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Abstract Pichia pastoris has been used extensively and successfully to express recombinant
proteins. In this review, we summarize the elements required for expressing heterologous
proteins, and discuss various factors in applying this system for protein expression. These
elements include vectors, host strains, heterologous gene integration into the genome, secretion
factors, and the glycosylation profile. In particular, we discuss and evaluate the recent progress
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in optimizing the fermentation process to improve the yield and stability of expressed proteins.
Optimization can be achieved by controlling the medium composition, pH, temperature, and
dissolved oxygen, as well as by methanol induction and feed mode.

Keywords Pichia pastoris - Protein expression - Methanol induction - Dissolved oxygen -
Gene integration - Alcohol oxidase promoter - AOX1

Introduction

Recombinant protein production in the yeast strain Pichia pastoris has several advantages
over other eukaryotic and prokaryotic expression systems: (1) rapid growth rate, coupled
with ease of high cell-density fermentation; (2) high levels of productivity in an almost
protein-free medium; (3) elimination of endotoxin and bacteriophage contamination; (4)
ease of genetic manipulation of well-characterized yeast expression vectors; (5) absence of
known human pathogenicity in the spectrum of lytic viruses that prey on P. pastoris; (6)
diverse posttranslational modifications that include polypeptide folding, glycosylation,
methylation, acylation, proteolytic adjustment, and targeting to subcellular compartments;
and (7) the ability to engineer secreted proteins that can be purified from growth medium
without harvesting the yeast cells themselves.

Most P pastoris expression systems use the methanol-induced alcohol oxidase (AOX1)
promoter [1]. Upon induction by methanol, the fraction of total soluble protein that is composed
of alcohol oxidase can typically rise to 30% [2], indicating the power of this promoter element.
AOXI1 has been characterized and incorporated into a series of commercially available P
pastoris expression vectors, which require the following elements: (1) 5'-AOX1 (the alcohol
oxidase promoter upstream of the gene of interest); (2) SIG (a secretion signal sequence); (3)
MCS (a multiple cloning site with many, preferably unique, endonuclease sites); (4) TT (a
transcription termination site); (5) HIS4 (a marker for selection by hydroxyhistidinase); (6)
Amp" (for selection with ampicillin); and (7) ColB1 (a replication element for plasmid
propagation in E. coli) [3]. Candidate SIGs that have been used for successfully expressing
recombinant proteins include PHOs (acid phosphatase), SUC2 (invertase), the 128-kDa pGKL
killer protein, the leader sequence of the Pichia acaciae killer toxin, a phytohemagglutinin
signal sequence (PHA-E) from Phaseolus vulgaris, and alpha-MF (a yeast mating factor). In
general, the stability of secreted proteins recovered from a P. pastoris fermentation system
can be improved upon by the addition of amino acid- or peptone-rich supplements, and by
proper pH management of culture media. P. pastoris grows in a broad acidic pH range of 3.3
to 7.0. This property of the yeast is useful when adjustment of pH is necessary for
minimizing the degradation of proteins secreted into the culture medium.

Protein purification from P. pastoris is also straightforward. The secreted and soluble
proteins can be directly recovered by clarification of the P. pastoris culture media by
centrifugation. Samples can be concentrated and purified by subjecting the supernatant to
ultrafiltration, precipitation, and/or adsorption/elution chromatography. The yield of
secreted protein can be increased dramatically during fermentation by utilizing multistage
processes that sequentially scale up yeast from small “starter cultures” in a nonfermenting
fashion, increase biomass by feed-batch fermentation and, finally, induce the gene of
interest [4]. Typically, a three-stage system of this type for P. pastoris would be composed
of the following:

Stage 1  Small batch culture of engineered yeast from archive in a nonfermentable carbon
source such as glycerol; usable static volume 500 ml-1 1.
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Stage 2 Increasing volume feed-batch culture where glycerol is added at growth-limiting
amounts to optimize biomass production; 1-10 1 in scale-up.

Stage 3 Actual induction of the gene of interest driven by the AOX1 promoter by addition
of methanol to the fermentation culture; 10 1 up to industrial production volumes,
optimizing cell growth rates and metabolic rates vs secreted protein production [5].

Expression Vectors and Host Strains

Expression of a foreign gene in P. pastoris requires three basic steps: (a) the insertion of the
gene into an expression vector; (b) integration of the expression vector into the P. pastoris
genome; and (c) selection of potentially expressing strains for the foreign gene [6]. A variety
of P. pastoris expression vectors and host strains are available. More detailed information on
vectors and strains can be found in Higgins and Cregg [5]. In addition, the DNA sequences
of many vectors are available at the Invitrogen website (www.invitrogen.com).

Expression Vectors
General Features of a Typical P. pastoris Expression Vector

One of the major features shared by all P. pastoris expression vectors is an expression
cassette, which is composed of a promoter sequence (most often the AOXI promoter), a
transcriptional termination sequence derived from 40X1 that directs efficient 3’ processing
and polyadenylation of the mRNAs, and, between them, single or multiple cloning sites for
insertion of the foreign gene [7]. The design of the expression cassette ensures that the
resulting transcription product (cap-4OX7 5" UTR-ORF-3" UTR-polyA) is a mature mRNA
structure that is familiar to the yeast cellular machinery and does not contain cryptic
sequences that may affect message stability or translational efficiency [1].

The insertion of a foreign coding sequence into the expression vector is usually carried
out in Escherichia coli; therefore, all expression vectors of P. pastoris have been designed
as E. coli/P. pastoris shuttle vectors. Besides the expression cassette, they also contain an
origin of replication for plasmid maintenance in bacteria, along with selectable markers for
transformation of the vector in both organisms. For secretion of foreign proteins, some
expression vectors contain sequences encoding a secretion signal that are in frame with the
foreign gene. These include the secretion signals of P. pastoris acid phosphatase (PHOI)
and S. cerevisiae a-mating factor (0-MF). Figure 1 is the map of pPICZa vectors including
the general features.

