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Preface 

The past five years have seen an exponenttal growth m the use of the 
methylotrophic yeast Pichza pastorzs as a heterologous protein expression 
system. The exrstence of yeasts that grow on methanol as a sole source of 
carbon and energy was unknown Just 30 years ago, in contrast to baker’s 
yeast, Saccharomyces cerevisiae, whrch has been exploited by humans for 
several millennia. However, as a result of intensive efforts during the 1970s 
by Phillips Petroleum bioengineers to develop P pastoris for the production 
of single-cell protein and during the 1980s by molecular biologists at the Salk 
Instttute Biotechnology/Industrial Associates (SIBIA), P. pastoris leap-frogged 
mto a state-of-the-art molecular and cellular brologrcal system for basic and 
applied research. 

Pichia Protocols represents the collective experttse of the international 
P. pastoris scientific community. It is designed as an mstructron manual to 
facilitate research, development, and exploitation of P. pastorzs by current 
and future users. The book contains detarled protocols on all aspects of the 
P. pastoris system, from the construction of expression vectors to the produc- 
tion of foreign proteins m high-density fermentor cultures. In addmon, the 
book provides in-depth descriptions of selected protein expression stories. 
These stories provide step-by-step templates for the inexperienced on how to 
use the P pastorzs system as well as important mstghts into problems 
encountered m expression of some foreign genes and then solutions. By fol- 
lowing the instructrons provided by the authors here, it should be possible for 
researchers with only mmimal backgrounds in molecular biology to construct 
a P pastoris expression strain and produce a heterologous protein m the yeast 

Although the generation of proprietary biological systems is now com- 
monplace, the P. pastoris expression system, born of industrtal research, 1s 
one of the first and best examples of proprietary technology development. 
The system is distributed by Invttrogen Corporation of Carlsbad, CA, and is 
freely available to the academtc research community. However, use for com- 
mercial purposes requues a license from the patent holder, Research Corpo- 
ration Technologies (RCT) of Tucson, AZ. Questions regarding license 
agreements should be directed to RCT. 

The editors would like to thank the many people involved m creating 
Pichia Protocols, the first collected set of protocols and knowledge to be 

V 



Vi Preface 

assembled on P. pastoris. More than 45 authors representing 13 laboratories 
from five countries participated in the creation of this volume. In the process 
of putting it together, we have acquired a greater appreciation of this organ- 
ism as well as an appreciation of the spirit and cooperative nature of the 
P. pastoris research community. We would like to thank the series editor of 
Methods zn Molecular Biology, John Walker, for responding to the many 
requests of researchers and possessmg the foresight to see the value in creat- 
ing such a book. Its sustained value comes from the contributions of all the 
authors who have contributed chapters. We thank Terrie Hadfield of the 
Oregon Graduate Institute of Science and Technology for help in editing each 
of the chapter manuscripts (and their revisions). We acknowledge the assis- 
tance of Kal Masri and Nancy Christie in searching the databases for the P. 
pastoris expression table presented m the Appendix. Finally, we would like 
to thank the editorial staff at Humana Press, led by Tom Lanigan, President, 
for their advice, expert suggestions, and mostly, their patience. 

David R. Higgins 
James M. G-egg 
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From: Methods in Molecular Biology, Vol. 103: Pichia Protocols
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1

Introduction to Pichia pastoris

David R. Higgins and James M. Cregg

1. Introduction
Pichia pastoris has become a highly successful system for the expression of

heterologous genes. Several factors have contributed to its rapid acceptance,
the most important of which include:

1. A promoter derived from the alcohol oxidase I (AOX1) gene of P. pastoris that is
uniquely suited for the controlled expression of foreign genes;

2. The similarity of techniques needed for the molecular genetic manipulation of
P. pastoris to those of Saccharomyces cerevisiae, one of the most well-character-
ized experimental systems in modern biology;

3. The strong preference of P. pastoris for respiratory growth, a key physiological
trait that greatly facilitates its culturing at high cell densities relative to fermenta-
tive yeasts; and

4. A 1993 decision by Phillips Petroleum Company (continued by Research Corpo-
ration Technologies [RTC]) to release the P. pastoris expression system to aca-
demic research laboratories, the consequence of which has been an explosion in
the knowledge base of the system (Fig. 1).

As listed in the Appendix to this volume, more than 100 different proteins
have been successfully produced in P. pastoris.

As a yeast, P. pastoris is a single-celled microorganism that is easy to
manipulate and culture. However, it is also a eukaryote and capable of many of
the posttranslational modifications performed by higher eukaryotic cells, such
as proteolytic processing, folding, disulfide bond formation, and glycosylation.
Thus, many proteins that end up as inactive inclusion bodies in bacterial
systems are produced as biologically active molecules in P. pastoris. The
P. pastoris system is also generally regarded as being faster, easier, and less
expensive to use than expression systems derived from higher eukaryotes, such
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as insect and mammalian tissue culture cell systems, and usually gives higher
expression levels.

A second role played by P. pastoris in research is not directly related to its
use as a protein expression system. P. pastoris serves as a useful model system
to investigate certain areas of modern cell biology, including the molecular
mechanisms involved in the import and assembly of peroxisomes (Chapter 10),
the selective autophagic degradation of peroxisomes, and the organization and
function of the secretory pathway in eukaryotes.

In this chapter, we review basic aspects of the P. pastoris expression system
and highlight where useful information on the system can be found in this book.
Further information on the P. pastoris system can be found in the numerous
reviews describing the system (1–9) and the Pichia Expression Kit Instruction
Manual (Invitrogen Corporation, Carlsbad, CA). The DNA sequence of many
P. pastoris expression vectors and other useful information can be found on the
Invitrogen web site (http://www.invitrogen.com).

2. A Brief History of the P. pastoris Expression System

The ability of certain yeast species to utilize methanol as a sole source of
carbon and energy was discovered less than 30 years ago by Koichi Ogata (10).
Because methanol could be inexpensively synthesized from natural gas (meth-
ane), there was immediate interest in exploiting these organisms for the gen-
eration of yeast biomass or single-cell protein (SCP) to be marketed primarily

Fig. 1. Graph showing number of publications describing the expression of a for-
eign protein in P. pastoris each year from 1985 to 1997.
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as high protein animal feed. During the 1970s, Phillips Petroleum Company of
Bartlesville, OK, developed media and methods for growing P. pastoris on
methanol in continuous culture at high cell densities (>130 g/L dry cell weight)
(11). However, during this same period, the cost of methane increased dramati-
cally because of the oil crisis, and the cost of soy beans—the major alternative
source of animal feed protein—decreased. As a result, the SCP process was
never economically competitive.

In the early 1980s, Phillips Petroleum Company contracted with the Salk
Institute Biotechnology/Industrial Associates, Inc. (SIBIA), a biotechnology
company located in La Jolla, CA, to develop P. pastoris as a heterologous gene
expression system. Researchers at SIBIA isolated the AOX1 gene (and its pro-
moter) and developed vectors, strains, and methods for molecular genetic
manipulation of P. pastoris (12–17, Chapters 2, 3, and 6). The combination of
strong regulated expression under control of the AOX1 promoter, along with
the fermentation media and methods developed for the SCP process, resulted
in strikingly high levels of foreign proteins in P. pastoris. In 1993, Phillips
Petroleum sold its patent position with the P. pastoris expression system to
RCT, the current patent holder. In addition, Phillips Petroleum licensed
Invitrogen to sell components of the system to researchers worldwide, an
arrangement that continues under RCT.

3. P. pastoris as a Methylotrophic Yeast
P. pastoris is one of approximately a dozen yeast species representing four

different genera capable of metabolizing methanol (18). The other genera
include Candida, Hansenula, and Torulopsis. The methanol metabolic path-
way appears to be the same in all yeasts and involves a unique set of pathway
enzymes (19). The first step in the metabolism of methanol is the oxidation of
methanol to formaldehyde, generating hydrogen peroxide in the process, by
the enzyme alcohol oxidase (AOX). To avoid hydrogen peroxide toxicity, this
first step in methanol metabolism takes place within a specialized organelle,
called the peroxisome, that sequesters toxic hydrogen peroxide away from the rest
of the cell. AOX is a homo-octomer with each subunit containing one
noncovalently bound FAD (flavin adenine dinucleotide) cofactor. Alcohol oxi-
dase has a poor affinity for O2, and methylotrophic yeasts appear to compen-
sate for this deficiency by synthesizing large amounts of the enzyme.

There are two genes in P. pastoris that code for AOX—AOX1 and AOX2—
but the AOX1 gene is responsible for the vast majority of alcohol oxidase activ-
ity in the cell (16). Expression of the AOX1 gene is tightly regulated and induced
by methanol to high levels. In methanol-grown shake-flask cultures, this level
is typically ~5% of total soluble protein but can be 30% in cells fed methanol
at growth limiting rates in fermentor cultures (20). Expression of the AOX1
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gene is controlled at the level of transcription (12,14,16). In methanol-grown
cells, ~5% of polyA+ RNA is from the AOX1 gene, whereas in cells grown on
other carbon sources, the AOX1 message is undetectable. The regulation of the
AOX1 gene is similar to the regulation of the GAL1 gene of S. cerevisiae in that
control appears to involve two mechanisms: a repression/derepression mecha-
nism plus an induction mechanism. However, unlike GAL1 regulation, dere-
pressing conditions (e.g., the absence of a repressing carbon source, such as
glucose in the medium) do not result in substantial transcription of the AOX1
gene. The presence of methanol appears to be essential to induce high levels of
transcription (14).

4. Secretion of Heterologous Proteins
With P. pastoris, heterologous proteins can either be expressed intracellu-

larly or secreted into the medium. Because P. pastoris secretes only low levels
of endogenous proteins and because its culture medium contains no added pro-
teins, a secreted heterologous protein comprises the vast majority of the total
protein in the medium (21,22). Thus, secretion serves as a major first step in
purification, separating the foreign protein from the bulk of cellular proteins.
However, the option of secretion is usually limited to foreign proteins that are
normally secreted by their native hosts. Secretion requires the presence of a
signal sequence on the foreign protein to target it to the secretory pathway.
Although several different secretion signal sequences have been used success-
fully, including the native secretion signal present on some heterologous
proteins, success has been variable. The secretion signal sequence from the
S. cerevisiae -factor prepro peptide has been used with the most success.

5. Common Expression Strains
All P. pastoris expression strains are derivatives of NRRL-Y 11430 (North-

ern Regional Research Laboratories, Peoria, IL) (Table 1). Most have a muta-
tion in the histidinol dehydrogenase gene (HIS4) to allow for selection of
expression vectors containing HIS4 upon transformation (13). Other biosyn-
thetic gene/auxotrophic mutant host marker combinations are also available,
but used less frequently (Chapter 2). All of these strains grow on complex media
but require supplementation with histidine (or other appropriate nutrient) for
growth on minimal media.

Three types of host strains are available that vary with regard to their ability
to utilize methanol resulting from deletions in one or both AOX genes. Strains
with deleted AOX genes sometimes are better producers of a foreign protein
than wild-type strains (21,23,24). These strains also require much less metha-
nol to induce expression, which can be useful in large fermentor cultures where
a large amount of methanol is sometimes considered a significant fire hazard.
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However, the most commonly used expression host is GS115 (his4), which is
wild-type with regard to the AOX1 and AOX2 genes and grows on methanol at
the wild-type rate (methanol utilization plus [Mut+] phenotype). KM71 (his4
arg4 aox1 ::ARG4) is a strain in which the chromosomal AOX1 gene is largely
deleted and replaced with the S. cerevisiae ARG4 gene (15). As a result, this
strain must rely on the much weaker AOX2 gene for AOX and grows on
methanol at a slow rate [methanol utilization slow (Muts) phenotype]. With
many P. pastoris expression vectors, it is possible to insert an expression cas-
sette and simultaneously delete the AOX1 gene of a Mut+ strain (23, Chapters 5
and 13). The third host MC100-3 (his4 arg4 aox1 ::SARG4 aox2 ::Phis4) is
deleted for both AOX genes and is totally unable to grow on methanol [metha-
nol utilization minus (Mut–) phenotype] (16,24, Chapter 9).

Some secreted foreign proteins are unstable in the P. pastoris culture medium
in which they are rapidly degraded by proteases. Major vacuolar proteases
appear to be a significant factor in degradation, particularly in fermentor cul-
tures, because of the high cell density environment in combination with the
lysis of a small percentage of cells. The use of host strains that are defective in
these proteases has proven to help reduce degradation in several instances
(Chapters 7, 11, and 14). SMD1163 (his4 pep4 prb1), SMD1165 (his4 prb1),
and SMD1168 (his4 pep4) are protease-deficient strains that may provide a
more suitable environment for expression of certain heterologous proteins. The

Table 1
P. pastoris Expression Host Strains

Strain name Genotype Phenotype Reference

Y-11430 Wild-type NRRLa

GS115 his4 Mut+ His– 13
KM71 aox1 ::SARG4 his4 arg4 Muts His– 14

MC100-3 aox1 ::SARG4 aox2 ::Phis4 Mut– His– 16
his4 arg4

SMD1168 pep4  his4 Mut+ His–

Protease- Chapter 7
deficient

SMD1165 prb1 his4 Mut+ His–

Protease- Chapter 7
deficient

SMD1163 pep4 prb1 his4 Mut+ His–

Protease- Chapter 7
deficient

aNorthern Regional Research Laboratories, Peoria, IL.
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PEP4 gene encodes proteinase A, a vacuolar aspartyl protease required for the
activation of other vacuolar proteases, such as carboxypeptidase Y and protein-
ase B. Proteinase B, prior to processing and activation by proteinase A, has
about half the activity of the processed enzyme. The PRB1 gene codes for pro-
teinase B. Therefore, pep4 mutants display a substantial decrease or elimina-
tion in proteinase A and carboxypeptidase Y activities, and partial reduction in
proteinase B activity. In the prb1 mutant, only proteinase B activity is elimi-
nated, whereas pep4 prb1 double mutants show a substantial reduction or elimi-
nation in all three of these protease activities.

6. Expression Vectors
Plasmid vectors designed for heterologous protein expression in P. pastoris

have several common features (Table 2). The foreign gene expression cassette
is one of those and is composed of DNA sequences containing the P. pastoris
AOX1 promoter, followed by one or more unique restriction sites for insertion
of the foreign gene, followed by the transcriptional termination sequence from
the P. pastoris AOX1 gene that directs efficient 3' processing and polyadenylation
of the mRNAs. Many of these vectors also include the P. pastoris HIS4 gene as
a selectable marker for transformation into his4 mutant hosts of P. pastoris, as
well as sequences required for plasmid replication and maintenance in bacteria
(i.e., ColE1 replication origin and ampicillin-resistance gene). Some vectors
also contain AOX1 3' flanking sequences that are derived from a region of the
P. pastoris genome that lies immediately 3' of the AOX1 gene and can be used
to direct fragments containing a foreign gene expression cassette to integration
at the AOX1 locus by gene replacement (or gene insertion 3' to AOX1 gene).
This is discussed in more detail in Subheading 7. and Chapter 13.

Additional features that are present in certain P. pastoris expression vectors
serve as tools for specialized functions. For secretion of foreign proteins, vec-
tors have been constructed that contain a DNA sequence immediately follow-
ing the AOX1 promoter that encodes a secretion signal. The most frequently
used of these is the S. cerevisiae -factor prepro signal sequence (25,26,
Chapter 5). However, vectors containing the signal sequence derived from the
P. pastoris acid phosphatase gene (PHO1) are also available.

Vectors with dominant drug-resistance markers that allow for enrichment of
strains that receive multiple copies of foreign gene expression cassettes during
transformations have been developed. One set of vectors (pPIC3K and pPIC9K)
contains the bacterial kanamycin-resistance gene and confers resistance to high
levels of G418 on strains that contain multiple copies of these vectors (26,
Chapter 5). Another set of vectors (the pPICZ series) contains the Sh ble gene
from Streptoalloteichus hindustanus (Chapter 4). This gene is small (375 bp)
and confers resistance to the drug Zeocin in Escherichia coli, yeasts (including
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Table 2
Common P. pastoris Expression Vectors

Selectable
Vector name markers Features References

Intracellular
pHIL-D2 HIS4 NotI sites for AOX1 gene replacement Sreekrishna,

personal
communication

pAO815 HIS4 Expression cassette bounded by BamHI  (2)
and BglII sites for generation
of multicopy expression vector

pPIC3K HIS4 and kanr Multiple cloning sites for insertion of (33)
foreign genes; G418 selection
for multicopy strains

pPICZ bler Multiple cloning sites Chapter 5
for insertion of foreign genes;
Zeocin selection for multicopy strains;
potential for fusion of foreign protein
to His6 and myc epitope tags

pHWO10 HIS4 Expression controlled by constitutive GAPp (27)

pGAPZ bler Expression controlled by constitutive GAPp; Invitrogen
multiple cloning site or insertion of foreign
genes; Zeocin selection for multicopy strains;
potential for fusion of foreign protein
to His6 and myc epitope tags

Secretion
pHIL-S1 HIS4 AOX1p fused to PHO1 secretion signal; Sreekrishna,

XhoI, EcoRI, and BamHI sites available personal
for insertion of foreign genes communication;

Invitrogen
pPIC9K HIS4 and kanr AOX1p fused to -MF prepro signal sequence; (33)

XhoI (not unique), EcoRI, NotI, SnaBI and
AvrII sites available for insertion of foreign
genes; G418 selection for multicopy strains

pPICZ bler AOX1p fused to -MF prepro signal sequence; Chapter 5
multiple cloning site for insertion of
foreign genes; Zeocin selection for multicopy
strains; potential for fusion of foreign protein
to His6 and myc epitope tags

pGAPZ bler Expression controlled by constitutive GAPp; Invitrogen
GAPp fused to -MF prepro signal sequence;
multiple cloning site for insertion of foreign
genes; Zeocin selection for multicopy strains;
potential for fusion of foreign protein
to His6 and myc epitope tags
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P. pastoris), and other eukaryotes. Because the ble gene serves as the select-
able marker for both E. coli and P. pastoris, the ZeoR vectors are much smaller
(~3 kb) and easier to manipulate than other P. pastoris expression vectors.
These vectors also contain a multiple cloning site (MCS) with several unique
restriction sites for convenience of foreign gene insertion and sequences
encoding the His6 and myc epitopes so that foreign proteins can be easily
epitope-tagged at their carboxyl termini, if desired.

Another feature present on certain vectors (e.g., pAO815 and the pPICZ
vector series) is designed to facilitate the construction of expression vectors
with multiple expression cassette copies (Chapter 11). Multiple copies of an
expression cassette are introduced in these vectors by inserting an expression
cassette bounded by a BamHI and a BglII site into the BamHI site of a vector
already containing a single expression cassette copy. The resulting BamHI/
BglII junction between the two cassettes can no longer be cleaved by either
enzyme allowing for the insertion of another BamHI–BglII-bounded cassette
into the same vector to generate a vector with three cassette copies. The pro-
cess of addition is repeated until 6–8 copies of a cassette are present in a single
final vector that is then transformed into the P. pastoris host strain.

Finally, vectors containing a constitutive P. pastoris promoter derived from
the P. pastoris glyceraldehyde-3-phosphate dehydrogenase gene (GAP) have
recently become available (27). The GAP promoter is a convenient alternative
to the AOX1 promoter for expression of genes whose products are not toxic to
P. pastoris. In addition, its use does not involve the use of methanol, which
may be problematic in some instances.

7. Integration of Vectors into the P. pastoris Genome
As in S. cerevisiae, linear vector DNAs can generate stable transformants of

P. pastoris via homologous recombination between sequences shared by the
vector and host genome (13,23, Chapters 5 and 13). Such integrants show
strong stability in the absence of selective pressure even when present as mul-
tiple copies. All P. pastoris expression vectors carry at least one P. pastoris
DNA segment (the AOX1 or GAP promoter fragment) with unique restriction
sites that can be cleaved and used to direct the vector to integrate into the host
genome by a single crossover type insertion event (Fig. 2A). Vectors contain-
ing the P. pastoris HIS4 gene can also be directed to integrate into the P. pastoris
genomic his4 locus.

Expression vectors that contain 3'AOX1 sequences can be integrated into the
P. pastoris genome by a single crossover event at either AOX1 or HIS4 loci or
by a gene replacement ( insertion) event at AOX1 (Fig. 2B). The latter event
arises from crossovers at both the AOX1 promoter and 3'AOX1 regions of the
vector and genome, and results in the deletion of the AOX1 coding region (i.e.,
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gene replacement). Transformants resulting from such an AOX1 replacement
event are phenotypically His+ and Muts. As described in Subheading 6., such
Muts strains sometimes express higher levels of foreign protein. In addition, a
Muts phenotype serves as a convenient indicator to confirm the presence of an
integrated expression cassette in the P. pastoris genome.

With either single crossover or gene replacement integration strategies and
selection for His+ transformants, a significant percentage of transformants will

Fig. 2. Integration of expression vectors into the P. pastoris genome. (A) Single
crossover integration into the his4 locus. (B) Integration of vector fragment by re-
placement of AOX1 gene.
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not contain the expression vector. This appears to be the result of gene conver-
sion events between the HIS4 gene on the vector and the P. pastoris his4 locus
such that the wild-type HIS4 gene recombines into the genome without any
additional vector sequences. These events account for 10–50% of His+

transformant colonies and appear to occur at highest frequency when using
electroporation to introduce vector DNAs.

Multiple gene insertion events at a single locus occur spontaneously at a low
but detectable frequency—between 1 and 10% of His+ transformants (28,
Chapters 4, 5, 13, and 14). Multicopy events can occur as gene insertions either
at the AOX1 or his4 loci and can be detected by DNA analysis methods (e.g.,
PCR, Southern/dot blotting, or differential hybridization) (29,30) or by meth-
ods that directly examine levels of the foreign protein (e.g., activity assay,
sodium dodecyl sulfate polyacrylamide gel electrophoresis [SDS-PAGE], or
colony immunoblotting) (28,31). As mentioned in Subheading 6., it is pos-
sible to enrich transformant populations for ones that have multiple copies of
an expression vector by use of either a G418R or ZeoR gene-containing vector
and selecting for hyper-resistance to the appropriate drug (26, Chapters 4 and
5). It is important to note that, with the G418R vectors, it is essential to first
select for His+ transformants and to then screen for ones that are resistant to
G418R. With ZeoR vectors, it is possible to directly select for hyper-Zeo-resis-
tant transformants. Most drug-resistant strains resulting from either the G418R

or ZeoR selection methods contain between one and five copies of the expres-
sion vector. To find strains with 20 or more copies, it is usually necessary to
screen at least 50–100 drug-resistant strains.

8. Posttranslational Modifications
P. pastoris has the potential to perform many of the posttranslational modi-

fications typically associated with higher eukaryotes. These include process-
ing of signal sequences (both pre- and prepro-type), folding, disulfide bridge
formation (Chapter 7), and O- and N-linked glycosylation.

Glycosylation of secreted foreign (higher) eukaryotic proteins by P. pastoris
and other fungi can be problematic. In mammals, O-linked oligosaccharides
are composed of a variety of sugars, including N-acetylgalactosamine, galac-
tose, and sialic acid. In contrast, lower eukaryotes, including P. pastoris, add
O-oligosaccharides solely composed of mannose (Man) residues (Chapter 11).
The number of Man residues per chain, their manner of linkage, and the fre-
quency and specificity of O-glycosylation in P. pastoris have yet to be deter-
mined. One should not assume that, because a protein is not O-glycosylated by
its native host, P. pastoris will not glycosylate it. P. pastoris added O-linked
mannose to ~15% of human IGF-1 protein, although this protein is not
glycosylated at all in humans. Furthermore, one should not assume that the
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specific Ser and Thr residue(s) selected for O-glycosylation by P. pastoris will
be the same as the native host.

N-glycosylation in P. pastoris and other fungi is also different than in higher
eukaryotes (4, Chapters 8 and 14). In all eukaryotes, it begins in the endoplas-
mic reticulum with the transfer of a lipid-linked oligosaccharide unit,
Glc3Man9GlcNAc2 (Glc = glucose; GlcNAc = N-acetylglucosamine), to aspar-
agine at the recognition sequence Asn-X-Ser/Thr. This oligosaccharide core
unit is subsequently trimmed to Man8GlcNAc2. It is at this point that lower and
higher eukaryotic glycosylation patterns begin to differ. The mammalian Golgi
apparatus performs a series of trimming and addition reactions that generates
oligosaccharides composed of either Man5–6GlcNAc2 (high-mannose type), a
mixture of several different sugars (complex type), or a combination of both
(hybrid type). Two distinct patterns of N-glycosylation have been observed on
foreign proteins secreted by P. pastoris. Some proteins, such as S. cerevisiae
invertase, are secreted with carbohydrate structures similar in size and struc-
ture to the core unit (Man8–11GlcNAc2) (21,32).

Others foreign proteins secreted from P. pastoris receive much more carbohy-
drate and appear by SDS-PAGE and western blotting to be hyperglycosylated
(Chapter 14). Interestingly, P. pastoris does not appear to be capable of adding

1,3-terminal mannose to oligosaccharides (R. Trimble, personal communication).
This contrasts with S. cerevisiae oligosaccharides, in which 1,3-linked terminal
mannose is common. Aside from the probable absence of 1,3-linked mannose,
little is known regarding the structure of P. pastoris outer-chain oligosaccharides.
Furthermore, it is also not clear why outer chains are added to some P. pastoris-
secreted proteins and not others nor how outer chain addition may be prevented.

N-linked high-mannose oligosaccharides added to proteins by yeasts repre-
sent a significant problem in the use of foreign-secreted proteins by the phar-
maceutical industry. They can be exceedingly antigenic when introduced
intravenously into mammals and are rapidly cleared from the blood by the liver.
An additional problem caused by the differences between yeast and mamma-
lian N-linked glycosylation patterns is that the long outer chains can poten-
tially interfere with the folding or function of a foreign protein.

9. Expression in Fermentor Cultures
Although a few foreign proteins have expressed well in P. pastoris shake-

flask cultures, expression levels in shake-flasks are typically low relative to
what is obtainable in fermenter cultures. One reason fermenter culturing is
necessary is that only in the controlled environment of a fermenter is it pos-
sible to grow the organism to high cell densities (>100 g/L dry cell weight or
500 OD600 U/mL). Especially for secreted proteins, the concentration of prod-
uct in the medium is roughly proportional to the concentration of cells in cul-
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ture. A second reason is that the level of transcription initiated from the AOX1
promoter can be 3–5 times greater in P. pastoris cells fed methanol at growth-
limiting rates in fermenter culture relative to cells grown in excess methanol.
Thus, even for intracellularly expressed proteins, yields of product from a given
strain as a percentage of total cellular proteins are significantly higher from
fermenter cultured cells. A third reason is that methanol metabolism utilizes
oxygen at a high rate, and expression of foreign genes is negatively affected by
oxygen limitation. Only in the controlled environment of a fermenter is it fea-
sible to accurately monitor and adjust oxygen levels in the culture medium.
Thus, most users of the P. pastoris expression system should expect to produce
their foreign protein in fermenters.

A hallmark of the P. pastoris system is the ease by which expression strains
scale up from shake-flask to high-density fermenter cultures. Considerable
effort has gone into the optimization of high cell density fermentation tech-
niques for expression strains, and, as a result, a variety of fed-batch and con-
tinuous culture schemes are available (Chapters 7, 9, 11, and 13). All schemes
involve the initial growth of strains in a defined medium on glycerol. During
this period, growth is rapid but heterologous gene expression is fully repressed.
Upon depletion of glycerol, a transition phase is initiated in which additional
glycerol is fed to cultures at a growth-limiting rate. Finally, methanol, or a
mixture of glycerol and methanol, is fed to cultures to induce expression. The
time of harvest, typically the peak concentration of a foreign protein, is deter-
mined empirically for each protein.

High-density fermentation of P. pastoris expression strains is especially
attractive for the production of secreted proteins, because their concentration
in the culture medium should increase with cell density. Unfortunately, the
concentrations of other cellular materials, particularly proteases, increase as
well. Three strategies have proven effective in minimizing the proteolytic
instability of foreign proteins secreted into the P. pastoris culture medium. One
is the addition of amino acid-rich supplements, such as peptone or casamino
acids, to the culture medium that appear to reduce product degradation by act-
ing as excess substrates for one or more problem proteases (26). A second is
changing the culture medium pH (26). P. pastoris is capable of growing across
a relatively broad pH range from 3.0 to 7.0, which allows considerable leeway
in adjusting the pH to one that is not optimal for a problem protease. A third is
the use of a protease-deficient P. pastoris host strain (Subheading 5. of this
chapter and Chapters 7 and 11).

10. Conclusion
Based on available data, there is an ~50–75% probability of expressing your

protein of interest in P. pastoris at a reasonable level. The biggest hurdle seems
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to be generating initial success—that is, expressing your protein at any level.
After success at this stage, there are well-defined parameters that can be ma-
nipulated to optimize expression, and it is often at this stage that attractive
levels of expression are achieved. Although there are relatively few examples
of expression of 10 g/L, there are many examples of expression in the 1 g/L
range, ranking the P. pastoris expression system as one of the most productive
eukaryotic expression systems available. Likewise, there are examples of pro-
teins that have been successfully expressed in P. pastoris that were completely
unsuccessful in baculovirus or S. cerevisiae expression systems, making the
P. pastoris system an important alternative to have available in the protein
expression “toolbox”.
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Classical Genetic Manipulation

James M. Cregg, Shigang Shen, Monique Johnson,
and Hans R. Waterham

1. Introduction
A significant advantage of Pichia pastoris as an experimental system is the

ability to bring to bear readily both classical and molecular genetic approaches
to a research problem. Although the recent advent of yeast molecular genetics
has introduced new and exciting capabilities, classical genetics remains the
approach of choice in many instances. These include: the generation of muta-
tions in previously unidentified genes (mutagenesis); the removal of unwanted
secondary mutations (backcrossing); the assignment of mutations to specific
genes (complementation analysis); and the construction of strains with new
combinations of mutant alleles. In this chapter, these and other methods for
genetic manipulation of P. pastoris are described.

To comprehend the genetic strategies employed with P. pastoris, it is first
necessary to understand basic features of the life cycle of this yeast (1,2). P.
pastoris is an ascomycetous budding yeast that most commonly exists in a
vegetative haploid state (Fig. 1). On nitrogen limitation, mating occurs and
diploid cells are formed. Since cells of the same strain can readily mate with
each other, P. pastoris is by definition homothallic. (However, it is probable
that P. pastoris has more than one mating type that switches at high frequency
and that mating occurs only between haploid cells of the opposite mating type.
In the related yeast Pichia methanolica [a.k.a. Pichia pinus], the existence of
two mating types has been demonstrated by the isolation of mating type
interconversion mutants, which are heterothallic [3,4].) After mating, the
resulting diploid products can be maintained in that state by shifting them to a
standard vegetative growth medium. Alternatively, they can be made to proceed
through meiosis and to the production of asci containing four haploid spores.
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The key feature of the P. pastoris life cycle that permits genetic manipula-
tion is its physiological regulation of mating. P. pastoris is most stable in its
vegetative haploid state, a great advantage in the isolation and phenotypic char-
acterization of mutants. (In wild-type homothallic strains of Saccharomyces
cerevisiae, the reverse is true: haploid cells are unstable and rapidly mate to
form diploids [5].) To cross P. pastoris, selected pairs of complementarily
marked parental strains are mixed and subjected to nitrogen limitation for a
time period sufficient to initiate mating. The strains are then shifted to a
nonlimiting medium supplemented with a combination of nutrients that select
for growth of hybrid diploid strains, and against the growth of the haploid
parental strains and self-mated diploid strains. To initiate meiosis and sporula-
tion, diploid strains are simply returned to a nitrogen-limited medium.

2. Materials
2.1. Strains and Media

All P. pastoris strains are derivatives of the wild-type strain NRRL-11430
(Northern Regional Research Laboratories, Peoria, IL). Auxotrophically marked
strains are convenient for selection of diploid strains, and a collection of such
strains is listed in Table 1. The identity of the biosynthetic genes affected in
these strains is known for only three of the mutant groups: his4, histidinol dehy-
drogenase; arg4, argininosuccinate lyase; and ura3, orotidine-5'-phosphate
decarboxylase. The ura5 group strains are resistant to 5-fluoroorotic acid and,

Fig. 1. Diagram of the P. pastoris life cycle.
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therefore, are thought to be defective in the homolog of the S. cerevisiae orotidine-
5'-phosphate pyrophosphorylase gene (URA5), mutants of which are also resis-
tant to the drug (6). P. pastoris ade1 strains are pink and, therefore, may be
defective in the homolog of the S. cerevisiae ADE1 (PR-aminoimidazolesuccino-
carboxamide synthase) or ADE2 (PR-aminoimidazole carboxylase) genes (7).

P. pastoris strains are grown at 30°C in either YPD medium (1% yeast
extract, 2% peptone, 2% glucose) or YNB medium (0.67% yeast nitrogen base
without amino acids) supplemented with either 0.4% glucose or 0.5% metha-
nol. Amino acids and nucleotides are added to 50 µg/mL as required. Mating
(sporulation) medium contains 0.5% sodium acetate, 1% potassium chloride,
and 1% glucose. Uracil-requiring mutants are selected on 5-FOA medium,
which is composed of YNB glucose medium supplemented with 50 µg/mL
uracil and 750 µg/mL 5-fluoroorotic acid (PCR, Inc., Gainesville, FL). For
solid media, agar is added to 2%.

2.2. Reagents for Mutagenesis

1. 1 mL of a 10 mg/mL solution of N-methyl-N'-nitro-N-nitrosoguanidine (NTG)
(Sigma Chemical, St. Louis, MO) in acetone, stored frozen at –20°C (see Note 1).

2. 1 L mutagenesis buffer: 50 mM potassium phosphate buffer, pH 7.0.
3. 2 L 10% Na thiosulfate.

Table 1
Auxotrophic Mutants of P. pastoris

Representative Representative
       strain Geneotype strain Geneotype

JC233 his1 JC239 met1
JC234 his2 JC240 met2a

GS115 his4 JC241 met3a

JC242 met4a

JC247 arg1
JC248 arg2 JC220 ade1
GS190 arg4 JC221 ade2

JC222 ade3
JC235 lys1 his4 JC223 ade4
JC236 lys2 his4 JC224 ade5
JC237 lys3 JC225 ade6

JC226 ade7 his4
JC251 pro1
JC252 pro2 JC254 ura3

JC255 ura5

aMutants in these groups will grow when supplemented with either methionine or cysteine.
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3. Methods
3.1. Long-Term Strain Storage

1. Viable P. pastoris strains are readily stored frozen for long periods (>10 yr). For
each strain to be stored, pick a single fresh colony from a plate containing a
selective medium, and inoculate the colony into a sterile tube containing 2 mL of
YPD liquid medium.

2. After overnight incubation with shaking, transfer 1.2 mL of the culture to a ster-
ile 2.0-mL cryovial containing 0.6 mL of glycerol. Mix the culture and glycerol
thoroughly, and freeze at –70°C.

3. To resurrect a stored strain, remove the cryovial from the freezer, immediatley
plunge a hot sterile inoculation loop into the frozen culture, transfer a few micro-
liters of the culture from the loop to an agar plate containing an appropriate
medium, and immediately return the culture to the freezer (see Note 2).

3.2. NTG Mutagenesis
1. Inoculate the strain to be mutagenized into a 10-mL preculture of YPD, and incu-

bate with shaking overnight (see Note 3).
2. On the next morning, dilute the preculture with fresh medium, and maintain it in

logarithmic growth phase (OD600 < 1.0) throughout the day.
3. In late afternoon, use a portion of the preculture to inoculate a 500-mL culture of

YPD medium in a baffled Fernbach culture flask (or alternatively two 250-mL
cultures in 1-L baffled culture flasks) to an OD600 of approx 0.005 and incubate
with shaking overnight (see Note 4).

4. On the following morning, harvest the culture at an OD600 of approx 1.0 by cen-
trifugation at 5000g and 4°C for 5 min, and suspend the culture in 100 mL of cold
sterile mutagenesis buffer.

5. Determine the density of the culture and transfer 100 OD600 U to each of four
250-mL sterile plastic centrifuge bottles.

6. Adjust the volume in each bottle to 100 mL with the same buffer, and wash the
cells once more by centrifugation and resuspension in 50 mL of the buffer.

7. Add aliquots of 100, 200, and 400 µL of the NTG solution to each of three cul-
tures, and hold the fourth as an untreated control. Incubate the cultures for 1 h at
30°C, and stop the mutagenesis by adding 50 mL of a 10% Na thiosulfate solu-
tion to each culture.

8. Wash each mutagenized culture by centrifugation once with 100 mL of mutagen-
esis buffer and once with 100 mL of YPD medium, and resuspend each in 150 mL
of YPD medium.

9. Remove 100-µL samples of each culture, prepare 100- and 10,000-fold serial
dilutions of each, and spread 100-µL aliquots of the dilutions on YPD plates to
determine the percentage of cells that have survived mutagenesis in each cul-
ture. Optimal survival rates are between 2 and 20% of the untreated control
culture.

10. Transfer each mutagenized culture to a 500-mL shake flask, and allow cells to
recover for 4 h at 30°C with shaking.
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11. Concentrate the final cultures by centrifugation, and resuspended in 15 mL of
YPD medium in 30% glycerol.

12. Place aliquots of 0.5 mL of NTG-treated samples into sterile microcentrifuge
tubes or cryovials, and store frozen at –70°C for future use.

13. In preparation for screening mutagenized cultures, thaw a tube of each, serially
dilute in sterile water, spread on a nonselective medium, such as YPD, YNB glu-
cose, or other suitable medium, and determine the concentration of culture
required to produce 500–1000 colonies/plate.

14. Screen for mutants by replica plating onto sets of plates containing appropriate
diagnostic media.

3.3. Selection for Uracil Auxotrophs Using 5-Fluoroorotic Acid
5-Fluoroorotic acid (5-FOA), a uracil biosynthetic pathway analog, is

metabolized to yield a toxic compound by certain enzymes in the pathway (8).
As a result, organisms that are prototrophic for uracil synthesis (Ura+) are sen-
sitive to 5-FOA, whereas certain Ura– auxotrophs cannot metabolize the drug
and, thus, are resistant to it. Selection for 5-FOA-resistant strains of P. pastoris
is a highly effective means of isolating Ura– mutants affected in either of two
Ura pathway genes. One of these genes, URA3, encodes orotidine-5'-phosphate
decarboxylase. The other is likely to be the homolog of the S. cerevisiae
orotidine-5'-phosphate pyrophosphorylase gene (URA5), since ura5 mutants
represent the other complementation group selected by 5-FOA in this yeast.

1. To select for Ura– strains of P. pastoris, spread approx 2 OD600 units (~5 × 107

cells) on a 5-FOA plate. Resistant colonies will appear after approx 1 wk at 30°C.
2. Test the 5-FOA-resistant colonies for Ura phenotype by streaking them onto each

of two YNB glucose plates, one with and one without uracil. The highest fre-
quency of Ura– mutants is found in mutagenized cultures like those described
above. However, Ura– stains often exist at a low, but significant frequency within
unmutagenized cell populations as well, and can be readily selected by simply
suspending cells from a YPD plate in sterile water and spreading them onto a 5-
FOA plate.

3. If it is necessary to determine which URA gene is defective in new Ura– strains,
the strains can either be subjected to complementation testing against the known
ura mutants (Table 1) or transformed with a vector containing the P. pastoris
URA3 gene (see Chapters 3 and 7).

3.4. Mating and Selection of Diploids
The mating and selection of diploid strains constitute the core of comple-

mentation analysis, and are the first step in strain construction and backcross-
ing. Because P. pastoris is functionally homothallic, the mating type of strains
is not a consideration in planning a genetic cross. However, since cells of the
same strain will also mate, it is essential that strains to be crossed contain
complementary markers that allow for the selective growth of crossed diploids,
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and against the growth of self-mated diploids or parental strains. Auxotrophic
markers are generally most convenient for this purpose, but mutations in any
gene that affect the growth phenotype of P. pastoris, such as genes required for
utilization of a specific carbon source (e.g., methanol or ethanol) or nitrogen
source (e.g., methylamine), can be used as well.

1. To begin a mating experiment, select a fresh colony (no more than 1 wk old) of
each strain to be mated from a YPD plate using an inoculation loop, and streak
across the length of each of two YPD plates (Fig. 2A).

2. After overnight incubation, transfer the cell streaks from both plates onto a ster-
ile replica plate velvet such that the streaks from one plate are perpendicular to
those on the other.

3. Transfer the cross-streaks from the velvet to a mating medium plate, and incubate
overnight to initiate mating.

4. On the next day, replica plate to an appropriate agar medium for the selection of
complementing diploid cells. Diploid colonies will arise at the junctions of the
streaks after approx 3 d of incubation (Fig. 2B). Diploid cells of P. pastoris are
approximately twice as large as haploid cells and are easily distinguished by
examination under a light microscope.

5. Colony-purify diploid strains by streaking at least once for single colonies on
diploid selection medium (see Note 5).

3.5. Sporulation and Spore Analysis

Diploid P. pastoris strains efficiently undergo meiosis and sporulation in
response to nitrogen limitation.

1. To initiate this phase of the life cycle, transfer freshly grown diploid colonies
from a YPD plus glucose plate to a mating (sporulation) plate either by replica
plating or with an inoculation loop, and incubate the plate for 3–4 d. After incu-
bation, sporulated samples will have a distinctive tan color relative to the normal
white color of vegetative P. pastoris colonies. In addition, spores and spore-con-
taining asci are readily visible by phase-contrast light microscopy.

2. To analyze spore products by the random spore method, transfer an inoculation
loop full of sporulated material to a 1.5-mL microcentrifuge tube containing 0.7 mL
of sterile water, and vortex the mixture.

3. In a fume hood, add 0.7 mL of diethyl ether to the spore preparation, mix thoroughly,
and leave standing in the hood for approx 30 min at room temperature. The ether
treatment selectively kills vegetative cells remaining in spore preparations.

4. Serially dilute samples of the spore preparation (the bottom aqueous phase) to
approx 10–4, and spread 100-µL samples of each dilution onto a nonselective
medium (e.g., YPD).

5. After incubation, replica plate colonies from plates that contain in the range of
100–1000 colonies onto a series of plates containing suitable diagnostic media.
For example, to analyze the spore products resulting from a cross of GS115 (his4)
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and GS190 (arg4), appropriate diagnostic media would be YNB plus glucose
supplemented with:
a. No amino acids;
b. Arginine;
c. Histidine; and
d. Arginine and histidine.

6. Compare or score the phenotype of individual colonies on each of the diagnostic
plates, and identify ones with the desired phenotype(s).

7. For backcrossing or strain construction, select several colonies that appear to
have the appropriate phenotype, streak for single colonies onto a nonselective
medium plate, and retest a single colony from each streak on the same set of
diagnostic medium-containing plates. This step is important since P. pastoris
spores adhere tightly to one another, and colonies resulting from spore germina-
tion frequently contain cells derived from more than one spore. Another conse-
quence of spore clumping is that markers appear not to segregate 2:2, but to be
biased toward the dominant or wild-type phenotype. For example, in the GS115
(his4) × GS190 (arg4) cross described above, more His+Arg+ spore products will
be apparent than the 25% expected in the population, and His–Arg– spore prod-
ucts will appear to be underrepresented.

3.6. Regeneration of Selectable Markers
by Ectopic Gene Conversion

In P. pastoris, the number of genetic manipulations (e.g., gene replacements
or gene knockouts) that can be performed on a single strain is constrained by

Fig. 2. Complementation analysis plates. (A) A YPD medium plate in which five
methanol-utilization-defective strains have been streaked in preparation for comple-
mentation testing. (B) A YNB methanol medium plate on which complementing dip-
loid strains have selectively grown.
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the limited number of selectable marker genes that are available. Since each
new marker requires considerable effort to develop, a convenient means of
regenerating previously used markers is sometimes useful. One general method
takes advantage of the high frequency of homologous recombination events in
diploid strains of P. pastoris undergoing meiosis (9). In addition to expected
recombination events between genes and their homologs at the normal loci on
the homologous chromosome, recombination events also occur between genes
and homologous copies located at other (ectopic) sites in the genome. Thus, a
wild-type P. pastoris marker gene inserted into the P. pastoris genome at an
ectopic location as part of a gene knockout construction can be meiotically
stimulated to recombine with its mutant allele located at the normal locus. A
frequent result of such events is an ectopic gene conversion in which the wild-
type allele at the knockout site is converted to its mutant allele. Spore products
that harbor a mutant allele-containing knockout construction are once again
auxotrophic for the selectable marker gene, and can be identified by a combi-
nation of random spore and Southern blot analyses.

As an example of this strategy, we constructed a P. pastoris strain in which
the alcohol oxidase genes AOX1 and AOX2 had been disrupted with DNA frag-
ments containing the S. cerevisiae ARG4 (SARG4) and P. pastoris HIS4
(PHIS4) genes, respectively (Fig. 3, lane 3) (9). This strain, KM7121 (arg4
his4 aox1 ::SARG4 aox2 ::PHIS4) cannot grow on methanol, but is pro-
totrophic and therefore not easily transformed. Ectopic gene conversion events
between the wild-type HIS4 allele at AOX2 and mutant his4 alleles at their
normal genomic loci were induced by crossing KM7121 with PPF1 (arg4 his4
AOX1 AOX2) (Fig. 3, lane 1), selecting for diploid strains on YNB methanol
medium (Fig. 3, lanes 4–7) and sporulating the diploids. Approximately 5% of
the resulting spores were, like the parent strain KM7121, unable to grow on
methanol, but unlike KM7121, were auxotrophic for histidine. A Southern blot
of the AOX2 locus in these strains confirmed that in each the locus was still
disrupted, but with a mutant Phis4 allele (Fig. 3, lanes 13 and 14).

4. Notes
1. NTG is a powerful mutagen and a potent carcinogen. Therefore, great care should

be exercised in handling this hazardous compound. Gloves, eye protection, and
lab coat should be worn while working with NTG. The compound is most dan-
gerous as a dry powder, and therefore, a particle filter mask should be worn when
weighing out the powder. All materials that come in contact with NTG should be
soaked overnight in a 10% solution of Na thiosulfate prior to disposal or
washing.

2. Freezing kills approx 90% of the cells. However, once frozen, the remaining cells main-
tain their viability. Thus, it is critical not to allow the frozen culture to thaw, since approx
90% of the remaining viable cells will be killed with each round of freezing.
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3. This procedure is a modified version of that described by Gleeson and Sudbury
(10) and Liu et al. (2). Alternative mutagenesis methods, such as with ethyl-
methane sulfonate or UV light, may also be effective with P. pastoris and are
described in Rose et al. (11), Spencer and Spencer (12), and Sherman (13).

4. The starting density of this culture can be adjusted to compensate for changes in
the length of the incubation period. Adjust the density assuming that P. pastoris
has a generation time of between 90 and 120 min at 30°C in YPD medium.

5. P. pastoris diploid strains are unstable relative to haploid strains and will sporu-
late if subjected to the slightest stress (e.g., 1 or 2 wk on a YPD plate at room
temperature). Thus, to maintain diploid strains, either transfer frequently to fresh
plates or store frozen at –70°C. When working with these strains, check under the
microscope frequently to be sure that strains are still diploid.
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Transformation

James M. Cregg and Kimberly A. Russell

1. Introduction
1.1. General Characteristics of the Methods

The key to the molecular genetic manipulation of any organism is the ability
to introduce and maintain DNA sequences of interest. For Pichia pastoris, the
fate of introduced DNAs is generally similar to those described for Saccharo-
myces cerevisiae. Vectors can be maintained as autonomously replicating ele-
ments or integrated into the P. pastoris genome (1–4). As in S. cerevisiae,
integration events occur primarily by homologous recombination between
sequences shared by the transforming vector and P. pastoris genome (1). Thus,
the controlled integration of vector sequences at preselected positions in the
genome via yeast gene targeting and gene replacement (gene knockout) strate-
gies are readily performed in P. pastoris (2).

Four methods for introducing DNAs into P. pastoris have been described,
and vary with regard to convenience, transformation frequencies, and other
characteristics (Table 1). With any of the four transformation procedures, it is
possible to introduce vectors as autonomous elements or to integrate them into
the P. pastoris genome. The spheroplast generation-polyethylene glycol-CaCl2

(spheroplast) method is the best characterized of the techniques and yields a
high frequency of transformants (~105/µg), but is laborious and results in trans-
formed colonies that must be recovered from agar embedding (1). The other
three methods utilize intact or whole cells (i.e., they do not involve
spheroplasting), and therefore, are more convenient and result in transformants
on the surface of agar plates, which are easily picked or replica plated for fur-
ther analysis. Of the whole-cell methods, electroporation yields transformants
at frequencies comparable to those from spheroplasting and is the method of
choice for most researchers. However, for laboratories that do not have access
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to an electroporation instrument, either of the other whole-cell procedures
based on polyethylene glycol or alkali cations generates adequate numbers of
transformants for most types of experiments and without the labor of
spheroplasting. In this chapter, procedures for each of these four methods are
described. However, to aid in understanding these methods, we first describe
general features of P. pastoris vectors and host strains.

1.2. P. pastoris Vectors

All P. pastoris vectors are of the shuttle type, i.e., composed of sequences
necessary to grow and maintain them selectively in either Escherichia coli or
P. pastoris hosts. P. pastoris transformations most commonly involve an aux-
otrophic mutant host and vectors containing a complementary biosynthetic
gene. Selectable markers include:

1. The P. pastoris or S. cerevisiae histidinol dehydrogenase genes (PHIS4 and
SHIS4) (1); and

2. The argininosuccinate lyase genes from these yeasts (PARG4 and SARG4)
(2); and

3. The P. pastoris orotidine-5'-phosphate decarboxylase gene (URA3) (see Note 1).

Recently, a dominant selectable marker based on the Zeocin™ resistance
gene has been developed (see Chapter 4). Advantages of the Zeocin™ system
relative to biosynthetic gene/auxotrophic host systems are that transformations
are not limited to specific mutant host strains and that the Zeocin™ resistance
gene is also the bacterial selectable marker gene, thus substantially reducing
the size of shuttle vectors (see Chapter 4).

Autonomous replication of plasmids in P. pastoris requires the inclusion of
a P. pastoris-specific autonomous replication sequence (PARS) (1). PARSs will
maintain vectors as circular elements at an average copy number of approx 10
per cell. However, relative to S. cerevisiae, P. pastoris appears to be particu-
larly recombinogenic, and even with a PARS, any vector that also contains

Table 1
General Characteristics of P. pastoris Transformation Methods

Transformation Convenience Multicopy
Method frequency, per µg factor integration?

Spheroplast 105 Low Yes
Electroporation 105 High Yes
PEG1000

a 103 High No
LiCla 102 High No

aSee Note 12.
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more than approx 0.5 kb of P. pastoris DNA will integrate into the P. pastoris
genome at some point during the first ~100 generations after transformation.
Thus, when cloning P. pastoris genes by functional complementation, it is
important to recover the complementing vector from the yeast as soon as pos-
sible. Replication elements analogous to the S. cerevisiae 2-µ circle plasmid or
centromers have not been described for P. pastoris.

1.3. Gene Replacement

In P. pastoris, the frequency of gene replacement events is highly dependent
on the length of terminal fragments responsible for proper targeting replacement
vectors. As shown in Fig. 1, the frequency of gene replacement events can be
>50% of the total transformant population when the targeting fragments are each
>1 kb, but drops precipitously to <0.1% when their total length is <0.5 kb. Gene
replacements can also be performed with linear vectors composed of only one termi-
nal-targeting fragment with the other targeting fragment located internally, although
the frequency of replacement events which such vectors is substantially reduced.

Gene replacements have been performed with linear vectors that lack a
selectable marker gene via cotransformation (2). This is an especially useful
technique in situations where the number of genome manipulations to be per-
formed is greater than the number of selectable markers available for the host
strain. For cotransformations, P. pastoris cells are simply transformed with a

Fig. 1. Graph showing the percentage of total transformants that have undergone
gene replacement as a function of the total length of targeting fragments at the termini
of gene replacement vectors.
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mixture of two DNA vectors: an autonomously replicating vector that contains
a selectable marker and an approx 10-fold excess of a linear gene replacement
vector. Transformants are selected for the presence of the marker gene pheno-
type and then screened for ones that also receive the nonselected gene replace-
ment vector. Typically, <1% of the transformants will have undergone a gene
replacement event with the nonselected vector, a frequency sufficient to iden-
tify cotransformants by the phenotype conferred by the replacement event.
After identifying a proper cotransformant, the autonomous vector is cured from
the strain by growing it in a nonselective medium.

2. Materials
2.1. Culture Medium

Prior to all transformation procedures, P. pastoris strains are cultured in YPD
medium (1% yeast extract, 2% peptone, 2% dextrose). Growth of P. pastoris in
liquid media and on agar media plates is at 30°C, unless otherwise specified.

2.2. Spheroplast Procedure

2.2.1. Stock Solutions

Prepare and autoclave the following:

1. H2O (1 L).
2. 2 M sorbitol (1 L).
3. 250 mM EDTA, pH 8.0 (100 mL).
4. 1 M Tris-HCl, pH 7.5 (100 mL).
5. 100 mM CaCl2 (100 mL).
6. 10X yeast nitrogen base without amino acids (YNB): 6.7 g/100 mL.
7. 20% Glucose (100 mL).
8. Regeneration agar: 55 g sorbitol, 6 g agar, 240 mL H2O (see Notes 2 and 3).

Prepare and filter-sterilize the following solutions:

1. 100 mM Na citrate, pH 5.8 (100 mL).
2. 40% Polyethylene glycol, 3350 average mol wt (PEG3350) (100 mL).
3. 0.5 M dithiothreitol (DTT) (10 mL).
4. Prepare 1 mL of a 4 mg/mL solution of Zymolyase T100 (ICN, Costa Mesa, CA),

and dispense in 100-µL aliquots into minicentrifuge tubes.

All of the above solutions can be stored at room temperature, except for
DTT and Zymolyase, which must be stored at –20°C (see Note 4). All are
stable for at least 1 yr.

2.2.2. Sterile Working Solutions

1. 1 M sorbitol (200 mL).
2. SCE: 1 M sorbitol, 10 mM Na citrate (pH 5.8), 10 mM EDTA (100 mL).
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3. CaS: 1 M sorbitol, 10 mM CaCl2 (100 mL).
4. PEG-CaT: 20% PEG, 10 mM CaCl2, 10 mM Tris-HCl (pH 7.5) (100 mL).
5. SOS: 1 M sorbitol, 0.3X YPD medium, 10 mM CaCl2 (20 mL).
6. SED: 1 M sorbitol, 25 mM EDTA, 50 mM DTT (10 mL). Prepare fresh and hold

on ice until use.
7. Regeneration medium agar: 240 mL of regeneration agar (from stock remelted

via autoclave, microwave, or boiling water bath), 30 mL 10X YNB, 30 mL
20% glucose held in a 45°C water bath until use. Prepare fresh the day of
transformation.

2.3. Electroporation

Prepare the following:

1. YPD medium (100 mL) with 20 mL 1 M HEPES buffer, pH 8.0.
2. 1 M DTT (2.5 mL).
3. H2O (1 L).
4. 1 M sorbitol (100 mL).
5. YND agar plates: 0.67% YNB, 2% glucose, 2% agar (0.5 L/~25 plates).
6. Electroporation instrument: BTX Electro Cell Manipulator 600 (BTX, San Diego,

CA); Bio-Rad Gene Pulser (Bio-Rad, Hercules, CA); Electroporator II (Invitrogen,
Carlsbad, CA); BRL Cell-Porator (Life Technologies, Gaithersburg, MD).

7. Sterile electroporation cuvets.

All solutions should be autoclaved except the DTT and HEPES solutions,
which should be filter sterilized.

2.4. Polyethylene Glycol (PEG) Procedure

1. Buffer A: 1 M sorbitol, 10 mM bicine (pH 8.35), 3% ethylene glycol (100 mL).
Filter-sterilize, and store at –20°C until use.

2. Buffer B: 40% PEG 1000 average mol wt (PEG1000; see Note 5), 0.2 M Bicine
(pH 8.35) (50 mL). Filter-sterilize, and store at –20°C until use.

3. Buffer C: 0.15 M NaCl, 10 mM Bicine (pH 8.35) (50 mL). Filter-sterilize and
store at –20°C until use.

4. Dimethyl sulfoxide (DMSO) (see Note 6). Store at –70°C.
5. YND agar plates: 0.67% YNB, 2% glucose, 2% agar (0.5 L/~25 plates).

2.5. Alkali Cation Procedure

Prepare and autoclave the following solutions:

1. H2O (1 L).
2. TE buffer: 10 mM Tris-HCl, pH 7.4, 1 mM EDTA (100 mL).
3. LiCl buffer: 0.1 M LiCl, 10 mM Tris-HCl, pH 7.4, 1 mM EDTA (100 mL).
4. PEG + LiCl buffer: 40% PEG3350, 0.1 M LiCl, 10 mM Tris-HCl, pH 7.4, 1 mM

EDTA (100 mL).
5. YND agar plates: 0.67% YNB, 2% glucose, 2% agar (0.5 L/~25 plates).
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3. Methods
3.1. DNA Preparation

For highest transformation frequencies, E. coli-P. pastoris shuttle vector
DNAs should be pure and dissolved in water or TE buffer. Most standard pro-
cedures for purification of plasmid DNAs, such as those involving CsCl
ethidium bromide centrifugation or a commercial plasmid preparation kit (e.g.,
Qiagen, Hilden, Germany), work well. However, plasmids prepared by
“miniprep” methods, such as the alkaline lysis procedure, can be transformed
into P. pastoris at frequencies adequate for most purposes.

For gene targeting and gene replacement constructions, vectors should be
digested with a restriction enzyme(s) that cuts within P. pastoris DNA
sequences in the vector such that a minimum of 200 bp of P. pastoris DNA are
available at each terminus to direct targeted integration. Prior to transforma-
tion, linear vectors should be extracted with phenol-chloroform-isoamyl alco-
hol (PCA, 25:24:1), alcohol-precipitated, and dissolved in water or TE buffer.
It is typically not necessary to separate a gene replacement fragment from the
remaining nontransforming fragment. However, vector fragments purified
from agarose gels via standard electroelution procedures or commercially
available kits (e.g., QIAEX gel extraction kit, Qiagen) can be transformed
into P. pastoris.

3.2. Spheroplast Procedure

This procedure is a modified version of that described by Hinnen et al. (5)
and Cregg et al. (1). The general characteristics of the method are summarized
in Table 1.

3.2.1. Preparation of Spheroplasts

1. Inoculate a 10-mL YPD culture with a single P. pastoris colony of the strain to be
transformed from a fresh agar plate, and grow overnight with shaking. This cul-
ture can be stored at 4°C for several days.

2. Inoculate three 200-mL YPD cultures into 500-mL baffled culture flasks with 5,
10, and 20 µL of the above culture, and incubate overnight with shaking.

3. In the morning, select the culture that has an OD600 of between 0.2 and 0.3 (see
Note 7).

4. Wash the culture by centrifugation at 2000g in a 50-mL conical tube at room
temperature once with 10 mL of water, once with 10 mL of freshly prepared
SED, once with 10 mL of 1 M sorbitol, and once with 10 mL of SCE.

5. Add between 1 and 10 µL of Zymolyase T100, and incubate at 30°C without
shaking. To monitor spheroplasting, remove 100-µL aliquots of the cells before
adding the Zymolyase and at times of 5, 10, 15, 20, 30, and 45 min after addition
of the enzyme. Dispense them into a series of glass tubes containing 900 µL of
1% SDS. After addition of each sample to the SDS solution, mix and visually
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examine the solution for cell lysis as judged by decreased turbidity and increased
viscosity. The optimal time for spheroplasting is between 15 and 30 min. Adjust
the amount of Zymolyase in future transformations accordingly (see Note 8).
Proceed with the next step in the procedure as soon as spheroplasts appear ready.

3.2.2. Transformation

1. Wash the spheroplast preparation by centrifugation at 1500g for 10 min once in
10 mL of 1 M sorbitol and once in 10 mL of CaS. Spheroplasts are very fragile.
Therefore, decant supernatants carefully, and resuspend gently by tapping the
side of the tube or by gentle pipeting.

