (Dr. Mariana Blanco) and handled in
compliance with the Institutional Review Board review. LSD- and
mucopolysacharidoses-I-affected patients had been previously diagnosed with
the particular disorder using established clinical and biochemical procedures.
DBS from nonaffected individuals were obtained from adults (18–55 yr of age)
and infants (3rd to 15th d postpartum).

2. DBS on report cards were kept at ambient temperature during shipment (less than
10 d) and then stored at –20°C in zip-lock plastic bags (one bag inside of a sec-
ond bag). Zip-lock bags were kept in a sealed plastic box containing CaSO4 gran-
ules as a desiccant. DBS for assays of ABG, ASM, GALC, GAA, and GLA

http://www.accuteklab.com
http://www.gbo.com/
http://www.millipore.com
http://www.innovativemicroplate.com
http://www.innovativemicroplate.com
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Table 1
Lysozomal Enzyme Activities in DBSa,b

Affected patients Heterozygotes Healthy adults Healthy infants

Percent of mean
Maximum of healthy Minimum Max. Max.

Enzyme n activity adultsc n activity n activity Min Median n activity Min. Median

ABG 6 0.18d 5 5 0.81 48 8.48 0.94 3.36 32 9.60 0.89 3.31
ASM 5 0.32 14 5 0.40 48 8.53 1.05 2.12 32 11.3 0.92 4.41
GALC 9 0.20 19 0 17 1.92 0.60 0.72 15 1.53 0.42 1.01
GAA 5 0.33 14 5 0.89 48 4.02 1.19 2.19 32 7.33 0.93 3.12
GLA 5 0.17 9 5 0.34 48 3.40 0.97 1.91 32 5.65 0.77 2.23

aFor all assays except GALC, dried blood spots (DBS) were obtained between 2000 and 2003. For GALC assays, all DBS were obtained in
2003. All DBS were stored in sealed plastic bags at 4°C.

bAll activities in µmol/h/(L blood).
cMaximum enzyme activity observed among the affected patients divided by the mean activity measured for healthy adults.
dCorrected by subtracting blank activities. The blank values (activity [SD]) were as follows: ABG: 0.12 (0.09), ASM: 0.10 (0.04), GALC: 0.21

(0.07), GAA: 0.06 (0.02), GLA: 0.15 (0.02), each from eight independent assays.
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enzymes can be stored at 4°C for up to 70 d with loss of approx 10% of enzyme
activity.

2.3. Substrate Conjugates

1. All glycosylceramide substrates and ceramide IS for assaying ABG (C12 substrate,
C14 IS), ASM (C6 substrate, C4 IS), and GALC (C8 substrate, C10 IS) were pur-
chased from Avanti Polar Lipids (Alabaster, AL; http://www.avantilipids.com/
index) and used as received.

2. GAA and GLA substrates and IS were synthesized as described in supporting
information for ref. 14 and are available from Dr. M. H. Gelb
(gelb@chem.washington.edu) on request.

3. The substrate for IDUA was prepared by D. Wang on the scale of 1–2 g from
commercially available heparin by a seven-step synthesis. The IDUA substrate
and IS are available from M. H. Gelb on request.

2.4. Detergents, Inhibitors, Additives, and Buffers
1. Sodium taurocholate, oleic acid, and Triton X-100 were purchased from Sigma-

Aldrich (Milwaukee, WI; http://www.sigma-aldrich.com) and used as received.
2. Acarbose was purchased from Toronto Research Chemicals, Inc. (North York,

Ontario, Canada; http://www.trc-canada.com; cat. no. A123500) and used as
received.

Fig. 4. Chemical, ionization, and ion dissociation processes in assaying -L-
iduronidase activity by electrospray ionization–tandem mass spectrometry.

`

http://www.avantilipids.com/
http://www.sigma-aldrich.com
http://www.trc-canada.com
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3. N-acetyl-galactosamine was purchased from Sigma-Aldrich.
4. DBS elution buffer for ABG, ASM, GALC, GAA, and GLA: 20 mM sodium

phosphate (NaH2PO4, pH 7.0).
5. DBS elution buffer for IDUA: 50 mM sodium formate and 0.04 mM D-saccharic

acid-1,4-lactone (Sigma, St. Louis, MO), pH 2.8.
6. ABG incubation buffer: to prepare 0.62 M citrate-phosphate buffer (pH 4.95),

dissolve NaH2PO4 in water to 0.62 M and add solid trisodium citrate to 0.31 M
followed by adjusting to pH 4.95 ± 0.05 with 6 M HCl.

7. ASM incubation buffer: 0.92 M sodium acetate buffer, pH 5.5.
8. GALC incubation buffer: to prepare 0.3 M citrate-phosphate buffer (pH 4.42),

dissolve NaH2PO4 monohydrate in water to 0.3 M and add solid trisodium citrate
to 0.15 M followed by adjusting to pH 4.42 with 6 M HCl.

9. GAA incubation buffer: to prepare 0.3 M citrate-phosphate buffer (pH 3.9), dis-
solve NaH2PO4 monohydrate in water to 0.3 M and add solid trisodium citrate to
0.15 M followed by adjusting to pH 3.9 with 6 M HCl.

10. GLA incubation buffer: 1.7 M sodium acetate, pH 4.6.
11. 85 mM Glycine carbonate buffer (pH 10.5): from 6.4 g/L glycine and 27.5 g/L

sodium carbonate.

2.5. Stock Solutions
1. Stock solutions (3.0 mM) of substrates for ABG, ASM, and GALC were pre-

pared in methanol and stored in Teflon septum-lined screw cap vials at –20°C.
GLA and GAA substrate stock solutions were made at 10 mM in methanol.

2. Stock solutions of ceramide products and IS were prepared by weighing the lipid
(typically 4.0 ± 0.1 mg), dissolving to 4 mM in methanol, and then diluting to
0.01 mM in methanol.

3. Stock solutions of GLA and GAA products and IS were prepared at 10 mM in
methanol and diluted to 0.1 mM with water:methanol (2:1).

4. Stock solution of IDUA substrate was made at 1 mM in water.
5. All stock solutions were stored in screw-cap vials at –20°C.
6. All solvent manipulations and volume measurements were carried out with

Pipetman.

2.6. Assay Solutions
The substrate and IS concentrations in assay solutions were optimized for

carrying out the assays either with 2-mm DBS punches for each enzyme, or
with an enzyme extract from a single 5-mm DBS punch. The following solu-
tions and procedures are for using an enzyme extract from a 5-mm DBS punch
corresponding to approx 10 µL of blood that typically contains 75,000–180,000
leukocytes for adults and newborns (first day, full term), respectively (18).

2.6.1. ABG Assay Solution
1. Add ABG substrate solution (3 mM in methanol, 200 µL), ABG IS stock solution

(0.05 mM in methanol, 480 µL), and sodium taurocholate solution (12% w/v in
water, 240 µL) to a 5-mL vial.



152 Turecek, Scott, and Gelb

ˆ

2. Place the vial in a desiccator attached to a vacuum pump and remove the solvent
to give a white residue (~30 min at room temperature).

3. Add 1.80 mL of the ABG incubation buffer.
4. Vortex the vial until all residue is dissolved, and any emulsion was broken by

centrifugation. The final assay solution (1.80 mL volume) contains 0.33 mM (0.6
µmol) ABG substrate, 13.3 µM (24 nmol) ABG-IS, 1.6% sodium taurocholate,
and 0.62 M citrate-phosphate, pH 4.95.

2.6.2. ASM Assay Solution

1. Mix ASM substrate stock solution (3 mM in methanol, 200 µL), ASM-IS solu-
tion (0.05 mM in methanol, 240 µL), and sodium taurocholate (12% w/v in water,
15 µL) in a 5-mL vial.

2. Place the vial in a desiccator attached to a vacuum pump and remove the solvent
to give a white residue (~30 min at room temperature).

3. Add 1.80 mL of ASM incubation buffer.
4. Vortex the vial until all residue is dissolved and any emulsion was broken by

centrifugation. The final assay solution (1.80 mL volume) contains 0.33 mM (0.6
µmol) ASM substrate, 6.67 µM (12 nmol) ASM-IS, 0.1% sodium taurocholate,
and 0.92 M sodium acetate, pH 5.5.

2.6.3. GALC Assay Solution

1. Mix GALC substrate stock solution (3 mM in methanol, 200 µL), ASM-IS solu-
tion (0.05 mM in methanol, 240 µL), 240 µL of an aqueous solution of sodium
taurocholate (12% w/v), and 1.2% oleic acid in a 5-mL vial.

2. Place the vial in a desiccator attached to a vacuum pump and remove the solvent
to give a white residue (~30 min at room temperature).

3. Add 1.80 mL of the GALC incubation buffer.
4. Vortex the vial until all residue is dissolved and any emulsion was broken by

centrifugation. The final assay solution (1.80 mL volume) contains 0.33 mM (0.6
µmol) GALC substrate, 6.67 µM (12 nmol) GALC-IS, 1.6% sodium taurocho-
late, 0.16% oleic acid, and 0.3 M citrate-phosphate, pH 4.42.

2.6.4. GAA Assay Solution

1. Mix GAA substrate stock solution (10 mM in methanol, 120 µL), GAA-IS solu-
tion (0.1 mM in methanol, 120 µL), acarbose solution (8 mM in water, 30 µL)
(see Note 1), and Triton X-100 (1.8 µL) in a 5-mL vial.

2. Place the vial in a desiccator attached to a vacuum pump and remove the solvent
to give a white residue (~30 min at room temperature).

3. Add 1.80 mL of the GAA incubation buffer.
4. Vortex the vial until the residue dissolved and any emulsion was broken by cen-

trifugation. The final assay solution (1.80 mL volume) contains 0.33 mM (1.2
µmol) GAA substrate, 6.67 µM (12 nmol) GAA-IS, 0.13 mM acarbose, and 0.3
M citrate-phosphate, pH 3.9.
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2.6.5. GLA Assay Solution

1. Mix GLA substrate stock solution (10 mM in methanol, 300 µL), GLA-IS solu-
tion (0.1 mM in methanol, 120 µL), sodium taurocholate solution (12% w/v in
water, 15 µL), and N-acetyl-galactosamine solution (1 M in water, 105 µL) in a 5-
mL vial.

2. Place the vial in a desiccator attached to a vacuum pump and remove the solvent
to give a white residue (~30 min at room temperature).

3. Add the GLA incubation buffer (300 µL) and vortex the vial until all residue is
dissolved and any emulsion was broken by centrifugation. The final assay solu-
tion (300 µL volume) contains 10 mM (3 µmol) GLA substrate, 40 µM (12 nmol)
GLA-IS, 0.6% sodium taurocholate, 350 mM N-acetyl-galactosamine, and 1.85
M sodium acetate, pH 4.6.

3. Methods
3.1. Enzyme Assays

3.1.1. DBS Extraction

1. To a single well of a 96-well microtiter plate, add a 5-mm DBS disk (containing
~10 µL of blood) followed by 80 µL of DBS elution buffer.

2. Seal the plate with aluminum foil tape.
3. Incubate for 1 h at 37°C with orbital shaking (250 rpm) in a thermostated air

shaker.

3.1.2. Incubation and Work Up for ABG, ASM, GALC, GAA, and GLA

1. To each of 5 wells of a 96-well polypropylene microtiter plate (E&K Scientific)
add 10 µL of the DBS extract solution, followed by 15 µL of ASM, GALC, ABG,
GAA assay cocktails, and 2.5 µL of GLA assay cocktail, one cocktail per well.

2. Seal the plate with aluminum foil tape.
3. Incubate at 37°C for 24 h with orbital shaking at 150 rpm.
4. Quench the reactions by addition of 100 µL of methanol:chloroform (2:1) to each

(see Note 2).
5. Pump up and down five times the solution in each well with a Pipetman P200.
6. Combine all five solutions into one well of a Megatiter plate.
7. Add 400 µL each of chloroform (see Note 2) and water to the combined mixture.
8. Place the plate in a thermostated air shaker with orbital shaking (250 rpm).
9. Allow the mixture to separate into two layers (~1 h).

10. Using a plate loader, load 100 mg of silica gel to each of the wells of a 96-well
filter plate (Innovative Microplate, Chicopee, MA; cat. no. F20005) (see Note 3).

11. Using a Pipetman, remove 400 µL of the bottom (chloroform) layer made in step
9 and apply to a single well made in step 10.

12. Place the filter plate in a Millipore vacuum manifold containing a 96-well
Megatiter polypropylene deep-well plate as the filtrate receiver.

13. Filter the chloroform solution through the silica gel by suction.
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14. Charge the well with 700 µL of methanol:chloroform (9:1) (see Note 2).
15. Elute the P and IS from silica gel with methanol:chloroform (9:1) by suction.
16. Evaporate the solvent from the receiver well in a vacuum desiccator (~10 min at

room temperature).
17. Take up the resulting residue in 200 µL of 5 mM ammonium formate in

methanol:chloroform (3:1).
18. Analyze the solution by tandem mass spectrometry or store at –20°C.

3.1.3. Incubation and Work Up for IDUA

1. Obtain a 3-mm DBS punch by use of a standard leather punch and place it in a
well of a 96-well plate (see Note 4).

2. Soak the DBS in 40 µL of the IDUA elution buffer and cap the plate with a
Teflon-lined cover.

3. Shake the plate gently on an orbital shaker for 10 min at room temperature.
4. To the same well add 20 µL of 1 mM IDUA substrate stock solution.
5. Cap the plate and gently shake at 37°C for 24 h in a thermostated air shaker.
6. Quench the reaction by addition of 200 µL of glycine-carbonate buffer.
7. Add, 20 µL of 10 µM IDUA-IS solution in water (see Note 5).
8. Mix the solution in the well by pipetting the liquid up and down a few times (a

multichannel pipetor can be used when running several IDUA assays in parallel).
9. Transfer the liquid to a well of a 96-well filter plate containing C18 silica (for

preparation, see Note 6).
10. Attach the filter plate to a vacuum manifold system that was attached to a water

aspirator.
11. Add 400 µL of 50 mL/L methanol in water and wash the C18 silica solid phase by

suction.
12. Attach the manifold to a Megatiter deep-well receiver plate and use suction to

elute IDUA-P and IDUA-IS with one 400 µL portion of 500 mL/L methanol in
water.