Some vectors also contain a fragment originating from 40X 3’ sequences that can be
used along with the AOXI promoter sequences to carry out AOXI gene replacement, as will
be described in the “Integration Strategies” section.

Alternative Promoters for Expression in P. Pastoris

In circumstances where the 40X/ promoter is not suitable, other promoters like GAP,
FLDI1, PEXS, and YPT7 can be used. The GAP promoter is derived from the P. pastoris
glyceraldehyde-3-phosphate dehydrogenase (GAP) gene [8]. The advantage of using this
promoter is that methanol is not required for induction, nor is it necessary to shift cultures
from one carbon source to another, making strain growth and protein expression more
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Fig. 1 Map of pPICZo. 5" AOX1 promoter region: bases 1-941. 5" AOX1 priming site: bases 855-875. a-
factor signal sequence: bases 941-1207. o-factor priming site: bases 1144—1164. Multiple cloning site: bases
1208-1276. c-myc epitope: bases 1275-1304. Polyhistidine (6xHis) tag: bases 1320-1337. 3" AOX1 priming
site: bases 1423-1443. AOX1 transcription termination region: bases 1341-1682. TEF1 promoter: bases
1683-2903. EM7 promoter: bases 2905-2162. Sh ble ORF: bases 2163-2537. CYCI transcription
termination region: bases 2538-2855. PUC origin: bases 2866-3539. * Pstl is in Version B only. Clal is
in Version C only. + The two Xhol sites in the vector allow the user to clone their gene in frame with the
Kex2 cleavage site, resulting in expression of their native gene without additional amino acids at the N-
terminus. (Adapted from www.invitrogen.com)

convenient and straightforward. The GAP promoter is also convenient for expressing
labeled proteins for NMR studies if culture is restricted to single carbon source. Because the
GAP promoter is expressed constitutively, it is not a good choice for the production of
proteins that may be toxic to the yeast.

The FLDI promoter is derived from the P. pastoris FLDI gene [9]. It is induced by
either methanol as a sole carbon source (with ammonium sulfate as a nitrogen source), or
methylamine as a sole nitrogen source (with glucose as a carbon source), but it is repressed
in medium with glucose and ammonium sulfate. Thus, the FLDI promoter offers the
flexibility of inducing high levels of protein expression with methylamine, which is an
inexpensive nitrogen source.

The PEXS and YPTI promoters are useful when moderate expression levels are desirable
[10]. The PEXS gene encodes a peroxisomal matrix protein that is essential for peroxisome
biogenesis [11]. The level of expression from the PEXS promoter in methanol is
significantly lower than that from the FLDI and AOXI promoters. The YPTI gene encodes
a GTPase involved in secretion. The YPT! promoter provides a low but constitutive level of
expression in media containing glucose, methanol, or mannitol as carbon sources [12].

Selectable Markers

Although classical and molecular genetic techniques are generally well developed for P,
pastoris, few selectable marker genes have been described for the molecular genetic
manipulation of the yeast. Existing markers are limited to the biosynthetic pathway genes
HIS4 from either P. pastoris or Saccharomyces cerevisiae: ARG4 from S. cerevisiae; the
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bacterial kanamycin-resistance gene (kan™), which confers resistance to high levels of G418
[13]; and the Sh ble gene from Streptoalloteichus hindustanus, which confers resistance to
the bleomycin-related drug zeocin [14, 15, 16]. The stable expression of human type III
collagen illustrates the need for multiple selectable markers in P. pastoris [6].

Recently, a new set of biosynthetic markers has been isolated and characterized
from P. pastoris: the ADE] (PR-amidoimidazole succinocarboxamide synthase), ARG4
(argininosuccinate lyase), and URA3 (orotidine 5’-phosphate decarboxylase) genes [17].
Each of these selectable markers has been incorporated into expression vectors.

Host Strains

All P. pastoris expression strains are derivatives of NRRL-Y 11430 (Northern Regional
Research Laboratories, Peoria, IL). Most have a mutation in the histidinol dehydrogenase
gene (HIS4) to allow for selection of expression vectors containing HIS4 upon
transformation [14]. Other biosynthetic gene/auxotrophic mutant host marker combinations
are also available, but are used less frequently (cf. “Selectable Markers”). Before
transformation, all these strains grow on complex media, but require supplementation with
histidine (or other appropriate nutrient) for growth on minimal media.

Methanol Utilization Phenotype

Three types of P. pastoris host strains are available that vary with regard to their ability to
utilize methanol. Most strains grow on methanol at the wild-type rate (Mut’, methanol
utilization plus phenotype). Two other types of host strains (Mut® and Mut, methanol
utilization slow and minus phenotype, respectively), however, have deletions in one or both
AOX genes. Strains with deleted 4OX genes sometimes are better producers of foreign
proteins than wild-type strains [18, 19]. In addition, these strains require much less
methanol to induce expression, which is an advantage in large-scale fermentation where
large quantities of methanol are considered a significant fire hazard.

The most commonly used expression host of P. pastoris is GS115 (his4), which is wild
type with regard to the AOX1 and A0X2 genes, and grows on methanol at the wild-type rate
(Mut") [14]. KM71 (his4 arg4 aoxI A: SARG4) is a strain in which the chromosomal 40X/
gene is largely deleted and replaced with the S. cerevisiae ARG4 gene [20]. As a result, this
strain must rely on the much weaker 4OX2 gene for AOX and grows on methanol at a slow
rate (Mut®). The third host, MC100-3 (his4 arg4 aoxIA: SARG4 aox2A: Phis4), is deleted
of both 40X genes and is unable to grow on methanol (Mut ) [15]. All of these strains,
even the Mut strain, retain the ability to induce expression at high levels from the AOX1
promoter [21].

