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Abstract Pichia pastoris is an established protein expression
host mainly applied for the production of biopharmaceuticals
and industrial enzymes. This methylotrophic yeast is a distin-
guished production system for its growth to very high cell
densities, for the available strong and tightly regulated pro-
moters, and for the options to produce gram amounts of
recombinant protein per litre of culture both intracellularly
and in secretory fashion. However, not every protein of inter-
est is produced in or secreted by P. pastoris to such high titres.
Frequently, protein yields are clearly lower, particularly if
complex proteins are expressed that are hetero-oligomers,
membrane-attached or prone to proteolytic degradation. The
last few years have been particularly fruitful because of nu-
merous activities in improving the expression of such com-
plex proteins with a focus on either protein engineering or on
engineering the protein expression host P. pastoris. This re-
view refers to established tools in protein expression in
P, pastoris and highlights novel developments in the areas of
expression vector design, host strain engineering and screen-
ing for high-level expression strains. Breakthroughs in mem-
brane protein expression are discussed alongside numerous
commercial applications of P. pastoris derived proteins.

Keywords Yeast - Pichia pastoris - Protein expression -
Protein secretion - Protease-deficient strains - Chaperone
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Introduction

The methylotrophic yeast Pichia pastoris, currently
reclassified as Komagataella pastoris, has become a substan-
tial workhorse for biotechnology, especially for heterologous
protein production (Kurtzman 2009). It was introduced more
than 40 years ago by Phillips Petroleum for commercial
production of single cell protein (SCP) as animal feed additive
based on a high cell density fermentation process utilizing
methanol as carbon source. However, the oil crisis in 1973
increased the price for methanol drastically and made SCP
production uneconomical. In the 1980s, P. pastoris was devel-
oped as a heterologous protein expression system using the
strong and tightly regulated 4OXI promoter (Cregg et al.
1985). In combination with the already developed fermenta-
tion process for SCP production, the AOX1 promoter provided
exceptionally high levels of heterologous proteins. One of the
first large-scale industrial production processes established in
the 1990s was the production of the plant-derived enzyme
hydroxynitrile lyase at >20 g of recombinant protein per litre
of culture volume (Hasslacher et al. 1997). This enzyme is
used as biocatalyst for the production of enantiopure m-
phenoxybenzaldehyde cyanohydrin — a building block of
synthetic pyrethroids — on the multi-ton scale.

Through a far-sighted decision this expression system,
initially patented by Phillips Petroleum, was made available
to the scientific community for research purposes. A major
breakthrough was the publication of detailed genome se-
quences of the original SCP production strain CBS7435
(Kiiberl et al. 2011), the first host strain developed for heter-
ologous protein expression GS115 (De Schutter et al. 2009),
as well as of the related P. pastoris DSMZ 70382 strain
(Mattanovich et al. 2009b). Equally important breakthroughs
for the commercial application of the P. pastoris cell factory
were the Food and Drug Administration (FDA) GRAS (gen-
erally recognized as safe) status for a protein used in animal

@ Springer

Motif Exhibit 1059, 320 of 653


knfuran
Copyright


5302

Case No.: IPR2023-00322
U.S. Patent No. 10,273,492

Appl Microbiol Biotechnol (2014) 98:5301-5317

feed, phospholipase C (Ciofalo et al. 2006), and the FDA
approval of a recombinant biopharmaceutical product,
Kalbitor®, a kallikrein inhibitor (Thompson 2010).

The classical P. pastoris expression system has been exten-
sively reviewed over the years (Cereghino and Cregg 2000:
Daly and Hearn 2005; Gasser et al. 2013; Jin et al. 2006;
Macauley-Patrick et al. 2005). In this review, we focus on
recent developments for heterologous protein production and
describe examples for the commercial use of this expression
system. In the first chapter, we refer to the established basic
vector systems and elaborate on developments thereof with an
emphasis on newly developed promoter systems. Herein, also
some aspects of secretion will be summarized. The second
part is devoted to the most recent developments regarding host
strain development. As a specific novelty, a new platform
based on the CBS7435 strain is described, for which patent
protection has ceased and no specific material rights are
pending. In the third chapter, we describe specific strategies
for obtaining high-level expression strains and summarize
important applications of P pastoris for production of
biopharmaceuticals, membrane proteins and industrial pro-
teins. The last section provides an outlook on future perspec-
tives covering recent progress in molecular and cell biology of
P. pastoris and possibilities for implementing new strategies in
expression strain development.

Basic systems for cloning and expression in P pastoris

When devising strategies for cloning and expression of heter-
ologous proteins in P, pastoris some points need to be consid-
ered from the start, that is, the choice of promoter—terminator
combinations, suitable selection markers and application of
vector systems for either intracellular or secreted expression
including selection of proper secretion signals (Fig. 1). The
choice of the proper expression vector and complementary
host strain are a most important prerequisite for successful
recombinant protein expression.

Promoters

The use of tightly regulated promoters such as the alcohol
oxidase (40XT) promoter holds advantages for overexpres-
sion of proteins. By uncoupling the growth from the produc-
tion phase, biomass is accumulated prior to protein expres-
sion. Therefore, cells are not stressed by the accumulation of
recombinant protein during growth phase, and even the pro-
duction of proteins that are toxic to P pastoris is possible.
Furthermore, it may be desirable to co-express helper proteins
like chaperones at defined time points, for example, before the
actual target protein is formed. On the other hand, use of
constitutive promoters may ease process handling.
Constitutive promoters are usually also applied to express

@ Springer

selection markers. Metabolic pathway engineering strategies
might further take advantage of fine-tuned constitutive pro-
moters to ensure a controlled flux of metabolites. An extensive
summary of promoters used for heterologous expression in
P pastoris has recently been published by Vogl and Glieder
(2013). An overview of broadly used and extensively studied
as well as recently examined promoters is given in Table 1.

Inducible promoters

The tightly regulated 40X promoter (P¢y;), which was first
employed for heterologous gene expression by Tschopp et al.
(1987a), is still the most commonly used promoter (Liinsdorf
et al. 2011; Sigoillot et al. 2012; Yu et al. 2013). Pyoyy is
strongly repressed when P. pastoris is grown on glucose,
glycerol or ethanol (Inan and Meagher 2001). Upon depletion
of these carbon sources, the promoter is de-repressed, but is
fully induced only upon addition of methanol. Several studies
have identified multiple regulatory elements in the Py,
sequence (Hartner et al. 2008; Kranthi et al. 2006, 2009; Ohi
et al. 1994; Parua et al. 2012; Staley et al. 2012; Xuan et al.
2009). Positively and negatively acting elements have been
described (Kumar and Rangarajan 2012; Lin-Cereghino et al.
2006; Polupanov et al. 2012), but the molecular details of
P,y regulation are still not completely elucidated.

Methanol is a highly flammable and hazardous substance
and, therefore, undesirable for large-scale fermentations.
Alternative inducible promoters or P40x; variants, which can
be induced without methanol but still reach high expression
levels, are desired. A recently published patent application
describes such a method, wherein expression is controlled
by methanol-inducible promoters, such as 40X/, methanol
oxidase (MOX) or formate dehydrogenase (FMDH), without
the addition of methanol (Takagi et al. 2008). This was
achieved by constitutively co-expressing the positively acting
transcription factor Prmlp from either of the GAP, TEF or
PGK promoters. The relative activity of a phytase reporter
protein was 3-fold increased without addition of methanol as
compared to a control strain with PRM/ under its native
promoter. However, phytase expression levels were not com-
pared for standard methanol induction and constitutive Prmlp
expression conditions. Hartner et al. have constructed a syn-
thetic AOXT promoter library by deleting or duplicating tran-
scription factor binding sites for fine-tuned expression in
P pastoris (Hartner et al. 2008). Using EGFP as reporter,
some promoter variants were found to confer even higher
expression levels than the native Pyoxs spanning a range
between 6 % and 160 % of the native promoter activity.
These P,qy, variants have also proven to behave similarly
when industrially relevant enzymes such as horseradish per-
oxidase and hydroxynitrile lyases were expressed.

Numerous further controllable promoters are currently be-
ing investigated for their ability to promote high-level
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Fig. 1 General considerations for heterologous gene expression in
P. pastoris. Expression plasmids harbouring the gene(s) of interest
(GOI) are linearized prior to transformation. Selectable markers (e.g.,
Amp®) and origin of replication (Ori) are required for plasmid propaga-
tion in E. coli. The expression level of the protein of interest may depend
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expression (Table 1). For example, a recently published patent
application describes the use of three novel inducible pro-
moters from P. pastoris, ADHI (alcohol dehydrogenase),
GUTI (glycerol kinase) and ENOI (enolase), showing

N
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number. A representative promoter (P) and transcription terminator (77)
pair are shown. Proper signal sequences will guide recombinant protein
for intracellular or secretory expression, and will govern membrane
integration or membrane anchoring

interesting regulatory features (Cregg and Tolstorukov
2012). However, due to a lack of absolute expression values
the performance of these novel promoters cannot be compared
to the widely used 40X1 and GAP promoters.

Table 1 The most prominently used and very recently established promoters for heterologous expression in P. pastoris

Inducible
AOXI
DAS
FLDI
ICLI

PHOS9
THIII
ADHI1

ENOI

GUTI

Constitutive
GAP

TEFI
PGK1

GCWi4

Gl

G6

Corresponding gene

Alcohol oxidase 1
Dihydroxyacetone synthase
Formaldehyde dehydrogenase 1
Isocitrate lyase

Putative Na'/phosphate symporter
Thiamine biosynthesis gene
Alcohol dehydrogenase

Enolase

Glycerol kinase

Corresponding gene
Glyceraldehyde-3-P dehydrogenase

Translation elongation factor 1
3-Phosphoglycerate kinase
Potential glycosyl phosphatidyl
inositol (GPI)-anchored protein
High affinity glucose transporter

Putative aldehyde dehydrogenase

Regulation

Inducible with MeOH

Inducible with MeOH

Inducible with MeOH or methylamine

Repressed by glucose, induction in absence
of glucose/by addition of ethanol
Induction upon phosphate starvation

Repressed by thiamin

Repressed on glucose and methanol, induced
on glycerol and ethanol

Repressed on glucose, methanol and ethanol,
induced on glycerol

Repressed on methanol, induced on glucose,
glycerol and ethanol

Regulation

Constitutive expression on glucose, to a lesser
extent on glycerol and methanol

Constitutive expression on glycerol and glucose

Constitutive expression on glucose, to a lesser
extent on glycerol and methanol

Constitutive expression on glycerol, glucose
and methanol

Repressed on glycerol, induced upon glucose
limitation

Repressed on glycerol, induced upon glucose
limitation

Reference

(Tschopp et al. 1987a)

(Ellis et al. 1985; Tschopp et al. 1987a)
(Shen et al. 1998)

(Menendez et al. 2003)

(Ahn et al. 2009)
(Stadlmayr et al. 2010)
(Cregg and Tolstorukov 2012)

(Cregg and Tolstorukov 2012)

(Cregg and Tolstorukov 2012)

Reference
(Waterham et al. 1997)

(Ahn et al. 2007)
(de Almeida et al. 2005)

(Liang et al. 2013b)
(Prielhofer et al. 2013)

(Prielhofer et al. 2013)
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Constitutive promoters

Constitutive expression eases process handling, omits the use
of potentially hazardous inducers and provides continuous
transcription of the gene of interest. For this purpose, the
glyceraldehyde-3-phosphate promoter (PG4p) is commonly
used, which — on glucose — reaches almost the same ex-
pression levels as methanol-induced Py, (Waterham et al.
1997). Expression levels from P, ,p drop to about one half on
glycerol and to one third when cells are grown on methanol
(Cereghino and Cregg 2000). Alternative constitutive pro-
moters and promoter variants have been described recently
(Table 1). The constitutive Pgcyy;y promoter, for example,
was described to be a stronger promoter than the GAP and
TEFI promoters, which was assessed by secretory expression
of EGFP (Liang et al. 2013b). It was found that EGFP expres-
sion from Pgcy,y yielded in a 10-fold increase compared to
Pg.4p driven expression when cells were cultivated on glycerol
or methanol, and a 5-fold increase on glucose.

A recent DNA microarray study identified novel promoters
that are repressed on glycerol, but are being induced upon shift
to glucose-limited media (Prielhofer et al. 2013). Supposedly,
the most interesting promoters discovered by this approach
control expression of a high-affinity glucose transporter,
HGTI, and of a putative aldehyde dehydrogenase. The former
promoter was reported to drive EGFP expression to even
higher levels than could be reached with Pg4p In glycerol
fed-batch fermenter cultures, human serum album was
expressed from the novel promoter to a 230 % increase in
specific product yield as compared to P ,p driven expression.

In some cases, it is desired that expression levels can be
fine-tuned in order to (1) co-express accessory proteins facil-
itating recombinant protein expression and secretion or 2)
provide protein post-translational modifications as well as to
(3) engineer whole metabolic pathways consisting of a cas-
cade of different enzymatic steps. For such applications, a
library of GAP promoter variants with relative strengths rang-
ing from 0.6 % to 16.9-fold of the wild type promoter activity
was developed and tested using three different reporter pro-
teins, yEGFP, 3-galactosidase and methionine acetyltransfer-
ase (Qin et al. 2011).