13. Evaporate the solvents from the receiver under reduced pressure by use of a
vacuum desiccator (~1 h at room temperature).

14. To each well add 70 µL of 5 mM ammonium formate in methanol-chloroform,
and infuse the sample solutions in the mass spectrometer.

3.2. Mass Spectrometric Analysis

1. ESI–MS/MS analyses were performed on a Sciex API-III tandem quadrupole
tandem mass spectrometer equipped with an electrospray ion source and oper-
ated in positive ion mode (see Note 7).

2. Sample solutions were loaded in a gas-tight syringe and flow-injected by a syringe
pump (Harvard Apparatus, Holliston, MA) through a 100 µm-internal diameter
fused silica capillary at 2–3.3 µL/min flow rates (see Note 8).

3. The capillary was flushed with 4 × 50 µL of acetonitrile after each sample infu-
sion to prevent cross-contamination.
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4. The ESI source was operated with the following parameters: needle voltage, 4300
V; counter electrode, 650 V; nebulizer gas pressure, 35 psi; nebulizer gas flow
rate, 0.6 L/min of N2; curtain gas flow rate, 1.8 L/min of N2; skimmer voltage, 60
V; q0 rod offset voltage, 30 V; Q1 rod offset voltage, 28 V; q2 rod offset voltage,
13 V (see Note 9); Q3 rod offset voltage, 5 V; collision gas (Ar) number density,
2.25 × 1014 molecules/cm3 corresponding to 0.007 torr at 25°C.

5. The data acquisition parameters in the MRM mode were as follows: dwell time,
3–100 ms and pause time, 0.05 ms. Ion intensities from 200 to 250 scans were
summed in each MRM channel over approx 2 min and used for quantification.

6. The molar amount of each P (molP) is calculated from the ion abundance ratio of
ionized P (IP[sample]) to ionized IS (IIS) minus the same ratio for a blank, multi-
plied by the amount of added IS (molIS), and divided by the response factor ratio
of P to IS (RP).

mol
I sample I blank

I

mol

RP
P P

IS

IS

P
=

( ) ( )
×

RP is determined separately by infusing a mixture of P and IS of known concen-
trations and measuring the ratio of the relevant peak intensities in the MS/MS
mass spectrum.

7. The enzyme activity is calculated from the blank-corrected amount of P from a
DBS sample that was divided by the incubation time and the blood volume, and
is reported as µmol/h/(L blood) (see Note 10).

4. Notes
1. Acarbose is used to effectively inhibit the enzyme maltase glucoamylase (Ki =

0.14 µM) that is present in neutrophils (6) and would interfere with the determi-
nation of GAA activity in Pompe patients (14).

2. Chloroform can be replaced by the less toxic ethyl acetate. An optimized proce-
dure using ethyl acetate is expected in early 2006. Contact M. H. Gelb for more
information.

3. The products would be in the top layer if ethyl acetate was used.
4. An F96 MaxiSorp Nunc-Immuno Plate from Nalge Nunc International, Roches-

ter, NY (cat. no. 442404).
5. All solutions were stored at –20°C and can be freeze-thawed multiple times.
6. The C18-filled filter plate used C18-silica bulk media (Sigma-Aldrich; cat. no.

377635) that was slurried in 10 mL of dichloromethane, and 1 mL of slurry was
added to each well. Solvent was removed by suction on a filter manifold, and the
solid phase was washed with 3 mL of methanol followed by 3 mL of 50 mL/L
methanol in water.

7. Optimum infusion flow rates may differ and need to be optimized for the mass
spectrometer being used.

8. Other tandem quadrupole mass spectrometers equipped with electrospray ioniz-
ers can be used to the same end, e.g., ABI-Sciex API 2000, 3000, 4000, or 5000
series (http://www.appliedbiosystems.com), Waters Quattro Premier and LCT

http://www.appliedbiosystems.com
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(http://www.waters.com/WatersDivision) Premier, or ThermoElectron TSQ
Quantum (http://www.thermo.com). See http://www.directindustry.com for
instrument listing.

9. The difference between the q2 and Q1 voltages determines the ion collision
energy in the laboratory frame of reference. Collision energies between 15 and
25 V were used for ion dissociations to optimize the yields of product ions for
MRM on the Sciex API-III.

10. Blank-corrected enzyme activities for ABG, ASM, GALC, GAA, and GLA in
extracts from 5-mm DBS are given in Table 1.
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Absolute Quantification of Specific Proteins in Complex
Mixtures Using Visible Isotope-Coded Affinity Tags

Yu Lu, Patricia Bottari, Ruedi Aebersold, Frantisek Turecek,
and Michael H. Gelb

Summary
There is intense interest in determining the absolute abundance of specific proteins in

complex mixtures, for example in the area of disease biomarker discovery. We have
developed a set of protein-tagging reagents called visible isotope-coded affinity tags
(VICAT reagents) that contain a protein-tagging reagent for reaction with cysteine SH
groups, a visible probe for monitoring the chromatographic behavior of the target pep-
tides, a photo-releasable biotin affinity tag for selective capture and release of tagged
peptides, and a heavy isotope tag for differentiating analyte from internal standards.
These reagents are used together with isoelectric focusing and reverse-phase microbore
chromatography/electrospray ionization/tandem mass spectrometry to determine the
absolute abundance of a set of target proteins in a complex mixture, such as a cell lysate.
VICAT reagents should also be useful for detecting low abundance proteins in biologi-
cal fluids such as serum, and for the detection of posttranslational protein modifications
and different splice variants.

Key Words: Mass spectrometry; proteomics; protein abundance; disease biomarkers;
protein-tagging reagents.

1. Introduction
Modern mass spectrometric methods provide an extremely powerful set of

tools for detection of biomolecules, including peptides derived from protease-
digested proteins. More information is obtained if the abundance of proteins is
measured in addition to identifying the proteins. Introduction of stable iso-
topes into peptides using isotope-coded affinity tags or related reagents or

ˆ ˆ
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methods provides a way to quantify the abundance of peptides derived from
proteolysis of complex protein mixtures present in biological samples, such as
blood and tissue or cell homogenates (1–3). Such survey proteomic methods
tend to detect the most abundant components in the complex mixture.

There are many cases where one wants to determine the absolute abundance
of a specific set of target proteins, for example in the exploration of specific
proteins as candidate disease markers whose identities have been obtained by,
for example, hypothesis-driven experiments or by microarray mRNA studies.
We recently developed visible isotope-coded affinity tags (VICAT reagents)
as a set of protein- or peptide-tagging reagents that allow specific target pro-
teins to be identified and quantified in an absolute sense in complex protein
mixtures (4,5). Methods based on the use of VICAT reagents have the demon-
strated capability to detect proteins that are expressed even at very low levels
in complex biological samples (“needle-in-the-haystack” problem).

The VICAT method makes use of the set of three reagents shown in Fig. 1
and the scheme outlined in Fig. 2. Proteins in a complex biological sample,
such as serum or a cell lysate, are denatured and reduced to rupture any disul-
fide bonds. All protein cysteine residues are covalently tagged by treatment
with the protein-tagging reagent VICATSH (via its SH-selective iodoacetamido
group). The mixture of tagged proteins is digested with trypsin to generate a
mixture of tagged and untagged peptides. A known amount of internal stan-
dard (IS) is added to the sample. The IS is prepared by treating a cysteine-
containing peptide (unique to the protein of interest and prepared by standard
solid-phase peptide synthesis) with the IS reagent 14C-VICATSH(+6). The IS is
chemically identical to the tagged tryptic peptide derived from the protein of
interest but is isotopically distinguished by the presence of carbon-13 and
nitrogen-15 in the isotope tag linker (Fig. 1). Thus, IS and sample-derived
tagged peptides are separately detected during electrospray ionization–tandem
mass spectrometry (ESI–MS/MS) because of the 6-Da mass shift. The IS also
contains carbon-14 of known specific radioactivity so that a precise amount of
IS can be added to the biological sample. The trypsin digest is also spiked with
the IEF marker. The IEF marker, prepared by treatment of the synthetic pep-
tide with the IEF marker reagent, is chemically similar to the sampled-derived
and IS-tagged peptides except that the IEF marker contains a shorter, two-
carbon linker (Fig. 1). The IEF marker serves two purposes. First it is “visible”
after separation of peptides by IEF owing to its carbon-14 label. Thus, the
precise position of the IEF marker and the IS- and sample-derived tagged pep-
tides, which comigrate with the IEF marker, can readily be determined by fol-
lowing the radiolabel. The second function of the IEF marker is to serve as a
carrier to suppress nonspecific loss of the sample-derived tagged peptide dur-
ing sample processing (for example, because of peptide absorption to vessel
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walls, a factor that is often overlooked in peptide detection schemes). The
amount of IEF marker added to the sample is typically two- to three-orders of
magnitude larger than the amount of IS- and sample-derived tagged peptides
and, thus, the IEF marker serves as an effective carrier. Because of the shorter
linker in the IEF marker reagent, the IEF marker is 28 Da lighter than the
sample-derived tagged peptide (34 Da lighter than the IS) and, thus, is readily

Fig. 1. Structure of the VICATSH reagents. (Reproduced from ref. 4 with permission.)
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excluded from detection during ESI–MS/MS. Although both the IS and IEF
marker reagents contain carbon-14 (Fig. 1), the radioisotope serves different
functions.

The trypsin digestion is subjected to IEF on a commercial gel strip contain-
ing an immobilized pH gradient (the same gel strip that is used as the first
dimension of a standard two-dimensional protein gel). The IEF method has
several nice features. First, it separates peptides according to their isoelectric
points (pI), a parameter nearly independent of the peptide retention time on a
reverse-phase high-performance liquid chromatography (HPLC) column. Thus,
the combination of IEF and reverse-phase micro-LC provides a powerful two-
dimensional peptide separation scheme, which is probably essential for find-
ing low abundance peptides in highly complex peptide mixtures, such as those
derived from cell lysates or serum. Second, peptides are focused into sharp
bands (typically 1–2 mm in width) during IEF, which provides for high-reso-
lution peptide fractionation. Third, the pI value of a peptide is highly predict-

Fig. 2. Outline of the method of absolute protein quantification using the VICAT
method. (Reproduced from ref. 4 with permission.)
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able based on its amino acid composition. This enables optimal choice of the
pH range of the IEF gel strip used for the desired peptide separation. Finally,
the capacity of commercial IEF gel strips (up to 3–5 mg of digested protein) is
much higher than other techniques used, such as sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis. This effectively increases the sensitivity of the
VICAT method by allowing a larger amount of sample protein to be analyzed.

Following IEF, the appropriate region of the gel strip is cut from the strip
and tagged peptides are eluted and captured using solid-phase streptavidin via
the biotinyl moiety of the VICAT tag. This provides additional purification of
tagged peptides and also allows buffer ampholytes from the IEF step to be
removed. Captured peptides are then released into solution by photocleavage
(via the photocleavable linker in the VICAT tag). Photocleavage has two nice
features. It allows for additional purification of tagged peptides. It also leads to
removal of the major portion of the tag including the radiolabel, so that the
micro-LC retention time and ESI–MS/MS fragmentation are dominated by
structural features of the peptide rather than of the tag. After photocleavage,
the tagged peptides retain the isotope tag (Fig. 3) so that sample-derived, IS
and IEF marker peptides are distinguished during ESI–MS/MS.

Finally, the peptide mixture after photocleavage is subjected to combined
micro-LC (C18 reverse-phase)/ESI-MS/MS and selected reaction monitoring
(SRM) is used for selective detection and quantification of the sample-derived
and IS isotope-tagged peptides, whereas the more abundant tagged peptide
derived from the IEF marker is excluded from detection. Because the absolute
amount of IS is precisely know, the absolute amount of the sample-derived
peptide is obtained by comparing the area of the appropriate ion peaks to those
of the IS.

Additional useful features of the VICAT method are discussed in Subhead-
ing 4.

Fig. 3. Photocleavage of the peptides tagged with VICATSH reagents to yield the
peptide bearing a small isotope tag. (Reproduced from ref. 4 with permission.)
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2. Materials
2.1. VICAT Reagents and Modified Peptides

1. Detailed synthetic methods for the preparation of the reagents 14C-VICATSH(+6)
and 14C-VICATSH(–28) have been reported (5). These reagents may also be
obtained from M. H. Gelb. Stock solutions of 14C-VICATSH(–16) and 14C-
VICATSH(–28) are prepared in HPLC-grade CH3CN and stored in glass vials with
Teflon septum-lined screw caps at –20°C in the dark.

2. HPLC solvent A is high-purity water (Milli-Q; Millipore, Billerica, MA) or other
HPLC-quality water) containing 0.08% (v/v) HPLC-grade trifluoroacetic acid
(TFA).

3. HPLC solvent B is HPLC-grade acetonitrile (CH3CN) containing 0.08% (v/v)
HPLC-grade TFA. HPLC solvents A and B should be filtered through 0.2 to 0.5-
µ nylon-66 membranes prior to use.

4. The C18-reverse phase HPLC column is a Vydac T238EV54, 0.46 × 20-cm col-
umn (The Separations Group, Hesperia, CA), but any C18 reverse-phase column
suitable for peptide purification should be adequate.

5. 250 mM dithiothreitol (Sigma, St. Louis, MO) in water should be stored at –20°C.
6. 1.0 M Tris-HCl, pH 8.3 buffer (Sigma) should be stored at 4°C.
7. 250 mM iodoacetamide (Sigma) in 50% CH3CN should be stored at –20°C.
8. Synthetic peptides are made by commercial solid-phase peptide synthesis and

purified by HPLC on a C18-reverse phase column using standard methods with
water/CH3CN gradients (containing typically 0.08% TFA). HPLC-purified pep-
tides are concentrated to dryness by lyophilization or by use of a Speed-Vac
(Thermo Electron Corporation, West Palm Beach, FL).