Protease-deficient Host Strains

Some secreted foreign proteins are unstable in the P. pastoris culture medium because of
rapid degradation by proteases. Vacuolar proteases appear to be a significant factor in
protein degradation, particularly in fermentor cultures, owing to the high-cell-density
environment, in combination with the lysis of a small percentage of cells. Several protease-
deficient strains, SMD1163 (his4 pep4 prbl), SMDI1165 (his4 prbl), and SMD1168 (his4
pep4), have been shown to be effective in reducing degradation of some foreign proteins
[10, 22]. The pep4 gene encodes proteinase A, a vacuolar aspartyl protease required for the
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activation of other vacuolar proteases, such as carboxypeptidase Y and proteinase B.
Proteinase B has about half the activity before processing and activation by proteinase A.
The prbl gene encodes proteinase B. Therefore, proteinase A and carboxypeptidase Y
activities are substantially decreased or eliminated in pep4 mutants, and proteinase B
activity is decreased substantially. In the prb/ mutant, only proteinase B activity is
eliminated, whereas in pep4 prbl double mutants all these protease activities are reduced
substantially or eliminated.
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Fig. 2 Map of integration of a heterologous gene into the genome of Pichia pastoris. (A) Single copy
integration; (B) Multiple copy integration (Adapted from www.invitrogen.com)
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Integration, Transformation, and Selection
Integration of Expression Vectors into the P. pastoris Genome

Because no stable episomal vectors have been developed for P. pastoris, expression vectors
are usually integrated into the P. pastoris genome (Fig. 2) to obtain stable expression
strains, via either of the two methods described below. The integrants thus generated are
stable in the absence of selective pressure, even when present as multiple copies.

Integration Strategies

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 [5,
17]. The first, and simplest, way of integration is to digest the vector at a unique site with a
restriction enzyme within either the marker gene (HIS4) or the AOXI promoter sequences,
and then to transform the linearized vector into the appropriate auxotrophic mutant (his4
mutant). The free DNA termini stimulate the vector to recombine homologously at the cut
locus via a single crossover event with high frequency (50-80% of His" transformants).
The remaining transformants have undergone gene conversion events in which only the
marker gene from the vector has integrated into the mutant host locus without other vector
sequences. Alternatively, certain P. pastoris expression vectors can be digested in such a
way that the resulting DNA fragment containing the expression cassette and marker gene
(HIS4) is flanked by 5’ and 3" AOX1 terminal sequences that stimulate gene replacement
events at AOX1, leading to AOXI gene deletion and replacement by the expression cassette
and marker gene. The resulting replacement strains, which constitute approximately 10—
20% of transformants, are prototrophic for histidine (His"). In addition, because of the
disruption of the AOXI gene, these strains rely on the transcriptionally weaker AOX2 gene
for growth on methanol [2] and, as a result, these strains have a Mut® phenotype. These
gene replacement strains are identified easily among transformed colonies by replica-
plating in the presence of methanol and selecting those colonies with a reduced ability to
grow on methanol. The graphic integration for pPICZ vectors inserted with the objective
gene is shown in Fig. 2.

With either single-crossover or gene replacement integration strategies and selection for
His" transformants, a significant percentage of transformants will not contain the expression
vector. Thus, transformant colonies should be further confirmed for the presence of the
foreign gene by Southern blot or PCR analysis, for foreign message RNA expression by
Northern blot, and for protein expression by immunoblot or functional assay for the foreign
protein.

Generating Multicopy Strains

Strains that contain multiple integrated copies of an expression cassette often produce larger
amounts of foreign protein than do single-copy strains [13]. Therefore, after confirming that
a single-copy P. pastoris strain produces significant amounts of the correct-sized,
biologically active protein, it is advisable to construct and examine protein expression by
“multicopy strains.”

There are three different approaches that can be used reliably to generate multicopy
expression strains of P. pastoris. The first approach involves constructing a vector with
multiple head-to-tail copies of an expression cassette [10]. The second approach entails the
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use of an expression vector that contains both the P. pastoris HIS4 and the bacterial
kanamycin resistance gene kan”, which also confers resistance to the related eukaryotic
antibiotic G418 [23]. The third approach involves the use of a vector carrying the bacterial
Sh ble gene, which confers resistance to the antibiotic zeocin [16]. A detailed description of
these methods can be found in Higgins and Cregg [5].

Multicopy expression strains of all three types have proven to be stable under the
selective pressure of production in fermentor cultures [16, 23].

Transformation

Methods employed for DNA-mediated transformation of P. pastoris are similar to those for
S. cerevisiae and lead to similar results [15]. P. pastoris can be transformed by spheroplast
fusion, or by whole-cell methods such as electroporation, or DNA coprecipitation with
lithium chloride, calcium chloride, or polyethylene glycol [14, 24-26. Electroporation is a
simple and fast method for transforming P. pastoris. Although it gives a lower frequency of
multicopy transformants than the spheroplast technique, when combined with G418
selection it is ideal for the rapid isolation of multicopy transformants for routine laboratory
use [23]. In practice, the electroporation/G418 selection method works best using 40X1
single-crossover integration in the strain KM71, because two- to fourfold higher transforma-
tion frequencies (e.g., 1,000-2,000 colonies/pg DNA) can be achieved with this strain.