2. Centrifuge the preparation, and resuspend spheroplasts in 1.0 mL of CaS.
3. Dispense 100-µL aliquots of spheroplasts into 5-mL polypropylene snap-top Fal-

con (or similar) tubes. Add DNAs to each tube, and incubate at room temperature
for 20 min.

4. Add 1 mL of PEG-CaT to each tube, and incubate for an additional 15 min at
room temperature.

5. Centrifuge samples at 1500g for 10 min, carefully decant PEG-CaT, and gently
resuspend spheroplasts in 200 µL of SOS. Incubate samples at room temperature
for 30 min, and then add 800 µL of 1 M sorbitol.

3.2.3. Plating

1. Prepare plates containing a 10-mL bottom layer of regeneration medium agar
(one for each transformation sample plus at least two additional bottom agar
plates for viability testing).

2. Dispense a 10-mL aliquot of molten 45°C regeneration medium agar into a 50-
mL polypropylene tube for each transformation sample. Gently mix transforma-
tion samples of between 10 µL and 0.5 mL with the regeneration agar, and pour
over the bottom agar layer. After the agar solidifies (~10 min), incubate the plates
for 4–7 d.

3. Monitor the quality of the spheroplast preparation and regeneration conditions as
follows. Remove a 10-µL aliquot of one of the transformation samples, and add
to a tube containing 990 µL of 1 M sorbitol (10–2 dilution). Mix, remove a 10-µL
sample of the 10–2 dilution, and dilute again by addition to a second tube contain-
ing 990 µL of 1 M sorbitol (10–4 dilution). Spread 100 µL of each dilution on a
YPD plate to determine the concentration of remaining whole (unspheroplasted)
cells. To determine the concentration of spheroplasts with the potential to regen-
erate into viable cells, add a second 100-µL aliquot of each dilution to a tube
containing 10 mL of molten regeneration medium agar supplemented with 50 µg/mL
of the missing nutrient (e.g., histidine). Gently mix; pour over a bottom agar
plate. Incubate these control plates with the transformation plates as described
in step 2. Good spheroplast preparations and regeneration reagents will pro-
duce >1 × 107 colonies/mL (i.e., >100 colonies on the 10–4 spheroplast regenera-
tion plate) and <1 × 104 colonies/mL unspheroplasted whole cells (i.e., <10
colonies on the 10–2 remaining whole-cell plate).
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3.2.4. Recovery of Transformants

Most transformant colonies will be embedded within the top agar. To recover
individual embedded transformants, dig them out of the agar with an inocula-
tion loop, and streak for single colonies on the surface of an agar plate contain-
ing the selective medium. To recover embedded cells from a large proportion
of the embedded colonies in a transformation plate for further analysis (e.g., to
screen for ones that have undergone a gene replacement event), the following
procedure can be used:

1. Scrape the colony-containing top agar layer into a sterile 50-mL centrifuge tube
using a spatula or forceps (sterilized with 70% ethanol). Add 20 mL of sterile
water, and mix vigorously to break up the agar and release embedded cells.

2. Filter the suspension through fourfolds of sterile cheesecloth. Rinse cells from
the agar by addition of approx 20 mL of water to the agar. Centrifuge the filtrate
at 2000g for 5 min and decant.

3. Suspend the cells (and a small amount of remaining agar) in 5 mL of sterile
water, and vortex vigorously to disperse the cells.

4. Spread dilutions of the cells on selective medium agar plates at a concentration
that will generate 100–500 colonies/plate, and incubate for 2–3 d (see Note 7).

5. Replica plate onto an agar medium appropriate for identifying transformants that
have undergone a gene replacement event. For example, when looking for
transformants with a gene replacement at AOX1 and, as a result, you have acquired
a methanol-utilization-slow (Muts) phenotype, replica plate colonies from YND
plates to two sets of plates, one containing YNB plus methanol and the other
containing YND. After 1 or 2 d incubation, compare the two sets of plates, and
select colonies from the YND plate that are not growing well on the YNB plus
methanol plate.

3.3. Electroporation

This procedure is a modified version of that described by Becker and Guarente
(6). The characteristics of the method are listed in Table 1. Parameters for
electroporation with four different instruments are shown in Table 2 (see Note 9).

3.3.1. Preparation of Competent Cells

1. Inoculate a 10-mL YPD culture with a single fresh P. pastoris colony of the strain
to be transformed from an agar plate, and grow overnight with shaking.

2. In the morning, use the overnight culture to inoculate a 500-mL YPD culture in a
2.8-L Fernback culture flask to a starting OD600 of 0.1, and grow to an OD600 of
1.3–1.5 (see Note 7).

3. Harvest the culture by centrifugation at 2000g at 4°C, and suspend the cells in
100 mL of YPD medium plus HEPES.

4. Add 2.5 mL of 1 M DTT and gently mix.
5. Incubate at 30°C for 15 min.
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Table 2
Parameters for Electroporation Using Selected Instruments

Field Pulse
Cuvette Sample Charging Capacitance, Resistance, strength, length,

Instrument gap, mm volume, µL voltage, V µF kV/cm ~ms Reference

ECM600a

(BTX) 2 40 1500 Out 129 7500 5 6
Electroporator II

(Invitrogen) 2 80 1500 50 200 7500 10 7
Gene-Pulser

(Bio-Rad) 2 40 1500 25 200 7500 5 8
Cell-Porator

(BRL) 1.5 20 480 10 Low 2670 NS 9,10
aFor ECM600, select 2.5 kV/RESISTANCE high voltage.
NS = not specified.

35
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6. Bring to 500 mL with cold water. Wash by centrifugation at 4°C once in 250 mL
of cold water, once in 20 mL of cold 1 M sorbitol, and resuspend in 0.5 mL of
cold 1 M sorbitol. (Final volume including cells will be 1.0–1.5 mL.)

7. For highest frequencies, transform the cells directly without freezing as described
below.

8. To freeze competent cells, distribute in 40-µL aliquots to sterile 1.5-mL
minicentrifuge tubes, and place the tubes in a –70°C freezer until use (see Note 10).

3.3.2. Electroporation

1. Add up to 0.1 µg of DNA sample in no more than 5 µL total volume of water or
TE buffer to a tube containing 40 µL of frozen or fresh competent cells, and
transfer to a 2-mm gap electroporation cuvet held on ice (see Notes 9 and 10).

2. Pulse cells according to the parameters suggested for yeast by the manufacturer
of the specific electroporation instrument being used (Table 2).

3. Immediately add 1 mL of cold 1 M sorbitol, and transfer the cuvet contents to a
sterile 1.5-mL minicentrifuge tube.

4. Spread selected aliquots onto agar plates containing YND or other selective
medium, and incubate for 2–4 d (see Note 11).

3.4. PEG Procedure

This procedure is a modified version of that described in Klebe et al. (11).
The characteristics of the method are listed in Table 1 (see Note 12).

3.4.1. Preparation of Competent Cells

1. Inoculate a 10-mL YPD culture with a single fresh P. pastoris colony of the strain
to be transformed from an agar plate, and grow overnight with shaking.

2. In the morning, use the overnight culture to inoculate a 100-mL YPD culture to a
starting OD600 of 0.1, and grow to an OD600 of 0.5–0.8 (see Note 7).

3. Harvest the culture by centrifugation at 2000g at room temperature, and wash the
cells once in 50 mL of buffer A.

4. Resuspend cells in 4 mL of buffer A, and distribute in 0.2-mL aliquots to sterile
1.5-mL minicentrifuge tubes. Add 11 µL of DMSO to each tube, mix, and quickly
freeze cells in a liquid nitrogen bath.

5. Store frozen competent cells at –70°C.

3.4.2. Transformation

1. Add up to 50 µg of DNA sample (in no more than 20 µL total volume) directly to
a still-frozen tube of competent cells (see Note 13). Carrier DNA (40 µg of dena-
tured and sonified salmon sperm DNA) should be included with sub-microgram
DNA samples for maximum transformation frequencies.

2. Incubate samples in a 37°C water bath for 5 min. Gently mix samples once or
twice during this incubation period.

3. Remove tubes from bath, and add 1.5 mL of buffer B to each. Mix contents
thoroughly.
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4. Incubate tubes in a 30°C water bath for 1 h.
5. Centrifuge sample tubes at 2000g for 10 min at room temperature, and gently

resuspend cells in 1.5 mL of buffer C.
6. Centrifuge samples a second time, and resuspend cells gently in 0.2 mL of buffer C.
7. Spread contents of each tube on an agar plate containing selective growth

medium, and incubate plates for 3–4 d (see Note 11).

3.5. Alkali Cation Procedure

This procedure is essentially the same as described by Ito et al. (11), except
that LiCl is used instead of Li acetate. The characteristics of the method are
listed in Table 1 (see Note 12). Note that unlike the other transformation meth-
ods, transformation frequencies are very low for both PARS- and nonPARS-
containing circular vectors.

3.5.1. Preparation of Competent Cells

1. Inoculate a 10-mL YPD culture with a single fresh P. pastoris colony of the strain
to be transformed from an agar plate, and grow overnight with shaking.

2. In the morning, use the overnight culture to inoculate a 50-mL YPD culture to a
starting OD600 of 0.1, and grow to an OD600 of 0.5–0.8 (see Note 7).

3. Harvest the culture, and wash the cells once with 10 mL of H2O by centrifugation
at 2000g at room temperature, once with 10 mL of TE buffer, and once with 20
mL of LiCl buffer.

4. Incubate the cells for 1 h at 30°C. For highest transformation frequencies, trans-
form the cells directly without freezing as described below.

5. To freeze competent cells, distribute in 0.2-mL aliquots to sterile 1.5-mL
minicentrifuge tubes. Add 11 µL of DMSO to each tube, mix, and quickly freeze
cells in a liquid nitrogen bath. Store frozen competent cells at –70°C.

3.5.2. Transformation

1. For each transformation sample, add the following to a sterile 1.5-mL centrifuge
tube: 0.1 mL of competent cells, 0.1–20 µg of vector DNA in no more than a 20-µL
vol. For maximum transformation frequencies with submicrogram amounts of DNA,
add 10 µg of a carrier DNA (e.g., denatured and sonified salmon sperm DNA).

2. Incubate samples at 30°C for 30 min.
3. Add 0.7 mL of PEG + LiCl solution, and briefly vortex to mix.
4. Heat-shock at 37°C for 5 min.
5. Centrifuge samples at 2000g and resuspend in 0.1 mL of H2O.
6. Spread samples onto selective medium plates, and incubate for 3 d (see Note 11).

4. Notes
1. ura3 P. pastoris strains grow more slowly that the wild type, even on YPD medium

supplemented with a large excess of uracil and/or uridine. However, on transfor-
mation with the URA3 gene, they resume growth at the wild-type rate. Because it
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is possible to select for or against either Ura+ or Ura– phenotypes, the ura3 host/
URA3 vector marker system is convenient for marker regeneration strategies, such
as described in Chapter 7.

2. Spheroplast transformation reagents can be purchased from Invitrogen
(Carlsbad, CA).

3. Some lots of sorbitol are much better than others for regeneration of P. pastoris
spheroplasts. As an alternative to sorbitol, 0.6 M KCl can be substituted (13.4 g
KCl, 6 g agar, 240 mL H2O).

4. Zymolyase lots vary with regard to suitability for use in P. pastoris transforma-
tions. Since the activity in the dry powder is stable for years at –20°C, it is recom-
mended that good lots be set aside exclusively for transformations. As an
alternative spheroplasting agent, the snail gut preparation Glusulase (DuPont,
Wilmington, DE) can be used. Glusulase is stable for periods of at least a year
stored at 4°C. To spheroplast with Glusulase, follow the same procedure, and add
approx 20 µL of Glusulase/40–60 OD600 units of cells in SCE.

5. The purity of the PEG1000 is critical for transformation. Known sources of high-
quality PEG1000 are Sigma Chemical Company (St. Louis, MO) and Carl Roth
GmbH (Karlsruhe, Germany; United States distributor is Atomergic Chemetals
Corp., New York, NY).

6. DMSO must be from a fresh unopened bottle or from a stock of DMSO prepared
from a new unopened bottle, and stored at –70°C until use.

7. One OD600 unit of P. pastoris culture equals approx 5 × 107 cells.
8. For highest transformation frequencies, it is necessary to establish the optimal

spheroplasting conditions (i.e., the optimal amount of Zymolyase or Glusulase
and incubation time), which vary with different lots of enzyme and other reagents
and equipment used for cell growth and spheroplasting. Another method of
establishing these conditions is to divide the washed cells into equal portions
before spheroplasting, and add enzyme to only one tube while holding the other
on ice. Spheroplasting is monitored by incubating the tube with enzyme at 30°C
and removing samples at selected times to SDS solution. Samples in SDS are
then examined spectrophotometrically at OD800 and the time required for 70% of
the cells to become sensitive to lysis with SDS determined quantitatively. Subse-
quently, enzyme is added to the remaining tube, which is then incubated at 30°C
for the length of time determined for optimal (70%) spheroplasting.

9. In general, procedures described for S. cerevisiae also work well for P. pastoris.
Thus, if your instrument is not listed, use the protocol recommended for
electroporation of S. cerevisiae with your instrument. See technical literature provided
by manufacturers for information on the use of specific electroporation devices.

10. If using Invitrogen electroporation cuvets, the volume of cells should be 80 µL. If
using BRL 1.5-mm gap chambers, the volume of cells should be 20 µL.

11. P. pastoris cells are flocculent (i.e., tend to grow in multicell clumps). As a result,
transformant colonies are frequently composed of more than one transformed
strain. To avoid the problem of mixed colonies, pick and restreak them for single
colonies on selective medium at least once before proceeding with further analysis.
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When looking for gene replacement transformants by replica plate screening for
a recessive phenotype (e.g., AOX1 gene replacements with a recessive methanol-
utilization slow or Muts phenotype), colonies should be recovered from the trans-
formation plates, suspended in water, and replated on selective medium before
screening.

12. Multicopy vector integration events are much less frequent with the PEG1000 or
alkali cation methods than with either the spheroplast or electroporation methods
(Koti Sreekrishna, personal communication).

13. Cell competence decreases very rapidly after cells thaw, even if the cells are held on
ice. Therefore, adding DNA to frozen samples is critical. To transform large numbers
of samples, it is convenient to process them in groups of about six at a time.
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Small Vectors for Expression Based on Dominant
Drug Resistance with Direct Multicopy Selection

David R. Higgins, Katie Busser, John Comiskey, Peter S. Whittier,
Thomas J. Purcell, and James P. Hoeffler

1. Introduction
The most commonly used vectors for heterologous protein expression in

Pichia pastoris carry its wild-type HIS4 gene and the bacterial ampicillin
resistance gene as selectable markers (1–6). The HIS4 gene is relatively large
(3 kb), with ill-defined functional boundaries, and its use limits the vectors to
selection in his4 auxotrophic strains. HIS4-based vectors are large, typically
between 7 and 10 kb in size, creating difficulties for routine cloning manipu-
lations, especially when generating constructions with large or multiple
insertions. The Escherichia coli kanamycin gene (from Tn 903) present on
some P. pastoris expression vectors functions as a second marker on some
HIS4-based vectors to identify multicopy (i.e., G418 hyperresistant) recom-
binant strains. However, it cannot be used efficiently as a direct selectable
marker for transformation of P. pastoris to G418 resistance, and its presence
leads to a further increase in vector size. The combination of the HIS4,
ampicillin, and kanamycin genes adds up to 5.5 kb of “space” in a typical
expression vector.

Generation of significantly smaller vectors has been achieved by using a
single dominant selectable marker that functions both in E. coli and P.
pastoris replacing the HIS4, ampicillin, and kanamycin genes (7). This
marker is the Sh ble gene from Streptoalloteichus hindustanus, which is small
with an open reading frame of 375 bp encoding a 13,665-Dalton protein. The
Sh ble gene product confers resistance to the drug Zeocin in E. coli, yeast
(including P. pastoris), and other eukaryotes (8–14). Zeocin is a bleomycin-
like compound that kills cells by introducing lethal double-strand breaks in
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chromosomal DNA (15). The Zeocin-resistance protein (the product of the
Sh ble gene) confers resistance stoichiometrically, not enzymatically, by bind-
ing to and inactivating the drug. Natural sensitivity of P. pastoris to Zeocin,
and the resistance conferred by expression of the Sh ble gene has proven
successful and provides a dominant selection system that is strain-, geno-
type-, and ploidy-independent (7). Because this small Zeocin resistance gene
substitutes for the HIS4, ampicillin, and kanamycin genes, a net reduction in
vector size of approx 3.5 kb is achieved. Furthermore, selection of Zeocin-
resistant transformants at high concentrations of Zeocin (i.e., Zeocin
hyperresistant transformants) generates an enrichment in recombinant strains
with multiple copies of the integrated vector. Direct selection of Zeocin
hyperresistant transformants can be used routinely to generate a population
of multicopy clones that may ultimately result in an increase in the level of
heterologous protein production (7).

The generation of recombinant strains with multiple copies of the expres-
sion plasmid integrated into the genome has been shown to result in an increase
in heterologous protein production via a gene dosage effect for a number of
different heterologous genes (5,16–21). In addition to screening for relatively
rare spontaneous events, there are several methods to generate intentionally
recombinant strains containing multiple plasmid copies, including in vitro
multimerization (Chapter 13) and G418 hyperresistance screening of His+

transformants (Chapter 5).
The bacterial kanamycin gene acts as a marker that can be used to delineate

further His+ transformants into strains that carry multiple copies of the heter-
ologous gene. Each expression cassette introduces a copy of the bacterial kana-
mycin gene. This gene confers resistance to G418, multiple copies of which
make recombinant strains hyperresistant to the G418. Hyperresistance to G418
allows for phenotypic identification of strains carrying multiple copies of the
kanamycin gene and, by linkage, multiple copies of the expression cassette (21).

Presumably, the same molecular biology occurs for Zeocin resistance:
Zeocin hyperresistant clones arise from multiple copies of the Zeocin resis-
tance gene, which in turn corresponds to multiple plasmid copies and thus
multiple copies of the heterologous gene being expressed. If expression levels
of the heterologous gene product respond to a gene dosage effect, higher levels of
heterologous protein can result. The use of the Zeocin-resistant maker has the
added benefit that Zeocin hyperresistant transformants can be selected directly,
whereas G418 hyperresistant clones must be screened secondarily after initial
His+ prototrophic transformation selection. Also, the product of the Zeocin
resistance gene functions stoichiometrically, not enzymatically, as does the
kanamycin gene product, which may lead to a more efficient copy number
correlation with a Zeocin hyperresistant phenotype (7).
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2. Materials
2.1. E. coli and P. pastoris Strains

E. coli (plasmid maintenance): TOP10 (F– mcrA [mrr-hsdRMS-mcrBC]
80lacZ M15 lacX74 deoR recA1 araD139 [ara-leu]7697 galU galK rpsL

[StrR] endA1 nupG) (see Note 1). P. pastoris: GS115 (Mut+ his4); X-33 (Mut+

His+ derivative of GS115 generated by transformation of GS115 with the 3-kb
NaeI-BamH1 his4 from plasmid pAO815); KM71 (Muts; his4 arg4
aox1 ::ARG4), SMD1168 (Mut+; his4 pep4) (see Note 2).

2.2. Zeocin Resistance-Based Plasmids

Vectors pPICZ A, B, and C, and pPICZ A, B, and C represent six P. pastoris
expression vectors available from Invitrogen Corporation (San Diego, CA)
(Fig. 1) (7). Selection for these vectors in both P. pastoris and E. coli is based
on a single small dominant selectable marker that confers resistance to the
drug Zeocin. To confer Zeocin resistance in P. pastoris, a 1267-bp BamHI–
HindIII fragment from vector pUT352 was used as a selectable marker in
expression vector constructions. This fragment contains the She ble open read-
ing frame (ORF) preceded by the Saccharomyces cerevisiae TEF1 gene pro-
moter and a synthetic E. coli promoter, EM7. The Sh ble ORF is followed by
the S. cerevisiae CYC1 gene 3' transcription processing signal sequence (14,22).
This fragment has been shown to efficiently confer Zeocin resistance in both E.
coli (driven by the EM7 promoter) and P. pastoris (by the TEF1 promoter) (7,23).

2.3. Media

1. 1⁄2X salt LB: 0.5% NaCl, 1% tryptone, 0.5% yeast extract (for solid media, 1.5%
agar) supplemented with Zeocin to a final concentration of 50 µg/mL (see Note 3).

2. YPD: 1% yeast extract, 2% peptone, 2% dextrose (for solid media, 2% agar).
3. YPDS: 1% yeast extract, 2% peptone, 2% dextrose, 1 M sorbitol (for solid media, 2%

agar) supplemented with Zeocin to a final concentration of 100 µg/mL (see Note 4).
4. YPM: 1% yeast extract, 2% peptone, 0.5% methanol (for solid media, 2% agar).
5. BMGY: 1% yeast extract, 2% peptone, 1.34% yeast nitrogen base with ammonium

sulfate without amino acids, 1% glycerol, 100 mM sodium phosphate buffer, pH 6.0.
6. BMMY: 1% yeast extract, 2% peptone, 1.34% yeast nitrogen base with ammo-

nium sulfate without amino acids, 0.5% methanol, 100 mM sodium phosphate
buffer, pH 6.0.

7. Zeocin: Used as a stock solution of 100 mg/mL in sterile water; should be added
to media solutions that are 60°C. Zeocin stock solution should be stored at –20°C.

2.4. Zeocin

Zeocin, a member of the bleomycin family of drugs, has cytotoxic effects on
most aerobically growing cells (15). Its mode of action is by intercalation into
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Fig. 1. Graphic maps of vectors pPICZ A, B, C and pPICZ A, B, C. A series of six
P. pastoris expression vectors have been constructed that are between 3.3 and 3.5 kb in
size, yet still contain all of the elements for protein expression and detection in P.
pastoris. Selection for these vectors in both P. pastoris and E. coli is based on a single
small dominant selectable marker that confers resistance to the drug Zeocin. Expres-
sion of the Zeocin resistance gene is driven by the S. cerevisiae promoter TEF1 and is
followed by the S. cerevisiae CYC1 transcription processing and polyadenylation
sequence. (cont.)
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DNA inducing double-strand breaks, which accumulate to lethal levels. Zeocin
is available from Invitrogen Corporation (see Note 5).

2.5. Yeast Transformation

1. 1 M sorbitol, filter-sterilized, ice-cold.
2. Ultra-pure H2O, sterile, ice-cold.
3. 5–10 µg linearized plasmid DNA, after restriction digestion: phenol extracted,

ethanol-precipitated, resuspended in sterile H2O to ~1 µg/µL (see Note 6).
4. Electroporation device (see Note 7).
5. Sterile electroporation cuvets, 0.2 cm (see Note 7).

2.6. Quantitative Slot Blot Analysis

1. 5–10 µg genomic DNA in 50 µL H2O (see Note 8).
2. Slot-blot apparatus (e.g., Bio-Rad, Hercules, CA).
3. Appropriate nylon membrane (e.g., Zeta probe from Bio-Rad).
4. 0.4 N NaOH.
5. DNA denaturing buffer: 0.4 N NaOH, 10 mM EDTA.
6. 2X SSC made from 20X SSC stock solution diluted 1/10 in ultra-pure water (20X

SSC: 175.3 g NaCl, 88.2 g Na citrate, 1 L final volume, pH 7.0; adjust pH using
solutions of 10 N NaOH).

7. Prehybridization/hybridization buffer: 20 mM Na2HPO4, 7% SDS, 1X Denhardt’s,
10 µg/mL denatured sheared salmon sperm DNA.

8. Suitable labeled probe (see Note 9).
9. Low-stringency wash solution: 2X SSPE, 0.1% SDS, room temperature.

10. Medium-stringency wash solution: 1X SSPE, 0.1% SDS, 65°C.
11. High-stringency wash solution: 0.1X SSPE, 0.1% SDS, 65°C.
12. 100X Denhardt’s solution: 2% Ficoll 400 (w/v), 2% polyvinylpyrrolidone (w/v),

20 mg/mL BSA (w/v), Pentax Fraction V.
13. 20X SSPE: 175.3 g NaCl, 27.6 g NaH2PO4, 7.4 g EDTA, in 1 L, adjusted to pH

7.4, with NaOH.
14. XAR X-ray film (Eastman Kodak, Rochester, NY) or equivalent.

Fig. 1 (cont.). Versions with and without the S. cerevisiae -factor prepro sequence
for targeting expressed protein for secretion exist as well as an expanded multiple
cloning site with 10 unique restriction sites. Optional C-terminal myc epitope and
polyhistidine tags are included that can be used for recombinant protein detection and
purification, respectively. These vectors contain a unique BglII site 5' to the
AOX1 promoter sequence and a unique BamHI site 3' to the P. pastoris “transcription
termination” sequence to facilitate the generation of in vitro multimers. Three differ-
ent versions exist with reading frame shifts between the MCS and C-terminal tag
(pPICZ A, B, C) or reading frame shifts between the -factor prepro sequence and the
MCS (pPICZ A, B, C).
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3. Methods
3.1. E. coli and P. pastoris Transformation via Electroporation
and Direct Multicopy Selection Using Zeocin

Plasmid DNA was transformed into chemically competent or electro-com-
petent E. coli TOP10 cells (Invitrogen; see Note 1). Selection of Zeocin-resis-
tant E. coli transformants is on 1⁄2X salt LB + 50 µg/mL Zeocin. P. pastoris is
transformed by electroporation using the method of Becker and Guarente (24)
(see Note 10).

Electroporation protocol:

1. Grow 500 mL YPD culture of P. pastoris to an OD600 = 1.3–1.5.
2. Collect cells by centrifugation at 5000g, 4°C, 5 min (centrifugations can be done

in 1 × 500 mL centrifuge bottle or split into 2 × 250 mL bottles; see Note 11).
3. Resuspend cell pellet in 500 mL of ice-cold sterile water.
4. Collect cells by centrifugation at 5000g, 4°C, 5 min, as before.
5. Resuspend cell pellet in 250 mL of ice-cold sterile water.
6. Collect cells by centrifugation at 5000g, 4°C, 5 min, as before.
7. Resuspend cell pellet in 25 mL of sterile ice-cold 1 M sorbitol (transfer to a

smaller prechilled centrifuge tube).
8. Collect cells by centrifugation at 5000g, 4°C, 5 min.
9. Resuspend cell pellet in 1 mL of sterile ice-cold 1 M sorbitol (keep on ice).

10. In a sterile 1.7-mL microfuge tube, combine 80 µL of cells with 10 µL of linear-
ized transforming DNA (1–10 µg total).

11. Let cell/DNA mixture set on ice for 5–10 min.
12. Transfer cell/DNA mixture to an ice-cold 0.2-cm electroporation cuvet.
13. Deliver electric pulse using an Electroporator II device (Invitrogen) set at 200 ,

50 µF, and 1500 V (see Note 7).
14. Immediately after pulse, add 1 mL of sterile ice-cold 1 M sorbitol to the cuvet.
15. Transfer mixture to a room-temperature 15-mL Falcon 2059 tube (or equivalent).
16. Incubate tube at 30°C, without shaking, for 1 h.
17. Spread different volumes of cells (10, 25, 50, 100, 200 µL) onto YPDS + 100 µg/mL

Zeocin plates for selection of Zeocin-resistant transformants (see Note 12).
18. Incubate plates at 30°C.
19. Colonies will appear in 2–3 d.
20. Pick well-isolated colonies and subclone (reisolate new independent colonies) on

YPDS + 100 µg/mL Zeocin plates (see Note 13).

Because the Sh ble gene product that confers resistance to Zeocin functions
stoichiometrically instead of enzymatically, the use of Zeocin hyperresistance
selection has proven an efficient means to generate recombinant strains con-
taining multiple plasmid copies. Zeocin hyperresistance often corresponds to
multiple plasmid copies, meaning multiple copies of the heterologous gene
and the possibility of higher levels of heterologous protein expression. Direct
selection of Zeocin-resistant transformants at increasing Zeocin concentration
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followed by an analysis of plasmid copy number and protein expression levels
from clones representing different resistance levels can be used to identify
clones that produce higher levels of heterologous protein on a per-cell or per-
culture volume.

Zeocin hyperresistant transformants can be selected directly after transfor-
mation by electroporation using the protocol just described, followed by plat-
ing on media containing higher concentrations of Zeocin. The number of
Zeocin-resistant colonies that are generated by electroporation transformation
with Zeocin resistance-based plasmids decreases as the concentration of Zeocin
increases. For selection of Zeocin hyperresistant transformants, we have plated
the transformation mix on YPDS + Zeocin at 100, 500, 1000, and 2000 µg/mL.
Representative colonies that arise on each of these different Zeocin concentra-
tions can be screened for plasmid copy number.

The number of colonies generated at each Zeocin concentration can best be
modulated by the volume of transformation mix plated, and a range of volumes
from 25, 50, 100, to 200 µL is typically sufficient to generate plates that have
many well-separated Zeocin-resistant colonies. In general, the number of colo-
nies appearing on plates containing Zeocin at 2000 µg/mL is only ~1% of that
appearing on plates containing Zeocin at 100 µg/mL). This suggests that a sub-
population of total Zeocin-resistant transformants is hyperresistant to Zeocin
and is likely to represent multicopy events. These clones can be further
screened by slot-blot and Southern blot analyses (see Subheading 3.2.).

Analysis of the Zeocin-resistant phenotype (i.e., assaying for hyper-
resistance) by patching colonies to plates containing Zeocin at different con-
centrations does not work, because the relatively thick layer of cells placed on
the media surface results in the growth of false-positive (i.e., false hyper-
resistant) colonies. The Zeocin-resistant phenotype interpretation is sensitive
to the number and density of cells being assayed, because dead cells titrate out
the available Zeocin from the media, and allow the remaining cells to grow and
appear resistant and/or hyperresistant.

Generally, the addition of Zeocin to liquid cultures for growth in subsequent
analysis and protein expression experiments has not been necessary for plas-
mid maintenance. However, an exhaustive analysis of the long-term stability
of plasmid multicopy arrays with these vectors, either in the presence or
absence of Zeocin in the growth media, has not been carried out.

His– auxotrophic (his4) P. pastoris strains transformed to Zeocin resistance
with the pPICZ series of plasmids remain His– auxotrophs. It has been our
experience that His– auxotrophic strains do not do as well in fermentation in
minimal media; presumably histidine becomes severely limiting. To address
this, an His+ prototrophic strain isogenic to GS115 was generated, called X-33,
that is ideally suited for expression in fermentation without supplemental histidine.
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3.2. Copy Number Estimation by Quantitative Slot-Blot Analysis

Differential hybridization, i.e., different intensity of hybridization signal
based simply on more plasmid copies hybridizing to more labeled probe, can
be used as a first screen to identify multicopy strains. An example of this tech-
nique is shown in Fig. 2 and has been used successfully in a number of other
cases (7,19,20). Genomic DNA from P. pastoris strains to be tested is gener-
ated as described in Chapter 6 (see also refs. 23 and 25). An appropriate nylon
membrane should be chosen to allow immobilization of the DNA with alkaline
fixation per manufacturer’s instructions. Aliquots of 25 µL of denatured
genomic DNA are applied to each slot of a vacuum slot-blot apparatus per
manufacturer’s instructions. Duplicate filters should be made loading the same
amount of DNA in corresponding slots.

1. Combine 50 µL (0.1–1 µg) of genomic DNA with 1.5 mL of DNA denaturing buffer.
2. Place at 100°C for 5 min; fast-cool in ice.
3. Set up slot-blot apparatus per manufacturer’s instructions.
4. Apply half of the denatured genomic DNA solution (~0.75 mL) to one slot,

repeating for each sample. Apply vacuum to pull DNA onto membrane.
5. After the liquid has been pulled through each slot, and without prolonged drying,

add 0.5 mL 0.4 N NaOH.
6. After this liquid has been pulled through each slot, remove the filter and place on

clean filter paper.
7. Repeat steps 6–9, creating a duplicate filter.
8. Air-dry filters for ~20–30 min.
9. Wash filters in a bath of 2X SSC at room temperature for 1 min.

10. Air dry filters for ~30 min. Filters can be stored in sealed bags for several weeks
or can be used immediately for hybridization.

11. Prepared slot-blots are prehybridized in separate bags in 25 mL of
prehybridization/hybridization buffer/bag, at 60–65°C for 2–4 h.

12. Two probes should be generated, one specific to the AOX1 gene and the other
specific to the HIS4 gene (see Notes 9 and 14). Immediately before use, denature
probe by heating at 100°C for 5 min.

13. After prehybridization, remove fluid and replace with 5 mL of fresh
prehybridization/hybridization buffer that has been prewarmed to 60–65°C.

14. To one bag containing one blot, add AOX1 probe; to other bag, add HIS4 probe.
15. Hybridize overnight (16–20 h) at 60–65°C with constant slow shaking.
16. After overnight hybridization, wash blots. A series of increasing stringency

washes is recommended. The exact wash stringencies used will vary with the
probe used and its melting temperature. For relatively large (200–900 bp) double-
strand DNA fragments or for the oligonucleotide probes listed in Note 14, the
following conditions work well: first wash, 2X SSPE, 0.1% SDS, room tempera-
ture, 10 min; second wash, 1X SSPE, 0.1% SDS, 65°C, 30 min; third and fourth
washes, 0.1% SSPE, 01.% SDS, 65°C, 30 min each.
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Fig. 2. Plasmid copy number estimation by quantitative slot-blot analysis. Equal volume
aliquots of a genomic DNA preparation from different cultures grown to approximately
the same density were applied to slots of a slot-blot apparatus. Duplicate filters were made.
One filter was probed with a 32P-end-labeled AOX1-specific oligonucleotide (A), the other with
a 32P-end-labeled HIS4-specific oligonucleotide (B). The intensity of each slot in the HIS4-
probed blot was uniform (B), indicating equal loading of genomic DNA in each slot since HIS4
is a known single-copy gene. The pattern of the AOX1-probed blot differs from slot to slot.
Since the HIS4 blot indicated that slots were equally loaded with genomic DNA, increased
hybridization signal should correspond to increase AOX1 target sequence, and thereby increase
the heterologous gene copy number. Slot 1A: untransformed strain. Slots 2A, 3A, 4A, 5A, 6A,
1B, 2B, 3B, 4B: transformants selected on 100 µg/mL Zeocin. Slots 5B, 6B, 1C, 2C, 3C, 4C,
5C, 6C, 1D, 2D: transformants selected on 500 µg/mL Zeocin. Slots 3D, 4D, 5D, 6D, 1E, 2E,
3E, 4E, 5E, 6E: transformants selected on 1000 µg/mL Zeocin. Slots 1F, 2F, 3F, 4F, 5F, 6F, 1G,
2G, 3G, 4G: transformants selected on 2000 µg/mL Zeocin. Slots 5G, 6G: blank.
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17. Washed membranes should be wrapped in plastic wrap and placed against suit-
able X-ray film. A variety of exposures from 30 min to overnight should be used.

Putative multicopy strains identified using this technique can be further ana-
lyzed either by directly comparing levels of heterologous protein produced or
by determining the precise plasmid copy number by Southern blot analysis
(26,27). For example, in a typical analysis to determine plasmid copy number
via Southern blotting, genomic DNA isolated from strains initially identified
as multicopy via slot-blot can be digested with EcoRI, separated on a 0.8%
agarose gel, Southern blotted, and hybridized with an AOX1 promoter-specific
probe. EcoRI-digested genomic DNA from untransformed strain GS115 probed
with an AOX1-specific probe lights up a 5.5-kb fragment. The banding pattern
on a Southern blot of multicopy strains will differ from an untransformed strain
in a predictable and representative way. If the genomic DNA is digested with a
restriction enzyme that does not cut within the plasmid (or insert), the size of
the band on the Southern blot will increase in molecular weight by the unit size
of the plasmid (plus insert) for each additional copy present in the genome. If
the genomic DNA is digested with a restriction enzyme that does cut within the
plasmid (or insert), the banding pattern will change (from one to two or three
bands), and the intensity of one of the bands will increase with an increase in
plasmid copy number. These differences can be used to distinguish 0, 1, 2, 3,
and so forth plasmid copy numbers (see ref. 15 for specific examples of this
analysis).

4. Notes
1. Any commercially available or user-made E. coli-competent cells should work if

the strain does not contain a bleomycin resistance gene (e.g., Tn10-containing
strains).

2. The wild-type phenotype of P. pastoris is Zeocin-sensitive.
3. Use of >0.5% NaCl will inhibit the activity of Zeocin.
4. Omission of 1 M sorbitol from plates used for selection of Zeocin-resistant

transformants can result in a decrease of the number of colonies generated by as
much as 10-fold.

5. Phleomycin may function as an alternative to Zeocin, although it has not been
tested for transformation or use in plasmid multicopy selection in P. pastoris.
Phleomycin is an alternate preparation of the same compound and is available
from Sigma (St. Louis, MO), but Phleomycin is reported to be five times more
potent than Zeocin.

6. Digestion of pPICZ plasmid DNA prior to transformation: Digest for several
hours with desired enzyme in optimal buffer; check small aliquot of digestion on
agarose gel to confirm that digestion is 80% complete; heat-inactivate reaction
(if enzyme is subject to heat inactivation); extract with equal volume of
phenol:chloroform:isoamyl alcohol (25:24:1); ethanol-precipitate digested plas-
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mid DNA; pellet and wash pellet in 80% ethanol; dry pellet; resuspend in sterile
water to ~1 µg/µL DNA concentration.

7. The electroporation device used in developing this protocol was the
Electroporator II from Invitrogen Corporation (San Diego, CA). Equivalent
electroporator and cuvet devices can substitute, such as those available from Bio-Rad.

8. Genomic DNA used for slot-blot analysis does not have to be restriction enzyme
digested, but care should be taken to generate a completely dissolved and uni-
form solution of genomic DNA.

9. Any suitable labeled nucleic acid probe can be used: radioactive (32P) or nonra-
dioactive, oligonucleotide, double-strand DNA fragment, or riboprobe. For the
work presented here, 32P-end-labeled oligonucleotides were used as probes for
the slot-blots, and random-primed 32P double-strand DNA fragment probes were
used for Southern blot analysis. Follow manufacturer’s recommendations for
probe preparation and use.

10. Chemical means of transformation of P. pastoris (e.g., LiCl) are compatible with
Zeocin selection. However, spheroplast transformation is not compatible with
Zeocin selection. Protocols for transformation of P. pastoris by electroporation
using other devices are presented in Chapter 3 of this volume.

11. Any combination of suitable centrifuge, rotor, and bottles can be used, e.g., 500-mL
bottles in Sorvall GS3 rotor at 5500 rpm = 5000g; 250-mL bottles in Sorvall GSA
rotor at 5500 rpm = 5000g; 35-mL tubes in Sorvall SS-34 rotor at 6500 rpm = 5000g.

12. Cells plated at too high a density will reduce the effectiveness of the Zeocin
selection, since dead cells will absorb the drug, thereby allowing growth of non-
sensitive cells. Plating a range of volumes of the final transformation solutions
will yield some plates at optimal densities.

13. Choose well-isolated colonies from regions of plates that do not have a back-
ground film of cells. Whenever possible, choose colonies from the lowest density
(i.e., lowest volume) plated.

14. Sequence of oligonucleotides used as probes for slot-blots:
5'-GACTGGTTCCAATTGACAAGC, hybridizes to AOX1 5'-UTR.
5'-CTTGAGAAATTCTGAAGCCG, hybridizes to HIS4 5'-UTR.
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The Generation of Multicopy Recombinant Strains

Mike Romanos, Carol Scorer, Koti Sreekrishna, and Jeff Clare

1. Introduction
The extremely high levels of alcohol oxidase produced from the native AOX1

gene in Pichia pastoris (5–30% of cell protein on induction) suggested that
single-copy AOX1-promoter expression vectors would be sufficient for effi-
cient foreign gene expression. Therefore, the first strategy adopted for generat-
ing recombinant strains was to replace the AOX1 gene with a single copy of the
foreign gene expression cassette (transplacement), since this type of
transformant is the most stable. Some of the earliest studies supported this strat-
egy, e.g., expression of -galactosidase or hepatitis B surface antigen was effi-
cient and was not improved by increasing vector copy number (1,2).

However, in many subsequent cases, expression levels using single-copy
transformants were disappointingly low, and numerous examples have now
accumulated (Table 1) in which multicopy transformants have been used to
increase yields dramatically (3–7). Indeed, for intracellular expression, vector
copy number is usually the most important factor affecting product yield. This
was demonstrated in a detailed optimization study of tetanus toxin fragment C
expression (5), which showed that protein levels increased with increasing copy
number (Fig. 1), although site of integration and Mut phenotype had at most a
minor effect. A more recent study of foreign gene mRNA levels suggested that
this effect is general (8). Transformants expressing HIV-1 ENV with increas-
ing vector copy number (from 1 to 12) had foreign gene mRNA levels that
increased progressively, exceeding AOX1 mRNA levels at three copies and
greatly exceeding them at 12 copies; a similar result was also shown for frag-
ment C (8). Transcript level may frequently limit foreign gene expression;
therefore, it is logical to maximize copy number routinely. Even if mRNA level
is not limiting, a higher transcript level may partially overcome other barriers,
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such as suboptimal 5'-untranslated sequence, mRNA secondary structure, or pro-
tein instability. Obviously, these factors still have a significant effect, since final
yields of different proteins vary greatly even with multicopy clones. Difference in
protein stability is a major factor, and the most likely explanation for the unusually
high level of accumulation of alcohol oxidase from a single copy of the gene.

With secreted proteins, the effects of gene dosage are not as simple. There
are many examples where product yield has been improved using multiple vec-
tor copies (e.g., refs. 9 and 10), and indeed in several cases, the maximal copy
number tested was optimal, e.g., with murine EGF (7). However, it has usually
been observed that a too-high copy number reduces yield, i.e., an optimal rather
than maximal copy number is required (11,12). Parallel results have been seen
with Saccharomyces cerevisiae, where increasing promoter strength can
adversely affect the yield of many secreted proteins, and it would appear that
less efficiently secreted proteins block the secretory pathway at higher expres-
sion levels (13).

1.1. Types of Multicopy Transformants

Since different types of multicopy transformants can be obtained, we will
briefly describe the options available for generating them. Most P. pastoris
expression vectors are of a similar design (Fig. 2) and can integrate into the
genome in one of two general ways (depending on where the DNA is cut prior
to transformation): by insertion of the entire plasmid at the HIS4 or AOX1 locus,
or by replacement of AOX1 by the expression cassette (transplacement). The
different types of transformant that can be generated and their properties are
summarized in Table 2.

Table 1
Some Examples of High-Level Expression Resulting
from Multicopy Integration

Protein Intracellular Copy Increase
expressed or secreted number Yield in yielda Ref.

Tumor necrosis
factor I >20 25% 200× 4

Tetanus toxin
fragment C I 14 27% 6× 5

Pertactin I 21 10% n/a 6
Aprotinin S 5 0.90 g/L 7× 11
Murine EGF S 19 0.45 g/L 13× 7
IGF-1 S 6 0.50 g/L 5× 10

aIncrease in yield over single-copy clones in comparable fermenter inductions. The increases
are usually more pronounced in shake-flask inductions.
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1.1.1. Integration at AOX1 or HIS4

Linearization of the vector, by cutting either 5' to the AOX1 promoter (e.g.,
at the SacI site) or within the HIS4 marker, directs integration of the plasmid
to the homologous sites in the genome; multicopy transformants (up to 10)
can arise from repeated recombination events. Integration at AOX1, using
SacI digestion, is an efficient straightforward way to generate recombinant
clones for expression. We would recommend not using HIS4 integrants, since
they can eliminate the foreign gene by recombination while retaining the
His+ phenotype.

1.1.2. Transplacement at AOX1

Digestion to give a DNA fragment with both ends homologous to AOX1
leads to replacement of genomic AOX1 (transplacement), generating an aox1
strain (Muts phenotype: Methanol utilization-slow vs the Mut+ phenotype of
the wild-type strain). Transplacement theoretically yields only single-copy

Fig. 1. Correlation of gene dosage with expression level for tetanus toxin
fragment C.
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Fig. 2. (opposite page) (A) Maps of P. pastoris polylinker expression and secretion
vectors with and without kanr genes for G418-selection. Shown in the maps are the
ampicillin resistance (Ap) and kanamycin-resistance (kanr) genes, 5' AOX1 region
including promoter, AOX1 terminator (t), 3' AOX1, HIS4 gene, and S. cerevisiae -factor
leader ( F). (B) Sequences of polylinkers in pPIC3 and pPIC3K, and pPIC9 and pPIC9K,
showing restriction sites and -factor leader peptide sequence (pPIC9 and 9K).

Muts transformants. However, expression studies showed an unexpected and
extreme clonal variation in yields (3–5). A detailed analysis (5) showed that:

1. A high proportion of “transformants” contained no vector and probably repre-
sented conversion of the his4 allele to wild type by recombination with the plas-
mid-borne HIS4 gene;

2. Only 5–30% were true transplacements (Muts); the remainder had integrations at
AOX1 or HIS4 and were Mut+;

3. 1–10% of Muts transformants had up to 30 integrated copies of the transplacing
fragment as tandem head-to-tail repeats; and

4. Multicopy transformants were also found among the Mut+ transformants.

The diversity of events was explained by a mechanism involving in vivo
ligation of the BglII fragment (ref. 5 and Chapter 13). Although transplacement
usually requires the laborious spheroplast transformation technique because of
low frequencies, the highly divergent population of transformants it yields can
be useful for detailed optimization studies. Also, transplacement may be the
only way of obtaining the very high copy numbers that have yielded enor-
mously high levels of intracellular products: 10–30% of cell protein (>4–12 g/L
in high-density fermentations) in several examples (3–6).

1.2. Strategies for Copy Number Optimization

The number of types of recombinant strains that can be generated can make
the P. pastoris expression system appear complex. However, in the majority of
cases, it is not necessary to consider all the options. For routine intracellular
expression, we recommend generating AOX1 integrants, e.g., using a SacI-
digested vector and isolating transformants with high vector copy numbers (>5).
This can be achieved simply by drug selection using vectors, such as pPIC3K
and pPIC9K (Fig. 2), that contain the Tn903 kanr gene, which confers dose-
dependent resistance to the antibiotic G418 in P. pastoris (8).

In some cases, it may be considered that there is further scope for improve-
ment or that a more detailed optimization is required, e.g., prior to scale-up for
commercial production of a protein. For intracellular proteins, we would then
suggest using transplacement to isolate clones with very high copy numbers
(10–30 copies). In cases where the Mut phenotype may also have an effect on
yield, e.g., in secretion, transplacement can be used to generate a population of
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Table 2
Types of P. pastoris Transformant

Resulting His+

Host strain Vector digesta transformants Comments

GS115 (Mut+)a

KM71 (Muts)

aThese sites are common to all vectors and can be used generally unless present in the
foreign gene.

bThis problem does not often occur in small-scale cultures.

High-frequency trans-
formation, using
either spheroplasting
or electroporation;
ideal for routine use;
multicopy integrants
(up to 10 copies) arise
at low frequency

High-frequency trans-
formation, using
either spheroplasting
or electroporation;
note potential to
generate His+ pop-
outs lacking foreign
gene;b multicopy
integrants (up to 10
copies) arise at low
frequency

Low-frequency trans-
formation, sphero-
plast method
preferable; best
method for multicopy
clones: 1–10% fre-
quency and up to 30
copies; generates a
heterogeneous pool
of Muts and Mut+

transformants, includ-
ing some
nonexpressers

Higher transformation
frequency than
GS115, especially
with electroporation

Vector integrated
5' to genomic
AOX1 gene,
i.e., Mut+

phenotype

Vector integrated
within genomic
his4 locus;
Mut+ phenotype

BglII fragment
replaces
genomic
AOX1 gene,
generating Muts

phenotype

All transformants
Muts since
AOX1 already
disrupted

SacI (AOX1
integration)

SalI, StuI (HIS4
integration)

BglII (AOX1
transplacement)

SacI or SalI/StuI
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transformants varying in both copy number and Mut phenotype for detailed
comparisons. The best method for screening the resulting transformants is by
rapid semiquantitative DNA dot-blot of whole-cell lysates (6), since this can
differentiate the very high copy “jackpot” clones, unlike G418 selection.

For secreted proteins, initial studies can be carried out with single-copy
transformants in order to assess the efficiency of secretion and authenticity of the
product. However, for yield optimization, it is preferable to test transformants
with a range of copy numbers, which can be isolated by G418 selection (8) or
semiquantitative DNA dot-blot screening (6). These can then be tested for
expression empirically, or the precise vector copy numbers can first be deter-
mined in order to identify a series with progressively increasing copy numbers
for a rigorous optimization. An alternative to isolating multicopy transformants
is to use a plasmid that can generate tandem copies of the expression cassette
(up to 8) in vitro (10,14). This method has the potential advantage of predeter-
mining the foreign gene copy number prior to transformation (although recom-
bination can occur to alter the number of copies), but it also has the potential
disadvantage that several sequential DNA cloning steps are required and these
become increasingly difficult.

In cases where a good assay is available for the secreted protein, optimiza-
tion can be carried out empirically by initial high-throughput expression screen-
ing of transformants without any prior knowledge of copy number (15). For a
more thorough recent review of factors affecting expression efficiency and
optimization strategy, see ref. 16.

1.3. Overview of the Methods in This Chapter

This chapter will describe two general methods for identifying multicopy
transformants: G418 selection and semiquantitative DNA dot-blot screening.
G418 selection can very rapidly yield transformants with >5 integrated vector
copies, which are usually sufficient for high-level expression. This method is
most valuable when used with electroporation, but it cannot differentiate
transformants with copy numbers of >5.

Semi-quantitative dot-blot screening can be applied following any type of
transformation; we have found it very useful in screening for high copy num-
ber transformants following spheroplast transformations (which yield the high-
est proportion of multicopy clones). In this method, several hundred
transformants are picked and cultured in 96-well plates. Fixed volumes of cells
are then filtered onto nitrocellulose and lysed prior to DNA hybridization.

The other methods described here are for the purification of DNA from P.
pastoris transformants, and its analysis by Southern blotting or quantitative
DNA dot-blot hybridization in order to determine vector copy number and
structure of the integrated DNA.
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2. Materials
2.1. P. pastoris Strains

The host strains that are most commonly used are GS115 (his4) and KM71
(his4 aox1::ARG4). Transformation frequencies are two- to fourfold higher for
KM71 by all methods used. The more recently available protease-deficient strains
(e.g., SMD1168; his4 pep4) are finding increasing use in reducing proteolytic
cleavage of secreted proteins. KM71 (his4 aox1) and other strains that have an
inactive AOX1 gene have an Muts phenotype and are fundamentally different in
that they grow very slowly on methanol as a carbon source, e.g., during induction.

2.2. P. pastoris Vectors

P. pastoris has no stable episomal vectors and, therefore, integrating vectors
are used. Most use HIS4 as a selectable marker and have the same general
organization. Figure 2 illustrates the typical intracellular and -factor secre-
tion vectors pPIC3 and pPIC9, respectively, and their counterparts pPIC3K
and pPIC9K for G418 selection. pPIC3 and pPIC3K polylinkers are designed
for ligation of the 5'-end of the foreign gene to the BamHI or NcoI (ATG) site,
and the 3'-end to one of the remaining sites. The secretion vectors pPIC9 and
pPIC9K comprise a S. cerevisiae -factor leader sequence with an engineered
XhoI site just 5' to the DNA encoding the KEX2 cleavage site. Foreign genes
are ligated to this site, but the KEX2 cleavage site must be reconstructed using
a synthetic oligonucleotide. The XhoI site in pPIC9 is unique, but in pPIC9K,
there is an additional site located in the kanr gene. Versions of pPIC9K are now
available in which the XhoI cloning site is unique. By cloning at the HindIII
site (not unique) of the polylinker, the GluAla spacers of the native prepro- -
factor peptide may also be included.

2.3. Secondary G418 Selection
1. Hemocytometer.
2. Geneticin, G418 sulfate, Gibco. Stock = 50 mg/mL in H2O, filter-sterilized and

stored at –20°C.
3. YPD agar plates containing different concentrations of G418, from 0.25–2.0 mg/mL.

Prepare by adding stock G418 solution to molten YPD agar (1% yeast extract,
2% peptone, 2% glucose, 1.5% agar; autoclave and cool to 50°C) prior to pouring
the plate. Store plates at 4°C for up to 2 mo.

2.4. Spheroplast Transformation
1. Standard reagents for P. pastoris spheroplast transformation and subsequent

selection for prototrophs (Invitrogen kit or see Chapter 3).
2. Twenty micrograms of digested vector DNA (e.g., digested with BglII or SacI)

for each transformation. Phenol-extract or purify using a proprietary resin, etha-
nol-precipitate and redissolve in 5 µL of TE buffer.
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3. Sterile 50-mL centrifuge tubes.
4. Sterile H2O.
5. Hemocytometer.
6. YNBD agar plates (1.34% yeast nitrogen base with ammonium sulfate without

amino acids, 4 × 10–5% biotin, 1% glucose, 1.5% agar).

2.5. Picking, Growth and Storage of Transformants
in Microtiter Wells

1. Sterile toothpicks or loops.
2. Sterile 96-well microtiter plates with lids (Falcon, Fisher Scientific, Pittsburgh, PA).
3. YPD broth.
4. 75% (v/v) glycerol: Autoclave and store at room temperature.
5. Multichannel pipeters (20 and 200 µL max volume).

2.6. Determination of Mut Phenotype

1. Sterile 96-well microtiter plates with lids (Nunclon).
2. Multichannel pipeters (20 and 200 µL max volume).
3. 15-cm Disposable plastic Petri dishes.
4. 15-cm YNBD agar plates: 1.34% yeast nitrogen base with ammonium sulfate

without amino acids, 4 × 10–5% biotin, 1% glucose, 1.5% agar. Air-dry in sterile
cabinet before use.

5. 15-cm YNBM agar plates: 1.34% yeast nitrogen base with ammonium sulfate
without amino acids, 4 × 10–5% biotin, 0.5% methanol, 1.5% agar. Air-dry in
sterile cabinet before use.

2.7. Cell Lysis and Filter Hybridization

1. 96-Well dot-blot manifold (Schleicher and Schuell “Minifold,” Keene, NH).
2. Vacuum pump.
3. Sterile 96-well microtiter plates with lids (Falcon).
4. Multichannel pipeters (20 and 200 µL max volume).
5. YPD broth (1% yeast extract, 2% peptone, 2% glucose)
6. Sterile toothpicks or loops.
7. Nitrocellulose sheets cut to fit dot-blot manifold (e.g., Schleicher and Schuell).
8. Solution I: 50 mM EDTA, 2.5% 2-mercaptoethanol, pH 9.0.
9. Solution II: 3 mg/mL zymolyase 100T. Make up fresh.

10. Solution III: 0.1 M NaOH, 1.5 M NaCl.
11. Solution IV: 2X SSC, stock 20X SSC + 3 M NaCl, 0.3 M sodium citrate, pH 7.0.
12. Whatman 3MM paper, cut to the same size as the nitrocellulose.
13. Hybridization probe for foreign gene. Label to high specific activity by 32P by

random-primed synthesis.

2.8. Preparation of Chromosomal DNA

1. YPD broth.
2. Sterile 250-mL conical flasks.
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3. SCED: SCE containing 10 mM dithiothreitol. Prepare by adding 1 M dithiothrei-
tol stock (store at –20°C) to SCE buffer (1 M sorbitol, 10 mM sodium citrate, 10 mM
EDTA; autoclave and store at room temperature) immediately before use.

4. Zymolyase-100T, 3 mg/mL. Make fresh.
5. 1% Sodium dodecyl sulfate (SDS).
6. 5 M potassium acetate, pH 8.9.
7. TE buffer: 10 mM Tris-HCl, pH 7.4, 0.1 mM EDTA.
8. Ribonuclease A (DNase-free), 10 mg/mL. Store at –20°C.
9. Isopropanol.

2.9. Southern Blot Analysis

1. Standard equipment and materials for DNA agarose electrophoresis, Southern
transfer, hybridization, and autoradiography.

2. Random-primed, 32P-labeled HIS4 hybridization probe (e.g., 0.6-kb KpnI frag-
ment from pPIC3). Optional: AOX1 probe (1.4-kb ClaI fragment from pPIC3).

3. PhosphorImager and cassettes.

2.10. Quantitative DNA Dot-Blot Hybridization

1. 96-Well dot-blot manifold (Schleicher and Schuell “Minifold” or similar).
2. Vacuum pump.
3. Nitrocellulose or nylon filters cut to fit dot-blot manifold.
4. 1 M NaOH.
5. 1 M HCl.
6. 20X SSC stock solution.
7. Random-primed, 32P-labeled hybridization probes for the foreign gene and for

ARG4 (0.75-kb BglII fragment, e.g., from plasmid pYM32).
8. PhosphorImager and cassettes.

3. Methods

3.1. G418 Selection Of Multicopy Transformants

G418 selection greatly facilitates the rapid isolation of multicopy
transformants for routine laboratory use (8). Because selection is from a large
pool of transformants, it can be used with electroporation, which gives a low
frequency of multicopy clones. This avoids the need for the much more labori-
ous spheroplast transformation method (which gives a much higher frequency
of multicopy clones). However, G418 cannot readily be used for direct selec-
tion because the level of resistance shows a dependence on plating density
above 105 cells/plate; cells must be selected at <105 cells/plate. Therefore, His+

colonies are first selected from an electroporation (total ~108 cells) on minimal
medium, and these are then pooled for a secondary selection on G418.

In practice, the electroporation/G418-selection method works best using
AOX1 integration (e.g., with SacI-digested vector) in the strain KM71 because
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of the two- to fourfold higher transformation frequencies (e.g., 1000–2000
colonies/µg) achieved with this strain. Using electroporation, we have found
the frequency of transplacement, i.e., transformation using BglII-cut vector, to
be 20-fold lower than this value.

1. Use standard electroporation protocol (Chapter 3) to transform KM71 or GS115
with digested vector.

2. Pool His+ colonies selected on YNBD plates by resuspending them in 2–3 mL
sterile YPD using a spreader.

3. Determine the cell density of the resuspended transformants using a hemocyto-
meter (typical values may be 5–50 × 108 cells/mL). Alternatively measure the
A600 (1 U ~ 5 × 107 cells/mL). Dilute the cell suspensions to a final density of
~106 cells/mL (typically 1000-fold).

4. Spread 100 µL of cell suspension (~105 cells) on each 9-cm YPD agar plate contain-
ing G418. Use a range of concentrations of G418, e.g., 0.5, 1.0, 1.5, or 2.0 mg/mL.

5. Incubate at 30°C. Resistant colonies should take 2–5 d to appear. The numbers of
resistant colonies drop off steeply above 0.5–1.0 mg/mL G418.

6. Pick several colonies for further analysis, e.g., a total of six including colonies
selected on the highest G418 concentration and a range of colonies from lower
G418 concentrations (see Note 1). Store as glycerols stocks at –70°C.

7. Analyze protein production from these representative transformants.
8. Determine the vector copy number in each transformant using Southern blot

analysis and/or quantitative DNA dot-blot hybridization (optional, see below).

3.2. Semiquantitative DNA Dot-Blot Screening of Lysed Cells
for Multicopy Transformants

In order to identify rare multicopy integrants, we have used a semiquantita-
tive DNA dot-blot technique applied to whole-cell lysates to screen several
hundred transformants grown in microtiter wells (6). This method involves
many more manipulations than G418 selection, but it does give a good initial
indication of the vector copy number. Therefore, we have found it most useful
in screening spheroplast transformants, which contain the highest proportion
of multicopy clones and, in particular, for distinguishing the very high copy
number “jackpot” clones (up to 30 copies) that can arise during transplacement.

3.2.1. Spheroplast Transformation

1. Use the standard spheroplast transformation protocol (see Chapter 3) to trans-
form GS115 with 20-µL digested vector (see Note 2).

2. Resuspend the regenerated His+ spheroplasts. Carefully remove the soft agarose
top layer containing the colonies using a sterile scalpel. Place in a 50-mL sterile
tube and vortex vigorously, adding 5–10 mL of sterile H2O until the agarose is
well broken. Allow the agarose to settle, and remove the supernatant containing
liberated cells. Determine the cell density using a hemocytometer or by spectro-
photometry (1 A600 = 5 × 107 cells/mL).
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3. Replate the transformants to single colonies on a YNBD agar plate (500–1000
colonies/plate). Incubate at 30°C for 2–3 d until colonies appear (see Note 3).