2.2. Sample Preparation, VICAT Tagging, and Trypsin Digestion

1. 25.4 mM VICATSH, reagent (see Subheading 2.1., step 1) in CH3CN in a glass
vial capped with a Teflon-septum lined screw cap (stored at –20°C in a light-
tight box).

2. Cell lysis buffer: 50 mM Tris-HCl, pH 8.3, 6 M urea, 2% (w/v) CHAPS, and 5
mM EDTA (all reagents from Sigma) (stored at 4°C).

3. 250 mM TCEP (Pierce Chemicals, Rockford, IL) in high-purity water (stored at
–20°C).

4. Bradford dye binding protein assay reagent (Bio-Rad, Hercules, CA).
5. Bovine serum albumin (Sigma).
6. 100X IPG buffer (Amersham Biotech, Piscataway, NJ; cat. no. 17-6000-87).
7. 1% (w/v) Bromophenol blue (Sigma) in ethanol.
8. 6 M Urea and 2% (w/v) CHAPS in high-purity water (reagents from Sigma).
9. Trypsin (modified, sequencing grade, Promega) in trypsin storage buffer, stored

at –80°C (Promega, Madison, WI).

2.3. Preparative IEF and IEF Strip Elution of Peptides

1. 13-cm Commercial IPG strips (linear pH range 3.0 to 10.0; Amersham Biotech).
2. Multiphor II IEF device and programmable power supply (Amersham Biotech.).
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3. Mineral oil for IEF (Amersham Biotech.).
4. Absorbent paper (Whatmann 3MM or the equivalent).
5. Plastic wrap (Saran Wrap or the equivalent).
6. Reagent grade 1% (w/v) NH4OH in 20% (v/v) CH3CN in high-purity water.
7. 80% (v/v) CH3CN and 0.1% (v/v) TFA in high-purity water.
8. 20% (v/v) CH3CN in high-purity water.
9. Speed-Vac concentrator (Savant Instruments or the equivalent).

2.4. Affinity Capture and Photocleavage

1. Streptavidin-agarose (1:1 slurry as supplied by the manufacturer; Sigma, cat. no.
S-1638).

2. Phosphate-buffered saline (PBS): 144 mg/L KH2PO4, 9000 mg/L NaCl, 795 mg/
L Na2HPO4.

3. 20% (v/v) CH3CN and 5 mM Tris-HCl, pH 8.3.
4. β-mercaptoethanol.
5. Vibrating mixer platform (Eppendorf Thermomixer or the equivalent).
6. Ultraviolet (UV) lamp (BLAK-RAY longwave model B-100AP, 100 watts).
7. Speed-Vac concentrator (Thermo Electron Corporation or the equivalent).

2.5. Micro-LC/ESI–MS/MS

1. 20% (v/v) CH3CN in high-purity water.
2. Micro-LC column (10 cm × 75 µm ID, 5 µm C-18 magic beads, 100 Å pores,

Michrom BioResources, Auburn, CA, column packed as described by ref. 6).
3. Micro-LC solvent A (high purity water with 0.1% [v/v] reagent-grade formic

acid.
4. Micro-LC solven B (100% CH3CN).
5. Ion trap mass spectrometer (Thermo Finnigan, San Jose, CA, model LCQ

Deca XP).

3. Methods
The VICAT method for absolute quantification of a specific target protein

in a complex biological sample is described for the detection of a specific cys-
teine-containing, tryptic peptide derived from human group V secreted phos-
pholipase A2 (hGV). The biological test sample is a lysate made from insect
cells (Spodoptera frugiperda, Sf9 cells) because these cells lack the human
protein and serve as a negative control to which various amounts of hGV can
be added. This serves as an important validation sample because the amount of
hGV detected by the VICAT method can be compared with the amount of
recombinant hGV added to the Sf9 cell lysate.

3.1. Preparation of IS

1. The IS is prepared as follows. The hGV-derived peptide SYNPQYQYFPNILCS
(100 µL of 1 mM in water) in a 1.5-mL polypropylene microfuge tube is mixed
with 20 µL of CH3CN, 2 µL of 1 M Tris-HCl, pH 8.3, and 14C-VICATSH(+6) (3
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µL of 14 mM in CH3CN) and the mixture is stirred for 2 h (or overnight) at room
temperature in the dark (by wrapping the tube with aluminum foil) (see Note 1).

2. Then, 13 µL of 250 mM dithiothreitol in water is added, the tube is incubated for
30 min in the dark, then 40 µL of 250 mM iodoacetamide in 50% CH3CN is
added, and the tube was incubated in the dark for 15 min (see Note 2).

3. The IS is purified by HPLC (Vydac T238EV54, 0.46 × 20 cm column) with HPLC
solvent A and B: 0–10 min, 0–25% B; 10–50 min, 25–45% B; 50–60 min, 45–
80% B at 0.7 mL/min with monitoring at 240 nm (elution at 35% B).

4. The HPLC fraction containing the IS is collected into a 1.5-mL polypropylene
microfuge tube.

5. An aliquot of IS is submitted to scintillation counting, and the dpm of carbon-14
together with the specific radioactivity of the 14C-VICATSH(+6) reagent is used
to calculate the molar concentration of IS in the stock solution.

6. The structure of the IS is confirmed by submitting an aliquot of the stock solution
to ESI–MS. The observed peak for the (M+2H+)2+ ion is 1239.3.

7. The solution of IS is stored at –20°C in the dark.

3.2. Preparation of the IEF Marker

1. The IEF marker is made in the same way as the IS using 100 µL of 1 mM
peptide stock, 30 µL CH3CN, 2 µL of 1 M Tris-HCl, pH 8.3 and 1 µCi of 14C-
VICATSH(–28) (30 Ci/mol).

2. The IEF marker reaction mixture is treated with dithiothreitol and iodoacetamide
as described in step 2 for the IS.

3. The IEF marker is purified by HPLC and a stock solution is prepared as described
in step 3 for the IS.

4. The IEF marker stock solution is submitted to scintillation counting and ESI-MS/
MS as described in steps 4–6 for the IS.

5. The IEF marker stock solution is stored at –20°C in the dark.

3.3. Preparation of the Cell Lysate, VICATSH Tagging, and Trypsin
Digestion

1. This procedure starts with Sf9 cells that had been previously washed with PBS and
stored at –80°C. The procedure has also been carried out with washed human lung
macrophages (4). In a 1.5-mL polypropylene microfuge tube containing 2 million
Sf9 cells 200 µL of ice-cold cell lysis buffer is added, and cells are lyzed by mixing
with a vortex mixer (several 10 to 20-s bursts with intermittent cooling on ice).

2. The sample is centrifuged at 4°C at approx 12,000g, the supernatant is trans-
ferred to a new microfuge tube, and the supernatant is centrifuged again and
transferred to a new tube.

3. The protein concentration in the cell lysate is determined using a small aliquot
and the Bradford dye binding assay (Bio-Rad) using bovine serum albumin as a
standard (protein assay carried out as described by the manufacturer).

4. A 50-µL aliquot (100 µg protein) is transferred to a new microfuge tube, and the
desired amount of recombinant hGV (7) is added (see Note 3).
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5. The IS is added to the cell lysate (see Notes 4 and 5).
6. TCEP (0.5 µL of 250 mM stock solution) is added to give 2.5 mM, and the sample

is incubated at 37°C for 30 min (see Note 6).
7. VICATSH (8 µL of the 25.4 mM stock solution) is added to give 3.5 mM, and the

sample is incubated in the dark at room temperature for 3 h (see Note 7).
8. The sample is diluted threefold with high-purity water, 6.5 µg of trypsin is added,

and the sample is incubated for 15 h at 37°C in the dark (foil-wrapped tube) (see
Note 8).

9. The sample is concentrated back to its original volume (50 µL) in a Speed-Vac.
10. IEF marker (~8900 dpm, 130 pmol) is added (see Note 5) follwed by 2.5 µL of

100X IPG buffer and 1 µL of 1% bromophenol blue stock solution.
11. Finally, 6 M urea and 2% CHAPS solution is added to bring the sample volume

to 250 µL.
12. The sample can be stored at –20°C or submitted immediately to IEF.

3.4. Preparative IEF of Tagged Peptides
1. The commercial 13-cm IPG strip (linear pH range 3.0 to 10.0) is rehydrated with

sample in the rehydration tray provided with the Multiphor II system.
2. The rehydrated IPG strip is submitted to IEF using the Multiphor II device as

described by the manufacturer using the following power supply program: 0–100
V in 1 min, 100 V for 1 h, 100–500 V in 1 min, 500 V for 1 h, 500–3500 V in 8 h,
3500 V for 10 h. The IEF unit is covered with aluminum foil to block light.

3. The IPG strip is removed with tweezers, and excess mineral oil is removed by
wiping the plastic backing with a tissue and tapping the edge several times on a
tissue (avoid contacting the gel-side of the strip with the tissue).

4. The strip is laid gel-side up on a piece of Whatmann 3MM paper, the strip is
covered with a sheet of plastic (Saran Wrap), and the plastic sheet is taped to the
paper. The plastic wrap above the desired region of the strip is marked with a pen
(using a ruler as a guide) (see Note 9).

5. The desired region of the wrapped IPG strip is cut into eight approx 1-mm wide
pieces (see Note 10) using scissors (cutting through the paper, the IPG strip and
the plastic wrap), and individual IPG pieces are separated from the paper and
plastic wrap with tweezers and transferred to individual 1.5-mL polypropylene
microfuge tubes.

3.5. Elution of Peptides From the IPG Strips
1. Gel slices are subjected to continuous shaking on a vibrating platform in 200 µL

of 1% NH4OH in 20% CH3CN for 1 h, and the liquid phases are transferred to
new 1.5-mL polypropylene microfuge tubes.

2. The extracts are concentrated to dryness (Speed-Vac).
Gel slices are shaken for 1 h in 150 µL 80% CH3CN/0.1% TFA water and extracts
combined.

4. The samples are concentrated to dryness (speed-vac).
5. 100 µL of 20% CH3CN is added to each tube, and 5 to 10-µL aliquots are submit-

ted to scintillation counting (see Note 11).



168 Lu et al.

3.6. Affinity Capture and Release

1. Streptavidin-agarose (50 µL of a 1:1 slurry as supplied by the manufacturer) is
placed in a 1.5-mL polypropylene microfuge tube, and the gel is pelleted by brief
centrifugation.

2. The gel is washed two times with 1-mL portions of PBS.
3. After removal of the final wash, 1 mL of PBS is added, followed by 200 µL of

peptide sample (from two IEF combined eluant fractions, in some cases only a
single IEF eluant fraction is obtained, see Note 11).

4. The sample is gently rocked for 1 h at room temperature.
5. The gel is washed two times with 1-mL portions of water.
6. 200 µL of 20% CH3CN/5 mM Tris-HCl, pH 8.3 and 2 µL of β-mercaptoethanol

(see Note 12) are added to the gel pellet.
7. The tube is shaken for 16 min with a vibrating mixer platform with a UV lamp

bulb (BLAK-RAY longwave model B-100AP, 100 W) held 6 cm from the top of
the open tube (see Note 13).

8. The gel is pelleted, and the supernatant is transferred to a new 1.5-mL polypropy-
lene microfuge tube

9. The sample is concentrated to dryness (Speed-Vac).

3.7. Microbore Reverse-Phase Liquid Phase Chromatography
Combined With ESI–MS/MS

1. The dried sample is dissolved in 10 µL of 20% CH3CN.
2. An 8-µL aliquot is subjected to C18 micro-LC/ESI–MS/MS using a mico-LC

system capable of delivery of column eluant directly into the LCQ ESI–MS/MS
source (see ref. 8 for a typical setup). The sample is loaded onto a pre-column (2-
cm capillary, 5-µm C-18 magic beads, 100 Å pores; Michrom BioResources,
Auburn, CA) at a flow rate of 120 µL/min.

3. After sample loading, the pre-column is washed with micro-LC solvent A at 120
µL/min.

4. Then, the column gradient is run: 0–5 min, 5–20% micro-LC solvent B in micro-
LC solvent A; 5–25 min, 20–40% B; 25–35 min, 40–80% B; 35–60 min, 80% B
at a flow rate of 150 nL/min.

5. Eluting peptides are analyzed in the ion trap mass spectrometer using SRM (as
indicated by the manufacturer) of 10 fragment ions (see Note 14) from each of
the two doubly charged, precursor ions (light- and heavy-tagged peptides) (see
Note 14). SRM parameters are given in Table 1. The b- and y-ion fragments
monitored for the hGV-derived peptide (10 for the light-tagged peptide and the
analogous 10 for the heavy-tagged peptide) are listed in Table 2.

6. For each of the 10 fragment ions monitored, the ratio of light to heavy was ob-
tained using the ion peak integration parameters and integration mass ranges
listed in Tables 3 and 4. Results are summarized in Table 5. Among the 10 ra-
tios, the lowest and highest were discarded, and the remaining eight were aver-
aged. This average ratio was multipled by the moles of IS added to the original
sample to give the moles of hGV protein in the sample (see Note 15).
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3.8. Concluding Remarks

A number of advantages of the VICAT method for the absolute quantifica-
tion of specific target proteins in complex protein mixtures have been summa-
rized (4). A few additional points are given here. The iodoacetamido group of
the VICAT reagents leads to selective capture of cysteine-containng peptides,
which leads to an approx 10-fold reduction in the complexity of the initial pep-
tide mixture. In some cases, it may not be possible to find a signature tryptic
peptide in the protein of interest that contains a cysteine. We have shown that
amino groups in tryptic peptides (N-terminal and lysine side chain) can be quan-
titatively converted with commercially available reagents to –NHCOCH2SH
groups so that VICAT reagents can be used to tag tryptic peptides that do not
contain cysteine (5).