The transformation frequencies by electroporation achieved for gene replacement
integration are typically 20-fold lower compared to those obtained using the single-
crossover method. Therefore, the spheroplast transformation method is recommended for
gene replacement integration, especially where very high copy number transformations are
required.

Strategies for Efficient Selection

As discussed in “Selectable Markers,” a variety of selectable markers has been
characterized and incorporated into the expression vectors of P. pastoris. These markers
can be divided into two subgroups: (a) biosynthetic markers, including HIS4, ARG4, ADE1,
URA3; and (b) drug-resistance markers, including the kan™ gene, and the Sh ble gene that
confer resistance to G418 and zeocin, respectively. Combinations of these different markers
are employed for efficient selection of true transformants.

The first strategy adopted for generating recombinant strains was single-copy trans-
placement of the foreign gene at the 40X site, as this type of transformant is the most
stable, and in some early studies yielded reasonable levels of product. However, as we
described in “Generating Multicopy Strains,” numerous examples have now accumulated
where multicopy transformants have been used to increase yields dramatically. An
important aspect of efficient selection of P. pastoris transformants is the selection of
multicopy transformants and, thereafter, the determination of the exact copy number.
Methods for obtaining multicopy transformants have been discussed above. In addition, the
method of rapid, semiquantitative DNA dot blot of whole-cell lysates can be used for
screening the resulting transformants. Unlike selection with G418, this method can identify
the very high number “jackpot” clones [27].

To determine the absolute copy number of the vector, total genomic DNA from
transformed strains is isolated first, and Southern blot analysis is then used to determine the
chromosomal structure of the integrated vector DNA (i.e. the site of integration, the copy
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number of 40X or HIS4 genes, and whether AOXI gene replacement has occurred). A
typical protocol can be found in Tuite et al. [28]. In some cases, quantitative dot-blot
analysis gives more accurate results [13]. In cases where a good assay is available for the
protein expressed, selection can be carried out directly by initial high throughput expression
screening of transformants, without any prior knowledge of copy number [29].

Glycosylation

Glycosylation is one of the critical posttranslation processing events in the synthesis of
proteins. The role of glycosylation of proteins in protein folding, oligomer assembly,
structural stability, specific signal transduction, recognition and secretion processes, and in
the clearance of glycoproteins has been well documented [30, 31]. Yeast and most higher
eukaryotes utilize an evolutionarily conserved N-linked oligosaccharide biosynthetic
pathway that involves the formation of a Gle3Man9GIcNAc2-PP-dolichol lipid-linked
precursor, the glycan portion of which is transferred cotranslationally in the endoplasmic
reticulum (ER) to suitable Asn residues on nascent polypeptides [32]. Subsequently,
glycohydrolases in the ER remove the three glucoses and (with the exception of S. pombe)
a single, specific mannose residue. Processing sugar transferases in the Golgi lead to the
formation of core-sized structures (Hex<;5)GlcNac(,)) and cores with an extended poly-al,
6-Man backbone.

Glycosylation Characteristics for Pichia pastoris

For P. Pastoris, the oligosaccharide chains attached to proteins are shorter and more
authentic than in S. cerevisiae [33]. The average chain length of glycoproteins expressed by
P. pastoris is only 8-14 mannose residues, whereas that by S. cerevisiae is 40~150
residues. Analysis of the carbohydrates present on recombinant enzymes indicated the
predominant presence of N-linked, high-mannose structures rather than complex carbohy-
drates. In addition, the oligosaccharides secreted by S. cerevisiae have terminal o-1,3-linked
mannose residues, which will increase the antigenic activity. Oligosaccharides secreted by
P. pastoris, however, do not have the terminal a-1,3-linkages, and the site of glycosylation
is Asn-X-Ser/Thr, the same as that in mammalian cells [34].

Thermostability of the proteins expressed in P. pastoris is intriguing. In some cases,
introducing glycosylation can increase thermostability, but in most cases, glycosylation
does not have an effect on thermostability or may decrease it. Alkalophilic Bacillus alpha-
amylase (ABA) was produced in P. pastoris with a yield of 50 mg/1 of culture supernatant.
The recombinant protein, rABA, was glycosylated at seven of the nine sites for potential N-
glycosylation, as identified by automated peptide sequencing and MALDI-TOF MS of
tryptic fragments. Extensive N-glycosylation, however, reduces thermal stability [35].
Penicillin G amidase from Providencia rettgeri is a heterodimer of 92 kDa. The glycosylated
rPAC(Pr) produced in P. pastoris resulted in improved thermostability compared to its
nonglycosylated counterparts and other bacterial penicillin G amidases. The enzyme
activities of the rPACPr produced in P. pastoris and PACEc after 20 min of incubation at
50°C remained high, whereas more than 90% of the rPACPr protein produced in S.
cerevisiae became inactive after 10 min [36].

Glycosylation can have effects on proteins other than thermostability, but the effect
depends on individual proteins. Table 1 shows some glycosylated proteins recently
expressed in P. pastoris.
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Table 1 Glycosylated proteins expressed in P. pastoris.