3.2.2. Picking, Growth, and Storage of Transformants
in Microtiter Wells

1. Pick individual colonies of His+ transformants from YNBD agar, using sterile
toothpicks or loops, into individual wells containing 200 µL YPD broth in a 96-
well microtiter (see Note 4).

2. Culture for 2 d in a 30°C static incubator.
3. Resuspend the cells that have settled to the bottom of each well by pipeting up and

down using a multichannel pipeter. Subculture by transferring 5 µL of each indi-
vidual microculture using a multichannel pipeter into 200 µL fresh YPD in a sec-
ond microtiter dish. Incubate for 1 d at 30°C and keep as a working stock (see Note 5).

4. Use the original microtiter well cultures to prepare frozen stocks (see Note 6).
Add 50 µL of sterile 75% glycerol to each well using a multichannel pipeter, and
mix by pipeting up and down. Tape down the lid of the microtiter plate, and
freeze by gradual cooling (overnight at –20°C and then store at –70°C).

3.2.3. Determination of Mut Phenotype of Gridded Transformants

We have found that the following method of determining Mut phenotype
gives very low rates of misclassification compared to replica plating. It is also
extremely convenient once the transformants are available as cultures in
microtiter wells.

1. Resuspend the cells in the microtiter well cultures by repeated pipeting up and
down using a multichannel pipeter.

2. Withdraw 2 µLof resuspended culture from each well, and spot on 15-cm Petri dishes
containing YNBD and YNBM agar. Recreate the original 96-well grid on each plate.
This volume of culture should be absorbed into the agar medium (see Note 7).

3. Incubate the plates at 30°C for 2 d. All transformants should show an even circu-
lar patch of growth on YNBD, but only Mut+ transformants should show signifi-
cant growth on methanol as carbon-source (YNBM; see Note 8).

3.2.4. Cell Lysis and Filter Hybridization

1. Resuspend the working microcultures thoroughly by pipeting up and down using
a multichannel pipeter, and then remove 50-µL aliquots and filter onto nitrocellu-
lose held in a 96-well filter manifold (see Note 9). Air-dry the filter.

2. In trays, set up stacks of four sheets of Whatman 3MM paper saturated with each of
solutions I–IV. Place each nitrocellulose filter sequentially on the stacks as follows:
a. Solution I, 15 min at room temperature;
b. Solution II, 3–4 h at 37°C (cover tray to minimize evaporation; see Note 10);
c. Solution III, 5 min at room temperature; and
d. Solution IV, 2 × 5 min at room temperature.

3. Air-dry the filters and bake under vacuum at 80°C.
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4. Hybridize to a probe consisting of the foreign gene DNA labeled with 32P using the
random-priming method. Multicopy integrants can be identified using autoradiogra-
phy by their stronger hybridization signal compared with the majority of single-copy
integrants (see Fig. 3). They arise typically at a frequency of 1–10% (see Note 11).

3.3. Quantitative Determination of Vector Copy Number
Using Purified DNA

In order to determine the absolute vector copy number, it is necessary to
isolate total DNA from transformed strains (see Note 12). Southern blot analy-
sis is then used to determine the chromosomal structure of integrated vector
DNA (site of integration, AOX1 or HIS4, vector copy number, and whether
AOX1 gene replacement has occurred). However, for accurate determination of
absolute copy number in multicopy strains, the quantitative DNA dot-blot
method is preferable. This method requires a known single-copy transformant,
identified by Southern blot analysis, as a control.

3.3.1. Preparation of Total DNA from P. pastoris

1. Prepare an overnight culture of each transformant (including a GS115 or KM71
control) by inoculating 50 mL of YPD broth and incubating at 30°C.

2. Harvest the cells by low-speed centrifugation (1500g for 10 min).
3. Wash the cells by resuspending in 10 mL sterile H2O and repelletting.
4. Resuspend the cells in 5 mL SCED. Add 100 µL of 5 mg/mL zymolyase, and

incubate for 1 h at 37°C to spheroplast the cells.
5. Add 5 mL 1% SDS, mix gently by inversion, and place on ice for 5 min.

Fig. 3. DNA dot-blot screen for multicopy transformants. The result of a screen of
GS115 Muts transformants using pPIC3 expressing the pertactin gene is shown (6). Faint
crescents are positive signals arising from single- or low-copy number transformants,
whereas rare transformants with very high copy numbers (12–30 copies) gave a much
more intense signal. GS115 (e11) was included as a negative hybridization control.
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6. Add 3.75 mL 5 M potassium acetate, pH 8.9, and mix gently.
7. Remove the precipitate by centrifugation (10,000g for 20 min).
8. Add 2 vol of ethanol to the supernatant and mix. Leave at room temperature for

15 min, and then harvest by centrifugation (10,000g for 20 min).
9. Drain the pellet well then redissolve in 3 mL TE; this may require gentle agita-

tion for several hours.
10. Remove undissolved material by centrifugation (10,000g for 10 min).
11. Add 15 µL 10 mg/mL RNase and incubate at 37°C for 30 min to digest RNA.
12. Add 1 vol of isopropanol slowly to form a separate layer. Mix gently so that the

DNA forms a fibrous precipitate at the interface.
13. Remove the DNA by “spooling” around a glass rod; then place into 250 µL TE

(see Note 13). Store at 4°C.

3.3.2. Southern Blot Analysis

Different combinations of restriction enzyme digestions and hybridization
probes can be used. However, for standard P. pastoris vectors, it is always infor-
mative to digest the chromosomal DNA with BglII and hybridize with a HIS4-
specific probe. The resulting Southern blots usually show two bands: a 2.7-kb
band corresponding to the HIS4 gene and a larger band equivalent to the HIS4-
containing BglII fragment of the expression vector (Fig. 4). A direct comparison
of the intensity of these two bands gives the copy number of the foreign gene; the
majority of transformants are expected to be single-copy and should give two
bands of similar intensity. (This is not an ideal method for absolute copy number
determination, since the efficiency of transfer of DNA depends on the fragment
size, and in some transformants, the BglII sites can be lost so that the larger frag-
ment has a much larger size than expected; see Fig. 4.) For a detailed example of
the analysis of transformants using BglII-cut DNA, see ref. 5 and Chapter 13.

1. Digest 20 µL of DNA from each transformant with BglII in a 50-µL reaction.
Include a control digest of GS115 DNA.

2. Load each digest onto a 0.6% agarose gel alongside radiolabeled markers, sepa-
rate by electrophoresis, and transfer to a nylon membrane using a standard South-
ern blotting protocol.

3. Prepare a 32P-labeled HIS4 probe (e.g., the 0.6-kb KpnI fragment of HIS4) by
random primed labeling.

4. Hybridize using a standard protocol and visualize by autoradiography.
5. In order to determine the vector copy number, compare the intensity of the native

HIS4 gene fragment (2.7 kb) to that of the vector BglII fragment using a
PhosphorImager (see Note 14).

3.3.3. Quantitative Dot-Blot Hybridization Using Purified DNA
for Vector Copy Number

This method compares the hybridization signal for the foreign gene in equal
amounts of chromosomal DNA from different transformants. It is totally
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dependent on having an accurate control for the amount of DNA, e.g., hybrid-
ization to the ARG4 gene (any other chromosomal DNA could be used), and
having a known single-copy transformant to calibrate the copy number in other
transformants.

1. Denature 10 µL of chromosomal DNA by adding 2.5 µL 1 M NaOH and incubat-
ing for 15 min. Place on ice, neutralize by adding 2.5 µL of 1 M HCl, and then
dilute with 175 µL 10X SSC.

2. For each transformant under test, apply three 30-µL aliquots to three separate
wells of a dot-blot manifold fitted with a nitrocellulose filter (presoaked in 10X
SSC), and use vacuum to draw the samples through. Wash through with 300 µL
2X SSC, remove the filter, air-dry, and bake under vacuum at 80°C for 2 h. Repeat
this entire procedure with a separate filter in order to prepare a duplicate.

3. Generate two probes: one specific to the foreign gene and one to ARG4 (e.g.,
0.75-kb BglII fragment from pYM32), which is used as an internal control for
the amount of chromosomal DNA. Radiolabel each probe by incorporation of

-[32P]-ATP by random-primed synthesis.

Fig. 4. Southern blot analysis of chromosomal DNA from different P. pastoris Muts

(A) or Mut+ (B) integrant clones expressing tetanus toxin fragment C from a
transplacement transformation. The DNA was cut with BglII, and the filter hybridized
with an HIS4 probe. For the Muts transformants, this gave the expected two bands: a
2.7-kb band containing the chromosomal his4 gene and a 6.8-kb band containing the
fragment C gene and the wild-type HIS4 gene. In single-copy transformants (A, lanes
3, 5, 7, 11), these have the same intensity, whereas in multicopy transformants, the
intensity of the 6.8-kb band is greater. Densitometer scanning of the blot or quantita-
tive dot-blot hybridization analysis was used to determine the precise copy numbers.
(In some clones [A, lanes 1, 2, 6, 9, 12; B, lane 7] bands larger than 6.8 kb can be seen,
which are consistent in size with loss of one or more BglII sites, possibly owing to
exonucleolytic trimming prior to integration.) Identical patterns are usually seen for
Mut+ transformants from “transplacements,” except that some clones have vector frag-
ments integrated at his4, so that the 2.7-kb fragment is increased in size (B, lanes 1, 2, 3).
For further analysis of these clones, see Chapter 13.
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4. Following hybridization and washing under standard conditions, quantitate the
radiolabel in each spot using a PhosphorImager (see Note 17), averaging the trip-
licate spots. Determine the ratio of foreign gene/ARG4 counts for each
transformant. Divide the ratio for each transformant by that for the known single-
copy strain in order to determine the absolute foreign gene copy number.

4. Notes
1. Although G418 selection is effective in isolating multicopy transformants, expe-

rience has shown that it is not possible to make comparisons of copy number for
transformants selected at the same G418 concentration in different experiments.
The reason for this is not clear. In addition, we find that transformants with five
to seven copies can be selected at the highest practical concentrations of G418
(2–4 mg/mL), so it is not possible to differentiate higher copy numbers.

2. We have found the proportion of multicopy transformants to be variable, although
it is likely to correlate with the amount of DNA used in transformations. We use
10 or 20 µg/transformation. The number of transformants is typically: 5000 for
SacI-cut DNA, 1000 for BglII-cut DNA; the same amount of the replicating vec-
tor pHILA1 typically yields 10,000–20,000 transformants. However, spheroplast
transformation of P. pastoris requires some skill, and frequencies can be much
lower. Critical factors are the degree of spheroplasting and the source of polyeth-
ylene glycol used (we have found better results with Fisher Scientific grade PEG
3350 than with other sources).

3. If applying G418 selection following spheroplast transformation, then plate out
on G418-containing YPD agar as described in Subheading 3.3.

4. We test from one to four 96-well plates/transformation. Ideally, reserve wells for
the following strains: untransformed GS115, a Muts strain (e.g., KM71), and a
known single-copy transformant. These will be useful as controls in subsequent
analysis of the Mut phenotype and copy number.

5. Working stock cultures in 96-well plates remain viable for 2 wk at 4°C. However,
note that only freshly grown cells are readily digested by zymolyase.

6. This is a very convenient way of storing the transformants in gridded format;
clones can remain viable for several years.

7. Plates should be well dried so that the spotted aliquot of cells is rapidly absorbed.
8. Muts transformants will also show growth on prolonged incubation.
9. For this procedure, it is essential that the cultures are both of uniform density and

sufficiently fresh to be readily lysed using zymolyase prior to dot-blot hybridiza-
tion. Older cells are not readily lysed. Therefore, either use fresh 96-well cul-
tures, or subculture again by inoculating 200 µL of YPD with 5 µL of stored
culture and incubating overnight.

10. Failure to lyse the cells can occur at this step if lower concentrations of zymolyase
(we use 3 mg/mL) are used. If necessary, the filters can be incubated overnight.

11. Transformations using BglII-cut DNA appear to give a higher proportion of
multicopy transformants compared to, for example, SacI-cut DNA. A significant
proportion (~25% of total) of the His+ colonies are not true transformants and do
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not express foreign protein, but prescreening for the Muts phenotype eliminates
all nonexpressers. Since Muts transformants comprise 5–25% of the starting num-
ber, and the frequency of “jackpot” clones among them is typically 1–10%, as
few as 1/1000 of the original number of His+ colonies are multicopy Muts clones.
Very high copy number “jackpot” clones also occur in the Mut+ transformants.
We have limited evidence that cotransformation with uncut plasmid increases the
frequency of multicopy clones among the Muts population.

12. A potential rapid alternative method for copy number determination is described
in Chapter 13. This method measures the degree of G418 sensitivity of a kanr

vector transformant in a growth-inhibition assay. We found that sensitivity corre-
lated accurately with vector copy number in a random selection of transformants,
allowing us to identify rapidly a complete 1–12 copy number series for optimiza-
tion of HIV-1 ENV expression (8). Note that this is different from G418 selec-
tion, which did not give this clear correlation.

13. The spooling technique, which yields very pure DNA, may not work if the DNA
is too dilute. As an alternative, extract with phenol/chloroform, then chloroform/
isoamyl alcohol after RNase treatment, and then ethanol-precipitate as usual.

14. An alternative to a PhosphorImager is to excise the band or spot, and quantitate by
scintillation counting, or else to autoradiograph and then quantitate by densitometry.
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Isolation of Nucleic Acids

David J. Miles, Katie Busser, Christine Stalder,
and David R. Higgins

1. Introduction
Thorough characterization of recombinant strains of Pichia pastoris requires

analysis of genomic DNA and RNA. The protocols in this chapter describe
methods for isolation of high-quality genomic DNA suitable for hybridization
experiments, crude genomic DNA suitable for use as a PCR template, and total
RNA suitable for a wide range of transcriptional analyses. They are based on
standard protocols developed for Saccharomyces cerevisiae and have been
modified by ourselves or others for P. pastoris.

Southern analysis of genomic DNA has been relied on to determine details
of recombinant P. pastoris strains. Using appropriate probes and restriction
enzymes, the presence and genomic location of the gene of interest can be
verified. The number of copies of the gene integrated can be estimated by an
increase in molecular weight of the DNA fragment released by restriction
enzymes with sites flanking the integration site or by increase in signal inten-
sity by slot-blot hybridization. In addition, it is possible to distinguish strains
in which the gene of interest has been incorporated into the genome via a single
integration event transplacing host sequences or by gene replacement removing
host sequences (e.g., replacement of AOX1 coding sequences with the gene of
interest to produce a strain with an Muts phenotype).

PCR is a powerful tool that can be used to screen many clones rapidly at once
for the presence of heterologous sequences as well as to verify strain phenotypes
(e.g., Mut+ vs Muts strains) and has become the method of choice for selection of
clones following transformation for subsequent expression analysis.

RNA hybridization (Northern) experiments may be helpful in understand-
ing why some constructions do not express a heterologous protein in P. pastoris.
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For example, higher eukaryotic genes frequently contain AT-rich regions that
may be recognized by 3'-RNA processing enzymes in P. pastoris resulting in
truncation of the mRNA (1). Such aberrant mRNA processing sites can be iden-
tified by Northern blotting and corrected by introducing silent changes in the
DNA to break up AT-rich regions.

2. Materials
2.1. Isolation of High-Quality Genomic DNA

1. YEPD liquid medium: 1% yeast extract, 2% peptone, 2% dextrose. Medium
should be autoclaved for 20 min and is stable at room temperature for months.

2. Deionized, water sterilized by autoclaving for 20 min.
3. SZB: 2.3 mL of sterile, deionized water, 12.5 mL of 2 M sorbitol, 2.5 mL of 1 M

sodium citrate, and 7.5 mL of 0.2 M EDTA. Sterilize by autoclaving for 20 min
and store at room temperature. Just prior to use, add 15 mg of Zymolyase 60,000
(Seikagaiku America, Inc., Rockville, MD) and 0.2 mL 2-mercaptoethanol.

4. Triton X-100.
5. SDS-TE: 5 mL of 10% SDS, 2.5 mL of 1 M Tris-HCl, pH 8.0, 0.125 mL of 0.2 M

EDTA, and 17.4 mL of sterile, deionized water. This solution is stable at room
temperature for several months.

6. 5 M potassium acetate sterilized by autoclaving for 20 min.
7. 5 M ammonium acetate sterilized by autoclaving for 20 min.
8. 100% Isopropanol chilled to –20°C.
9. 80% Ethanol chilled to –20°C.

10. 10 mg/mL RNaseA.
11. 5 M sodium chloride acetate sterilized by autoclaving for 20 min.
12. 20 mg/mL pronase (Sigma, St. Louis, MO).
13. Buffer-saturated phenol (2): Melt phenol crystals in a 68°C water bath. Hydroxy-

quinoline may be added to 0.1% to slow oxidation, partially inhibit RNases, and
act as a metal ion chelator. Adjust the pH of the phenol to >7.8 by repeated
extraction with an equal volume of 0.1 M Tris-HCl, pH 8.0 (measure pH using
pH paper). When the phenol is equilibrated to >pH 7.8, add 0.1 vol of 0.1 M Tris-
HCl, pH 8.0, containing 0.2% 2-mercaptoethanol. The equilibrated phenol is
stable at 4°C in a dark container for ~1 mo.

14. A 25:24:1 mixture of buffer saturated phenol, chloroform, and isoamyl alcohol.
15. 100% Ethanol chilled to –20°C.
16. TE: 10 mM Tris-HCl, pH 8.0, 1 mM EDTA sterilized by autoclaving for 20 min.
17. 65°C Water bath.
18. 37°C Water bath.
19. A microscope and slides.

2.2. Preparation of Crude Genomic DNA for PCR
1. Sterile, deionized water.
2. 1 mg/mL Zymolyase 60,000 (Seikagaiku America, Inc.) in sterile, deionized

water. This solution should be prepared fresh just prior to use.
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3. 30°C water bath.
4. 10X buffer for PCR (usually provided by vendor with Taq DNA polymerase).
5. 25 mM magnesium chloride sterilized by passing through 0.22-µ filter.
6. 100 mM dNTP mix: Combine equal volumes of 100 mM solutions of dATP, dCTP,

dGTP, and TTP to make a final solution that is 25 mM with respect to each dNTP.
7. Primers for analytical PCR: In general, these do not need to be purified by HPLC

or gel electrophoresis. They are maintained in sterile, deionized water at 100 ng/µL.
8. Mineral oil may be required depending on the type of thermocycler used for PCR.
9. Taq DNA polymerase diluted to 0.16 U/µL in 1X reaction buffer.

10. 30°C Water bath.
11. Thermocycler.

2.3. Isolation of Total RNA

1. YEPD liquid medium.
2. AE buffer: 50 mM sodium acetate, pH 5.3, 10 mM EDTA. This buffer should be

sterilized before use by autoclaving for 20 min.
3. 10% SDS.
4. Buffer-saturated phenol (see Subheading 2.1., item 13).
5. A dry-ice/ethanol bath.
6. A 1:1 mixture of buffer-saturated phenol and chloroform.
7. 3 M sodium acetate, pH 5.3, sterilized by autoclaving for 20 min.
8. 100% Ethanol chilled to –20°C.
9. 80% Ethanol chilled to –20°C.

10. Diethyl pyrocarbonate- (DEPC) treated water: add 0.1% DEPC to deionized
water, and stir at room temperature overnight. Inactivate the DEPC by autoclav-
ing for 20 min.

11. 250-mL sterile shake flasks with cap or stopper.
12. Sterile microcentrifuge tubes.
13. 65°C Water bath.

3. Methods

3.1. Isolation of High-Quality Genomic DNA

The protocol described here for the isolation of high-quality genomic DNA
from P. pastoris was developed originally for S. cerevisiae (3). The typical
yield is between 30 and 100 µg from a 10-mL culture sample. Figure 1A shows
3 µg of undigested, genomic DNA electrophoresed on a 1% agarose gel (lane 1).
Nuclease contamination and shear are factors that can reduce the quality of
genomic DNA. See Note 1 for a discussion.

1. Inoculate 50 mL of liquid YEPD with a single colony in a 250-mL sterile, shake
flask. Incubate overnight at 30°C with vigorous shaking. By morning, the culture
should have reached stationary phase and have a density of ~108 cells/mL (~5–10
OD600 U/mL).
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2. Transfer 10 mL of the overnight culture to a disposable centrifuge tube (e.g.,
Falcon 2059 [Fisher Scientific, Pittsburgh, PA]) and centrifuge at 2500g (usually
about 3500 rpm in a tabletop centrifuge) for 5 min.

3. Resuspend cells in 1 mL sterile, deionized water and transfer them to a sterile
microcentrifuge tube.

4. Remove the cell walls to generate spheroplasts as follows. Centrifuge the resus-
pended cells for 20–30 s in a microcentrifuge and resuspend in 0.15 mL freshly
prepared SZB. Incubate in a 37°C water bath for 30–40 min, shaking occasion-
ally. After 20 min, check the cells for spheroplasting by adding 5 µL of the sample
to a drop of 5% Triton X-100 on a microscope slide and check for lysed cells.
These will appear to be like “ghosts” relative to unlysed cells. When >80% of the
cells are spheroplasted (i.e., lyse in Triton X-100), proceed to the next step.

5. Lyse the spheroplasts by adding 0.15 mL of the SDS-TE solution. Vortex briefly
and incubate in a 65°C water bath for 5–10 min.

6. Precipitate proteins and cellular debris by adding 0.15 mL of 5 M potassium
acetate. Vortex briefly and incubate on ice for 30–45 min.

7. Centrifuge the precipitated material away from nucleic acids in solution in a
microcentrifuge at maximum speed for 15 min. Transfer 0.3–0.4 mL of the super-
natant to a fresh microcentrifuge tube. Discard the pellet.

8. Precipitate the nucleic acids by adding 0.2 mL of 5 M ammonium acetate and 1 mL
of 100% isopropanol chilled to –20°C. Hold at –20°C for 10 min or overnight.
This is a good point to hold the procedure if necessary.

9. Centrifuge the nucleic acids at maximum speed for 5 min at 4°C. Pour off and
discard the supernatant, recentrifuge for a few seconds, and remove trace super-
natant with a micropipet. Dry the pellet lightly under a vacuum.

Fig. 1. Lane A1, 3 µg of undigested genomic DNA was electrophoresed through a
1% agarose-TAE gel. Lane B2, 25% of the total RNA isolated from a 10-mL culture
was electrophoresed through a 1% agarose-TAE gel. Lanes C3 and C4, polyadenylated
RNAs isolated using a commercial kit (Invitrogen Corporation, Carlsbad, CA) were
electrophoresed through a 1% agarose-TAE gel. M lanes contain DNA mol-wt markers.
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10. Redissolve the pellet in 200 µL of sterile, deionized water. Remove most of the RNA
by adding 2 µL of 10 mg/mL RNaseA. Incubate in a 37°C water bath for 10 min.

11. The next two steps help remove any remaining proteins associated with the
genomic DNA. Add 4 µL of 5 M sodium chloride and 2 µL of 20 mg/mL pronase.
Incubate in a 37°C water bath for 10 min.

12. Extract the sample by adding 200 µL of buffer-saturated phenol and vortex for 20 s.
Separate the aqueous and organic phases by centrifugation at maximum speed for
5 min. Transfer the upper aqueous phase to a fresh microcentrifuge tube.

13. Extract the sample again with 200 µL of 25:24:1 phenol:chloroform:isoamyl
alcohol. Vortex for 20–30 s, and centrifuge at maximum speed for 5 min. Again,
carefully transfer the upper, aqueous phase to a fresh microcentrifuge tube. Leave
any apparent interface behind with the organic phase.

14. Add 0.1 vol (20 µL) of 3 M sodium acetate, pH 5.3, and 2.5 vol (500 µL) of 100%
ethanol chilled to –20°C. Hold at –80°C for 30 min or overnight at –20°C. Cen-
trifuge the DNA at maximum speed for 10 min at 4°C. Rinse the pellet with 80%
ethanol chilled to –20°C, and centrifuge again for 5 min. Discard the supernatant,
and centrifuge again for a few seconds. Remove trace amounts of the supernatant
with a micropipet. Allow to air-dry for a few minutes at room temperature.

15. Dissolve the DNA pellet in 25–50 µL of TE, and store at 4°C (see Note 2 for
comments on storage of genomic DNA).

3.2. Preparation of Crude Genomic DNA Template for PCR

This method, first described by Linder et al. (4), is particularly useful
because single colonies or liquid culture can be used as starting material. It
relies on treatment with zymolyase to weaken the cell wall followed by a
freeze-and-heat cycle to release the genomic DNA in a crude lysate. This
template is suitable for PCR using “hot-start” conditions where the reaction
components are heated to 95°C before addition of the thermostable DNA
polymerase. In addition, the procedure does not require an extraction step, so
the investigator is not exposed to phenol or chloroform and can process many
samples in parallel.

1. Streak cells for single colonies on selective agar medium. With a sterile toothpick
or pipet tip, pick a single, well-isolated colony, and resuspend the cells in 10 µL
sterile, deionized water in a microcentrifuge tube (see Note 3 for use of liquid
cultures as starting material).

2. Add 5 µL of 1 mg/mL Zymolyase 60,000 to each cell suspension. Vortex briefly
and incubate in a 30°C water bath for 10 min.

3. Freeze the samples at –80°C for 10 min or immerse closed tubes containing the
samples in liquid nitrogen for 1 min.

4. Prepare a hot-start PCR in a tube appropriate for the thermocycler to be used. A
50-µL reaction should include 5 µL of 10X reaction buffer, 5 µL of 25 mM mag-
nesium chloride, 1 µL of 100 mM dNTP mix, 1 µL of each primer (100 ng/µL),
and 27 µL of sterile, deionized water.
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5. Add 5 µL of each crude lysate sample to the reaction mixture, vortex briefly, and
overlay with 20 µL of mineral oil if required for the thermocycler.

6. Place the PCR samples into the thermocycler, and heat them to 95°C for 5 min.
7. Add 5 µL of 0.16 U/µL of Taq DNA polymerase to each reaction.
8. Use a temperature cycling program that repeats the following steps 30 times:

95°C for 1 min to denature the template, 54°C for 1 min to anneal the primers and
template, 72°C for 1 min to extend the primers along the template. Add a final
extension step to the thermocycler program to incubate the samples at 72°C for
10 min (see Note 4 for cycling parameters for longer templates).

9. Analyze 10 µL of each PCR sample by agarose gel electrophoresis. These samples
may be stored at 4°C for a few days.

3.3. Isolation of Total RNA

This total RNA isolation method was originally described by Sherman et al.
(5) and is a standard method for S. cerevisiae. Glass beads are used to break
open the yeast cells in the presence of phenol to inactivate ribonucleases
(RNases). Schmitt et al. (6) modified this protocol substituting heating and
freezing for the glass beads to break open the cells. This rapid protocol is suit-
able for isolation of total RNA from many samples in parallel. Typical yields of
RNA range from 5–10 mg from a 10 mL culture. In Fig. 1B, 25% of the RNA
isolated was separated on a 1% agarose gel. Total RNA may be used for isolation of
polyadenylated RNA with a variety of commercially available kits (see Note 5). As
a rule, the yield of polyadenylated RNA is between 1 and 3% of the total RNA.

1. Inoculate 50 mL of liquid YEPD with a single colony in a 250-mL sterile shake
flask. Incubate overnight at 30°C with vigorous shaking. By morning, the culture
should have reached stationary phase and have a density of ~108 cells/mL (~5–10
OD600 U/mL).

2. Transfer 10 mL of the overnight culture to a disposable centrifuge tube (e.g.,
Falcon 2059 [Fisher Scientific, Pittsburgh, PA]) and pellet the cells by centrifu-
gation at 2500g (usually about 3500 rpm in a tabletop centrifuge) for 5 min.

3. Resuspend the pelleted cells in 400 µL AE buffer, and transfer them to a sterile
microcentrifuge tube.

4. Add 40 µL of 10% SDS and vortex for ~20 s.
5. Add 500 µL of buffer-saturated phenol and vortex for ~20 s.
6. Place the mixture in a 65°C water bath for 4 min.
7. Quickly transfer the mixture from the 65°C water bath to a dry-ice/ethanol bath

for 1 min or until phenol crystals begin to appear.
8. Separate the aqueous and organic phases by centrifugation for 2 min in a

microcentrifuge at maximum speed.
9. Transfer the upper aqueous phase to a fresh tube.

10. Add an equal volume of 1:1 phenol-chloroform and vortex for ~20 s.
11. Again, separate the aqueous and organic phases by centrifugation for 2 min in a

microcentrifuge at maximum speed.
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12. Transfer the upper aqueous phase to another fresh tube.
13. Precipitate the RNA by adding 0.1 vol (40 µL) of 3 M sodium acetate, pH 5.3, and

2.5 vol (1 mL) of 100% ethanol chilled to –20°C. Mix by inverting several times.
14. Centrifuge the precipitated RNA at 4°C in a microcentrifuge for 15 min at maxi-

mum speed.
15. Remove the ethanol, and wash the pellet with 80% ethanol chilled to –20°C.
16. Centrifuge for 5 min at maximum speed, and discard the ethanol.
17. If polyA RNA is to be purified from this total RNA using a commercial kit, resus-

pend the pellet in 100 µL of the buffer recommended for that kit. For total RNA,
resuspend in 20 µL of DEPC-treated water. Total RNA may be stored indefinitely
at –80°C (see Note 6).

4. Notes
1. Significant sources of DNases are reagents, containers, water baths, and the hands

of the investigator. Use of ultrapure or molecular biology-grade reagents and ster-
ile, deionized water will minimize DNase contamination in reagents. When pos-
sible, use fresh plastic-ware instead of glassware as containers, and make sure
that samples are closed tightly when placed in water baths. The investigator
should wear gloves at all times to avoid contaminating the samples. In addition,
high-quality genomic DNA should be treated very gently to minimize damage by
shearing forces. The product should never be vortexed and wide-bore pipets
should be used whenever possible.

2. Repeated freeze–thaw cycles will break genomic DNA reducing the overall qual-
ity of hybridization studies, such as Southern analysis. DNA prepared with this
procedure is quite stable when stored at 4°C.

3. Liquid cultures grown to stationary phase in YEPD or a selective medium may be
used as a starting material for this procedure. Add 1 µL of the liquid culture to 9 µL
sterile, deionized water in a microcentrifuge tube and continue at Subheading 3.2.,
step 2. Colonies on plates may be stored at 4°C for several weeks before analysis. In
contrast, cells in liquid cultures stored at 4°C without shaking must be used within 3 d.

4. The cycling parameters given are adequate for targets up to 2000 bp. It is neces-
sary to increase the extension time at 72°C for longer template targets.

5. Total RNA isolated with this procedure makes an excellent starting material for
many commercially available kits for isolation of polyadenylated RNA. An example
of polyadenylated RNA isolated from total RNA is shown in Fig. 1C. Samples in
lanes 3 and 4 were isolated from total RNA using Invitrogen’s FastTrack™ Kit.

6. Long-term storage at –80°C minimizes the activity of RNases that may remain
after the procedure. Repeated freeze-thaw cycles should be avoided but generally
are not as damaging to RNA as they are to large, genomic DNA.
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Generation of Protease-Deficient Strains
and Their Use in Heterologous Protein Expression

Martin A. G. Gleeson, Christopher E. White, David P. Meininger,
and Elizabeth A. Komives

1. Introduction
In optimizing expression of heterologous protein, the issue of proteolysis is

often an important factor, since many peptides and proteins are susceptible to
degradation by proteases produced in the host organism. In such cases even if
the protein product is expressed at high levels, overall yield can be drastically
reduced through proteolysis, which not only reduces the amount of intact
material but also complicates the recovery process. The use of protease-defi-
cient strains has been shown to be a successful approach to improve the yield
of fully active, expressed proteins in both Saccharomyces cerevisiae and
Escherichia coli (1,2). Proteolysis can occur during expression or during the
first stages of purification. Certainly, expression of intracellular proteins, which
requires cell lysis for purification, will result in their exposure to proteases.
Similarly, secreted proteins will be exposed to vacuolar proteases through cell
lysis that occurs during growth in the fermentor. Consequently, production of
many proteins, particularly heterologously expressed proteins, depends on the
amount of proteolytic activity they are exposed to during expression and puri-
fication, and the use of strains that are deficient in proteases can significantly
improve overall yields.

The proteolytic activities of the yeast S. cerevisiae have been characterized
in detail (3), and they appear to be similar in Pichia pastoris. Most proteolytic
activities in the yeast cell are contained within membrane-bound vacuoles. Pro-
teinase A, a vacuolar, aspartyl protease, is encoded by the S. cerevisiae PEP4
gene, which is capable of self-activation, as well as subsequent activation of
additional vacuolar proteases, such as carboxypeptidase Y and proteinase B.
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Carboxypeptidase Y appears to be completely inactive prior to proteinase
A-mediated proteolytic activation. Proteinase B, encoded by the PRB1 gene
in S. cerevisiae, is approx 50% bioactive in its precursor form, prior to
activation by proteinase A. Consequently, a strain deficient in protease A is
also lacking carboxypeptidase Y activity as well as partially deficient in
protease B activity. In generating the P. pastoris protease-deficient strains,
comparisons showed that P. pastoris had a similar genotype and phenotype
with regard to the PEP4 gene. Comparing pep4 strains of S. cerevisiae to P.
pastoris, similar reduction in the activities of carboxypeptidase Y and protein-
ase A are seen (4). As with the protease-deficient strains of S. cerevisiae, the
protease-deficient strains of P. pastoris are not as robust as the wild-type strains,
and require greater care in growth and storage.

In this chapter, two protocols are described. The first is a protocol for re-engi-
neering an expression strain, converting it to a pep4 genotype. An example of the
utility of this approach is given in Chapter 11, where the overall productivity of
an IGF-expressing strain was significantly enhanced in a pep4 strain. The sec-
ond protocol describes expression of secreted proteins from the pep4 strain,
SMD1168. For expression of thrombomodulin fragments, utilization of the
pep4 strain of P. pastoris has proven to be the only method for large-scale
production of active protein. No thrombomodulin activity was detected when
expressed in a wild-type host. The C-terminal “tail” of the protein is essential
for activity, and it is thought that carboxypeptidase Y activity is responsible for
loss of activity in wild-type cultures. Improvements in yield of 5–10-fold for
proteins expressed in the pep4 strain include nitrate reductase (N. Crawford,
unpublished) and a fusion protein composed of coagulation factor X and the
cellulose-binding protein (M. Guarna, unpublished). In other recently described
work, Weiss et al. utilized the SMD1163 strain to produce the 5-HT5A receptor.
These researchers report improvements in yield of 28-fold (5). Thus, the utility of
the pep4 strain for production of protease sensitive proteins is well established.

2. Materials
2.1. Yeast Strains

1. P. pastoris: GS115 (his4) and SMD1168 (his4 ura3 pep4::URA3). Both are avail-
able from Invitrogen (Carlsbad, CA).

2. S. cerevisiae: DBY747 (control PEP4 strain) (a his3-D1 leu2–3 leu2–112 ura3–
52 trp1–289 gals, can1 CUP; 20B12 (control pep4 strain) (a pep4–3 trp1).

3. Both are available from the yeast genetic stock Culture Collection.

2.2. Plasmids

The expression plasmid pPIC9K(tm45) consists of the gene for a
thrombomodulin fragment cloned into the expression plasmid pPIC9K (6). The
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disruption plasmid pDR421 contains an internal portion of the P. pastoris PEP4
gene, which, when introduced into the P. pastoris genome at the PEP4 locus,
results in two incomplete and nonfunctional copies of the PEP4 gene. To con-
struct pDR421, the URA3 gene of P. pastoris was cloned into a pUC19 vector
carrying a 450-base pair internal portion of the PEP4 gene (Fig. 1). This plas-
mid contains a bacterial origin of replication and an ampicillin resistance gene
for routine subculture and maintenance in E. coli. Selection for transformation
in P. pastoris is provided by the URA3 gene. There is a unique BglII site in the
middle of the PEP4, fragment which is convenient for linearizing the plasmid
to direct integration into the PEP4 locus of P. pastoris.

2.3. Media and Culture Vessels

1. YPD: 1% yeast extract, 2% peptone, 2% dextrose. For solid media, add 2% agar.
2. SD: 0.67% yeast nitrogen base (without amino acids), 2% dextrose, 2% agar.
3. 5-FOA plates: 0.67% yeast nitrogen base (without amino acids), 2% dex-

trose, 750 mg/L 5-fluoroorotic acid (PCR Inc., Gainsville, FL), 48 mg/L
uracil, 2% agar.

4. MM (minimal growth medium): 20 mM potassium phosphate, pH 6.0, 10%
casamino acids, and 10% yeast nitrogen base (both from Difco Laboratories,
Detroit, MI), and 0.4 µg/L biotin from Fisher Biotech (Pittsburgh, PA). The
medium is supplemented with 1–2% glycerol or 2% methanol as carbon source.
A rich medium containing 1% yeast extract, 2% peptone, and 2% glucose is
supplemented with 15% glycerol for frozen storage of yeast strains. All carbon
sources are from Fisher Chemicals.

5. Shake-flask cultures are grown in 0.2–1-L volumes in 4-L baffled flasks for maxi-
mum aeration. Small cultures are grown in borosilicate glass culture tubes (25 ×
150 mm) covered with four layers of cheesecloth (all from Fisher).

6. Fermentation is in a BioFlo 3000 fermentor (New Brunswick Scientific, Edison, NJ).
7. Basal salts medium: 13.3 mL phosphoric acid, 14.3 g potassium sulfate, 2.3 g

calcium sulfate·2H2O, 11.7 g magnesium sulfate·7H2O, 40 mL glycerol, 3.9 g
potassium hydroxide/L, 4 mL/L PTM salts (see step 8), and 4 mL/L biotin
solution (25 mg biotin to 100 mL of 0.02 M NaOH). Ammonium hydroxide,
which is used as the base as well as the nitrogen source in the fermentation, is
from Fisher Chemicals.

8. PTM salts: 2 g cupric sulfate·5H2O, 0.08 g sodium iodide, 3 g manganese sulfate,
0.2 g sodium molybdate·2H2O, 0.02 g boric acid, 0.5 g cobalt chloride, 7 g zinc
chloride, 22 g ferrous sulfate·7H2O, and 5 mL sulfuric acid/L of H2O (see Note 1).

9. The fermentation requires periodic addition of small amounts of Antifoam 289
(Sigma, St. Louis, MO).

2.4. Protein Purification

Purification of the protein is by adsorption onto QAE Sephadex A-120
(Sigma) equilibrated with 50 mM morpholinesulfonic acid (Fisher Chemicals).
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2.5. Transformation
1. The transforming DNA (15 µg of fresh maxi prep) is linearized using 15 U of the

restriction enzyme, BglII, from New England Biolabs (Beverly, MA) and puri-
fied with GENECLEAN (Bio 101 Inc., Vista, CA).

2. Spheroplast transformation requires Zymolyase T20 from ICN Chemicals (Costa
Mesa, CA) and D-sorbitol and dithiothreitol, both from Fisher Chemicals.

2.6. Southern Blot
1. 10X TE buffer (for cell breakage): 10 mM Tris-HCl, 10 mM EDTA, pH 7.4.
2. Cells are placed in 12 × 75-mm glass tubes containing 0.5 g of 425–600 mm acid-

washed glass beads from Sigma.
3. Preparation of the probe and detection is done using the GENIUS kit (Boehringer–

Mannheim, Indianapolis, IN).

2.7. Carboxypeptidase Y APNE Overlay Assay
1. YPD plates.
2. Overlay reagent: 40% dimethylformamide, 0.6% agar, 1.2 mg/mL N-acetyl D/L-

phenylalanine -naphthyl ester (APNE) from Sigma Chemicals. Prepare fresh
and hold molten agar solution at 50°C.

3. Fast Garnet GBC salt (5 mg/mL) from Sigma in 100 mM Tris-HCl, pH 7.4.

2.8. Protease A Assay
1. 1% acid denatured hemoglobin: Dissolve 1.25 g hemoglobin (Sigma) in 50 mL

water; dialyze against water 3 × 3 L over ~24 h at 4°C (use dialysis tubing with a

Fig. 1. Restriction map of the PEP4 disruption vector pDR421.
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molecular weight cutoff of 12,000–13,000). Add 1 N HCl to pH 1.8, incubate for
1 h at 35°C, adjust to pH 3.2 with 1 M NaOH, and bring the volume to 62.5 mL
with water (aliquots of this 2% solution can be stored at –80°C). On day of use,
mix with 62.5 mL 0.2 M glycine-HCl, pH 3.0.

2. 1 N perchloric acid.
3. 0.5 M NaOH.
4. 2% Na2CO3 in 0.1 M NaOH.
5. 1% CuSO4 · 5H2O.

3. Methods
3.1. Re-Engineering of an Expression Strain by Disruption
of the PEP4 Locus

3.1.1. Growth and Maintenance of pep4 Strains

P. pastoris strains and transformants are propagated in rich medium (YPD)
with rapid shaking at 30°C. The pep4 strains of P. pastoris are not stable when
stored for more than a few weeks at 4°C on a plate or more than a few months
on a slant. However, pep4 strains are stable for several years when stored in
rich medium with 15% glycerol at –70°C.

3.1.2. Isolation of Spontaneous ura3 Mutants

The approach taken to disrupt the pep4 gene of an established expression
strain is to first isolate a spontaneously arising ura3 mutant of the strain,
and then transform this variant with a pep4 disruption vector. Isolation of
spontaneously arising ura3 mutations is facilitated by selecting for resis-
tance to 5-fluoro-orotic acid (5FOA). 5FOA is an analog of a uracil, bio-
synthetic pathway intermediate. When metabolized it is converted to
5-fluoro uracil which is toxic to the cell (7). Cells that carry an inactivating
mutation at the URA3 locus are resistant to 5FOA as well as having an
absolute requirement for uracil. A vector that carries the URA3 gene can be
used for functional complementation and transformation of the strain. In
this way a strain already developed to express a heterologous protein at
high levels can be re-engineered using a pep4-disruption vector to reduce
the effects of proteases. The steps involved in identifying a suitable sponta-
neous ura3 mutant include selection of 5FOA-resistant colonies, identifi-
cation of stable uracil auxotrophs, crossing strains to designate
complementation groups, and transformation.

1. Inoculate a fresh colony of the desired strain in 10 mL of YPD in a 50-mL flask
with shaking overnight.

2. Centrifuge and resuspend cells in sterile water to a volume of 1 mL.
3. Spread ~5 × 107 cells (typically 100 µL) onto 5FOA plates. After 5–6 d incuba-

tion at 30°C, colonies can be picked and streaked onto YPD plates.
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4. Single colony clones from YPD plates are transferred to a patch on a YPD master
plate. Once the patches have grown (~12–24 h), they are replica-plated to two SD
plates, one supplemented with and the other without uracil.

5. Colonies are scored for uracil auxotrophy after 2 d growth at 30°C. Suitable uracil
auxotrophs will not grow on media lacking uracil (i.e., will not display leaky
growth on the selective media) and will have a low reversion frequency. This is
estimated by plating a known amount of cells onto selection plates and determin-
ing the frequency of prototrophs arising (see Note 2).

6. Mutations in two genes, URA3 and URA5, result in auxotrophs resistant to 5FOA.
To distinguish these two classes, perform complementation analysis using stan-
dard crossing techniques (see Chapter 2).

7. An expedient approach to identifying which of the two complementation groups
represents mutations in the URA3 gene is to directly transform a candidate strain
from each complementation group with the pDR403 vector (4). The ura3 host
strain will generate prototrophic transformants with the vector, whereas a strain
from the other complementation group will not.

3.1.3. Transformation with Disruption Vector

To direct integration of the disruption vector pDR421 to the PEP4 locus, 10 µg
of the vector is linearized by digestion with BglII, which cuts the vector once in
the middle of cloned pep4 fragment (Fig. 1). The recombinogenic ends of the
linearized DNA stimulate homologous recombination at the PEP4 locus,
resulting in disruption of the PEP4 gene. Transformation by either spheroplast
or whole-cell methods can be used (see Chapter 3 for details). Colonies arising
after 4–7 d are picked and screened for CPY activity.

3.1.4. Screening for Disrupted PEP4 Clones
3.1.4.1. APNE OVERLAY ASSAY

A satisfactory plate assay that directly measures protease A (PrA) activity in
colonies is not available. However, since loss of PrA activity results in a failure
to generate a mature functional form of carboxypeptidase Y (CpY), the disrup-
tion of PEP4 gene can be monitored by following CpY activity in the colonies
using a simple plate overlay assay (8). Cells are permeabilized by dimethyl-
formamide in the overlay. The APNE is specifically cleaved by CpY in the
cells to produce -naphthol, which reacts with Fast Garnet salt solution to give
an insoluble red dye. Colonies in which active CpY is present will be red rela-
tive to the pink color of colonies in which the CpY is inactive.

1. Replica plate strains to thick YPD plates and grow for 3 d at 30°C.
2. Add 2.5 mL of APNE solution to 4 mL of molten agar in a 15-mL tube, mix

thoroughly, and pour over the surface of the colonies.
3. Once the Agar has solidified, carefully flood the surface of the agar with 5 mL of

Fast Garnet GBC solution. Watch for the color to develop (typically <5 min) and
pour off the solution.
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3.1.4.2. PROTEINASE A ASSAY

The assay for PrA activity measures the release of amino acid residues from
acid-denatured hemoglobin. At acid pH, PrA is the only protease to carry out
this reaction. This protocol is adapted from the method of Jones et al. (9).

1. The assay reaction mix consists of 50 µL of cell-free extract added to 400 µL of
1% hemoglobin in an Eppendorf tube. This is incubated at 37°C in a shaking
water bath for 90 min.

2. The reaction is stopped by adding 200 µL of 1 N perchloric acid.
3. The perchloric acid insoluble material is removed by centrifugation for 5 min at

full speed in a mini-centrifuge.
4. A negative control reaction is made by adding 200 µL of 1 N perchloric acid to a

50-µL sample of cell-free extract prior to adding the substrate; then add substrate
and spin down.

5. A 200-µL sample of the acidic supernatant is neutralized by mixing with 200 µL
of 0.31 N NaOH.

6. The perchloric acid soluble product is assayed using the Bradford protein assay.
A 40-µL sample of the neutralized supernatant is mixed with 760 µL of distilled
water. To this is added 200 µL of concentrated Bradford reagent (Bio-Rad). Mix
well and read the OD595.

7. Generate a standard curve with 0–20 µg of bovine serum albumin (BSA). By
subtracting the OD595 of the blank from the OD595 of the sample, the amount of
BSA equivalents can be determined.

8. Determine the protein concentration of the cell-free extract. Typically 2 µL of cell
extract is required. Definition of specific activity: one unit of activity corresponds
to 1 µg of BSA equivalent/min. For a 90-min incubation, 40-mL sample, the total
units in the sample equal the number of milligrams of BSA × 0.361 divided by the
number of milligrams of protein in a 50-µL cell-free extract (U/mg protein).

3.2. Expression of a Thrombomodulin Fragment in a pep4 Strain

This protocol describes the production by shake flask growth and by fermen-
tation of large quantities of thrombomodulin fragment from the SMD1168 strain
of P. pastoris transformed with multiple copies of the pPIC9K expression vector
containing the gene for the thrombomodulin fragment. The SMD1168 strain was
chosen for transformation after proteolytic sensitivity tests (Subheading 3.2.5.)
using culture broth from GS115 cells showed proteolytic sensitivity.

3.2.1. Transformation of pep4 Strains

1. To obtain multicopy insertion of the gene of interest, transform P. pastoris strain
SMD1168 with linearized DNA of pPIC9K vector as described in Chapters 5 and
13 (6). The DNA is linearized with BglII and purified with Gene-Clean. Purifica-
tion of the linearized DNA with phenol or transformation with unpurified DNA
results in a drastic reduction of transformation efficiencies (see Note 3).
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2. After 4–7 d, harvest and pool transformed His+ yeast colonies from the top agar.
Plate diluted portions on MD plates, incubate at 30°C for 2 d, and then replica
plate to selection plates (YPD medium plates containing 2 g/L G418).

3.2.2. Screening for Expression

Typically, 5–10 G418r cells are picked from the G418 selection plate for
further analysis.

1. To test for protein expression, cells of each G418r strain are grown overnight in
10 mL of minimal medium supplemented with 1% glycerol in borosilicate glass
culture tubes (25 × 150 mm) covered with four layers of cheesecloth, and shaken
rapidly to maximize aeration (see Note 5).

2. After 2 d, the cells are collected by centrifugation and resuspended in 2 mL mini-
mal medium supplemented with 2% methanol and grown as before.

3. After 1–2 d more, the medium is tested for thrombomodulin cofactor activity
using an enzymatic assay for activation of protein C (10). Expression is maximal
after 2 d. The amount of thrombomodulin cofactor activity in cultures of G418r

cells indicated expression levels of 1–4 mg/L. When the expression vector is used
to transform wild-type cells, or when single copy transformants are assayed, no
measurable thrombomodulin cofactor activity is observed.

3.2.3. Screening for Mut Phenotype

Since the expression vector can insert into the P. pastoris genome at several
loci, one of which is the AOX1 gene, the transformants producing the highest
levels of thrombomodulin activity are screened for their ability to grow on
methanol as a sole carbon source. This test defines the transformants as metha-
nol utilization slow (Muts), indicating that the expression vectors have inserted
into the AOX1 gene, or Mut+, indicating that the AOX1 gene is intact and func-
tional (see Note 6).

To ascertain the Mut phenotype, it is necessary to do liquid culture growths.

1. Inoculate each test strain into 10 mL of minimal medium containing only 0.1%
glycerol.

2. After 24 h, the culture will have used up the glycerol and attained an OD600 of
5–10. At this time, the cells are centrifuged and resuspended in 10 mL of mini-
mal medium containing 2% methanol. The OD600 is determined immediately
and again after 24 h.

3. A 300-µL aliquot of 50% methanol is added to each culture and the OD600 is
determined again at 36 and 48 h. The Muts cultures typically attain an OD600 of
25 and the Mut+ cultures attain an OD600 of 40.

3.2.4. P. pastoris DNA Extraction and Southern Blot Analysis

1. To purify genomic DNA from transformed P. pastoris cells, each G418r

transformant is grown from 10 µL of frozen culture in a 10-mL culture in mini-
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mal medium containing 1% glycerol. As a control, a culture is also grown from a
transformant previously determined to contain one copy of the pPIC9K insert.
Each culture is grown for 2 d at 30°C and 300 rpm, and 100 OD600 of cells are
collected by centrifugation at 1500g.

2. The cells are washed once by centrifugation with 15 mL H2O, then with 15 mL of
10X TE buffer. The cell pellet is resuspended in 400 mL of 10X TE and trans-
ferred to glass tubes (12 × 75 mm) containing 0.5 g of 425–600 µ acid-washed
glass beads. The mixture is vortexed for 4 min, then the broken cells are trans-
ferred to 1.5-mL Eppendorf tubes. The glass beads are washed with another 400 µL
10X TE, which is added to the broken cells. RNase is added to 10 µg/mL, and
samples are incubated for 15 min at room temperature. NaCl is then added to 100 mM,
and phenol-chloroform extraction of DNA is performed with 400 µL phenol and
400 µL chloroform. The mixture is vortexed for 15 s and centrifuged at high
speed in a minicentrifuge for 5 min, and the top supernatant is divided into equal
aliquots and transferred to two tubes containing 800 µL ethanol each. After 30
min storage at –20°C, the tubes are centrifuged at high speed for 15 min, the
ethanol is removed by aspiration, and the DNA is resuspended in 50 µL of TE
buffer. The concentration is determined by reading the absorbance at 260 nm.

3. For Southern blot analysis, 15 µg of the purified DNA is digested with 20 U of
BglII restriction enzyme overnight at 37°C. Since this is genomic DNA, it is
important to let the reaction proceed overnight. The DNA is then transferred onto
nitrocellulose paper and crosslinked. Prepare a labeled probe using the GENIUS
kit reagents and the 700-bp SacI–BamHI fragment of pPIK9K. After hybridiza-
tion, unbound probe is washed off, and permanent color generation is attained
using reagents for alkaline phosphatase colorimetric detection of the digoxigenin-
labeled probe provided in the kit.

3.2.5. Test for Proteolytic Stability of Foreign Protein from Wild-Type
and Protease-Deficient Strains

To determine whether the protein of interest is unstable under expression
conditions because of proteolysis, an experiment to test protein stability may
be performed.

1. Proteolytic stability of the protein of interest is tested by comparison of the stability
of the protein in culture broth from both the wild-type (GS115) and the pep4 strain.
The culture broth used in this experiment differs depending on whether the protein
will be expressed intracellularly or extracellularly, and whether fermentation will
be the ultimate production method. If the protein is expressed intracellularly, a cell
extract is prepared by growing the P. pastoris to stationary phase, washing 20 OD600

units of cells with 120 mM sodium azide, and then lysing in 400 µL of 100 mM
Tris, pH 7.5, by vortexing the cells with acid-washed beads for 1 min. If the protein
is secreted, the supernatant from a culture grown to ~20 OD600 U is used instead. If
fermentation is to be the ultimate production method, cells or broth from a fer-
mented culture of P. pastoris is used in this experiment.
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2. The culture extract or broth is tested for proteolytic activity towards the protein
of interest. Measurement of enzymatic activity of the protein of interest is prefer-
able since there are many other proteins present in both culture extracts and cul-
ture supernatants of P. pastoris. If an enzymatic assay is not available, analysis
on sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) or
western blots also works. If the culture supernatant is from a fermentation, west-
ern blotting is necessary because many other proteins are present in the fermenta-
tion supernatants. A solution of approx 1% protein is prepared by mixing 350 µL
of buffer containing purified protein for which proteolytic sensitivity is being
assessed to 50 µL of cell extract. Alternatively, the protein is added to 400 µL of
culture supernatant (which is more dilute in proteases than the culture extract).
Two controls, one without the protein of interest and the other without the culture
extract or supernatant, are also prepared. A 40-µL portion of the reaction is
removed at the beginning of the reaction, and again at 2, 4, 6, 12, and 24 h. The
samples are analyzed for the presence of the protein of interest using enzymatic
assay, SDS-PAGE, or western blotting.

3.2.6. Protein Production in Shake-Flask Cultures

1. The transformed SMD1168 strain that produces the highest levels of the protein
of interest in small cultures is used for all large scale growths. Typically, 10 µL of
the frozen stock is used to inoculate 2 × 10 mL of BMGY medium. The culture is
grown with rapid shaking at 30°C for 2 d. These cultures are then used to inocu-
late 2 × 1 L of BMGY in two 4-L baffled shake flasks that are grown for 2 d with
rapid shaking (300 rpm) and covered with four layers of cheesecloth for maximal
aeration. The cell density at the end of this glycerol growth phase is typically 50–60
OD600/mL.

2. To start the induction phase, the cells are collected by centrifugation and resus-
pended in 2 × 200 mL of BMMY (2% methanol, pH 6.0) and grown in the same
manner for an additional 2 d. Methanol is again added to a final concentration of
2% after 24 h. For the thrombomodulin fragments, equivalent amounts of protein
were produced by both Muts and Mut+ strains from shake-flask cultures.

3.2.7. Fermentation

1. Production of large amounts of thrombomodulin EGF (4,5) by fermentation can
be performed using a BioFlo 3000 fermentor equipped with a 5.0-L capacity
bioreactor using the protocol described in Chen et al. (11,12) or in Chapter 9.

2. On the first day of the fermentation protocol, a 10-mL culture (25 × 150-mm
tubes) in minimal medium supplemented with 2% glycerol is started from 10 µL
of a frozen stock. The culture is allowed to grow at 30°C in a rotary shaker at 300 rpm.
On the second day, 5 mL of the culture is added to 200 mL of minimal medium
again supplemented with 2% glycerol in a 500-mL disposable corning Erlenm-
eyer flask, and allowed to continue to grow at 30°C, 300 rpm.

3. The fermentation vessel is also prepared on the second day. Before autoclaving
the fermentation vessel, calibrate the pH probe and check the dissolved oxygen
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(DO) probe membrane for leaks (proper DO control is essential to a good fer-
mentation of P. pastoris). The fermentation vessel is prepared with 3 L of basal
salt medium. At the time of autoclaving, two 1-L bottles with tubing caps loosely
attached are also prepared; one of the bottles is empty, and the other contains 1 L
of 50% glycerol. The vessel and bottles are autoclaved on liquid cycle for 30 min
with slow exhaust. It is important to check to make sure liquid levels do not drop
significantly, and to let the vessel cool slowly before attaching it to the Bioflow
3000 console; otherwise damage to the DO probe membrane may be sustained.
After cooling, the vessel is connected to the BioFlo 3000 console, the agitation
set to 500 rpm, and the temperature is set to 30°C. The DO monitor is turned on
and set to 30 for the entire run. DO levels are maintained at 30 during the entire
run by sparging with pure O2 during periods of heavy oxygen uptake. The con-
centrated (30%) ammonium hydroxide feed is begun so that the pH can equili-
brate to 5.0 overnight. Once the pH begins to approach 5.0, a precipitate will
form, but this will not affect the success of the fermentation.

4. On the third day, the accuracy of the pH probe is checked by removing a sample
of the medium and determining the pH on an external meter. The DO probe is
also calibrated by disconnecting the probe and setting the zero point and then
sparging the solution with oxygen and setting the 100% point. Add 12 mL of
sterile filtered PTM salts and 12 mL of biotin solution. The vessel is then inocu-
lated with the 200 mL culture. Antifoam is added via a syringe through the top of
the addition port after 3–6 h fermentation. The DO level begins to drop after
about 8–10 h.

5. A wet cell weight is determined. Close to the end of the glycerol batch phase as the
glycerol becomes exhausted (evident by a sudden and steady rise in the DO value),
typically 24–30 h post inoculation, determine the wet cell weight (~120 g/L).

6. When the glycerol batch phase is completed, begin the glycerol limited fed-batch
phase immediately by attaching to a second feed pump the bottle containing 1 L
of 50% glycerol (autoclaved or sterile-filtered) supplemented with 12 mL PTM
salts and 12 mL biotin solution. The DO almost instantaneously dropped back
down to 30. The glycerol should be kept growth-rate limiting and not fed too fast,
with the feed lasting 12–24 h and using approx 500–1 L of glycerol. At this point,
the wet cell weight should be approx 350 g/L.

7. Once the glycerol fed-batch phase is completed, begin the methanol induction. It
is important to start the methanol induction with 50% methanol supplemented
with 6 mL/L PTM salts and 6 mL/L biotin solution at a feed rate of 1.8 mL/h. The
feed is doubled each hour for about 5–6 h. During this period, the DO decreases
from ~100 to ~70%. If the methanol induction phase is to begin at night, increase
the 50% methanol feed to 20 mL/h overnight. Once the cells seem to be growing
at a setting of 20 mL/h for at least 1 h, the feed is switched to 100% methanol
supplemented with 12 mL/L PTM salts and 12 mL/L biotin solution. The 100%
feed begins at 10 mL/h, and is increased every few hours with each step preceded
by a DO spike (see Chapter 9 for definition and description of DO spike).
Depending on the strain (Mut+ or Muts), the maximum setting is from 18 (Muts)
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to 50 (Mut+) mL/h. The time intervals between increases of the methanol feed are
also longer for the Muts strains. If the strain is Mut+, the wet cell weight will
continue to rise to about a maximum of 425–450 g/L and the cells will utilize a
significant amount of base during the induction phase. For a Muts strain, the wet
cell weight should remain about the same as when methanol induction begins.

8. Both Mut+ and Muts strains of the transformed pep4 P. Pastoris SMD1168 give high
expression levels. A graph of a typical fermentation run is shown in Fig. 2. The cells
are typically harvested 48–72 h after induction. Induction times may vary for differ-
ent proteins. Cells are removed from the fermentor by decanting its contents or apply-
ing pressure to the vessel and collecting the cells from the sample port. The cells are
separated from the culture medium by centrifugation at 2000g for 1 h.