The detection of peptides derived from low abundance proteins in serum is
particularly useful for the quantification of potential biomarkers. For example,
immunochemical detection of prostate-specific antigen in serum is routinely car-
ried out at the low nanogram per milliliter level. However, serum analysis by
MS suffers from the presence of abundant proteins (~40 mg protein per millili-
ter). To detect 1 ng of a molecular weight 50,000 protein in 1 mL of serum by the
VICAT method where 3 mg of trypsin-digested protein can be loaded on the IEF
strip, the ESI–MS/MS must be capable of detecting 1.5 fmol of peptide, or 150

Table 1
Instrument Settings for SRMa

Positive electrospray, spray voltage: 2.2 kV
Ion injection AGC: 1 × 107 ions
Maximum ion injection time: 200 ms
Scan rate: 6 microscans/scan

Two SRM events (SRM1 and SRM2) were carried out in alternation as follows:
SRM1:
Precursor ion m/z: 983.5 Da
Isolation window width: 3.5 Da
Normalized collision energy: 30%
Activation Q: 0.25
Activation time: 30.0 ms

SRM2:
Precursor ion m/z: 986.5 Da
Other parameters: as for SRM1

aInstrument parameters were automatically tuned and calibrated according to the procedure
provided by Thermo Electron. AGC, automatic gain control.
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amole if the overall yield of trypsin-generated and isotope-tagged peptide is 10%.
This sensitivity is achievable with state-of-the-art tandem quadrupole instru-
ments, such as the triple quadrupole mass spectrometer from ABI-Sciex, but not
with the ion trap instrument described in this chapter. We have recently found
that tens of milligrams of serum protein can be first digested with trypsin and
then subjected to HPLC on a C18 reverse-phase semi-preparative column (1 ×

Table 2
Monitored Fragments for Each SRMa

SRM1 SRM2

Light m/z heavy m/z
fragment m/z range fragment m/z range

(L) (H)

y2
+(L) 337.1 8 y2

+(H) 343.1 8
y3

+(L) 450.1 8 y3
+(H) 456.1 8

y6
+(L) 774.3 8 y6

+(H) 780.3 8
y12

2+(L) 800.8 6 y12
2+(H) 803.8 6

y13
2+(L) 857.8 6 y13

2+(H) 860.8 6
y7

+(L) 921.4 8 y7
+(H) 927.4 8

y8
+(L) 1084.5 8 y8

+(H) 1090.5 8
y9

+(L) 1212.5 8 y9
+(H) 1218.5 8

y10
+(L) 1375.6 8 y10

+(H) 1381.6 8
y12

+(L) 1600.7 8 y12
+(H) 1606.7 8

aSRM1 is for the light-tagged peptide SerTyrAsnProGlnTyrGlnTyrPheProAsnIleL
euCys (S-CH2CONH(CH2)4NH2)Ser and SRM2 is for the heavy-tagged peptide
SerTyrAsnProGlnTyrGlnTyrPheProAsnIleLeuCys (S-CH2CO15NH(13CH2)4

15NH2)Ser.

Table 3
Data Processing

Area integration and comparison was carried out using LCQuan in the Finnigan
Xcalibur v1.3 software bundle using the following parameters:

Peak identification algorithm: ICIS, highest peak in specified time window.

ICIS peak integration parameters:

Smoothing points: 1
Baseline window: 40
Area noise factor: 5
Peak noise factor: 10
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25 cm) (Zu, Y. and Gelb, M.H., to be published). The portion of the eluant con-
taining the target peptide of interest can be liberally collected (we have found
that the retention of a variety of tryptic peptides is not altered when the peptide is
coinjected with a serum protein digest) and submitted to tagging with VICATSH.
The rest of the procedure follows that which is outlined in this chapter. In this
way, we have been able to detect low nanogram amounts of proteins in 1 mL of
serum. This would not be possible with other methods that rely on sodium
dodecyl sulfate-polyacrylamide gel electrophoresis as the first dimension of
sample separation because typically 100 µg of protein can be loaded onto a lane
of a protein gel.

It should also be mentioned that the VICAT method of target protein quan-
tification is relatively low throughput compared with immunochemical meth-
ods that are typically used in clinical laboratories. We envision that the VICAT
method will be particularly useful in hypothesis-derived biomarker discovery.
For example, the exploration of say 100 candidate biomarkers by the VICAT
method requires only that 100 different peptides be prepared by solid-phase
synthesis on a sub- to low-milligram scale. The development of 100 ELISA
assays from scratch is prohibitively expensive and time consuming. Once an
acceptable biomarker is discovered, a robust and rapid immunochemical
method can be developed for clinical use.

4. Notes
1. To avoid undesirable cleavage of the photocleavable linker in the VICAT

reagents, all steps with VICAT reagents were carried out under fluorescent tube
room light and away from direct sunlight.

Table 4
Integration Mass Range for All Fragments

SRM1 SRM2

Fragment m/z range Fragment m/z range

y2
+(L) 336.6–339.1 y2

+(H) 342.6–345.1
y3

+(L) 449.6–452.1 y3
+(H) 455.6–458.1

y6
+(L) 773.8–776.3 y6+(H) 779.8–782.3

y12
2+(L) 800.5–801.8 y12

2+(H) 803.5–804.8
y13

2+(L) 857.5–867.8 y13
2+(H) 860.5–861.8

y7
+(L) 920.9–923.4 y7

+(H) 926.9–929.4
y8

+(L) 1084.0–1086.5 y8
+(H) 1090.0–1092.5

y9
+(L) 1212.0–1214.5 y9

+(H) 1218.0–1220.5
y10

+(L) 1375.1–1377.6 y10
+(H) 1381.1–1383.6

y12
+(L) 1600.2–1602.7 y12

+(H) 1606.2–1608.7
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2. This reductive/alkylation step serves to cap the SH group of any remaining
unreacted peptide because contamination of the biological sample with unreacted
peptide would lead to false-positive detection of the protein of interest.

3. The addition of recombinant hGV in this case is to validate the method. Normally
one is interested in determining the absolute amount of endogenous target pro-
tein in the biological sample, and authentic target protein would not be added.
The concentration of hGV in the stock solution is determined by submitting
approx 10 µg for amino acid analysis (Protein Chemistry Laboratory, Depart-
ment of Biochemistry and Biophysics, Texas A&M University). The nmole
amount of hGV is taken as the average of the individual nmole values obtained
by dividing the nmole of each amino acid determined by the number of residues
determined from the amino acid sequence.

4. The amount of IS added should be in the same ballpark as the amount of sample-
derived peptide present in the sample. The latter may not be known a priori, so

Table 5
hGV Analysis in Sf9 Cell Lysate

Peak area ratio
Fragment Peak area (light/heavy) Signal-to-noise

y2
+(L) 4693014 0.644 506

y2
+(H) 7285601 640

y3
+(L) 9786995 0.632 (omitted) 624

y3
+(H) 15489135 785

y6
+(L) 91872727 0.7 3172

y6
+(H) 131230308 2414

y12
2+(L) 111205120 0.723 10518

y12
2+(H) 153797709 18179

y13
2+(L) 75243665 1.198 (omitted) 1619

y13
2+(H) 62816693 64552

y7
+(L) 68430536 0.873 1345

y7
+(H) 78425108 1731

y8
+(L) 39667363 0.733 1107

y8
+(H) 54125354 8612

y9
+(L) 36940331 0.809 1132

y10
+(L) 26939516 0.688 971

y10
+(H) 39177251 1359

y12
+(L) 23355174 0.739 1016

y12
+(H) 31586726 1220

Averagea = 0.738625

aThe average is the average peak area ratio with the highest and lowest ratio omitted.
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the amount of IS may have to be adjusted in subsequent runs. If the amount of IS
and sample-derived tagged peptide differ by more than approx 100, there could
be error introduced into the quantification of the sample-derived tagged peptide
because of nonlinearity in the dynamic range of the ESI–MS/MS response.

5. More than one IS and IEF marker can be added to the sample. Multiple regions of
the IEF gel strip, corresponding to the multiple IEF markers, can be cut in the
case that the quantification of multiple target multiple peptides is desired.

6. TCEP is added to ensure that all cysteines are in the reduced state. Excess TCEP
beyond what is recommended above should be avoided because TCEP reacts
slowly with the iodoacetamido group of VICATSH reagents.

7. If it is assumed that the average molecular weight of the proteins in the sample is
50,000, that each protein has 10 cysteines, and the amount of SH groups per 100
µg of sample protein is 20 nmol. Thus, the 200 nmol of VICATSH used is suffi-
cient to tag all SH groups. If more than 100 µg of sample protein is used, the
amount of VICATSH reagent should be increased correspondingly.

8. The amount of trypsin can be appropriately increased if more than 100 µg of
sample protein is analyzed.

9. To estimate the migration position of the IEF marker, the pI of the marker is
calculated using the amino acid sequence of the peptide component of the marker
with an extra histidine residue (pKa of the histidine side chain is close to that of
the tertiary ammonium of VICATSH) assuming the pH varies linearly along the
IEF strip.

10. Once the IEF gel-strip position of the IEF marker is known from the first run, the
strip can be cut into six pieces instead of eight.

11. Typically, greater than 80% of the dpm along the entire IPG strip is found in one
to two tubes (i.e., ~1–2 mm of the IPG strip).

12. β-mercaptoethanol is added to prevent photo-oxidation of the peptides during
photocleavage.

13. To ensure reproducible photocleavage, it is recommended that the UV lamp
intensity be periodically measured. This can be done with an inexpensive UV
detector (i.e., model UV340, Mannix, Lynbrook, NY).

14. It is best to monitor by MRM the major b- and y-ions derived from the sample-
derived and IS peptides. After photocleavage, these peptides will contain the iso-
tope tag (-CH2CONH(CH2)4NH2 or the heavy isotope-substitute tag). The major
b- and y-ions will not be known a priori. A portion of the IS can be captured on
streptavidin-agarose and subjected to photocleavage using the methods described
in Subheading 3.6. The tagged peptide can then be analyzed by ESI–MS in full
scan mode so that the major b- and y-ions can be selected for subsequent analysis
of protein sample-derived tagged peptide and IS.

15. Figure 4 shows the detection of the IS and the hGV-derived tagged peptide by
micro-LC/ESI–MS/MS. The bottom panel in Fig. 4 shows that the absolute
amount of hGV detected by the VICAT method correlates well with the expected
amount based on the amount of hGV added to the Sf9 cell lysate. Figure 5 shows
the absolute quantification of hGV in human lung macrophages.
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Fig. 4. Quantification of hGV protein in Sf9 cell lysates. The top panel shows the
ion chromatography for the Y10

+ ion derived from the light-tagged peptide, and the
middle panel shows the same for the heavy-tagged peptide. These peptides are seen to
coelute from the micoLC column. The lower panel shows that the amount of hGV
detected by the VICAT method is the amount expected based on the amount of recom-
binant hGV added to the Sf9 cell lysate (the slope of the line is unity). (Reproduced
from ref. 4 with permission.)



Protein Quantification With VICAT Reagents 175

Acknowledgments
This work was funded by grants from the National Institutes of Health

(DK67859 to F.T. and M.H.G., and HL36235 to M.H.G.) and by federal funds
from the National Heart, Lung, and Blood Institute, National Institutes of
Health, under contract no. N01-HV-28179 (R.A).

References
1. Gygi, S. P., Rist, B., Gerber, S. A., Turecek, F., Gelb, M. H., and Aebersold, R.

(1999) Quantitative analysis of complex protein mixtures using isotope-coded
affinity tags. Nat. Biotechnol. 17, 994–999.

2. Aebersold, R. and Mann, M. (2003) Mass spectrometry-based proteomics. Nature
422, 198–207.

3. Tao, W. A. and Aebersold, R. (2003) Advances in quantitative proteomics via
stable isotope tagging and mass spectrometry. Curr. Opin. Biotechnol. 14,
110–118.

4. Lu, Y., Bottari, P., Turecek, F., Aebersold, R., and Gelb, M. H. (2004) Absolute
quantification of specific proteins in complex mixtures using visible isotope-coded
affinity tags. Anal. Chem. 76, 4104–4111.

5. Bottari, P., Turecek, F., Aebersold, R., and Gelb, M. H. (2003) Design and syn-
thesis of visible isotope-coded affinity tags for the absolute quantification of spe-
cific proteins in complex mixtures. Bioconj. Chem. 15, 380–388.

Fig. 5. Detection of the hGV-derived tagged peptide and internal standard in human
lung macrophages. (Reproduced from ref. 4 with permission.)



176 Lu et al.

6. Lee, H., Yi, E. C., Wen, B., et al. (2004) Optimization of reversed-phase
microcapillary liquid chromatography for quantitative proteomics. J. Chromatogr.
B Analyt. Technol. Biomed. Life Sci. 803 , 101–110.

7. Singer, A. G., Ghomashchi, F., Le Calvez, C., et al. (2002) Interfacial kinetic and
binding properties of the complete set of human and mouse groups I, II, V, X, and
XII secreted phospholipases A2. J. Biol. Chem. 277, 48,535–48,549.

8. Yi, E. C., Lee, H., Aebersold, R., and Goodlett, D. R. (2003) A microcapillary
trap cartridge-microcapillary high-performance liquid chromatography
electrospray ionization emitter device capable of peptide tandem mass spectrom-
etry at the attomole level on an ion trap mass spectrometer with automated routine
operation. Rapid Commun. Mass Spectrom. 17, 2093–2098.