Proteins Oligosaccharide Glycosylation Type Bio-activity =~ Reference
o-galactosidase A N-linked + [40]
Alkalophilic Bacillus o- (Man)g_;g N-linked - [35]
amylase GlcNAc
0-1,6 glucan-6- Man7.14) N-linked + [80]
glucanohydrolase GIcNAc(,)
Penicillin G amidase / N-linked ++ [36]
Carbohydrate-binding modules (Man); 4GlcNAc O-linked + [81]
Mannose 6-phosphate Mang_2) N-linked + [82]
receptors GIcNAc(,)
Antithrombin Man.12) N-linked + [83]
GlCNAC(z)
Chicken cystatin / N-lined ++ [84]
Copper-dependent Fe(II) / O-linked, + [85]
oxidase N-linked
o-lactolbumin / N-linked ++ [86]
Candida antarctica lipase B / N-linked + [87]
Surface antigen 1 Man;.5)GIcNAc O-linked - [88]
Allergen Hexoses;.3) N-linked + [89]
Cutinase / N-linked ++ [90]
Phytase / N-linked + [91]
Cellobiohydrolase / N-linked + [92]
Aspartic protease Man.17 N-linked + [93]
GleNAc(,)
Single-chain Fv N-linked ++ [94]
Carcinoembryonic antigen Mang)GleNAc») N-linked + [95]
Gelatinase B Mang_;s) N-linked, + [96]
GIcNAc(,) O-linked
Porcine dollicle-stimulating High-mannose N-linked + [97]
hormone
o-N-Acetylgalactosaminidase Mano.;4)GlcNAc N-linked + [98]
Placental alkaline phosphatase / N-linked + [99]
Neuraminidase Man30.40) N-linked + [100]
GlcNAc
Bovine opsin / N- linked + [101]
Angiotensin I-converting / N-linked + [102]

Enzyme

+: Bioactivity of the glycosylated protein is the same as that of the native protein

++: Bioactivity of the glycosylated protein is higher than that of the native protein

—: Bioactivity of the glycosylated protein is lower than that of the native protein

/: Result was not reported

Improvement of Glycosylation Profiling in the P. pastoris System

Although many glycosylated proteins have been expressed successfully in P. pastoris,
therapeutic glycoprotein production in this system is hampered by the differences in the
protein-linked carbohydrate biosynthesis between this yeast and the target organisms, such
as humans. One method to improve this shortage is N-glycan engineering. A significant
step toward the generation of human-compatible N-glycans in this organism is the
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conversion of the yeast-type high-mannose glycans to mammalian-type high-mannose and/
or complex glycans. Callewaert et al. [37] have coexpressed an endoplasmic reticulum-
targeted Trichoderma reesei 1,2-alpha-pD-mannosidase with two glycoproteins: influenza
virus hemagglutinin and Trypanosoma cruzi trans-sialidase. The results indicated that the
N-glycans of the two purified proteins showed a >85% decrease in the number of a-1,2-
linked mannose residues, and the human-type high-mannose oligosaccharide Mans).
GIcNAc(,) was the major N-glycan of the glyco-engineered frans-sialidase.

Another method is using combinatorial genetic libraries to humanize N-linked
glycosylation [38]. The secretory pathway of P. pastoris is genetically reengineered to
perform sequential glycosylation reactions that mimic early processing of N-glycans in
humans and other higher mammals. After eliminating nonhuman glycosylation by deleting
the initiating alpha-1,6-mannosyltransferase gene from P. pastoris, several combinatorial
genetic libraries are constructed to localize active alpha-1,2-mannosidase and human beta-
1,2-N-acetylglucosaminyltransferase 1 (GnTI) in the secretory pathway. Recombinant
expression of a human reporter protein in these engineered strains leads to the formation
of a glycoprotein with GlcNAc-(Man)(5)-(GIcNAc)(2) as the primary N-glycan. This
strategy has opened the door for engineering yeast to perform complex human-like
glycosylation.

Fermentation Process Optimization

Fermentation is essential for secreted proteins because yields correlate largely with the cell
density. In some cases, switching from shake-flask expression to fermentation can cause a
dramatic increase in yield, with reports of expression levels in fermentation being 10-fold
higher than in shake flasks. For P. pastoris, two-phase fermentation is generally applied. In
the first phase (I) the cells are grown until glycerol is depleted. In the second phase (II) gene
expression begins by feeding methanol to the fermenter. Up to now, many heterologous
proteins have been expressed in P. pastoris because the level expression is equivalent to
that of E. coli and significantly higher than that of S. cerevisiae [1]. Particularly important is
the organism’s ability to secrete proteins: the secreted product can comprise more than 80%
of the total protein in the culture medium [19]. Expression and secretion of these
heterologous proteins, however, not only depend on gene dosage, but also on other factors,
such as signal sequence recognition and processing, proteolysis, fermentation, and
glycosylation.

With regard to fermentation, there are several factors affecting production yield,
including culture medium composition, strain type, and non-nutritional factors, such as
culture pH, agitation rate, dissolved oxygen, methanol induction, and fermentation
strategy. In this section, means to control or improve the fermentation process are
presented. It should be pointed out that the general protocols for P. pastoris fermentation
are provided by Invitrogen, but many studies indicate that recombinant protein production
in P. pastoris should be optimized according individual processes following established
principles.

Medium Composition
Like other yeasts, growth of P. pastoris needs sources of carbon and nitrogen. The most

common carbon sources are glucose and glycerol, and nitrogen sources are peptone, yeast
extract, and yeast nitrogen. For seed culture, MGY and YPD are the usual media, whereas
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for scale-up fermentor fermentation, two basic media formulations, basal salts and FM22,
have shown good results. Medium composition is thought to influence heterologous protein
expression in yeast by affecting cell growth and viability [39, 40]. Yeast extract, casamino
acids, or EDTA appear to enhance protein accumulation by P. pastoris [41]. Supplemen-
tation of the induction medium with 0.4 M L-arginine, 5 mM EDTA, or 2% casamino acids
in the BMMY induction medium increased scFv (single chain antibody variable region
fragments) production approximately three to fivefold, reaching 25 mg/1 of functional scFV
[42]. A report on expressing recombinant human bile salt-stimulated lipase (thBSSL) in
P, pastoris [43] indicated that in the presence of sorbitol and skimmed milk in the media,
together with other optimized conditions, 0.8—1 g of thBSSL was secreted in 1 1. Salts were
also necessary for the production of heterologous proteins in Pichia. The presence of at
least 200 uM copper was needed for optimal laccase activity in the Pichia culture [44].
Adding 100 uM ferric ion to the medium resulted in a significant improvement in the
expression of rPLF (recombinant porcine lactoferrin) in P. pastoris: expression levels were
approximately 12 mg/l, much higer than in Saccharomyces cerevisiae [45]. The addition of
Triton X-114 during rPIN-a (recombinant puroindoline-a) fermentation increased the
production yield of the protein by 10-fold to 13 mg/l and inverted the ratio between
secreted and membane-bound rPIN-a [46]. The addition of 0.01% (v/v) Triton X-100 to a
feeding medium reduced partially the proteolysis of a urokinase-type plasminogen activator
and increased the secretion level [47].