9. The supernatant may be stored in 1-L portions at –70°C until use. The
thrombomodulin fragment is further stabilized against proteolysis by addition of
10 mM EDTA prior to freezing the supernatant. The first step of purification is to
concentrate the protein by anion-exchange chromatography. For the
thrombomodulin fragment, the frozen culture supernatant is thawed quickly by
constant mixing under a stream of 55°C H2O. In the first purification step, the
culture supernatant is diluted to 2 L with H2O containing 10 mM EDTA and
loaded onto a 300 mL column of QAE Sephadex A-120 (Sigma) equilibrated
with 50 mM morpholinesulfonic acid (Fisher) buffer, pH 6.5 (buffer A) at 4°C.
The thrombomodulin fragment is eluted with a linear gradient of 750 mL buffer
A to 750 mL buffer A containing 1 M NaCl. Further purification is afforded by
Mono Q chromatography on an FPLC in Tris-HCl, pH 7.5, followed by reverse-
phase HPLC. Typical crude yields are 150–200 mg of thrombomodulin/L of cul-
ture supernatant, and purified yields are approx 50%. Further details of the protein
activity and purification are reported elsewhere (10).

4. Notes

1. If the PTM salts are sparged with N2 gas before sterile filtering, and the biotin
solution is kept separately, the PTM salts last for several months without discol-
oration or precipitation.

2. A reversion frequency of <1 × 10–8 is ideal.
3. Spheroplasts of the SMD1168 strain are especially sensitive to breakage, and

vortexing significantly reduces the yield of spheroplasts and subsequently the
transformation yield. Therefore, resuspension of the spheroplasts is accomplished
by gentle rocking of the culture tubes.

4. The transformation efficiency using the spheroplast method is lower for the pep4
strain than for the GS115 strain by 50–80%. Typically, 50–100 His+ colonies per
plate are obtained from transformation of the pep4 strain.

5. It is important to note that once P. pastoris cells have been induced, they are not
recoverable, so a frozen stock of each culture should be made from a portion of
the culture prior to induction.

6. In order to know the amount of methanol to feed during fermentation, and the rate
at which to begin feeding, it is essential to know the Mut phenotype of the strain.
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Glycosylation Profiling of Heterologous Proteins

José A. Cremata, Raquel Montesino,
Omar Quintero, and Rossana García

1. Introduction
The methylotrophic yeast Pichia pastoris has been widely exploited for its

high-level expression of heterologous proteins by recombination of gene
sequences of interest with the methanol-inducible alcohol oxidase gene (AOX1)
promoter (1–3). Secreted and cytoplasmic expression of heterologous proteins at
levels equivalent to Escherichia coli and significantly higher than in Saccharo-
myces cerevisiae has been achieved (4). In addition, P. pastoris cultures can be
easily scaled up to high cell densities, and as a result, yields are also high on a
volumetric basis (e.g., 12 g/L, for tetanus toxin fragment C [5], 2.5 g/L for inver-
tase [6], 2.5 g/L for -amylase [7]). Secreted products can comprise more than
80% of the protein in the medium (6). However, secretion is a complex process
that is not only dependent on gene dosage, but also on other factors, such as
signal sequence recognition and processing, proteolysis, and glycosylation.

With regard to glycosylation, heterologous proteins secreted from S.
cerevisiae are often hyperglycosylated with outer chains of mannose units of
up to 50–150 residues added at N-asparagine-linked sites, which makes such
glycoproteins highly antigenic and, therefore, unsuitable for use as human
therapeutic drugs (8). To investigate glycosylation in P. pastoris, Tschopp et al.
expressed the S. cerevisiae SUC2 gene in P. pastoris and examined in detail the
structure of N-linked oligosaccharides added to its product, invertase (6). They
observed that S. cerevisiae invertase secreted from P. pastoris is not
hyperglycosylated, but contains outer chains of only 8–14 mannose residues
(Man8–14), compared to an average length of >50 when the same enzyme is
secreted from S. cerevisiae (9). The P. pastoris-secreted invertase resembles in
size the endoplasmic reticulum core-glycosylated form of invertase seen in S.
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cerevisiae sec18 mutants at nonpermissive temperature (9). The core-like struc-
ture of the oligosaccharides was confirmed by Trimble et al. using NMR tech-
niques (10,11). They found that 75% of the oligosaccharides on P. pastoris
secreted invertase are Man8–9, and most of the remaining oligosaccharides are
Man10–11. The structures are all typical of core glycosylation structures on fungal
proteins (11). Of potential importance to the use of P. pastoris glycoproteins as
human pharmaceuticals, the oligosaccharides in P. pastoris-secreted invertase
lack terminal 1,3-mannose residues that are commonly found on proteins
secreted from S. cerevisiae and are known to be highly antigenic (10,11). How-
ever, the suitability of foreign glycoproteins expressed in P. pastoris for phar-
maceutical use remains problematic, since the lower eukaryotic structure of
P. pastoris oligosaccharides is significantly different than that of mammalian cells.

Unfortunately, little information exists on oligosaccharide structures on
other glycoproteins secreted from P. pastoris. Although some proteins appear
to have only short oligosaccharide structures like invertase, others appear to be
hyperglycosylated (4,12). The variability of carbohydrate structures on glyco-
proteins secreted from P. pastoris makes their analysis an important aspect of
protein characterization in this yeast. As a step in this analysis, oligosaccharide
“profiling” methods have been developed in recent years. One of them, called
FACE for fluorophore-assisted carbohydrate electrophoresis, is based on the
reductive amination of glycans by 8-amino-1,3,6-naphthalene trisulfonic acid
(ANTS) and their separation by polyacrylamide gel electrophoresis (13). More
recently, a second method based on the resolution of the same ANTS–oligosac-
charide derivatives by HPLC analysis has been described (14). By a two-
dimensional analysis process involving HPLC retention times in one dimension
and relative migration index (RMI) during electrophoresis in the other,
oligomannoside structures can readily be determined. These profiling meth-
ods, which are described in this chapter, greatly simplify the work of character-
izing carbohydrates present on natural and recombinant glycoproteins.

2. Materials
2.1. Chemicals and Enzymes

All reagents should be of analytical grade. Recommended sources of specialty
chemicals and enzymes include: ANTS from Molecular Probes (Eugene, OR);
N-glycosidase F (PNGase F) from either Boehringer Mannheim (Indianapolis,
IN) or New England BioLabs (Beverly, MA); and -mannosidase from Aspergil-
lus saitoi (an exoglycosidase) from Oxford GlycoSystems (Abingdon, UK).

2.2. Buffers, Stock Solutions, and Equipment
1. Enzyme incubation buffer: 0.2 mM sodium phosphate buffer, pH 8.6.
2. Denaturing solution: 2.5% SDS, 1.5 M -mercaptoethanol.
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3. ANTS solution: 0.15 M ANTS in an acetic acid/water solution (3:17 v/v). Gentle
warming in a 60°C bath is required to dissolve the ANTS completely. This solu-
tion may be stored at –70°C.

4. Sodium cyanoborohydride solution: 1.0 M in dimethyl sulfoxide (DMSO). This
solution must be made fresh daily.

5. Gel electrophoresis apparatus: Mighty Small SE250, Hoeffer Scientific Instru-
ments (San Francisco, CA).

6. Acrylamide stock solution: an aqueous solution of 60% (w/v) acrylamide, 1.6%
(w/v) N, N'-methylene-bis-acrylamide.

7. 4X stock of gel buffer: 1.5 M Tris-HCl, pH 8.5.
8. 10X stock of electrophoresis buffer: 1.92 M glycine, 0.25 M Tris base, pH 8.5.

3. Methods
3.1. Release of Oligomannosides from Proteins

1. Dialyze a 50–250-µg sample of glycoprotein against distilled water, and then dry
the sample in a centrifugal vacuum evaporator (see Note 1).

2. Dissolve the dried glycoprotein sample in 30 µL of enzyme incubation buffer.
3. Add 2 µL of denaturing solution, and heat at 100°C for 5 min.
4. Cool the sample to room temperature and add 5 µL of a 7% (v/v) solution of

Nonidet P-40.
5. Add 5 µL of PNGase F, mix well, and centrifuge briefly to bring the entire sample

to the bottom of the tube.
6. Incubate the sample at 37°C for 16 h.
7. Centrifuge the sample at 10,000g for 5 min to clear the solution. Discard the pellet.
8. Add 130 µL of cold ethanol, and incubate for 1 h in an ice bath or for 20 min at –20°C.
9. Centrifuge at 10,000g for 3 min.

10. Carefully separate the supernatant, which contains the oligosaccharide pool, from
the pellet.

11. Dry the protein pellet from step 9 in a centrifugal vacuum evaporator for 10 min.
Resuspend it in 50 µL of water, and add 3 vol of cold ethanol. Incubate for at least
1 h in an ice bath or for 20 min at –20°C.

12. Centrifuge at 10,000g for 3 min, and add the supernatant from step 10 (see Note 2).
13. Dry the oligosaccharide pool in a centrifugal vacuum evaporator for at least

1 h with low heating. Do not exceed 45°C during evaporation. If the ANTS
derivatization reaction is not to be performed immediately, store the pellet
at –20°C.

3.2. ANTS Derivatization of Oligosaccharides
1. Add 5 µL of ANTS solution to the dry oligosaccharide pool sample described in

Subheading 3.1., step 13.
2. Add 5 µL of the cyanoborohydride solution, and mix well. Be sure that all the

oligosaccharides are in solution.
3. Centrifuge briefly to bring sample to the bottom of the tube, and incubate the

sample for 16 h at 37°C or 2 h at 45°C (see Note 3).
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4. Dry the reaction product in a centrifugal vacuum evaporator for at least 1 h with
low heat (<45°C).

5. Add 10 µL of water, and store at –70°C until HPLC or electrophoresis steps.

3.3. Fluorophore-Assisted Carbohydrate Electrophoresis
1. For each 12 mL of the resolving gel solution, mix 6 mL of the 60% stock

acrylamide solution, 3 mL of gel buffer, 70 µL of a freshly prepared ammonium
persulfate solution (10% w/v), 3 mL of water, and 10 µL of TEMED.

2. As soon as the TEMED is added, pour the resolving gel solution into the gel
mold. Ensure there are no bubbles in the gel solution before it sets.

3. Allow the polymerization reaction to proceed (~15 min).
4. Prepare the stacking gel solution by mixing 0.63 mL of 60% stock acrylamide

solution, 1.25 mL of stock gel buffer, and 70 µL of a freshly prepared ammonium
persulfate solution (10% w/v). Add 6.3 mL of water and 10 µL of TEMED.

5. Pour the stacking gel solution over the resolving gel in the mold.
6. Immediately insert a sample well-forming comb containing the desired number

of “teeth” (typically 8–11 wells for a gel that is 8 cm in width).
7. Allow the polymerization reaction to proceed (~30 min), and then remove the

comb gently.
8. Place the gel-containing glass sandwich into the electrophoresis apparatus, and

fill the anode and cathode reservoirs with 1X electrophoresis buffer solution pre-
pared by dilution of the 10X stock (see Note 4).

9. Load 2–3 µL of the samples (from Subheading 3.2., step 5) into the wells with
the aid of a microliter syringe.

10. For a gel that is 0.5 × 80 × 80 mm, apply a constant current of 15 mA for 1.5 h at
4°C (see Note 4).

11. After electrophoresis, view the electrofluorogram by irradiating the gel with a
hand-held UV lamp (see Note 5 and Fig. 1A). Photograph using Polaroid 53
film. The excitation wavelength is 353 nm, and the emission wavelength is
535 nm. (Note: The typical DNA UV lamps are not at the appropriate wavelength.)

3.4. HPLC Analysis of ANTS–Oligosaccharide Derivatives
1. Adjust the HPLC equipment for gradient mode with two pumps and an automatic

controller. Use a fluorometric detector set at an excitation wavelength of 353 nm
and an emission wavelength of 535 nm.

2. Prepare the following buffer systems:
a. Glacial acetic acid (6% v/v) in a 70:30 (v/v) mixture of acetonitrile–water

titrated to pH 5.5 with triethylamine.
b. Glacial acetic acid (6% v/v) titrated to pH 5.5 with triethylamine.

3. Stabilize the NH2–HPLC column (Nucleosil 5S NH2, 4.6 × 250 mm, Knauer,
Germany) with 95% buffer A and 5% buffer B for at least 30 min, and then per-
form an initial “blank” HPLC run without sample.

4. Inject a 1–3-µL sample of ANTS-derivatized oligosaccharide, and immediately
initiate the gradient flow. Gradient conditions are: 95% buffer A and 5% buffer B
to 50% each in 90 min at a flow rate of 0.7 mL/min. After the HPLC run, measure
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the retention times of each peak relative to the Man7GlcNAc2–ANTS standard
(Oxford GlycoSystems) (see Note 6 and Fig. 1B).

3.5. Exoglycosidase Digestion Using A. saitoi 1,2-Mannosidase

1. Reconstitute one vial of 1,2-mannosidase from A. saitoi in 10 µL of water.
Enzyme will be at a concentration of 1 µU/µL in 100 mM sodium acetate, pH 5.0.

2. Add 2.6 µL of the reconstituted enzyme to 40 pmol of dry oligomannoside
sample. To estimate 40 pmol of samples, compare fluorescence intensities of
samples to that of the G4 oligosaccharide standard (50 pmol) from the malto
oligosaccharide series (GLYKO, Novato, CA). The final glycan concentration
will be 15 µM, and the final enzyme concentration will be 1 mU/mL.

3. Incubate the sample in enzyme for 16–24 h at 37°C. The sample is then ready for
further analysis (e.g., FACE or HPLC) (see Note 8 and Fig. 2).

Fig. 1. Glycosylation profiles of recombinant proteins expressed in P. pastoris.
Periplasmic invertase and secreted dextranase were obtained from the expression of the
SUC2 gene from S. cerevisiae and the DEX1 gene from Penicillium minioluteum under the
control of the P. pastoris AOX1 promoter, respectively. Both proteins were directed into the
secretory pathway by the invertase signal sequence, which was fused to the amino-termi-
nus of each. The S. cerevisiae HIS3 gene was used as a selection marker for transformation
of a P. pastoris his3 host strain (15,16). For secretion of the catalytic subunit of bovine
enterokinase (EKL), plasmid pAO815-S, which contains the S. cerevisiae -MF prepro
secretion signal and the P. pastoris HIS4 gene, was used. The P. pastoris HIS4 gene was
the selection marker for transformation of the EKL vector into the P. pastoris his4 host
GS115 (12). (A) FACE profiles of ANTS–oligosaccharide pools derived from: lane 1,
ribonuclease B; lane 2, invertase; lanes 3 and 4, dextranase; and lane 5, EKL. Markers
designated G5–G11 denote the positions of oligosaccharides from the malto oligosac-
charide series of varying degrees of polymerization (GLYKO) (continued on next page).
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4. Notes
1. Protein solutions should be at a low salt concentration. Although the initial steps

of deglycosylation are not particularly sensitive to salt, glycan derivatization with
ANTS is strongly inhibited by the presence of even low salt concentrations. Sev-

Fig. 1B (continued).
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eral different conditions for enzymatic release of oligosaccharides with PNGase F
have been described, all with pH values between 7.4 and 8.7.

2. It has been reported that a portion of the oligosaccharides in samples may
coprecipitate with proteins on addition of 3 vol of cold ethanol. Our experience is
that the amount that coprecipitates is dependent on the properties of the protein.
Thus, recovery of oligosaccharides after the first precipitation step is variable. To

Fig. 1 (cont.). (B) Oligosaccharide profiles of the samples in (A), but analyzed by
NH2–HPLC. Profiles are oligosaccharides derived from: 1, ribonuclease B; 2, inver-
tase; 3, dextranase; and 4, EKL. Note the higher sensitivity and resolution achieved by
HPLC analysis. Comparison of the Man5GlcNAc2 to Man9GlcNAc2 oligomannoside
commercial standards derived from ribonuclease B demonstrates a broad range of
oligomannoside structures on invertase that are mainly of relatively small size. EKL

contains oligosaccharides of up to Man18GlcNAc2, but on dextranase, more than 90%
of the oligosaccharides correspond to Man8–9GlcNAc2 species. The inserted table in
(B) shows the retention times of the same samples relative to the Man7GlcNAc2 stan-
dard. Note that the Man9GlcNAc2 in the recombinant samples differs in retention time
from that of the commercial standard, a consequence of the presence of one 1,2-
linkage instead of one 1,6-linkage on carbohydrates from P. pastoris recombinant
proteins (see Note 7). (C) Comparison of the relative retention times with the corre-
sponding standards of ribonuclease B. From Man10GlcNAc2 up to Man18GlcNAc2, the
retention times were estimated.



102 Cremata et al.

avoid inefficient recovery of oligosaccharides, repeat the protein reconstitution
and ethanol precipitation steps at least twice. Protein remaining in oligosaccha-
ride samples can interfere with the resolution of oligosaccharides during electro-
phoresis. To reduce protein in samples, ethanol precipitations should be repeated
until a transparent oligosaccharide pellet is obtained.

3. Although, the derivatization reaction can be performed at either 37°C for 16 h or
45°C for 2 h, in our experience, 37°C for 16 h has resulted in the highest percent-
age of labeled oligosaccharides.

Fig. 2. Exoglycosidase digestion using 1,2-mannosidase from A. saitoi. Oligosac-
charides derived from EKL were digested with the exoglycosidase. As a result, virtu-
ally all carbohydrate peaks are shifted to lower retention times. This result excludes
the possibility of 1,3-terminal-mannose residues on these oligosaccharides. Residual
amounts of undigested oligosaccharides are also present. Man6GlcNAc2, which is theo-
retically the final product of specific 1,2-mannosidase digestion of Man9GlcNAc2,
showed the same retention time as the smallest oligosaccharide obtained from diges-
tion of EKL. This result demonstrates that a terminal 1,2-mannose linkage on
Man9GlcNAc2 carbohydrates from S. cerevisiae is changed to an 1,6-linkage in P.
pastoris. Moreover, the latter oligosaccharide has a slightly higher retention time
than the corresponding commercial standard Man9GlcNAc2 derived from ribonu-
clease B (see insert table in Fig. 1). (A) Profile from EKL oligosaccharides not treated
with exoglycosidase. (B) Profile of EKL oligosaccharides after specific 1,2-
mannosidase digestion.
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4. Electrophoresis should be performed at 4°C to avoid self-degradation of the
fluorophore-labeled oligosaccharides. Most electrophoresis apparatuses allow
for cooling of only one side of the gel. To avoid cooling problems, perform
electrophoresis with a precooled chamber using precooled electrophoresis
buffer. The apparatus designed for FACE by GLYKO (Novato, CA) is designed
so that both sides of the gel are submerged in electrophoresis buffer, thereby
providing a more uniform temperature over both gel surfaces. To recover
samples after electrophoresis, the desired bands are excised, placed in an
Eppendorf tube with 100 µL of water, and allowed to stand for 3 h at 4°C. The
supernatants are then dried in a centrifugal vacuum evaporator.

5. For better sensitivity and precision in determining RMI values, an automated
system composed of a CCD camera coupled to a personal computer with appro-
priate software is available from GLYKO.

6. Since the buffer system used for HPLC was designed for conditions of ion
suppression, small variations in its preparation may introduce changes in the
absolute retention times of ANTS–oligosaccharide derivatives. The magni-
tude of this effect depends on the oligosaccharides that are being analyzed,
i.e., whether they are neutral or charged. Man7GlcNAc2 was selected as a
standard to compare relative retention times, since it is not affected by
changes in ion suppression. Analysis of other oligomannosides with addi-
tional mannose residues showed an increase of 0.1 in relative retention time
per added mannose, relative to the retention time of the Man7GlcNAc2

standard.
7. The RMI values determined by FACE analysis are typically dependent on

the mass:charge ratio. However, with neutral oligosaccharides, such as
oligomannosides on yeast glycoproteins, RMI values are dependent only on
the mass. For example, the change in linkage configuration when one 1,2-
mannose linkage on Man9GlcNAc2 is changed to an 1,6-mannose linkage
is not distinguishable by FACE. However, this change is detected by NH2–
HPLC analysis of the same ANTS derivative (see Fig. 1A,B). The relative
retention time of the Man9GLcNAc2 structure is increased owing to the pres-
ence of the additional 1,6-linkage in place of an 1,2-linkage as demon-
strated by comparison of isomers derived from P. pastoris invertase and
ribonuclease B.

8. The use of a specific -mannosidase facilitates structural analysis of oligosac-
charides from heterologous proteins expressed in P. pastoris. Addition of 1,3-
mannose residues on oligosaccharides starting at Man11 is typical of
oligomannosides from S. cerevisiae, whereas 1,2-extensions characterize P.
pastoris oligosaccharides. This difference is clearly observed in Fig. 2, which
contains the reaction products of digestion with -mannosidase from A. saitoi, an
enzyme that is highly specific for 1,2-linkages relative to -mannosidases from
jack bean or other sources. These structural features are not directly observable
by simple inspection of FACE or HPLC results with non- -mannosidase-treated
samples.
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High Cell-Density Fermentation

Jayne Stratton, Vijay Chiruvolu, and Michael Meagher

1. Introduction
The purpose of this chapter is to provide sufficient instruction for the reader

to implement fermentation strategies to produce recombinant proteins in the
yeast Pichia pastoris. P. pastoris utilizes the highly efficient alcohol oxidase 1
gene (AOX1) promoter for high-level expression of foreign genes. The AOX1
promoter is induced by methanol, but repressed in the presence of excess glyc-
erol. Glycerol is readily metabolized by P. pastoris, and high-cell densities can
be obtained utilizing this carbon source. The standard fermentation protocol is
to grow P. pastoris in excess glycerol to repress expression followed by induc-
tion of protein production by the addition of methanol after the glycerol is
exhausted.

With regard to methanol-utilizing ability, three phenotypes of expression
strains are available. The first is termed Methanol Utilization positive (Mut+),
which has functional AOX1 and AOX2 genes and grows on methanol at the
wild-type rate. The second is Methanol Utilization Slow (Muts), in which the
AOX1 gene is disrupted. Methanol metabolism in this strain is dependent on
the transcriptionally weaker AOX2 gene. The third is called Methanol Utilizing
negative (Mut–). In this strain, both AOX genes are disrupted and, as a result,
the strain cannot metabolize methanol at all.

Expression with all three P. pastoris Mut strains is performed in fermentor
cultures using three-step procedures. The first two fermentation steps are the
same for all three phenotypes of strains. The first step is a glycerol batch
phase, which serves to generate cell mass. The second step is a fed-batch
phase, where glycerol is added at a growth-limiting rate. Limiting glycerol
during this phase derepresses the methanol metabolic machinery and allows
the cells to transition smoothly from glycerol to methanol growth (1). The third
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step is the methanol induction phase and differs depending on the phenotype of
the expression host. However, a common feature of this third phase is that
methanol levels in the fermentor must be carefully monitored either directly by
gas chromatography or indirectly by dissolved oxygen (DO) concentration. The
following sections describe how to perform fermentations with each of the Mut
phenotype strains. In addition, a description is presented of a low-density fer-
mentation method for Mut+ strains that does not require the addition of oxy-
gen. This method is convenient for the production of foreign proteins using
standard unmodified fermentors.

1.1. Mut+ Strains

Mut+ strains of P. pastoris are sensitive to high residual methanol concentra-
tions (2). In the presence of excess oxygen and methanol, formaldehyde, the
first product of methanol metabolism, rises to toxic levels and “pickles” the
cells (2–5). Thus, for successful cell growth and protein expression with Mut+

strains, it is critical to maintain a low methanol concentration in the fermentor.
The advantage of Mut+ strains for expression relative to AOX-defective strains
is their much faster methanol growth (and foreign protein production) rate.
However, the concentration of methanol must be tightly controlled.

1.2. Muts Strains

Muts (AOX1-deletion) strains can be generated during transformation by
gene replacement events in which the AOX1 gene is replaced by the expression
cassette (6). Alternatively, a P. pastoris strain, such as KM71, which contains a
disrupted AOX1 gene, can be utilized as host with expression vectors inserted
by single crossover type integration. As mentioned above, these strains grow
slowly on methanol because of their reliance on the AOX2 gene for alcohol
oxidase (7). The fermentation strategy for Muts strains is the same as with Mut+

strains, except for a lower methanol feed rate to maintain methanol at a concen-
tration between 0.2 and 0.8% in the fermentor (7). An advantage of Muts strains
is that the culture is not as sensitive to residual methanol in the fermentor media
relative to Mut+ strains and hence the process of scale-up can be easier.

An alternative induction strategy for Muts strains is to use a mixed
glycerol:methanol feed. Brierley et al. (1) investigated mixed feed ratios of 4:1
and 2:1 (g glycerol/h:g methanol/h). They also described a mixed feeding strat-
egy in which feeding was begun at a 2:1 ratio, and gradually the proportion of
methanol in the feed was increased until methanol began to accumulate. The
maximum methanol uptake rate was achieved when a mixed feed ratio between
1:1 and 1:3 was observed. This method of slowly increasing the proportion of
methanol during the mixed feed resulted in the highest recombinant protein
expression levels and shortened the induction phase from 175 to 45 h. How-
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ever, mixed feeding at high rates can also result in the production of inhibitory
levels of ethanol (1).

Another induction feeding method for Muts strain fermentations is a batch
methanol mode in which a series of methanol additions are carried out over the
length of the induction period (8). The first addition of methanol is initiated 30 min
after exhaustion of glycerol from the first fed-batch phase.

1.3. Mut– Strains

A Mut– strain of P. pastoris with disruptions in both the AOX1 and AOX2
genes can be utilized for expression (9). This strain is totally defective in alco-
hol oxidase and therefore cannot utilize methanol at all. However, methanol
will still induce transcription of the AOX1 promoter and expression of genes
regulated by the promoter (10). The inability of the strain to grow on methanol
requires the use of an alternate carbon source, such as glycerol, for growth and
protein production. However, excess glycerol can cause repression of the AOX1
promoter, thus affecting expression of foreign genes. The feeding strategy for
Mut– expression strains is similar in concept to the mixed feed strategy for Muts

strains. Glycerol is fed under growth-limiting conditions and methanol is main-
tained at 0.5% during the induction phase (10). It is important to monitor the metha-
nol level every 5–6 h and to periodically add methanol to replace that lost to
evaporation from the fermentor. The optimum glycerol feed rate was determined to
be 0.7 g glycerol/g of dry cell weight for maximum -galactosidase protein pro-
duction with minimal cell mass and ethanol production (10).

The following sections describe how to perform each of these fermenta-
tions. In addition, we describe a moderate-density fermentation procedure for
Mut+ strains that does not require oxygen supplementation.

2. Materials
2.1. Media
2.1.1. Shake-Flask Media

MGY medium: Autoclave 700 mL of DI water. After autoclaving, add 100 mL
of sterile 1 M potassium phosphate buffer, pH 6.0, 100 mL of filter sterilized
solution of 10X (13.4 g/100 mL) yeast nitrogen base without amino acids, 100 mL
of a filter-sterilized solution of 10X (10 g/100 mL) glycerol in water, and 2 mL of
a filter sterilized solution of 500X biotin (20 mg/100 mL DI water).

2.1.2. Fermentor Media

1. P. pastoris grows well in defined media, reaching cell densities of 75–100 g dry
cell wt/L. Two basic media formulations, basal salts and FM22, consistently have
given good results and are described below. Fermentation media are typically
added to and autoclaved in the fermentor.
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2. Basal salts medium (per liter): 26.7 mL 85% H3PO4, 0.93 g CaSO4·2H2O, 18.2 g
K2SO4, 14.9 g MgSO4·7H2O, 4.13 g KOH, 40 g glycerol. The medium will have
a pH of 1.0–1.5 after autoclaving. After the medium reaches temperature (30°C)
in the fermentor, the pH is adjusted to pH 5.0 with 30% NH4OH. NH4OH also
serves as a source of nitrogen during fermentation.

3. FM22 medium (per liter): 42.9 g KH2PO4, 5 g (NH4)2SO4, 1.0 g CaSO4·2H2O,
14.3 g K2SO4, 11.7 g MgSO4·7H2O, 40 g glycerol and adjust to pH 4.5 with
KOH. The pH should be 4.5 after cooling (see Note 1).

2.1.3. Trace Element Solutions

Once the fermentor is attached to the control systems and the temperature of
the medium has cooled to 30°C in the fermentor, trace salts are added. The
primary difference between the two trace salts solutions, PTM1 and PTM4, is
the level of ferrous sulfate and zinc chloride, with PTM1 containing approxi-
mately three times the amount of these two chemicals (see Note 2).

1. PMT1 (for use with Basal salts medium) (per liter): 6.0 g CuSO4·5H2O, 0.8 g KI,
3.0 g MnSO4·H2O, 0.2 g Na2MoO4·2H2O, 0.2 g H3BO3, 0.5 g CaSO4·2H2O, 20 g
ZnCl2, 65 g FeSO4·7H2O, 0.2 g biotin, 5 mL conc. H2SO4. Filter-sterilize and add
2 mL/L of Basal salts medium. The trace salt solution is also added to the metha-
nol feed supply at 2 mL/L.

2. PMT4 (for use with FM22 medium) (per liter): 2.0 g CuSO4·5H2O, 0.08 g NaI,
3.0 g MnSO4·H2O, 0.2 g Na2MoO4·2H2O, 0.02 g H3BO3, 0.5 g CaSO4·2H2O, 0.5 g
CoCl2, 7 g ZnCl2, 22 g FeSO4·7H2O, 0.2 g biotin, 1 mL conc. H2SO4. Filter-
sterilize and add 1 mL/L of FM22 medium. The trace salt solution is also added
to the methanol feed supply at 4 mL/L.

2.2. Fermentors

This section describes how three different fermentors are set up for P. pastoris
high cell density fermentation. The three fermentors have working volumes of 1,
4, and 60 L and discussion will refer to each of the fermentors based on their
working volume. The first part of this section will describe the standard attributes
of the fermentors and specific modifications that were made to each fermentor.
Later there will be a section on generic changes to the fermentors that were nec-
essary to accommodate the high oxygen demand of the P. pastoris fermentations.

2.2.1. One-Liter Fermentor

For 1 L working volume (1.5 L total volume) benchtop fermentor, the
Multigen manufactured by New Brunswick Scientific (NBS) Co., Inc. (Edison,
NJ) or other suitable fermentor can be used. The unit should be integrated for
control of temperature and agitation. Several of these small fermentors can be
conveniently located side-by-side and connected to one computer for data
acquisition. pH control is accomplished through base addition from external
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controllers, such as the pH 4000 controller from NBS, which includes a dual
pump module for control of two different fermentors. (The pH 4000 pump mod-
ule is designed to add acid and base, but the acid pump can be configured to add
base on the second channel of the pH 4000 controller.) Alternatively, the Series
500 pH controller from Valley Instrument Co. (Exton, PA) can be used along with
a 101F fixed-speed peristaltic pump from Watson-Marlow (Wilmington, MA).

Sterile air is introduced into the vessel through a sparger and is metered
through a flow meter by a needle valve. To accommodate high oxygen demands,
a gas-blending panel is used and is described in Subheading 2.2.5.1. Because
substantial volumes of glycerol and methanol are added during fermentation,
the starting volume of medium for batch growth phase should be 0.4–0.5 L.
With the Multigens, the maximum working volume is approx 1.0–1.1 L.

A second modification to the Multigen fermentor is needed to improve mix-
ing. The MultiGen vessels are factory equipped with two-baffle mixers
mounted to the headplate. These baffles must be replaced with a four-baffle
cage, similar to the baffle cage used in the BioFlo III fermentors (see Fig. 1). A
third modification is necessary for temperature control at high cell densities.
At optical densities (OD600nm) above 300, P. pastoris cultures generate a sub-
stantial amount of heat. The “cold finger” heat exchangers that are supplied
with the Multigen fermentor units extend only two-thirds of the distance into
the culture. To correct this problem, the “cold fingers” should be modified to
extend the full length of the fermentor vessel. A flow rate of 0.1–0.2 gallons/
min of cold water (~13°C) is used to regulate temperature.

2.2.2. Four-Liter Fermentor

For 4-L working volume (5 L total volume) fermentor, a BioFlo III or the BioFlo
3000 (NBS) (Fig. 1) or other suitable fermentor can be used. (The rest of this
chapter primarily refers to equipment and specifications for the BioFlo III.) The
BioFlo III comes equipped with a microprocessor for control of pH, DO, agitation,
temperature, nutrient feed rate, and foam control, and a serial communication port
for supervisory computer control and data acquisition. Sterile air is introduced into
the vessel through a ring sparger and is metered through a flow meter by a needle
valve located on the front panel of the unit. However, for maximum control of air
and oxygen flow rates, the gas blending package described in Subheading 2.2.5.1.
is recommended and can be mounted on top of the BioFlo III (see Fig. 1).

The 5-L BioFlo III vessel has a maximum working volume under high agita-
tion conditions of 4.0–4.5 L. An initial volume of 3 L is recommended for short
induction periods (<40 h), whereas longer induction periods require an initial
volume of 2.0 or 2.5 L. Initial volumes of 2.0–2.5 L require longer (320 mm)
dissolved oxygen and pH probes. The standard probes (220 mm) require a mini-
mum volume of 3.0 L.



112 Stratton, Chiruvolu, and Meagher

2.2.3. Equipment Common to Both One- and Four-Liter Fermentors

2.2.3.1. PH CONTROL

Ammonium hydroxide is used to control pH and serves as the nitrogen
source for the fermentation. Because of the volatility of NH4OH, silicone or
even Marprene tubing is not recommended for the entire run of tubing from the
feed bottle to the fermentor. The diffusivity of NH4OH through the tubing is
sufficient to cause air gaps in the tubing. Teflon tubing (Western Analytical
Prod., Temecula, CA) is used from the feed bottle to the fermentor, except for
a short length of 0.8-mm bore Marprene tubing (Watson-Marlow) that is just
long enough to fit in the peristaltic pump head. The Marprene tubing is con-
nected to the Teflon tubing using peristaltic tubing adapters (UpChurch Scien-
tific, Oak Harbor, WA). One end of the Teflon tubing is connected with an
adapter to a 25-gage needle and inserted into the fermentor through a septum.
The cap on the base-containing bottle is fitted with two openings, one for an air
exhaust vent filter and the other for the Teflon tubing, which should extend
down into the liquid base for feeding. The suction side of the pump (i.e., feed
bottle to pump) is 1/8-in.-diameter (i.d.) Teflon tubing, whereras the supply
side (i.e., pump outlet to the fermentor) is 1/16-in. i.d. tubing.

2.2.3.2. METHANOL FEED CONTROL

The same bottle and tubing configuration that is used for base addition is
also used for the methanol feed because of the same diffusion problems. If
silicone tubing is used from the feed bottle to the fermentor, gaps of air in the
tubing will appear as a result of diffusion of the methanol through the tubing

Fig. 1. Picture of BioFlo III fermentor setup for a P. pastoris fermentation.
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wall. This will cause irregular feeding of methanol, resulting in irregular DO
profiles. Methanol is fed to the fermentor using a variable speed pump, such as
the Watson-Marlow 101U/R. This pump is capable of delivering liquid vol-
umes at rates as low as 0.001 mL/min (using 0.5-mm bore tubing) and as high
as 53 mL/min (using 4.8-mm bore tubing). With this wide range of flow rates,
the pump can be used for feeding methanol to fermentors 1–80 L in volume.

It is critical to set up the methanol feed bottle to allow for a continuous flow
of liquid. The needle on the end of the feed line must be inserted at a 90° angle,
without touching the sides of the fermentor headplate port to allow methanol to
flow freely. If the needle is inserted at an angle, methanol pools at the headplate
and an inconsistent delivery occurs. The pooling and release of large drops of
methanol results in an inconsistent feed of methanol and an erratic DO profile,
possibly resulting in a failed fermentation (see Note 3). Another alternative is
to use a feed tube that is completely submerged, allowing methanol addition
directly into the fermentor broth.

2.2.4. Larger Fermentors

The setup required for larger fermentors is generally similar to that for 4-L fer-
mentors, only scaled up in volume. The main difference is that the amount of
medium, methanol, and base used will increase. The initial and final volumes must
still be calculated just as with the 4-L fermentation, only on a larger scale. Feeding
strategies remain the same. We have the most experience with an 80-L (60-L work-
ing volume) Mobile Pilot Plant (NBS) and, therefore, will describe equipment and
methods for this vessel. This bioreactor has a control panel and features similar to
the BioFlo III, including data logging and computer control. However, like most
large fermentation vessels, it is sterilizable-in-place and possesses a bottom-drive
double mechanical agitator seal. The Watson-Marlow 101U/R variable-speed pump
equipped with 0.8 mm-bore tubing is used for methanol feeding.

2.2.5. Modifications for High Cell Density Fermentation

2.2.5.1. GAS BLENDING PACKAGE

For high-cell density fermentations of P. pastoris, fermentors must be modi-
fied for addition of oxygen. To avoid oxygen limitation, the air supply must be
supplemented with pure oxygen. For this, a gas-blending package can be pur-
chased from Valley Instrument. The gas-blending package consists of an oxy-
gen, air, and totalizing flow meter mounted on a stainless-steel panel. The
oxygen flow meter for the Multigen has a range of 0–500 mL/min, whereas
the BioFlo III uses 0–2000 mL/min. The air and totalizing flow meters for
the Multigen and BioFlo III are 0–2000 and 0–5000 mL/min, respectively. Each
of the gas-blending packages is equipped with an oxygen regulator, essential to
ensure a steady flow of O2. The O2 supply pressure is regulated to 60 psig
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(pounds-per-square-inch gage) and the individual fermentor regulators are set to
20 psig each. A diagram of the Multigen setup, including the blending package,
is presented in Fig 2. To ensure proper blending of air and O2, the supply-side O2

regulator should be set 5 psig higher than the air regulator, which ensures that O2

will displace the air as the O2 flow is increased. The DO controller for the
Multigens (Valley Instrument Model 516M) controls a proportioning valve that
meters oxygen automatically to maintain the DO at the desired set point.

2.2.5.2. AIR EXHAUST SYSTEM

The next suggested modification concerns the air exhaust system. A stan-
dard air filter on the exhaust line can become plugged with condensate or
medium and cells during lengthy fermentations. Instead of using a filter on the
air exhaust line, a length of Marprene tubing can be attached to the end of the
condenser and the end of the tubing placed in a 500-mL medium bottle con-
taining 250 mL of 1 N NaOH. This medium bottle is then placed into a 4-L
plastic beaker and covered in foil. This arrangement will contain cells and cul-
ture ejected during fermentation in the event of foaming.

2.2.5.3. COMPUTER MONITOR

Although not essential, DO, pH, and temperature can be logged electroni-
cally using such software as the NBS BioCommand through a Universal I/O
converter also manufactured by NBS. The converter has multichannel, analog-
to-digital/digital-to-analog signal conversion capabilities that can convert up
to 10 independent analog inputs to NBS digital outputs, and vice-versa for data
archiving and graphics display of fermentor outputs.

3. Methods

3.1. Inoculum Preparation

3.1.1. One- and Four-Liter Fermentors

1. Start inoculum from frozen cell stock cultures. Thaw frozen cells (1 mL) at room
temperature and transfer to a 250-mL shake flask containing 50 mL of MGY
medium. (One 50-mL shake flask is used to inoculate a 1-L fermentor and three
are needed to inoculate a 4-L fermentor.).

2. Incubate flasks with shaking at 30°C for 20–24 h. The culture should be at an
OD600nm of between 2 and 5.

3. Add inoculum aseptically to the fermentor through a septum using a sterile 60-cc
syringe with an attached needle. Another method is to set up the shake flasks with
stoppers that contain a vent filter and inoculating tubing (stainless steel or glass)
connected to sterile tubing of appropriate size and length. The inoculating end of
the tubing can be attached to a needle that is then inserted into the septum on the
fermentor. A peristaltic pump is then used to add the inoculum.
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3.1.2. 60-Liter Fermentor

1. The inoculum train for a 60-L fermentation follows the same steps outlined in Sub-
heading 3.1.1. for the 4-L fermentor. The 4-L fermentor is used to inoculate the 60-L
fermentor. The medium used for the 4-L fermentor is the same as for the 60-L fer-
mentor. The 4-L fermentor is prepared and autoclaved with a transfer line attached to
the harvest port. The transfer line consists of sterile tubing of appropriate size and
length that can be threaded through a peristaltic pump, such as 4.8-mm-i.d. Marprene
tubing (Watson-Marlow), slipped over the end of the harvest port on the 4-L vessel.
The other end is attached to a 16-gage needle and tie-wrapped to prevent leakage.

2. The needle is then punched through a septum on the 60-L fermentor, allowing the
inoculum to be transferred by a peristaltic pump. If a peristaltic pump is not avail-
able, air pressure can be used to transfer the culture. The 4-L fermentor is oper-
ated in batch mode (i.e., no additional carbon source is added to the fermentor
once the fermentor is inoculated). The OD600nm in the 4-L fermentor should reach
40–50 before inoculating the 60-L fermentor. The high cell density inoculum will
shorten the initial glycerol batch phase from 20–24 h to 16–18 h.

3.2. Fermentation
3.2.1. General Fermentation Procedure
for Glycerol Batch and Fed-Batch Steps

1. The following is the procedure for a typical 4-L fermentation of a P. pastoris
expression strain but can be scaled up or down in volume. For all fermentation

Fig. 2. Schematic diagram of setup for 1-L Multigen fermentor.
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processes, whether working with Mut+, Muts, or Mut– phenotype strains, the strat-
egy is to grow the yeast to high cell density on glycerol followed by induction
with methanol. The three different phenotypes are distinguished by their growth
rates on methanol—Mut+ (0.14 h–1), Muts (0.04 h–1), and Mut– (0.0 h–1)—and
their induction procedures are described in this section.

2. The temperature, pH, and DO should be set at 30°C, 5.0, and 35%, respectively,
and each should be set to automatic control. The air flow rate is set at 1.25 vvm
(2.5 L) and is not changed during the fermentation.

3. The initial glycerol concentration is 4% (w/v).
4. The pH is controlled using a 30% by volume NH4OH solution.
5. The 4-L fermentor (containing ~2 L of glycerol medium) is inoculated with the

three 250-mL shake flasks, each containing 50 mL of culture as described above.
This initial glycerol batch phase usually lasts 20–24 h. Automatic DO control is
set at 35% during the glycerol batch phase until the agitation rate reaches 800 rpm.
At this point, the DO control is turned off and agitation is controlled manually
(800 rpm for the 4-L fermentor; 450 rpm for the 60-L fermentor), adjusting the
flow of O2 into the fermentor. When the glycerol is completely exhausted, the
DO reading will rise sharply. The OD600nm at this point should be 60–70.

6. Begin the glycerol fed-batch phase. The glycerol fed-batch phase further increases
the cell density, initiates derepression of the AOX1 promoter, and provides for a
smooth transition to the methanol fed-batch stage. The feed pump with glycerol
(50% w/v) is set to deliver 15 mL/L h based on the starting volume of 2.0 L. For
the BioFlo III fermentor, the nutrient feed pump is used to feed glycerol. This
phase will last for 4 h. During the glycerol fed-batch phase, the DO is controlled
manually by setting the agitation to maximum, the total air flow to constant, and
varying the amount of oxygen to keep the DO steady at 30–35% (see Note 4).
During the glycerol fed-batch phase, perform “DO spikes” at 0.5, 1.0, 2.0, and
4.0 h to ensure that glycerol is not accumulating. A DO spike consists of shutting
off the glycerol feed pump and timing how long it takes for the dissolved oxygen
reading to rise 10%. Once the DO has increased 10%, the feed pump is turned
back on. A final DO spike should also be performed at the end of the glycerol fed-
batch phase just prior to starting the methanol feed. The OD600nm at this point of
the fermentation should be between 100 and 120.

7. Add antifoam if necessary to control excess foaming. The BioFlo III is equipped
with sensors and peristaltic pumps for automatic addition of antifoam. A solu-
tion containing 5% Struktol JA 673 antifoam (Struktol Company of America;
Stowe, OH) in 100% methanol is used to control foaming. This solution can
also be added through a syringe filter. Undiluted antifoam (1–2 drops) may also
be added to the fermentor through a 0.45-µ syringe filter to control excessive
foaming.

3.2.2. Methanol Feeding of Mut+ Strains

There are two key points to the fed-batch strategy for Mut+ strains. The first
is to make sure that all the glycerol is exhausted before beginning methanol
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feeding, and the second is to make sure that methanol does not accumulate in
the medium during the induction phase.

1. Turn off the glycerol feed pump. The DO should rapidly rise to 100% or greater.
2. Set the methanol feed rate at 3.5 mL/L·h. Adjust pH for optimum protein production

(see Note 5). This low initial methanol feed rate allows the culture to adapt to the new
carbon source. This period may last anywhere from 2 to 5 h. During adaptation, the
DO will steadily decrease from 100 to 40% over a 1–3-h period. Eventually the DO
will stabilize and then begin to increase. An increase in DO means that the culture is
beginning to starve for methanol and is ready to accept a faster methanol feed rate.
Perform a DO spike before changing either the methanol or O2 feed rate (see Note 6).
Once the DO reaches 60%, the methanol feed rate can be increased.

3. Increase the methanol feed rate to 5 mL/L·h. After 2 h, perform DO spike. Con-
tinue this feed rate until the DO spike time is 30 s or less. Once this occurs pro-
ceed to the next step.

4. Increase the methanol feed rate by 1 mL/L·h. After 1 h check the status of the
culture by performing a DO spike. If the spike time is <30 s, increase the feed
rate another 1 mL/L·h. If the spike time exceeds 35 s, maintain that feed rate
until the DO spike time drops below 30 s.

5. Continue the incremental increases at ~1-h intervals until an optimal feed rate of
11–12 mL/L·h is achieved. If DO spike times become longer than 1 min, reduce
the methanol feed rate by 1–2 mL/L·h.  Ideally, the feed rate should be brought to
the maximum as quickly as possible. The methanol induction period may be as
short as 18 h or as long as 96 h. The best way to determine the optimum induction
period is to run a fermentation for the maximum induction period, examining
time-course samples throughout and empirically determining the optimum time
of harvest. The harvest should take place at the point in time when the most prod-
uct has accumulated. If you have the capability to measure methanol concentra-
tion, keep the concentration above 0.4% and below 3% (11). A residual methanol
level of 1% provides the best growth conditions (11). The final OD600nm may
reach 400 or higher. After centrifugation of methanol-induced cultures, the cell
pellet should occupy 30–40% of the culture volume.

3.2.3. Methanol Feeding of Muts Strains

The fermentation process for Muts strains is identical to Mut+ strains for
steps described in Subheading 3.2.1. (glycerol batch and fed-batch steps). At
the end of the glycerol fed-batch step, the methanol feed is started, and metha-
nol concentration is maintained at <1% throughout the methanol-induction
phase. Start the methanol feed rate at 1 mL/L·h and increase the rate over 6–8 h
to 6 mL/L·h. Maintain that rate during the length of the induction period.

3.2.4. Methanol Induction of Mut– Strains

The fermentation process for Mut– expression strains is similar to that for
Escherichia coli strains expressing proteins under control of the lacZ promoter.
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In both, a carbon source must be provided along with the nonmetabolizable
inducing agent. For Mut– strains, the carbon source is glycerol. The batch and
fed-batch steps are identical to those for Mut+ strains (Subheading 3.2.1.) except
that the initial concentration of glycerol is 20 instead of 40 g/L. At the comple-
tion of the fed-batch glycerol phase, the induction phase is started by initiating a
glycerol feed rate of 1 g/L·h, and methanol is added to a final concentration of
0.5% (10). During the induction phase, the methanol concentration should be
maintained at 0.5%, monitored every 6–12 h, and adjusted accordingly.

3.3. Fermentation at Moderate Cell Density

A moderate cell density fermentation with Mut+ strains requiring no oxygen
supplementation or additional cooling is also possible with P. pastoris. Condi-
tions are the same as described in Subheadings 3.2.1. and 3.2.2. with the
exceptions described below.

1. For the Bioflo III fermentor, set for automatic DO control throughout the entire
fermentation. Perform DO spikes as described in Subheading 3.2.1., step 6. The
agitation rate should not exceed 450 rpm at any point during the fermentation.

2. Prepare batch glycerol medium with a concentration of glycerol of 0.5–1.0%.
This should result in a final batch density of 4–8 OD600nm units. It may be pos-
sible to increase the concentration of glycerol in the initial batch glycerol medium
to 1.0 or 1.5%, as long as the oxygen transfer rate of the fermentor is not limited.
Fermentations with shorter or longer methanol induction times will need to adjust
the initial batch glycerol concentration and feed strategies to maximize cell mass/
protein production within the limits of the fermentor.

3. Once the initial glycerol is exhausted, a 50% glycerol solution is fed at 1.5 mL/L·h
until the OD600nm is 15 (2–3 h).

4. At the completion of the glycerol fed-batch phase, start a methanol feed at a rate
of 1 mL/L·h. Adaptation to methanol usually requires approx 2 h.

5. Once adapted, increase the methanol feed rate to 2 mL/L·h. Continue methanol
feeding for 4 h at this rate, then increase the rate to 3 mL/L·h for 2 h, then further
increase the rate to 4 mL/L·h and maintain this rate for the duration of the metha-
nol growth and induction phase. A maximum agitator speed of 400–500 rpm
should be sufficient to attain a final OD600nm of 50 with an 80-h induction.

3.4. Analytical Methods

Methanol and ethanol concentrations in the media are determined by gas
chromatography using a Hewlett Packard 5880A GC with a column packed
with chromosorb W (AW) (80/100; 10% carbowax 20M-TPA + 0.1% H3PO4

[Supelco, Bellefonte, PA]). Conditions include using nitrogen as the carrier
gas at a flow rate of 18 mL/min and hydrogen as the fuel gas. The internal
standard is n-propanol. The column oven temperature should be set at 80°C,
the flame-ionization detector at 350°C, and the injector at 250°C.
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Glycerol concentrations are determined by HPLC using a ICE-ASI, Dionex
column, and Dionex Pulsed Amperometric Detector [Platinum electrode, E1,
0.20(60); E2, 1.25(60); E3, -0.1(240)] (Dionex, Sunnyvale, CA). The isocratic
solvent was 100 mM perchloric acid at a flow rate of 1 mL/min (10).

3.5. Summary
The purpose of this chapter is to educate the reader about the basic equip-

ment and strategies used in fermentations of P. pastoris in both bench-top and
pilot-scale operations. A key element in expression of foreign proteins in this
yeast is the need for sufficient aeration, which is achieved by proper mixing of
the media and by blending gases to control dissolved oxygen content. Auto-
matic pH control is essential for growth and expression in P. pastoris. Finally,
fed-batch fermentations require the use of peristaltic pumps and tubing capable
of low rates of delivery for the feeding of nutrients and base. Teflon tubing and
peristaltic pump adapters are recommended for fed-batch operations.

The information in this chapter should enable a reader with little or no expe-
rience to perform a high-cell-density fermentation of a P. pastoris expression
strain. Although most procedures described here are specifically for the BioFlo
III (NBS), it should be possible to achieve high expression levels with almost
any good-quality fermentor, modified to accommodate this organism.

4. Notes
1. Not all chemical vendors are suitable suppliers for the chemicals for defined fer-

mentation media. Our lab has observed problems with magnesium sulfate from
one source. Media prepared with chemicals from this source consistently formed
precipitates, whereas the same chemical from another did not.

2. There will be some precipitate formation in batches of both PTM trace salt solu-
tions when added to the media. A slight haze is acceptable.

3. It is important to note that the nutrient pump on the Bioflo III fermentor cannot be
used for methanol feeding for Mut+ fermentations. This pump operates intermittently,
which will cause periodic fluctuations in DO levels. DO levels are not as critical
during the glycerol fed-batch phase, so this pump can be used for this purpose.

4. Once the glycerol feed and the DO/oxygen flow rates are set in balance, it should
not be necessary to further adjust the O2 flow rate during the fed-batch phase.

5. The pH during methanol induction is set for optimum protein stability. This value is
best determined by running a series of fermentations at different induction pHs.

6. Mut+ strains are very sensitive to methanol concentrations. It is critical that a DO
spike is performed before making any change in methanol or O2 feed rate. If the
DO is dropping steadily and reaches <15%, turn off the methanol feed pump and
allow the culture to metabolize the excess methanol, which is evident by an
increase in the DO. Once the DO spike has occurred, increase the O2 by 0.1 L/min
and turn on the methanol feed pump. What is happening is that the culture is
metabolizing as much methanol as there is oxygen available. Basically the cul-
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ture is starved for oxygen, as is evident by the low DO value. The most imme-
diate response would be to increase the oxygen feed rate, but this could kill the
culture. If there is too much methanol present (1–2%) and suddenly the oxygen
level is increased, this may result in an abundance of formaldehyde in the culture,
which will “pickle” the culture.

References
1. Brierley, R. A., Bussineau, C., Kosson, R., Melton, A., and Siegel, R. S. (1990)

Fermentation development of recombinant Pichia pastoris expressing the heterolo-
gous gene: bovine lysozyme. Biochemical Engineering VI, Ann. NY Acad. Sci. 589,
350–363.

2. Couderc, R. and Barratti, J. (1980) Oxidation of methanol by the yeast Pichia
pastoris: purification and properties of alcohol oxidase. Agric. Biol. Chem. 44,
2279–2289.

3. Swartz, J. R. and Cooney, C. L. (1981) Methanol inhibition in continuous cultures
of Hansenula polymorpha. Appl. Environ. Microbiol. 41, 1206–1213.

4. Hazeu, W. and Donker, R. A. (1983) A continuous culture study of methanol and
formate utilization by the yeast Pichia pastoris. Biotechnol. Lett. 5, 399–404.

5. Gleeson, M. A. and Sudbery, P. E. (1988) The methylotrophic yeasts. Yeast 4, 1–5.
6. Cregg, J. M., Tschopp, J. F., Stillman, C., Siegel, R., Akong, M., Craig, W. S.,

Buckholz, R. G., Madden, K. R., Kellaris, P. A., Davis, G. R., Smiley, B. L., Cruze,
J., Torregrossa, R., Velicelebi, G., and Thill, G. P. (1987) High-level expression and
efficient assembly of hepatitis B surface antigen in Pichia pastoris. Bio/Technology
5, 479–485.

7. Cregg, J. M. and Madden, K. R. (1988) Development of the methylotrophic yeast,
Pichia pastoris, as a host system for the production of foreign proteins. Dev. Ind.
Microbiol. 29, 33–41.

8. Sreekrishna, K., Nelles, L., Potenz, R., Cruze, J., Mazzaferro, P., Fish, W., Fuke,
M., Holden, K., Phelps, D., Wood, P., and Parker, K. (1989) High-level expression,
purification, and characterization of recombinant human tumor necrosis factor syn-
thesized in the methylotrophic yeast Pichia pastoris. Biochemistry 28, 4117–4125.

9. Cregg, J. M. (1987) Genetics of methyltrophic yeasts, in Proceedings of the Fifth Inter-
national Symposium on Microbial Growth on C1 Compounds (Duine, J. A. and van
Verseveld, H. W., eds.), Marinus Nijhoff, Dordrecht, The Netherlands, pp. 158–167.

10. Chiruvolu, V., Cregg, J. M., and Meagher, M. M. (1997) Recombinant protein pro-
duction in an alcohol oxidase-defective strain of Pichia pastoris in fed-batch fer-
mentations. Enzyme Microb. Technol. 21, 277–283.

11. Murray, D. W., Duff, S. J. B., and Lanthier, P. H. (1989) Induction and stability of
alcohol oxidase in the methylotrophic yeast Pichia pastoris. Appl. Microbiol.
Biotechnol. 32, 95–100.



Peroxisome Biogenesis 121

121

From: Methods in Molecular Biology, Vol. 103: Pichia Protocols
Edited by: D. R. Higgins and J. M. Cregg  © Humana Press Inc., Totowa, NJ

10

Use of Pichia pastoris as a Model
Eukaryotic System

Peroxisome Biogenesis

Klaas Nico Faber, Ype Elgersma, John A. Heyman,
Antonius Koller, Georg H. Lüers, William M. Nuttley,
Stanley R. Terlecky, Thibaut J. Wenzel, and Suresh Subramani

1. Introduction
Many subcellular processes present in multicellular eukaryotes have been

shown to reside in yeast as well. The ease with which yeasts are genetically
manipulated and analyzed by biochemical and ultrastructural techniques has
greatly contributed to the present knowledge of these processes. In particular,
the biogenesis, maintenance, and functions of the different subcellular
organelles have been intensively studied in yeast. Saccharomyces cerevisiae
has been the yeast of choice when the organelles under study are constitutively
present in the cell, such as mitochondria, nucleus, Golgi, and the endoplasmic
reticulum. In contrast, peroxisome biogenesis is studied in a variety of yeast
species, mainly because the abundance of this organelle is highly inducible by
external factors. Several nonconventional yeast species show a much more pro-
nounced peroxisome proliferation than does S. cerevisiae (1–6).

Peroxisomes are believed to develop by growth and fission of pre-existing
peroxisomes. Specific carbon and nitrogen sources have been found that require
the activity of peroxisomal enzymes. The initial steps of oleate and methanol
metabolism have been shown to reside within the peroxisome (7). Pichia
pastoris is one of the few yeast species that is able to metabolize both these
substrates with the accompanying strong proliferation of peroxisomes (3,4,8).
This chapter emphasizes the importance of studying peroxisome biogenesis in
yeast to the understanding of this process in higher eukaryotes (humans) and
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focuses on the yeast P. pastoris. For a general overview of peroxisome function
and biogenesis, the reader is referred to recent reviews by Rachubinski and
Subramani (9), Purdue and Lazarow (10), Braverman et al. (11), Subramani
(12), and Van den Bosch et al. (13).

Peroxisomes are ubiquitous organelles that house different activities depend-
ing on the organism under study and the environmental conditions applied.
Peroxisomes are defined as organelles bounded by a single membrane and con-
taining an H2O2-producing oxidase together with catalase, which converts the
H2O2 into H2O and O2 (14). Morphologically they resemble glycosomes (in
trypanosomes) (15), glyoxysomes (in plants) (16), and hydrogenosomes (in
anaerobic fungi) (17), and are therefore classified as microbodies. Peroxisomes
play an essential role in human physiology as dramatically demonstrated by
severe disorders associated with malfunctioning peroxisomes. Complementa-
tion analysis of patient cell lines revealed that over 11 genes are essential for
proper peroxisome assembly in humans (11,18).

The dramatic effects of peroxisomal disorders in humans triggered the iso-
lation of yeast mutants with similar phenotypes, e.g., the absence of functional
and/or morphologically recognizable peroxisomes (peroxisome assembly or
pex-mutants; see Subheading 1.2.) (3,4,19–24). These mutants were isolated
from pools of mutagenized cells that were screened for their inability to utilize
oleate and methanol. The isolation of yeast genes encoding either metabolic
enzymes or proteins essential for peroxisome biogenesis has greatly contrib-
uted to our current understanding of protein targeting to, and biogenesis of,
peroxisomes. Proteins involved in peroxisome biogenesis (peroxisomal matrix
protein import, peroxisomal membrane biogenesis, peroxisome proliferation,
and peroxisome inheritance) are designated peroxins, with PEX representing
the gene acronym. The reader is refered to the table published by Distel et al.
(25), which links the PEX numbers to the previously used names.

1.1. Peroxisomal Targeting Signals
1.1.1. Peroxisomal Targeting Signal 1 (PTS1)

Most peroxisomal matrix proteins are synthesized on free polysomes, sorted
post-translationally to the organelle, and imported without further modifica-
tion (26–28). The peroxisomal localization of firefly luciferase when expressed
in mammalian cells led to the identification of the first signal involved in the
targeting of peroxisomal proteins (29,30). The Ser-Lys-Leu (SKL) sequence
present at the C-terminus of this protein was both necessary and sufficient for
correct sorting (31,32). Since then, a great variety of SKL-like C-terminal
sequences have been placed in the first group of peroxisomal targeting signals
(PTS1s). In mammalian cells, the PTS1 conforms to the consensus S/A/C–K/
H/R–L/M (12). Heterologous expression of PTS1-containing proteins in yeast,
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plants, insects, and mammalian cells revealed the universal nature of the signal
(33,34). Furthermore, antibodies raised against the C-terminal PTS1 specifi-
cally recognize proteins from all four different subclasses of microbodies,
underscoring their evolutionary relationship (17,34,35).