Stable Isotope Labeling 177

177

From: Methods in Molecular Biology, vol. 359: Quantitative Proteomics by Mass Spectrometry
Edited by S. Sechi © Humana Press Inc., Totowa, NJ

12

Computational Analysis of Quantitative Proteomics
Data Using Stable Isotope Labeling

Michael J. MacCoss and Christine C. Wu

Summary
Over the last few years, new proteomics methods have been developed for making

quantitative comparisons using stable isotope labeling. Although these methods have
paved the way for quantitative proteomics, the analysis of these data is often the rate-
limiting step. In fact, many analyzes are still carried out manually, which adds a level of
subjectivity to the data that will vary between laboratories and even analysts. In this
chapter, we have attempted to summarize several of the key steps necessary for an indi-
vidual to automate the analysis of quantitative proteomics data.  The approach is
straightfoward to implement for an individual with moderate programming experience
and used to process proteomics data in an objective manner.

Key Words: Computer software; stable isotope labeling; quantitative proteomics;
mass spectrometry; isotopomer ratios; automated analyses.

1. Introduction
Over the last decade, mass spectrometry (MS) has become the premier ana-

lytical method for the quantitative analysis of individual analytes in complex
biological matrices. To ensure high precision and accuracy throughout the
measurement, many quantitative MS methods measure the analyte of interest
relative to a corresponding stable isotope-labeled analog of the same molecule.
The use of this internal standard (IS) mimics losses and drifts that occur during
the sample preparation and analytical measurement process, because the com-
pound and IS experience similar biases and errors. Because the mass spectrom-
eter measures a ratio of the ion currents produced by the sample and its
respective IS and not the mole ratio directly, the ion current ratio is converted
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to a mole ratio using a calibration curve from the response of samples of
“known” abundance relative to the labeled IS.

Quantitative proteomics is further complicated because there are thousands
of protein levels that need to be measured within a single or limited number of
measurements. To address this problem, many elegant approaches have been
reported for the incorporation of “heavy’” stable isotope atoms into proteins or
peptides—creating a global IS for every protein in a complex mixture. Several
of these methods are described in detail in other chapters of this text and have
made quantitative protein analyses using MS possible. This labeled IS can then
be added to multiple different unlabeled samples and used as a common refer-
ence standard for relative comparisons between samples. The peptides con-
taining the natural abundance atoms and enriched “heavy” atoms from these
proteins are then identified by liquid chromatography–tandem mass spectrom-
etry (LC–MS/MS), and software can be used to evaluate the relative abun-
dance between the unlabeled and labeled peptide pairs.

Several computer programs have been described for the analysis of quantita-
tive proteomics data using stable isotope labeling (1–3). Most programs
developed for analyzing quantitative LC–MS/MS data first derive extracted ion
chromatograms from the precursor ion scans for the peptide pairs and then com-
pute relative abundances from the background subtracted areas of the two
extracted ion chromatograms. This process is complicated by both instrument
and chemical noise, differences between the isotope distributions of the unla-
beled and labeled peptide, and in some cases chromatographic separation
between the unlabeled and labeled peptide forms. Furthermore, how can we
account for differences in measurement response between the two peptide forms
without a standard curve for each and every peptide measured during the analy-
sis? Quantitative analysis software should be capable of assessing the quality of
the quantitative data, eliminate outliers, and estimate the protein ratio from
multiple peptides in an objective manner without user intervention.

This chapter describes a step-wise approach for the computational analysis
of quantitative proteomics data using stable isotope labeling. We divide the
analysis into six separate steps (Fig. 1) that are interchangeable with alternative
strategies. Many of the steps in the analysis are implemented as components of
the freely distributed computer program RelEx (http://fields.scripps.edu/relex/)
(2). Nevertheless, as many of the steps are generalized, we hope to provide a
sufficient description of the approach so that an individual with moderate pro-
gramming experience could reproduce the process for their own needs.

http://fields.scripps.edu/relex
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2. Methods
2.1. Extraction of Ion Chromatograms

Nearly all analyses of quantitative data from LC–MS are performed on ion
chromatograms instead of individual mass spectra. Because analytes elute over
time, the combined use of data from the entire elution profile provides greater
ion statisitics and thus greater precision. Ion chromatograms facilitate the
assessment and subtraction of background—an essential step to minimize sys-

Fig. 1. General six-step scheme for the computational analysis of quantitative
proteomics data. Steps 2 and 4 are optional and can be eliminated depending on the
experiment and the quality of the data.
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tematic errors in complex mixtures. Additionally, because some stable isotope
labels will result in a chromatographic separation between unlabeled and labeled
peptide pairs, the ratio between the separated peptide pairs will vary dramati-
cally from scan to scan, whereas the ratio of the respective chromatographic
areas will be affected minimally. Thus, the first step in calculating the relative
abundance between an unlabeled and stable isotope-labeled peptide identified
by LC–MS/MS is the extraction of ion chromatograms.

The peptide sequences identified by MS/MS and database searching are used
to calculate the elemental composition and predict the isotope distribution for
the unlabeled and labeled peptide pairs. The predicted isotope distributions are
used to define m/z ranges for the extraction of the respective unlabeled and
labeled ion chromatograms. These ion chromatograms are normally extracted
from the MS scans (precursor scans) within a time window where the MS/MS
spectrum was acquired that identified the respective peptide sequence. Soft-
ware to extract ion chromatograms should not be restricted to any specific
stable isotope labeling approach and can be easily adopted for any quantitative
proteomics labeling technique.

The accurate conversion of measured ratios in the mass spectrometer to mole
ratios is complicated and care must be taken during the ion chromatogram
extraction to minimize the introduction of systematic errors because a
polyatomic molecule containing enriched atoms will result in a combinatorial
distribution of isotopomers depending on the enrichment and number of
“labeled” atoms. Additionally, the isotope distributions will be different
between the unlabeled and labeled isotope distributions. This difference be-
tween isotope distributions is particularly problematic for analytes containing
13C-enriched molecules. Because a majority of the isotope distribution from an
organic molecule is a result of natural abundance 13C, a peptide that contains
multiple enriched 13C atoms will have a substantial difference between the iso-
tope distributions of the unlabeled and labeled peptides (Fig. 2). These effects
could potentially cause a large error in the mole ratio measurement depending
on which isotope peak or peaks were used to determine the ratio (see Note 1).

Although most quantitative proteomics approaches obtain quantitative data
from the MS scans, most traditional quantitative MS analyses use MS/MS to
acquire data for selected analyses to minimize chemical interferences and
improve sensitivity. These analyses are difficult to extend to proteomics be-
cause we often do not know the identities of the analytes being quantified un-
less the experiments are targeted toward individual peptides unique to specific
proteins (4) (see Note 2).



Stable Isotope Labeling 181

Fig. 2. The isotope distribution from a peptide containing only natural abundance
isotopes and the isotope distribution of a peptide enriched in 13C will be different. (A)
The difference in intensity of the base isotope peak (most intense isotope peak) is
significant for the peptide YAGILDCICATFK with the ICAT tag containing only natu-
ral abundance isotopes and the ICAT tag enriched with 9 x 13C at greater than 99.9%
atom percent excess. (B) The difference in intensity of the base isotope peak is be-
cause there are now nine less carbon atoms contributing 1.09% to the M+1 isotope.
Because of mass balance, the sum of the two isotope distributions are the same but the
intensity of each isotope peak will be different. The same thing happens with enriched
isotopes of 15N and 2H, however, their effect on the two isotope distributions is less
pronounced because they have much lower natural abundance.
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2.2. Data Preprocessing—Smoothing and Noise Reduction

MS data is composed of a combination of both signal and noise. Unless the
number of ions contributing to the measured signal is large, the automated
analysis of the measured chromatographic peak will be complicated because of
the random errors in the measurement, and the data will result in an irregular
signal that is difficult to process. Because most noise is of greater frequency
than the signal, most mass spectrometer data systems and quantitative
proteomics data analysis software use some smoothing capability as a prepro-
cessing step to aid in the detection of the chromatographic peak and assess-
ment of the peak area(s). Although there are numerous approaches for
smoothing data to reduce noise, we will focus on one of the most frequently
implemented techniques—the method of Savitzky and Golay (5).

The basis of the Savitsky–Golay method involves the fitting of a small sub-
set of the data to a polynomial using a least squares regression. In this approach,

Fig. 3. Effect of Savitsky–Golay smoothing on the signal to noise and distortion of
extracted ion chromatograms. Smoothing greatly improves the quality of raw mass
spectrometry data until the smoothing window becomes greater the full width at half
maximum of the peak. When the smoothing window is too large, the resolution begins
to deteriorate and the peaks shrink and broaden.
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the least squares value of a given point is calculated as a weighted combination
of itself and m points on either side of it. Although the implementation of this
approach may initially appear complicated, in practice, the Savitsky–Golay
convolution method is as easy to implement as a weighted moving average.
This implementation is further simplified by Gorry who reported a simple and
general procedure for calculating the convolution weights at all positions (6)—
including the endpoints that were truncated in the initial development. Further-
more, Gorry reported an extension of the Savitsky–Golay approach for
smoothing data of unequally spaced data (7), as characteristic with ion-trap
mass spectrometers using automatic gain control (see Note 3).

Figure 2 demonstrates the effect of different sized Savitsky–Golay smooth-
ing windows on the raw extracted ion chromatograms. A quadratic smooth was
implemented exactly as described by Gorry (6) using different window sizes.
In general, as the window size is increased the noise is reduced, but after a
certain window size the improvement over smaller window sizes becomes in-
significant. However, when the window becomes too large, peaks become dis-
torted and there is a loss of resolution along the time axis—the peaks become
lower and broader. Thus, although a larger window will further reduce the
noise, a window that is too large will unfortunately also decrease the signal-to-
noise ratio (S/N) and significantly distort the resulting peak shape (see Note 4).

2.3. Ion Current Ratio Calculation

Software to automatically derive the area under a chromatographic peak is
often the most challenging aspect of any quantitative MS analysis. These pro-
grams must determine where the peak starts and ends, while also determining
the contribution from background on which the peak is superimposed. The
estimate of peak onset and background requires that the peaks be well defined.
However, with proteomics data, the chromatograms are often crowded and an
algorithm may not have a sufficiently large region of pure baseline to appropri-
ately subtract the true background. Furthermore, although the desired output is
the background subtracted ion-current ratio, most algorithms treat the two ion-
chromatograms separately instead of as a pair. For chromatograms that are
detected and integrated separately, the precision and accuracy of the ratio will
ultimately be limited by the software’s ability to handle the ion chromatogram
with the poorest S/N. Although the objective and reproducible assessment of
peak area is reliable for high S/N chromatograms, peaks of even modest S/N
are difficult to integrate reproducibly. Any objective criteria that can be used
to evaluate peak locations are often dependent on peak shape and will likely
differ substantially between the thousands of peptides identified in a µLC/µLC/
MS/MS run.
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Thorne et al. (8) described an elegant approach for the calculation of back-
ground subtracted ratio between two isotopomers. This algorithm uses a least
squares regression to evaluate the background subtracted mass spectrometer
ion-current ratio from two extracted ion chromatograms. In a single calcula-
tion, the slope of the regression provides a measure of the background sub-

Fig. 4. Use of a least squares regression for the calculation of the ion-current ratio
between two isotopomers. The intensity of the 15N-enriched reference chromatogram
(gray) is plotted vs the intensity of the unlabeled sample chromatogram (black). The
best fit line through the data is calculated and the slope of the line represents the back-
ground subtracted ratio.
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tracted ratio, the intercept provides a measure of the ratio of the two back-
grounds, and the correlation coefficient provides a measure of the ratio quality
(Fig. 4). Using this approach, both chromatograms are handled simultaneously,
and the quality of the ratio is independent of the of the chromatogram peak
shape and is only marginally effected by the algorithm’s chosen start and stop
points. Furthermore, methods that use traditional peak integration where the
two chromatograms are treated independently will always be limited by the
ability of the software to detect and integrate the extracted ion chromatogram
of the lowest S/N. In contrast, because the least squares regression algorithm
considers both chromatograms simultaneously, the peak detection only needs
to be performed on the isotopomer with the greatest intensity.

Because both the unlabeled and labeled chromatographic traces will have
error, the best fit line cannot be determined using a simple linear regression. In
a simple linear regression, a line is found by minimizing the sum of the squares
of the vertical distance from each point to the line. However, when error is
present on both the x- and y-axis, then the regression should minimize the sum
of the squares of the perpendicular distance from the line to each point. A
simple and fast implementation of a linear regression when the data has error
on both axises has previously been described by York (9) (see Note 5).

2.4. Expression of Peptide Ratios as Relative Protein Abundances

The most common and obvious treatment of quantitative proteomics data is
to average the ratios of the individual peptides that map back to an individual
protein sequence. An important, but often overlooked, consequence of
quantitation on the peptide level is that any extrapolation of that information
back to the protein level may or may not be entirely appropriate. Because many
proteins can give rise to the same peptide sequence postdigestion, the resulting
ratio will be a weighted average of the individual protein forms giving rise to
that peptide. Even if the peptide is unique to a specific protein loci, the result-
ing peptides will provide a weighted average of different localized forms,
posttranslationally modified isoforms, and so on. For example, if a peptide’s
relative abundance decreases between two conditions, it could be because the
protein it was derived from decreased in abundance or because the stoichiom-
etry of the unmodified protein form decreased as a greater fraction of the pro-
tein obtained a posttranslational modification.

Figure 5 provides an illustrated example for an unlabeled vs 15N-enriched
peptide ratio measured for several different peptides that map to a single gene
sequence. In a relatively simplistic situation where a protein only exists in three
different forms, the interpretation of the peptide data would be complicated. In
this example, the average of the measured unmodified peptide ratios would
result in a very noisy measurement with minimal change from unity. Although
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the individual peptide ratios can provide data that is biologically meaningful,
the mean of peptides spanning different protein isoforms mapping to the same
gene loci may be less legitimate. This should be a reminder of the importance
of obtaining quantitative proteomics data with high-sequence coverage across
every protein. Effort needs to be made to quantify peptides throughout the
entire protein sequence and we should all be skeptical of single peptide ratios.

We are not saying that the weighted relative abundance of the individual
peptides will never be biologically informative. We and others have reported
changes in protein abundance using relative abundance measurements on the
peptide level; however, the caveat that the measured peptide ratio may not be
an accurate reflection of the protein ratio should never be forgotten.