Temperature

Proteins may be susceptible to misfolding for a variety of reasons, including the formation
of intermolecular disulfide bonds and exposure of their hydrophobic surfaces. Intermole-
cular disulfide bonds are preferentially formed at higher temperatures when the protein is
expressed in E. coli [48]. Sulthydryl group shuffling may result in protein aggregation.
Higher temperatures may also lead to exposure of more hydrophobic surfaces during
peptide folding and favor hydrophobic interactions, and thus may predispose proteins to
aggregation [49]. The misfolded and aggregated proteins are more susceptible to
intracellular proteolytic degradation [49]. Low temperatures have been shown to improve
the solubility of heterologous proteins in E. coli [50, 51]. Among the reasons for this
observation is the reduced rate of protein synthesis at lower growth temperatures, which
may in turn allow more time for the nascent peptide chains to fold properly. An added
benefit of lowering the temperature is to reduce the proteolytic degradation of the
recombinant protein in the culture medium. Lower culture temperatures have been used
frequently to produce proteins in E. coli to obtain soluble recombinant proteins that are
recalcitrant to expression at 37°C [52].

There are several reports on expressing heterologous proteins in P. pastoris at low
temperatures (Table 2). Incubation temperatures of 30, 27, 25, and 23°C have been
examined in attempts to minimize extracellular proteolysis [3, 53]. P. pastoris could be
propagated at temperatures as low as 15°C, leading to reduced protease levels and greatly
enhanced periods of scFv production [42]. Upon induction, the cell number continued to
increase at approximately the same rate at 30 or 15°C. At 15°C, however, intact scFv could
be recovered from the culture medium up to 96 h after induction, compared to 24-48 h at
30°C, with peak recovery at 48—72 h, corresponding to the period of maximal number of
viable cells. In summary, low-temperature expression may be applied to increase the yields
of aggregation-prone and/or unstable gene products in P. pastoris, although the
fermentation period is longer than at 30°C.
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Table 2 Expression of heterologous proteins in P. pastoris at low temperature.

Protein Temperature (°C) Yield Reference
scFv 15 25 mg/l [43]
CBM-CABL 22 1.5 g/l [55]
Rh-midkine 20 0.36 g/l [56]
Laccase 20 11,500 U/ [103]
rhBSSL 20 0.8-1 g/l [43]
hAFP 23 >5 mg/l [3]
Galactose oxidase 25 0.5 g/l [104]

pH-controlled Fermentation

Optimum pH is critical for cell growth, protein formation, and protein stability. Therefore, pH-
controlled fermentation is often chosen in P. pastoris expression systems [54]. The kinetics of
proteolytic reactions, in the presence or absence of cells, were shown to be influenced by pH.
Jahic et al. [55] reported that decreasing the pH from 5.0 to 4.0 in bioreactor cultures resulted
in an increase in the fraction of full-length product from 40 to 90% during the expression of
CBM (cellulose-binding module)-CALB (cellulose 6A and lipase B) in P. pastoris.
Maintaining the culture at pH 3 or lower in the methanol induction phase has been reported
to be effective in protecting product proteolysis in an IGF-1 (insulin-like growth factor)
expression system [10]. Approximately 70% of purified recombinant human midkine secreted
from P. pastoris was truncated when the induction pH was kept at 3. When the methanol
induction was kept at pH 3 instead of pH 5, however, fermentation substantially changed the
pattern of proteolysis and was highly effective in the purification of authentic rh-midkine [56].
A small multifunctional cytokine, growth-blocking peptide (GBP), from the armyworm
Pseudaletia separata larvae, was expressed as a soluble and active recombinant peptide in P
pastoris when the pH in the fermenter was kept at 3.0 [57]. The medium was collected within
48 h post-methanol shift to minimize exposure of the target peptide to proteases, and up to
50 mg GBP was recovered per liter of yeast culture supernatant. The laccase from Trametes
versicolor was expressed in P. pastoris, and when alanine was added to the medium the pH
could be kept at 3, resulting in higher levels of laccase activity compared to cultures grown
in the absence of alanine [44]. From the above studies, it appears that P. pastoris
fermentation should be kept at lower pH, such as 3.0.

Nevertheless, the optimal pH is best determined by running a series of fermentations at
different pH. When recombinant porcine lactoferrin was expressed in P. pastoris, increasing the
initial pH of the culture medium from 6.0 to 7.0 resulted in significant improvements, and the
expression level could reach 12 mg/l [45]. The expression of the EGFP-human mu-opioid
receptor fusion protein in P. pastoris was optimized and monitored using both fluorescence and
ligand-binding experiments. A set of parameters, including gene copy number, strain type,
temperature, pH, and methanol inducer levels, was studied for its effect on the production of the
recombinant protein. The maximum level was reached at a lower temperature and a higher pH
than normally used [58]. Therefore, controlling the medium pH during the fermentation process
is necessary, the optimum pH depending on individual protein properties, especially stability.