Vectors

The standard setup of vectors is a bi-functional system en-
abling replication in E. coli and maintenance in P pastoris
using as selection markers either auxotrophy markers (e.g.,
HIS4, MET2, ADEI, ARG4, URA3, URAS, GUTI) or genes
conferring resistance to drugs such as Zeocin™, geneticin
(G418) and blasticidin S. Although there are some reports of
using episomal plasmids for heterologous protein expression
or for the screening of mutant libraries in P pastoris (Lee et al.
2005; Uchima and Arioka 2012), stable integration into the
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host genome is the most preferred method. Unlike in
Saccharomyces cerevisiae, where homologous recombination
(HR) predominates, non-homologous end-joining (NHEJ) is a
frequent process in P. pastoris. The ratio of NHEJ and HR can
be shifted towards HR by elongating the length of the homol-
ogous regions flanking the actual expression cassettes and by
suppressing NHEJ efficiency (Naitsaari et al. 2012).

The standard vector systems for intracellular and secretory
expression provided by Life Technologies (Carlsbad, CA,
USA) include constitutive (Pg,p) and inducible promoters
triggered by methanol or methylamine (Pyox;, Pr1p). The
recently introduced PichiaPink™ expression kit for intracel-
lular or secreted expression enables easy selection of
multicopy integration clones by differences in colour forma-
tion based on ade2 knockout strains and truncated ADE?
promoters of varying strengths in front of the 4DE2 marker
gene (Du et al. 2012; Nett 2010).

Additionally, BioGrammatics (Carlsbad, CA, USA) holds
licences for selling standard P. pastoris expression vectors and
strains and also provides GlycoSwitch® vectors for human-
ized glycosylation of target proteins (Table 2). Several vectors
for disruption of OCHI and expression of different glycosi-
dases or glycosyltransferases are available to achieve
mammalian-type N-glycan structures in P pastoris. These
vectors harbour, for example, the human GlcNAc transferase
I, the mannosidase II from rat, or the human galactosyl trans-
ferase I. A detailed protocol for humanizing the glycosylation
pattern using the GlycoSwitch® vectors is provided (Jacobs
et al. 2009).

James Cregg’s laboratory at the Keck Graduate Institute,
Claremont, CA, USA, has developed a set of plasmids for
protein secretion and intracellular expression in P. pastoris
containing the strong 40X/ promoter. These vectors are based
on different auxotrophy markers, such as ARG4, ADE1 ,URA3
and /1S54, for selection necessitating the use of the appropriate
host strains (see section “Host strain development”). The
vectors contain restriction sites for linearization within the
marker genes to target the expression cassettes to the desired
locus as well as for multicopy integration (Lin-Cereghino
et al. 2001). Moreover, a set of integration vectors for se-
quential disruption of ARG/, ARG2, ARG3, HISI, HIS2,
HISS5 and HIS6 in P. pastoris was applied to provide the host
strains for engineering the protein glycosylation pathway
(Nett et al. 2005).

The Institute of Molecular Biotechnology, Graz University
of Technology, Austria, provides vectors and strains to the
P pastoris community through the so-called “Pichia Pool’.
The pPp plasmids described by Néétsaari et al. (2012) com-
prise vectors containing the GAP or AOX1 promoters and, for
secretory expression, the S. cerevisiae a-mating factor
(x-MF) secretion signal. The antibiotic selection marker cas-
settes were placed under the control of ADH] or ILV5 pro-
moters in the pPpB1 and pPpT4 vectors, respectively. It is
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Table 2 Commercial vector systems

Promoter Signal sequences

Supplier

Selection in yeast

Selection in Comments

bacteria

Life Technologies™ AOXI, FLDI, S. cerevisiae &-MF;

Blasticidin, G418,

Zeocin™, Ampicillin, c-myc epitope, V5 epitope,

GAP P. pastoris PHOI Zeocin™, HIS4 Blasticidin C-terminal 6x His-tag
available for
detection/purification

Life Technologies ~ AOX1 «-MF; set of eight different ADE2 Ampicillin Low- and high-copy vectors
—PichiaPink™ signal sequences available, TRP2 sequence
- not ready to use” for targeting
BioGrammatics AOX] o«-MF Zeocin™, G418, Ampicillin Intracellular or secreted
Nourseothricin expression
BioGrammatics GAP Zeocin™, G418, Zeocin™, Ampicillin, Human GlcNAc transferase I, rat
— GlycoSwitch® Hygromycin, HI54, Kanamycin, Mannosidase II, human Gal
Nourseothricin Nurseothricin transferase |
DNA2.0 AOX1 Ten different signal Zeocin™, G418 Zeocin™, Ampicillin  Intracellular or secreted

sequences
~ ready to use”

2 The different secretion signals have to be cloned into the vector by a three-way ligation step

® The a-MF secretion signal is provided once with Kex2p (KR) and Stel3p cleavage sites (EAEA), once lacking EA repeats, and once as truncated

version (pre-region only)

described that the pPpT4-based vectors usually lead to lower
gene copies in the cell as compared to the pPpB1-based vectors.

Further vectors based on either the GAP or the AOX]
promoter and a series of strains have recently been added to
this pool, both for intracellular and secretory protein expres-
sion (M. Ahmad, unpublished results). For intracellular ex-
pression, cloning of the target genes is accomplished by using
EcoRI and Nofl, whereby the Kozak consensus sequence has
to be restored for efficient translation initiation (Fig. 2a). A
special characteristic of these vectors is that the EcoRl site has
been introduced by a single point mutation directly into the
AOXI promoter sequence without changing the promoter
activity. Thereby, the gene of interest may be fused to the
promoter without having additional nucleotides between the
promoter and the start codon. Another advantage is the use of
the short ARG4 promoter for the expression of the selection
markers. The weaker 4RG4 promoter used for selection mark-
er cassettes enables selection at lower concentrations of
Zeocin™ (i.e., 25 instead of 100 pg/ml) without obtaining
false-positive clones. For secretory expression governed by
the S. cerevisiae oa-MF signal sequence, Xhol and/or Notl sites
are used for cloning the genes of interest (Fig. 2b).

Aspects of secretory expression

One of the main advantages of using P. pastoris as a protein
production host is its ability to secrete high titres of properly
folded, post-translationally processed and active recombinant
proteins into the culture media. As a rule of thumb, proteins
secreted in their native hosts will also be secreted in
P. pastoris. However, there are also some reports of successful

secretion of typically intracellular proteins such as GFP or
human catalase (Eiden-Plach et al. 2004; Shi et al. 2007). The
most commonly employed secretion signals in P. pastoris are
derived from S. cerevisiae a-MF, S. cerevisiae invertase
(SUC2) and the P. pastoris endogenous acid phosphatase
(PHOI) (Daly and Hearn 2005). As listed in Table 2, com-
mercial kits also provide vectors with different secretion sig-
nals, which allows for screening of the best-suited signal
sequence.

The -MF signal sequence is composed of a pre- and pro-
region and has proven to be most effective in directing protein
through the secretory pathway in P. pastoris. The pre-region is
responsible for directing the nascent protein post-
translationally into the endoplasmic reticulum (ER) and is
cleaved off subsequently by signal peptidase (Waters et al.
1988). The pro-region is thought to play a role in transferring
the protein from ER to Golgi compartment and is finally
cleaved at the dibasic KR site by the endo-protease Kex2p
(Julius et al. 1984). The two EA repeats are subsequently
trimmed by the STEI3 gene product (Brake et al. 1984).
One of the common problems encountered while using the
o-MF secretion signal is non-homogeneity of the N-termini of
the recombinant proteins due to incomplete STE13 process-
ing. Constructs without the EA repeats may enhance homo-
geneity at the N termini of recombinant proteins. However,
the removal of these sequences may affect protein yield.
While no reports on enhanced co-expression of STE/3 are
available, co-overexpression of HACI, a transcription factor
in the unfolded protein response (UPR) pathway, with the
membrane protein adenosine A2 receptor had a positive effect
on proper processing of the «-MF signal sequence (Guerfal
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Gene of interest
5'-GAATTCTTCGAAACGATGN
3-CTTAAGAAGCTTTGCTACH N

EcoRlI

T EcoR/
| Not/

Kex2 processing signal i' Genie of interest

Noti

Xhol ———_ Xho/
| Not/ =

Fig. 2 Novel ‘Pichia Pool’ plasmid sets for intracellular and secretory
expression. a General features of pXYZ vector for intracellular expres-
sion. Letters refer to the choice of promoters (X), selection markers (),
and restriction enzymes (Z) for linearization. Available elements are
shown in boxes. The vector backbone harbours an ampicillin resistance
marker and origin of replication for maintenance of the plasmid in E. coli.
The GOI is EcoRI-Notl cloned directly after the promoter of choice. The
Kozak consensus sequence for yeast (i.e., CGAAACG), should be re-
stored between the EcoRI cloning site and the start codon of the GOI in
order to achieve optimal translation. In addition, sequence variation

et al. 2010). Recently, Yang et al. (2013) reported enhanced
secretory protein production by optimizing the amino acid
residues at the Kex2 P1’ site.

Multiple strategies have been followed to enhance the
secretory potential of the a-MF signal sequence including
codon optimization (Kjeldsen et al. 1998), directed evolution
(Rakestraw et al. 2009), insertion of spacers and deletion
mutagenesis (Lin-Cereghino et al. 2013). Directed evolution
of the «-MF signal sequence in S. cerevisiae resulted in up to
16-fold enhanced full-length IgG, secretion as compared to
the wild type. Furthermore, when this improved leader se-
quence was combined with strain engineering strategies com-
prising PDI overexpression and elimination of proteins in-
volved in vacuolar targeting, up to 180-fold enhanced secre-
tion of the reporter protein was observed (Rakestraw et al.
2009). Deletion mutagenesis based on a predicted structure
model of a-MF signal peptide resulted in 50 % increased
secretion of horseradish peroxidase and C. antarctica lipase
B (CALB) in P. pastoris (Lin-Cereghino et al. 2013). It ap-
pears that decreasing the hydrophobicity of the leader se-
quence by deleting hydrophobic residues or substituting them
with more polar or charged residues increased the flexibility of
the a-MF signal sequence structure, which enhanced the
overall secretory capacity of the pro-region. Alternative signal
sequences used to direct protein secretion and their features
and applications are summarized in Table 3.
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within this region will allow fine-tuning translation initiation efficiency.
Expression in P. pastoris is driven either by the methanol inducible 40X7
or the constitutive GAP promoter. Positive clones can be selected for by
antibiotic resistance (i.e., to Zeocin™ or geneticin sulphate) or by selec-
tion for His or Arg prototrophy. Selection marker expression is uniformly
driven by the ARG4 promoter-terminator pair. b Plasmid pAaZBgl from
‘Pichia Pool’ is shown as an example of a vector made for secretory
expression encoding S. cerevisiae «-MF signal sequence in front of the
GOI cloning site. The Kex2 processing site AAAAGA should be restored
between the Xhol cloning site and the fusion point of the GOI

Beyond the choice of the secretion signals there are several
other factors that govern efficient protein secretion. The newly
synthesized proteins are translocated co- or post-
translationally into the ER lumen through the Sec61p
translocon. Then, proteins may undergo one or several post-
translational modifications, folding into the native state,
disulphide-bond formation, glycosylation and membrane-
anchoring. When the recombinant protein fails to fold into
its native state or protein expression exceeds the folding
capacity of the ER (Sha et al. 2013), unfolded proteins may
start to aggregate, triggering the UPR pathway. UPR is re-
sponsible for induction of genes that are involved in protein
folding. In parallel to UPR pathway, ER-associated degrada-
tion (ERAD) by the proteasome may relieve blocks in protein
secretion (recently reviewed by Idiris et al. 2010 and
Damasceno et al. 2012). Inappropriate mRNA structure and
gene copy numbers, limits in transcription, translation and
protein translocation into the ER, incomplete protein folding
and inefficient protein targeting to the exterior of the cell are
major bottlenecks encountered in secretory expression of het-
erologous proteins. Commonly used strategies to overcome
such secretory bottlenecks comprise the overexpression of
folding helper proteins like BiP/Kar2p, Dnal, PDI, PPIs and
Erolp or, alternatively, overexpression of HACI, a transcrip-
tional regulator of the UPR pathway genes. Unlike in
S. cerevisiae, Guerfal et al. (2010) reported that HAC/ is
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Table 3 Signal sequences used to secrete the protein into the extracellular space

Secretion signal Source Target protein(s)

Length Reference

«-MF S.c. o-mating factor Most commonly used secretion 85 aa, with or (Brake et al. 1984)
signal in P, pastoris without EA repeats

PHOI Pp. acid phosphatase Mouse 5-HT5A, porcine 15 aa (Payne et al. 1995; Weiss et al. 1995;
pepsinogen, Yoshimasu et al. 2002)

SuC2 S.c. Invertase Human interferon, a-amylase, 19 aa (Moir and Dumais 1987; Paifer
-1 -antitrypsin et al. 1994; Tschopp et al. 1987b)

PHA-E Phytohemagglutinin GNA, GFP and native protein 21 aa (Raemaekers et al. 1999)

KILM1 Kl toxin CM cellulase 44 aa (Skipper et al. 1985)

pGKL pGKL killer protein Mouse x-amylase 20 aa (Kato et al. 2001)

CLY and CLY-L8 C-lysozyme and syn. Human lysozyme 18 and 16 aa (Oka et al. 1999)

leucin-rich peptide
K28 pre-pro-toxin K28 virus toxin Green fluorescent protein 36 aa (Eiden-Plach et al. 2004)

Scw, Dse and Exg  Pp. Endogenous signal ~ CALB and EGFP 19, 20 and 23 aa (Liang et al. 2013a)
peptides

Pp Pirl Pp. Pirlp EGFP and Human o l-antitrypsin 61 aa (Khasa et al. 2011)

HBFI and HBFII Hydrophobins of EGFP 16 and 15 aa (Kottmeier et al. 2011)

Trichoderma reesei

constitutively expressed and spliced in P. pastoris under nor-
mal growth conditions, which may explain the higher titers of
secreted proteins obtainable with this organism. A contradic-
tory observation was reported by Whyteside et al. (2011). Un-
spliced HAC! mRNA was detected under normal growth
conditions and splicing of HAC! mRNA was only detected
when cells were grown in presence of dithiothreitol (DTT) to
activate the UPR. It should be mentioned, though, that some-
times overexpression of folding helpers actually reduced protein
secretion or did not have any effect (van der Heide et al. 2002).