2.5. Detection and Removal of Outliers

An outlier in a dataset is an observation that is inconsistent with the remain-
der of the data. The data points that deviate from the others result in a signifi-
cant increase in the standard deviation and complicates our ability to identify
differences between datasets. Thus, we need to identify and remove these out-
liers before performing further analyses. In proteomics, the multiple peptide
measurements provide a measure of uncertainty for the relative protein abun-
dance measured by quantitative proteomics (10). Outlier peptide ratios could
be a result of an incorrect sequence identification, a posttranslationally modi-
fied peptide, poor S/N chromatogram, etc. Detection of these outliers in an
automated and objective manner is essential for the estimate of the relative
protein abundance from the average of peptide ratios mapping to a single pro-
tein locus.

Fig. 5. The limitation of making protein measurements on the peptide level. A single
protein loci giving rise to multiple protein forms will be difficult to interpret on the
peptide level. This difficulty in interpreting the results is particularly complicated if
there is only a couple peptide ratios measured as the interpretation of the resulting
protein ratio will depend heavily on the relative location of the respective peptide.
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There are two common and equally appropriate approaches to the removal
of outlier ratios measured by quantitative MS. Both the Dixon’s Q-test (11,12)
and the Grubbs test for outliers are commonly used for the rejection of outliers
in a dataset. Both the quantitative proteomics packages RelEx (2) and
ASAPRatio (3) have implemented a Dixon’s Q-test for the removal of indi-
vidual peptide outliers prior to the calculation of the protein ratio.

2.6. Assignment of Significance

Most quantitative proteomics experiments assign significant changes in rela-
tive protein abundance if the mean peptide ratios exceed an empirically derived
threshold ratio. The use of a threshold ratio to extrapolate conclusions is inap-
propriate because the precision is not constant and is a function of the number
of ions acquired during the analysis and the ratio that was measured (13). An
important and often overlooked consideration of any quantification measure-
ment by isotope dilution MS is that the precision and accuracy is at a maximum
for ion-current ratios near 1:1. Although counterintuitive, quantitative mea-
surements for large differences are actually less accurate and precise than small
differences (13,14). Additionally, because quantitative proteomics measure-
ments are complicated from multiple different protein isoforms giving rise to
different peptides (see Subheading 2.4.) a measure of significance needs to be
measured on a protein-by-protein basis.

Thus, to identify differences we advise measuring two ratios where each
sample is measured relative to a single standard instead of measuring differ-
ences within a single ratio. For two samples or conditions with the identical
stable isotope labeled-internal protein standard, statistical differences between
means for the same protein can be established using a simple t-test. For mul-
tiple analyses, the significance can be estimated using analysis of variance
(ANOVA). An added benefit of using two ratios is that any systematic error
should be present in both analyses and should cancel (10) (see Note 6).

3. Notes
1. This problem is minimized by summing the entire isotope distribution or deter-

mining the fraction of the total distribution that a single ion represents to derive a
correction factor in the calculation of the mass spectrometer ion-intensity ratio.

2. Venable et al. (15) reported a novel proteomics approach that makes use of mod-
ern fast scanning tandem mass spectrometers to acquire tandem mass spectra
serially over preselected m/z ranges throughout the chromatographic separation.
These data are used to qualitatively identify the peptide sequences and quantita-
tively measure the relative abundance between the unlabeled and labeled peptide
pairs. Because the tandem mass spectra are acquired multiple times as peptides
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elute from the chromatographic column, these data are used to produce recon-
structed ion chromatograms from tandem mass spectra. Although the data acqui-
sition and generation of ion chromatograms is unique, all subsequent and
downstream data processing is performed normally.

3. An alternative to using the modified Gorry approach for polynomial smoothing
of irregularly spaced data (7) is to interpolate the irregularly spaced peak intensi-
ties into regularly spaced intervals.

4. To minimize the peak distortion, the width of the smoothing window should be
less than 90% of the peak full width at half maximum height (16).

5. Recently, Pan et al. presented a thorough comparison of the regression approach
with traditional peak integration and reported superior quantitative accuracy and
dynamic range (17). Thus, there are several advantages to this approach and, to
date, the only program that has implemented the least squared regression for cal-
culating MS ion-current ratios in proteomics is RelEx (2).

6. The use of a ratio of two ratios for relative quantitation improves the accuracy by
greater than 30% when compared with using a single ratio alone (2).
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Quantitative Proteomic Analysis of Mammalian
Organisms Using Metabolically Labeled Tissues

Christine C. Wu and Michael J. MacCoss

Summary
Metabolic labeling of mammalian organisms with stable isotopes can be used to pro-

vide tissue-specific internal standards for use in quantitative proteomic analyses. This
method provides an alternative and complementary strategy to covalent modification
approaches using isotope-coded mass tags. This chapter will focus on the generation of
the isotope-labeled tissues, the analysis of the sample using Multidimensional Protein
Identification Technology, and the computational analysis of the mass spectrometric data
acquired.

Key Words: Stable isotope-labeled tissue; quantitative proteomics; atomic enrich-
ment; internal standard; MudPIT.

1. Introduction
The capability to quantitatively compare differences in protein level between

samples is an essential component of proteomics technology. These analyses
represent a complex technical challenge because although a mass spectrometer’s
response is usually linear for most peptide analytes (1), there are numerous
sample preparation steps each with different degrees of efficiency. To account
for this sample preparation variability and improve the overall measurement
precision, most proteomics laboratories have applied methods that introduce
heavy stable isotopes into one sample to be compared against a second sample
containing only natural abundance isotopes (2). These two samples are then
mixed and the labeled and unlabeled proteins act as mutual internal standards
(IS) for one another. Assuming that the two samples are labeled and mixed
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prior to any sample preparation, the two forms should undergo similar losses
and biases.

Metabolic labeling strategies facilitate these comparisons by producing ap-
propriate IS for all proteins in a given cell type, tissue, or organism. The use of
metabolic labeling has the added advantage of producing standards that can
(and usually are) mixed prior to any sample preparation. Thus, samples can be
mixed directly as intact cells, homogenized tissues, or even intact organisms.
Metabolic labeling with stable isotopes for the purpose of producing IS for
quantification is becoming routine and has been applied to a variety of organ-
isms ranging from bacteria (3) and yeast (4), to flies and worms (5), and even
mammals (6). The focus of this chapter is on the labeling of mammals, in par-
ticular rats and mice. However, these methods can be applied to any organism
that the diet can be defined using stable isotope-enriched material.

This chapter summarizes the methodology available to date for the production
of metabolically labeled IS for comparative proteomic analyses of mammalian
tissue. We will describe the labeling of rodents with 15N-enriched diets to pro-
duce tissue-specific IS and the proteomic analysis of the samples using Multidi-
mensional Protein Identification Technology (MudPIT). Modifications have been
made to many of the original labeling steps (6) to simplify the overall process,
improve the efficiency of the labeling, and reduce the cost of producing the IS.

2. Materials
2.1. 15N-Enriched Rodent Diet

1. Algal whole cells: 15N-enriched Spirulina (>99%) (Spectra Stable Isotopes,
Columbia, MD).

2. Protein-free custom research diet in powder form (Harlan Teklad, Indianapolis,
IN): 631.8 g/kg sucrose, 200.0 g/kg corn starch, 54.6 g/kg corn oil, 66.5 g/kg
cellulose, 10.0 g/kg vitamin mix no. 40060, 0.01 g/kg ethoxyquin, 13.37 g/kg
mineral mix no. 79055, 23.72 g/kg CaHPO4, and 0.038 g/kg CaCO3.

3. Nonstick surface (e.g., aluminum foil, wax paper).
4. Mortar and pestle.
5. Razor blade.
6. Food dehydrator.

2.2. Tissue Harvest

1. Dissection tools (scalpels, scissors, forceps).
2. Glass Petri dishes.
3. Phosphate-buffered saline: prepare 10X stock with 80 g NaCl, 2.0 g KCl, 14.4 g

Na2HPO4, 2.4 g KH2PO4 in 1 L of Milli-Q water (adjust to pH 7.4 with HCl if
necessary). Prepare working solution by dilution of one part with nine parts water.

4. Cryotubes for storage of tissue.
5. Liquid nitrogen.
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2.3. Tissue Preparation

1. Homogenization buffer: 100 mM K2HPO4/KH2PO4, pH 6.7, 250 mM sucrose,
and 5 mM MgCl2.

2. Dounce homogenizer.
3. Lowry H Protein Assay (Bio-Rad, Hercules, CA).

2.4. Protein Sample Digestion

1. Trypsin digestion buffer: 0.2% RapiGest SF (Waters, Milford, MA) dissolved in
50 mM NH4HCO3 (pH 8.0) and 1 mM CaCl2.

2. Insulin syringe.
3. 500 mM dithiothreitol.
4. 500 mM iodoacetamide.
5. Modified trypsin reconstituted in 0.01% acetic acid (1 µg/µL) (Promega, Madi-

son, WI).

2.5. Multidimensional Liquid Chromatography

1. Fused silica capillary tubing: 100 µm inner diameter (Polymicro, Phoenix, AZ).
2. Sutter P-2000 laser puller (Sutter Instruments, Novato, CA).
3. 5-µm Luna C18 chromatography material (Phenomenex, Ventura, CA).
4. 5-µm Partisphere strong cation exchange chromatography material (Whatman,

Clifton, NJ).
5. A homemade pressure bomb interfaced with a high pressure helium gas cylinder.

The pressure bomb is similar to the one described previously by Yates et al. (7).
6. High-performance liquid chromatography binary pump and autosampler.
7. Tandem mass spectrometer with a nanospray ion source.

2.6. Software for the Analysis of Quantitative Proteomics Data

1. SEQUEST: see http://www.sequest.org.
2. DTASelect: see http://fields.scripps.edu/DTASelect/.
3. RelEx: see http://fields.scripps.edu/relex/.

3. Methods
3.1. Preparation of Labeled Diet

The consistency of the 15N-Spirulina is variable depending on the lot from
the manufacturer. Therefore, the stable isotope-labeled algae cells are first
ground into a fine powder using a mortar and pestle. The uniform algal powder
is then mixed with protein-free powder diet in a 1:3 ratio to produce a diet of
approx 20% total protein. The diet can be modified further with the addition of
corn oil to accommodate higher fat requirements for fertilization, gestation,
and lactation (see Note 1).

Mixed diet in powder form can be used as is or formulated into pellets by
mixing 15 mL H2O per 100 g diet and kneading the wet powder into dough.

http://www.sequest.org
http://fields.scripps.edu/DTASelect/
http://fields.scripps.edu/relex/
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The dough is then rolled out onto a nonstick surface and cut into sections.
These pellets are dried in a food dehydrator set at 140–150°C for 24 h or until
solid. The pellets should be green-black in color.

3.2. Animals (see Note 2)

Total number of animals labeled should reflect sample requirements for the
proteomic analysis. Animals should be purchased a few days prior to weaning
so that pups can acclimate to the animal facility and labeling can be initiated
upon weaning. Requirements for gender specificity should reflect the
proteomic experiment.

3.3. Labeling

1. General labeling scheme: the general scheme for 15N labeling a rat or mouse is
shown in Fig. 1. The animals are fed an isotope-enriched diet for a predetermined
period of time depending on the tissue and required enrichment. After sacrificing
the animal, the tissues are characterized for enrichment and morphology prior to
use as an IS.

2. Ad libitum feeding: labeled diet in pellet form can be made freely accessible in
feeder container in rodent cage. Although labeling can also be performed on a
more regular schedule (e.g., every 6 h [6]) to reduce the consumption and losses
of the stable isotope-labeled diet, this restricted feeding will result in a lower
animal mass (see Fig. 2). This slower growth results in a lower percent body fat
and decreased success in gestation (see Note 1).

3. Labeling is initiated at weaning when the animals can eat solid food (~3 wk for
mice and rats). Animals should be monitored daily. Labeling is terminated when
the animal is euthanized and tissue is harvested. The labeling time is species and
tissue specific. The time required for labeling protein will reflect the tissue spe-
cific average protein half-life.

3.4. Tissue Harvest

Animals are euthanized using IACUC-approved procedures specific to
experimental protocol. Tissues should be collected immediately on ice and
rinsed in phosphate-buffered saline. For long-term storage of frozen tissue, tis-
sue should be sliced into 1-mm slices, snap frozen in cryotubes in liquid nitro-
gen, and transferred to a –80°C freezer (see Note 3).

3.5. Characterization of the Labeled IS

1. Tissues are harvested at appropriate time points after the initiation of labeling to
ensure that the 15N enrichment of protein in the respective tissues is greater than
90%. These time points are organism and tissue specific (see Note 4). An example
of the 15N amino acid enrichment from protein in selected rat tissues after label-
ing for 44 d starting at 3 wk of age (after weaning) is shown in Fig. 3.
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2. Intact tissues are also characterized visually to ensure no physical abnormality
and electron micrographs are taken of tissue sections to verify proper ultrastruc-
ture. All comparisons are made on a littermate fed an identical diet containing
only natural abundance isotopes. An example of the tissue comparisons is illus-
trated in Fig. 4. We also use histology and standard chemical panel for blood
chemistry measurements to validate animal health.

3.6. Protein Sample Preparation

1. Tissues are hand homogenized in homogenization buffer at a ratio of 1 g tissue in
5 mL buffer using 10–30 strokes in a Teflon homogenizer until homogeneous
(varies with tissue).

2. Homogenates are centrifuged at 3000g for 15 min to pellet tissue aggregates,
unbroken cells, and nuclei.

3. The protein concentration of the labeled postnuclear supernatant is assessed using
a standard protein assay.

Fig. 1. General scheme for the metabolic labeling of rodents with a 15N-enriched
diet for use as a stable isotope-labeled internal standard.
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4. The labeled standard is then mixed in a 1:1 ratio (w:w) with multiple different
protein samples for relative quantitation. To avoid systematic errors and mini-
mize any potential effect from the unusual rodent diet, the IS must be added to a
minimum of two samples: one control sample and one alternate condition/
timepoint/and so on. (Fig. 5) (2,6,8).