Dissolved Oxygen Control and Methanol Induction

Dissolved oxygen is one of the most important factors for P. pastoris cell growth and
heterologous protein expression during the fermentation process. Dissolved oxygen can be
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controlled via the agitation rate, and the air or O, flow rate (Fig. 3). In practice, during the
glycerol batch phase, which usually lasts 20-24 h, the dissolved oxygen is controlled by
first changing the agitation rate up to 800 rpm for a 4-1 fermentor, and 450 rpm for a
60-1 fermentor, and then adjusting manually the air or O, flow into the fermentor [59].
When glycerol is consumed completely, the dissolved oxygen value will rise rapidly. For
most P. pastoris fermentations, the dissolved oxygen should be kept consistently at 30~35%,
but different proteins need different optimal levels that can only be determined by preliminary
experiments.

A methanol induction strategy is critical for expressing successfully heterologous
proteins in P. pastoris, and the methanol feeding is related closely to the dissolved oxygen
level. Therefore, here we consider both of these parameters as part of the induction phase
strategies. Considering that different phenotypic strains of P. pastoris possess different
properties (see Table 3), we suggest that protocols from Invitrogen (Fermentation Guidelines,
Invitrogen, San Diego, CA), or other sources [59] for fermentation with each of the mutant
phenotype strains be followed. A common feature for the three-phenotype strains is that the
methanol level in the fermentor must be monitored carefully either directly by gas
chromatography, or indirectly by the dissolved oxygen.

To keep the methanol concentration within optimal limits, three different methanol feed-
batch strategies can be introduced: (A) The methanol-feeding rate is controlled according to
the concentration in the culture media as determined by gas chromatography. With this
strategy it is not easy to control the feeding rate online, because a sample needs to be taken
from the fermentor for analysis; thus, it takes at least 30 min to obtain the methanol
concentration. (B) The methanol-feeding rate can be controlled by the dissolved oxygen
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mal mass flow meter (TMM), DO Agitati

concentrations may be readily D D glt.atlon [, {]
optimized through control of ag- First
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fermentors equipped with a ther-
mal mass flow controller (TMC),
DO control options may be ex- 02

Agitation

tended by cascading any of these
modes either sequentially or si-
multaneously with air flow. Fur-
ther optimization may be
achieved with the use of optional
Bio—Command software to con-
trol additional operating parame-
ters such as feeding strategy,
temperature, or pH (adapted from
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from the New Brunswick Scien-
tific Company, Inc.)
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Table 3 Properties for different phenotype strains of P. pastoris.

Strain type  AOX gene Residual methanol (%)  Specific growth rate (h™') Methanol feeding rate
Mut” AOX],AO0XS <05 0.14 +++

Mut® AOX;,A0X;  0.2-0.8 0.04 ++

Mut~ AOX|,A0X;, 0.5 0.0 -

AOX],AOXj;: Strain has AOX, and AOX, genes
AOX|,AOX; : Strain does not have AOX,; and AOX, genes
+++ = higher feeding rate, ++ = high feeding rate, — = no methanol feeding

value. When the dissolved oxygen increases rapidly, the methanol-feeding rate should be
increased automatically, and vice versa. In this strategy, the methanol concentration is not
given precisely via the dissolved oxygen; thus, the methanol concentration probably
exceeds the limiting value when the dissolved oxygen is increasing. This method is in
general an experimental strategy. (C) The third strategy for controlling the methanol-
feeding rate is according to the specific growth rate during the induction phase. If the
growth kinetic model of P. pastoris is well set up and described, it is an effective way to
keep the methanol concentration within an optimal limit. Minning et al. [60] adjusted the
methanol-feeding rate according to the dissolved oxygen, and obtained a 2.5-fold higher
productivity in the fermentation of lipases by engineered P. pastoris. To improve the
expression level, glycerol and methanol were fed simultaneously, followed by a single
methanol feed, and resulted in the highest productivity (12,888 U I"'h™"), which is 13.6-fold
higher than the dissolved oxygen-based strategy. The highest yield of sea raven type II
antifreeze protein (30 mg/l) was obtained via a methanol-glycerol mixed feed-batch
strategy during the fermentation of engineered P. pastoris [61]. The mixed feeding strategy
based on growth kinetic studies was also applied to express the heavy-chain fragment C of
botulinum neurotoxin serotype C (BoNT/C(Hc)). The results of studies on the relationship
between the growth rate and the glycerol/methanol consumption rate have shown that the
optimal glyerol/methanol ratio is around 2 for obtaining the highest BONT/C(Hc) protein,
about 3 mg/g wet cells [62].

Several laboratories have investigated the feed strategy based on growth kinetics. High-
cell-density cultivation of P. pastoris exhibited oscillatory metabolic behavior when fed
methanol under closed-loop operations, using a dissolved-oxygen-based bioreactor feed
controller (DO-stat). A simple mathematical model of the closed-loop DO-stat was
developed, describing the biological process and the components of the standard
proportional-integral feedback controller. Inputs into the process model included metabolic
pathway information, oxidative metabolism stoichiometry, and substrate uptake kinetics.
After analysis, the authors concluded that, when the rate of oxygen transfer approaches the
rate of oxygen utilization, the potential for controller destabilization is greatest [63, 64].