Host strain development

Elucidation of full genome sequences and gene annotation
were great steps toward rational strain engineering, identifying
new promoters and progressing in the (systems) biology of
P. pastoris (Kiiberl et al. 2011; Mattanovich et al. 2009a; De
Schutter et al. 2009). Two online databases (http://
bioinformatics.psb.ugent.be/orcae/overview/Picpa and http://
www.pichiagenome.org) provide convenient access to
genome sequences and annotations. Frequently used
commercially available strains are the his4 strain GS115, the
reconstituted prototrophic strain X-33, the aox/ knockout
strains KM71 and KM71H as well as protease-deficient
strains SMD1168 and SMD1168H and the ade2 auxotrophic
PichiaPink™ strain. Use of these strains for commercial ap-
plications, however, is restricted by patent protection and/or
materials ownership policy. Strains derived from P. pastoris
CBS7435, in contrast, are not covered by patent protection
and, therefore represent an alternative for production pur-
poses. Furthermore, the CBS7435 Mut® strain provided by

the Graz Pichia Pool has the advantage of being marker-free
as it was constructed using the Flp/FRT recombinase system
for marker removal (Néitsaari et al. 2012). Using the same
strategy, adel and his4 knockout strains were created along
with the CBS7435 ku70 strain (CBS 12694), which is im-
paired in the NHEJ mechanism, thereby enhancing the effi-
ciency of HR. A selection of most relevant strains is compiled
in Table 4.

Auxotrophic strains

Several auxotrophic strains (e.g., adel, arg4, his4, ura3,
met2), and combinations thereof are available together with
vectors harbouring the respective genes as selectable markers
(Lin-Cereghino et al. 2001; Thor et al. 2005, Graz Pichia
Pool). Auxotrophic strains have been useful for in vivo label-
ling of proteins, for example in the global fluorination of
Candida antarctica lipase B (CALB) in a P. pastoris X-33
arol strain deficient in tryptophan, tyrosine, and phenylala-
nine biosynthesis (Budisa et al. 2010). Fluorinated analogues
of these amino acids were supplemented and incorporated into
the heterologous protein, thereby, for example, prolonging
CALB shelf-life but lowering its lipase activity. The proteo-
lytic pattern of CALB was retained, though. Another example
is the use of a lys2 arg4 double knockout strain for stable
isotope labelling by amino acids in cell culture (SILAC)
(Austin et al. 2011).

Protease-deficient strains

Undesired proteolysis of heterologous proteins expressed in
P. pastoris does not only lower the product yield or biological
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Table 4 P, pastoris host strains

Strain Genotype Phenotype Source
Wild-type strains
CBS7435 (NRRL Y-11430) WT WT Centraalbureau voor Schimmelcultures,
the Netherlands
CBS704 (DSMZ 70382) WT WT Centraalbureau voor Schimmelcultures,
the Netherlands
X-33 WT WT Life Technologies™
Auxotrophic strains
GS115 his4 His™ Life Technologies™
PichiaPink™ | ade? Ade Life Technologies™
KM71 his4, aox1::ARG4, arg4 His~, Mut® Life Technologies™
KM71H aoxl::ARG4, arg4 Mut® Life Technologies™
BG09 arg4::nourseo® Alys2::hyg" Lys , Arg_, Nourseothricin®, BioGrammatics
Hygromycin®
GS190 arg4 Arg (Cregg et al. 1998)
GS200 arg4 his4 His , Arg" (Waterham et al. 1996)
JC220 adel Ade (Cregg et al. 1998)
JC254 ura3 Ura (Cregg et al. 1998)
JC227 adel arg4 Ade Arg (Lin-Cereghino et al. 2001)
JC300-JC308 Combinations of adel arg4 his4 ura3 Combinations of Ade , (Lin-Cereghino et al. 2001)
Arg , His', Ura~
YIN165 uras Ura® (Nett and Gerngross 2003)
CBS7435 his4® his4 His~ (Nétsaari et al. 2012)
CBS7435 Mut® his4* aox1, his4 Mut®, His~ (Niitsaari et al. 2012)
CBS7435 Mut® arg4* aoxl, argd Mut®, Arg” (Niitsaari et al. 2012)
CBS7435 met2* met2 Met™ (Pp7030)°
CBS7435 met2 arg4® met2 arg4 Met Arg (Pp7031)°
CBS7435 met2 his4* met2 his4 Met His~ (Pp7032)°
CBS7435 lys2* lys2 Lys (Pp7033)°
CBS7435 lys2 arg4* lys2 arg4 Lys Arg (Pp7034)°
CBS7435 lys2 his4* lys2 his4 Lys His~ (Pp7035)°
CBS7435 pro3* pro3 Pro~ (Pp7036)°
CBS7435 tyrl* trl Tyr (Pp7037)°
Protease-deficient strains
SMD1163 his4 pep4 prbl His~ (Gleeson et al. 1998)
SMDI1165 his4 prbl His (Gleeson et al. 1998)
SMD1168 his4 pep4::URA3 ura3 His™ Life Technologies™
SMD1168H pep4 Life Technologies™
SMD1168 kex1::SUC2 pep4.::URA3 kex]::SUC2 his4 ura3  His (Boehm et al. 1999)
PichiaPink 2-4 Combinations of prbl/pep4 Ade Life Technologies™
BG21 sub2 BioGrammatics
CBS7435 prel* prel (Pp6676)°
CBS7435 sub2* sub2 (Pp6668)°
CBS7435 sub2* his4 pepd His~ (Pp6911)°
CBS7435 prbI* prbl (Pp6912)°
CBS7435 his4 pep4 prbl  his4 pep4 prbl His™ (Pp7013)°

Glyco-engineered strains

SuperMans his4 ochl::pGAPTral,2-mannosidase His™, Blasticidin® BioGrammatics
ochl::;pGAPTral,2-mannosidase Blasticidin® BioGrammatics
pepd ochl::pGAPTral,2-mannosidase  Blasticidin® BioGrammatics
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Table 4 (continued)

Strain Genotype Phenotype Source
Other strains
GS241 fldl Growth defect on methanol as (Shen et al. 1998)
sole C-source or methylamine
as sole N-source
MS105 his4 fld] See GS241; His~ (Shen et al. 1998)
MC100-3 his4 arg4 aox1::ScARG4 aox2::PpHIS4 Mut” (Cregg et al. 1989)
CBS7435 ku70* ku70 WT (Naitsaari et al. 2012)
CBS7435 ku70 his4 * ku70, his4 His~ (Néitsaari et al. 2012)
CBS7435 ku70 gutl ku70, gutl Growth defect on glycerol; Zeocin® (Niitsaari et al. 2012)
CBS7435 ku70 adel ku70, adel Ade”, Zeocin® (Nadtsaari et al. 2012)

2These P. pastoris CBS7435 derived strains are marker-free knockouts
5 Strains from ‘Pichia Pool’ of TU Graz (M. Ahmad, unpublished results)

activity, but also complicates downstream processing of the
intact product as the degradation products will have similar
physicochemical and affinity properties. Proteolysis may oc-
cur either during vesicular transport of recombinant protein by
secretory pathway-resident proteases (Werten and de Wolf
2005; Ni et al. 2008) or in the extracellular space by proteases
being secreted, cell wall-associated (Kang et al. 2000) or
released into the culture medium as a result of cell disruption
during high cell density cultivation (Sinha et al. 2005).
Different strategies have been employed to address the prote-
olysis problem, namely, modifying fermentation parameters
(pH, temperature and specific growth rate), changing the
media composition (rich medium, addition of casamino acids
or peptone as competing substrates), lowering the salt concen-
tration and addition of soytone (Zhao et al. 2008), applying
protein engineering strategies (Gustavsson et al. 2001) and
engineering of the expression host to obtain protease-deficient
strains (reviewed by Idiris et al. 2010 and Macauley-Patrick
et al. 2005). However, in some cases, optimization of the
fermentation media and protein engineering strategies failed
to alleviate the proteolysis problem and tuning the expression
host itself was the only viable option (Li et al. 2010). The use
of protease-deficient strains such as SMD1163 (Ahis4 Apep4
Aprbl), SMD1165 (Ahis4 Aprbl) and SMD1168 (Ahis4
Apep4) has been well documented for the expression of
protease-sensitive proteins (Gleeson et al. 1998). PEP4 en-
codes a major vacuolar aspartyl protease which is able to
activate itself as well as further proteases such as carboxypep-
tidase Y (PRCI) and proteinase B (PRBI). The use of
protease-deficient strains other than the above mentioned
(e.g., yps1, kexl, kex2) was reported with variable success
(Ni et al. 2008; Werten and de Wolf 2005; Wu et al. 2013; Yao
et al. 2009). A general conclusion from these studies is that in
many cases several proteases are involved in degradation
events and, therefore, it is not an easy task to optimize protein
expression by knocking out just a single one. However, the

pep4 and prbl knockout strains are still the most effective
ones in preventing recombinant protein degradation, and,
hence, also the most widely applied. Although it has been
reported that protease-deficient strains show typically slower
growth rates, lower transformation efficiencies and reduced
viability (Lin-Cereghino and Lin-Cereghino 2007), experi-
ments in our laboratory showed robust growth behaviour of
28 protease-deficient strains that were recently created (M.
Ahmad, unpublished results).

Glyco-engineered strains

When yeasts such as P. pastoris are chosen for production of
therapeutic proteins, N- and O-linked glycosylation are of
tremendous relevance. Although the assembly of the core
glycans, that is, (Man)g-(GIcNAc),, in the ER is highly con-
served in mammals and yeasts, mammals provide a much
higher diversity in the ultimate glycan structure assembled in
the Golgi cisternae. Yeasts, in contrast, produce high mannose
glycan structures, which may lead to decreased serum half-life
and may trigger allergic reactions in the human body (Ballou
1990). While in P. pastoris the hyper-mannosylation is not as
prominent as in S. cerevisiae, it is still a problem that needs to
be tackled, and is therefore a target for intensive strain engi-
neering. A very detailed summary of the glycosylation ma-
chinery and the targets for glyco-engineering in different yeast
species, including P. pastoris, has been given recently (De
Pourcq et al. 2010). To sum up briefly, engineering strategies
included the introduction of a Trichoderma reesei x-1,2-
mannosidase (Callewaert et al. 2001), the knockout of the
highly conserved yeast Golgi protein o-1,6-
mannosyltransferase encoded by OCHI, which is responsible
for hyperglycosylation (Choi et al. 2003; Vervecken et al.
2004), as well as co-overexpression of several glycosyltrans-
ferases and glycosidases carrying proper targeting signals
(Hamilton et al. 2003). Terminally sialylated glycoproteins
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produced for the first in P. pastoris were obtained by introduc-
ing a complex sialic acid pathway (Hamilton et al. 2006). Key
to success was the correct localization of the heterologous
glycosyltransferases and glycosidases in the ER and Golgi
networks. Combinatorial genetic libraries and high throughput
screening methods were successfully applied to find the best
targeting signal/enzyme combinations for N-linked
glycoengineering (Nett et al. 2011). Furthermore, a useful
guide to glyco-engineering in P. pastoris by using the
GlycoSwitch® technology was described by Jacobs et al.
(2009). These strategies, altogether, enable the production of
valuable biopharmaceuticals with a more homogeneous,
‘humanized” N-glycosylation pattern.