5. The postnuclear supernatant of the mixed sample is diluted twofold with 100 mM
K2HPO4/KH2PO4, pH 6.7 and centrifuged at 100,000g in an ultracentrifuge to
separate the soluble proteins (supernatant) from the cellular membranes (pellet).
Additional fractionation (e.g., subcellular or biochemical fractionation) can be
performed on the mixed sample and any losses can be accounted for by the IS.

3.7. Proteomic Analysis Using MudPIT

1. Membrane pellets (100 µg) are resuspended in 100 µL digestion buffer by draw-
ing three times through an insulin syringe and incubating on ice for 15 min. The
membrane suspension is vigorous vortexed and the pellet broken to create a fine
protein suspension. The sample is reduced with the addition of 500 mM dithio-
threitol to a final concentration of 15 mM and incubation at 55°C for 15 min. The
sample is alkylated with the addition of 45 mM iodoacetamide to a final concen-
tration of 50 mM and incubation at room temperature in the dark for 15 min.
Modified trypsin is added at a 1:50 enzyme:substrate ratio and the sample is
incubated at 37°C for 4 h. The reaction is quenched with the addition of HCl to a

Fig. 2. The effect of ad libitum vs restricted feeding on rat growth. The solid line is
for an unrestricted ad libitum diet and the dashed line is for rats that are fed four times
daily (6 AM, noon, 6 PM, and midnight). Data are mean ± SD for n = 3 rats.
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final concentration of 500 mM and incubated at 37°C for 45 min to hydrolyze the
RapiGest SF in the digestion buffer. The protein sample is then centrifuged at
15,000g for 5 min and the supernatant stored at –80°C until analysis by mass
spectrometry (MS).

2. Soluble proteins (100 µg) are precipitated using MeOH/CHCl3 extraction as
described previously (9) and resuspended in 100 µL trypsin digestion buffer. The
solution is vigorously vortexed/sonicated to solublize the protein pellet. After
solubilization the protein is reduced, alkylated, and digested as described in Sub-
heading 3.7., step 1 for insoluble membrane pellets.

3. The resulting peptides are analyzed using multidimensional microcapillary liquid
chromatography–tandem MS (µLC/µLC/MS/MS). The mass spectrometer is con-
figured to acquire a single “survey” mass spectrum followed by multiple tandem
mass spectra in a data-dependent manner. Details of the multidimensional protein
identification technology have been described in detail elsewhere (10–12) and is
beyond the scope of this chapter.

Fig. 3. Measured 15N amino acid enrichments in labeled tissue. The M+i/M
isotopomer ratios were measured in both unlabeled and 15N-enriched tissues by gas chro-
matography–mass spectrometry where M is m/z of the fragment for the natural abun-
dance amino acid, and i is the number of nitrogens in the respective amino acid.
Enrichments were calculated and expressed in mole percent excess. The mean ± SD is
shown for 14 amino acids in eight different tissues.
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3.8. Computational Analysis Using SEQUEST, DTASelect, and RelEx

1. Database Search: tandem mass spectra must be searched twice (sample and refer-
ence) using the program SEQUEST (13) to create two separate sets of output
files stored in two separate directories. The first database search (sample-
unlabeled mass parameters) uses a sequest.params file containing only a single
static modification of +57 m/z on cysteine from carbamidomethylation using
iodoacetamide. The second database search (reference-15N-corrected mass
parameters) uses a sequest.params file containing a static modification on each
amino acid shifting the average mass to account for the enriched nitrogen atoms
(see Notes 4 and 5).

2. DTASelect: the program DTASelect (14) is used to filter the peptide sequences
identified by SEQUEST and select peptide sequences exceeding a limiting thresh-
old of requirements to minimize the false discovery rate to less than 5% (esti-
mated from the number of proteins obtained from the decoy protein sequences;
Note 5), assemble the peptides into protein identifications, and remove redun-
dant protein identifications.

3. RelEx: for each peptide exceeding the DTASelect criteria in both the sample and
reference searches, ion chromatograms are extracted from the Xcaliber data file
for the unlabeled and 15N-labeled peptide isotope distributions using the program

Fig. 4. Confirmation of animal health using multiple approaches on different lev-
els. (A) Selected 15N-enriched tissues are visually compared with tissues from a con-
trol littermate fed an identical diet containing only natural abundance isotopes to
identify any potential abnormalities. (B) Cellular ultrastructure is also checked for
abnormalities using electron microscopy.
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EXTRACT-CHRO (an auxiliary program of RelEx [8]). EXTRACT-CHRO
requires an accurate measure of the 15N enrichment to assess the correct m/z
ranges to extract the ion chromatograms. The relative abundances between the
two chromatograms are determined and outliers removed using the freely avail-
able software RelEx. For details on how to obtain RelEx through an institutional
software transfer agreement, see http://fields.scripps.edu/relex. Specific details
of the analysis of quantitative data using stable isotope labeling can be found in
another chapter in this volume (see Chapter 12).

4. Notes
1. Percent fat content of specialized diet can be adjusted for adult females used for

mating. Typical fat content of diet is 5%. For reproduction, the dietary fat content
was doubled to 10% by addition of corn oil. This adjustment of fat content was
required to attain body fat levels required for fertility, gestation, and lactation.

Fig. 5. General approach for measuring relative protein differences using meta-
bolically labeled internal standards (IS). Each sample is mixed with an identical
15N-enriched IS prior to sample preparation. Differences are evaluated using a ratio
of two ratios to minimize systematic errors and to facilitate relative abundance mea-
surements between greater than two samples.

http://fields.scripps.edu/relex
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2. These experiments have been carried out successfully in rats, mice, and ground
squirrels.

3. Most organellar fractionations are optimized for fresh tissue. This should be
considered when designing quantitative proteomic experiments using the meta-
bolic labeling approach. Fractionation strategy will vary depending on the
sample targeted. A crude fractionation strategy is described here for general
applications. Refined protocols are available for subcellular fractionations of
specific organelles.

4. Perhaps one of the most important aspects of any quantitative analysis using a
stable isotope-labeled IS is the accurate knowledge of the enrichment of the
respective labeled atoms. This enrichment is essential to (1) estimate the average
amino acid mass shift for each amino acid to be used in the database search, and
(2) estimate the m/z range to extract the natural abundance and 15N-enriched pep-
tide ion chromatograms. An average enrichment of the labeled atoms from the
entire protein mixture can be obtained on the amino acid level (6) or can be esti-
mated for each protein using the peptide isotope distributions using high-reso-
lution MS data (15).

5. All tandem mass spectra should be searched against the most recent fasta database
containing all known and hypothetical protein sequences for the given species.
These databases should then be concatenated to a decoy database to facilitate the
adjustment of the threshold cutoffs to achieve a preselected false discovery rate.
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Quantitative Proteomic Analysis
of Phosphotyrosine-Mediated Cellular Signaling Networks

Yi Zhang, Alejandro Wolf-Yadlin, Forest M. White

Summary
Receptor tyrosine kinases receive extracellular cues, such as ligand binding, and trans-

mit this information to the cell through both autophosphorylation and phosphorylation
of tyrosine residues on selected substrates, stimulating a variety of signal transduction
pathways. Quantitative features, including intensity, timing, and duration of phosphory-
lation of particular residues, may play a role in determining cellular response, but experi-
mental data required for analysis of these features have not previously been available.
We have recently developed a methodology enabling the simultaneous quantification of
tyrosine phosphorylation of specific residues on dozens of key proteins in a time-resolved
manner, downstream of receptor tyrosine kinase activation. In this chapter, we present a
detailed description of this mass spectrometry-based method, including conditions for
cell culture and stimulation, sample preparation for stable isotope labeling and peptide
immunoprecipitation, immobilized metal affinity chromatography–liquid chromatogra-
phy–tandem mass spectrometry analysis of affinity-enriched tyrosine phosphorylated
peptides, and analysis of the resulting MS data.

Key Words: Signal transduction; tyrosine phosphorylation; immobilized metal
affinity chromatography; liquid chromatography; mass spectrometry.

1. Introduction
Protein phosphorylation-mediated cellular signaling networks regulate

information flow within the cell through activation and inhibition of kinases
and phosphatases leading to dynamic, reversible protein posttranslational modi-
fication. Information contained within these signaling networks, and therefore
biological response to an initial stimulus, can vary depending on three key
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factors: intensity, timing, and duration of the signal. Quantifying these factors
has been limited by another problem, in that it has been challenging to deter-
mine the sites of protein posttranslational modification that control how sig-
nals are propagating through the system. However, significant advances over
the past several years have been made in the field of phosphoproteomics, such
that it is now possible to catalog hundreds to thousands of protein phosphory-
lation sites from a given sample (1,2). These advances have now made it pos-
sible to focus on analyzing the temporal dynamics of protein phosphorylation
events following a perturbation to the system. In one example, stable isotope
labeling in cell culture (SILAC) (3) has been combined with phosphopeptide
enrichment through two rounds of affinity chromatography. This approach was
used to quantify intensity changes for hundreds of phosphorylation sites on
yeast proteins following α-factor stimulation (4). Although this study only
looked at a single time point following stimulation, others have used SILAC to
quantify changes in total protein tyrosine phosphorylation at selected time
points after epidermal growth factor (EGF) stimulation (5).

In this chapter, we describe a method by which protein tyrosine phosphory-
lation levels may be quantified on multiple samples in a single analysis with
site-specific resolution. In the method, biological samples are lysed by a pro-
tein denaturant, proteins are enzymatically digested to peptides and labeled
with an amine-specific stable isotope-coded reagent (iTRAQ) (6). Following
labeling and mixing of the samples, tyrosine phosphorylated peptides are
immunoprecipitated with a pan-specific anti-phosphotyrosine antibody (7).
After elution from the antibody, phosphorylated peptides are further enriched
through immobilized metal affinity chromatography (IMAC) (8), passed to a
reverse-phase column, and analyzed by liquid chromatography–tandem mass
spectrometry (LC–MS/MS). We have applied this method to analyze the tem-
poral dynamics of tyrosine phosphorylation following EGF stimulation, gener-
ating temporal phosphorylation profiles for 78 tyrosine phosphorylation sites
on 58 proteins in a single IMAC-LC–MS/MS analysis (9). Although the spe-
cifics of the method apply directly to the analysis of epidermal growth factor
receptor (EGFR) signaling in human mammary epithelial cells, the general
approach should be applicable to a broad variety of systems.

2. Materials
2.1. Cell Culture and Lysis

1. DFCI-1 medium: 1:1 (v/v) MEM-α: Ham-F12 (without sodium bicarbonate)
supplemented with 2 mM L-glutamine, 100 U/mL penicillin, 100 µg/mL strepto-
mycin, 1% (v/v) fetal bovine serum, 1 µg/mL insulin, 10 µg/mL transferring holo
form, 50 µM of freshly made ascorbic acid (all from GIBCO, Carlsbad, CA), 1%
(v/v) bovine pituitary extract (Pelfreez Biologicals, Rogers, AZ), 10 mM HEPES,



Quantitative Analysis of Signaling Networks 205

2.8 µM hydrocortisone (dexamethasone), 2 nM β-estradiol, 15 nM sodium selen-
ite, 0.1 mM ethanolamine, 0.1 mM o-phosphoethanolamine, 10 nM
triodothyronine, 1 ng/mL cholera toxin (all from Sigma, St. Louis, MO), 19 mM
sodium bicarbonate (Mallinckrodt, Hazelwood, MO), 12.5 ng/mL EGFR
(Peprotech, Rocky Hill, NJ). The pH should be 7.4 in a 5% CO2 incubator (10).

2. Serum-free DFCI-1, with the same components as DFCI-1 medium (step 1)
minus fetal bovine serum, bovine pituitary extract, and EGF. Supplement with 1
mg/mL of bovine serum albumin (Sigma).

3. Phosphate-buffered saline (PBS) (Gibco).
4. 10X trypsin-EDTA solution (Sigma), diluted to 1X in PBS.
5. Lysis buffer consisting of 8 M urea and 1 mM activated sodium orthovanadate

(Sigma). After preparation, the solution should be buffered to pH 7.0 at room
temperature.

6. Cell lifters (Corning, Corring, NY).
7. Micro BCATM Protein Assay Reagent Kit (Pierce, Rockford, IL).

2.2. Protein Digestion and Sample Preparation

1. Dithiothreitol (Sigma).
2. Iodoacetamide (IAc) (Sigma) (light sensitive).
3. Sequencing grade-modified trypsin (Promega, Fitchburg, WI).
4. Trypsin digestion buffer: 100 mM ammonium acetate (Sigma), pH 8.9.
5. C18 Sep-Pak Plus cartridges (Waters, Milford, MA).
6. Glacial acetic acid (Mallinckrodt).
7. 0.1% acetic acid solution (Mallinckrodt).
8. 0.1% acetic acid and 25% acetonitrile (ACN) solution (Mallinckrodt).
9. 0.1% acetic acid and 40% ACN solution (Mallinckrodt).

10. 0.1% acetic acid and 90% ACN solution (Mallinckrodt).

2.3. iTRAQ Stable Isotope Labeling and Phosphotyrosine Peptide
Immunoprecipitation

1. 0.5 M triethylammonium biocarbonate (N[Et]3HCO3), pH 8.5 (Sigma).
2. Ethanol (Mallinckrodt).
3. iTRAQ reagent multiplex kit (Applied Biosystems, Foster City, CA).
4. IP buffer: 100 mM Tris-HC1 100 mM NaCl (both from Sigma), and 0.3% NP40,

pH 7.4 (Fluka, Buchs SG, Switzerland).
5. 0.5 M Tris-HC1 buffer, pH 8.5.
6. Rinse buffer: 100 mM Tris-HC1 and 100 mM NaCl, pH 7.4.
7. Elution buffer: 100 mM glycine (Sigma), pH 2.5.
8. PY99 Immobilized anti-phosphotyrosine antibody, store at 4°C (Santa Cruz Bio-

technology Inc., Santa Cruz, CA).