Continuous fermentation with an optimal dilution rate or specific growth rate is another
strategy to improve expression levels of heterologous proteins in P. pastoris (Table 3).
When a continuous culture was carried out with a low dilution rate (D=0.025 h™"), the
production yield of recombinant puroindoline-a (rPIN-a) was increased by 10-fold, and
80% of the rPIN-a was soluble [46]. A Mut® P. pastoris strain that had been genetically
modified to produce and secrete sea raven antifreeze protein was used as a model system to
demonstrate the implementation of a rational, model-based approach to improve process
productivity. A set of glycerol/methanol mixed-feed, continuous stirred-tank reactor
(CSTR) experiments was performed at the 5-1 scale to characterize the relationship
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between the specific growth rate and the cell yield on methanol, the specific methanol
consumption rate, the specific recombinant protein formation rate, and the productivity,
based on secreted protein levels. Two exponential feed-batch fermentations were conducted
according to the predicted feeding strategy at specific growth rates of 0.03 h ™' and 0.07 h™".
The overall volumetric productivity of both runs was approximately 2.2 mg I'n™",
representing a 10-fold increase in the productivity compared with a heuristic feeding
strategy [65]. Recombinant ovine interferon-tau (r-ol[FN-tau) production by P. pastoris was
conducted with different specific growth rates. The r-ol[FN-tau concentration in the culture
began to decline, despite continued cell growth after 50+6 h of induction, which was
associated with an increase in proteolytic activity in the fermentation broth. The best results
were obtained when the specific growth rate was stepped down from 0.025 to 0.02 h™" at
38 h of induction, whereby the active production period was prolonged up to 70 h after
induction, and the broth protease activity was correspondingly reduced. The corresponding
maximum protein yield was 392 mg/I after 70 h of fermentation. The production profile of
r-ol[FN-tau was found to be significantly different from other secreted and intracellular
recombinant protein processes, which is an indication that recombinant protein production
in P. pastoris needs to be optimized as individual processes following established principles
[66]. Similarly, controlling the growth rate at 0.02 h™", total endostatin production reached
400 mg in 3 1 of initial fermentation volume [67].

A more effective strategy for keeping the methanol within a suitable concentration
during the induction phase may be designed by the yeast metabolism responding to the
methanol consumption. In this strategy, a program correlating growth kinetics with
methanol concentration is set up; when the methanol concentration matches a set point the
control system automatically feeds the additives needed for the optimized production of the
expressed protein. A good control is only achieved via a robust feedback control system. A
typical design of a methanol feed control system based on a growth model was described in
detail by Zhang et al., [64] (Fig. 4).

Prospects and Summary

The practice for improving protein thermostability via protein engineering and other
expression systems can also implement in P. pastoris with ease and efficiency. The thermal
stability of a given protein can be improved by site-directed mutagenesis at the gene level,
producing mutants with higher 7}, and longer shelf lives [68, 69]. This may be performed
either by a directed fashion producing mutations based on rational site-directed mutagenesis
selection algorithm (RSDMSA) [70], or by a randomized method to screen and select the
objective thermal protein from the mutant library. Additionally, introduction of posttrans-
lational modification sites, such as glycosylation, phosphorylation, and other schemes, may
be applied to improve the thermal stability. For example, the protein sequence Arg-Arg-X-
Ser-Thr-Tyr (RRXSTY) seems be frequently phosphorylated [71, 72], so we can introduce
such sequence into the objective protein through the mutation methods.

The purification of membrane proteins from cellular membranes is tedious. When
membrane proteins are expressed in P. pastoris, however, they are secreted into the medium
in membrane vesicles, rendering purification more straightforward. Several studies have
indicated that the methylotrophic yeast contains an inducible import pathway for
peroxisomal matrix proteins with an N-terminal targeting signal [73, 74, 11, 25]. The
peroxisomal matrix proteins are localized in a small vesicular compartment [75], indicating
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Fig. 4 A closed-loop methanol control system. (1) Schematic diagram: (R’) setpoint; (B) measured value;
(¢)=R’ — B; (p) PID controller output; (F) methanol pump feed rate; (C) methanol concentration in
fermentor. (2) Experimental setup: (—) mass flow direction; (...>) control signal flow direction. (a) Bioflo
3000 5-1 fermentor; (b) methanol feed pump; (c) methanol reservoir; (d) valve; (¢) MFC 1104 flow rate
controller for off-gas; (f) self-locking filter; (g) MC-168 methanol monitor and controller; (h) Figaro
TGS822 alcohol sensor; (i) PID controller built in NBS AFS-BioCommand multiprocess management
hard/software. (Adapted with permission from Dr. Wenhui Zhang, Departments of Chemical Engineering
and Food Science and Technology, University of Nebraska-Lincoln, and United States Army Medical
Research Institute of Infectious Diseases (USAMRIID)), Fort Detrick, MD

that the heterologous protein was synthesized in the cytosol and subsequently sorted to the
peroxisomal matrix. Several exogenous membrane proteins have been expressed success-
fully in the Pichia system, including 5-HTSA serotonin receptor [76], human p-opioid
receptor [77], CD40 ligand [78], and phytochrome [79].

Pichia pastoris has many advantages as a eukaryotic expression system for recombinant
proteins, including multiple copy selection, strong promoter activity, and facilitation of
secretion. This system is particularly suitable for the production of proteins that form
inclusion bodies in E. coli, and whose expression levels are very low in mammalian cell
lines. P. pastoris has been used for the production of vaccines, coagulation inhibitors,
fibrinolytic compounds, allergens, antibodies, protease inhibitors, hormones, cytokines,
receptors, and ligands. Proteins for structural studies, such as single or dual '*C and '°N-
labeled proteins, have also been produced in this system, which may facilitate the analysis
of membrane proteins. Thus, P. pastoris has become the preferred option among the various
yeast expression systems. A commercial kit based on P. pastoris is now available and
subject to further improvement. Fermentation process optimization is likely to make this
system more competitive and reproducible in producing relevant compounds on both
laboratory and industrial scales.
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