However, as yeasts also carry out O-glycosylation that
differs structurally from the mammalian type (Strahl-
Bolsinger et al. 1999), O-glycosylation has also been an inter-
esting target for engineering. In P, pastoris, O-linked glycosyl-
ation is initiated with a mannose monosaccharide, which is
further elongated by «-1,2-mannose residues and finally
capped with 3- or phospho-mannose residues. Until lately,
the engineering strategies were limited to the use of an inhibitor
of the major ER located protein-O-mannosyltransferases
(PMTs) as the deletion of these genes did not yield robust
and viable strains. The characterization of the P. pastoris
PMT gene family was an important step forward in O-
glycosylation engineering (Nett et al. 2013). In this study, the
knockout of PMTs as well as the use of PMT inhibitors led to a
reduced number of O-mannosylation events and, furthermore,
to reduced chain lengths of the O-glycans. A follow-up study
described the production of a TNFR2:Fc' fusion protein car-
rying sialylated O-linked glycans in P, pastoris (Hamilton et al.
2013). Therein, an x-1,2-mannosidase as well as a protein-O-
linked-mannose (-1,2-N-acetylglucosaminyl-transferase 1
(PomGnT1) were co-expressed in a P. pastoris strain, that
was already engineered in its N-glycosylation pathway.
Hence, the mannose residues were first trimmed to single O-
linked mannose residues, which were then capped with N-
acetylglucosamine. This structure was extended with sialic
acid residues to achieve human-like O-glycan residues similar
to the o-dystroglycan-type. However, there is still room for
improvement, for example by engineering P, pastoris towards
human mucin-type O-glycosylation.

Expression strategies and industrial applications
Screening for high level expression

Subsequent to the choice of suitable expression vectors and
proper host strains, and transformation of the expression

" Ectodomain of tumor necrosis factor 2 with crystallizable fragment of
IgG1 (Fc)

@ Springer

cassettes, it is important to select for transformants which
show high expression levels of the desired protein. Single
copy transformants can be easily generated by targeting the
linear expression cassettes to the AOX/ locus resulting in gene
replacement events. Ectopic integrations may simultaneously
occur, however. Transformants resulting from gene replace-
ment at the AOXT locus have methanol utilization slow phe-
notype (Mut®) and can be easily identified by replica-plating
on minimal methanol plates. The most commonly applied
strategy to screen for high-yielding P. pastoris transformants
focusses on screening for clones having multicopy integra-
tions of the expression cassette. A recent detailed review
describes the methods applied to obtain strains containing
multiple expression cassettes and provides a summary of
published data showing correlations between copy number
and expression levels of intracellular as well as secreted pro-
teins. It also highlights the problem of genetic instability of the
integration cassettes that might be encountered when cultivat-
ing multicopy strains. Due to the highly recombinogenic
nature of P. pastoris, expression cassettes might be excised
through loop-out recombination. This effect seems to be more
pronounced the more copies are integrated (Aw and Polizzi
2013).

Regarding the correlation between copy number and ex-
pression level, a number of recent studies have shown a direct
correlation especially for intracellular expression (Marx et al.
2009; Vassileva et al. 2001). The direct correlation of expres-
sion level and gene copy number is, however, not necessarily
valid when the protein is directed to the secretory pathway.
The most commonly employed method of generating
multicopy expression strains in P. pastoris is based on plating
the transformation mixture directly on selection plates con-
taining increasing concentrations of antibiotics (e.g., 100 to
2,000 pg/ml of Zeocin™). The majority of transformants will
have a single copy of the expression vector integrated into the
genome, and numerous clones will have to be screened to find
high-copy transformants (Lin-Cereghino and Lin-Cereghino
2007). Therefore, several high-throughput methods have been
established to screen a large number of clones based on small-
scale cultivation in deep well plates (Mellitzer et al. 2012;
Weinhandl et al. 2012; Weis et al. 2004). The selected clones,
however, might not perform as well in fermenter cultivations
due to different cultivation conditions. A further pronounced
problem of resistance marker based screening is a high prev-
alence of false-positive colonies. This so-called high transfor-
mation background is supposedly caused by cell stress and
cell rupture. Depending on the mechanism of antibiotic resis-
tance conferred by the resistance marker, un-transformed cells
may survive in the vicinity of ruptured transformants. This
problem was addressed by constructing expression vectors
based on marker gene expression driven by the weak ARG4
promoter (Pichia Pool, Fig. 2). This ensures basal levels of
expression, thereby allowing handlers to select single copy to
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multicopy strains by plating the transformants directly on low
concentrations of Zeocin™ (i.e., 25 pug/ml for single copy and
up to 400 pg/ml for multi-copy transformants). Thus,
transformants having 1 to 20 (+5) copies can be selected. To
reduce the chances of having single copy transformants, re-
generation time should be kept short and transformants should
be plated directly on increased concentrations of antibiotic. By
employing this method, only few transformants survive on
high concentrations of antibiotic, but will most likely contain
multiple copies, which can be determined by quantitative
(qPCR) or Southern blot analysis (M. Ahmad, unpublished
results). Performance can then be tested directly under pro-
duction conditions in bioreactor cultivations instead of small-
scale cultivations in deep well plates or shake flasks.

Membrane protein expression

P. pastoris has been shown to produce 15+ g of soluble
recombinant protein per litre of culture intracellularly
(Hasslacher et al. 1997) or in secretory mode (Werten et al.
1999). Key to such high titres is the ability of P. pastoris to
grow to very high cell densities reaching up to 150 g cell dry
weight per litre of fermentation broth in fed-batch bioreactor
cultivations (Jahic et al. 2006). At very high cell densities,
even proteins that are present in limited entities per single cell
can be produced with reasonable volumetric yields in
P. pastoris. Typical examples of non-abundant proteins with
high scientific and commercial relevance are integral mem-
brane proteins. Being the targets of >50 % of drugs applied on
humans (Arinaminpathy et al. 2009), only very few mem-
brane proteins have been characterized on the molecular level
regarding structure—function relationships. The simple reason
is that it is difficult to obtain sufficient purified membrane
protein for structural and biochemical studies, unless affinity-
tagged membrane proteins are obtained at reasonable yield.
Actually, P pastoris has been applied routinely to produce
affinity-tagged membrane proteins for protein purification and
subsequent biochemical studies (Cohen et al. 2005; Haviv
et al. 2007; Lifshitz et al. 2007). Furthermore, P. pastoris has
been the expression host of choice for elucidating the crystal
structures of membrane proteins from diverse origins, even
from higher eukaryotes (Brohawn et al. 2012; Hino et al.
2012; Ho et al. 2009).

Evolutionary proximity of a heterologous expression host
and the origin of an expressed membrane protein are benefi-
cial for successful recombinant expression (Grisshammer and
Tateu 2009). In addition to the intramolecular forces and
bonds, ions, cofactors and interacting proteins that stabilize
soluble proteins, membrane proteins are usually interacting
with and are partially also stabilized by the lipids of the
surrounding bilayers (Adamian et al. 2011). As P. pastoris
and other yeast expression hosts do significantly differ in their
membrane compositions from bacterial, plant or animal cells

(Wriessnegger et al. 2007, 2009; Zinser and Daum 1995),
heterologous membrane proteins may face stability issues
upon expression in distantly related hosts. Thus, multiple
approaches have been undertaken to improve P. pastoris host
strains and expression conditions for membrane protein pro-
duction. Applying similar tools as for the optimisation of
soluble protein expression — that is, manipulation of expres-
sion conditions, addition of chemical chaperones, co-
expression of chaperones or of proteins activating UPR, use
of protease deficient strains, etc. — has been showing some,
however often target-specific success in membrane protein
expression. A novel approach is the engineering of
P, pastoris cellular membranes for improved accommodation
of heterologous membrane proteins. In the first reported ex-
ample, a cholesterol-producing P. pastoris strain was shown to
stably express an enhanced level of ligand-binding human
Na,K-ATPase moieties on the cell surface (Hirz et al. 2013).

Products on — or on the way to — the market

The P, pastoris expression system has gained importance for
industrial application as highlighted by the number of patents
published on heterologous expression in and cell engineering
of P. pastoris (Bollok et al. 2009). Products obtained by
heterologous expression in P. pastoris have already found their
way to the market, as FDA approved biopharmaceuticals or
industrial enzymes have shown. The www.pichia.com web
page provides a list of proteins produced in P. pastoris with the
commercial expression system licensed by Research
Corporation Technologies (RCT) and their applications:
Phytase (Phytex, Sheridan, IN, USA) is applied as animal
feed additive to cleave plant derived phytate, thereby provid-
ing a source of phosphate. Trypsin (Roche Applied Science,
Germany) is used, for example, as protease in proteomics
research to obtain peptide patterns for MS analysis. Further
examples listed are nitrate reductase (The Nitrate Elimination
Co., Lake Linden, MI, USA), used for water testing and
treatment, phospholipase C (Verenium, San Diego, CA,
USA/DSM, The Netherlands), used for degumming of vege-
table oils, and Collagen (Fibrogen, San Francisco, CA, USA),
used in medical research and as dermal filler. Thermo
Scientific (Waltham, MA, USA) sells recombinant
Tritirachium album Proteinase K produced in P. pastoris.
Concerning biopharmaceuticals, a famous example is
Kalbitor® (ecallantide), produced in P. pastoris by Dyax
(Cambridge, MA, USA). Kalbitor® is a plasma kallikrein
inhibitor indicated against hereditary angioedema. This prod-
uct was the first biopharmaceutical to be approved by the FDA
for market release in 2009 (Walsh 2010). As can be found on
the web page of RCT (www.rctech.com), Pichia-
manufactured Jetrea®, a drug used for treatment of
symptomatic vitreomacular adhesion, was recently approved
by the FDA and the European Commission. Other Pichia-
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derived products provided by the Indian company Biocon are
recombinant human insulin and analogues thereof (Insulin,
Glargine). Products under development, such as Elastase
inhibitor against Cystic fibrosis or Nanobody® ALX
antibody fragments developed by Ablynx (Belgium), are also
listed by Gerngross (2004) and on www.pichia.com. In 2008,
Novozymes (Denmark), which found a highly active -antimi-
crobial agent, the plectasin peptide derivative NZ2114 (Andes
et al. 2009; Mygind et al. 2005), granted Sanofi-Aventis
(France) an exclusive licence for the production and
commercialisation of this compound in P. pastoris. This might
be the first antimicrobial peptide approved for the market in
the future.

Although not yet approved for medical use, many products
can be found on the market for research purposes. GenScript
(Piscataway, NJ, USA) provides recombinant cytokines and
growth factors, such as human HSA-IFN-Alpha 2b, human
Stem Cell Factor SCF, murine TNF-« and ovine IFN-t, to
name just a few examples. Recombinant human angiostatin
can be found for instance in the reagents offered by Sigma-
Aldrich (St. Louis, MO, USA).

Future perspectives — outlook

Successful expression of many industrial enzymes as well as
pharmaceutically relevant proteins has rendered the
methylotrophic yeast P. pastoris one of the most suitable and
powerful protein production host systems. It is also an emerg-
ing host for the expression of membrane proteins (Hirz et al.
2013) and of small bioactive and antimicrobial peptides,
which could be a forthcoming alternative to chemical synthe-
sis (Zhang et al. 2014). Although many basic elements of this
expression system are now well developed and one can make
use of a broad variety of vectors and host strains, there is still
space for further optimization of protein expression and se-
cretion, which, in many cases, will be highly dependent on the
desired product. One general interest is to find effective alter-
natives for induction to replace methanol for industrial scale
fermentations (Delic et al. 2013; Prielhofer et al. 2013;
Stadlmayr et al. 2010).

Improving protein secretion performance is one of the first
and foremost goals for engineering P. pastoris. There is still
potential to increase yields, for example, by employing differ-
ent secretion signals (Vadhana et al. 2013) or mutating
S. cerevisiae x-MF (Lin-Cereghino et al. 2013). In contrast
to the well-studied secretory pathway of S. cerevisiae,
P. pastoris still is a black box regarding factors influencing
secretion efficiency. Current studies try to identify these fac-
tors by mutagenesis approaches and screening for enhanced
secretion of reporter proteins (Larsen et al. 2013; C. Winkler
and H. Pichler, unpublished results). The well-developed tools
for strain engineering, including marker-free integration and
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deletion of desired genes, will provide a powerful set of
engineered designer host strains in the near future. These will
provide optimized cell factories by fine-tuned co-expression
of important homologous or heterologous protein functions
needed for efficient and accurate functional expression, secre-
tion and post-translational modification of proteins. Moreover,
knockout or knockdown of undesired functions such as pro-
teolytic decay will increase product quality and process per-
formance. Considering the scope of this review on heterolo-
gous protein expression, it was not feasible to address all
possible applications for P. pastoris as production organism,
such as metabolic engineering for production of small mole-
cules and metabolites, or for whole-cell biocatalysis.
However, developments in these fields may also be relevant
for constructing improved host strains dedicated for protein
production. There are several recent reviews and research
articles describing advances in these fields in detail (Abad
et al. 2010; Araya-Garay et al. 2012; Wriessnegger and
Pichler 2013).