1.1.2. Peroxisomal Targeting Signal 2 (PTS2)

The second peroxisomal targeting signal was first characterized as an
exception to the rule of “import without modification.” Rat ketoacyl CoA-thiolase
is synthesized as a precursor protein for which the N-terminus (26 amino acids in
thiolase A; 36 amino acids in thiolase B) is cleaved on import. The first 11 resi-
dues of thiolase A contain sufficient information to direct a reporter protein to
peroxisomes (36,37). Site-directed mutagenesis and identification of similar N-
terminal sequences sufficient for targeting of other peroxisomal proteins have
revealed a minimal consensus (R/K)(L/I/V)–X5–(H/Q)(L/A) for the PTS2
(38–41). Clearly, processing of the PTS2 sequence is not a prerequisite for import
of this class of proteins (36,38,42,43). Furthermore, in contrast to the PTS1, the
PTS2 also functions at internal positions in the protein (Faber and Subramani,
unpublished data). Identification of peroxisomal proteins from yeast, kineto-
plasts, plants, and mammals containing a PTS2-like sequence demonstrates that
this import signal is conserved throughout the eukaryotic kingdom.

1.1.3. Other PTSs and Import of Oligomers

Additional targeting signals for matrix proteins may exist, since several pro-
teins do not contain either a PTS1 or a PTS2, such as Candida tropicalis acyl-
CoA oxidase (44,45) and S. cerevisiae Pex7p (46). However, recent data provide
an alternative explanation for targeting of such proteins to peroxisomes. Glover
et al. (47) and McNew and Goodman (48) showed that polypeptides containing
a PTS can form oligomers with polypeptides lacking a PTS and that the result-
ant complex can be imported into peroxisomes. These data suggest that protein
unfolding is not a prerequisite for targeting to peroxisomes, a dogma generally
accepted for targeting to other organelles (except to the nucleus). Walton et al.
(49) showed that even gold particles of up to 9 nm in diameter and coated with
a human serum albumin–HSA–SKL conjugate are imported into peroxisomes.
Future experiments are needed to resolve whether import of oligomeric peroxi-
somal protein complexes is of importance in vivo, and if so, whether polypep-
tides lacking a PTS may enter the peroxisome via a heteromultimeric
interaction with a protein containing a PTS.

1.1.4. Membrane Protein Targeting Signal (mPTS)

In contrast to matrix proteins, little is known about targeting of peroxisomal
membrane proteins. They do not contain signals resembling either PTS1 or
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PTS2 and, therefore, may be imported via a separate pathway. Defining the
targeting signal(s) of peroxisomal membrane proteins (mPTSs) has been initi-
ated by the laboratory of Goodman (50–52). PMP47, a Candida boidinii
peroxisomal integral membrane protein, is thought to contain six transmem-
brane domains (TMD). A sequence between TMD 4 and 5, which is believed to
face the peroxisomal matrix, has been shown to be sufficient to target an other-
wise soluble reporter protein, chloramphenicol acetyltransferase (CAT), to the
peroxisomal membrane. The 20 amino acid sequence contains a stretch of posi-
tively charged amino acids, which support membrane targeting.

PpPex3p is a peroxisomal membrane protein essential for peroxisome bio-
genesis in P. pastoris (53). Homologs have been found in S. cerevisiae (54) and
Hansenula polymorpha (55), which share an overall identity of approx 30%.
Deletion analysis revealed that the N-terminal 40 amino acids of PpPex3p are
sufficient for targeting a reporter protein to the peroxisomal membrane (53).
This sequence also contains a positively charged stretch of amino acids at
positions 9–15 relative to the initiating methionine. Although this sequence is
not particularly conserved among the three homologs, they all contain at least
four positively charged amino acids in a stretch of six. The absence of an obvi-
ous membrane-spanning domain in the sequences sufficient for targeting sug-
gests that they interact with another peroxisomal membrane protein.
Surprisingly, the N-terminal 16 amino acids of HpPex3p, which includes the
positively charged residues, targets a reporter protein to the endoplasmic reticu-
lum (ER) (55). Whether this represents aberrant sorting of the fusion protein or
sorting of a peroxisomal membrane protein via the ER is unclear. Although the
model of autonomous proliferation of the peroxisome has been favored, these
and other recent data require a re-evaluation of a possible role of the ER in
peroxisome biogenesis (55–57).

1.2. Peroxisome Assembly Mutants
1.2.1. Isolation of Peroxisome Assembly Mutants

Since peroxisomes are strongly induced by growing P. pastoris either on
methanol or oleate, their essential contribution in metabolizing these carbon
sources is most obvious. In contrast, peroxisomes are barely detectable and
much fewer in number in glucose-grown cells. In fact, whether they contribute
at all to cell growth and maintenance under these conditions is unclear. Appar-
ently they are not essential for cell viability, since many peroxisome assembly
mutants have been isolated that are unable to utilize methanol and/or oleate,
but are still able to grow on glucose-containing media.

Initial screens to identify such pex mutants were based on biochemical and
morphological characterization of strains unable to utilize oleate and/or metha-
nol (3,4,19–21). A large number of mutant strains of P. pastoris have been
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isolated by the laboratories of J. M. Cregg, S. J. Gould, and S. Subramani, and
are presently placed into 16 complementation groups. In most mutants, the
assembly of functional peroxisomes is clearly affected. However, in many, rem-
nants of peroxisomes are detected (58–66). These peroxisomal ghosts resemble
those observed in cells from patients suffering from generalized peroxisomal
disorders (e.g., Zellweger syndrome). Although very successful, these isola-
tion procedures require both biochemical (cell fractionation) and electron
microscopical analyses to determine the mutant phenotype.

New tools have been developed both for identifying pex mutants and for
screening of import of marker proteins without the need for biochemical or
electron microscopical techniques. Elgersma et al. (23) developed an elegant
positive screening method in baker’s yeast using resistance to phleomycin as a
selective criterion for pex mutants. A hybrid protein was produced consisting
of the bleomycin resistance protein and a C-terminal portion of luciferase
containing the PTS1 sequence, SKL. If properly targeted, the yeast strain is sen-
sitive to phleomycin, since the resistance protein is sequestered from the drug
in the cytoplasm. In mutants lacking functional peroxisomes, the hybrid pro-
tein is localized in the cytosol and prevents the harmful action of the drug.
Among the phleomycin-resistant S. cerevisiae mutants obtained after chemical
mutagenesis, up to 30% were affected in the biogenesis of peroxisomes. Sev-
eral new PEX gene complementation groups were identified among 30 new
pex mutant strains. This suggests that the pool of PEX genes is not yet saturated
and that new genes may be identified using alternative screening methods.

For P. pastoris, the phleomycin screen has also been proven to be effective
(103) (more details in Subheading 1.4.). An overview of the complementation
groups and genes involved in peroxisome biogenesis in P. pastoris is shown in
Table 1.

1.2.2. Genes and Functions

The intensive search for peroxisome-deficient mutants in yeasts has now
resulted in approx 16 complementation groups for which, in most cases,
homologs from different yeast species are found. Since the sequence data have
revealed little about the functions of the encoded proteins, we now face the
challenging task of unraveling the functions of these proteins by use of genetic,
biochemical, and ultrastructural analysis. PpPEX gene products have been
shown to reside either in the cytosol and on vesicles (PpPex1p [58], PpPex6p
[62]), or on the peroxisomal membrane (PpPex2p [59], PpPex3p [54], PpPex4p
[60], PpPex5p [61], PpPex8p [63], PpPex10p [64], PpPex12p [65] and
PpPex13p [66]).

PpPex1p and PpPex6p are both members of the AAA-type family of ATPases
of which the N-ethylmaleimide-sensitive factor (NSF) is the most well known
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Table 1
P. pastoris Genes Involved in Peroxisome Biogenesis

P. pastoris
peroxin, Mammalian
mol wt homolog Function/features of P. pastoris protein Ref.

Pex1p (129) + AAA-type ATPase containing two ATP 58
binding sites; C-terminal one is essential
for function; cytosolic and vesicle-
associated; interacts with Pex6p

Pex2p (65) + Peroxisomal membrane protein; Zn-finger 59
domain at C-terminus

Pex3p (52) Peroxisomal membrane protein; deletion 53
strain does not contain peroxisomal ghosts;
involved in early stages of peroxisome
biogenesis

Pex4p (24) Peroxisomal membrane protein; ubiquitin- 60
conjugating enzyme

Pex5p (65) + Specific impairment in import of PTS1- 61,66
containing proteins; peroxisomal mem-
brane-associated protein, faces the cytosol;
some may also be cytosolic; receptor for
PTS1-containing proteins; contains 7 TPR
domains in C-terminal part of protein;
interacts with Pex13p.

Pex6p (127) + AAA-type ATPase containing one ATP 62
binding site; cytosolic and vesicle-
associated; interacts with Pex1p.

Pex7p (42) + Deficient only in import of PTS2-containing 103
proteins; receptor for PTS2-containing
proteins; contains -transducin (WD40)
domains

Pex8p (81) Peroxisomal membrane protein 63

Pex10p (48) Peroxisomal membrane protein; Zn finger 64
motif at C-terminus, facing the peroxi-
somal matrix; deletion strain accumulates
peroxisomal membranes

Pex12p (48) + Peroxisomal membrane protein; Zn-finger 65
motif at C-terminus, facing the cytosol

Pex13p (41) + Peroxisomal membrane protein; contains 66
SH3 domain; proposed Pex5p docking
protein
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(67,68). NSF, and its S. cerevisiae homolog Sec18p (69), are largely cytosolic
proteins involved in membrane-fusion events occurring within the secretory
pathway. Although the S. cerevisiae homolog of PpPex1p was the first PEX
gene to be identified, its subcellular localization and function remain obscure.
Recent data obtained in our lab show that both P. pastoris proteins are
nonperoxisomal proteins, with significant amounts of both proteins associated
with (small) membranous structures of unknown origin. This might indicate
that these proteins are involved in membane traffic and addition to the peroxi-
some, activities similar to those of NSF and Sec18p (104).

Three peroxisomal membrane proteins containing a Zn finger motif have
been shown to be required in peroxisome biogenesis in P. pastoris (PpPex2p,
PpPex10p, and PpPex12p) (59,64,65). The corresponding deletion strains all
contain peroxisomal remnants, suggesting a role for these proteins in peroxiso-
mal matrix protein import rather than membrane protein sorting or membrane
asssembly. The C-terminal Zn finger motifs are thought to be involved in pro-
tein–protein interactions, but no interacting partners have been identified so far.

PpPex3p is a peroxisomal membrane protein. The deletion strain does not
contain morphologically recognizable remnants of peroxisomes in contrast to
most of the other PpPEX-deletion strains, suggesting that PpPex3p is involved
in an early stage of peroxisome biogenesis (53). Features of the remaining char-
acterized PpPexps are given in Table 1. Loss of these proteins results in a
general impairment in peroxisome assembly. Their functions are now being
studied by determining their localization, topology, the proteins they interact
with, and the effect of controlled expression on peroxisome development and
morphology.

One specific class of pex mutants showed a selective import defect of spe-
cific matrix proteins, providing direct indication about the possible function of
the complementing gene products, which will be discussed in the next section.

1.2.3. PTS Receptors

The existence of targeting signals that direct proteins to the peroxisomes
implies the presence of receptor molecules for these PTSs. Among the pex
mutants of P. pastoris, one complementation group (Pppex5) still contained
small peroxisomes, which showed a selective import of proteins with a PTS2
sequence, whereas PTS1-containing proteins were localized in the cytosol (61).
This indicates that these classes of proteins follow, at least partly, separate
import routes. Not surprisingly, the gene that complements this mutant encodes
the receptor for PTS1 proteins (61,70). The protein product, 68-kDa PpPex5p,
harbors seven tetratricopeptide repeat (TPR) motifs at its C-terminal end. The
TPR motif is a loosely conserved sequence thought to be involved in inter- or
intramolecular interactions, and is also observed in Tom70p, a mitochondrial
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outer membrane protein that is the receptor for many polypeptides imported
into mitochondria (71,72). Though no transmembrane segments are predicted
from the primary amino acid sequence, the PpPex5p has been biochemically
localized on the peroxisomal membrane facing the cytosol, a location and
topology expected for a targeting signal receptor. In addition, some of the protein
is found in the cytosol. In vivo and in vitro binding assays showed directly that
PpPex5p binds to peptides ending in SKL (70). Furthermore, the TPR domains
contain the site of PTS1 sequence binding.

Homologs of PpPex5p have been isolated from S. cerevisiae (73), H.
polymorpha (74,75), and Yarrowia lipolytica (76), indicating that the PTS1
sequence is recognized by similar receptor molecules in the different yeasts.
However, the subcellular location of each homolog appears to be different.
ScPex5p is primarily found in the cytosol, HpPex5p is present in the cytosol as
well as in the peroxisomal matrix, and YlPex5p is primarily present inside the
peroxisome. This apparent discrepancy in the localization has led to models
where the receptor shuttles into and out of the peroxisome (9). Recently, a
peroxisomal membrane protein has been identified that interacts through its C-
terminal src homology 3 (SH3) domain with PpPex5p (66), implying that this
protein acts as the docking site for the PTS1 receptor on the peroxisomal membrane.

The PTS2R has been described in S. cerevisiae only (45,77,78). Mutant
strains defective in PTS2R (pex7 mutants) are selectively impaired in the import
of PTS2 proteins. Lazarow and coworkers found the gene product (ScPex7p)
exclusively in the peroxisome. In contrast, Kunau and coworkers reported a
cytosolic and peroxisomal membrane localization, suggestive of a shuttling
mechanism between the cytosol and the peroxisomal membrane. Both groups
have reported the interaction between the PTS2R and the PTS2 signal (46,79).
The N-terminal sequence of the PTS2R was found to act as a PTS for a heter-
ologous reporter protein (46). This would seem to suggest a peroxisomal local-
ization for ScPex7p, but, as with the PTS1R, a hypothetical shuttling between
cytosol and peroxisomal matrix cannot be ruled out. No interaction has been
found among the proposed docking protein for the PTS1R, PpPex13p, and the
PTS2R. Interestingly, PTS1R and PTS2R show an interaction in a yeast–two-
hybrid screen, but this requires another protein, Pex14p (W. H. Kunau, per-
sonal communication).

1.3. Human Genes

1.3.1. The Human PTS1R

The data obtained for the yeast PTS1Rs have been instrumental in the isola-
tion of the human homolog (HsPex5p) of these proteins. Three different
approaches have resulted in the isolation of this gene.
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1. Dodt et al. (80) used the predicted amino acid sequences from the yeast genes to
screen a human E(xpressed) S(equence) T(ag) library.

2. Fransen et al. (81) exploited the documented interaction between the PTS1
sequence and PpPex5p in the two-hybrid system to fish the receptor molecule out
of a human cDNA library.

3. Wiemer et al. (82) obtained a partial cDNA clone whose product showed signifi-
cant similarity with PpPex5p.

The deduced amino acid sequence of the HsPex5p shows 34% identity with
PpPex5p. Highest similarity is observed between the C-termini containing the
TPR domains. As with PpPex5p, HsPex5p is able to bind the SKL sequence in
vitro. The HsPex5p is unable to substitute functionally for the PpPex5p in the
pex5-deletion strain. Remarkably, a PpPex5p–HsPex5p fusion protein consist-
ing of the N-terminal half (lacking the TPR domains) of PpPex5p and the C-
terminal half (containing the TPR domains) of HsPex5p in the pex5-mutant
resulted in the rescue of the oleate growth defect, whereas the strain remained
unable to utilize methanol. Since the TPR domains are essential for, and most
probably determine the specificity of, PTS binding, the HsPex5p C-terminal
fragment is probably unable to recognize and transport one or more proteins
essential for methanol metabolism.

As with the yeast homologs, both cytosolic and peroxisomal membrane
localizations of the gene product have been reported. Additional experiments
are required to resolve this discrepancy and to test the model of receptor shut-
tling through the peroxisome.

1.3.2. Other Human Homologs

As the sequencing of the human genome continues, many human homologs
of yeast peroxisome assembly proteins are expected to appear in the data bases.
Complementation screens using mammalian cells have revealed two genes
(RnPEX2 and RnPEX6) for which yeast homologs are defined. RnPex2p is a
peroxisomal membrane protein with a Zn binding motif (83), and of the three
different classes of Zn binding proteins involved in peroxisome biogenesis,
PpPex2p shows the highest homology (59).

Human Pex6p is a member of the AAA family of ATPases (84). From stud-
ies in yeast, it is clear that at least two individual members of the AAA family
of ATPases are involved in peroxisome biogenesis (58,62,85–87). Human
Pex6p shows highest homology to PpPex6p proteins localized to the cytosol
(62,84). In contrast, the ortholog from rat, RnPex6p, was localized to the per-
oxisomal membrane (88), and PpPex6p was found to be predominantly vesicle-
associated (104). Further experiments are needed to reveal whether PpPex6p/
RnPex6p shuttle between the cytosol and the peroxisomal membrane and
whether they have functions resembling that of NSF.
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Recently, four additional human PEX homologs were identified in the EST
data bases by similarity to their yeast homologs, HsPEX6, HsPEX7, HsPEX12,
and HsPEX13, underscoring the value of yeast as a model organism for peroxi-
some biogenesis (89). All of these genes show restoration of peroxisomal func-
tions in specific cell lines derived from fibroblasts from patients with
peroxisome-related diseases, implying that mutations in these proteins are the
direct cause of these diseases.

1.4. In Vivo Labeling of Peroxisomes

Improved procedures have been developed for biochemical and ultrastructural
analysis of organelle biogenesis and protein trafficking in eukaryotic cells. Through
cell fractionation, fractions enriched for specific organelles can be obtained and
used for in vitro studies; fixed cells may be processed for electron microscopical
analysis to determine organelle morphology and the location of proteins. These
procedures are, in general, very laborious and do not allow studies within living
cells. The recent cloning and characterization of the green fluorescent protein (GFP)
from the jellyfish Aequorea victoria have provided a tool to study organelle bio-
genesis and protein targeting in vivo by direct fluorescence microscopy.

1.4.1. Green Fluorescent Protein

The 27-kDa GFP emits green light ( max = 509 nm) on excitation with blue
light ( max = 395 nm) (90). The nontoxicity of heterologously expressed GFP
and the minimal photobleaching of the fluorophore make it an attractive
reporter for gene expression studies (91). GFP can be visualized in living cells
without prior fixation and/or permeabilization, which makes it an ideal passen-
ger protein to study protein import into subcellular compartments or for label-
ing of the compartments themselves. To be able to detect GFP at low expression
levels, random mutagenesis has been performed on the wild-type gene to obtain
mutant forms of GFP, which show eightfold (Ser65Thr mutant) (92) or even
40-fold enhanced intensity (93) of the emitted light. Also shifts in the wave-
length of the emitted light have been observed in the mutagenesis experiments,
resulting in a blue- and a red-shifted fluorescent protein (92,94,95).

1.4.2. GFP in Peroxisomes of P. pastoris

Hybrid proteins have been synthesized in P. pastoris consisting of the GFP
fused to the C-terminal PTS1, SKL (96), and to the N-terminal PTS2 sequence
of S. cerevisiae thiolase (53), and the localization compared to wild-type GFP
and endogenous P. pastoris proteins. The hybrid proteins containing a PTS are
sorted to peroxisomes, whereas GFP itself remains in the cytosol. GFP-PTS1 is
efficiently sorted to peroxisomes, since hardly any fluorescence is observed in
the cytosol in methanol-grown cells synthesizing the protein under control of
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the alcohol oxidase promoter. In cells containing the PTS2-GFP, peroxisomal
fluorescence is obvious, although part of the pool of hybrid protein remains in
the cytosol. Synthesis of this protein, controlled by the constitutive glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) promoter, in either glucose-,
methanol-, or oleate-grown cells revealed that the efficiency of import is
affected by the growth conditions applied (Wenzel and Subramani, unpublished
results), a phenomenon also observed for PTS2 proteins in the yeast H.
polymorpha (97). This indicates that (at least part of) the import pathway
involved in import of PTS2-containing proteins is induced during growth on
oleate and repressed during growth on methanol.

GFP-PTS1 has also been used to label the peroxisomal compartment in
mammalian cells (98). The use of GFP as a vital stain for peroxisomes provides
a tool to analyze aspects of peroxisome biogenesis, degradation, movement,
segregation, inheritance, and targeting of proteins in vivo in real time.

1.4.3. Use of GFP in pex Mutant Screens

The subcellular localization of GFP-PTS1 and/or PTS2-GFP has been used
as a primary analytical screen to select strains affected in peroxisome biogen-
esis from a pool of mutagenized cells, which were unable to metabolize per-
oxisome-requiring substrates (103). The laborious biochemical and ultra-
structural analysis of potential pex mutants was followed by fluorescence
microscopy of living cells, selecting only those strains that showed a clear
aberrant localization of the GFP reporter molecule(s). Putative P. pastoris pex
strains were selected basically as described by Elgersma et al. (23) for baker’s
yeast, using engineered strains synthesizing two hybrid proteins, either
bleomycin-PTS1 and GFP-PTS1 or PTS2-bleomycin and PTS2-GFP. This
allowed the isolation of mutants showing either a PTS1-specific, a PTS2-spe-
cific, or a general import defect. Several new complementation groups have
been obtained through this screen, which are currently under investigation.

1.5. Concluding Remarks and Prospects

In recent years, P. pastoris has emerged as an excellent model organism to
study peroxisome biogenesis. A large collection of organelle-specific mutants
has been generated, and many genes have been cloned and characterized. Sev-
eral of these genes have led to the cloning and characterization of the human
homologs, and reveal the molecular basis of a fatal human disease. The detailed
analysis of the growing number of P. pastoris genes involved in peroxisome
biogenesis will undoubtedly increase our knowledge about peroxisome bio-
genesis in general and serve as a source to identify new human genes involved
in this process. In addition to the isolation of mutants hampered in peroxisome
biogenesis, the main lines of current research are the identification of protein–
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protein interactions among the Pex proteins and the determination of the effects
of controlled expression of PEX genes.

2. Materials
2.1. Plasmid Rescue

1. SD medium: 0.67% (w/v) yeast nitrogen base, 2% (w/v) dextrose, supplemented
with the appropriate amino acids (histidine and arginine at 20 mg/L).

2. L-buffer: 50 mM dextrose, 25 mM Tris-HCl, 10 mM EDTA, pH 8.0.
3. 1% (w/v) SDS, 0.2 N NaOH.
4. 3 M sodium acetate, pH 5.3.
5. 96% Ethanol.
6. 70% Ethanol.
7. Acid washed glass beads (425–600 µm) (Sigma, St. Louis, MO).

2.2. Generation of Temperature-Sensitive Alleles by PCR

1. SD medium: 0.67% (w/v) yeast nitrogen base, 2% (w/v) dextrose, supplemented
with the appropriate amino acids, if needed.

2. 10 ng DNA template.
3. Taq polymerase (Life Technologies, Gaithersberg, MD).
4. 10X PCR buffer: 200 mM Tris-HCl, pH 8.4, 500 mM KCl.
5. 100 mM MgCl2.
6. 25 mM of each dNTP.
7. 10 mM MnCl2.

2.3. Immunofluorescence Microscopy

1. YPD medium: 1% (w/v) yeast extract, 2% (w/v) Bacto-peptone, 2% (w/v) dex-
trose. Add 2% (w/v) Bacto-agar to prepare plates.

2. YPM: 2% Bacto-peptone, 1% yeast extract, 0.5% methanol.
3. YPOL: 2% Bacto-peptone, 1% yeast extract, 0.2% oleic acid, 0.02% Tween 40.
4. 37% Formaldehyde.
5. 100 mM potassium phosphate buffer, pH 7.4.
6. SP buffer: 1.2 M sorbitol, 20 mM potassium phosphate buffer, pH 7.4.
7. Zymolyase 20-T (ICN Biochemicals, Inc., Aurora, OH 44202).
8. -Mercaptoethanol: stock solution is 14.3 M.
9. Poly-L-lysine solution (0.1%) (Sigma).

10. 100% Methanol (–20°C).
11. Phosphate-buffered saline (PBS): 8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4, 0.24 g

KH2PO4 in 1 L distilled water, pH 7.4.
12. Primary antibody.
13. Fluorochrome-linked secondary antibody (Jackson ImmunoResearch Laborato-

ries, Inc., West Grove, PA) mounting medium (99).
14. Mowiol solution: 2.4 g Mowiol 4–88 (Hoechst, Sumerville, NJ) in 6 g glycerol,

stir, add 6 mL water, and leave for several hours at room temperature. Add 12 mL
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of 0.2 M Tris-HCl (pH 8.5) and heat to 50°C for 10 min with occasional mixing.
After Mowiol is dissolved, clarify by centrifugation at 5000g for 15 min. For
fluorescence detection, add 1,4-diazobicyclo-[2.2.2]-octane (DABCO) to 2.5%
to reduce fading. Aliquot in air-tight containers, and store at –20°C. Stocks are
stable at room temperature for several weeks after thawing.

2.4. EM/Photooxidation of GFP

1. PHEM/KCN buffer: 60 mM PIPES, 25 mM HEPES, 5 mM glycine, 10 mM EGTA,
2 mM MgSO4, 10 mM KCN, pH 6.5.

2. Paraformaldehyde (freshly prepared from powder (3%): 1.5 g paraformaldehyde
(Sigma) is dissolved in 25 mL water and heated for 10 min at 60°C. A few drops
of 1 N NaOH are added to clear the solution. Solution is cooled, and 25 mL 2X
PBS are added (see Subheading 2.3. for PBS recipe). Final pH should be 7.4.

3. EM-grade formaldehyde (Ted Pella Inc., Redding, CA).
4. EM-grade glutaraldehyde (Ted Pella Inc.).
5. 125 mM HEPES, pH 7.3, 1 mg/mL diaminobenzidine (DAB) and 10 mM KCN.
6. 0.2 M cacodylate buffer, pH 7.2.
7. DAB (PolySciences, Warrington, PA); see item 5.
8. 1% (v/v) Osmium tetroxide in 0.2 M cacodylate buffer, pH 7.2.
9. Ethanol (100%).

10. Propylene oxide (Ted Pella Inc.).
11. Epoxy resin Araldite-EMbed 812 (Electron Microscopy Sciences, Fort Washing-

ton, PA).
12. Uranyl acetate (2% in water).
13. Lead citrate (Reynold’s solution) (101): Add 1.33 g lead nitrate and 1.76 g sodium

citrate to 30 mL of distilled CO2-free water. (Prepare CO2-free water by boiling
for 8 min.) Mix and then add 8.0 mL of 1 N NaOH, and dilute solution to 50 mL
with distilled CO2-free water. Mix gently by inversion. Solution is ready to use
when clear. The pH should be 12.0. Reynold’s solution stocks may be used for
several weeks if kept tightly stoppered. If precipitate appears, discard solution.

14. Beem capsules (Electron Microscopy Sciences).

2.5. Isolation of Peroxisomes

1. YP medium: 1% (w/v) yeast extract, 2% (w/v) Bacto-peptone, supplemented with
2% dextrose to make YPD, 0.5% methanol to make YPM, or 0.2% oleate and
0.02% Tween 40 to make YPOT.

2. S medium: 0.67% (w/v) yeast nitrogen base, supplemented with 2% dextrose to
make SD, 0.5% methanol to make SM, or 0.2% oleate and 0.02% Tween 40 to
make SOT. S media are supplemented with the appropriate amino acids (histidine
and arginine at 20 mg/L each) according to the requirements of the strain in use.

3. Zymolyase 20-T (ICN Biochemicals, Inc.).
4. Nycodenz: 5-(N-2,3-dihydroxypropylacet-amido)-2,4,6-triiodo-N,N'-bis(2,3-

dihydroxypropyl)-isophthalamide (C16H26I3N3O3; mol wt 821.1) (Sigma) (see
Note 1).
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5. 100 mM Tris-HCl, 50 mM EDTA, 200 mM -mercaptoethanol, pH 7.5.
6. KPi/sorbitol: 10 mM potassium phosphate buffer, pH 7.4 1.2 M sorbitol. Buffers

containing sorbitol are freshly made each time. Use 50X KPi (0.5 M K2HPO4, 0.5
M KH2PO4, pH 7.4) as a stock solution.

7. Dounce buffer: 5 mM morpholinoethanesulfonic acid (MES), pH 6.0, 0.5 mM
EDTA-Na, 1 mM KCl, 0.1% ethanol, 0.8 M sorbitol, plus protease inhibitors.
10X Dounce buffer (50 mM MES, 5 mM EDTA, 10 mM KCl, 1% ethanol, pH
6.0), stored at 4°C, can be used as a stock solution.

8. 100X stock solutions for the protease inhibitors:
a. 100 mM PMSF (in 100% ethanol; H2O inactivates PMSF, so make sure to

add it just prior to Dounce homogenization).
b. 1.25 mg/mL leupeptin (in H2O).
c. 0.5 mg/mL aprotinin (in H2O).
d. 0.5 M NaF (in H2O).

9. Dounce tissue grinder, Fisher (Pittsburgh, PA).
10. Vertical rotor, for example VTi50, Beckmann Instruments (Fullerton, CA).
11. 40-mL quick-seal tubes, Beckmann Instruments.

3. Methods
3.1. Plasmid Rescue

1. Inoculate 20 mL of liquid SD medium with a fresh P. pastoris colony.
2. Incubate with vigorous shaking until culture has reached A600 >1.0 (~16 h).
3. Centrifuge cells for 5 min at 2000g in a tabletop centrifuge.
4. Wash cells once by centrifugation with L buffer, resuspend in 400 µL L-

buffer, and transfer to a Eppendorf tube filled with an equal volume of
glassbeads.

5. Vortex vigorously for 2 min, and place tubes on ice for 1 min. Repeat this proce-
dure once.

6. Centrifuge for 2 min at maximum speed in a minicentrifuge to pellet intact cells
and debris. All following centrifugations are performed at room temperature in a
minicentrifuge set at maximum speed (16,000g).

7. Transfer 100 µL of the supernatant to a fresh tube. (The remaining steps are
essentially a plasmid isolation from Escherichia coli using the alkaline lysis
method.)

8. Add 200 µL 1% (w/v) SDS and 0.2 N NaOH, and mix by inverting three times.
9. Add 150 µL 3 M sodium acetate, pH 5.3. Mix by inverting three times and spin

for 5 min.
10. Pour the clear supernatant into a fresh tube filled with 500 µL ethanol, mix, and

spin for 5 min.
11. Discard supernatant, and wash pellet once with 400 µL 70% (v/v) ethanol.
12. Dry pellet, and dissolve in 20 µL water.
13. Transform E. coli with the plasmid preparation, and analyze transformants for

plasmid content according to standard techniques. Plasmid yield may be low.
High-efficiency electroporation is recommended.



Peroxisome Biogenesis 135

3.2. Generation of Temperature-Sensitive (ts) Alleles by PCR

A ts allele of a particular gene encodes a protein that can be inactivated by
cultivation at restrictive temperature. Such alleles are useful for several types
of experiments. For example, a ts allele can be used in screens designed to
identify proteins that, when overexpressed, will compensate for the reduced
activity of the ts protein and complement the defect at the restrictive tempera-
ture. Often, suppression of this type indicates that the ts protein and the
overexpressed protein physically interact, suggesting that the proteins interact
with each other in wild-type cells. Additionally, it is possible to gain clues
about a protein’s function by examination of cells following temperature-
mediated inactivation (or activation) of the protein of interest.

We have modified the mutagenesis method of Muhlrad et al. (100) to gener-
ate ts alleles of a cloned P. pastoris gene. In this protocol, the DNA of interest
is first amplified using mutagenic PCR. This product, together with a gapped
plasmid whose ends contain homology to the ends of the PCR product, are then
used to cotransform P. pastoris. The gapped plasmid must contain the elements
required for propagation of the plasmid in E. coli, as well as a marker for selec-
tion of yeast transformants and an origin of replication to maintain the plasmid
as an autonomous element in P. pastoris. Homologous recombination in vivo
between the mutagenized DNA and the gapped plasmid recircularizes the plas-
mid. This allows selection for transformants, subsequent screening for desired
phenotypes, and recovery of the plasmid DNA.

1. Amplify DNA region of interest using mutagenic PCR. We used the following
conditions in 50-µL reactions: 10 ng DNA template,1 µL BRL Taq polymerase, 5
µL BRL 10X PCR buffer (10X buffer is 200 mM Tris-HCl, pH 8.4, 500 mM
KCl), 2 mM MgCl2, 0.25 mM of each dNTP, and 0.1 mM MnCl2 (MnCl2 lowers
Taq polymerase fidelity). Amplify in PCR cycler for 27 cycles of 1 min at 94°C,
2 min at 50°C, and 3 min at 72°C.

2. Prepare a gapped plasmid by restriction digestion and isolation of desired frag-
ment from gel. The DNA deleted from the plasmid will be replaced by the PCR
product following homologous recombination between the ends of the PCR prod-
uct and the ends of the gapped vector (see Note 2).

3. Use the PCR product and gapped vector to cotransform a P. pastoris strain and
spread the cells on SD plates. This will allow for selection of transformants by
the selectable marker in our experiment HIS4 (see Notes 3 and 4). For transfor-
mation protocols, see Chapter 3.

4. Incubate the cells at 30°C for 3–6 d until colonies appear.
5. Patch transformants onto fresh SD plates, and grow for 2–3 d at 30°C. (Use the

blunt end of a sterile toothpick to pick a transformed colony, and then make an
approx 1 × 3 mm streak of cells on an SD plate.) Approximately 100 colonies can
be patched onto a standard size (10-cm diameter) Petri plate.
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6. Replica plate transformants onto three identical selective plates, and incubate the
plates at 25, 30, and 34°C.

7. Identify strains that do not grow at 34 and/or 30, but do grow at 25°C. Strains
unable to grow at 30 and/or 34°C can be considered ts for growth on S plates.

8. Restreak the putative ts strains on selective plates, and confirm their ts phenotype
on agar plates and in liquid medium.

9. Rescue plasmids from transformed strains (see Subheading 3.1.) displaying the
desired phenotype, and retransform appropriate strains to confirm that the pheno-
type is linked with the plasmid.

3.3. Immunofluorescence Microscopy

This method is essentially the same as that described by Zhang et al. (24).

1. Culture cells overnight in YPD medium.
2. Harvest cells by centrifugation, inoculate into desired medium, and culture for

the appropriate period of time (see Note 5).
3. Fixation of the cells: Add a 1/10 vol of 37% formaldehyde to the culture, and

incubate for 0.5 h (see Note 6).
4. Transfer enough of the cells to a 1.5-mL minicentrifuge tube so that the tube will

contain approx 20–100 µL of cell pellet. Wash cells by centrifugation two times
with 100 mM potassium phosphate buffer (pH 7.4) and once with SP buffer.

5. Convert the cells to spheroplasts: Centrifuge cells and resuspend in SP buffer
with 100 µg/mL Zymolyase 20-T and 1 µL/mL -mercaptoethanol, and incubate
at room temperature for 20 min (see Note 7).

6. Wash the spheroplasts two times with SP buffer, and resuspend in 30 µL SP buffer.
7. Apply 1 µL of cell suspension to microscope slide coated with poly-L-lysine (see

Note 8), and air-dry for 5 min.
8. Immerse the slide in –20°C methanol for 5 min to permeabilize the cells. Wash

immobilized cells 10 times with 50 µL of 1% BSA in PBS.
9. Apply approx 15 µL of diluted primary antibody (diluted in PBS containing 1%

BSA) to the immobilized cells. Incubate at room temperature for 2 h.
10. Wash the cells 10 times with 1% BSA in PBS (see Note 9).
11. Apply fluorochrome-linked secondary antibody, and incubate for 1 h.
12. Wash cells 10 times with 1% BSA in PBS.
13. Add mounting medium (Mowiol) containing an antiphotobleaching agent (99),

and apply coverslip.
14. Allow Mowiol to set overnight in dark.
15. Examine the samples by fluorescence microscopy.

3.4. Photooxidation of GFP for Electron Microscopy
3.4.1. Photooxidation of Yeast Expressing GFP

The wavelengths for excitation (395 nm) and emission (509 nm) of GFP are
well separated, and the latter wavelength can be used to oxidize DAB to induce
the deposition of electron-dense oxidized DAB at intracellular locations of
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GFP. These deposits of oxidized DAB are easily visualized by electron micros-
copy. Since the coupling of GFP photoemission to DAB oxidation is accom-
plished with little perturbation of cellular structures, this technique affords
simultaneous visualization of the location of GFP (and GFP derivatives) and
subcellular morphology (96).

1. Culture GFP-synthesizing cells under desired conditions. Collect ~50–200 µL of
cell pellet cells by centrifugation (1 min at 3000g) in a minicentrifuge. Wash cells
for 5 min at room temperature in PHEM/KCN buffer. The KCN is added to pre-
vent oxidation of DAB by mitochondria.

2. Prefixation: Centrifuge cells in a minicentrifuge, resuspend in 1 mL PHEM/KCN
buffer containing 3% (w/v) freshly prepared paraformaldehyde (see Note 10),
and incubate for 20 min at room temperature.

3. Fixation: Centrifuge cells, resuspend in 1 mL of a mixture of 3% (w/v) formalde-
hyde and 0.2% (v/v) glutaraldehyde in PHEM/KCN, and incubate for 20 min at
room temperature.

4. Wash fixed cells five times with 1 mL PHEM/KCN buffer, and follow with a 10-
min incubation in PHEM/KCN prewarmed to 48–50°C. (This step abolishes DAB
oxidation in the vacuoles).

5. DAB photooxidation: Centrifuge cells, resuspend in 0.5 mL 125 mM HEPES, pH
7.3, containing 1 mg/mL DAB and 10 mM KCN, and transfer to UV-transparent
cuvets. Allow DAB to infuse into cells for 5 min in the dark (DAB will oxidize in
visual light), and then irradiate for 10 min at 395 nm in a spectrophotometer. A
plastic tubing attached to a peristaltic pump is used to “bubble” air slowly into
the bottom of the cuvet and through the solution to provide adequate mixing of
the cells during exposure to UV light.

6. Transfer cells to a 1.5-mL minicentrifuge tube, centrifuge, and wash twice in 1 mL
0.2 M cacodylate buffer, pH 7.2. Let tube with cells suspended in cacodylate
buffer stand for 5 min between each wash.

3.4.2. Electron Microscopy

1. Postfixation: After the photooxidation procedure, centrifuge cells, resuspend
them in 1% (v/v) osmium tetroxide in 0.2 M cacodylate buffer, pH 7.2, and incu-
bate for 45 min at room temperature.

2. Centrifuge cells, and wash twice with distilled water.
3. Dehydration: Resuspend cells in 500 µL distilled water, and add 500 µL 100%

ethanol. Mix by inversion, and pellet cells. Remove 500 µL, and replace with 500 µL
100% ethanol. Repeat this step five times. Infiltrate with propylene oxide: Add
500 µL propylene oxide to the cells already in 500 µL ethanol and mix. Centrifuge
cells, remove 500 µL, and add 500 µL propylene oxide. Mix. Centrifuge and resus-
pend in 1 mL 100% propylene oxide. Embed in Araldite-EMbed 812 as follows:
Centrifuge cells, remove 500 µL propylene oxide, add 500 µLAraldite-EMbed 812,
and mix (repeat two times). Centrifuge cells, and resuspend in Araldite-EMbed 812.
Transfer the cell suspension to Beem capsules, and polymerize overnight at 60°C.
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4. Section polymerized blocks, and double-stain with aqueous solutions of uranyl
acetate (2% in water) and lead citrate (101).

3.5. Isolation of Peroxisomes

3.5.1. Growth Conditions

1. Inoculate a culture of P. pastoris in 500 mL YPD medium, and grow cells over-
night at 30°C.

2. Collect cells by centrifugation (10 min at 2000g), wash the pellet once with ster-
ile water and inoculate cells into 2 L of SM or SOT medium at a starting OD600 of 0.5.

3. Grow cells for about 16 h to induce peroxisome proliferation. The OD600 will
increase to approx 2.

3.5.2. Preparation of Spheroplasts

1. Measure the OD600 of the culture, and collect cells by centrifugation at 2000g for
10 min at room temperature (for example, in a Sorvall GS3 rotor at 4000 rpm).

2. Resuspend cells in 30 mL of 100 mM Tris-HCl, pH 7.5, 50 mM EDTA, and 200
mM -mercaptoethanol. Transfer the suspension into a 50 mL centrifuge tube,
and incubate at room temperature for 20 min.

3. Centrifuge cells at 2000g for 10 min at room temperature (for example, in a Sorvall
HB4 rotor at 3500 rpm or in tabletop centrifuge at maximum rpm), wash once in 30 mL
of KPi/Sorbitol buffer, and resuspend cells again in 30 mL KPi/Sorbitol buffer.

4. Add Zymolyase T-20 (6 mg per 1,000 OD units [= OD600 × volume in mL]). Incu-
bate the suspension for 30–45 min at 30°C with gentle rotation (see Note 11).

3.5.3. Dounce Homogenization and Differential Centrifugation

1. Collect spheroplasts by centrifugation at 2000g at 4°C.
2. Discard the supernatant, and resuspend the pellet in 20 mL of ice-cold Dounce buffer.
3. Pour suspension into a Dounce homogenizer, and break spheroplasts by applying

10 firm strokes.
4. Pour the homogenate back into the centrifuge tube, and spin at 2000g for 10 min

to pellet unbroken spheroplasts, cell debris, and nuclei.
5. Transfer the supernatant to a clean tube, and centrifuge at 27,000g for 20 min at

4°C (for example, in a Sorvall SS34 rotor at 15,000 rpm).
6. Save the supernatant for further analysis (see Notes 12 and 13), and resuspend

the pellet consisting of organelles (mainly mitochondria and peroxisomes) in 5–
7 mL of Dounce buffer.

3.5.4. Preparation of Nycodenz Density Gradients

1. Dissolve Nycodenz in Dounce buffer at concentrations of 60, 50, 35, and 28% (w/v).
2. Pour a step gradient by carefully layering Nycodenz solutions over each other

into a 40-mL Quick-Seal centrifuge tube (Beckman Instruments, Inc.). The vol-
umes are 4 mL of 60%, 6 mL of 50%, 12 mL of 35%, and 10 mL of 28% of
Nycodenz solution (from bottom to top).
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3. Freeze the step gradient at –20°C. Gradients can be prepared in advance and are
stable for a long time, and can be thawed whenever they are needed.

3.5.5. Density Gradient Centrifugation

1. Load the resuspended organelle fraction on top of the (thawed) Nycodenz density
gradient, and use Dounce buffer to fill the tubes completely. Prepare a second
tube as the counterbalance, and seal the tubes using a tube sealer.

2. Centrifuge the gradients at 90,000g for 2 h in a vertical rotor (for example, at
33,000 rpm in the VTi 50 from Beckmann Instruments Inc.). Acceleration and
deceleration should be slow (brake off).

3. After centrifugation, inspect the gradients. A prominent band of peroxisomes
(pale-green-colored owing to catalase) should be apparent in the lower third of
the gradient. A band of mitochondria should be localized in the upper half of the
gradient. Gradient fractions can be collected from the top or from the bottom of
the gradient by using a needle attached to a peristaltic pump (see Note 12). If
only one band is to be collected, a needle can be inserted underneath the band,
which can then be eluted with a syringe.

4. Notes
1. Sucrose gradient centrifugation can also be used to separate peroxisomes from

other organelles (mainly mitochondria in this protocol). Nycodenz, though more
expensive, gives better results in our hands.

2. We have performed this procedure with a PCR product and gapped vector that
shared 1200 bp at one end and 230 bp at the other end. The PCR product bridged
a 1070-bp gap. Studies with S. cerevisiae demonstrated that a PCR product and a
gapped plasmid with overlapping ends of as little as 65 and 69 nucleotides will
support efficient recombination (100). It is possible that P. pastoris will also sup-
port homologous recombination between gapped plasmids and PCR products that
contain similarly short regions of homologous overlap.

3. Our gapped plasmid contained incompatible ends to prevent recirculization of the
plasmid independent of a recombination event between the plasmid and the PCR
product. The transformation efficiency of the gapped plasmid alone was <5% of that
seen for cotransformations of the gapped plasmid plus the PCR product. This indi-
cates that P. pastoris does not efficiently circularize plasmids with incompatible ends.
We do not know whether this is the same for plasmids containing compatible ends.

4. Cotransformations contained 0.1 µg gapped vector and 0.5 µg PCR product. We
have not tried to optimize these conditions.

5. Cells grown in minimal media are difficult to permeabilize. Thus, peroxisomes
are induced in YPM or YPOL. We have found that 7 h of growth in either medium
is sufficient for significant induction of peroxisomal enzymes and peroxisomes
are clearly visualized by immunofluorescence microscopy.

6. Incubation for 0.5 h in 3.7% formaldehyde is sufficient to fix the cells. The cells
can be left for an extended period (several days) in formaldehyde and the immu-
nofluorescence performed at a later stage.
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7. Cells grown in minimal media require more Zymolyase for spheroplasting than cells
grown in YP-based media. Since spheroplasting is essential for making cells perme-
able to antibody, it is worth trying several Zymolyase concentrations when attempt-
ing to optimize spheroplasting conditions for cells grown in a particular medium.

8. Poly-L-lysine is used according to manufacturer’s (Sigma) instructions to immo-
bilize the yeast cells onto the slide.

9. Antibodies used for immunofluorescence are usually used at a concentration five
times that determined to be optimal for Western blotting.

10. Freshly prepared paraformaldehyde is sometimes referred to as partially depoly-
merized paraformaldehyde.

11. The successful generation of spheroplasts can be confirmed by light microscopy.
Spheroplasts lyse when diluted in water and this can be easily observed with a
light microscope. Alternatively, 10 µL of spheroplasts can be diluted in 1 mL of
0.1% SDS. Although untreated cells will stay as a turbid suspension, sphero-
plasts will lyse instantly leading to a clear solution. This can be followed by eye
or even be quantified by spectrophotometry at 600-nm wavelength.

12. The 27,000g supernatant can be further subfractionated into a microsomal
subfraction and a cytosolic fraction by centrifugation at 100,000g for 1 h at 4°C.

13. Analysis of the gradient: We analyze the gradient fractions routinely for activity
for catalase and cytochrome-c oxidase as marker enzymes for peroxisomes and
mitochondria, respectively (102). The density of each fraction is determined by
use of a refractometer.
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Secretion of Recombinant Human Insulin-Like
Growth Factor I (IGF-I)

Russell A. Brierley

1. Introduction
The development of efficient recombinant protein production processes can

be a critical factor in whether or not a pharmaceutical therapeutic protein can
enter human clinical trials and ultimately the marketplace. This is especially
true for therapeutic proteins that need to be administered on a daily basis for
prolonged periods or if dosage requirements are very high. The use of Pichia
pastoris as a recombinant expression host strain can be an excellent choice for
such situations. P. pastoris has the potential for high expression levels (1,2),
efficient secretion, and proper protein folding (3–5), and is a robust fermenta-
tion organism capable of high cell density on inexpensive simple basal salts
medium (6). The development of an insulin-like growth factor I (IGF-I) pro-
duction process in which P. pastoris is used as the recombinant host strain is
discussed in this chapter.

IGF-I consists of 70 amino acids with a mol wt of 7648 Dalton. This single-
chain protein has three intrachain disulfide bridges. IGF-I belongs to a hetero-
geneous family of peptides that share some of the biological and chemical
properties of insulin. IGF-I promotes growth by mediating the effects of growth
hormone. Thus, such processes as skeletal growth, cell replication, and other
growth-related processes are affected by IGF-I levels. Physiological concen-
trations of IGF-I have been shown to be influenced by such conditions as thy-
roid disease, diabetes, and malnutrition (7). IGF-I has also been shown to act
synergistically with other growth factors, such as accelerating the healing of
soft and mesenchymal tissue wounds (8) and enhancing the growth of mamma-
lian cells in serum-free tissue-culture medium (9). IGF-I has been indicated as
a possible treatment for renal failure, dwarfism, insulin-resistant diabetes, and
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a variety of anabolic disorders (10,11). Additionally, IGF-I has potential in the
treatment of a variety of neuronal disorders and injuries, such as amyotrophic
lateral sclerosis (ALS), peripheral neuropathies caused by chemotherapy, dia-
betes of genetic origin, and rescue of injured CNS neurons caused by trauma or
stroke (12,13).

IGF-I has been expressed in Escherichia coli and Saccharomyces cerevisiae.
However, reported expression yields are quite low from S. cerevisiae, and IGF-
I is produced intercellularly and in an insoluble state in E. coli (14–17). With
expression in P. pastoris, IGF-I is secreted into the medium in a soluble form
and at relatively high expression levels. Many critical factors that can affect
development of a successful recombinant protein production process in P.
pastoris are discussed in this chapter, such as gene copy number, controlling
proteolytic degradation of product by both genetic manipulation and fermenta-
tion growth conditions, methanol-utilization phenotype, secretion and folding
of the recombinant protein, and good analytical methodologies for character-
ization of the protein product.

2. Materials

2.1. Host Strains, Vectors, and Cloning Reagents

1. P. pastoris host strain GS115, NRRL Y-15851 (Invitrogen, San Diego, CA).
2. E. coli MC1061.
3. P. pastoris expression vector pAO815 (Invitrogen).
4. P. pastoris PEP4 disruption vector pDR421.
5. Synthetic human IGF-I DNA (Beckman, catalog #267421, Fullerton, CA).
6. S. cerevisiae prepro -mating factor secretion signal.
7. EcoRI, BglII, BamHI, StuI, restriction enzymes.
8. 5-fluororoctic acid (5-FOA) plates: 0.67% yeast nitrogen base without amino

acids, 2% agar, 2% glucose, 750 mg/L 5-FOA, 48 mg/L uracil.

2.2. Culture Media

1. YPD medium: yeast extract (10 g/L), peptone (20 g/L), dextrose (20 g/L).
2. YNB medium: yeast nitrogen base without amino acids (6.7 g/L), monobasic

potassium phosphate (11.6 g/L), dibasic potassium phosphate (2.7 g/L).
3. Fermentation basal salts medium: phosphoric acid, 85% (46 g/L), calcium

sulfate·2H2O (0.96 g/L), potassium sulfate (18.2 g/L), magnesium sulfate·7H2O
(14.9 g/L), potassium hydroxide (4.1 g/L), glycerol (40.0 g/L).

4. PTM1 trace salts: biotin (0.2 g/L), boric acid (0.02 g/L), cobalt chloride·6H2O
(0.5 g/L), sodium iodide (0.08 g/L), sodium molybdate·2H2O (0.2 g/L), cupric
sulfate·5H2O (6.0 g/L), ferrous sulfate·7H2O (65.0 g/L), manganese sulfate·H2O
(3.0 g/L), zinc chloride (20.0 g/L), sulfuric acid (5.4 g/L).

5. Ammonium hydroxide, 28%.
6. KFO 673 antifoam (Kabo, Jackson, WY).
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7. Glycerol.
8. Methanol.

2.3. Analytical Materials

2.3.1. IGF-I RIA Based on Incstar Antihuman Antisera

1. Rabbit anti-IGF-I antisera raised against last 17 amino acid carboxy-terminus
(Incstar catalog #22275, Stillwater, MN).

2. 125I-IGF-I (Incstar catalog #22303).
3. Pansorbin.
4. RIA buffer: 50 mM sodium phosphate, 0.1% BSA, 0.1% NaN3, and 0.1% Triton

X-100, pH 7.4.

2.3.2. Nichols Antihuman RIA Kit

This is available from Nichols Institute Diagnostic (San Juan Capistrano, CA).

2.3.3. Tricine SDS-PAGE

1. 13% Acrylamide separating gels in 1 M Tris-HCl, pH 8.5, 0.1% SDS, and 3%
crosslinker.

2. 4% Acrylamide stacking gels in 1 M Tris-HCl, pH 8.5, 0.1% SDS, and 3%
crosslinker.

3. Cathode running buffer: 0.1 M Tris-HCl, 0.1 M tricine, 0.1% SDS, pH 8.25.
4. Anode running buffer: 0.2 M Tris-HCl, pH 8.9.
5. 2X Sample buffer: 4% SDS, 12% glycerol, 0.1 M Tris-HCl, pH 6.8, 0.004%

Coomassie brilliant blue G, 0.002% pyronin Y, and 0.1 M dithiothreitol (if
samples are to be reduced).

6. Ethanol, acetic acid, trichloroacetic acid (TCA), glutaraldehyde.
7. 0.1% Silver nitrate.
8. Developer buffer: 3% sodium carbonate, 0.05% formaldehyde (37%).
9. Citric acid (2.3 M).

2.3.4. Western Blot
1. 0.1 µm Nitrocellulose.
2. Towbin buffer: 25 mM Tris, pH 8.3, 190 mM glycine, 20% methanol.
3. Blocking buffer: 0.25% gelatin, phosphate-buffered saline, 0.05% Tween 20,

0.02% sodium azide.
4. Rabbit anti-IGF-I antisera raised against last 14 amino acid carboxy-terminus of

IGF-I conjugated to -globulin.
5. 125I-Protein A (0.02 µCi/mL).
6. IGF-I standard (Amgen, Thousand Oaks, CA).

2.3.5. Reverse-Phase (RP) HPLC
1. Vydac C4 RP column, 4.6 × 50 mm, (Vydac Catalog #214TP5405, Hesperia, CA).
2. Vydac C8 RP column, 4.6 × 150 mm (Vydac Catalog #280TP5415).
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3. Acetonitrile, HPLC-grade.
4. Trifluoroacetic acid, HPLC-grade.
5. SP Sperodex M resin (BioSepra, Marlborough, MA).
6. Acetic acid.
7. Sodium chloride.
8. Sodium hydroxide.
9. Methanol.

2.3.6. Protease Overlay Assay Screen

1. YPD plates (YPD + 2% agarose).
2. Overlay medium: 0.6% agarose, 40% dimethylformamide (DMF), 1.2 mg/mL N-

acetyl-DL-phenylalanine- -naphthyl ester (APNE).
3. Fast garnet salt, 5 mg/mL.

3. Methods

3.1. Vector Construction and Transformation

3.1.1. Construction of Single-Copy Vector in pAO815

In order to direct the secretion of recombinant human IGF-I in P. pastoris,
the synthetic IGF-I gene is fused to the DNA sequence encoding the prepro
region of the S. cerevisiae mating hormone, -mating factor (MF). The MF
prepro sequence is an 89 amino acid polypeptide, which can direct peptides
fused to it through the secretory pathway. The native MF prepro protein
sequence contains three processing sites, one KEX2 cleavage site (Lys–Arg)
and two dipeptidase cleavage sites (Glu–Ala)2, which are susceptible to the
proteolytic action of two specific proteases localized in the secretion pathway.
Proteolytic cleavage of an MF–IGF-I gene fusion protein at the processing site
junctions allows the mature peptide to exit the cell. However, only one pro-
teolytic processing site (Lys–Arg) is used in the construction of the MF–IGF-I
gene fusion, since one processing site simplifies the maturation mechanism for
the mature peptide to exit the cell. Additional signals for the secretion of IGF-I in
P. pastoris have also been examined, but are not presented (18). The specific
method used for fusing the IGF-I gene to the MF secretion signal and insertion
into the pAO815 expression vector is given below.

1. A HindIII–BamHI fragment containing the IGF-I gene is inserted into the
HindIII–BamHI site of a pUC18-based vector directly downstream of the DNA
encoding the MF prepro region, including the three proteolytic processing sites.

2. M-13 mutagenesis is performed in order to prepare the MF–IGF-I gene fusion for
insertion into an expression vector. The first mutagenesis is performed in order to
remove the codon for the initial methionine on the IGF-I gene, the two MF dipep-
tidase processing sites (the [Glu–Ala]2 residues), the HindIII cloning site, and the
polylinker attached to the IGF-I synthetic gene. The mutagenized DNA is trans-
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formed into E. coli JM103 cells and screened for isolates containing the desired
sequence using an oligonucleotide probe.

3. A second mutagenesis is performed in order to insert an EcoRI site immediately
following the translation termination codon of the IGF-I gene. The mutagenized
DNA is transformed back into E. coli JM103 cells, screened for isolates contain-
ing the desired sequence using an oligonucleotide probe, and sequenced to con-
firm the changes.

4. Next, the MF–IGF-I fusion is inserted into the pAO815 expression vector. The
MF–IGF-I fusion is isolated on a 478-bp EcoRI fragment and inserted into the
EcoRI site of pAO815. The P. pastoris expression vector, pAO815, is shown in
Fig. 1. This vector contains the ampicillin resistance gene and the origin of repli-
cation for E. coli in order to shuttle the vector into E. coli hosts to facilitate con-
struction steps of the expression vector. The P. pastoris AOX1 promoter and
regulatory regions (5'), as well as the AOX1 transcription termination and poly-
adenylation signals (3') are present on BglII–EcoRI and EcoRI–BamHI fragments,
respectively. In addition, pAO815 contains the P. pastoris HIS4 gene used for
selection in his4 P. pastoris hosts and AOX1 3' structural sequences. The HIS4 and
AOX1 genes can be used to direct integration of the vector at either the HIS4 or
AOX1 locus in the host genome. One of the unique features of the pAO815 vector is
the BamHI–BglII sites, which excise the entire AOX1 promoter (5') and termination
(3') regions, which allow isolation of an entire expression cassette from this vector
in order to build in vitro multicassette expression vectors, as discussed below.

5. The resulting 8187-bp vector, pIGF201 (Fig. 1), contains an MF–IGF-I expres-
sion cassette (1755 bp) starting at the BglII site at position 6768 to the BamHI site
at position 336. The vector is transformed into E. coli MC1061 cells and screened
by restriction enzyme digestion. After selection of one transformant containing
the correct size insert, the entire MF–IGF-I fusion gene and ~50 nucleotides each
of the promoter and termination regions of pIGF201 are then sequenced to verify
the construction. The DNA sequence and corresponding amino acid sequence are
given in Fig. 2.

3.1.2. Construction of Multicopy Expression Cassette Vector

1. The IGF-I expression cassette is isolated from pIGF201 as a 1755-bp BglII–
BamHI fragment. This expression cassette, encompassing the AOX1 5'-promoter,
the MF–IGF-I fusion, and the AOX1 3'-terminator regions, is then used to gener-
ate additional copies of itself for multicassette vectors.

2. After the IGF-I expression cassette is excised from pIGF201 by BglII–BamHI
digestion, the correct DNA fragment containing the expression cassette is iso-
lated and purified on an agarose gel.

3. The 1755-bp expression cassette is then inserted back into the unique BamHI site
of pIGF201 (BamHI-digested and calf alkaline phosphatase-treated pIGF201).
MC1061 E. coli cells are transformed with the ligation reaction.

4. Ampicillin-resistant colonies are screened by restriction digestion. Analysis of
restriction enzyme digests of the resulting two-cassette vector, pIGF202, is then
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Fig. 1. Construction of single- and multicopy IGF-I expression vectors. The IGF-I
gene fused to the S. cerevisiae -MF secretion signal was inserted into the EcoRI site
of pAO815 (A) to create the one-copy vector, pIGF201 (B). The entire IGF-I expres-
sion cassette, containing the 5'-AOX1 promoter—MF secretion signal fused to the IGF-
I gene—3'-AOX1 terminator, was isolated on a 1755-bp BamHI–BglII fragment and
inserted back into the BamHI site of pIGF201 to create a two-copy vector,
pIGF202. To construct a four-copy vector, pIGF204, the 3510-bp two-copy cas-
sette from pIGF202 was isolated on a BglII–BamHI fragment and inserted into the
BamHI site of pIGF202. To construct the six-copy vector pIGF206 (C), the two-copy
cassette from pIGF202 was cloned into the BamHI site of pIGF204.
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Fig. 2. The pIGF201 sequence analysis containing 5'-AOX1 (1–100), MF secretion
signal (101–356), IGF-I (357–572), and 3'-AOX1 (573–654).

performed to verify that the two expression cassettes are joined as tandem repeat
units rather than inverted repeat units. Since the internal BglII site is destroyed if
the two cassettes are ligated in tandem, BglII–BamHI digestion liberates a 3510-
bp fragment containing two expression cassettes.