2.4. IMAC and LC–MS/MS

1. IMAC packing material: POROS 20 MC (Applied Biosystems).
2. 100 mM EDTA (Sigma), pH 8.5.
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3. 100 mM FeCl3 (Sigma).
4. 0.1% acetic acid solution (Mallinckrodt).
5. IMAC organic rinse solution: 25% MeCN, 1% acetic acid, and 100 mM NaCl.
6. IMAC elution buffer: 250 mM Na2HPO4, pH 8.0.
7. High-performance liquid chromatography solvent A: H2O/acetic acid, 99/1 (v/v).
8. High-performance liquid chromatography solvent B: H2O/MeCN/acetic acid, 29/

70/1 (v/v).
9. Fused silica capillary (360 µm outer diameter [O.D.] × 50 µm inner diameter

[I.D.]), (360 µm O.D. × 100 µm I.D.), and (360 µm O.D. × 200 µm I.D.)
(Polymicro Technologies, Phoenix, AZ).

10. YMC ODS-A 10 µm packing material (Kanematsu Corp., Tokyo, Japan).
11. YMC ODS-AQ 5 µm packing material (Waters).

3. Methods
3.1. Cell Culture and EGF Stimulation

1. Passage 184A1 human mammary epithelial cells at 80–90% confluence with 1X
trypsin-EDTA in order to provide new maintenance cultures on 100-mm tissue
cultures plates, and experimental cultures on 150-mm tissue culture plates. To
generate an experimental plate approaching confluence after 24 h, incubate the
cells obtained from 1.5 100-mm tissue cultures plates (~5 × 106 cells) into one
150-mm tissue culture plate.

2. After reaching confluence in the experimental plate, wash the cells with PBS and
incubate with serum-free DFCI-1 for 12 h.

3. After 12 h serum starvation, the cultures are washed with PBS and incubated
with 25 nM EGF diluted in serum-free DFCI-1 for the desired time. For instance,
in Fig. 1, four plates of cells were incubated with EGF for 0, 5, 10, or 30 min.

3.2. Preparation of Samples for Phosphotyrosine Peptide
Immunoprecipitation

1. Following cell culture and agonist (EGF) incubation, the cultures are placed on
ice, washed with PBS, and lysed with 3 mL of lysis buffer.

2. Lysates are collected into 15-mL conical tubes and spun down at 1000g for 10 min.
3. A 10-µL aliquot from each sample is taken to perform protein concentration

assay, using the bicinchoninic acid assay (micro BCA kit) according to the
manufacturer’s protocol.

4. The sample lysates are reduced by incubation for 1 h with dithiothreitol at 56°C.
Reduction is followed by alkylation by incubation for 1 h in the dark (IAc is
sensitive to light) at room temperature with 55 mM IAc.

5. Following alkylation, the samples are diluted four times by addition of 10 mL of
trypsin digestion buffer, and digested overnight with 40 µg of trypsin (~1:100
trypsin:substrate ratio). Digestion is terminated by acidifying the solution to pH
3.0 with 500–1000 µL of glacial acetic acid.
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6. Sep-Pak Plus cartridges are preconditioned by sequentially flowing at a rate of 2
mL/min:
a. 10 mL of 0.1% acetic acid solution.
b. 10 mL of 0.1% acetic acid and 90% ACN solution.
c. 10 mL of 0.1% acetic acid solution.

7. Once the Sep-Pak Plus cartridges had been conditioned, the sample lysates are
loaded into different cartridges at a rate of 1 mL/min.

8. Both the hydrophilic and hydrophobic fractions of peptides are recovered by
sequential elution with 10 mL of 0.1% acetic acid, 25% ACN solution, and 10
mL of 0.1% acetic acid, 40% ACN solution.

9. The recovered fractions are aliquoted into 1-mL aliquots and concentrated to
100–200 µL volume using a vacuum centrifuge prior to overnight lyophilization.
Dried aliquots are stored at –80°C until needed.

3.3. iTRAQ Stable Isotope Labeling and Phosphotyrosine Peptide
Immunoprecipitation

1. One aliquot of each sample (control, 5, 10, and 30 min) is dissolved with 30 µL
of 0.5 M triethylammonium bicarbonate (N[Et]3HCO3), pH 8.5.

2. Thaw a set of iTRAQ labeling reagents (stored at –80°C) to room temperature.
Each of the four iTRAQ reagents is dissolved with 70 µL of ethanol, and trans-
ferred into the corresponding sample (for instance, in Fig. 1, 114 was added to
the control sample, 115 was added to the 5-min sample, 116 was added to the 10-
min sample, and 117 was added to the 30-min sample).

3. Mix each sample and centrifuge (2800g for 5 min). Reaction proceeds at room
temperature for 1 h (see Note 1).

4. After 1 h, each sample is concentrated to approx 30 µL in a vacuum centrifuge.
5. The four samples are combined, reduced to complete dryness in a vacuum centri-

fuge, and stored at –80°C.
6. 200 µL IP buffer is used to rinse 10 µg of immobilized PY99 for 5 min at 4°C.

Spin down the antibody beads at 2800g, and remove the supernatant.
7. Dissolve the iTRAQ-labeled sample in 150 µL of IP buffer and 300 µL of water.
8. Adjust the pH of the iTRAQ-labeled sample to pH 7.4 with 0.5 M Tris buffer, pH

8.5, and mix with rinsed antibody. Incubate the sample and antibody mixture
overnight at 4°C while rotating (see Note 2).

9. The antibody beads are spun down at 6000 rpm for 5 min. Remove the superna-
tant and store at –80°C. The antibody beads are then rinsed three times with 400-
µL rinse buffer at 4°C for 5 min. The peptides are eluted with 60 µL of 100 mM
glycine, pH 2.5 at room temperature for 25 min while rotating. The antibody
beads are spun down at 2800g for 5 min. The eluted peptides are transferred into
a new microcentrifuge tube.

3.4. IMAC and LC–MS/MS
1. Clean and condition an IMAC column (a 10-cm long self-packed IMAC (20MC,

Applied Biosystems) capillary column (200 µm I.D., 360 µm O.D. was used to
generate the data shown in Fig. 2) by passing each of the following solutions
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Fig. 1. Schematic representation of mass spectrometry-based approach to analysis of
temporal phosphorylation on specific tyrosine residues. Four plates of human mam-
mary epithelial cells were cultured under normal conditions, serum starved for 12 h, and
stimulated with 25 nM epidermal growth factor for 0, 5, 10, or 30 min. Following cell
lysis, proteins were enzymatically digested and the resulting peptide mixture was
desalted prior to aliquoting into ten equivalent fractions per stimulation time. For each
stimulation time, one aliquot was labeled with one of the four isoforms of the (iTRAQ
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through the column at a flow rate of 5 µL/min for 10 min: 100 mM EDTA, H2O,
100 mM FeCl3, and 0.1% acetic acid.

2. Peptides eluted from antibody are loaded onto the conditioned IMAC capillary
column at 1–2 µL/min.

3. To remove nonspecifically retained peptides, the IMAC column is rinsed with
organic rinse solution for 10 min at a flow rate of 5 µL/min.

4. Equilibrate the IMAC column with 0.1% acetic acid for 10 min at a flow rate of 5
µL/min. Connect the IMAC column to a reverse-phase precolumn (we typically
use capillary precolumn of dimension 100 µm I.D., 360 µm O.D., packed with
10-cm of YMC ODS-A [10 µm] [Kanematsu Corp.]).

5. Peptides are eluted from the IMAC column onto the reverse-phase capillary
precolumn with 50-µL elution buffer. To remove excess phosphate buffer prior to
MS analysis, rinse the precolumn with 0.1% acetic acid for 10 min at a flow rate of
1–2 µL/min. After rinsing, connect the precolumn to a reverse-phase analytical
column (to generate the data shown in Fig. 2, a 10-cm long self-packed C18 [YMC-
Waters 5 µm ODS-AQ] analytical capillary column [50 µm I.D., 360 µm O.D.]
with an integrated electrospray tip [~1 µm orifice] was used) (see Note 3).

6. Peptides are eluted from the reverse-phase columns using the following gradient:
10 min from 0 to 15% B, 75 min from 15 to 40% B, and 15 min from 40 to 70%
B. Column flow rate should be set to optimum flow rate for the given analytical
column depending on column diameter and electrospray emitter tip diameter.

7. As they elute from the column, peptides are directly electrosprayed into a qua-
drupole time-of-flight mass spectrometer (QSTAR XL Pro, Applied Biosystems).
The instrument is operated in information-dependent acquisition mode, in which
a full scan mass spectrum is acquired followed by MS/MS spectra of the five
most intense peaks with charge state of 2–5. The instrument is set to exclude
previously selected peaks for 40 s.

8. To normalize for sample labeling and mixing, a small amount (0.5 µL) of the
supernatant from the peptide IP is loaded onto a conditioned IMAC capillary
column and analyzed similarly (i.e., repeat steps 3–7).

3.5. Data Analysis and Validation

1. MS/MS spectra are extracted (Mascot.dll) and searched against human protein
database (NCBI) using ProQuant (Applied Biosystems). Prior to searching, an
interrogator database is generated by predigesting the human protein database
with trypsin and allowing one missed cleavage and up to six modifications on a
single peptide (phosphotyrosine �2, phosphoserine �1, phosphothreonine �1,

Fig. 1 (continued from opposite page) reagent and then mixed with the labeled aliquots
from the other time points. Phosphotyrosine-containing peptides were immunoprecipi-
tated and further enriched by immobilized metal affinity chromatography prior to liquid
chromatography–tandem mass spectrometry analysis.
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iTRAQ-lysine �4, and iTRAQ-tyrosine �4). For the database search, mass tol-
erance is set to 0.15 amu for precursor ions and 0.1 amu for fragment ions.

2. Phosphotyrosine-containing peptides identified from the database search are
manually validated by confirming the assignment of y, b, and a-type ions, as well
as neutral loss (of H2O, NH3, or H3PO4 from serine- or threonine-phosphorylated
peptides). Peptide sequences are accepted only when all major peaks in the MS/
MS spectra can be assigned (see Note 4).

3. In order to quantify the amount of phosphorylation on a given peptide across the
four samples, peak areas for each of the four iTRAQ signature peaks (m/z: 114.1,
115.1, 116.1, 117.1) are obtained from the MS/MS spectrum. To account for
isotopic overlap, peak areas must be corrected according to the manufacturer’s
instructions.

Fig. 2. A representative tandem mass spectrometry (MS/MS) spectrum for one of
the tyrosine phosphorylated peptides identified in the analysis of epidermal growth
factor-stimulated human mammary epithelial cells. Precursor ion of m/z ratio 755.4
with +3 charge state was selected for fragmentation from the full scan mass spectrum.
From the resulting MS/MS spectrum, y- and b-type fragment ions enabled peptide iden-
tification and phosphorylation site assignment, while peak areas for each of the iTRAQ
marker ions (inset, with mass labels and corresponding stimulation time points) en-
abled quantification of the temporal phosphorylation profiles.
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4. To correct for sample labeling and mixing, MS/MS data from the IMAC-LC–
MS/MS analysis of the supernatant is searched using the same parameters (see
step 1). From the search results, 20 nonphosphorylated peptide hits from abun-
dant proteins are selected and confirmed (see step 2).

5. In order to normalize the data, one of the iTRAQ marker ions must be selected as
the standard, and all quantification is then made relative to the peak area of this
ion (for instance, in Fig. 2 the 5 min sample [the 115 peak] was used as the
normalization standard, as this peak had the greatest signal-to-noise ratio and
therefore the lowest noise-associated error). The average ratio from the twenty
nonphosphorylated peptides reflects the variation in the starting amount of the
four samples, and is used to further correct the values of phosphotyrosine-
containing peptides.

6. Mean phosphorylation, standard deviation, and p-values to estimate statistical sig-
nificance for differential phosphorylation between the different time points are
calculated using Excel. The p-values are calculated using a paired, two-tailed
student test.

7. To cluster phosphorylation sites with self-similar profiles, a self-organizing map
is generated with the Spotfire program. Excel spreadsheets containing the quan-
tification results from the MS data are loaded into Spotfire, the self-organizing
map option is selected, and the architecture of the self-organizing map is selected
from the options in the window.

4. Notes
1. The recommended peptide amount is 100 µg for each tube of iTRAQ labeling

reagent. Incomplete labeling could occur if excess amount of peptides is used.
The sample amount should be kept fairly constant for labeling with each of the
four iTRAQ isoforms.

2. The quality of phosphotyrosine antibody is crucial for the success of the method.
We have observed that many antibodies lose specificity over time even when
stored at 4°C. A standard sample should be used to check the quality of the anti-
body immediately after receipt.

3. Selection of reverse-phase columns will dramatically affect performance, espe-
cially with regard to detection limits of the analysis, a crucial point for detecting
low-level tyrosine phosphorylated peptides. We typically use custom-made col-
umns in the format originally published by Martin et al. (11). Electrospray emit-
ter tips are generated on these columns used a Sutter P-2000 laser puller, and
typically range from 1 to 2 µ, providing optimal flow rates at 20–50 nL/min.

4. Sample complexity may result in incorrect quantification when using the iTRAQ
stable isotope-labeling reagents. This problem manifests when multiple peaks
are within the m/z isolation window of the selected precursor ion. Under these
conditions, multiple peaks are isolated and fragmented simultaneously, with each
contributing to the peak areas of the iTRAQ marker ions (m/z 114–117). In this
case, the relative ratios of the four signature peaks are no longer representative of
the relative ratios of the selected precursor ion in the four samples. To avoid such
errors in quantification, sample complexity should be decreased through frac-
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tionation and the corresponding MS and MS/MS spectrum should be examined
for possible contaminants.
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