Open Access This article is distributed under the terms of the Creative
Commons Attribution License which permits any use, distribution, and
reproduction in any medium, provided the original author(s) and the
source are credited.
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Filamentous fungi are the predominant source of lignocellulolytic enzymes used in
industry for the transformation of plant biomass into high-value molecules and biofuels.
The rapidity with which new fungal genomic and post-genomic data are being produced
is vastly outpacing functional studies. This underscores the critical need for developing
platforms dedicated to the recombinant expression of enzymes lacking confident
functional annotation, a prerequisite to their functional and structural study. In the last
decade, the yeast Pichia pastoris has become increasingly popular as a host for the
production of fungal biomass-degrading enzymes, and particularly carbohydrate-active
enzymes (CAZymes). This study aimed at setting-up a platform to easily and quickly
screen the extracellular expression of biomass-degrading enzymes in P pastoris. We
first used three fungal glycoside hydrolases (GHs) that we previously expressed using
the protocol devised by Invitrogen to try different modifications of the original protocol.
Considering the gain in time and convenience provided by the new protocol, we
used it as basis to set-up the facility and produce a suite of fungal CAZymes (GHs,
carbohydrate esterases and auxiliary activity enzyme families) out of which more than
70% were successfully expressed. The platform tasks range from gene cloning to
automated protein purifications and activity tests, and is open to the CAZyme users’
community.

Keywords: recombinant proteins, expression platform, CAZymes, Pichia pastoris, factorial approach, automation,
glycoside hydrolase

Introduction

Lignocellulosic biomass is recognized as a sustainable source of mixed sugars for producing
second generation biofuels by fermentation, and for the synthesis of biomaterials (Lynd et al.,
2008). In industry, saccharification of lignocellulose is performed enzymatically using fungal
enzyme cocktails (Himmel et al, 2007). Due to the recalcitrant nature of lignocellulosic
biomass, the development of more efficient fungal enzyme preparations is an active research
field with the sequencing of hundreds of fungal genomes at the US Department of Energy
Joint Genome Institute 1,000 fungal genome project, (Grigoriev et al, 2014). This wealth

Abbreviations: AA, auxiliary activities; CAZy, carbohydrate-active enzymes; CE, carbohydrate esterase; GH, glycoside
hydrolase; kDa, kiloDalton; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis.
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of genomic information opens new horizons and opportunities
to improve the enzymatic conversion of biomass.

However, due to throughput differences the production
of recombinant fungal proteins lags far behind that of data
generated by —omic approaches, which creates a bottleneck
in the process of unraveling the function of novel CAZymes.
Although historically filamentous fungi (e.g., Trichoderma reesei,
Aspergillus niger) and other yeast (e.g., Saccharomyces cerevisiae,
Yarrowia lipolytica) have been used for expressing native or
recombinant fungal enzymes (Dashtban et al., 2009), the yeast
Pichia pastoris has become the premier example of yeast species
used for the production of recombinant proteins (Cregg et al.,
2000; Damasceno et al., 2012). Advantages of this yeast include
the use of efficient and tightly regulated promoters, higher
expression levels for lower cost than insect and mammalian
cells. Compared to prokaryotic expression, it provides better
protein folding, allows post-translational modifications (N- and
O-glycosylation, methylation, and acylation), and is able to
secrete high levels of recombinant proteins in the culture
medium. In addition, it secretes very low levels of endogenous
proteins none of which has been reported to be active on
lignocellulosic biomass, which simplifies protein purification.

Finally, because filamentous fungi and vyeast are
phylogenetically close, P. pastoris is the organism of choice
for expressing different classes of active fungal CAZymes, such as
GHs (Bauer et al., 2006; Couturier et al., 2011a,b), CE (Topakas
et al,, 2010, 2012) and AA enzymes [i.e., lytic polysaccharide
mono-oxygenases (Kittl et al., 2012; Bey et al., 2013)]. Having
these many advantages over other expression systems makes
P. pastoris an organism of choice for the production of industrial
enzymes (Rabert et al., 2013).

Despite obvious advantages, we have found that heterologous
expression of fungal enzymes in P. pastoris remained time-
consuming, and reasoned that protocols for transformation,
screening of transformants, cultures, purification of recombinant
proteins could benefit from streamlining to try to increase
protein production-throughput. In this study, we have used in-
house fungal genes encoding CAZymes [GH5, GHI11, GH45
(Couturier et al, 2011ab)] that we previously successfully
expressed in P. pastoris using pPICZo inducible vector, to
establish a simpler standard protocol. In this paper, we have
analyzed, and modified whenever possible, different steps of
the protocol set-up by Invitrogen for expressing proteins
in P. pastoris from the design of expression constructs to
the assay of purified proteins, with the ultimate goal of
setting-up a lab-scale recombinant protein production facility.
This platform now makes the link between upstream expert
annotation of CAZymes (www.cazy.org) (Lombard et al.,, 2014)
and downstream automated assay of enzymatic activities (Lafond
etal., 2012) and crystallogenesis (Sulzenbacher et al., 2002).

Materials and Methods
Enzymes

Taq (screening purpose) and Platinum pfx (cloning purpose)
DNA polymerases (Invitrogen) were used in PCR experiments.

Expression Constructs

Coding sequences to express were PCR amplified, and then
inserted into Invitrogen vectors pPICZaA (Couturier et al.,
2011a,b), pGAPZaA and pBGP1 (Sasagawa et al., 2011) (this
study) inframe with N-terminal yeast a-secretion factor and
C-terminal Hiss tag encoding sequences. Plasmid pBGP1 was
obtained by removing the Gateway cassette from pBGP1-DEST
(Sasagawa et al,, 2011) by Xhol/Xbal restriction digestion. The
primers used were: GGGGCTAAAGAACTCGAGAAAAGAG
AGGCTGAAGCTCTCCCCCAAGCACAAGGTG and TTTTC
TAGACCCGCCGGGAGAGCATTGATAG for  Podospora
anserine GH5 (GenBank: HM357135.1), GGGGCTAAAGAA
CTCGAGAAAAGAGAGGCTGAAGCTGCCCCCGGTGAGCT
TCCT and TTTTCTAGACCGTGTGTCTGGACATAAATGTC
for P. anserine GH11 (GenBank: HM357137.2), and GGGGCTA
AAGAACTCGAGAAAAGAGAGGCTGAAGCTGATGTCCCA
CTTTGGGGCCAATG and TCTAGACCTTCGTCCGTACGAG
CACA for P. pastoris GH45 (GenBank: CAY71902.1). Except
pBGPI1, resulting recombinant expression plasmids were
linearized with Pmel (pPICZaA) or AvrIl (pGAPZaA) restriction
enzymes.

Preparation of Frozen Electrocompetent Cells
and Transformation
Cells were grown as described by Invitrogen
(easyselect_man.pdf) with the following modification: when
ODggp was about 1.4, cells recovered from 250 ml culture were
resuspended in 100 ml YPD supplemented with 20 ml 1 M
HEPES pH8 and 2.5 ml 1 M DTT, and stored at 30°C for 15’.
After washing as described in easyselect_man.pdf, they were
eventually resuspended in 0.5 ml of cold 1 M sorbitol and 60 1
aliquots were frozen at —80°C.

Electroporation ~ was  performed as described in
easyselect_man.pdf using 60 pl of thawed electrocompetent
cells.

Liquid Phase Selection and Expression
Screening

General Strategy

Both were performed in 24-wells deepwell plates. Indicated
volumes are for one well. An aliquot (200 pl) of sorbitol cell
suspension was used to inoculate 2 ml YPD supplemented with
100 pwg/ml Zeocin, which was then incubated for 3 days at 30°C
under 225 rpm rotary shaking. This step has two aims: it selects
transformed cells as do Zeocin-containing agar plates, and serves
as a pre-culture for the following recombinant protein expression
screening. The latter was performed by inoculating 5 ml Zeocin-
free growth medium with 50 pl pre-culture and then incubating
at 30°C under shaking. At the end of the expression period,
culture supernatants were recovered by centrifugation for 5 at
4000 g and their protein content analyzed by SDS-PAGE and/or
enzymatic activity assay.

Constitutive Expression (pGAPZaA)

Protein expression screening was performed by inoculating 5 ml
YPD with 50 pl pre-culture and then incubating for 4 days at
30°C under shaking.
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Inducible expression (pPICZaA)

Protein expression screening was performed by inoculating 5 ml
BMGY (easyselect_man.pdf) with 50 pl pre-culture, and then
incubating overnight at 30°C under shaking. The plate was then
spun as above and the cell pellet was resuspended in 1 ml
BMMY (easyselect_man.pdf). The culture medium was daily
supplemented with 3% methanol for 4 days.

Automated Purification of Recombinant

Proteins

Non-Automated Pre-Purification Steps

(i) At the end of the expression period, 24-wells deepwell plates
were spun for 5 at 4000 g to pellet the cells. Supernatants
were transferred well to well to another 24-wells deepwell
plate, and each well was supplemented with 1/10 supernatant
volume of 250 mM Tris pHS8. (ii) Two hundred microliters of
a 50% suspension of Ni Sepharose™ High Performance (GE
Healthcare 17-5268-02) were loaded into each well of a 96-wells
deepwell filter plate (AcroPrep™ Advance 1 ml, 1 pm Glass
Fiber, PALL PN 8131). (iii) 24-wells deepwell plates containing
the supernatants were put on a TECAN Freedom Evo robot, and
the 96-wells deepwell filter plate on the first manifold of the same
robot (Navarro et al., 2010).

Automated Steps

Indicated volumes are for one well. The automate removed
ethanol from Sepharose beads by vacuum aspiration for 30" at
—50 millibars (mb), and then added 200 w1 buffer A (10 mm Tris
pH7.8, 150 mM NaCl and 10 mM imidazole). After 2/, buffer A
was eliminated by vacuum aspiration for 30" at —50 mb. This
step was repeated once. The robot transferred 800 pl of each
culture supernatant from the 24-wells deepwell plate to each
well of the 96-wells deepwell filter plate. After 3’ incubation,
the supernatant was eliminated by vacuum aspiration for 60" at
—50 mb. If more than 1 ml supernatant was to be processed, this
step was repeated the required number of times. At the end of
the binding step, the robot washed the beads twice with buffer
A as above, and then dried them by an additional 5 —700 mb
vacuum aspiration. The robot transferred the filter plate on top of
a 96-wells microplate that had been put on the second manifold
of the robot beforehand, and added 200 .1 buffer B (10 mm Tris
pH7.8, 150 mM NaCl and 500 mM imidazole) to each well of the
filter plate. After 5" incubation, the robot transferred the elution
volume from each well of the filter plate to the corresponding well
of the 96-wells microplate underneath by two successive vacuum
aspirations for 20" at —50 mb. Complete recovery of elution
volume was achieved by performing a second vacuum aspiration
for 5”7 at —700 mb. The filter plate was then transferred back to
the first manifold where beads were regenerated by performing
the following operations. (i) Buffer B (200 pl) was added and
after 2 incubation removed by vacuum aspiration for 30" at
—50 mb. This step was repeated once. (ii) Buffer A (200 pl) was
added and after 2’ incubation removed by vacuum aspiration
for 30" at —50 mb. (iii) Finally, beads were supplemented in
400 pl of 20% ethanol. The filter plate was sandwiched between
two adhesive aluminum sheets (Dutscher reference 106524) and
stored at 4°C.

Enzymatic Activity Assays

Indicated volumes are for one well. GH5, GH11, and GH45
enzymatic activities were assayed by measuring the hydrolysis
of 1% azo-glucomannan, azo-xylan, and azo-CM-cellulose
(Megazyme), respectively. The assay is based on GH-dependent
hydrolysis of a dyed substrate that produces low-molecular
weight dyed fragments which remain in solution on addition of a
precipitant solution. High-molecular weight material is removed
by centrifugation and the color of the supernatant is measured.
In practice, culture supernatants or purified enzymes (10 pl)
were added to 50 pl of azo-substrate solution in 50 mM sodium
acetate pH4.8 in 96-well plates. The latter were heat-sealed with
aluminum sheet using the robot PlateLoc sealer, and incubated
at 40°C for 2 h under 800 rpm rotary shaking. Ethanol (150 1)
was added to precipitate non-hydrolysed substrate. After 10’
at room temperature, plates were centrifuged at 4000 g for 5'.
Supernatants were collected and their optical density measured at
590 nm. Activities were expressed as percentage of azo-substrate
used. The 100% value was the ODsqq of a well to which no ethanol
and no enzyme had been added.

Results and Discussion

In a previous work, three GH (GH5, GH11, and GH45) were
successfully expressed in P. pastoris by strictly following the
protocol proposed by Invitrogen (easyselect_man.pdf). Analysis
of the original protocol resulted in a list of different steps that
could be subject of optimization in terms of time, cost, or
convenience. The list was made of: (1) using frozen competent
cells instead of extemporaneously preparing competent cells; (2)
using less plasmid for electroporation; (3) skipping the selection
of recombinant clones on plate; (4) replacing tubes and flasks
with deep-well plates in the screening process. In addition to
simplifying the original protocol, the purification of secreted
His-tagged proteins was automated to increase throughput.