5. To construct a four-cassette vector, the 3510-bp two-copy expression cassette is
isolated on a BglII–BamHI fragment from pIGF202 and gel-purified.

6. The fragment is then inserted into the unique BamHI site in calf alkaline phos-
phatase-treated pIGF202 to create a four-cassette vector, pIGF204.

7. The ligation mixture is then transformed into MC1061 E. coli cells, and the ampi-
cillin-resistant colonies are screened by restriction enzyme analyses.

8. To construct expression vector pIGF206, which contains six copies of the IGF-I
expression cassette, the BglII–BamHI fragment from pIGF202 (containing the
two-copy IGF-I expression cassette) is cloned into the BamHI site in calf alkaline
phosphatase-treated pIGF204.
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9. MC1061 E. coli cells are then transformed, and ampicillin-resistant colonies are
screened by restriction enzyme analyses. The restriction digests of the vector
DNA are examined to verify the number of expression cassettes and that they
were joined as tandem-repeat units. The six-cassette vector, pIGF206, is shown
in Fig. 1.

3.1.3. Transformation of Expression Vectors into P. pastoris

An his4 mutant of P. pastoris, GS115 (NRRL Y-15851), is used as the host
for the transformations. Histidine auxotrophy was created in GS115 by mutat-
ing a wild-type strain of P. pastoris, NRRL Y-11430 (19). For methanol-utili-
zation positive strains (Mut+), each vector is linearized with the restriction
enzyme StuI, which is located within the HIS4 gene on the vector, prior to
transformation. This directs integration of the entire StuI-linearized expression
vector into the HIS4 locus of the GS115 host genome by an additive homolo-
gous recombination event. For methanol-utilization slow strains (Muts), the
pIGF206 vector is linearized with the restriction enzyme BglII. Sites for this
enzyme are located within the AOX1 structural gene on the vector. In Muts

strains, the AOX1 chromosomal gene is disrupted by integration of the vector
at the AOX1 locus. Muts strains are still able to utilize methanol owing to the
presence of the AOX2 gene, but at a much slower rate than the Mut+ strains.

3.2. Disruption of Protease PEP4 Gene

A protease-deficient derivative of an expression strain can be created by
disrupting the PEP4 gene, which encodes proteins that directly or indirectly
affect protease activities of the cell. Disruption of this gene results in a reduc-
tion of a portion of the protease activity of the cell, including proteinase A and
carboxypeptidase Y (CPY) activities. For IGF expression, a strain containing
the six-copy expression vector, pIGF206, was used for transformation with a
PEP4 gene disruption vector, pDR421 (20). Vector pDR421 contains a 450-bp
DNA fragment from the internal portion of the P. pastoris PEP4 gene, which
integrates into the host genome at the PEP4 locus to generate two incomplete
and nonfunctional copies of the PEP4 gene. Also present in pDR421 is the
2000-bp P. pastoris URA3 gene. Both these genes were inserted into the E. coli
vector, pUC19, to create pDR421. More detail on protease-defective host
strains can be found in Chapter 7. Details for creating a pep4 production strain
are given below.

1. In order to facilitate identification of transformants that incorporate the PEP4
disruption vector pDR421, a ura3 mutation is established in the strain prior to
transformation. This is accomplished by isolation of a colony that, through spon-
taneous mutation, becomes auxotrophic for uracil (Ura–). This isolation is
accomplished by selecting for cells that are able to grow in the presence of 5-



Secretion of IGF-I 157

FOA and uracil on YNB agar plates. 5-FOA is toxic for cells that contain a func-
tional URA3 gene. However, the compound is not toxic to ura3 cells. Cells are
plated at ~5 × 107 cells onto a 5-FOA-containing medium (0.67% yeast nitrogen
base, 2% agarose, 2% glucose, 750 mg/L 5-FOA, and 45 mg/L uracil). After a 1–
2 wk incubation at 30°C, colonies can be isolated that are Ura–.

2. The ura3 strain is transformed with the PEP4 disruption vector, pDR421, and
screened for its ability to grow on uracil-lacking medium.

3. Ura+ transformants are then analyzed for CPY activity using a colony-overlay
colorimetric screening procedure (21). The following is a basic overview of the
method:
a. Transformants are grown on YPD plates at 30°C.
b. Plates are then overlaid with overlay medium (0.6% agarose, 40% DMF, 1.2

mg/mL APNE).
c. After the overlay medium has hardened, the plates are soaked in a solution of

5 mg/mL fast garnet salt.
APNE is cleaved by the esterolytic activity of CPY. The products of this reaction
bind the fast garnet salt to produce a red color in the colony. Colonies lacking
CPY activity do not bind the salt and, therefore, stain less intensely than the
colonies with higher protease activity.

4. Colonies showing low CPY activity are isolated, subcultured, and rescreened
using the overlay assay.

5. Confirmation of pep4 disruption is then performed by Southern blot analysis of
the final selected clone.

3.3. IGF-I Expression

3.3.1. Shake-Flask Analysis

Transformants containing the integrated vectors are first tested in a shake
flask to evaluate IGF-I expression levels with respect to cassette copy number
and Mut phenotype. The procedure is as follows:

1. Inoculate cultures in 250-mL triple-baffled flasks containing 50 mL of phosphate-
buffered YNB + 2% glycerol (see Note 1).

2. Incubate flasks in a rotary shaker incubator at 250 rpm at 30°C.
3. After 24 h, harvest cells by centrifugation, wash with water, and resuspend at a

seeding density of 0.1–0.2 OD (absorbance at 600 nm) in phosphate-buffered
YNB + 1% methanol.

4. Incubate flasks at 250 rpm at 30°C.
5. Mut+ strains reach an OD of 5–6 after ~2 d and are analyzed for IGF-I expression

levels at that time. Muts strains reach an OD of 3–4 after ~4 d.

Results of the shake-flask studies are compared in Table 1. Supernatants
from the shake-flask cultures comparing copy number in Mut+ strains were
analyzed for IGF-I levels by Western blot using an antisera raised against the
last 14 amino acid carboxy-terminus. In this method, samples were first run on
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a reduced SDS-PAGE gel and then transferred onto nitrocellulose for Western
blot (see Subheading 3.5.). IGF-I levels for shake-flask cultures comparing
Mut phenotype in strains containing the six-copy expression vector were mea-
sured by RIA using an antisera raised against the last 17 amino acid carboxy
terminus (see Subheading 3.5.). As the data indicate, there is clearly a copy
number effect on IGF-I expression in P. pastoris (see Note 2) (22). In addition,
expression in Mut+ and Muts phenotypes is comparable. Although there is some
difference in the IGF-I levels determined by Western blot and RIA analysis
(8.1 vs 18 mg/L for six-copy Mut+), given the sensitivity of these assays, they
are in fairly good agreement.

3.3.2. Fermentation Analysis

After shake-flask analysis indicated that IGF-I expression was optimal with
the Mut+ six-copy strain, this strain was tested under fermentation conditions.
During the course of developing an IGF-I production process, the fermentation
process was standardized for optimal production conditions. Although some of
the early fermentations varied slightly from this protocol, all the fermentation
followed the same basic protocol.

The fermentation process for production of IGF-I from P. pastoris includes
three distinct stages. First, cells are grown in a batch mode using excess glyc-
erol as the carbon source. The excess glycerol allows a rapid production of cell
mass, although no IGF-I is produced owing to repression of the AOX1 pro-
moter by excess glycerol. Following exhaustion of the glycerol, a limited glyc-
erol feed is initiated in a fed-batch mode, such that glycerol does not
accumulate. During this second stage, cell mass continues to accumulate rap-
idly, but since the glycerol is limited in the medium, the AOX1 promoter
becomes derepressed causing small amounts of methanol utilization pathway
enzymes to be produced, which prepares the culture for growth on methanol.
The third stage of the fermentation is initiated by replacing the glycerol with
methanol as the carbon source fed into the fermenter. Cell mass accumulates

Table 1
Expression of IGF-I in Pichia pastoris: Shake-Flask Studies

Cassette copy # Mut phenotype Western analysis Incstar RIA

1 Mut+ 1.4 mg/L nda

2 Mut+ 2.7 mg/L nd
4 Mut+ 4.3 mg/L nd
6 Mut+ 8.1 mg/L 18 mg/L
6 Muts nd 14 mg/L

nd = not determined.
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more slowly in this phase, and IGF-I is secreted into the fermentation medium
at a constant rate over a 3-d period of methanol feeding. Since this stage is
carried out in a fed-batch mode, volume in the fermenter will increase steadily,
nearly doubling the initial volume. The detailed fermentation protocol is as
follows.

3.3.2.1. GLYCEROL BATCH PHASE

1. Fermenters are sterilized with an initial volume of fermentation basal salts
medium. It is best to use a starting volume of ~50% of the maximum working
volume of the fermentation vessel.

2. After sterilization and cooling, set temperature to 30°C, and set agitation and
aeration to operating conditions (usually mid to maximum rpm and 1–2 vvm
[volume gas/volume liquid/min] air). Adjust the pH of the basal salts medium to
5.0 with 28% ammonium hydroxide. Take care not to overshoot pH or excessive
medium precipitation will occur. Some medium precipitation is expected at pH 5.0.

3. Add 2 mL of PTM1 trace salts/L of basal salts medium (see Note 3).
4. The fermenter is inoculated with ~5–10% initial fermentation volume from seed

culture generated in inoculum shake-flasks or seed fermenters.
5. The batch culture continues until the glycerol is completely consumed (12–24 h,

depending on the size of the inoculum used). This is indicated by a sharp rise in
dissolved oxygen levels. A cellular yield of 90–150 g/L wet cells is expected
from 4% glycerol utilized for this stage, and no product is produced.

6. Temperature is controlled at 30°C, pH at 5.0, with the addition of 28% ammo-
nium hydroxide and excess foam with the addition of 5–100% Kabo antifoam.
Maintain the dissolved oxygen level at >20% saturation by increasing agitation,
fermenter back pressure, air flow rate, or by initiating oxygen feeding. If oxygen
feeding is used, balance the air and oxygen feeds to give a constant flow rate into
the fermenter, preferably at 1 vvm total air flow and up to a maximum of 2 vvm
total air flow (see Note 4).

7. Manual operator measurements are carried out at regular intervals to confirm
proper control, and to measure the consumption rates of ammonium hydroxide,
antifoam, glycerol, and methanol. The culture is also measured for carbon limita-
tion during glycerol and methanol fed-batch stages by performing dissolved oxy-
gen (DO) spikes.

3.3.2.2. GLYCEROL FED-BATCH PHASE

1. Initiate by starting a 50% w/v glycerol feed at a feed rate of ~20 mL/h/L initial
fermentation volume. The glycerol feed should not be initiated until 15 min or
more after the batch phase is completed. This is indicated by a sudden rise in DO
and a leveling off of the DO at a high level, typically above 70% (see Note 5).

2. Glycerol feeding is carried out for 4 h or until ~80 mL/L (initial fermentation
volume) 50% glycerol has been fed into fermenter. A cellular yield of 180–220 g/L
wet cells should be achieved at the end of this stage, but no appreciable product is
produced.
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3. DO spikes should be performed 15–30 min after initiating the glycerol feed and
at 1–2 h intervals to ensure that the culture is limited for glycerol. DO spikes are
performed by terminating the carbon feed and timing how long it takes for the
DO to rise 10%, after which the carbon feed is resumed.

3.3.2.3. METHANOL FED-BATCH PHASE

1. Initiate by terminating the glycerol feed and starting a 100% methanol feed at a
feed rate of approx 3.5 mL/h/L initial volume. The glycerol feed is left off for at
least 5 min before proceeding with the methanol feed.

2. For low-pH fermentations, the pH of the fermentation medium can be decreased
to 3.0 by changing the control set point to 3.0 and allowing the metabolic activity
of the culture to lower the pH slowly to 3.0 over 4–5 h (see Note 6).

3. During the first 2–3 h, methanol will accumulate in the fermenter, and the dis-
solved oxygen will steadily decrease. DO spikes are not performed during this
time. Increase agitation, aeration, pressure, or oxygen feeding during this phase to
maintain the DO above 20%. If the DO cannot be maintained above 20%, stop
the methanol feed, wait for the DO to spike, and continue on with the current
methanol feed rate.

4. After the culture is fully adapted to methanol utilization (2–4 h) and the culture is
limited on methanol, the feed rate is doubled to ~7 mL/h/L initial fermentation
volume. This will be indicated by a steady DO reading and a fast DO spike time
(generally under 1 min). It is recommended to maintain the lower methanol feed
rate under limited conditions for 1 h before doubling the feed.

5. After increasing the feed rate to 7 mL/h/L, DO spikes should be performed after
~15 min and as often as necessary to ensure that the culture is limited on metha-
nol (see Note 7).

6. After 2 h at the 7 mL/h/L feed rate, the methanol feed rate is again increased to
approx 11 mL/h/L initial fermentation volume. This feed rate is maintained for a
total of 24 h on methanol when the methanol feed can be further increased to 13
mL/h/L in order to ensure full methanol addition by harvest time.

7. The entire methanol fed-batch phase lasts ~70 h with a total of ~740 mL metha-
nol fed/L of initial volume. For many recombinant proteins, a direct correlation
between amount of methanol consumed and the amount of product produced has
been observed. Therefore, some attention needs to be given to the total amount of
methanol fed during the fermentation. The cell density continues to increase dur-
ing the methanol fed-batch phase to a final level of ~450 ± 100 g/L wet cells.
Because most of the fermentation is carried out in a fed-batch mode, the final
fermentation volume will be approximately double the initial fermentation vol-
ume (see Notes 8 and 9).

3.3.2.4. FERMENTATION RESULTS WITH SIX-COPY MUT+ STRAIN

The results of the fermentation studies are summarized in Table 2. These
fermentations were carried out in 2-L vessels starting out at a 1-L volume. As
stated previously, the Mut+ six-copy strain was first tested under standard fer-
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Table 2
Expression of IGF-I in Pichia pastoris: Fermentation Studies

Western C4
Cassette analysis, Incstar Nichols RP-HPLC, Cell density,

Fermentation copy # Phenotype pH mg/L RIA, mg/L RIA, mg/L mg/La wet g/L

A 6 Mut+ 5 117 306 15 3 325
B 6 Mut+ 3 555 1550 140 121 385
C 4 Mut+ 3 ndb 1400 174 103 350
D 2 Mut+ 3 nd 740 65 39 430
E 1 Mut+ 3 21 167 35 14 415
F 6 Muts 3 nd 745 nd nd 370

aHPLC values reported as authentic IGF-I values that represent ~20% of the total IGF-I forms present in HPLC.
bnd = not determined.
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mentation conditions (Table 2, line A) at pH 5.0 throughout. Cell density
increased as expected throughout the fermentation. Although IGF-I was
secreted into the medium during the fermentation with the six-copy Mut+ strain,
the levels of IGF-I produced were not as high as expected, based on the shake-
flask studies. Also, it was noted that on studying the time-course of the fermen-
tation, the levels of IGF-I stopped increasing early in the fermentation. It was
hypothesized that proteolytic degradation of IGF-I might be occurring during
the fermentation. In order to test this hypothesis, IGF-I standard was added
into the final fermentation medium, which had been adjusted to several differ-
ent pH ranges (pH 3.0–5.0) using phosphoric acid (see Note 6). It was dis-
covered that all of the IGF-I would ultimately be completely degraded after
several days at pH 5.0; at pH 3.0, most of the IGF-I would remain intact with
time (data not shown). As a result, the fermentation was repeated at pH 3.0
during the methanol fed-batch phase with the six-copy Mut+ strain (Table 2,
line B). Results demonstrate that IGF-I levels were improved significantly
(555 vs 117 mg/L by Western, 1550 vs 306 mg/L by Incstar RIA), and a
steady increase in IGF-I levels was observed throughout the fermentation
time-course.

Several additional procedures were employed to evaluate analytically the
results of the fermentations. One of these procedures was a second RIA from
Nichols Institute, which is based on antisera raised against the entire IGF-I
protein instead of the last 17 amino acids of the carboxy-terminus with the
Incstar antisera. A C4 RP HPLC procedure was also developed in order to char-
acterize better the IGF-I being secreted into the medium by P. pastoris (see
Subheading 3.5.). As Table 2 indicates, the Nichols RIA and RP-HPLC values
are lower than the Western and Incstar RIA values, in particular for the pH 5.0
fermentation at 15 and 3 mg/L, respectively. However, the pH 3.0 fermenta-
tions showed a similar improvement in IGF-I assay values for the Nichols RIA
(140 vs 15 mg/L) and RP-HPLC (121 vs 3 mg/L) as observed using the West-
ern and Incstar RIA assays.

Despite the improvement in assay results in the pH 3.0 fermentations, the
levels of IGF-I measured by Nichols RIA and RP-HPLC are consistently lower
than those determined by the Western blot and Incstar RIA. The reason for
these lower values was elucidated during further development and character-
ization work (see Subheading 3.4.). The discrepancy in IGF-I values for each
assay is owing to the fact that there are a variety of forms of IGF-I secreted into
the fermentation broth by P. pastoris, but each assay measures only certain
forms. The major IGF-I forms include correctly folded monomeric IGF-I
(authentic), misfolded monomeric IGF-I, degraded or nicked IGF-I, and
multimeric (dimeric, trimeric) IGF-I. The majority of these forms are readily
separated and quantified by C4 RP-HPLC (Fig. 3), with the exception of the
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trimer and higher oligomeric forms of IGF-I. With all of the P. pastoris IGF-I-
expressing strains, authentic IGF-I generally represents about 20–30% of the
total IGF-I identified by RP-HPLC, irrespective of the length of the fermenta-
tion. Therefore, the total IGF-I produced by fermentation with the six-copy
strain is estimated at ~600 mg/L as measured by RP-HPLC. This value agrees
well with the Western analysis results (Table 2). The data indicate that the
Nichols RIA primarily recognizes the authentic IGF-I form with some addi-
tional crossreactivity to some of the other IGF-I forms, whereas the Western
blot and Incstar RIA recognize the majority of IGF-I forms secreted into the
medium.

Fig. 3. RP-HPLC chromatogram of cation-pretreated fermentation broth generated
from P. pastoris six-copy, Mut+, pep4 IGF-I production strain. Separation accom-
plished on a C4 Vydac column using a 1%/min gradient from 25–42% mobile phase B
(95% acetonitrile, 0.1% TFA)/58% mobile phase A (water, 0.1% TFA).
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3.3.2.5. FERMENTATION RESULTS COMPARING COPY NUMBER

AND MUT PHENOTYPE

Copy number in the Mut+ phenotype was evaluated in pH 3.0 fermentations. As
the cassette copy number decreased (compare Table 2, lines B–E), expression level
decreased in each assay used to measure IGF-I levels. Likewise, the six-copy Muts

strain appears to produce lower levels than the six-copy Mut+ strain (Table 2, line
B vs F, 1550 vs 745 mg/L by the Incstar RIA). One observation pertaining to copy
number is that there is little difference between four and six copies. Also, there
appears to be slightly more degradation of IGF-I in fermentations of the six-copy
vs the four-copy strains as determined by RP-HPLC (data not shown).

3.3.2.6. FERMENTATION WITH SIX-COPY MUT+ PEP4 STRAIN

The six-copy Mut+ strain was disrupted in its pep4 protease gene to decrease
the amount of protease present in the culture medium. Although PEP4 acti-
vates vacuolar proteases, cell lysis during fermentation causes these proteases
to be released into the medium. The pep4 fermentation results are shown in
Table 3, lines A–E. Since the RP-HPLC method gives much more information
about IGF-I secreted into the fermentation medium, it was the only method
chosen for analysis. Lines A and B compare 2-L fermentations at pH 3.0 and
5.0. The results show that the pep4 strain is able to produce similar levels of
IGF-I at pH 5.0 and 3.0. However, on scale-up to a 10-L fermenter, authentic
IGF-I levels dropped significantly (Table 3, line C). The 10-L fermentation
results for pep4 strains at pH 3.0 are shown in Table 3, lines D and E. Compa-
rable 10-L fermentation data are also given for the PEP4 strains. The combina-
tion of the pep4 strain and low-pH fermentation also showed a significant
decrease in the ratio of authentic IGF-I to degraded or nicked IGF-I when com-

Table 3
Expression of IGF-I in pep4 Pichia pastoris: Fermentation Studies

C4 RP-HPLC, C4 RP-HPLC, Cell density,
Fermentation Phenotype pH authentic mg/L nicked mg/L wet g/L

A Mut+, pep4 3 139 43 450
B Mut+, pep4 5 167 40 363
Ca Mut+, pep4 5 54 74 383
Da Mut+, pep4 3 138 48 387
Ea Mut+, pep4 3 135 35 361
Fa Mut+, PEP4 3 103 68 385
Ga Mut+, PEP4 3 77 71 350
Ha Mut+, PEP4 5 0 0 330

aFermentations carried out at 10-L scale. All other fermentations are at 2-L scale.
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pared to the PEP4 strains. A combination of six copies of the IGF-I expression
cassette, pep4 phenotype, and low pH was optimal for IGF-I production and
controlling protease degradation of IGF-I during fermentation. This strain and
fermentation process has been successfully scaled up to a 1500-L scale with a
linear increase in fermentation yields with volume and producing 140 ± 40 mg/L
of authentic IGF-I in each of more than 100 fermentations at this scale.

3.4. Characterization and Purification of IGF-I

Having detailed characterization of the product produced after fermentation
is critical for determining which strain is optimal for recombinant protein pro-
duction as well as providing important information on how to purify the prod-
uct from the fermentation medium. The characterization and purification of
proteins, such as IGF-I from fermentation medium, are specific to each pro-
tein. However, some general approaches taken with IGF-I should be applicable
to other proteins expressed in P. pastoris. Therefore, a general overview of
some characterization and purification strategies is given below. More detailed
discussions can be found elsewhere (23–25).

3.4.1. IGF-I Forms Found in Culture Broth

Figure 3 shows a representative HPLC chromatogram of cation-exchange
pretreated fermentation broth. The major forms of IGF-I present in the fermen-
tation broth are labeled. Proportions of the major IGF-I forms are: ~20–30%
authentic, 10–20% misfolded, 7–15% nicked, and 30–50% multimer forms.
These forms have been identified by several analytical techniques (including
SDS-PAGE), reactivity to an antibody directed against IGF-I in Western blot
analysis, size-exclusion chromatography, N-terminal sequence analysis, and
biological activity. The peak that elutes by HPLC at ~9.5 min corresponds to
the authentic form of IGF-I. The identity of this form was confirmed initially
on the basis of elution time by RP-HPLC, which is identical to that of an IGF-
I standard. Furthermore, this peak corresponds to the protein that was purified
and subjected to a variety of physical-chemical characterization methods. These
methods include reducing and nonreducing SDS-PAGE, isoelectric focusing,
size-exclusion chromatography, N-terminal sequence analysis, amino acid
sequence of the entire molecule, and peptide mapping. This molecule was also
fully active in an in vitro biological assay.

The protein that elutes from the HPLC column at ~8.5 min (Fig. 3) has been
identified as a misfolded form of IGF-I. This protein was isolated by HPLC
and hydrophobic interaction chromatography, and characterized by SDS-
PAGE, Western blot, and protein sequence analysis. SDS-PAGE analysis of
reduced and nonreduced samples of this protein demonstrated that this form
comigrates with authentic IGF-I. Western blot analysis of this protein using an
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antibody directed against the C-terminus of IGF-I showed that it is immunore-
active. Amino-terminal protein sequencing of this protein showed that it is iden-
tical to IGF-I. Also, when the disulfide bonds of this molecule are reduced, it
elutes at the same position as reduced authentic IGF-I on RP-HPLC. Similar
results are also reported for a misfolded form of IGF-I produced from a recom-
binant S. cerevisiae strain expressing IGF-I (15). Refolding experiments by
oxidizing the reduced form of IGF-I (generated from either the misfolded or
authentic forms) show generation of two predominant peaks on HPLC corre-
sponding to the misfolded and authentic forms. The generation and HPLC
analysis of misfolded forms of IGF-I generated by refolding of E. coli-pro-
duced IGF-I has also been carried out yielding similar results (16,17).

The proteins that elute from the HPLC column at 10–11 min (Fig. 3) have
been identified as nicked or degraded forms of IGF-I (i.e., IGF-I molecules
containing two or more peptide fragments, generated by cleavage of one or
more peptide bonds, and held together by disulfide bonds). There appear to be
at least two peaks by HPLC analysis of pretreated broth that correspond to the
nicked IGF-I. The protein represented by the major peak was isolated by SP
cation-exchange chromatography. SDS-PAGE analysis of nonreduced samples
of this isolated species reveal that it is a single band that comigrates with
authentic IGF-I. Gels of reduced samples of this protein, however, exhibited a
doublet representing two peptides of approx 3–4 kDa each (approximately half
the size of intact IGF-I). Amino-terminal protein sequence analysis of the pro-
tein confirms that the molecule is nicked prior to residue 40 of IGF-I, since
both residues 1–5 and 40–44 are identified in the first five cycles of sequenc-
ing. Western blot analysis of reduced and nonreduced samples of this isolated
nicked IGF-I molecule shows that it is reactive with the IGF-I antibody, but
less reactive than intact IGF-I.

The last set of proteins detected in HPLC analysis of cell-free broth, which
elute from the HPLC column after 11–18 min, have been identified as disul-
fide-bonded multimeric forms of IGF-I. The presence of disulfide-bonded IGF-
I multimers in P. pastoris broth is indicated in SDS-PAGE gels, Western blots,
N-terminal sequencing, and size-exclusion chromatography. The putative
multimers migrate as IGF-I dimers and trimers on nonreduced SDS-PAGE gels,
and are reactive with antibodies directed against the C-terminus of IGF-I. When
these multimers are reduced, they comigrate with authentic IGF-I on SDS-
PAGE gels, which indicates that these are disulfide-bonded IGF-I monomers
(Fig. 4, lanes 3 and 9). N-terminal sequence analysis of purified IGF multimers
shows the sequence to be identical with IGF-I. Furthermore, multimeric IGF-I
(apparent dimer and trimer species) was isolated on a gel-filtration column,
and analyzed by HPLC and SDS-PAGE. The isolated multimers elute from the
HPLC column at the expected times.
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Finally, there are several minor forms of IGF-I that are not readily resolved
by C4 RP-HPLC. These forms include O-linked glycosylated, oxidized, acety-
lated, and amino-terminal and carboxy-terminal clipped species (data not

Fig. 4. Recombinant IGF-I expression and purification from fermentation broth
generated from P. pastoris six-copy, Mut+, pep4 IGF-I production strain, silver-stained
SDS-PAGE (A) and Western blot (B) loaded identically with the following samples:
Lane 1, blank; lane 2, nonreduced (NR) IGF-I reference standard; lane 3, NR fermen-
tation broth; lane 4, NR SP-cation recovery; lane 5, NR HIC chromatography; lane 6,
NR SP2-chromatography; lane 7, NR gel-filtration chromatography; lane 8, reduced
(R) IGF-I reference standard; lane 9, R fermentation broth; lane 10, R SP-cation
recovery; lane 11, R HIC chromatography; lane 12, R SP2-chromatography; lane 13,
R gel-filtration chromatography; lanes 14 and 15, mol wt markers.
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shown). These forms typically amount to <10% of total IGF-I forms in the
fermentation medium. The presence of O-linked glycosylated IGF-I forms with
S. cerevisiae expression has also been reported (15).

3.4.2. IGF-I Purification

Two approaches have been developed to purify authentic IGF-I from P.
pastoris fermentation broth. A process flow diagram outlining the two pro-
cesses is shown in Fig. 5. The first approach involves direct purification of
only the authentic IGF-I form. Although there is a heterogeneous mixture of
IGF-I forms present in the fermentation medium, the use of traditional low-
pressure chromatography using three basic modes of separation was successful
in producing IGF-I of acceptable quality and yield for clinical trials. These
three modes of separation are based on charge (cation-exchange chromatogra-
phy, SP550C, TosoHaas), hydrophobicity (hydrophobic interaction chromatog-
raphy, Butyl 650M, TosoHaas), and size (gel filtration, HW 50F, TosoHaas).
SDS-PAGE and Western blot analysis illustrating the purity of samples taken
from the fermentation broth and at selected points during purification is pre-
sented in Fig. 4.

The second approach for purification of IGF-I includes a refolding step to
convert many of the misfolded and multimer forms to authentic IGF-I. Because
all of the IGF-I forms are recovered in the cation-exchange step, the refold step
was employed after this point. With the refold purification scheme, an RP step
(low-pressure chromatography, Amberchrom CG100sd, TosoHaas) was used
in place of the gel-filtration step, but the other steps remained essentially the
same. One of the advantages of a refolding step for a yeast-secreted protein is
that the product is soluble, unlike many products from E. coli, which are mostly
insoluble.

The stages of the production process immediately following fermentation
and preceding the purification are considered recovery stages. There are some
unique aspects of P. pastoris fermentations that impact the development of the
recovery process. The recovery operations typically involve two steps for a
secreted protein. First, cell removal must be accomplished; second, product
must be recovered or captured from the fermentation medium. Owing to the
high cell densities achieved with P. pastoris fermentations, cell removal is not
always an easy step to accomplish, since the final fermentation volume typi-
cally contains in excess of 40% wet cell mass. Microfiltration and centrifuga-
tion are two basic options that have worked equally well for the IGF-I
production process. However, each step has its own advantages and disadvan-
tages. Centrifugation is generally a faster process than microfiltration. How-
ever, larger facility space needs to be dedicated to this operation owing to the
large process tanks that are necessary. A secondary cell removal step, such as
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depth filtration, is needed for centrifugation, but is not a necessity with
microfiltration. Microfiltration requires more development work, since protein
compatibility with filters can be critical. Because the cell density starts off so
high for recovery, care must be taken not to overconcentrate the cell phase
during microfiltration. Similarly, either a predilution or postcell washing step
is needed for centrifugation, since a large amount of a secreted product can be
trapped with the cell-containing phase.

For the capture step, a strong cation-exchange resin, such as SP550C, has
worked very well for IGF-I. If a protein’s isoelectric point is above 7, often
very little dilution of the P. pastoris fermentation broth is needed in order for

Fig. 5. Process flow diagram illustarting the two IGF-I production process strate-
gies used to produce purified IGF-I from P. pastoris fermentations. The first strategy
(nonrefold) is shown in the open block steps. In this strategy, the authentic form of
IGF-I is purified from all the other IGF-I forms present in the fermentation broth. The
differences in the second refold strategy are depicted in the shaded block steps. With
this strategy, many of the other forms of IGF-I are converted to authentic IGF-I by
inclusion of a refold step.
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the recombinant protein to bind to the cation-exchange matrix, especially if
a lower pH is maintained (pH 3.0 for IGF-I). After cation-exchange recov-
ery, nearly all of the IGF-I forms detected by RP-HPLC are recovered from
the P. pastoris fermentation broth, and >90% of other yeast proteins are
removed. Therefore, cation-exchange chromatography is an excellent cap-
ture step.

The remaining steps in each of the purification process strategies are unique
to IGF-I, as stated above. Both purification schemes efficiently remove P.
pastoris yeast proteins to <150 ng/mg and DNA to <20 pg/mg product.
Although there is very little difference in purity of the final product from these
two purification strategies, the final product yield was threefold greater with
the refolding scheme owing to the conversion of most of the multimeric and
misfolded forms to authentic IGF-I. Both of these purification strategies have
worked well when scaled up for purification at the 1500–4500 L fermentation
scales. C8 RP-HPLC chromatograms for final products produced from both
processes are shown in Fig. 6.

3.5. Analytical Methods
3.5.1. IGF-I RIA Based on Incstar Antihuman Antisera

1. A 1:5000 final dilution of rabbit antihuman IGF-I antisera (Incstar), 10,000–
12,000 cpm of 125I-IGF-I (Incstar), and various dilutions of IGF-I standard and
unknown samples are incubated overnight at 4°C in a final volume of 0.5 mL in
12 × 75-mm polystyrene tubes.

2. After incubation, 100 µL of Pansorbin are added to the tubes and incubated for 15
min at room temperature.

3. Add 2 mL RIA buffer to each tube before centrifugation at 3200 rpm for approx
70 min at 4°C.

4. Following centrifugation, the supernatant is decanted, and the radioactivity asso-
ciated with the pellet is determined with a -counter.

3.5.2. Nichols Antihuman IGF-I RIA
Follow instructions supplied by the manufacturer (Nichols Institute

Diagnostic).

3.5.3. Tricine SDS-PAGE

The Tricine SDS-PAGE system is that developed by Schagger and von Jagow
(26) for the separation of proteins ranging from 5–20 kDa.

1. Separating gels are 13% acrylamide and 3% crosslinker; the stacking gels are 4%
acrylamide and 3% crosslinker.

2. Electrophoresis samples are denatured by placing them in a boiling water bath
for 2–3 min after adding 2X sample buffer. When samples are to be reduced, 100
mM dithiothreitol (DTT) is added to the sample buffer.
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3. A constant sample volume is added to each well. Electrophoresis is conducted at
a maximum of 100 V until the tracking dye migrates to the bottom of gels.

4. Gels that are silver-stained are treated with a first wash of 50% ethanol, 10%
acetic acid, and 5% TCA, and a second wash of 10% ethanol, 7% acetic acid, and
1% TCA for 30 min.

5. Gels are fixed in 10% glutaraldehyde for 30 min. The fixed gels are then soaked in
5µg/mL DTT for 30 min, and then equilibrated in 0.1% silver nitrate for another 30 min.

Fig. 6. RP-HPLC chromatogram of final purified products generated from P.
pastoris six-copy, Mut+, pep4 IGF-I production strain: (A) nonrefold purification pro-
cess; (B) refold purification process. Separation accomplished on a C8 Vydac column
using a 1%/min gradient from 20–40% mobile phase B (acetonitrile, 0.1% TFA)/60%
mobile phase A (water, 0.1% TFA).
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6. The color is developed with 3% sodium carbonate, and 0.05% formaldehyde
(37%). The developing reaction is stopped by addition of 5% 2.3 M citric acid.
After incubating for 10 min, the gel is transferred to water.

3.5.4. Western Blotting

1. After separation by tricine SDS-PAGE, gels are electroblotted onto 0.1 µm nitro-
cellulose in Towbin buffer for at least 90 min at 20 V/cm.

2. The filter is incubated for 1 h in blocking buffer.
3. The filter is then incubated with rabbit anti-IGF-I antisera (raised against the last

14 amino acids of the carboxy-terminus of IGF-I) diluted 1:2000 with blocking
buffer for a minimum of 2 h.

4. The filter is washed with blocking buffer for 1 h and then incubated with 125I-
protein A (0.02°Ci/mL) for 45 min.

5. After washing the filter for 1 h with blocking buffer, the filter is air-dried and
exposed to X-ray film with intensifying screen at –75°C.

6. IGF-I concentrations in samples are determined by comparing intensities of
samples relative to known amounts of standard IGF-I loaded on the same gel.

3.5.5. RP-HPLC

3.5.5.1. PRETREATMENT OF FERMENTATION BROTH

P. pastoris-produced IGF-I exists in several forms in the fermentation broth.
HPLC analysis of crude cell-free broth from fermentations of IGF-I-express-
ing P. pastoris does not adequately resolve the various IGF-I species. In order
to distinguish these IGF-I species by HPLC, the broth must be pretreated on a
small-scale cation-exchange column.

1. Equilibrate ~0.3 mL sulfylpropyl (SP) cation-exchange resin, SP-spherodex, with
2 mL 0.2 M acetic acid followed by 2 mL 0.02 M acetic acid. A 10-mL plastic
disposable column (Bio-Rad, Hercules, CA) works well for the pretreatment pro-
cedure.

2. Typically, 1–4 mL of cell-free fermentation broth is diluted in half with 0.02 M
acetic acid and bound to the resin.

3. After loading the sample, the resin is washed with 1–2 mL 0.02 M acetic acid.
4. The IGF-I is then eluted in 1 mL 0.05 M sodium acetate, pH 5.5, containing 1 M

NaCl. The eluate can be directly analyzed by RP-HPLC.

3.5.5.2. C4 RP-HPLC

1. A Vydac C4 column (0.46 × 5 cm) with a guard column is used to resolve compo-
nents of the P. pastoris-produced IGF-I preparations in pretreated fermentation broth.

2. Fermentation broth samples that have been pretreated as described above are
loaded onto the column at a flow rate of 1 mL/min and are eluted in a
trifluoroacetic acid (TFA)/acetonitrile-TFA gradient.

3. The eluant is prepared by using a mobile phase A (0.1% TFA) to dilute mobile
phase B (95% acetonitrile, 5% water, 0.1% TFA).
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4. A 1%/min gradient from 25–42% mobile phase B is passed through the column
over 17 min at a flow rate of 1 mL/min to elute the IGF-I from the column.

5. The column is regenerated with 100% mobile phase B at a flow rate of 2 mL/min
for 4 min, followed by 25% mobile phase B for 4 min at 2 mL/min. The flow rate
is then reduced to 1 mL/min, and the column is equilibrated for 2 min before
injection of the next sample. The detector is set at a wavelength of 215 nm for
maximum sensitivity.

3.5.5.3. C8 RP-HPLC

1. A Vydac C8 column (0.46 × 15 cm) is used to resolve components of the P.
pastoris-produced IGF-I preparations in purification samples.

2. The eluant is prepared by using a mobile phase A (water, 0.1% TFA) to dilute
mobile phase B (100% acetonitrile, 0.1% TFA).

3. A 1%/min gradient from 20–40% mobile phase B is passed through the column
for over 20 min at a flow rate of 1 mL/min to elute the IGF-I from the column.

4. The column is regenerated with 85% mobile phase B at a flow rate of 1 mL/min
for 5 min. The column is equilibrated for 5 min before injection of the next
sample. The detector is set at a wavelength of 215 nm for maximum sensitivity.

4. Notes
1. An alternative method for shake-flask analysis that gives equivalent or better

results for Mut+ strains is to reduce the glycerol from 2% to 0.05–0.1%, so
that cultures will reach a maximum OD of approx 1.0 on glycerol. After ~24 h of
culturing on glycerol, methanol is then added directly to the flask at a final con-
centration of 1%. Methanol addition is then repeated at ~48 and 72 h, and the
flasks are harvested at 96 h, typically at an OD of >8.0.

2. Although increasing copy number usually increases expression levels of recombinant
proteins in P. pastoris, this is not always the case. In some cases, increasing copy
number can decrease expression levels (22). Often, this effect must be empirically
determined for each recombinant protein. Therefore, copy number effect should
always be compared to a one copy number strain. Also, choice of secretion signal can
sometimes have an impact on whether or not a copy number effect will be observed.

3. During the early development stage, much higher levels of PTM1 trace salts were
added during the fermentation. Originally, approx 4 mL/L of basal salts medium
were added directly to the fermenter, and 12 mL PTM1/L of glycerol and metha-
nol feeds were added as well. During the development of the fermentation pro-
cess, it was found that the PTM1 trace salts could be reduced to a single addition
of 2 mL/L basal salts medium at the start of the fermentation.

4. Automatic DO control schemes are not recommended during the fed-batch
phases. These automatic control schemes should not be necessary, since as long
as glycerol and methanol feed rates are at fixed rates, the rate of oxygen utiliza-
tion will also be fixed within a certain range. One exception to this strategy may
be to add automatic control of the methanol and glycerol feed rates, if for some
uncontrolled reason the DO level falls below 20%.
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5. The level of cell mass produced on glycerol can have an impact on how much
recombinant product is produced. A range of 50–300 g/L wet cells is recom-
mended by varying the amount of glycerol in the batch and fed-batch phases. A
maximum level of 6% glycerol is recommended in the batch phase.

6. Low-pH fermentations have worked well for several proteins that appear to be
sensitive to proteases in the fermentation medium, in particular for IGF-I. When
operating at the low-pH ranges, samples should be measured off-line to ensure
that fermenter pH readings remain accurate. A pH of below 2.8 will affect cellu-
lar metabolism. It is best to wait until the methanol feed to reduce pH to mini-
mize flocculation.

The exact pH that might be optimal for a given protein is empirically deter-
mined. For some proteins, other pH values (e.g., 3.0–7.0) have been found to be
optimal for product stability. If standards of the recombinant protein are available
in early stages of strain and fermentation development, a spiking experiment can
be done with spent fermentation medium from a control of pH 5.0 fermentation
in which pH is varied. This may aid in determining what pH ranges to test during
fermentation development.

7. If DO falls below 20% after the methanol feed rate is increased to 7 mL/h/L, the
methanol feed should be stopped, but nothing further should be done to increase
oxygen (agitation, pressure, aeration, or oxygen feeding) until the DO level
increases sharply (spikes). At this point, adjustments can be made to agitation,
aeration, pressure, or oxygen feeding. This is primarily the reason why DO con-
trol is not recommended at stated in Note 4. Although in many cases not follow-
ing these general guidelines concerning oxygen control will only cause subtle
differences in expression levels, in other cases, the entire culture will stop grow-
ing because of overproduction of formaldehyde, the product of methanol oxida-
tion by alcohol oxidase.

8. Maintaining the DO above 20% may be difficult depending on the oxygen trans-
fer rate (OTR) of the fermenter. Pressure can be used to increase OTR up to 15–
30 psi. Also, the 1–2 vvm of fermentation air feed can be supplemented with
oxygen, generally at 0.1–0.5 vvm to achieve adequate oxygen levels. One 200-L
T-size tank of compressed oxygen gas should be enough for at least 10 1-L fer-
mentations. Liquid oxygen can also serve as a good source for oxygen gas. If the
necessary level of oxygen cannot be supplied to a fermentation culture, then the
methanol feed rate should be reduced accordingly. This is one of the major
advantages of the Mut+ strains in that since they are always fed methanol at a
growth-limiting rate, the amounts of cooling and oxygen required are directly
proportional to this feed rate. If Muts strains are grown in fermentations with
excess methanol, as typically applied, the amount of heating and cooling cannot
be controlled with feed rate. For Mut+ fermentations, the time can be increased to
deliver similar levels of methanol at the lower feed rate if it desired to reach
maximum product levels. Conversely, higher methanol feed rates are possible to
decrease the fermentation time to 48 h while still feeding the 740 mL methanol/L,
but high oxygen and cooling requirements tend to make this difficult. The amount
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of heat produced by P. pastoris has been measured at 2.6 kcal/g glycerol con-
sumed/h and 4.5 kcal/g methanol consumed/h. The amount of oxygen required
by P. pastoris has been measured at 13 mM oxygen/g glycerol consumed/h and
35 mM oxygen/g methanol consumed/h.

9. A similar fermentation protocol was used for Muts strains. Methanol feeds were
started at 1 mL/h/L and then increased to ~3–6 mL/h/L. Another alternative strat-
egy for both Mut+ and Muts strains is the use of mixed feeds. Instead of feeding
pure methanol into the fermenter, a mixture of methanol and glycerol can be
used. DO spikes are still used to ensure a limited carbon feed. The ratio of metha-
nol to 50% glycerol will have to be determined empirically. Good ratios to start
with are 4:1, 2:1, 1:1, 1:2, and 1:4 methanol:glycerol at the feed rate specified for
the Mut+ strains. This technique has been found to be very useful for proteins that
appear toxic to the strain or for improving the productivity of Muts fermenta-
tions. Mixed feeds will also decrease the overall cooling and oxygen demand of
the fermentation (6).
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Secretion of scFv Antibody Fragments

Hermann Gram, Rita Schmitz, and Rüdiger Ridder

1. Introduction
Antibodies consist of two functional parts, the antigen binding site, a het-

erodimer composed of the VH and VL domains, and the Fc part, which facilitates
in vivo the effector functions and stability of the antibody. Recombinant anti-
bodies were first successfully expressed by secretion from mammalian cells,
whereas attempts to express whole antibodies in Escherichia coli remained
unsuccessful. Later, the relatively small antigen binding portion of an antibody
were functionally expressed as Fab or single-chain Fv (scFv) fragments in bac-
teria (1,2). Although intracellular expression of scFv fragments as inclusion
bodies has been reported, most scFv antibodies are expressed in E. coli by
secretion into the periplasmic space. By secretion across the cytoplasmic mem-
brane, the heavy- and light-chain domains can fold and assemble properly, and
intra- and interdomain disulfide bonds are formed (3,4). Single-chain antibod-
ies purified from the periplasmic space of E. coli are primarily monomeric and,
in most cases, functional. Although respectable yields of more than 200 mg/L
of scFv fragment have been reported from large-scale E. coli fermentations (5),
the yields obtained from small-scale expression cultures utilizing shake flasks
are typically below 1 mg/L (4). Fermentation approaches gave rise to much
higher yields, but these require thorough optimization and expensive equipment.

The concept of combinatorial immunoglobulin libraries and the display of
scFv antibody fragments on the surface of filamentous bacteriophage has led
to the isolation of an increasing number of scFv antibodies (6,7). These suc-
cesses have created a demand for a suitable expression system for rapid pro-
duction of scFv fragments. One of the major limitations for the practical
application of the phage display technology as an alternative to the well-estab-
lished hybridoma generation is the low yield of functional antigen binding pro-
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teins produced in bacterial hosts. Even though methods for affinity purification
of scFv fragments from E. coli cultures have been described, the achieved yield
is often not sufficient for extended binding studies, the development of immu-
noassays, or in vivo experiments. Therefore, E. coli is not the best host for scFv
production in our opinion, and we have explored alternative expression systems.

The methylotrophic yeast Pichia pastoris has been shown to be a suitable
host for high-level expression of various heterologous proteins. Large amounts
of soluble and active protein showing posttranslational modifications similar
to those of higher eukaryotes can be secreted into the culture medium (8). P.
pastoris combines the features of eukaryotic secretion machinery with a
capacity for fast growth in noncomplex bacterial growth media. These features
make this yeast an attractive host for scFv expression, particularly since the
high expression level of heterologous proteins requires only small-scale pro-
duction in shake flasks, which can be performed with the standard equipment
of a molecular biology laboratory. Furthermore, engineered P. pastoris strains
can be fermented to high cell density, yielding product titers in the gram/liter
range (9–11). We demonstrate here that functional scFv antibody fragments
tagged with the immunoglobulin light-chain domain or peptide tags for
affinity purification and detection can be produced in this system with a high
yield. Also, scFv fragments expressed from P. pastoris can be engineered to
dimerize, which increases their apparent affinity toward the antigen.

2. Materials

1. P. pastoris strain GS115 (his4) and the expression vectors pHIL-S1 and pPIC9
were obtained from Invitrogen (La Jolla, CA).

2. YPD: 1% yeast extract, 2% peptone, 2% glucose.
3. MD: 1.34% yeast nitrogen base, 1% glucose, 1.6 µM biotin.
4. MM: 1.34% yeast nitrogen base, 0.5% methanol, 1.6 µM biotin.
5. BMGY: 1% yeast extract, 2% peptone, 1.34% yeast nitrogen base, 1% glycerol,

1.6 µM biotin, 100 mM K2HPO4, pH 6.0.
6. BMMY: 1% yeast extract, 2% peptone, 1.34% yeast nitrogen base, 0.5% metha-

nol, 1.6 µM biotin, 100 mM K2HPO4, pH 6.0.
7. Klenow reaction mix: 20 mM Tris-HCl, 10 mM MgCl2, 40 mM NaCl, 0.4 mM

DTT, and 150 µM of each of the dNTPs at pH 7.5.
8. Recombinant human leukemia inhibitory factor (hLIF) was produced in E. coli

by expression in inclusion bodies, denaturing, and subsequent refolding.
9. Nickel-chelate resin (Ni-NTA) was obtained from Qiagen (Hilden, Germany).

10. Ni-NTA column loading buffer: 300 mM NaCl and 50 mM sodium phosphate, pH 8.0.
11. Ni-NTA column washing buffer: 300 mM NaCl and 50 mM sodium phosphate,

pH 6.5.
12. Ni-NTA column elution buffer: 300 mM NaCl and 50 mM sodium phosphate, pH 5.0.
13. Ni-NTA column elution buffer: 50 mM sodium phosphate, pH 7.5.
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14. Ni-NTA column elution buffer plus imidazole: 300 mM NaCl, 50 mM sodium
phosphate, and 500 mM imidazole, pH 5.0.

15. Hybridoma secreting 9E10 anti-myc antibody was obtained from the Ameri-
can Type Culture Collection (Rockville, MD). Purified monoclonal antibody
(MAb) was coupled to a cyanogen bromide-activated Sepharose, yielding a
resin with a capacity of 10 mg antibody/mL. The murine antihuman IL-3 MAb
F15-216 recognizing the epitope Leu-Pro-Leu-Leu was generated by Lokker
et al. (12).

16. PBS buffer: 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.4 mM KH2PO4,
pH 7.2.

17. Affinity-column elution buffer: 100 mM glycine-HCl, pH 2.7.
18. 0.1 N NaOH.
19. Streptavidin conjugated to horseradish peroxidase for ELISA detection or West-

ern blotting is available from Jackson Immunology Laboratories (catalog #016-
030-084; Bar Harbor, ME).

20. OPD solution: dissolve 10 mg of OPD (Sigma [St. Louis, MO] P8287) in solu-
tion A (12.15 mL of 0.1 M citric acid) and solution B (12.85 mL of 0.2 M
Na2HPO4). 10 µL H2O2 are added immediately before use.

3. Methods
3.1. Cloning of the scFv Fragments

The scFv3-3 antibody fragment binding to hLIF was selected by phage dis-
play from a combinatorial library prepared from rabbit spleen (13). Below is
described the construction of four different expression vectors for P. pastoris,
which directed the production of monomeric scFv3-3, a scFv3-3::IgC fusion
protein, and a scFv3-3 dimer (Fig. 1). We used two different leader sequences,
the -mating factor leader and the PHO1 leader present in the expression vec-
tors pPIC9 and pHIL-S1, respectively. For detection of binding to hLIF in
ELISA, the tetrapeptide sequence Leu-Pro-Leu-Leu derived from human
interleukin 3 and against which the MAb F15-216 is available (12), was fused
to the carboxyl-terminus of the scFv antibody. This tetrapeptide tag (IL3 tag)
was followed by an His5 sequence used for affinity purification on a nickel-
chelate resin (Figs. 1 and 2). By using the murine IgC constant domain as a
tag, affinity purification, detection and quantification of scFv fragments by
commercially available reagents are possible. We have previously shown the
expression of a scFv3-3::IgC fusion protein in COS cells (14). We further
demonstrate here the successful expression of the dimerized scFv3-3 antibody
fragment, which has a 40-fold higher apparent affinity for hLIF as determined
by surface plasmon resonance analysis. The scFv3-3 antibody was dimerized
by virtue of a helix-turn-helix motif previously used for the dimerization of an
scFv fragment expressed from bacteria (3,5). Here, the helix-turn-helix dimer-
ization motif is separated from the scFv antibody by a flexible hinge region
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Fig. 1. Expression constructs for the rabbit scFv3-3 antibody. (A) The coding region
for scFv3-3 containing the IL3 tag and a His5 tag was cloned into pHIL-S1. (B) The
same expression cassette was moved into the pPIC9 vector. In another experiment, this
vector was modified to contain the bacterial kanr gene for selection by G418. (C) The
coding region for scFv3-3 was fused to the murine IgC gene. (D) For dimerization,
the scFv3-3 was modified to contain a helix-turn-helix motif and a myc tag. Details of
the constructions are given in the text and in Fig. 2. Abbreviations: amp, ampicillin
resistance gene; f1, origin of replication of phage f1; HIS4, histidinol dehydrogenase
gene; term, transcriptional terminator from AOX1 gene; 3'AOX, sequence downstream
of the P. pastoris AOX1 open reading frame (ORF); 5'AOX, sequence upstream of the
AOX1 ORF containing the AOX1 promoter.

derived from the murine IgG3 heavy-chain constant domain. Since the addi-
tion of the dimerization motif at the carboxyl-terminus did not permit the fusion
of a further peptide tag that could facilitate purification, a decapeptide tag
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derived from the c-myc protooncogene and recognized by the MAb 9E10 (15)
was fused to the amino-terminus of the scFv3-3.

1. For the construction of a suitable expression vector for P. pastoris, a bacterial
pET3a-based expression vector containing the scFv3-3 coding sequence
appended by codons for the IL-3 and the His5 tag is used as a template in a PCR
reaction. The scFv3-3 sequence is thereby modified using the oligonucleotides
5'-CGA GAATTCGAGCTCGATCT GACCCAGACT-3' (adding an EcoRI site,
underlined, directly upstream of the scFv sequence) and 5'-GCTAGTTATT
GCTCAGCGGT-3' (hybridizing within the terminator region of pet3A). The
resulting PCR fragment is ligated after digestion with EcoRI and BamHI into the
equivalent cloning sites of P. pastoris expression vector pHIL-S1, thus generat-
ing vector pHIL-S1–scFv3-3–IL3 (Figs. 1A and 2).

2. Create a derivative of the above vector with the leader sequence of the -mating
factor upstream of the scFv encoding sequence by replacing the EcoRI–XbaI
DNA fragment of the P. pastoris vector pPIC9 with the EcoRI–XbaI-fragment of
pHIL-S1–scFv3-3–IL3, resulting in pPIC9–scFv3-3–IL3 (Figs. 1B and 2).

Fig. 2. Construction of the expression vectors for scFv3-3. Shown is part of the leader
sequence, the boundaries of the scFv3-3 DNA sequence, and the relevant tag or dimer-
ization motif. The coding sequence for scFv3-3 is shown in capital letters; DNA
sequences preceding and following the coding frame for the scFv3-3 antibody are shown
in small letters; cloning sites are underlined. For the myc–scFv3-3 construct, the DNA
sequence for the myc tag is written in capital letters and double underlined. The hinge
region connecting the scFv3-3 to the dimerization motif is shown in capital italicized letters.
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3. To generate a vector for the expression of a scFv3-3::IgC fusion protein in COS
cells, fuse the scFv3-3 to the murine IgC domain (14). Recover the coding region
for the scFv3-3::IgC fusion from the COS cell expression vector by PCR using
the primers 5'-CGAGAATTCGAGCTCGAT CTGACCCAGACT-3' (adding an
EcoRI site, underlined, directly upstream of the scFv sequence) and 5'-
GGATGGATCCTTAA CACTCATTCCTGTTGAAG-3' (adding a BamHI site,
underlined, beyond the coding sequence of the murine IgC cDNA). Digest the
resulting PCR fragment with EcoRI and BamHI, and ligate into the same sites in
pHIL-S1 (Figs. 1C and 2).

4. To create a dimerization vector, extend the scFv3-3 coding region 3' by PCR
reactions using the overlapping primers 5'-CAATTCACCGGAAGAACCAGG
TGGAGTAGAAGGCTTTGGGCTAGCGACTGATGG AGCCTT-3' (comple-
mentary to the 3' portion of the scFv3-3), 5'-CTTTCTTGGACCCTTC
AATAGTTCTTTTAAGTGCTTCAATAACTCTTCCAATTCACCGGAAGA-3',
5'- TTTTAGCAATTCCTTCAAATGTTTTAACAATTCTTCTAACTCACCCTT
TCTTGGACCCTT-3', and 5'-CTCGAATTCGGATCCCTAACCTTTTAGCAA
TTC CTTC-3' (introducing a BamHI site, underlined, at the end of the coding
region for the helix-turn-helix motif). The extension encodes the hinge region of
murine IgG3 and the helix-turn-helix dimerization motif (Fig. 2). Extend the
amino-terminus of scFv3-3 by adding sequences encoding the decapeptide myc
tag using the overlapping PCR primers 5'-CAGAACAA AAGTTGATTT
CCGAAGAAGACTTACCAGAACTCGATCTGACCCAGAC-3' and 5'-TCTT
GAATTCC CAGAACAAAAGTTGATTTC-3' (introducing an EcoRI site
upstream of the coding region for the decapeptide myc tag). After digestion with
EcoRI and BamHI, clone the resulting PCR fragment into pHIL-S1, and subse-
quently transfer as an EcoRI–XbaI fragment into pPIC9 (Figs. 1D and 2).

5. Prepare plasmid DNA of each vector by CsCl gradient centrifugation, and cleave
each with BglII prior to transformation. Inactivate the restriction enzyme by
extracting the DNA with phenol. Precipitate a cleaved DNA, and dissolve at a
concentration of 1 µg/µL.

3.2. Construction of Expression Vectors for Multiple Integrations

Production of heterologous proteins in P. pastoris can be enhanced by selec-
tion of clones that bear multiple copies of the expression cassette (9,16). Since
the integration of multiple copies is relatively rare, a selection scheme based
on the copy number-dependent expression of the bacterial kanamycin resis-
tance gene (kanr) was developed by Scorer et al. (17). For this selection proce-
dure, the kanr gene is cloned downstream of the HIS4 gene such that its
transcription initiated by a cryptic promoter is counterclockwise and opposite
to the AOX1 promoter. It is important to control the orientation, since the oppo-
site orientation of the kanr gene will lead to a much higher transcription and
antibiotic resistance. Subsequently, His+ transformants are plated on different
concentrations of the aminoglycoside antibiotic G418. Resistant colonies are
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then selected for Muts phenotype as described below or screened directly for
expression.

For construction of vectors conferring G418 resistance, isolate the kanr gene
as a 1250-bp HincII fragment from plasmid pUC4K (18). Cut the pPIC9
expression vector containing the scFv3-3–IL3 with SphI, which cleaves pPIC9
uniquely between the HIS4 gene and the 3'-AOX segment. Treat the 3'-over-
hangs generated by SphI with Klenow fragment of DNA polymerase I to gener-
ate blunt ends by incubating 1 µg of linearized plasmid with 1 U of Klenow in
buffer containing 20 mM Tris-HCl, 10 mM MgCl2, 40 mM NaCl, 0.4 mM DTT,
and 150 µM of each of the dNTPs at pH 7.5. Select for bacterial colonies resis-
tant to both kanamycin (35 µg/mL) and ampicillin (100 µg/mL), and screen for
proper orientation of the bacterial kanr gene by using the oligonucleotides 5'-
GGGGCGATTCAGGCCTGGTATGAG-3' and 5'-CCCTA GCGCCTGGG
ATCATCC-3', which are complementary to DNA sequences located in the kanr

gene and the expression vector, respectively. Recombinant plasmids bearing
the kanr gene in the desired orientation give rise to a PCR fragment of 650 bp in
length. Prepare plasmid DNA by CsCl gradient centrifugation, and cleave with
BglII prior to transformation. Inactivate the restriction enzyme by extracting
the DNA with phenol. Precipitate the cleaved DNA, and dissolve at a concen-
tration of 1 µg/µL.

3.3. Transformation into P. pastoris and Muts Phenotype Selection

We used the spheroplast transformation method essentially as described by
Cregg et al. (19; see Chapter 3) and in the manufacturer’s manual supplied by
Invitrogen.

1. After 6 d of incubation at 30°C, pick His+ transformed colonies using a sterile
disposable loop.

2. Streak the colonies on a 10-cm MD plate using a 52-square grid, and allow the
clones to grow for 2 d.

3. Replica plate the colonies onto MD and MM plates using a velvet stamp
(Lederberg stamp).

Muts clones are found at a frequency of ~5–20% of total His+ transformants
and can easily be identified by their much slower growth on MM plates (see
Notes 1 and 2).

3.4. Selection for G418-Resistant Colonies

1. His+ transformants carrying the kanr gene are further selected for multiple inte-
grated copies by replating on G418 antibiotic. To recover the transformants from
the regeneration plate, scrape the soft agarose containing ~103 yeast colonies,
place in a 50-mL conical tube, and resuspend in 10 mL of water by vortexing.
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2. To remove agarose, allow agarose to settle to the bottom of the tube. Remove the super-
natant containing the yeast cells, and allow residual agarose to settle again. Repeat this
procedure until no visible traces of agarose are present in the cell preparation.

3. Titer the yeast cells using a Neubauer counting chamber.
4. Plate 105 cells on YPD plates containing selected concentrations of G418 (0,

0.25, 0.5, 1, and 2 mg/mL). With increasing concentrations of the antibiotic,
decreasing numbers of colonies will be observed. At 2 mg/mL of G418, we usu-
ally obtain 10–150 colonies.