Expression Constructs

In a first trial, GH5, GH11, and GH45 coding sequences
were sub-cloned by restriction/ligation (R/L) into episomal
pBGP1 (Sasagawa et al, 2011) and integrative pGAPZaA and
pPICZaA expression vectors as described in Section “Materials
and Methods,” and recombinant expression was evaluated by
SDS-PAGE in the supernatant of culture media. Using integrative
vectors was expected to result in genetically stable P. pastoris
strains as they are integrated into the yeast chromosome at the
cost of more laborious screening, whereas an episomal vector
could be isolated by a simple plasmid preparation procedure.
In addition, episomal vectors have higher transformation
efficiencies and more than one copy per cell. It was therefore
of interest to assess whether these features were correlated to
recombinant protein expression level. Results are reported in
Figures 1A-C. Expression of GH5 and GH45 was plasmid-
dependant: GH5 was better expressed by pPICZaA than by
PGAPZaA whereas it was the opposite for GH45. No GHI1
was visible in the culture medium of any plasmid condition. To
check whether GHI11 was expressed, it was purified by affinity
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FIGURE 1 | Expression results of different DNA constructs. (A-C), 25 ! of culture supernatant using the indicated expression plasmid were directly analyzed
by SDS-PAGE. (D) GH11 from (B) and (C) was purified by affinity chromatography on Ni-NTA, and 25 pl of elution fraction were analyzed by SDS-PAGE. M,
molecular weight markers. (A) 180, 130, 100, 70 (), 55 (), 40, 35, 25 (8, 15, 10 kDa. (B-D) 250, 150, 100, 75 (), 50 (4, 37, 25 (s), 20, 10 kDa.

chromatography on Ni-NTA as described in Section “Materials
and Methods” and analyzed by SDS-PAGE (Figure 1D). GH11
was slightly better expressed by pPICZaA than by pGAPZaA,
although at levels definitely lower than those of GH5 and GH45.
On the basis of above results, integrative vectors pGAPZaA
and pPICZ were chosen for expressing fungal CAZymes. Two
attempts to make DNA constructs easier resulted in negative
expression results: the use of Gateway cloning instead of R/L
(Additional File 1), and the use of PCR to both generate and
linearize integrative expression constructs in a single experiment
(Liu et al., 2008; Yu et al., 2012) (Additional File 2). In conclusion,
the classical R/L technique followed by linearization by restriction
of expression integrative constructs before transformation was
used in the rest of this study, as proposed by Invitrogen
(easyselect_man.pdf).

Transformation

Frozen Electrocompetent Cells

Invitrogen advices not using frozen electrocompetent cells
because freeze/thaw cycles reduce cell transformation efficiency.
However, extemporaneously preparing electrocompetent cells is
time consuming, which proportionally increases the cost price
of recombinant proteins. The protocol used throughout this
study and described in Section “Materials and Methods” was
kindly provided by one of our collaborators (EIPL) and proved
successful with all our expression constructs. No attempt was
made to substitute electroporation with chemical transformation
because the transformation efficiency was considered too low
for the liquid phase transformation described below, although a
recently launched chemical compound (BG2) seems promising in
this respect (Filyak et al., 2013).

Amount of DNA for Transformation

As mentioned above, highest transformation efficiencies are not
required in a recombinant protein expression facility because
few clones are sufficient for expressing a recombinant protein.
Since the number of individual colonies on agar plates is
proportional to the amount of DNA used for transformation for
a given transformation efficiency, we assessed the possibility to
reduce the amount of DNA used for transformation. Invitrogen
protocol suggests using 10 pg of linear expression construct

per transformation. However, we found that as low as 0.5 pg
of linear expression construct was enough for obtaining the
necessary number of transformants for expressing recombinant
proteins. Incidentally, using less DNA also allows using plasmid
DNA mini-prep and not midi-prep kits, which is both faster
and cheaper. An additional gain of time could be to skip the
expression construct linearization by restriction, but we found
that electroporating yeast cells with 0.5 pug of non-linearized
integrative expression construct failed to give rise to colonies
on agar plates (not illustrated). In conclusion, 0.5 pg of linear
expression construct were decided to be, respectively, the default
value and DNA state used on the expression platform.

Plating-Free Transformation

Invitrogen’s protocol implies plating cells on Zeocin agar plates
after electroporation for selecting transformants. We reasoned
that there were no reason why transformants could not be
selected in liquid rather than in solid phase (i.e, on agar)
provided the selection reagent Zeocin was included in the culture
medium. Thereafter, we refer to selection of transformants
by plating on Zeocin-containing agar plates as “solid phase”
selection, and to selection of transformants by growing in YPD-
Zeocin as “liquid phase” selection. The only weakness of the
liquid phase option is that transformants are screened as a pool
and not as individual clones. As a consequence, the expression
screen result is the average of all clones that have been selected
by the antibiotic, which can lead to suboptimal expression
results.

We compared both approaches to assess whether having
individual clones was critical for our project. X33 cells were
transformed with linearized pGAPZaA constructs bearing
coding sequences for GH5, GH11, or GH45. After the sorbitol
step, 200 pl of cell suspension in sorbitol were plated and then
incubated at 30°C for 3 days as usual, and another 200 pl of
the same cell suspension in sorbitol were used for liquid phase
selection as described in Section “Materials and Methods”. When
clones began to appear on agar, they were individually used to
inoculate 5 ml YPD-Zeocin and then allowed to grow and express
the recombinant protein for 4 days. Expression of recombinant
proteins of all solid and liquid phase experimental points
was assessed by assaying GH5, GH11, and GH45 enzymatic
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activities. Results (Figure 2) definitely show that, at least for
our three reference proteins, there was no difference between
either selection mean. In addition to using less Zeocin than solid
phase selection [2 pl in 2 ml YPD instead of 25 pl in 25 ml
YPD containing 1.2% agar (YPDA; i.e., the volume poured per
plate)], liquid phase selection does not preclude individual clones
to be selected on plate if necessary since it uses only 200 out of
1000 Wl of the sorbitol suspension of transformed cells and so
an additional 200 pl aliquot can be plated and grown in parallel
with the liquid phase selection. In conclusion, the liquid phase
selection was chosen as default option for our facility because it
allows a yes/no answer to be obtained more quickly than solid
state screening. In case of negative or poor response, plated clones
can be used as a rescue.

Culture of Transformants

Culture Dish

Based on our experience in recombinant expression screening
in Escherichia coli (Noguere et al., 2012) and in filamentous
fungi (Alberto et al., 2009), the ANSI/SLAS (American National
Standards Institute/Society for Laboratory Automation and
Screening) format was preferred to classical tubes and flasks for
growing cells. This format has two advantages. First, dishes stand
alone and do not require additional equipment such as tube or
flask holders, which is convenient when many samples have to
be processed in parallel as it is often the case on a dedicated
platform. Second, it was devised for use with automates, which
allows for a direct transfer from culture incubators to robot
benchwork.

Although 96-wells deepwell plates have been successfully
used for growing and co-expressing recombinant proteins in
P. pastoris (Geier et al., 2013), 24-wells deepwell plates better
fitted with the requirements of this type of platform. By
accommodating larger culture volumes than 96-wells deepwell
plates (5 instead of 1 ml per well), 24-wells deepwell plates
act as a magnifying tool of recombinant protein expression for
the following reason. Since recombinant proteins secreted by
P. pastoris in the culture medium are C-terminally His6-tagged,

they can be concentrated up to about 25 times by collecting
them by affinity chromatography on Ni-NTA beads if elution
from the affinity column is performed using 200 pl elution
buffer (see further). Hence, even tiny levels of expression can
be detected by SDS-PAGE analysis and Coomassie blue staining.
By contrast, each well of a 96-wells deepwell plates provides
five times less signal on gel for the same expression level
because it can accommodate only 1 ml of culture medium.
In addition, since oxygen transfer in 24-wells deepwell plates
is higher than in 96-wells deepwell plates (Duetz, 2007), one
may expect higher expression levels in the former than in
the latter. Baffled 16-wells deepwell plates used for growing
filamentous fungi (Alberto et al, 2009) were eventually not
considered for use on the platform because the number of wells
was too small for the intended screening throughput and their
geometry unfitted for the automate six needle pipetting arm.
In conclusion, 24-wells deepwell plates were chosen as default
culture dish.

Managing Zeocin Consumption

Yeast expression plasmids of pGAPZ and pPICZ series confer
Zeocin resistance to transformed cells, which allows for easy
selection of the latter after plating on Zeocin-containing agar
plates. However, Zeocin has two failings: it is expensive and
degrades rapidly with time. In particular, it is light sensitive.
Therefore, Zeocin-containing agar plates cannot be stored for
long periods of time before use and must be protected from light
throughout the process ranging from pouring to plating, which
makes their handling inconvenient.

We addressed the issues of cost and degradability by testing
the possibility of directly adding Zeocin to suspensions of
electroporated cells in sorbitol solution rather than to agar plates.

In practice, X33 cells were electroporated with episomal
Gateway plasmid pBGP1-DEST bearing GH5 coding sequence.
After the sorbitol step, 100 out of 1000 pl cell suspension
were spread on either a Zeocin plate made of 25 ml of YPDA
supplemented with 25 pl of 100 mg/ml Zeocin solution, or on
agar plates made of 25 ml of Zeocin-free YPDA. In the latter

Enzymatic activity (%)

Liquid Solid

GH5

supernatants, with standard deviations of the triplicate assay.

FIGURE 2 | Plating is dispensable for expressing recombinant GH in Pichia pastoris. Liquid and solid phase selections were performed as described in the
results section. For the solid phase selection, three individual clones (numbered 1,
deep-well plate. For the liquid phase selection, three individual wells (numbered 1,
1000 .l of the cell suspension in sorbitol solution after electroporation and assayed in triplicate. Results show the mean enzymatic activity assayed in culture

3

N
w

Liquid

GH11 GH45

2, 3 on the x axis) were grown each in triplicate in individual wells of a 24-wells
2, 3 on the x axis) of a 24-wells deep-well were seeded each with 200 out of
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Volume of Zeocin (pl) added to the cell suspension before plating:
25 10 5 1 0

FIGURE 3 | Managing Zeocin consumption. The experiment was performed as described in the results section. After 4 days at 30°C, plates were photographed.
In the upper row, Zeocin was added directly to the cell suspension before plating on Zeocin deficient plates. Numbers on top indicated the volume of Zeocin mother
solution added to 150 wl of cell suspension. The lonely plate below the upper row is the reference plate. In that case, the cell suspension was not supplemented with
Zeocin, but was plated on Zeocin-containing plate. This reference plate was located between plates “0” and “1” of the upper row because it roughly contained an
intermediate number of clones between these two plates.
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FIGURE 4 | Antibiotics have no effect on P. pastoris growth nor on protein expression. (A) Effect of antibiotics on cell growth. The y axis is the optical density
of a 1/300 dilution of the culture. None, no antibiotic; Amp, 100 wg/ml ampicillin; Chlo, 34 wg/ml chloramphenicol; Kana, 50 wg/ml kanamycin; Tetra, 15 pg/ml
tetracycline; Zeo, 100 wg/ml Zeocin. (B) Recombinant proteins purified by affinity chromatography on Ni-NTA beads from 4 ml culture. From 100 pl of elution
volume, 15 pl were analyzed by SDS-PAGE along with 15 wl of non-purified supernatant (lanes S). M, molecular weight markers; from top to bottom: 116, 66.2, 45,
35, 25, 18.4, 14.4 kDa. Numbers 50, 100, 200 in lanes Chlo and Tetra indicate the volume in ! of 50% Ni-NTA beads suspension used. See results for details.
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FIGURE 5 | Pichia pastoris recombinant protein expression platform.
Automated purification by affinity chromatography on Ni-NTA and enzymatic
activities assays of His6-tagged recombinant proteins are boxed. See Section
“Materials and Methods” for details.

case, cell suspensions were supplemented with 0, 1, 5, 10, or
25 pl of 100 mg/ml Zeocin solution immediately before spreading
on Zeocin-free plates. Plates were then incubated at 30°C for
4 days, and the number of colonies was compared. Results
(Figure 3) indicate that adding 1 pl of Zeocin solution directly
to the cell suspension just before plating provided roughly
the same result as plating the same volume of the same cell
suspension on an agar plate supplemented with 25 pl of Zeocin
solution.

Adding Zeocin to the cell suspension immediately before
plating rather than in the agar plate allows (i) dividing Zeocin
consumption by about 50 for the same selection efficiency, (ii)
preparing YPDA plates in advance of use and then storing them
without particular caution except asepsis. In conclusion, if the

liquid phase selection described in a previous paragraph cannot
be performed because isolating clones is mandatory for some
reason, this can be done at lower cost and more conveniently
by adding Zeocin to the cell suspension just before plating rather
than in the YPDA plate.

Prevention of Bacterial Contamination
Because integrative plasmids are generally used for transforming
P. pastoris cells for which maintaining antibiotic selection
pressure after transformants have been selected is unnecessary,
and because the antibiotic used to select transformants (Zeocin)
is expensive, no antibiotic is used for growing clones thereafter.
Sometimes, however, the absence of antibiotic in rich culture
media such as YPD allows bacterial contaminations to occur
with the mandatory loss of the contaminated batch. Penicillin
and Streptomycin are routinely used to prevent bacterial
contaminations in eukaryotic cell line cultures. Being eukaryotes,
yeasts should not be sensitive to antibiotics commonly used
by microbiologists (ampicillin, chloramphenicol, kanamycin,
tetracycline), which could thus be added to the culture
medium without deleterious effect while preventing such
contaminations.

To check that antibiotics had really no effect on yeast growth,
a clone of P. pastoris cells expressing GH5 from pGAPZaA was
grown for 4 days in YPD in the presence or absence of the
antibiotics listed above at concentrations used in laboratories to
select resistant E. coli. Biomass was assessed by measuring the
optical density of the culture at 600 nm at the end of that period,
which definitely demonstrated the total innocuousness of this
series of antibiotics (Figure 4A). The amount of recombinant
protein secreted in the culture medium was next compared.
To that end, His6-tagged GH5 was concentrated by affinity
chromatography on Ni-NTA beads under different conditions
that are detailed in the next paragraph. Results (Figure 4B)
showed no difference between protein expression in the presence
or absence of antibiotic, suggesting that antibiotics have no
negative effect on the over expression of a recombinant protein
in P. pastoris. In conclusion, if bacterial contaminations are an
issue commonly used antibiotics can provide good protection at
much lower cost than Zeocin, and without effect on P. pastoris
cell growth or protein expression.

Protein Purification

Recombinant proteins were expressed as fusion proteins with
an N-terminal signal peptide and a C-terminal His6-tag. This
combination has two consequences. First, recombinant proteins
are secreted in the culture medium as are biomass-degrading
enzymes by filamentous fungi in their native environment.
Second, this diluted protein solution can be concentrated up
to about 25 times (compare, for example, lanes S to any
other lane in Figure 4B) by collecting tagged proteins by
affinity chromatography on Ni-NTA beads. The latter has two
requirements: high specific binding is favored by slightly alkaline
pH (about 8), and low non-specific binding requires high salt
concentrations. Since YPD is devoid of any added salt and its
pH ~6, the addition (Figure 4B) of 0.3 M NaCl with (lanes
N8) or without (lanes N) 100 mM Tris pH8 was compared

Frontiers in Microbiology | www.frontiersin.org

September 2015 | Volume 6 | Article 1002

Motif Exhibit 1059, 344 of 653


http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

Haon et al.

Case No.: IPR2023-00322
U.S. Patent No. 10,273,492

P, pastoris expression platform

to no addition (lanes 0). Results indicate that such additions
were not required. However, when the culture medium pH is
willingly maintained acidic (pH3) as in the fractional factorial
approach described in the next paragraph, buffering using a
final concentration of 100 mM Tris pH8 is mandatory before
binding. The amount of Ni-NTA beads proved not limiting since
increasing them from 50 to 200 pl of a 50% beads suspension
did not increase the recovery yield (Figure 4B, lanes Chlo and
Tetra).

Since deepwell plates can be directly transferred from a
shaking incubator to a robot benchwork, the recovery of His6-
tagged recombinant proteins by affinity chromatography on Ni-
NTA was automated. To that end, Ni-NTA beads were used
in deepwell filter plates as described in Section “Materials and
Methods.” Note that 100 pl of beads per well were used because
using 50 pl provided less reproducible results (not illustrated).
The flowchart of the automated process is illustrated by Figure 5,

and a thorough description of the robot can be found in (Navarro
et al., 2010). After elution, recombinant His6-tagged proteins
were analyzed by gel electrophoresis using pre-cast gels, and by
assaying their enzymatic activity (Figure 6).

Expression Conditions

It is our experience that modifying expression parameters in
E. coli by trial and error is less effective than testing the same
parameters in a factorial approach, mainly because parameter
interaction is lost in the former case (Benoit et al., 2007; Noguere
et al., 2012). Therefore, GH11 expression was tested in two
different fractional factorial approaches using pGAPZoA and
pPICZaA vectors, respectively. A detailed description of the
method and of the results is in Additional File 3. In short, both
approaches converged to the conclusion that expression was
proportional to the temperature, and that an alkaline pH was
more favorable than an acidic one (Figure 6).

A 271°C 18°C

10°C

M GlupH3 | GlypH9 | Sac pH3 | SorpH6| YPD | GlupH9 | Sor pH9

al ]

Sac pH6 M

Gly pH3 YPD Gly pH6 |Glu pH6 | SacpH9 | Sor pH9 | YPD

|

B 27°C 18°C

10°C

MO0.1 pH9| M1 pHE |M10 pH3| M3 pHE |M10 pH6 | M3 pH6

MO.1 pH3

| |

M M1pH9 [MO0.1pH6| M3pH3 | M1pH3 |M10pHY | M3 pHE

i

|—I—|

FIGURE 6 | Constitutive and inducible expression of a recombinant protein in P. pastoris using fractional factorial approaches. Recombinant GH11 was
purified by affinity chromatography on Ni-NTA as described in Section “Materials and Methods” and in Figure 5, and analyzed by SDS-PAGE and enzymatic assay.
(A) Constitutive expression using pGAPZaA. (B) Inducible expression using pPICZaA. Parameter value combinations of the fractional factorial approach are indicated
on top of each experimental point. Glu, Glucose; Gly, Glycerol; Sac, Saccharose; Sor, Sorbitol. M0.1, M1, M3, M10 stand for 0.1, 1, 3, 10% methanol concentration,
respectively. M, molecular weight markers (same as Figure 1A; GH11 migrates as the 40 kDa band). See Additional File 3 for details.
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> Freshly prepared Frozen
electrocompetent cells electrocompetent cells
10 g constitutive 0.5 g constitutive
expression N/ \V expression
0.5 construct construct 0.5
Electroporation Electroporation
1 ml 1M sorbitol 1 ml 1M sorbitol
Solid phase selection : 10, Liquid phase selection with
3 25, 50, 100, and 200 pl are Zeocin: 0.2 ml sorbitol "
spread on Zeocin agar plates suspension is used to
inoculate 2 ml YPD-Zeocin in
24-wells deepwell plate
10-20 colonies are streaked
3 again on fresh Zeocin agar
plates for pure colonies
05 Optional: PCR screening
0.5 for the presence of insert
Liquid phase expression screening ’ -
of 10 individual transformants: Expression screening
2 a single colony is grown overnight of transformants pool: 0.2 ml
in 10 ml YPD. 0.1 ml of this pre-culture is used to
overnight culture is used to inoculate] inoculate 5 ml YPD in
50 ml YPD in a 250 ml flask 24-wells deepwell plate
1 ml expression culture is 0.1 ml expression culture is 4
daily taken to check expression daily taken to check expression
114.5 Total 75
FIGURE 7 | Comparative flowchart of Invitrogen (left) and our (right) protocol for expressing recombinant proteins in P. pastoris. In this example,
constitutive expression was chosen. Numbers on the left and on the right are the estimated number of days required by the considered step, with their sum (total) at
the bottom.
Conclusion weeks at 4°C as sorbitol suspensions and only 200 pl out of

The recombinant protein production facility using P. pastoris
should avoid using episomal and/or Gateway vectors because
the former uselessly request maintaining expensive Zeocin
selection throughout the expression process, and the latter
failed at efficiently expressing three reference proteins. We
have observed that expressing three reference CAZymes was
plasmid-dependent. However, since testing both constitutive and
inducible expression in parallel might prove impractical for
large projects, a serial approach is more realistic. In case of
negative result, swapping plasmids is made easy by the identity of
cloning regions and reading frames of both vectors. Expression
constructs should better be made using classical R/L followed
by linearization by restriction. However, large projects may
require using synthetic genes with yeast-optimized codons. After
electroporation, transformants should be selected with Zeocin
in liquid phase as a pool and not as individual colonies on
agar plates. However, since electroporated cells can be stored for

1000 are used for liquid phase selection, another 200 pl aliquot
should be plated in parallel to later screen for higher producers
(i.e., bearing gene multi-copies) if required. In addition, in
case of bacterial contamination it is possible to start a new
culture from liquid phase selection pre-culture (i.e., without
the need for another electroporation) in the presence of one
or more of the anti-microbial antibiotics tested in the present
study. For large projects, basic expression conditions (standard
culture media, 27°C) are preferred in first intention. By contrast,
fractional factorial approaches may be performed in case of single
protein project low expression yields and for high-added value
proteins. In the ANSI/SLAS format, 24-wells deepwell plates are
used for growing yeasts, liquid phase selection of transformants
and expression screening. Recombinant proteins secreted in the
culture medium are purified and concentrated by automated
affinity chromatography on NiNTA beads.

A comparative flowchart of the classical protocol set-up
by Invitrogen (pgapz_man.pdf) and of the simplified protocol
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TABLE 1 | The different enzymes expressed on the platform are reported.

Fungal strain CAzZy CBM Predicted activity Genbank ID cDNA Produced Yield Reference
family (bp)

Ustilago maydis GH3 - B-glucosidase 3634215 2619 No - -

Podospora anserina GH5 - B-1,4 mannanase 6194921 1236 Yes >100 Couturier et al., 2011a

P, anserina GH5 - B-1,4 mannanase 6187561 1388 No - -

P, anserina GH6 1 Cellobiohydrolase 6187194 1544 Yes >500 Poidevin et al., 2013

P, anserina GH6 - Endoglucanase 6187311 1319 Yes >500 Poidevin et al., 2013

P anserina GH6 1 Cellobiohydrolase 6188027 1258 Yes >500 Poidevin et al., 2013

P, anserina GH10 1 B-1,4 xylanase 6188644 1387 No - -

P, anserina GH11 - B-1,4 xylanase 6197075 742 No - -

P anserina GH11 1 B-1,4 xylanase 6187330 1060 Yes <100 Couturier et al., 2011a

P anserina GH26 35 B-1,4 mannanase 6188179 1466 Yes >100 Couturier et al., 2011a

P, anserina GH27 - a-galactosidase 6195125 1370 No - -

U. maydis GH27 35 a-galactosidase 3632217 1719 No - -

P, anserina GH43 - B-xylosidase 6187343 1629 No - -

Pichia pastoris GH45 1 B-1,4 glucanase 8201351 1845 Yes >500 Couturier et al., 2011b

P, anserina GH51 - a-L-arabinofuranosidase 6188578 2251 Yes >100 Couturier et al., 2011a

U. maydis GH51 - a-L-arabinofuranosidase 3628887 2016 Yes >100 unpublished

U. maydis GH62 - a-L-arabinofuranosidase 3632410 996 Yes >100 Siguier et al., 2014

P, anserina GH62 - a-L-arabinofuranosidase 6188704 1068 Yes >100 Couturier et al., 2011a;
Siguier et al., 2014

P, anserina GH67 - a-glucuronidase 6189855 2591 No - -

P anserina GH93 - arabinanase 6188440 1274 Yes >100 unpublished

P, anserina GH131 1 B-1,4 glucanase 6187659 1093 Yes >500 Lafond et al., 2012

Talaromyces CE1 1 Cinnamoy! esterase AJ291496 1059 Yes n.d. unpublished

funiculosus

Penicillium CE1 1 Acetyl xylan esterase AF529173 1146 Yes n.d. unpublished

purpurogenum

Volvariella volvacea CEA 1 Acetyl xylan esterase ABI63599 1047 Yes n.d. unpublished

Pycnoporus CEA 1 Carbohydrate esterase (CE) CDO72503 1128 Yes n.d. unpublished

cinnabarinus

P, anserina CE15 1 Methylglucuronic esterase 6187208 1446 Yes <100 Katsimpouras et al.,
2014

P anserina CE15 - Methylglucuronic esterase 6189833 1188 Yes <100 unpublished

P, anserina CE16 1 Acetyl esterase 6189799 1329 Yes <100 unpublished

U. maydis AA3_2 - GMC oxidoreductase 3632124 1911 Yes >500 unpublished

U. maydis AA3_2 - Glucose oxidase 3631645 1905 Yes >100 unpublished

P anserina AA3_2 - Cellobiose dehydrogenase 6188032 2376 Yes >500 Bennati-Granier et al.,
2015

Pycnoporus AA3_2 - Cellobiose dehydrogenase AF081574 4500 Yes >500 Bey et al., 2011

cinnabarinus

U. maydis AA5_1 - Glyoxal oxidase 3629211 1959 No - -

U. maydis AA5_1 - Glyoxal oxidase 3630482 2589 No - -

P, anserina AA9 1 Lytic polysaccharide monooxygenase 6195934 1056 Yes >100 Bey et al., 2013

P, anserina AA9 1 Lytic polysaccharide monooxygenase 6192283 1043 Yes >500 Bey et al., 2013

P, anserina AA9 - Lytic polysaccharide monooxygenase 6192256 783 No - -

P anserina AA9 - lytic polysaccharide monooxygenase 6190208 1038 Yes >100 Bennati-Granier et al.,
2015

P, anserina AA9 1 Lytic polysaccharide monooxygenase 6191260 934 Yes <100 Bennati-Granier et al.,
2015

P, anserina AA9 - Lytic polysaccharide monooxygenase 6195000 902 Yes <100 Bennati-Granier et al.,
2015

P, anserina AA9 - Lytic polysaccharide monooxygenase 6196037 778 Yes <100 Bennati-Granier et al.,
2015

P anserina AA9 1 Lytic polysaccharide monooxygenase 6187700 1113 Yes >100 Bennati-Granier et al.,
2015

Yield, amount of secreted recombinant protein (mg/L).
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described here for expressing biomass-degrading fungal enzymes
is provided in Figure 7. Overall, the simplified protocol allows
dividing by two the time required to go from transformation
to expression screening, and was used as a basis for setting-up
a recombinant protein production facility for the heterologous
expression of fungal CAZymes in P. pastoris (Figure 5). Table 1
summarizes all the results obtained using P. pastoris as host for
expressing fungal biomass-degrading enzymes in replacement of
native or recombinant expression in other fungi such a A. niger
and T. reesei (Levasseur et al., 2004; Poidevin et al., 2009).
Switching from the original Invitrogen protocol to the simplified
protocol described in this report and now routinely used on
the platform has resulted in an increased use of recombinant
expression in yeast from a few coding sequences in 2011 to
a total of more than 40 today, out of which more than 50%
were expressed at high level (>100 mg/L). The fungal CAZymes
functionally produced originate from several filamentous fungi
and belong to different CAZy families within the GH, CE, and AA
classes. The platform is accessible to the community of CAZyme
users upon request.
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Abstract

Background: Insufficient incorporation of heme is considered a central impeding cause in the recombinant
production of active heme proteins. Currently, two approaches are commonly taken to overcome this bottleneck;
metabolic engineering of the heme biosynthesis pathway in the host organism to enhance intracellular heme
production, and supplementation of the growth medium with the desired cofactor or precursors thereof to allow
saturation of recombinantly produced apo-forms of the target protein. In this study, we investigated the effect of
both, pathway engineering and medium supplementation, to optimize the recombinant production of the heme
protein horseradish peroxidase in the yeast Pichia pastoris.