5. Examine clones from the plates with the highest concentrations of G418 for an
Muts phenotype as described above. In contrast to clones selected only for the
His+ phenotype, we typically observe a high frequency of Muts colonies among
His+ G418-resistant clones (see Notes 3 and 4).

3.5. Small-Scale Expression of the Selected scFv Constructs

From each of the transformations, 10–15 recombinant P. pastoris clones with
an Muts phenotype were randomly chosen for expression studies. The clones
were first grown in BMGY medium with glycerol as the sole carbon source.
For induction of the AOX1 promoter and protein production, the growth
medium was changed to the same medium except with 0.5% methanol in place
of glycerol as the carbon source. Most of the clones examined expressed the
recombinant scFvs in high yields, as judged by SDS-PAGE analysis of the cul-
ture supernatant (see Notes 4 and 5). In general, we observed little difference
between individual clones of a given set, and even different scFv3-3 fusion
proteins expressed at about the same level (Fig. 3). A three-fold higher expres-
sion, however, was seen with one clone derived from the pPIC9–scFv3-3–IL3
construct (Fig. 3, lane 1). We further compared pPIC9–scFv3-3–IL3 His+ Muts

clones with those derived with the same construct modified with the kanr gene
and selected for resistance to high levels of G418. Though the average level of
secretion seemed a little higher from the G418-resistant series, we did not
observe a large enhancement. The best producer of scFv3-3–IL3 was selected
from the series without G418 selection and is shown in Fig. 3. Time-course
studies with this clone indicated that maximum production under the condi-
tions described below was reached after 40 h (Fig. 3B). At later time-points,
the content of scFv in the culture did not increase further. We also examined
Mut+ clones, but in general, observed little or no expression of the scFv3-3
antibody. Culture supernatant from clones secreting high levels of scFv could
be used directly in ELISA (Fig. 4) or surface plasmon resonance, a technique
that measures the ability of scFv3-3 to bind to hLIF. The procedure for expres-
sion of svFv in shake-flask cultures is as follows:

1. Grow randomly chosen clones in 25 mL of BMGY medium at 30°C in a 100-mL
Erlenmeyer flask with glycerol as the sole carbon source for 2 d until an OD660 of
20–40 is reached.



scFv Antibody Fragments 187

2. Dilute cells 1:10 in 25 mL of BMGY medium containing 1% casamino acids.
3. Shake cultures at 30°C for 6–8 h.
4. Induce protein production by shifting cultures by centrifugation to 25 mL of

BMMY medium containing 0.5% methanol.
5. Allow cultures to grow at 30°C in a 300-mL Erlenmeyer flask under vigorous

shaking.
6. Examine expression by harvesting a 20-µL aliquot of supernatant at 48 h after

induction by SDS–PAGE. Visualize recombinant scFv3-3 antibodies by staining
with Coomassie brilliant blue.

3.6. Affinity Purification of the His5- and myc-Tagged scFv3-3

To obtain purified scFv fragment for binding studies, 150 mL of culture
supernatant from pPIC9–scFv3-3–IL3 were produced in a 2-L Erlenmeyer flask
under the conditions described above. This 150-mL culture generated 17.5 mg
of His5-tagged scFv3-3–IL3 after purification for a calculated yield of 116 mg/L.
Characterization of this material by surface plasmon resonance revealed an

Fig. 3. Expression of scFv3-3 in culture supernatant of recombinant P. pastoris.
(A) Culture supernatant (15 µL) from pPIC9 strain (lane 1), culture supernatant
(30 µL) from pHIL-S1 strain (lane 2), culture supernatant (30 µL) from the scFv3-3-
dimer-secreting strain (lane 3), and culture supernatant (30 µL) from scFv3-3::IgC
secreting-strain (lane 4) were analyzed by SDS-PAGE on a 12% gel. Samples were
taken 48 h after induction with methanol, and protein bands were visualized by
staining with Coomassie brilliant blue. (B) Time-course of expression of scFv3-3–
IL3. Samples were taken 16 h (lane 1), 24 h (lane 2), 40 h (lane 3), 48 h (lane 4), 64 h
(lane 5), 72 h (lane 6), 88 h (lane 7), and 96 h (lane 8) after induction with methanol.
Culture supernatant (20 µL) from each time-point was analyzed by SDS-PAGE as
described in (A).
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equilibrium dissociation constant of 2.3 × 10–8 M, which is in good agreement
with the value of 2.8 × 10–8 obtained for the scFv3-3 produced in E. coli (13).
N-terminal sequence analysis of the purified scFv3-3 revealed that about 70%
of the material starts with the sequence Y-V-E- and 30% starts with E-A-Y-V-
E. The removal of the E-A-E-A repeats originally present in the sequence (Fig.
2) was probably owing to the activity of the STE13 gene product. Since these
deletions occur only within the artificially created amino-terminal extension
and not within the structure of the scFv, its biological activity was not affected.
Further characterization of the purified scFv3-3 by MALDI-TOF mass spec-
trometry surprisingly revealed a molecular mass that is about 900–1100 mass
units greater than the calculated molecular weight. We also observed a some-
what broader mass distribution than one would expect for a protein of this size.
Since there are no sites for N-linked glycosylation (N-X-T/S) in the scFv3-3–
IL3, we speculate that the apparent multiple species and their higher mass might
be owing to O-linked glycosylation or other posttranslational modification.

From 600 mL of culture supernatant containing the myc-tagged dimerized
scFv, we could purify only 9.9 mg of material by affinity chromatography on a
9E10 affinity column corresponding to a calculated yield of 16.5 mg/L. Sur-
face plasmon resonance analysis of the culture supernatant and the flow-
through of the affinity column revealed that more than 65% of the binding
activity was not absorbed to the column and was instead present in the

Fig. 4. ELISA of supernatant from recombinant secreting pPIC9–scFv3-3–IL3 P.
pastoris strain. Dilutions of the supernatant sample shown in Fig. 3, lane 1, were ana-
lyzed for binding to hLIF as described in Subheading 3.8. Binding of a 50-fold dilu-
tion of the supernatant to BSA and binding of supernatant from a nonrecombinant P.
pastoris strain to hLIF (control) are also shown.
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flowthrough. This observation is consistent with SDS-PAGE analysis of the
culture supernatant which suggested an expression level about threefold lower
than that of the monomeric scFv3-3 (Fig. 3, lane 3). We estimate that the myc–
scFv3-3 dimer was produced at about 50 mg/L. We reason that our failure to
purify this modified scFv from the culture supernatant quantitatively was ow-
ing to the partial accessibility of the myc tag to the 9E10 antibody or to partial
degradation of the myc tag by proteases secreted into the culture supernatant.
We demonstrated dimerization of the purified myc–scFv3-3 by gel filtration
and SDS-PAGE under nonreducing conditions (data not shown). By surface
plasmon resonance analysis, the purified myc–scFv-3-3 dimer had a 40-fold
higher equilibrium dissociation constant than the monomeric scFv3-3, which
can be largely attributed to a 10-fold lower dissociation rate. The procedure for
purification of His5-tagged svFv is as follows:

1. Bring culture supernatant to 300 mM NaCl and 50 mM sodium phosphate, pH
8.0, and load at a flow rate of 22 cm/h onto a Ni-NTA resin column previously
equilibrated with 300 mM NaCl and 50 mM sodium phosphate, pH 8.0.

2. Wash the column with 300 mM NaCl and 50 mM sodium phosphate, pH 8.0, and
300 mM NaCl and 50 mM sodium phosphate, pH 6.5, until no protein is detected
in the effluent.

3. Elute the column with 300 mM NaCl and 50 mM sodium phosphate, pH 5.0, and
dialyze fractions containing protein against 50 mM sodium phosphate buffer, pH
7.5. If the protein does not elute at pH 5.0, repeat the elution step with 300 mM
NaCl, 50 mM sodium phosphate, and 500 mM imidazole, pH 5.0.

All steps are performed at 4°C.
The following procedure is used to purify myc-tagged svFvs:

1. Adjust pH of the culture supernatant to 7.4 with sodium phosphate buffer.
2. Load pH-adjusted supernatant onto an anti-myc 9E10 Sepharose column previ-

ously equilibrated with PBS (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.4
mM KH2PO4, pH 7.2) at a flow rate of 12 cm/h.

3. Wash the column PBS until no protein is found in the effluent.
4. Elute the recombinant protein from the column with 100 mM glycine-HCl, pH

2.7 (2 column volumes), and quickly neutralize the eluate by drop-wise addition
of 0.1 N NaOH.

5. Dialyze against PBS.

3.7. ELISA

The secreted scFv3-3 antibody fragment could be used directly in binding
studies by ELISA or for surface plasmon resonance studies. As an example, we
show the binding of scFv3-3–IL3 to immobilized hLIF. As demonstrated in
Fig. 4, supernatant from recombinant P. pastoris expression cultures could be
used in ELISA assays, and because of the usually high concentrations of scFv
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fragments, even highly diluted supernatants provide a strong signal in this
assay. The ELISA procedure is as follows:

1. Coat microtiter wells at 4°C for 16 h using 100 µL of a 10 µg/mL solution of
recombinant hLIF/well.

2. Wash with PBS, and incubate for 2 h with 300 µL of 2% bovine serum albumin
(BSA) in PBS to block nonspecific binding of the immunochemical reagents to
the microtiter plate.

3. Wash five times with 300 µL of PBS + 0.05% Tween 20.
4. Add to each well 200 µL of culture supernatant containing the recombinant scFv3-

3–IL3 that has been diluted with PBS containing 1% BSA and 0.05% Tween 20,
and incubate for 2 h at ambient temperature.

5. Remove the nonspecifically bound scFv antibody by repeated washing (5–10
times) with 300 µL of PBS + 0.05% Tween 20.

6. Incubate with the biotinylated MAb F15-216 (1 µg/mL) for 2 h.
7. Incubate with streptavidin conjugated to horseradish peroxidase (0.2 µg/mL) for

30 min.
8. Remove unbound immunoconjugates by washing six times with PBS + 0.05%

Tween 20 and then two times with water.
9. Detect bound horseradish peroxidase by incubating for 5–10 min at ambient tem-

perature with 200 µL of OPD solution.
10. Stop the reaction by addition of 50 µL of 2 M H2SO4, and read absorbances at 490

and 650 nm.
11. Calculate the A650 was subtracted from A490.

4. Notes
1. For transformation of P. pastoris, we also found electroporation to be a conve-

nient method that requires fewer steps.
2. The selection for the Muts phenotype is done best by the replica plating technique

using the Lederberg stamp rather than by streaking onto MD and MM plates
directly from the regeneration plate. The latter approach saves 1–2 d, but the
results are sometimes difficult to interpret.

3. To increase chances of finding clones with multiple inserts, colonies from sev-
eral regeneration plates can be combined and plated on G418 antibiotic plates.

4. Although we did observe a considerable improvement in the production of many
other heterologous proteins when using the selection protocol for multiple inserts,
we did not see this with the expression of the scFv3-3–IL3 antibody.

5. We had more consistent results by inducing the cultures at relatively low cell
density for the initial expression studies. Concentrating cells to higher densities
prior to methanol induction should only be performed as an option during studies
on optimizing expression and not for the initial screening.

6. It is crucial to perform the expression studies under good aeration. We generally
achieve this by using <10% of the maximum flask volume (e.g., 25 mL of culture in
a 300-mL shake flask) and by shaking at a high speed. We found this to be more
convenient than using baffled flasks, which sometimes result in extensive foam-
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ing. The initial screening of recombinant clones for expression can also be per-
formed in 100-mL Erlenmeyer flasks with 10-mL cultures. For scFv fragments,
supernatants from expression cultures also can be screened by ELISA rather than
by SDS-PAGE.
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Expression of Tetanus Toxin Fragment C

Jeff Clare, Koti Sreekrishna, and Mike Romanos

1. Introduction
The Pichia pastoris system has now been used successfully to express a

large number of different intracellular and secreted proteins. In some cases,
extremely high levels have been obtained (e.g., tumor necrosis factor, TNF [1];
human serum albumin, HSA [2]). The aim of this chapter is to illustrate some
of the important practical considerations in obtaining efficient expression, to
highlight the problems that can occur, and to describe the different approaches
that have been used to solve them.

The example presented here is the intracellularly expressed bacterial pro-
tein, tetanus toxin fragment C. This was one of the earliest examples of very
high level expression in P. pastoris (3), and in direct comparisons, the yield
was significantly better than three other expression systems (Esherichia coli,
Saccharomyces cerevisiae, and baculovirus; see ref. 4). Fragment C exempli-
fied the extreme clonal variation in expression level that can occur with P.
pastoris and showed the importance of gene dosage in maximizing yields. This
work led to the characterization of multicopy transplacement and the mecha-
nism underlying this phenomenon. Fragment C was also used in a thorough
comparison of various classes of transformants in an attempt to determine the
optimum expression strain. Consideration of this example can therefore reveal
several points of general relevance to the P. pastoris expression system.

2. Materials
2.1. P. pastoris Strains and Expression Vectors

The strains used were GS115 (his4) and KM71 (his4 aox1::ARG4). The vec-
tors used were pPIC3, pPIC3K, pPIC9, and pPIC9K (or closely related deriva-
tives), which are described in Chapter 5.
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2.2. Materials for Small-Scale Inductions
1. Yeast nitrogen base (YNB, Difco, Detroit, MI) medium containing 4 ng/mL biotin

and 2% (w/v) glycerol or 1% (v/v) methanol.
2. Sterile 25-mL Universal screw-cap tubes (Nunc, Denmark) and 100-mL conical

culture flasks.

2.3. Apparatus and Reagents for Large-Scale (Fermenter) Inductions

1. YNB medium containing 4 ng/mL biotin and 2% (w/v) glycerol).
2. 5X basal salts: 42 mL/L phosphoric acid, 1.8 g/L calcium sulfate. 2H2O, 28.6 g/L

potassium sulfate, 23.4 g/L magnesium sulfate. 7H2O, 6.5 g/L potassium hydroxide.
Autoclave and store at room temperature.

3. PTM1 salts solution: 6 g/L cupric sulfate; 5H2O, 0.08 g/L potassium iodide, 3 g/L
manganese sulfate; H2O, 0.2 g/L sodium molybdate, 0.02 g/L boric acid, 0.5 g/L
cobalt chloride, 20 g/L zinc chloride, 65 g/L ferrous sulfate; 7H2O, 0.2 g/L biotin,
5 mL/L sulphuric acid. Autoclave and store at room temperature.

4. Ammonium hydroxide.
5. Methanol.
6. Fermenter with monitors and controls for for pH, temperature, dissolved O2, air-

flow, and stirring speed.

2.4. Materials for Chromosomal DNA Preparation

1. YPD medium.
2. 250-mL conical flasks.
3. SCE buffer: 1 M sorbitol, 10 mM sodium citrate, 10 mM EDTA. Autoclave and

store at room temperature.
4. 1 M dithiothreitol: store at –20°C.
5. Zymolyase-100T (ICN, Costa Mesa, CA), 3 mg/mL suspension in distilled water.

Make fresh.
6. 1% Sodium dodecyl sulfate (SDS).
7. 5 M potassium acetate, pH 8.9.
8. TE buffer: 10 mM Tris-HCl, pH 8.0, 0.1 mM EDTA.
9. Ribonuclease A (DNase-free), 10 mg/mL. Store at –20°C.

10. Isopropanol.

2.5. Apparatus and Reagents for Quantitative DNA Dot Blots

1. 96-Well dot-blot manifold (e.g., “minifold,” Schleicher and Schuell, Keene, NH).
2. Vacuum pump.
3. Nitrocellulose filters.
4. 20X SSC stock solution: 3 M sodium chloride, 0.3 M sodium citrate.

3. Methods

Fragment C is a polypeptide derived from the C-terminus of the toxin pro-
duced by Clostridium tetani. The toxin consists of two subunits, light chain



Tetanus Toxin 195

and heavy chain, which are derived from a precursor polypeptide by a single
proteolytic cleavage. Fragment C can be generated from this precursor by cleav-
age with papain and is found to be completely nontoxic, but yet highly immu-
nogenic. Fragment C is thus a potential subunit vaccine against tetanus.
Expression studies in S. cerevisiae with fragment C led to the finding that for-
eign genes often contain AT-rich sequences that fortuitously cause premature
termination of transcription in yeast (5). This problem may be a common rea-
son for failure to express foreign genes and is more fully discussed in Chapter
14 on HIV-1 ENV expression. Therefore, the P. pastoris expression studies
described here used a synthetic fragment C gene with increased GC content.

3.1. Fragment C Expression in Different Kinds of Transformants

Fragment C was used in a detailed study of some of the many factors that
could affect the final yield of foreign proteins in P. pastoris (3). Expression
levels in single-copy integrants were compared in order to determine the influ-
ence of Mut phenotype, site of vector integration (HIS4 vs AOX1), and type of
integration (nondisruptive insertion vs transplacement). Each of these variables
were found to have only modest effects on the final yield of fragment C (Table 1).
This is perhaps surprising, since there are reasons for expecting significant
effects. Host cells that contain an undisrupted AOX1 gene (Mut+) might be

Table 1
Fragment C Expression Levels in Different Types of Transformant

Copy Shake
Clone Type no. flaska Fermentera

4F HIS4 Integrantb Muts 1 0.44 ± 0.22 ND
10F HIS4 Integrantb Muts 2 1.16 ± 0.16 ND
97A AOX1 Integrantb Muts 1 0.30 ± 0.02 6.4 ± 0.1
98I AOX1 Integrant Mut+ 1 0.54 ± 0.05 8.3 ± 0.4
98B AOX1 Integrantc Mut+ 1 0.30 ± 0.05 ND
10C AOX1 Integrantc Mut+ 9 6.5 ± 1.5 19.4 ± 1.0
11C AOX1 Transplacement Muts 1 0.33 ± 0.06 4.5 ± 0.8
2E AOX1 Transplacement Muts 3 3.4 ± 0.5 ND
5C AOX1 Transplacement Muts 6 5.4 ± 0.5 ND

12D AOX1 Transplacement Muts 7 7.0 ± 0.6 ND
3H AOX1 Transplacement Muts 9 8.4 ± 0.3 24.6 ± 3.7
1F AOX1 Transplacement Muts 14 10.5 ± 1.4 27.4 ± 1.0

aFragment C levels were determined after induction for 6 d in shake flasks or 4 d in the
fermenter. Levels are given as a percentage of total cell protein and were determined by ELISA.

bSingle-crossover integrants into strain KM71 (which carries a disrupted copy of AOX1).
cIn these clones, the fragment C expression cassette has inserted into AOX1 without disrupting it.
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expected to yield less foreign product than equivalent AOX1 disrupted cells
(Muts) as a consequence of high-level expression of alcohol oxidase. However,
even in high-efficiency fermenter inductions (see Subheading 3.2.), equiva-
lent Mut+ and Muts transformants produced similar amounts of fragment C.
Possibly the higher growth rate of Mut+ cells during induction can compensate
for the metabolic burden of high-level alcohol oxidase production. In other
cases, for example, Bordetella pertussis pertactin (6) and hepatitis surface
antigen (HBsAg; 7), differences between Mut+ and Muts in product quality and
yield were observed. However, this may reflect the use of nonoptimized induc-
tion conditions.

The relative stability of foreign DNA inserted by transplacement, as opposed
to nondisruptive integration, might be expected to result in higher yields espe-
cially in large-scale, high-density cultures. This effect should be exacerbated
in HIS4 integrants using histidine prototrophy for selection, since excision of
vector DNA between duplicated HIS4 sequences can occur leaving an
unmutated copy of the gene. However, this effect was not observed at the scale
used for fragment C inductions.

3.1.1. Small-Scale Fragment C Inductions

1. Inoculate 10 mL of YNB containing 2% glycerol with cells from a single colony
of transformant and incubate overnight with shaking in a universal container at
30°C. (A600 should be about 5.)

2. Dilute the starter culture into 10 mL of YNB containing 2% glycerol to an A600 of
0.25. Incubate at 30°C with vigorous shaking for 6–8 h to obtain an exponentially
growing culture (see Note 1).

3. Harvest the cells by centrifugation (4°C, 2000g, 5 min). Resuspend the cell pellet
in 10 mL sterile water. Harvest the cells by centrifugation, and resuspend in the
same volume of YNB containing 1% methanol. Incubate in a 100 mL conical flask
at 30°C with vigorous shaking for 1–5 d (see Notes 2 and 3). (A600 should be 5–10.)

4. Harvest the cells for analysis by centrifugation (4°C, 2000g, 5 min).

3.2. Optimization of Fragment C Expression

The yield of fragment C in shake-flask inductions of single-copy transform-
ants was surprisingly low—only 0.3–0.5% of total protein was produced (Table
1)—compared to 2–3% obtained in S. cerevisiae with a 2-µ based vector. How-
ever, during the analysis of the transplacement transformants, considerable
variation was observed in the level of fragment C produced (Fig. 1). Clonal
variation was first observed by K. Sreekrishna, who found large differences in
the level of TNF produced by different transplacement transformants (from 1
to 30% of total protein). This was shown to be owing to variation in gene copy
number even though transplacement by double crossover would be expected to
give only single-copy integrants. Although it was unclear how multicopy
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Fig. 1. Clonal variation in fragment C expression levels in different Muts

transplacement transformants. (A) Coomassie blue-stained SDS-polyacrylamide gel
showing total cell extracts. Lanes 14 and 16 are the pellet and supernatant fractions,
respectively (after centrifuging at 10,000g for 15 min) from an aliquot of the same
extract as in lane 15. Lane 12 shows an extract from a fragment C-expressing E. coli
strain as a control. (B) Immunoblot of a similar gel using fragment C-specific antise-
rum. A control extract from untransformed cells is shown in lane 13.
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transplacement could occur, we nevertheless examined DNA copy number in
the fragment C transplacement strains. Transformants with a range of different
copy numbers were identified, and a clear correlation between expression level
and gene dosage was demonstrated (Fig. 2). These strains were authentic
“multicopy transplacement” transformants since they contained a disrupted
AOX1 gene (see Subheading 3.3.) and were Muts. The transformant with the
highest yield (10% of total protein in shake-flask inductions) had 14 copies of
the fragment C gene. The data in Fig. 2 predict that transfomants with even
higher gene dosage should give higher yields still, suggesting that optimal
expression levels can be obtained by maximizing DNA copy number.

3.2.1. Preparation of Chromosomal DNA

1. Grow an overnight culture of each transformant in 50 mL of YPD, incubating
at 30°C.

Fig. 2. Correlation between gene dosage and the level of expression of tetanus toxin
fragment C (% of total protein) in Muts transformants. Closed circles represent high-
density fermenter inductions, and open circles represent shake-flask inductions. Data
are taken from Table 1.
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2. Harvest cells by centrifugation at 2000g for 5 min, resuspend the cell pellet in
distilled water, then repellet the cells, and resuspend in 2 mL of SCE buffer con-
taining 10 mM dithiothreitol.

3. Add 100 mL of zymolyase (3 mg/mL), and incubate at 37°C for 1 h or until
spheroplast formation approaches 100% (see Note 4).

4. Add 2 mL of 1% (w/v) SDS, mix gently by inversion, and incubate on ice for 5 min.
5. Add 1.5 mL of 5 M potassium acetate (pH 8.9), mix gently, and remove the pre-

cipitate by centrifuging at 10,000g for 10 min.
6. Add 2 vol of ethanol to the supernatant leave at room temperature for 15 min and

then centrifuge at 10,000g for 15 min.
7. Allow the pellet to dry, add 3.0 mL of TE containing 0.5 mg/mL RNase A. Agi-

tate gently at 30°C for 1–2 h to resuspend the pellet and digest RNA. If the sample
still contains any insoluble material, it can be removed by centrifuging at 10,000g
for 15 min.

8. Slowly add an equal volume of isopropanol to form a separate layer. Mix gently
by swirling so the DNA forms a fibrous precipitate at the interface.

9. Remove the DNA by “spooling” with a glass hook (formed from a Pasteur pipet
in a Bunsen burner flame), and resuspended in 250–500 mL of TE (see Note 5).

3.2.2. Determination of Copy Number by Quantitative Dot Blot

1. Denature 10 µL of chromosomal DNA by adding 2.5 µL of 1 M NaOH, and
incubating at room temperature for 15 min.

2. Place samples on ice, neutralize with 2.5 µL 1 M HCl, and then dilute with 175 µL
10X SSC.

3. Dot each sample in triplicate onto a nitrocelluose filter using a dot-blot manifold,
adding 30-µL aliquots of sample/well and applying a vacuum to draw the liquid
through. Prepare duplicate filters, one for hybridization to a native gene control
(e.g., 0.75-kb BglII fragment from ARG4) and one for hybridization to the for-
eign gene (e.g., 1.4 kb BglII–NheI fragment from fragment C gene).

4. Rinse the filters briefly in 2X SSC, allow to air-dry, and then place in a vacuum
oven at 80°C for 1 h.

5. Hybridize the filters using standard techniques. Hybridization levels can be
determined by phosphorimaging or alternatively by cutting out the dots, solubi-
lizing in methanol, and scintillation counting. Triplicate counts are averaged, and
the ratio of foreign gene/ARG4 determined for each transformant. These values
are then normalized to a known single-copy control (identified by Southern blot)
to determine absolute copy number.

The yield of fragment C was also significantly improved by optimizing the
induction conditions. Shake-flask induction is generally inefficient and yields
can be dramatically improved in the fermenter. This is clearly illustrated with
fragment C—the expression level in single-copy integrants was improved at
least 10-fold in the fermenter, and even in the highest expressing strain (con-
taining 14 gene copies), a 2.5-fold increase in yield was obtained (Table 1, Fig.
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2). This effect is probably owing to the more efficient aeration in the fermenter.
Shake-flask cultures are oxygen-limited, which can lead to variation in yield,
even from the same transformant, especially for Mut+ integrants, which have a
higher oxygen demand.

A time-course for a fermenter induction of a high copy number Muts frag-
ment C expressing clone is shown in Fig. 3. After an initial phase of batch
growth, a period of glycerol-limited growth was carried out to increase bio-
mass of the culture, and then the induction phase was initiated by replacing the
glycerol feed with methanol (see Subheading 3.2.3.). The final level of frag-
ment C was about 27% of total protein. It has been suggested that Muts strains
require a longer induction period than Mut+, but with fragment C maximal
levels could be obtained within about 48 h of induction with either type of
transformant. However, with Muts strains care must be taken to avoid the accu-
mulation of toxic levels of methanol, which can result in decreased yields. This
was observed with fragment C using induction periods longer than 48 hrs, but
the problem could be avoided by reducing the methanol feed rate at this point.

A major advantage of P. pastoris compared to most other expression sys-
tems is the ease in obtaining very high cell density cultures. This is readily
achieved during the glycerol-limited phase of fermenter inductions or, alterna-
tively, with Mut+ strains, which can be induced at low cell density, during the
induction phase. In the fragment C induction shown in Fig. 3, the culture den-
sity reached about 100 g dry wt of cells/L. Thus, it can be calculated that the
yield of fragment C in this induction was >12 g/L. Since the initial concentra-
tion was high (27% of total protein), purification of the product was relatively
simple (Fig. 4). Although the purification was not optimized, several grams of
purified fragment C were obtained, which would be expected to provide enough
material for 105 vaccine doses. The fragment C process was not taken beyond
10 L scale, but experience with other foreign proteins suggests that P. pastoris
inductions can be scaled up by several orders of magnitude without loss of
yield (up to 10,000 l for insulin-like growth factor, IGF—see Chapter 11).

Fig. 3. (opposite page) Fermentation of a 14-copy Muts transformant expressing
tetanus toxin fragment C. (A) Cell density (A600), dissolved oxygen (dO2), and frag-
ment C (% of total protein) are plotted against time (0 h = start of induction). Arrow A
indicates addition of inoculum, arrow B indicates glycerol-limited feed, and arrow C
indicates methanol feed. Fermentation of a 14-copy Muts transformant expressing teta-
nus toxin fragment C. (B) Coomassie blue-stained SDS-polyacrylamide gel showing
protein extracts from cells taken at different times during induction. The arrow indi-
cates the position of fragment C. For comparison, extract from the same transformant
induced in a shake-flask is shown in lane 3, and extract from an untransformed control
strain is shown in lane 2.
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Fig. 3.
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3.2.3. Large-Scale Fragment C Inductions

1. Inoculate 50 mL YNB containing 2% glycerol with cells from a single colony of
the transformant, and incubate overnight with shaking in a conical flask at 30°C.

2. Add this culture to the fermenter containing 1 L of 5X basal salts plus 4 mL of
PTM1 salts and 5% (v/v) glycerol.

3. Allow to grow at 30°C until glycerol is exhausted (24–30 h; see Note 6)
maintaining dissolved O2 above 20% by adjusting aeration and agitation,
and maintaining the pH at 5.0 by the addition of 50% (v/v) ammonium
hydroxide.

4. Initiate a limited glycerol/PTM1 feed (50% v/v glycerol containing 12 mL/L
PTM1) at 12 mL/h, and continue for 17–24 h maintaining pH, temperature,
and dissolved O2 as before. The culture should grow to a density of about 100
g/L (dry wt of cells) (see Note 7). Cell density can be monitored by measur-
ing A600. (One A600 unit is approximately equivalent to 0.33 g/L, although
different spectrophotometers will vary and each should be calibrated
individually.)

5. Induce the culture by replacing the glycerol feed with a methanol/PTM1 feed
(100% methanol with 12 mL/L PTM1) at 1 mL/h. Gradually increase the
methanol feed rate over a period of 6 h to 6 mL/h, and continue the fermenta-
tion for a further 46–92 h. With Muts strains, the methanol feed rate should be
reduced to 1 mL/h 48 h after the beginning of induction (see Note 8).

Fig. 4. Purification of fragment C from P. pastoris. Coomassie blue-stained gel
showing aliquots from different stages of the purification. Lane 1, crude extract: lane
2, acid-clarified extract; lane 3, 0.2 µ filtrate; lane 4, eluate from zinc chelating
Sepharose chromotography; lane 5, Q-Sepharose eluate; lane 6, fragment C from C.
tetani, lane 7 mol-wt markers.
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3.3. Chromosomal DNA Analysis of Fragment C Transformants—
A Mechanism for Multicopy Transplacement

In order to understand how multicopy transplacement had occurred, a
detailed analysis of chromosomal DNA from different fragment C-expressing
transformants was performed (Fig. 5). To confirm the presence of the inte-
grated expression cassettes, chromosomal DNA from different transformants
was cut with the same restriction enzyme as that used to generate the linear
DNA fragment prior to transformation, i.e., BglII (Fig. 6). After electrophore-
sis and Southern blotting, these DNA samples were hybridized to a HIS4-spe-
cific probe. To analyze the structure of the AOX1 locus, chromosomal DNA
was digested with EcoRI, which does not cut within AOX1, but has a single site
within the fragment C gene (Fig. 6). These samples were subsequently hybrid-
ized to an AOX1-specific probe. The results of this analysis are shown in Fig. 5,
and the sizes of the predicted bands are given in Fig. 6.

As expected, single-copy transplacements gave two BglII bands of similar
intensity with the HIS4 probe—a 2.7-kb band containing the chromosomal his4

Fig. 5. Southern blot analysis of chromosomal DNA from different integrants from
a fragment C transplacement transformation. (A) and (B) show BglII-cut DNA hybrid-
ized with a HIS4 probe, (C) and (D) show EcoRI-cut DNA hybridized to an AOX1
probe. DNA from Muts integrants are shown in (A) and (C), and DNA from Mut+

integrants is shown in (B) and (D).
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allele and a 6.8-kb band containing the expression cassette (e.g., Fig. 5A,
lane 3). Several of the clones gave an intense 6.8-kb band, clearly showing
that they contained multiple copies of the expression cassette (e.g., Fig. 5A,
lanes 4 and 8). Some clones gave additional larger bands (e.g., Fig. 5A,
lanes 1, 2, 6, 9, 12), which were consistent in size with the loss of one or
more BglII sites—presumably by exonucleolytic trimming in vivo prior to
integration.

Fig. 6. Predicted structures and molecular events for (A) single-copy trans-
placement, (B) multicopy transplacement, (C) single crossover integration of circular-
ized transplacement cassette into AOX1 and (D) single-crossover integration of
circularized transplacement cassette into HIS4.
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In an untransformed strain, the AOX1 probe gave a single 5.5-kb EcoRI band
(Fig. 5C, lane 9). In single-copy transplacements, this band was disrupted giv-
ing two bands of 2.9 and 5.2 kb (e.g., Fig. 5C, lane 3). Multicopy
transplacement transformants gave the same two bands, confirming disruption
of AOX1, and an additional band of about the same size as the expression cas-
sette (e.g., Fig. 5C, lanes 4, 7, and 8). This indicates that all copies of the
expression cassette are present at the AOX1 locus and that they are orientated
in head-to-tail configuration. Only in one case was the pattern of bands consis-
tent with a head-to-head (predicted band 4.1 kb) and tail-to-tail (predicted band
9.4 kb) arrangement (Fig. 5C, lane 5). This suggests that multicopy
transplacement does not usually occur by multimerization prior to insertion,
since expression cassettes would be randomly orientated. The presence of head-

Fig. 6. (cont.)
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to-tail tandem arrays is consistent with circularization of expression cassettes
prior to insertion by single crossover. Several transplacement transformants
also contained multiple copies of the intact vector (9.2 kb, Fig. 5C, lanes 1, 2,
4, and 7).

Transplacement transformations with P. pastoris unexpectedly yield a high
proportion of Mut+ transformants. To understand further the events involved in
these transformations, we analyzed chromosomal DNA from His+, Mut+ frag-
ment C transfomants. The majority were found not to contain foreign DNA and
may have arisen by HIS4 gene conversion. However, Mut+ transformants were
identified that contained multiple copies of the transplacement cassette in tan-
dem head-to-tail arrays at AOX1 (9.4- and 2.9-kb EcoRI fragments with AOX1
probe, e.g., Fig. 5D, lane 7). Others contained multiple copies in head-to-tail
arrays inserted at HIS4 (5.5- and 6.8-kb EcoRI bands with AOX1 probe, 5.7-
and 3.7-kb BglII bands with HIS4 probe, e.g., Fig. 5D, lane 3 and Fig. 5B, lane
3). Both types of transformant are consistent with the mechanism proposed for
multicopy transplacement, i.e., circularization of transplacement cassettes prior
to single-crossover insertion. However, in the Mut+ transformants these events
occur independently of double-crossover transplacement, such that an intact
copy of AOX1 remains.

This analysis suggests that transplacing DNA fragments can circularize prior
to insertion, presumably by self-ligation in vivo (Fig. 6). Insertion of multiple
copies can then occur, either in addition to transplacement by a linear copy to
give multicopy transplacement, or in the absence of transplacement to give
multicopy Mut+ transformants. This mechanism suggests that clonal variation
should be a general phenomenon in transplacement transformations. Neverthe-
less, we have found that it occurs at variable frequency and that high-copy
transformants can be quite rare. Accordingly, we have developed methods for
screening for high DNA copy number (see Chapters 5 and 14), which have
been used routinely to obtain high-level expression strains. These methods are
useful for any gene product, but particularly where it may be difficult to screen
transformants directly for expression.

3.3.1. Southern Analysis of Chromosomal DNA
from Fragment C Transformants

1. Digest 10 µL of chromosomal DNA from each transformant and an untransformed
control with BglII. Digest a second 10-µL aliqout of each with EcoRI.

2. Electrophorese the samples on 0.7% agarose gels together with suitable mol-wt
markers. (Run BglII and EcoRI digests on separate gels.) Transfer to nylon mem-
branes using a standard Southern blotting technique.

3. Hybridize the filter with BglII-cut DNA to an HIS4-specific probe (e.g., 0.6-kb
KpnI fragment from HIS4) and the filter with EcoRI-cut DNA to an AOX1-spe-
cific probe (e.g., 1.4-kb ClaI fragment from pPIC3).
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4. The HIS4-probed filter can be used to estimate copy number by comparing the
intensity of the native HIS4 BglII band (2.7 kb) with that of the expression cas-
sette. Single integrants are confirmed by the presence of two EcoRI bands with
the AOX1 probe—the undisrupted AOX1 gene gives a single band (5.5 kb). Mul-
tiple integrants contain a third band of the same size as the integrating DNA.

3.4. Summary

1. The yield of fragment C was only modestly affected by Mut phenotype, and the
site and type of integration event.

2. Fragment C accumulation was closely correlated with gene dosage and maximal
expression levels required high gene copy number.

3. Yields were greatly increased in controlled fermenters, compared to shake-flasks,
owing to the high cell density achieved and to an increased efficiency of induc-
tion (2.5- to 10-fold).

4. In fermenter inductions of a 14-copy strain, fragment C accumulated to 27% of
total protein, giving an estimated yield of 12 g/L.

5. Considerable clonal variation in the level of expression occurred with
transplacement transformants, and this was owing to a diversity of different inte-
gration events and to differences in gene copy number.

6. These multicopy transplacement events occur by in vivo circularization of trans-
forming DNA fragments followed by repeated single-crossover integration. This
is presumably a general phenomenon, such that it should be possible to obtain
multicopy integrants from all P. pastoris transplacement transformations.

4. Notes
1. Aeration of P. pastoris cultures is a key consideration, since the efficiency of growth

and induction is reduced when oxygen is limited. To avoid this in small-scale
inductions, incubate with vigorous shaking, keep the culture volume to a minimum
(e.g., 5–10 mL), and use large flasks (e.g., >100 mL, preferably baffled).

2. When inducing shake-flask cultures for >1 d, add an additional 0.5% methanol
on the second day.

3. The optimal induction period may vary for different proteins, and it is recom-
mended that a time-course be carried out to maximize yields.

4. The efficiency of spheroplast formation can be monitored using phase-contrast
microscopy by placing a drop of cells on a microscope slide together with a drop
of 1% (w/v) SDS—unlysed cells appear phase-bright, whereas lysed “ghosts”
are phase-dark.

5. The “spooling” method is preferable for harvesting chromosomal DNA, since
better-quality DNA for restriction analysis is obtained. If the DNA precipitate is
too loose to be transferred in this way, it can be spun down, resuspended, and
precipitated a second time when it should be possible to remove it.

6. In fermenter inductions, the end of the initial phase (i.e., batch growth) can easily
be monitored as the dissolved O2 level begins to rise sharply when the glycerol
becomes exhausted.
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7. In order to acheive optimal yield in the fermenter, the cell density at induction
can be varied by changing the duration of the glycerol-limited phase. For example,
the yield of secreted proteins may be improved by early induction, allowing
secretion to occur during a period of active growth. The methanol-utilization phe-
notype (Mut) should also be considered. Mut+ strains can be induced at low cell
density, since they continue to grow during the induction phase. Muts strains
should be allowed to achieve high density before induction.

8. For efficient fermenter induction of Mut+ strains, after an initial period to adapt
the culture to methanol utilization, the aim is to achieve maximal methanol feed
rates while maintaining sufficient aeration. If dissolved O2 levels cannot be main-
tained above 20%, the methanol feed rate should be reduced. This will avoid the
accumulation of toxic levels of of methanol. To avoid this problem with Muts

strains, the methanol feed rate should be reduced as indicated.
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Expression of EGF and HIV Envelope Glycoprotein

Jeff Clare, Carol Scorer, Rich Buckholz, and Mike Romanos

1. Introduction
This chapter reviews the expression of two proteins that are naturally

secreted: murine epidermal growth factor (mEGF) and the 120-kDa envelope
protein from human immunodeficiency virus (HIV-1 ENV). Although the ini-
tial aims of these projects were to examine the secretion in Pichia pastoris of a
simple polypeptide and a complex glycoprotein, ultimately the work yielded
insights into a wide range of issues affecting gene expression in P. pastoris,
from foreign gene transcription to multicopy selection and glycosylation.

mEGF was used to determine the utility of the -factor leader in P. pastoris,
to examine the effect of gene dosage, and to compare secretion efficiency with
Saccharomyces cerevisiae (1). To do this, the -factor vector pPIC9 was con-
structed, which is now widely used for protein secretion in P. pastoris. Correct
and efficient processing of the -factor leader was demonstrated, and although
the product was proteolytically unstable, it was possible to overcome this and
achieve yields of 0.5 g/L of product. mEGF-expressing transformants showed
clonal variation in product yield, and a general dot-blot screening method for
the isolation of multicopy, high-expressing clones was developed.

Initially, the aim of the HIV-1 ENV project was to secrete an immunologi-
cally active form of the glycoprotein for vaccine development, in the expecta-
tion that the P. pastoris-derived protein would not be hyperglycosylated. In
fact, several unforeseen obstacles were encountered in this work. The native
HIV-1 ENV gene was not transcribed in P. pastoris owing to the presence of
multiple fortuitous terminator sequences; gene synthesis to increase GC con-
tent was required to remove these and achieve efficient expression. The secreted
product was then found to be hyperglycosylated and not recognized by anti-
bodies to the native protein (2). ENV was therefore expressed intracellularly,
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developing a set of vectors (pPIC3K and pPIC9K) in order to use G418 selec-
tion of multicopy transformants (3). These vectors enabled the isolation of a
series of ENV-expressing transformants with progressively increasing copy
number that were used to investigate the relationship between foreign gene
copy number and mRNA level.

2. Materials
2.1. P. pastoris Strains and Expression Vectors

The strains used were GS115 (his4) and KM71 (his4 aox1::ARG4). The vec-
tors used were pPIC3, pPIC3K, pPIC9, and pPIC9K (or closely related deriva-
tives), which are described in Chapter 5.

2.2. Materials for Small-Scale Inductions
Yeast nitrogen base without amino acids (YNB, Difco, Detroit, MI) medium

contained 4 ng/mL biotin and 2% (w/v) glycerol or 1% (v/v) methanol. YNB/
methanol induction medium also contained 1% casamino acids and 0.1 M
sodium phosphate, pH 6.0.

2.3. Apparatus and Reagents
for Semiquantitative DNA Dot-Blot Screen

1. Sterile 96-well microtiter plates with lids (Falcon, Becton Dickenson, NJ).
2. YPD medium.
3. Multichannel pipet.
4. 96-Well dot-blot manifold (e.g., “minifold,” Schleicher and Schuell, Keene, NH).
5. Vacuum pump.
6. Nitrocellulose filters.
7. 2.5% Mercaptoethanol, 50 mM EDTA, pH 9.0
8. Zymolyase-100T (ICN, Costa Mesa, CA), 3 mg/mL: Make fresh.
9. 0.1 M NaOH, 1.5 M NaCl.

10. 20X SSC stock solution: 3 M sodium chloride, 0.3 M sodium citrate.

2.4. Apparatus and Reagents for RNA Preparation
1. 15-mL polypropylene tubes with caps, and 1.5-mL mirocentrifuge tubes soaked

overnight in 0.1% diethylpyrocarbonate (DEPC) and then autoclaved.
2. Platform vortex mixer (e.g., IKA-Vibrax-VXR, Sartorius, Epsom, Surrey, UK)

with test tube rack.
3. Glass beads (0.45 mm, acid-washed, Sigma, St. Louis, MO): Soak in concen-

trated HCl, rinse thoroughly, and bake for 16 h at 150°C.
4. DEPC-treated water: Add 0.1% DEPC to distilled water, mix, loosen lid, leave

overnight, and then autoclave.
5. Guanidinium thiocyanate solution: Dissolve 50 g guanidinium thiocyanate, 0.5 g

N-laurylsarcosinate in 80 mL water. Add 2.5 mL 1 M sodium citrate, pH 7.0, 0.7
mL 2-mercaptoethanol. Make up to 100 mL with water and filter. Store at 4°C.
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6. Phenol/chloroform/isoamyl alcohol: A 25:24:1 mixture of phenol equilibrated
with 0.1 M Tris-HCl, pH 8.0, chloroform, and isoamyl alcohol.

7. Chloroform/isoamyl alcohol: A 24:1 mixture.
8. 1 M acetic acid (made in DEPC-treated water).
9. 3 M sodium acetate pH 4.5 (made in DEPC-treated water).

2.5. Reagents for Deglycosylation with Endoglycosidase H

1. Endoglycosidase H (Boehringer Mannheim, Mannheim, Germany).
2. Endo H buffer: 200 mM monobasic sodium phosphate, pH 5.5, 10 mM 2-mercapto-

ethanol, 1% SDS.
3. 5X protease inhibitor cocktail: 20 mM EDTA, 20 mM EGTA, 20 mM PMSF, 10

mg/mL pepstatin, 10 mg/mL leupeptin, 10 mg/mL chymostatin, 10 mg/mL
antipain. Store at –20°C.

2.6. Apparatus and Reagents for Isolating a Series
of Transformants with Increasing Vector Copy Number

1. YPD medium.
2. Sterile 96-well microtiter plates with lids (Falcon, Becton Dickenson, NJ).
3. Multichannel pipet.
4. G418 (Geneticin, Gibco, Gaithusburg, MD) stock solution, 50 mg/mL. Filter-

sterilize, and store at –20°C.

3. Methods
3.1. Murine Epidermal Growth Factor

mEGF was used in an evaluation of the secretory capabilities of the P.
pastoris expression system (1), since it had been found that the human EGF
was very efficiently secreted by baker’s yeast, S. cerevisiae (4). For this work,
the mEGF coding region was fused to sequences encoding the prepro leader
peptide from S. cerevisiae -factor, and yields were compared in single-copy
P. pastoris integrants and in S. cerevisiae using a 2µ-based GAL7-promoter
vector (Table 1). With both hosts >90% of the mEGF expressed was exported
to the culture medium. Subsequent N-terminal sequence analysis showed that
the leader peptide was efficiently and accurately cleaved in both cases. This
was one of the first demonstrations that the S. cerevisiae -factor leader is
functional and authentically processed in P. pastoris.

Similar levels of mEGF were secreted by both yeast hosts when grown in
shake flasks in rich medium (6–7 mg/L). However, in minimal medium, yields
were significantly lower. For S. cerevisiae, this was simply owing to a reduced
culture density, but in P. pastoris, poor yield was caused by nonspecific
proteolytic degradation. Many fungal hosts produce extracellular proteases, but
the extent of the problem is dependent not only on the host itself, but also on
the susceptibility of the secreted protein. For example, secreted fungal proteins
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tend to be very resistant to degradation in heterologous hosts, probably because
their native hosts produce extracellular proteases. The secretion of mEGF and
numerous other polypeptides (IGF; see Chapter 11; HIV-1 ENV, ref. 2) sug-
gests that extracellular proteases may be a greater problem for heterologous
secretion in P. pastoris than in S. cerevisiae. Nevertheless, simple measures
can often be taken to minimize proteolysis. Altering the culture conditions can
have dramatic effects—for example, as described above, mEGF is largely pro-
tected from degradation in rich medium (Table 1). However, rich medium is
undefined, which may lead to inconsistent yields, and its complexity presents
difficulties for protein purification. A more convenient solution is to supple-
ment minimal medium with casamino acids or peptone. Buffering the growth
medium to a pH value where degradation is reduced can also be very effec-
tive. For mEGF, the addition of 1% casamino acids and buffering to to pH 6.0
increased yields dramatically and stabilized the protein against proteolytic
cleavage (Fig. 1). The use of protease-deficient pep4 host strains has also
been used with success to increase secreted protein levels (e.g., IGF, see
Chapter 11).

3.1.1. Small-Scale Induction of mEGF

1. Inoculate 10 mL of YNB containing 2% glycerol with cells from a single colony
of transformant and incubate overnight with shaking in a universal container at
30°C. (A600 should be about 5.)

2. Dilute the starter culture into 100 mL of YNB containing 2% glycerol to an A600

of 0.25 (see Note 1). Incubate at 30°C with vigorous shaking for 6–8 h to obtain
an exponentially growing culture.

3. Harvest the cells by centrifugation (4°C, 2000g, 5 min). Resuspend the cell pellet
in 20 mL of sterile water. Harvest the cells by centrifugation, and resuspend in 5
mL of YNB containing 1% casamino acids, 0.1 M sodium phosphate (pH 6.0),
and 1% methanol. Incubate at 30°C with vigorous shaking for 1–5 d (see Notes
2–4). (A600 should be 5–10).

4. Centrifuge the culture (4°C, 2000g, 5 min), and retain both the culture superna-
tant and the cell pellet for analysis (see Note 5).

Table 1
Secretion of mEGF by Yeast Transformants in Different Media

YNB YPD
µg/mL µg/108 cells µg/mL µg/108 cells

S. cerevisiae 0.6 3.7 7.4 3.2
(multicopy plasmid)

P. pastoris 0.07 0.02 6.0 1.8
(single-copy integrant)
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3.1.2. Isolation of Multicopy mEGF Transformants
mEGF was another early example of the clonal variation described in Chap-

ter 5 for fragment C. Since the mechanism deduced from the fragment C analy-
sis implied this variation should be a general occurrence, we developed a rapid
DNA dot-blot screening technique (see Subheading 3.1.2.1.) and applied it to
mEGF transplacement transformants. Strains containing up to 19 copies were
obtained, and as with fragment C, both Mut+ and Muts multicopy events were
detected. A close correlation between gene dosage and the level of secreted
mEGF was found (Fig. 1, Table 2). In shake flasks, the yield varied from
1.5 mg/L for single-copy integrants up to 48.7 mg/L for the 19-copy strain.
There was no intracellular accumulation, even at the highest gene dosage,
showing that mEGF is secreted particularly efficiently by this yeast. In con-
trast, there are now several examples where increased copy number does not
enhance secretion levels of a foreign protein, and in some cases, e.g., bovine
lysosyme, this can actually lead to reduced yields (5). This is probably because,
at high rates of expression, inefficently secreted proteins accumulate within the

Fig. 1. Time-course for mEGF secretion in shake-flask cultures of multicopy strains.
Cultures were induced in YNB/methanol (pH 6.0) plus casamino acids, and at induc-
tion, the cells were concentrated 20-fold by centrifugation (see Note 4). Strains contain-
ing 4 copies (�), 9 copies (�), 13 copies (�), 19 copies (�) of the mEGF gene are shown.
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secretory apparatus leading to blockage of the secretory pathway. In such cases,
yields can be maximized by determining the optimal gene dosage.

3.1.2.1. SEMIQUANTITATIVE DNA DOT-BLOT SCREEN

1. Inoculate independently selected His+ transformants into 150 µL of YPD in the
wells of a 96-well microtiter plate, and incubate static for 2 d at 30°C.

2. Resuspend the settled cells using a multichannel pipet, and subculture into a sec-
ond microtiter plate by transferring 10 µL from each well into 150 µL of YPD and
incubating for 1 d at 30°C (see Note 6).

3. After resuspending the settled cells, filter 50-µL aliquots onto nitrocellulose mem-
branes using a dot-blot manifold and a multichannel pipet.

4. Lyse the cells, and pretreat for hybridization by placing the membranes sequen-
tially on top of 3MM papers soaked in the following solutions:
a. 2.5% Mercaptoethanol, 50 mM EDTA, pH 9.0, for 15 min.
b. 3 mg/mL zymolyase for 2–3 h at 37°C in a covered dish (see Note 7).
c. 0.1 M NaOH, 1.5 M NaCl for 5 min.
d. 2X SSC for 5 min (twice).

5. Air-dry the membranes briefly, and then bake in a vacuum oven at 80°C for 1 h.
6. Hybridize membranes to a foreign gene probe (e.g., 0.39-kb BglII–NheI frag-

ment from mEGF gene) using standard techniques. Multicopy transformants
should give a strong hybridization signal.

3.1.3. Large-Scale Induction and Analysis of mEGF

Like many intracellularly expressed proteins (e.g., fragment C; see Chap-
ter 13), the level of secreted mEGF produced in fermenter inductions was sig-
nificantly higher than that in shake flasks (Table 2). The volumetric yield was
about 10-fold higher with the 19-copy strain and 20-fold higher with a single-
copy integrant. The highest yield was almost 0.5 g/L, and even at this level of
expression, >90% was secreted to the medium. The P. pastoris-secreted mEGF
was purified and characterized by N-terminal sequencing, amino acid analysis,
and HPLC/FPLC analysis. In addition to full-length EGF, two other forms were
identified that resulted from the specific cleavage of one or two C-terminal

Table 2
Secretion of mEGF by Multicopy P. pastoris Strains

Copy number

1 2 4 9 13 19

Shake flask 1.5 2.5 8.5 23.2 35.6 48.7
(µg/mL)

Fermenter 33.6 ND ND 355 402 447
(µg/mL)
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amino acids. This is likely to be due to processing by a KEX1-like protease
which removes the C-terminal Arg residue and an uncharacterised carboxypep-
tidase which cleaves before the penultimate residue, Leu. These processed
forms of EGF are also found in mammalian cells and are known to be biologi-
cally active.

3.2. HIV ENV

Posttranslational modification of proteins by the addition of carbohydrate
side chains occurs in all eukaryotic cells. However, the pattern of glycosylation
in S. cerevisiae differs in several respects to that of mammalian systems. It was
therefore of considerable interest to determine the glycosylation pattern of for-
eign glycoproteins secreted by P. pastoris. The principal differences between
mammalian and S. cerevisiae glycoprotein are that yeast outer chains are sig-
nificantly longer, and are composed entirely of mannose, whereas mammalian
glycoproteins have side chains that are relatively short and can contain other
sugars, such as fucose, galactose, and sialic acid. Thus, when mammalian gly-
coproteins are expressed in S. cerevisiae, they tend to be hyperglycosylated
with respect to the native form (6). A further significant difference is the pres-
ence of antigenic terminal -1,3-linked mannose on glycoproteins from S.
cerevisiae. Thus, mammalian glycoproteins produced in S. cerevisiae are not
usually suitable for therapeutic use.

In contrast to S. cerevisiae, bulk glycoprotein from P. pastoris was found to
have a short average length of carbohydrate side chains (7). Initial studies also
demonstrated that S. cerevisiae invertase was not hyperglycosylated when pro-
duced in P. pastoris (8), and lacked and the antigenic terminal -1,3-linkages
(9). Furthermore, secreted fragment C and Epstein-Barr virus gp350, which
are hyperglycosylated in S. cerevisiae, were found to be glycosylated to a lesser
extent in P. pastoris (Clare et al., unpublished data). However, both proteins
were immunologically inactive. To examine further the nature of glycosylation
in P. pastoris, we also expressed HIV-1 ENV, and several aspects of this work
are of general relevance to the P. pastoris expression system.

3.2.1. Premature Termination of Transcription Within HIV-1 ENV

HIV-1 ENV had been secreted in S. cerevisiae, but was found to be hyper-
glycosylated and immunologically inactive (10). However, in preliminary
experiments with P. pastoris, no ENV could be detected. Northern blot analy-
sis indicated that no full-length transcript (1900 nt) was produced, but instead
there was an abundant species of about 700 nt (Fig. 2). This transcript hybrid-
ized to a probe from the AOX1 untranslated region (UTR) but not to a down-
stream probe, suggesting it was shortened at the 3'-end. The truncated transcript
was still bound by oligo (dT) cellulose and was presumably the result of pre-
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mature termination of transcription within the coding region. Inspection of the
DNA sequence close to the 3'-end of the transcript revealed a sequence,
ATTATTTTATAAA, which resembled a consensus site, TTTTTATA, impli-
cated in transcription termination in yeast (11). This site was altered by site-
directed mutagenesis to TTTCTTCTACAAG. When tested, this construct no
longer gave rise to the abundant 700-nt transcript, but instead a series of longer,
lower abundance transcripts were observed (Fig. 2). The shorter transcripts did
not hybridize to 3'-probes, implying that a 5'-nested set of truncated transcripts
with downstream end points at different sites within the gene were produced.
Thus, inactivation of the major premature termination site merely revealed sev-
eral weaker ones further downstream.

We had previously observed this phenomenon with fragment C expression
in S. cerevisiae (12). This was found to be a consequence of the unusually high
AT content of this gene (71%) and the problem was solved by expressing a
synthetic gene in which the GC content was increased. This is consistent with
the finding that all the consensus sites for transcription termination in yeast
identified to date are AT-rich. Thus, fortuitous termination sites are more likely
to occur in AT-rich DNA, although the presence of such DNA is not sufficient
to cause premature termination. The ENV gene is not particularly AT-rich, but

Fig. 2. Northern blot analysis of mRNA from native, mutated, and partly synthetic
HIV-1 ENV genes. (A) Total RNA from transformants containing different versions of
the ENV gene probed with ENV DNA: lane 1, native ENV gene; lane 2, mutated ENV
gene; lane 3, partly synthetic ENV gene. (B) Total RNA from the mutated ENV gene
probed with synthetic oligonucleotides designed to hybridize to different regions of
the ENV mRNA: lane 1, nt 71–86; lane 2, 174–209; lane 3, 699–729; lane 4, 794–824.
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nevertheless contains regions with high AT content. We therefore synthe-
sized the relevant portion of the gene (i.e., downstream from the initial for-
tuitous termination site), eliminating any AT-rich runs and optimizing
codons to that are found in highly expressed genes in yeast. The overall GC
content of this region was increased from 37.6–43.6%. Expression of this
semisynthetic gene resulted in the production of abundant full-length tran-
scripts (Fig. 2).

This problem of premature termination of transcription has now been found
with a number foreign genes expressed in yeast (13). The data given here for
HIV-1 ENV demonstrate that it can be a species-specific phenomenon and that
it occurs in genes that are not AT-rich. For several reasons, e.g., difficulties in
unambiguously identifying termination sites, the occurrence of multiple sites,
and so forth, the simplest solution is often to synthesize chemically sections of
the gene, as described here.

3.2.1.1. PREPARATION OF RNA FROM HIV-1 ENV TRANSFORMANTS

1. Inoculate 10 mL of YNB containing 2% glycerol with cells from a single colony
of transformant, and incubate overnight with shaking in a universal container at
30°C. (A600 should be about 5.)

2. Dilute the starter culture into 50 mL of YNB containing 2% glycerol to an A600 of
0.25 (see Note 8). Incubate at 30°C with vigorous shaking for 6–8 h to obtain an
exponentially growing culture.

3. Harvest the cells by centrifugation (4°C, 2000g, 5 min). Resuspend the cell pellet
in 50 mL sterile water. Harvest the cells by centrifugation, and resuspend in the
same volume of YNB containing 1% methanol. Incubate at 30°C with vigorous
shaking for 8 h.

4. Harvest the cells by centrifugation (4°C, 2000g, 5 min). Resuspend the cell pellet
in 10 mL ice-cold water. Centrifuge once again, resuspend the pellet in 3 mL of
guanidinium thiocyanate, and transfer to a 15-mL tube.

5. Add glass beads to two-thirds the height of the meniscus, place the tubes in a
platform vortex mixer in a cold room, and vortex at full speed for 15 min.

6. Add an equal volume of phenol/chloroform/isoamyl alcohol, vortex again for 5
min, and centrifuge (10,000g, 15 min). Aspirate the aqueous (upper) phase, and
transfer it to a new tube.

7. Re-extract the aqueous phase repeatedly with phenol/chloroform/isoamyl alco-
hol, as in step 6, until there is little or no material at the interface.

8. Extract once with an equal volume of chloroform/isoamyl alcohol.
9. Transfer the aqueous layer to a clean tube and precipitate the RNA by adding

0.025 vol of 1 M acetic acid and 0.75 vol of ethanol. Leave at –20°C for at least
30 min.

10. Collect the precipitate by centrifugation (10,000g, 15 min), and drain off excess
liquid. Vortex the pellet in 70% ethanol (in DEPC-treated water), centrifuge, and
remove excess liquid.
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11. Dissolve the pellet in 0.4 mL DEPC-treated water. Transfer the solution to a
microfuge tube, and re-extract once with phenol/chloroform/isoamyl alcohol and
once with chloroform/isoamyl alcohol. Precipitate by adding 0.1 vol of 3 M
sodium acetate and 2.5 vol of ethanol.

12. Collect the precipitate by centrifugation in a microcentrifuge (12,000g, 15 min).
13. Remove excess liquid, and resuspend the RNA in 100 µL DEPC-treated water.

Store at –70°C.

3.2.2. Expression Analysis of HIV-1 ENV

Western blot analysis of culture supernatants from single-copy and
multicopy transformants expressing ENV fused to the -factor prepro leader
indicated that low levels of protein were secreted. Instead of the expected 120-
kDa protein, the product was found to be very heterogeneous in size (~30–200
kDa, Fig. 3). Deglycosylation by digestion with endoglycosidase H (see Sub-
heading 3.2.2.1.) indicated that this heterogeneity was owing to both
hyperglycosylation and proteolytic degradation. Proteolysis could be reduced
by buffering the culture to pH 3.0 in shake flasks or pH 5.0 in the fermenter,
although some degradation still occurred. There is some evidence to suggest
that the secretion signal can affect the kinetics of secretion, which may influ-
ence the extent of glycosylation (5). However, we obtained similar results

Fig. 3. Secretion of HIV-1 ENV. Western blot analysis of extracts from a single-
copy -factor/ENV transformant induced in the fermenter. Samples for analysis were
taken at different time points following induction. Lane 1, CHO cell-derived gp120;
lane 2, 0 h; lane 3, 3 h; lane 4, 6 h; lane 5, 18 h; lane 6, 24 h; lane 7, 28 h; lane 8, 48 h;
lane 9, untranformed control; lanes 10–17, as lanes 2–9, except treated with
endoglycosidase H.
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using the S. cerevisiae SUC2 secretion signal, which lacks a pro region. The
P. pastoris-secreted ENV failed to bind to a number of ENV-specific mono-
clonal antibodies (MAb), including one directed against the major neutralizing
domain of HIV-1. Thus, it is clear that some mammalian glycoproteins are
hyperglycosylated when expressed in P. pastoris, and this can significantly
affect their immunological properties.

3.2.2.1. DEGLYCOSYLATION OF HIV-1 ENV USING ENDOGLYCOSIDASE H
1. To 25 µL of sample (containing up to 100 µg of protein), add 5 µL of Endo H

buffer, and incubate at 100°C for 5 min.
2. Cool sample on ice, and then add 10 µL of 5X protease inhibitors and 10 µL (10

mU) of Endo H. Incubate at 37°C overnight prior to SDS-PAGE.

We also examined ENV production when expressed without a secretion sig-
nal (Fig. 4). A series of transformants each containing a different vector copy
number were isolated (see Subheading 3.2.3.), and expression levels were
compared. Single-copy integrants gave low levels, but in contrast to the results
with the secreted form, levels were greatly increased in multicopy integrants.

Fig. 4. Intracellular expression of HIV-1 ENV. Western blot analysis of extracts
from transformants with increasing gene copy number.
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In high-density fermenter, cultures of a 12-copy transformant ENV accumu-
lated to about 2.5% of total protein yielding about 1.25 g/L. This level of
expression contrasts sharply with the accumulation of alcohol oxidase, which
can exceed 30% of total protein from a single gene copy. Since ENV tran-
scripts are significantly more abundant than AOX1 in the 12-copy strain (see
Subheading 3.2.3. and Fig. 5B) it is clear that other factors in addition to pro-
moter strength, such as protein stability, are important in determining high lev-
els of accumulation. Alcohol oxidase is particularly stable in vivo, since it can
form extensive lattice-like complexes.

3.2.3. Isolation and mRNA Analysis of a Series of HIV-1 ENV
Transformants with Increasing Copy Number

In order to develop improved methods for obtaining multicopy transform-
ants, we constructed vectors containing the Tn903 kanR gene, which confers
resistance to G418 in P. pastoris (pPIC3K and pPIC9K, see Chapter 5). To
establish the relationship between copy number and the level of resistance, we
transformed GS115 with the vector pPIC3K-ENV and tested randomly selected
His+ transformants for growth on different concentrations of G418. The data
shown in Table 3 demonstrates that there is a good correlation between gene
dosage and the minimum level of G418 required to inhibit growth. This finding
enabled the development of a method for the selection of high-copy
transformants (see Chapter 5). In addition, these vectors can be used to obtain
a series of transformants that contain progressively increasing foreign gene
copy number by testing for inhibition of growth on medium containing
increasing concentrations of G418, as described here for ENV. This may be
very useful for optimizing expression in cases where high gene dosage may be
detrimental, for example, with proteins that are inefficiently secreted.

3.2.3.1. G418 GROWTH-INHIBITION SCREEN

1. Transform cells by electroporation or spheroplasting.
2. Inoculate independently selected His+ transformants into 150 µL of YPD in the

wells of a 96-well microtiter plate, and incubate static for 2 d at 30°C.
3. Resuspend the settled cells using a multichannel pipet, and subculture into a

second microtiter plate by transferring 10 µL from each well into 150 µL of
YPD and incubating for 1 d at 30°C. This is necessary to obtain cultures of
uniform density.

4. Resuspend the settled cells, and spot 3-µL aliquots of each transformant,
using a multichannel pipet, onto 15-cm Petri dishes containing YPD with
increasing concentrations of G418 (e.g., 0.25, 0.5, 0.75, 1.00, 1.50, 2.00,
4.00 mg/mL).

5. Prepare chromosomal DNA, and analyze copy number (see Chapter 13) in
transformants having a range of different minimum inhibitory G418 concentrations.
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Fig. 5. Northern blot analysis of mRNA from a series of transformants containing
increasing copy number of the HIV-1 ENV gene. (A) Total RNA hybridized to both
ENV and P. pastoris GAPDH DNA probes to show ENV mRNA levels relative to an
internal standard. (B) Total RNA hybridized to probes corresponding to the 5'- and 3'-
untranslated regions of AOX1 to compare ENV and AOX1 mRNA levels.
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The copy number series of pPIC3K-ENV transformants allowed an investi-
gation into the relationship between gene dosage and mRNA levels of a heter-
ologous gene. The extremely high level of alcohol oxidase produced from the
AOX1 gene had suggested that only a single copy of AOX1 expression vectors
might be necessary for high-level expression of foreign genes. In certain
examples, this was found to be the case, e.g., HbsAg (14), invertase (8), but in
others, e.g., TNF (15), fragment C, multiple copies were required. A possible
explanation for this is that many foreign genes are not transcribed as efficiently
as AOX1. In S. cerevisiae, it is well documented that homologous genes give
much higher levels of transcript compared to heterologous ones even when
transcription is driven by the same upstream promoter (16,17). To see if this
was also true in P. pastoris, we compared HIV-1 ENV transcript levels in single
and multicopy transformants to that of AOX1.

Table 3
The Use of G418 Resistance to Isolate a Series of HIV-1
ENV Transformants Containing Progressively Increasing
Gene Copy Number

G418 concentration,a

Transformant mg/mL Copy number

G2 <0.25 1
G12 <0.25 0
A6 0.50 1
C6 0.50 1
A1 0.75 2
A2 0.75 2
D1 1.00 2
D5 1.00 3
E8 1.50 4
G4 1.50 3
E5 1.75 5
F8 1.75 5
A4 2.00 7
E12 2.00 5
A8 >4.00 9
F11 >4.00 12
G9 >4.00 9
G10 >4.00 8
A12 >4.00 7

aThis was the minimum G418 concentration required to inhibit growth
completely.
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Figure 5A shows that when measured against a glyceraldehyde 3-phosphate
dehydrogenase gene (GAPDH) internal control, ENV mRNA levels increase
progressively with copy number. The abundance of ENV mRNA in different
copy number strains is compared to endogenous AOX1 mRNA levels in Fig.
5B. In single-copy, ENV mRNA is only slightly less abundant than AOX1,
whereas at three copies, it exceeds it by severalfold. Similar results were
obtained with fragment C (data not shown), suggesting that in P. pastoris, for-
eign transcripts are produced almost as efficiently as homologous ones, and
that unlike certain inducible promoters in S. cerevisiae (e.g., GAL promoters),
transcription from multiple copies of the AOX1 promoter does not appear to be
significantly limited, e.g., by the level of transactivating factors.

3.3. Summary
1. The S. cerevisiae -factor prepro leader is functional and is correctly processed

in P. pastoris.
2. P. pastoris has a high secretory capacity, but yields can be severely reduced by

extracellular proteases. This problem can be reduced by altering the medium com-
position, e.g., adjusting the pH or by adding casamino acids.

3. A rapid DNA dot-blot technique can be used for mass screening of transformants
to obtain high-copy-number, high-expressing strains.

4. For mEGF, which is an efficiently secreted protein, there was a good correlation
between gene dosage and yield, and maximum levels were obtained at high copy
number.

5. Vectors conferring resistance to G418 have been developed for the selection of
high-copy-number transformants. These vectors can also be used to isolate a
series of transformants with increasing copy number for optimizing the expres-
sion of genes where high copy number may be detrimental.

6. The HIV-1 ENV gene was not expressed in P. pastoris owing to fortuitous termi-
nation of transcription within AT-rich regions. This is a species-specific phenom-
enon, since full-length HIV-1 ENV transcripts are produced in S. cerevisiae. The
problem was overcome by synthesizing the relevent portion of the gene with
increased GC content.

7. ENV was hyperglycosylated and immunologically inactive when secreted by P.
pastoris. The yield was reduced by extracellular proteases, but like mEGF, this
could be significantly improved by altering the pH of the culture medium and by
adding casamino acids.

8. In single-copy integrants, transcripts from the semisynthetic HIV-1 ENV gene
were almost as abundant as endogenous AOX1. Transcript levels increased pro-
gressively with increasing copy number, showing that the AOX1 promoter is not
greatly limited by the level of trans-activating factors.

4. Notes
1. The concentration of a secreted product in the medium is generally proportional

to the density of the culture. Thus, to increase the concentration of a secreted
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protein, a large culture (e.g., 100 mL) is grown, and the cells are concentrated at
the beginning of the induction by centrifuging and resuspending in a smaller vol-
ume of induction medium (e.g., 5 mL).

2. Aeration of P. pastoris cultures is a key consideration, since the efficiency of
growth and induction is reduced when oxygen is limited. To avoid this in small-
scale inductions, incubate with vigorous shaking, keep the culture volume to a min-
imum (e.g., 5–10 mL), and use large flasks (e.g., >100 mL, preferably baffled).

3. When inducing shake-flask cultures for >1 d, add an additional 0.5% methanol
on the second day.

4. The optimal induction period may vary for different proteins, and it is recom-
mended that a time-course be carried out to maximize yields.

5. To determine the efficiency of protein secretion, the cell pellet is retained for
analysis as well as the culture supernatant. If necessary, proteins in the culture
supernatant can be concentrated by ultrafiltration using Centricon (Amicon, Lex-
ington, MA) tubes according to the manufacturer’s instructions.

6. Subculturing into a second microtiter plate is necessary to obtain cultures of uni-
form density and that are suitable for spheroplasting.

7. The efficiency of spheroplast formation can be monitored using phase-contrast
microscopy by placing a drop of cells on a microscope slide together with a drop
of 1% (w/v) SDS—unlysed cells appear phase-bright whereas lysed “ghosts” are
phase-dark.

8. A 50-mL culture should yield 150–300 µg RNA.
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Expression of an Integral Membrane Protein,
the 5HT5A Receptor

H. Markus Weiß, Winfried Haase, and Helmut Reiländer

1. Introduction
Research in the field of membrane proteins has undergone explosive growth

during the last decade, primarily owing to the influence of the powerful tech-
niques of modern molecular biology. Membrane proteins fulfill essential func-
tions, such as communication, selective transport of metabolites and ions, and
energy transformation. It is estimated that one-third of the genes of an organism
encode integral membrane proteins (1). We are just now beginning to under-
stand the molecular structures of this group of proteins and how they function
within the confines of the cellular membranes. Among the different families of
membrane proteins, the so-called G protein-coupled receptors (GPCRs) com-
prise the largest family. From the viewpoint of pharmacology, this family is of
great importance, since about 60% of all pharmaceuticals known today mediate
their effects via interaction with GPCRs. Therefore, much progress has been
made in the characterization of the pharmacological and biochemical proper-
ties, as well as the signal transduction mechanisms of the GPCRs. Nevertheless,
in order to understand the function and molecular dynamics of these receptors,
detailed structural information will be needed. Despite the steady progress in
understanding of GPCRs, solid three-dimensional (3D) structural data are still
missing. To date, the crystallization and 3D determination have been success-
fully performed on only a handful of membrane proteins. All these structural
determinations were performed on membrane proteins that are naturally highly
expressed and can be purified in large quantities from their natural sources.
Conventionally, the GPCRs are investigated in or purified from tissues. The
procedure for isolation and purification from natural sources tends to be labori-
ous and time-consuming, if possible at all. On the other hand, milligram amounts
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of purified homogenous receptors are an absolute prerequisite for detailed struc-
tural characterization. A further problem for the study of receptors is the exist-
ence of multiple receptor subtypes. Thus, most sources provide mixtures of
different receptor subtypes, which makes the accurate biochemical, biophysi-
cal, pharmacological analysis as well as the identification of subtype-specific
agents extremely difficult if not impossible. The requirement for large amounts
of protein for crystallization and subsequent structural determination can be
overcome by the overexpression of these membrane proteins in an artificial sys-
tem. The search for good expression systems for membrane proteins has proven
difficult owing to poor yields of active protein.

For heterologous expression of a eukaryotic membrane protein, a sensitive
assay for the protein is irreplaceable. Normally, the protein cannot be detected as
a Coomassie band after SDS-PAGE of crude membrane preparations, and even
if this were possible, the functionality of the heterologously expressed protein
would still need to be demonstrated. One way to follow heterologous expres-
sion is the Western blot analysis technique, which requires antibodies directed
against the recombinant protein. If no specific mono- or polyclonal antibodies
for the protein of choice are available, a peptide or polypeptide “tag” can be
genetically engineered to the protein’s coding region. In some cases, this artifi-
cial tag also allows for purification of the recombinant protein. Listed in Table 1
are three tags for which monoclonal antibodies (MAb) are commercial avail-
able and that have been successfully used for the detection/purification of
recombinant proteins.

Immunoblot analysis using the tag-specific antibodies allows the determi-
nation of the apparent molecular weight of a protein and also allows informa-
tion about aggregation and proteolysis of the heterologously expressed protein
to be obtained. In combination with tunicamycin or glycosidases, the extent of
glycosylation of the heterologously expressed protein can be examined. Addi-
tionally, immunohistochemical methods allow localization of the recombinant
protein within the cell (see Chapter 16). Nevertheless, an assay demonstrating
the functionality of the recombinant protein is essential. In the case of mem-
brane receptors like the GPCRs, ligand-gated ion channels or tyrosine kinase
receptors, a ligand binding assay with a radioactively labeled compound is the
method of choice. Binding assays are easy to perform, very sensitive, and pro-
vide direct information about proper folding and, therefore, functionality of a
heterologously expressed protein. For further pharmacological characteriza-
tion of receptors, ligand-displacement measurements can be performed.

In this chapter, we describe methods used for overproduction and subse-
quent initial biochemical and pharmacological analysis of the mouse 5HT5A

receptor, a member of the GPCR family (2,3), in the unicellular methylotrophic
yeast Pichia pastoris. As previously reported, three different plasmids for the
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heterologous expression of this serotonin receptor have been constructed (4).
One of the constructs synthesizes an unmodified form of the protein, whereas
the other two constructs add a c-myc tag to the 5HT5A receptor along with
either the P. pastoris acid phosphatase (PHO1) or Saccharomyces cerevisiae

-factor prepro ( -mating factor) signal sequences to direct the proteins into
the endoplasmic reticulum (ER). The PHO1 and -factor signal sequences
have distinctive properties. The PHO1 sequence is cleaved in the ER, whereas
the -factor prepro sequence depends on both the signal peptidase activity of
the ER and proper cleavage by the KEX2 protease in the Golgi. The plasmid
construct utilizing the -factor prepro sequence of S. cerevisiae resulted in the
highest level of receptor expression. As already described for heterologous
expression of another GPCR in S. cerevisiae (5), the use of a protease-deficient
strain is advantageous in most cases. For heterologous expression in P. pastoris,
we recommend the use of the protease-deficient strain SMD1168.

2. Materials
2.1. Small-Scale Expression

1. 50-mL conical tubes.
2. 100-mL baffled Erlenmeyer flasks.

Table 1
Peptide Tags for the Detection and/or Purification of Recombinant Protein

Immunological Use for
Tag detectability purification Comments

myc MAb 9E10, No The c-myc tag now is
very sensitive included in the pPICZ

vector series
His6 MAb, Yes Different metal chelate

not very sensitive Immobilized resins are commercially
metal affinity available; the His6 tag
chromatography is included in the pPICZ
(IMAC) vector series

Flag MAbM1 and MAbM2; Yes In combination, the two
M1 antibody is sensitive, M1 and M2 antibodies allow for
binding is dependent on antibody analysis of N-terminal
Ca2+ and N-terminal columns processing, if the target
localization of the epitope; protein has been fused
M2 antibody recognizes to a signal sequence
epitope independently of
its localization, but is not
as sensitive as M1
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3. 250-mL Erlenmeyer flasks.
4. BMGY medium: 1% yeast extract, 2% peptone, 100 mM potassium phosphate,

pH 6.0, 1.34% yeast nitrogen base with ammonium sulfate and without amino
acid, 0.00004% biotin, and 1% glycerol.

5. BMMY medium: same as BMGY, except with 0.5% methanol in place of glycerol.
6. Bench-top centrifuge suitable for 50-mL Falcon tubes.

2.2. Membrane Preparation

1. Ultracentrifuge, rotors, and corresponding ultracentrifuge tubes for volumes 2 mL.
2. Acid-washed glass beads with a diameter of ~500 µ (Sigma, St. Louis, MO).
3. Breaking buffer: 50 mM sodium phosphate, pH 7.4, 1 mM EDTA, 5% glycerol.
4. Membrane suspension buffer: 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA.
5. Protease inhibitor stock solutions: protease inhibitors are diluted to 1X in the

respective buffers immediately before use. Be careful handling protease inhibi-
tors, since they are usually very toxic. This is especially true for PMSF.
a. 100X PMSF: 100 mM PMSF in DMSO (store at –20°C, stable for at least 6 mo).
b. 100X chymostatin: 6 mg/mL chymostatin in DMSO (store at –20°C, stable

for about 1 mo).
c. 500X leupeptin: 0.25 mg/mL leupeptin in H2O (store at –20°C, stable for

about 6 mo).
d. 500X pepstatin: 0.35 mg/mL pepstatin in methanol (store at –20°C, stable for

about 1 mo).

2.3. Ligand Binding Assay

1. Device for rapid vacuum filtration (e.g., Cell Harvester Model M30, Brandel,
Inc., Gaithersburg, MD).

2. GF/F glass filters (Whatman, Maidstone, UK).
3. 0.3% Polyethylenimine in water.
4. Assay buffer: 50 mM Tris-HCl, pH 7.4, 150 mM NaCl.
5. [N-methyl-3H]LSD (DuPont/NEN, Dreieich, Germany).
6. Inhibitor stock solution: Dissolve 10.6 mg serotonin/HCl in 1 mL H2O. Prepare

this solution fresh every time. Serotonin/HCl can be purchased from Research
Biochemicals International (Natick, MA).

7. Liquid scintillation cocktail (Rotiszint® Eco plus, Carl Roth, Karlsruhe, Germany,
or similar product).

8. Liquid scintillation counter (e.g., Tri-Carb 1500 Liquid Scintillation Analyzer,
Canberra Packard, Dreieich, Germany, or equivalent).

2.4. Polyacrylamide Gel Electrophoresis (PAGE)
and Immunoblot Analysis

1. Equipment for PAGE and blotting device can be purchased from Pharmacia
(Freiburg, Germany), Bio-Rad (Hercules, CA), Hoeffer Scientific (San Francisco,
CA), or from another supplier.

2. 10% Polyacrylamide gels (self-made or purchased).
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3. Molecular-weight markers from Serva (Heidelberg, Germany).
4. Peptidase: N-glycosidase F (PNGaseF) from Boehringer Mannheim (Mannheim,

Germany) or New England Biolabs (Beverly, MA).
5. 10X PNGaseF reaction buffer: 500 mM sodium phosphate, pH 7.5. Usually, the

buffer is supplied with the enzyme.
6. 2X sample buffer: 250 mM Tris-HCl, pH 8.1, 25% glycerol, 12.5% -

mercaptoethanol, 7.5% SDS, and 0.01% bromphenol blue.
7. PonceauS solution: 0.2% PonceauS in 3% TCA (aqueous solution).
8. 0.45-µm Nitrocellulose filters (Schleicher and Schuell, Dassel, Germany) or

poly(vinylidene difluoride) (PVDF) membranes (Immobilon™ P, d = 0.45 µm,
Millipore, Eschborn, Germany).

9. 5X blotting buffer: 190 mM glycine, 50 mM Tris-HCl.
10. 1X blotting buffer: 100 mL 5' blotting buffer + 100 mL methanol + 300 mL water.
11. 10X phosphate-buffered saline (PBS) with sodium azide: dissolve 80 g NaCl, 2 g

KCl, 2 g KH2PO4, 11.6 g Na2HPO4, 1 g NaN3 in 1 L H2O (pH will be 7.45).
12. Antibody buffer: 1X PBS with 0.025% Tween 20.
13. Washing buffer: 1X PBS with 0.1% Triton X-100.
14. MAb 9E10 was either directly purchased (Invitrogen, San Diego, CA, or Cam-

bridge Research, Cambridge, UK) or was purified from the culture supernatant
of the corresponding monoclonal cell line derived from the American Tissue
Culture Collection (Rockville, MD; no. ATCC CRL-1729=myc1-9E10.2). Store
purified and concentrated antibody at –20°C. Supernatants from antibody pro-
ducing hybridoma cells can be collected and stored at 4°C until purification over
an appropriate affinity column. Add Na-azide to 0.01% to the supernatants to
prevent microbial growth.

15. Goat-antimouse IgG alkaline phosphatase conjugate from Sigma or Boehringer
Mannheim (Mannheim, Germany).

16. 5-Bromo-4-chloro-3-indolylphosphate-p-toluidinium salt (BCIP) stock solution:
50 mg BCIP/mL dimethylformamide (store at –20°C).

17. Nitroblue tetrazolium chloride (NBT): 50 mg NBT/mL 70% dimethylformamide
(store at –20°C).

18. AP-buffer: 100 mM Tris-HCl, pH 9.5, 100 mM NaCl, 5 mM MgCl2.

2.5. Preparation of Genomic DNA
1. Detergent buffer: 2% (v/v) Triton X-100, 1% (w/v) SDS, 100 mM NaCl, 1 mM

EDTA, 10 mM Tris-HCl, pH 8.0. The buffer can be stored at room temperature
for several months.

2. 100% Ethanol.
3. 1 mg/mL RNase A (DNase-free) from Boehringer Mannheim.
4. 4 M ammonium acetate, pH 7.5.
5. Phenol/chloroform/isoamyl alcohol 25:24:1 (store at 4°C).
6. 50-mL conical tubes.
7. 100X TE: 1 M Tris-HCl, pH 8.0, 0.1 M EDTA. Sterilize the buffer by autoclav-

ing, and store at room temperature.
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8. Nylon membrane (e.g., Biodyne A Transfer Membrane, 0.2 µm, Pall Corp., East
Hills, NY).

9. Kit for the production of a radioactive labeled probe. This can be obtained from
Boehringer Mannheim, Stratagene (San Diego, CA), or New England Biolabs.
Probe can be prepared by in vitro transcription, nick-translation, or random-
labeling methods.

3. Methods

3.1. Screening of Recombinant P. pastoris Clones
for [3H]LSD Binding Sites

3.1.1. Growth and Induction of Clones

Large numbers of selected yeast clones (His+ transformants for which the
Mut phenotype has been tested) can be easily screened for expression of 5HT5A,
since LSD specifically binds to whole cells expressing the receptor. The clone
that appeared to have the highest number of specific binding sites was selected
for subsequent propagation, membrane preparation, receptor characterization,
and scaling up.

1. Pick single yeast-transformed colonies previously characterized for Mut pheno-
type into BMGY medium (10 mL BMGY medium in a conical tube for Mut+

clones or 50 mL in a 250-mL flask for Muts clones), and let the cells grow over-
night to an OD600 of 2–6 in an incubator shaker at 30°C and 250–300 rpm.

2. Harvest cells by centrifugation at 2000g for 5 min. Resuspend Muts cells in
10 mL BMMY medium. Dilute Mut+ cells to an OD600 of 1 in BMMY medium.

3. Transfer 10–15 mL of the resuspended cells into a 100-mL baffled flask, and
allow them to grow in an incubator shaker as described above. For maintenance
of induction, supplement methanol to the cultures every 24 h. During induction,
O2 levels in the cultures should be kept as high as possible. Therefore, do not seal
the culture flasks tightly. Maximum receptor density typically was observed at
24–48 h after induction.

4. Remove 20-µL samples from the cultures at 24–48 h after induction, and deter-
mine the OD600 at either this time-point or, to analyze the time-course of expres-
sion, at multiple time-points.

5. Harvest cells by centrifugation in a microcentrifuge tube at 2000g for a few min-
utes. Freeze the pellets in ethanol/dry ice or liquid nitrogen, and store at –80°C.

6. Calculate culture densities (1 OD600 corresponds to ~5 × 107 cells/mL), and esti-
mate the number of receptors as described in Subheading 3.1.3.

3.1.2. Small-Scale Membrane Preparation

Depending on the number of positions available in the ultracentrifuge rotor,
membranes from six or eight different clones can be prepared in parallel. Mem-
branes from nonexpressing control strains should also be prepared.
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1. Harvest the yeast cells from 10–15 mL cultures 24–48 h after induction by cen-
trifugation (2000g, 4°C, 5 min) in 12- or 15-mL centrifuge tubes.

2. Resuspend the cell pellet in 2.5 mL of ice-cold breakage buffer freshly supple-
mented with the protease inhibitor mix (without PMSF), and add 2 mL of cold
acid-washed glass beads. Store the tubes on ice (see Note 1).

3. Vigorously vortex the tubes for 30 s, and then cool for a minimum of 30 s on ice.
Repeat the vortexing and cooling steps eight times. Add PMSF after every other
vortexing step (PMSF has a short half-life in aqueous solution).

4. Remove unbroken cells and cell debris by centrifugation at 1500–2000g for
5 min at 4°C.

5. Carefully transfer supernatants (1.5–2 mL) to ultracentrifuge tubes, and centri-
fuge the cell-free extracts at 100,000g for 30 min at 4°C.

6. Resuspend each membrane-enriched pellet in 500 µL of cold membrane suspen-
sion buffer supplemented with 1X protease inhibitor mix.

7. Determine the protein concentration of the preparation using a common protein
assay (Bradford, Bio-Rad; BCA protein test, Pierce, Rockford, IL). With a 15-mL
culture grown to a final OD600 of 10–12, the protein concentration should be in
the range of 9–13 mg protein/mL suspension.

8. For storage, divide the membrane suspension into three or four aliquots,
and freeze in either dry ice/alcohol or liquid N2. Store the raw membranes
at –80°C.

3.1.3. Ligand Binding Assay

In a radioligand binding assay, total binding of the radiolabeled ligand to the
sample as well as nonspecific binding in the presence of high concentrations of
an unlabeled competitor is determined. Total binding sites in a probe are meas-
ured in the presence of 10 × Kd of the radiolabeled ligand, whereas nonspecific
binding sites are measured with the unlabeled ligand added to a final concen-
tration of 1000 × Ki (see Note 2). The bound radioligand is then separated
from the free radioligand by rapid vacuum filtration (6). To determine specific
binding, the disintegrations per min owing to nonspecific binding are subtracted
from total disintegrations per minute. The number of binding sites can then be
calculated directly using the specific activity of the labeled compound. For
further information behind the theory of binding assays, data processing, and
analysis, see Hulme and Birdsall (7,8).

1. Keep raw membranes (from Subheading 3.1.2.) or cell pellets (from Subhead-
ing 3.1.1.) on ice. Ensure that the membranes are completely thawed before use.
It is important to include proper controls (i.e., cells or membranes from a nonre-
combinant yeast strain and/or cells or membranes from a strain transformed with
the vector only).

2. Prepare a fresh solution of serotonin/HCl, and hold on ice. Prepare sufficient
serotonin/HCl inhibitor stock solution to provide 20 µL for each sample in the test.
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3. Soak the appropriate number of GF/F filter sheets (for Brandel cell harvester) or
GF/F filters (for small vacuum devices) in 0.3% polyethylenimine solution for a
minimum of 1 h.

4. Suspend cells from 20 µL of culture in 300 µL of ice-cold binding assay buffer,
or dilute 6 µL of raw membrane suspension in 300 µL of this buffer and hold
on ice.

5. For each measurement, prepare five assay tubes in a rack on ice. Pipet 10 µL of
the serotonin/HCl solution and 390 µL of binding assay buffer into two of the five
assay tubes and 400 µL of the buffer into the remaining three tubes. Add 50 µL of
cells or membranes to each assay tube.

6. Dilute the [3H]LSD in binding assay buffer to a concentration of 190 nM LSD,
and add 50 µL of this solution to each tube.

7. Mix by vortexing (1–2 s), and incubate the tubes at 30°C for 30 min.
8. Separate bound from unbound [3H]LSD by rapid filtration through GF/F filters,

and wash each filter two times with ~4 mL of cold water.
9. Transfer the filters into scintillation tubes, and add 4 mL of liquid scintillation

cocktail.
10. Samples can be counted immediately, but for the most accurate results, the samples

should be held for ~24 h at room temperature before counting for 5 min each.

3.2. Analysis of N-Linked Glycosylation on the Receptor
with Peptide:N-Glycosidase F

Proteolytic enzymes from P. pastoris can cause serious protein degradation
and loss of enzyme activity (see Note 3). Addition of the SDS to membrane
proteins prior to SDS-PAGE denatures proteins, allowing proteases to degrade
them rapidly in many instances (see Note 4). For soluble proteins, this problem
can be overcome by boiling of the samples. However, membrane proteins tend
to aggregate when boiled, making difficult their subsequent detection via West-
ern analysis. Instead of boiling, protease inhibitors can be added to the samples.
However, the diversity of proteases complicates the situation so that the cor-
rect protease inhibitor mix must usually be determined empirically for each
foreign protein. Protein degradation initiated by addition of SDS to P. pastoris
membranes containing the protein could be efficiently inhibited by PMSF and
chymostatin (Fig. 1).

The following procedures utilize proteinase inhibitors as part of an experi-
ment to analyze N-linked glycosylation on myc-tagged 5HT5A receptor.

1. Incubate membranes (45–60 µg of membrane protein) with 500–1000 U of
PNGaseF in 1X PNGaseF reaction buffer for 30 min at 37°C in a 1.5-mL
microfuge tube. The final volume of the assay should be 30 µL. A second aliquot
of the same membrane preparation and a sample of membranes prepared from
nontransformed or vector only-transformed yeast cells should be treated the same
way, except without enzyme.
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2. Place the membrane protein samples on ice, add 1 µL of PMSF stock solution,
immediately transfer 31 µL of sample buffer, and mix.

3. Load 15–20 µg of protein (~20 µL)/lane along with a commercially available
mol-wt marker (boiled for 3 min) onto a 10% SDS-gel. Electrophorese samples
into two identical gels, one for Coomassie or silver staining and one for
electroblotting and subsequent immunoblot analysis.

4. For immunoblotting, transfer the proteins from the gel to a nitrocellulose mem-
brane or a PVDF membrane, using either a semidry blotting apparatus (blot for
60–80 min with a current of 1 mA/cm2 of membrane) or equivalent equipment.
If a nitrocellulose membrane is utilized, it should be soaked for at least 1 h in the
blotting buffer before use.

5. After electrotransfer, stain the membrane with Ponceau S solution for 30–60 s,
and then destain in water until the mol-wt marker is visible. Mark the marker
bands with a ballpoint pen, and then completely destain in water.

Fig. 1. Protein degradation in crude membrane preparations prepared from P.
pastoris and analyzed by SDS-PAGE. Addition of SDS containing sample buffer to
crude membranes from P. pastoris resulted in severe protein degradation, especially in
proteins in the range >50 kDa. This degradation was not prevented by incubation of
samples on ice (lane 2). Protein degradation was strongly inhibited by either boiling
samples (lane 10), or by addition of PMSF (lane 9) or chymostatin (lane 8). The pro-
tease inhibitors Pefabloc (lane 4), N-tosyl-L-phenylalanine chloromethyl ketone
(TPCK) (lane 5), N -p-tosyl-L-lysine chloromethyl ketone (TLCK) (lane 6), and
leupeptin (lane 7) did not inhibit degradation. When samples were incubated at room
temperature or at 37°C, degradation was even more severe. Degradation was also
exacerbated by conversion of ATP to ADP by hexokinase and deoxyglucose (lane 3).
Thus, protein degradation does not appear to be ATP-dependent, indicating the
ubiquitin system does not play a role.
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6. Block the membrane in antibody buffer with 4% nonfat dry milk powder for 1 h
at room temperature.

7. Apply monoclonal 9E10 (anti-myc) antibody in 10 mL of antibody buffer with 1%
BSA either for 1 h at room temperature or overnight at 4°C with gentle agitation.

8. Wash the membrane three times with washing buffer for 15 min each.
9. Apply antimouse secondary alkaline phosphatase-coupled antibodies at a

dilution of 1:2000 in 10 mL of antibody buffer with 1% BSA for 1 h at room
temperature.

10. Wash three times as described above.
11. For color development, add 10 mL of AP buffer, freshly supplemented with 66 µL

of NBT and 33 µL of BCIP.
12. After appearance of stained bands, wash the membrane extensively with water.

Dry the membrane for documentation.

3.3. Rapid Preparation of Genomic DNA

A protocol for rapid preparation of S. cerevisiae genomic DNA (9), was
adapted to P. pastoris. The resulting P. pastoris genomic DNA can be used for
the detection of multicopy events by dot-blot hybridization as well as for analy-
sis of insertion of the expression cassette via PCR. Quantitative PCR is also a
possibility to quantify the number of integrants (see Note 5).

1. Grow recombinant clones in 10 mL of YPD in 50-mL conical tubes overnight
(30°C, 250 rpm) to an OD600 > 3.

2. Collect cells by centrifugation at 1500g for 5 min at room temperature.
3. Discard the supernatant, resuspend the cells in 500 µL of sterile water, and trans-

fer the suspension to a 1.5-mL microfuge tube.
4. Centrifuge for 5 s at maximum speed, discard the supernatant, and resuspend the

cells in 200 µL of detergent buffer.
5. Add 0.3 g of glass beads and 200 µL of phenol/chloroform/isoamyl alcohol, and

vortex at maximum speed for 3 min. Three to four tubes can be handled at one time.
Wear gloves when working with phenol/chloroform/isoamyl alcohol. Fix labels
on the Eppendorf tubes with tape, and work under a fume hood, since tubes some-
times do not seal tightly owing to glass beads sticking in the lid (see Note 6).

6. Add 200 µL of 1X TE, and vortex briefly.
7. For separation of the phases, centrifuge for 5 min at maximum speed, and care-

fully transfer the upper aqueous layer to a new 1.5-mL microcentrifuge tube.
8. Precipitate nucleic acids by addition of 1 mL of 100% ethanol, invert the tubes

several times, and again centrifuge for 3 min at maximum speed.
9. Remove the supernatant carefully, air-dry (do not use a vacuum for drying), and

dissolve the pellet in 400 µL of TE.
10. Add 30 µL of 1 mg/mL RNase A, mix gently, and incubate for 5 min at 37°C.
11. Precipitate the genomic DNA by addition of 10 µL of 4 M ammonium acetate and

1 mL of 100% ethanol, mix by inversion, and centrifuge for 3 min at maximum
speed.



5HT5A Receptor 237

12. Wash the pellet with 500 µL of 70% ethanol, dry, and dissolve the DNA in 60 µL
of 1X TE.

13. Determine the DNA concentration at 260 and 280 nm using a UV spectropho-
tometer. The concentration of the DNA should be 1–2 µg/µL. The quality of the
genomic DNA can quickly be checked on an agarose minigel.

14. Determination of the copy number in each clone is done by DNA hybridization
using a 33P-labeled DNA probe. As a final step, draw a 1.5 × 1.5 cm grid onto a
nylon membrane using a ballpoint pen.

15. Carefully drop 15 µg of genomic DNA from each clone onto a field on the grid.
Also add wild-type genomic DNA and genomic DNA prepared from a clone that
contains only a single copy of the expression cassette as internal controls. As a
positive control, add 15 ng of expression plasmid DNA to one field.

16. Fix the DNA to the nylon membrane by UV illumination (90 s with low-energy
UV radiation).

17. Label the DNA probe, and perform hybridization as described with the kit for in
vitro radioactive labeling of the probe. Nonradioactive labeling methods are not
suitable for quantitative determinations of copy number.

18. After autoradiography, cut the membrane in 1.5 × 1.5 cm pieces, transfer the
pieces into a scintillation tube, and add 4 mL of liquid scintillation cocktail.
After 24 h, count in a liquid scintillation counter (maximum -energy of 33P is
0.249 MeV).

4. Notes
1. For large-scale membrane preparations, cell breakage is the most critical step.

We use the cell-disintegrator-C (BIOmatik, Rodgau, Germany), which is a con-
tinuous bead-beating device that is cooled effectively during breakage of the cells.
To break cells from a 1–2 L culture using this device, fill with maximum amount
of glass beads (~80 mL) and run at maximum speed (2500–3000 rpm). Recycle
the cell suspension (~25% wet cells/volume of breaking buffer) once at a pump
speed of 0.7 mL/min. With 5HT5A, we noted 30% loss in specific activity dur-
ing this process. Another cell disruption system is the cell homogenizer from B.
Braun Biotech Int. (Melsungen, Germany), which works well with S. cerevisiae
and, therefore, should also work with P. pastoris. The Microfluidizer from Con-
stant Systems Ltd. (Warwick, UK) is reported to be very efficient and may work
better than the bead-base disruption devices. This latter system is most expen-
sive, however.

2. For the initial screening of large numbers of clones using the radioligand binding
assay, one can work with a concentration of the labeled ligand lower than 10 × Kd

(3–5 × Kd) which significantly lowers the cost. If the Kd of the ligand to a certain
receptor is unknown, the Kd must be calculated from a saturation curve by non-
linear regression. If the Kd is published for the target receptor, determine a suit-
able ligand concentration by adding ligand to 0.1–10 × the Kd. For quantitative
measurements, maximal ligand concentrations should be at least 5 × Kd, whereas
the receptor concentration in the test should be <0.5 Kd.



238 Weiß, Haase, and Reiländer

3. Epitope tags used for detection and/or purification of target proteins and for
localization studies may be sensitive to proteolytic degradation. To overcome this
problem, express the tagged protein in a protease-deficient strain, change the loca-
tion of the tag on the target protein, or fuse protein to a different tag.

4. Test whether the specific immunoblot signal for the protein is still present after
boiling samples (usually for about 3 min) prior to SDS-PAGE. If signal for the
protein is still present, then routinely boil the sample before SDS-PAGE. For
PNGase F digestion, boil the target protein prior to treatment with PNGaseF. For
this, heat the membrane protein samples in 0.5% SDS and 1% -mercaptoethanol
for 10 min. Since PNGaseF is inhibited by SDS, add the nonionic detergent NP-
40 to 1% together with PNGaseF into the deglycosylation reaction. The detergent
solution is usually supplied with the enzyme. Enzymatic deglycosylation by
PNGaseF can be inhibited by incomplete denaturation of the target protein. An
alternative means of studying glycosylation of a protein is with tunicamycin
(Sigma), which inhibits in vivo the first step in the synthesis of the core oligosac-
charide on dolichol-phosphate and subsequent N-linked glycosylation. Prepare a
stock solution of 1 mg/mL tunicamycin in 0.1 N NaOH, which can be stored at
–20°C for several months without loss of activity. Add tunicamycin to the cell
culture at a final concentration of 15 µg of tunicamycin/mL of culture shortly
after induction of the cells with methanol.

5. Heterologous expression of the 5HT5A receptor was higher in yeast clones bear-
ing multiple copies of the expression vector. As described for certain secreted
proteins, the optimal copy number is sometimes not the highest for best expres-
sion levels (10). For expression of the 5HT5A receptor, the optimal copy number
appears to be about 3 (11). For selection of clones bearing higher copy numbers,
the G418 resistance scheme may be used (12). However, if an efficient colony
assay is available to identify high-level expression clones, it may be more effi-
cient to screen a large number of clones directly for protein expression.
Spheroplasting in this case is the transformation method of choice, since it pro-
duces a higher rate of multicopy clones than other methods.

6. During preparation of genomic DNA, a 3-min vortexing step may be insufficient
to break the yeast cells, especially when using a multitube vortexer. It is possible
to increase the time to 4–5 min, but this most probably will result in further shear-
ing of the genomic DNA. Monitor cell breakage in a light microscope and limit
vortexing time to that needed to break at least 50% of the cells.
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Localization of the myc-Tagged 5HT5A Receptor
by Immunogold Staining of Ultrathin Sections

Winfried Haase, H. Markus Weiß, and Helmut Reiländer

1. Introduction
Immunohistochemistry is a powerful technique to localize proteins in tis-

sues and cultured cells as well as in fractions of subcellular compartments, like
mitochondria, endoplasmic reticulum, vesicles, and membranes. In most cases,
the detection of a specific protein occurs by a sandwich approach, consisting of
a specific primary antibody directed against the target protein and a secondary
antibody directed against the primary antibody, which is coupled to a marker
for subsequent visualization. Therefore, a key prerequisite for the successful
localization of a target protein is the availability of a high-quality specific pri-
mary antibody preparation. The production of specific polyclonal antibodies or
monoclonal antibodies (MAb) can be time-consuming and cumbersome, and must
be performed for each new target protein. Furthermore, membrane proteins are
often poorly antigenic. Additional difficulties may arise when an antibody
preparation raised against the target protein has a high background of nonspe-
cific antibodies or when the antibodies, despite working well for Western blot
analysis, do not work well for immunohistochemical studies.

For immunolocalization of recombinant proteins, most of these problems
can be overcome by expressing the protein as a fusion with another protein or
a peptide tag (see Chapter 15) for which highly specific antibodies are avail-
able. During the construction of a cloning vector for heterologous expression,
the coding region of the target protein is fused to sequences encoding one of
these tag proteins or peptides. We found that the c-myc tag, which is recog-
nized by the mouse MAb 9E10, is ideally suited for immunolocalizations in
yeasts as well as other organisms (1–4). This tag is extremely stable, tolerating
the constraints of harsh sample preparation needed when samples are prepared
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for examination in an electron microscope. Epitope tagging is an efficient
method for the localization of membrane proteins, and also of secreted and
intracellularly located proteins. With such a method, questions, such as where
the recombinant protein is localized, whether the protein is correctly targeted,
and how abundant the recombinant protein is, can be answered.

Depending on the desired resolution in the localization study, either light or
electron microscopic immunostaining, involving either pre- or postembedding
labeling procedures, can be performed. However, in the case of yeast cells like
Pichia pastoris, problems occur owing to the rigid cell wall. Therefore, light and
electron microscopic pre-embedding immunostaining cannot be performed directly
on untreated cells. The yeast cells must be spheroplasted prior to the application of
pre-embedding techniques. For an overview of low-resolution immunofluorescence
techniques as well as the preparation of yeast spheroplasts, see Pringle et al. (5).
However, spheroplasting may result in the degradation of proteins located on the
surface of the plasma membrane. Thus, for localization of a recombinant protein
in a yeast cell, the postembedding labeling method is usually preferred (6). With
this method, insertion of a myc-tag at either an extra- or intracellular domain of a
recombinant protein is satisfactory for reaction with the 9E10 antibody.

Here, we present an electron microscopic postembedding immunostaining
method that has been successfully used for the detection and localization of the
myc-tagged 5HT5A serotonin receptor heterologously expressed in P. pastoris
(4; Fig. 1). The method should be generally applicable to any myc-tagged
recombinant protein. For additional information on methods of microscopic
immunogold staining, see Griffiths (7) and Hayat (8).

2. Materials
2.1. Yeast Strain

The methylotrophic yeast P. pastoris (Invitrogen, San Diego, CA) bearing
recombinant plasmid pPIC9-5HT5A myc was used for the expression of the
mouse 5HT5A receptor. The serotonin receptor was tagged with the c-myc at
the N-terminus as described previously (4).

2.2. Fixation and Embedding

Chemicals should be analytical grade, and can be obtained from either Merck
(Darmstadt, Germany) or Sigma (St. Louis, MO).

1. Glutaraldehyde.
2. Para-formaldehyde.
3. Uranyl acetate.
4. Lead citrate.
5. Sodium meta-periodate.
6. Sodium cacodylate.



myc-Tagged 5HT5A Receptor 243

7. Tween-20.
8. Triton X-100.
9. BSA.

Fig. 1. Postembedding immunogold staining of P. pastoris SMD 1163 cells heter-
ologously expressing the myc-tagged 5HT5A receptor. The myc-tagged receptor was
visualized by reaction with the MAb 9E10 and secondary goat antimouse polyclonal
antibodies coupled to gold particles. Gold particles were enlarged by silver enhance-
ment. No labeling is observed in yeast cells expressing the nontagged receptor (A). In
cells expressing the myc-tagged receptor, specific labeling occurs either over the
endoplasmic reticulum (B), most probably during the early phase of expression, or
over the vacuole (C,D). ER = endoplasmic reticulum; M = mitochondrium; N =
nucleus; V = vacuole. Bars = 0.5 µm.
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10. Glycine.
11. Ethanol.
12. Cacodylate buffer: 0.1 M sodium cacodylate-HCl, pH 7.2.
13. Agar-agar (Serva, Heidelberg, Germany).
14. Gelatin capsules (Pohl-Boskamp GmbH & Co., Hohenlockstedt, Germany).
15. Embedding medium LR White (London Resin Co., Basingstoke, UK).
16. Fixation solution: 4% para-formaldehyde/2.5% glutaraldehyde in cacodylate

buffer (see Note 1).

2.3. Immunogold Staining
1. Nickel grids (Plano GmbH, Wetzlar, Germany).
2. Formvar® (Serva, Heidelberg, Germany).
3. Parafilm.
4. 0.1 M HCl.
5. PBS buffer: 8 g/L NaCl, 0.2 g/L KCl, 1.44 g/L Na2HPO4, 0.24 g/L NaH2PO4.
6. Filters (sterilized and stored at room temperature).
7. MAb 9E10 (either purchased from Invitrogen or Cambridge Research, Cam-

bridge, UK, or purified from the culture supernatant of the monoclonal cell line
from the American Tissue Culture Collection, No. ATCC CRL-1729=myc1-
9E10.2). Store purified and concentrated antibody at –20°C. Supernatants from
antibody-producing hybridoma cells can be collected and stored at 4°C until
purified. Add Na-azide to ~0.01% to the supernatants to prevent microbial
contamination.

8. Secondary goat antimouse polyclonal antibody coupled to 10-nm gold particles
(Amersham Buchler, Braunschweig, Germany).

9. Silver enhancement kit (IntenSE™M, Amersham Buchler).

3. Methods
3.1. Fixation and Embedding

1. Grow recombinant P. pastoris as described in Chapter 15.
2. Harvest cells ~25 h after induction of expression, and immediately fix.
3. Resuspend yeast cell pellets (e.g., a pellet from a 10 mL culture, OD600 20,

which corresponds to ~1 × 109 cells) in fixation solution, and incubate for 5 h at
room temperature.

4. Centrifuge briefly, discard the supernatant (fixative), resuspend in cacodylate
buffer supplemented with 2% glycine, and incubate the pellet at 4°C overnight.

5. To avoid repeated centrifugation during the different dehydration steps and
medium changes during embedding in plastic resins, encapsulate the cells in agar–
agar. For this, boil 2% agar–agar in water until a clear solution is obtained. Cool
the agar solution in a water bath to about 40°C, and then pour the agar as a thin
layer onto a prewarmed glass plate (e.g., a microscope slide).

6. Collect the fixed cells by a brief centrifugation, and add a compact piece of cell
pellet with a minimum of residual fluid into the still molten 2% agar on the slide.
Stir with a fine needle. The volume of the cells should be kept as small as possible.
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7. Cool the slide to 4°C, and carefully cut small (2 × 2 mm) cubes from the solidi-
fied agar with a scalpel.

8. Dehydrate the cell sample-containing agar cubes in an Eppendorf tube by incu-
bation in increasing concentrations of ethanol (50, 70, 90%). Incubate the cubes
for 15 min at each step, changing the ethanol three times during each incubation
at each step.

9. Infiltrate the cubes in a microcentrifuge tube with 1 vol of LR White resin and 2
vol of 90% ethanol. Then treat with equal volumes of resin and ethanol followed
by 2 vol resin and 1 vol ethanol, each twice for 2 h. Subsequently, incubate over-
night in 100% LR White resin. On the next day exchange the resin three times
with 3 h incubations at room temperature at each point.

10. Embed the cubes in dried gelatin capsules (BEEM capsules can also be used for
embedding). Fill the capsules up to the top with resin and close carefully. Avoid
the trapping of air; otherwise polymerization will be incomplete.

11. Polymerize the resin in the gelatine capsules by incubation at 55°C for about 24 h
(see Note 2).

3.2. Immunogold Staining

1. Perform postembedding immunogold staining on ultrathin sections (<0.1 µm)
mounted on Formvar®-coated nickel grids. The Formvar® coating has the follow-
ing advantages:
a. It allows the use of grids that have a large viewing area;
b. It allows small sections to adhere to grids efficiently;
c. It allows grids to float by surface tension on surfaces of incubation solutions;

and
d. It inhibits interactions between the colloidal gold particles and the grid material.
With respect to the last point, nickel or gold grids are preferable to copper grids.

2. For subsequent immunolabeling of the sections, float the grids with the sections
side facing downward on droplets of ~20–30 µL of solutions. Normally, the drop-
lets are placed on sheets of parafilm. The grids are carefully transferred with
tweezers from one drop of solution to the next drop. Carefully, adsorb fluid from
one solution with filter paper before moving grid to the next solution. However,
avoid drying of the grid surface.

3. Treat the grids at room temperature with the following solutions in the listed order:
a. Water-saturated sodium meta-periodate for 1 h.
b. Water three times for 3 min each.
c. 0.1 N HCl for 10 min.
d. Water three times for 3 min each.
e. PBS + 1% BSA + 0.5% Tween 20 + 0.5% Triton X-100 for 15 min.
f. PBS + 0.1% BSA + 0.05% Tween 20 twice for 10 min each.
g. Primary MAb 9E10 (0.5 µg/mL in PBS with 0.1% BSA) for 2 h (see Note 3).
h. PBS + 0.1% BSA + 0.05% Tween 20 four times for 5 min each.

4. Dilute the secondary goat antimouse polyclonal antibody coupled to colloidal
gold 1:50 in PBS, and incubate with the grids for about 1 h at room temperature.
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The secondary antibody must be directed against the species from which the pri-
mary antibody was obtained, i.e., when a mouse MAb is used as a primary anti-
body, as is the case here, an antimouse gold-coupled secondary antibody from
either goat, rabbit, or rat must be applied.

5. After incubation with the secondary antibody, treat the grids at room temperature
with the following solutions in the listed order:
a. PBS + 0.1% BSA + 0.05% Tween 20 twice for 5 min each.
b. PBS three times for 5 min each.
c. 1% Glutaraldehyde in PBS for 10 min.
d. Water three times for 5 min each.

6. Before the dry sections can be visualized in an electron microscope, they must be
double-contrasted. For this, incubate the grids with 2% uranyl acetate for 2 min
and then 1% lead citrate for 1 min with a washing step for 1 min in water follow-
ing each treatment (9) (see Note 4).

7. Examine the sections in an electron microscope.

4. Notes

1. We recommend the inclusion of para-formaldehyde in the fixative, because its
small size allows it to penetrate the cells faster than glutardialdehyde. For each
antigen to be analyzed, the optimal concentration of glutardialdehyde (0.1–2.5%)
in fixative and duration of fixation time must be empirically determined to bal-
ance retention of antigenicity and good structural preservation. Sodium cacody-
late buffer is routinely used in the fixative, but other buffer systems may be used
as well. Fixation by osmiumtetroxide should be avoided, since this compound
interferes with the antigenicity of membrane-bound proteins.

2. There are several embedding media commercially available. For postembedding
immunostaining, hydrophilic media like LR White (London Resin Company),
Lowicryl (Chemische Werke Lowi GmbH & Co, Waldkraiburg, Germany), and
Unicryl (British BioCell International, Cardiff, UK) are recommended. Epoxy
resins are less well suited, since they tend to interact with the protein, resulting in
a loss of antigenicity. They also require total dehydration of the samples. Some-
times, good results can also be obtained with the low-viscosity epoxy resin for-
mulated by Spurr (10), but sections prepared as described above will have low
contrast. With the LR White resin, polymerization can be achieved either by
application of heat (55°C for ~24 h) or by illumination with UV light (Sylvania/
Blacklite-Blue). During the UV treatment (15 h), the temperature can be kept at
22°C or lower.

3. To avoid nonspecific binding of polyclonal antibodies, a protein A-purified IgG
fraction should be used; affinity-purified antibodies are highly recommended. In
addition, nonspecific binding sites must be blocked prior to incubation. Blocking
with 1% BSA in most cases is sufficient, but supplements of Tween 20 and/or
Triton X-100 are preferable. However, some antibodies are inactivated by deter-
gents. Fish gelatine (Science Services, München, Germany) and nonfat dry milk
powder, which is available in many drugstores, are alternatives to BSA and give
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acceptable results. Nonspecific binding also depends on the concentrations of the
antibodies applied. Therefore, a series of antibody dilutions should be tested. To
find the optimal antibody dilution, it may help to compare background labeling
over intracellular compartments like mitochondria with labeling over structures
where the antigen is expected to reside.

4. Gold particles of 5 nm, coupled to the secondary antibody, are preferred because
higher labeling densities can be achieved. For better visualization of these small
gold particles, we recommend enlargement of the gold particles by silver
enhancement. For this, we use the kit from Amersham and follow the protocol for
the enhancement provided with the kit. However, to slow the silver reaction pro-
cess, cool the two components of the kit to 4°C before mixing (1:1), and incubate
the grids on droplets placed on an ice-cooled metal plate covered with a sheet of
parafilm for approx 4 min.
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Appendix

Foreign Proteins Expressed in P. pastoris

Protein (organism) Modeb Ref.

Bacteria
-Galactosidase (Escherichia) I 1
-Lactamase (Escherichia) I 2

Pertussis pertactin protein (Bordetella) I 3
Streptokinase (Streptomyces) I 4
Tetanus toxin C fragment (Clostridium) I 5
Accessory cholera enterotoxin (Vibrio) S 6
D-Alanine carboxypeptidase (Bacillus) S 7
Subtilisin inhibitor (Streptomyces) S 8

Fungi
Catalase T (Saccharomyces) I 9
Laccase (Tramates) I 10
Alt a 1 allergen (Alternaria) S 11
Catalase (Aspergillus) S 12

-Cryptogein (Phytophthora) S 13
Dipeptidyl-peptidases IV and V (Aspergillus) S 14,15
Glucoamylase (Aspergillus) S 16

-Glucosidase (Candida) S 17
Invertase (Saccharomyces) S 18
Lipase (Geotrichum) S 19

1,2-Mannosyltransferase (Saccharomyces) S 20
Pectate lyase (Fusarium) S 21
Vitamin B2-aldehyde-forming enzyme S 22
(Schizophyllum)

Plants
Glycolate oxidase (Spinach) I 9,23
Hexose oxidase (Red Alga) I 24
Hydroxynitrile lyase (Hevea) I 25
Nitrate reductase (Arabidopsis) I 26
Phosphoribulokinase (Spinach) I 27
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Protein (organism) Modeb Ref.

Phytochromes A and B (Potato) I 28
-Amylase isozymes (Barley) S 29

Cyn d 1 allergen (Bermuda grass) S 30
-Galactosidase (Coffee bean) S 31

Group I allergen (Timothy grass) S 32
Invertebrates

Green fluorescent protein (Jellyfish) I 33
Bm86 antigen (Tick) I 34
Dragline silk protein (Spider) I 35
Luciferase (Fire fly) I 36
Acetylcholinesterase (Electric eel) S 37
ADP-ribosyl cyclase (Aplysia) S 38
Angiotensin-converting enzyme (Fruit fly) S 39
Anticoagulant pepetide (Tick) S 40
Ghilanten (Leech) S 41
Hirudin (Leech) S 42

Vertebrates (other than humans)
Carnitine palmitoyltransferases (Rat) I 43
17 -Hydroxylase/C17,20-lyase (Shark) I 44
Leukocyte 12-lipoxygenase (Pig) I 45
Multifunctional enzyme (Rat) I 46
NO synthase reductase domain (Rat) I 47
Polyomavirus large T antigen (Mouse) I 48
Reovirus 1 core protein (Mouse) I 49
Acetylcholinesterase H and T subunits (Rat) S 50

-N-acetylgalactosaminidase (Chicken) S 51
Angiotensin converting enzyme (Rabbit) S* 52
Antifreeze protein type II (Sea raven) S 53
Carbonic anhydrase inhibitor (Pig) S 54

-Casein (Cow) S 55
Cholesteryl ester transfer protein (Rabbit) S 56
Complement regulator (Rat) S 57
Enterokinase catalytic domain (Cow) S 58
Epidermal growth factor (Mouse) S 59
Follicle-stimulating hormone -subunit (Cow) S 60
Gelatinase B (Mouse) S 61
Herpesvirus type 1 glycoprotein D (Cow) S 62
High-mobility group 1 (HMG1) protein (Rat) S 63
Interferon-  (Goat) S 64
Intestinal peptide transporter (PepT1) (Rabbit) S* 65
Lysozyme (Cow) S 66
Macrophage inflammation protein 2 (Mouse) S 67
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Protein (organism) Modeb Ref.

Major urinary protein complex (Mouse) S 68
-Mannosidase (Mouse) S 69

Neural cell adhesion molecule, first S 70
immunoglobulin-like domain (Mouse)

Opsin (Cow) S* 71
5-HT5A Serotonin receptor (Mouse) S* 72
Sialoglycoprotein type I (Rat) S 73
Single-chain Fv fragments (Mouse) S 74

Humans
Caspase 3 I 75
Carnitine palmitoyltransferase I I 76
CD40 ligand I 77
Cytomegalovirus ppUL44 antigen I 78
dsRNA-specific editase 1 I 79
Hepatitis B surface antigen I 80
Hepatitis B surface antigen-HIV gp41 I 81
  epitope chimera
Hepatitis E virus ORF3 protein I 82

-Mannosidase I 83
NonO nucleic acid binding protein I+ 84
Prolyl 4-hydroxylase I 85
Protein kinase C I 86
Proteinase inhibitor 6 I 87
Proteinase inhibitor 8 I 88
Tumor necrosis factor I 89
Amyloid precursor protein S 90
Amyloid -protein precursor-like protein-2 S 91
  (Kunitz-type proteinase inhibitor domain)
Angiostatin (kringles 1-4 of plasminogen) S 92
Aprotinin analog S 93
B7 Costimulatory molecules and CTLA-4 S 94
  counter receptor
B7-2 Extracellular domain-scFv chimeric protein S 95
Cathepsin E S 96
Cathepsin K S 97
Cathepsin L propepetide S 98
Collagen type III S 85
Decay-accelerating factor (echovirus receptor) S 99
Dengue virus structural protein S 100
Epidermal growth factor S 101
Fas ligand (soluble form) S 102
Fibrinogen  chain C-terminus S 103
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Protein (organism) Modeb Ref.

Fibroblast collagenase S 104
HIV-1 envelope protein S 105
Influenza virus neuraminidase head domain S 106
Insulin-like growth factor 1 S Chapter 11
Interleukin-6 (cytokine receptor domain) S 107
Leukemia inhibitory factor (LIF) receptor S 108
  component gp130
Lymphocyte surface antigen CD38 S 109
MHC class II heterodimers (soluble form) S 110
Monocyte chemotactic protein S 111
µ-Opioid recepter S* 112
Procathepsin B S 113
Proteinase 3 S 114
Serum albumin S 115
Tissue-type plasminogen activator S 116
  (kringle 2 domain)
Thrombomodulin S 117
Transferrin (N-terminal domain) S 118
Urokinase-type plasminogen S 119
activator-anexin V chimeras

Vaccinia virus complement control protein S 120

aI=Intracellular; I+ = Endoplasmic reticulum resident protien; S = Secreted plasma membrane
protein.
bPublished reports of foreign protiens expressed in Pichia pastoris and listed in medline (http:/
/www.ncbionlm.nih.gov/htbn-post/Entrez/query?db=m_d) through December 1997.
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