Results: In contrast to studies with other hosts, co-overexpression of genes of the endogenous heme biosynthesis

pathway did not improve the recombinant production of active heme protein. However, medium supplementation
with hemin proved to be an efficient strategy to increase the yield of active enzyme, whereas supplementation with

the commonly used precursor 5-aminolevulinic acid did not affect target protein yield.

Conclusions: The yield of active recombinant heme peroxidase from P. pastoris can be easily enhanced by
supplementation of the cultivation medium with hemin. Thereby, secreted apo-species of the target protein
are effectively saturated with cofactor, maximizing the yield of target enzyme activity.

Keywords: Pichia pastoris, Recombinant protein production, Plant peroxidase, Horseradish peroxidase, Metabolic
engineering, Cofactor, Heme, Heme biosynthesis, Apo-protein

Background

The methylotrophic yeast Pichia pastoris is a valuable
host for the recombinant production of complex proteins.
A considerable number of these proteins requires cofactors,
amongst others heme, to form active biocatalysts. Heme
biosynthesis (Figure 1) is tightly regulated and highly
conserved throughout evolution [1-3].

To deepen our understanding on pathway regulation
and improve cofactor availability for recombinant heme
proteins, metabolic engineering of the heme biosynthesis
pathway has been performed in Aspergillus niger [4,5],
Escherichia coli [6] and Saccharomyces cerevisiae [7-9].
Despite the high conservation of the heme biosynthesis
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pathway, distinct differences were found among the differ-
ent species. In E. coli, formation of 5-aminolevulinic acid
(ALA) by the HEMI-encoded ALA synthase was de-
scribed as rate-limiting step [10], whereas in S. cerevisiae
the HEM2- and HEM3-encoded porphobilinogen syn-
thase and deaminase, respectively, were described as rate-
limiting [7]. Based thereon, overexpression of HEM3 alone
or in combination with HEM2 and HEM12 was described
to be a valuable strategy to augment the production of
recombinant heme proteins in S. cerevisiae [9,11]. Despite
these promising results, there are some potential pitfalls
connected to metabolic pathway engineering, such as the
additional metabolic burden upon overexpression of mul-
tiple genes as well as an accumulation of free intracellular
porphyrin intermediates which can lead to the formation
of reactive oxygen species [12]. Thus, medium supple-
mentation with iron, heme precursors or hemin (the fer-
ric chloride species of heme) was assessed as alternative

© 2015 Krainer et al,; licensee BioMed Central. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain

Dedication waiver (http:/creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,

unless otherwise stated.
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Figure 1 Scheme of the heme biosynthesis pathway. ALAS, 5-aminolevulinic acid synthase; PBGS, porphobilinogen synthase; PBGD,
porphobilinogen deaminase; UROS, uroporphyrinogen lil synthase; UROD, uroporphyrinogen lIl decarboxylase; COPROX, coproporphyrinogen il
oxidase; PROTOX, protoporphyrinogen IX oxidase; FC, ferrochelatase.

strategy to effectively saturate recombinant apo-species of
heme proteins [13-17].

In this study, we aimed at optimizing heme availability
and thus boost the amount of recombinant active heme
protein, namely horseradish peroxidase (HRP), in the
yeast P. pastoris by evaluating pathway engineering and
medium supplementation. In a systematic approach, we
co-overexpressed HRP with genes of the endogenous
heme biosynthesis pathway of P. pastoris, and assessed
the effect of medium supplementation with iron, ALA
and hemin on the yield of target enzyme activity.

Results and discussion

Heme biosynthesis pathway in Pichia pastoris

The heme biosynthesis pathway of several organisms has
been described before and was found to be highly con-
served [1-3]. Based on the HEM gene sequences from
S. cerevisiae, we identified the corresponding homologs

in the partially annotated genome of P. pastoris [18]
in silico (Table 1). Sanger sequencing confirmed the cor-
rect nucleotide sequences of HEM1, HEM?2, HEM3, HEM4,
HEM12, HEM13 and HEM14. For HEM 15, nucleotide 918
was G in the GenBank database entries of the published
genomes of P. pastoris strains CBS 7435 and GS155, but
T in the Sanger-sequenced CBS 7435 P. pastoris strain
used in the present study (Additional file 1). However, this
single nucleotide polymorphism only resulted in a silent
mutation and did not alter the amino acid sequence of the
encoded protoheme ferro-lyase.

Co-overexpression of HEM genes in microscale
cultivations

In a recent study it was shown that metabolic engineering
of the heme biosynthesis pathway allowed higher yields of
active recombinant heme protein in S. cerevisiae [11].
Thus, we co-overexpressed either of the eight involved

Table 1 In silico identification of HEM homologs in P. pastoris

S. cerevisiae P. pastoris

Sequence

identity [%)]

Gene annotation Gene annotation Chromosome COG annotation

HEM1 HEM1 I 5-aminolevulinate synthase 67.7
HEM?2 HEM?2 vV delta-aminolevulinic acid dehydratase 753
HEM3 HEM3 | porphobilinogen deaminase 54.0
HEM4 HEM4 Il uroporphyrinogen-lil synthase 423
HEM12 n/a Il uroporphyrinogen decarboxylase 732
HEM13 HEM13 Il coproporphyrinogen Ill oxidase 655
HEM 14 n/a vV protoporphyrinogen oxidase 337
HEM15 n/a il protoheme ferro-lyase (ferrochelatase) 612

Genes HEM12, HEM14 and HEM15 were not annotated (n/a) for P. pastoris CBS 7435. Their chromosomal position in the genome, eukaryotic cluster of orthologous
groups (COG; [19]) annotations and identities of the encoded amino acid sequences from S. cerevisiae and P. pastoris are shown.
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HEM genes (Table 1) using the strong constitutive pro-
moter PGAP [20] in a P. pastoris strain recombinantly pro-
ducing the heme protein HRP. The screenings revealed
trends of co-overexpressed HEM1 and HEM3 to be poten-
tially beneficial for the production of active HRP (Figure 2).
Surprisingly, there also seemed to be a negative trend upon
co-overexpression of HEM4. We hypothesize, that HEM4
co-overexpression might have led to the accumulation
of a cytotoxic intermediate, which increased intracellular
stress and ultimately caused a disadvantageous production
environment for HRP under the tested conditions. At this
point, we did not follow up on the effects of HEM4 co-
overexpression. Since co-overexpression of eGFP as nega-
tive control did not affect HRP productivity, the observed
activity-enhancing trends seen for HEM1 and HEM3 were
considered a consequence of the co-overexpressed HEM
gene, although the standard deviation in these experi-
ments was high. The high standard deviations in this
screening (Figure 2) were caused by the transformant-to-
transformant variation typically observed for P. pastoris
[21]. Even the transformation of a single gene results in
transformants showing different expression strengths. The
majority of the transformants shaping the landscape be-
haved similar but a few transformants showed either no
expression or elevated levels, leading to high standard
deviations. Supplementation of the cultivation medium
with 1 mM FeSO, to alleviate a potential iron limitation
gave comparable results to non-supplemented medium
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and did not affect the observed trends upon HEM gene
co-overexpression (data not shown).

In addition to strong constitutive co-overexpression of
either HEM1 or HEM3 from PGAP, we also tested co-
overexpression of these two genes from either PAOXI or
PCATI. Both promoters are strongly methanol-inducible,
however PCAT1 is already active in the absence of glu-
cose or glycerol and then even further induced by addition
of methanol, thereby allowing HEM co-overexpression
already prior to, but also during HRP production [Vogl
et al., manuscript in preparation]. In order to indirectly
assess the general functionality and applicability of the
employed co-overexpression construct, we measured fluor-
escence of the eGFP co-overexpression control transfor-
mants and found this co-overexpression partner to be
successfully produced (Additional file 2). Thus, we consid-
ered the endogenous HEM co-overexpression partners to
be co-overexpressed in a comparable fashion. Ultimately,
PAOXI-regulated co-overexpressions of HEMI and HEM3
with HRP were found most promising (Additional file 3)
and the best performing strains were used for further
characterizations.

Since the data from microscale cultivations indicated merely
trends for potential beneficial effects of co-overexpressed
HEMI or HEM3, we aimed at obtaining more reliable
data from controlled cultivations of the best performing
strains in bioreactors. Prior to bioreactor cultivations, the
strain producing HRP alone (hereafter called benchmark

200

HRP activity %

100

HRP

+eGFP
+HEMI1
+HEM2
+HEM3

Figure 2 Co-overexpressions of HEM genes with HRP. HRP overexpression was regulated by PAOXT, co-overexpressions of eGFP and HEM were
regulated by PGAP. Bars are average values of HRP production landscapes from microscale cultivations using 1T mM FeSO4-supplemented medium.
Error bars are standard deviations from all measured clones of a landscape. Average activity from strains producing HRP alone was set to 100%.

+ HEM4
+HEM12
+HEM13
+HEM14
+HEM15
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strain) as well as the HEMI and HEM3 co-overexpressing
strains (hereafter called HEM1 and HEMS3 strains) were
characterized by quantitative real-time PCR as strains with
single copy integration of the HRP gene. Since these
strains contained the same HRP gene dosage, genomic re-
arrangement of HRP gene copy number upon transform-
ation of a HEM co-overexpression construct was excluded
and the strains were regarded comparable in terms of tar-
get gene dosage.

Co-overexpression of HEM genes in bioreactor
cultivations
For physiological strain characterisation of the three yeast
strains we employed a previously reported strategy of dy-
namic batch cultivations with methanol pulses [22-25].
The corresponding off-gas signals, specific uptake rates
and yields are shown in Additional file 4. Physiological
strain characteristic parameters of the three strains are
summarized in Table 2. As shown in Table 2, C-balances
for all cultivations closed to 1.0 indicating solid data qual-
ity. Apparently, the yeast strains were physiologically not
impaired by co-overexpression of either HEM1 or HEM3
since adaptation time to methanol, yields and specific
substrate uptake rates were comparable. However, co-
overexpressing these genes did not boost the production
of active HRP either. Whereas the benchmark and the
HEM1 strain showed comparable production titres, the
HEMS3 strain even showed a 50% lower specific and volu-
metric productivity than the benchmark strain. Taken to-
gether, it turned out that the trends seen in microscale
data could not be seen in the bioreactor. A possible ex-
planation for these diverging findings could be found in
the considerably different cultivation conditions. Micro-
scale cultivations may challenge cell growth and product-
ivity by phases of O, shortage or starvation, whereas a
bioreactor provides optimal cultivation conditions.
Considering the complex and so far poorly understood
regulation of heme biosynthesis, a multitude of single or
combined factors may have either positive or negative
effects on this pathway. Thus, additional studies will be
required to unravel the regulation of heme biosynthesis, in
order to allow non-speculative conclusions. Since our se-
lection of HEM co-overexpression partners was based on
trends from microscale cultivations, we cannot exclude,
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that either of the remaining six HEM genes or combina-
tions thereof might yield more beneficial results than co-
overexpressed HEM1 or HEM3 in bioreactor cultivations.
Ultimately, in contrast to analogous studies in S. cerevisiae
[9,11], metabolic pathway engineering in P. pastoris did
not prove to be a useful strategy to allow higher titres of
recombinant active heme protein, suggesting distinct dif-
ferences of this pathway between the two yeasts. However,
co-overexpression of two or more HEM genes from a li-
brary of promoters of varying strengths might still en-
hance endogenous heme biosynthesis in P. pastoris and
will be assessed in future studies.

Medium supplementation

Medium supplementation in microscale cultivations

We tested ALA, FeSO, and hemin as medium supple-
ments in microscale cultivations of the benchmark strain.
Supplementation with ALA at an excess concentration of
1 mM, as reported in literature [22,26,27], did not result
in measurably more active product. However, addition of
1 mM FeSO, boosted the amount of active HRP up to
7-fold (Figure 3), hinting at a potential shortage of iron in
heme biosynthesis. Upon supplementation of the minimal
medium with different concentrations of hemin, we even
measured 18-fold increased HRP activity compared to
non-supplemented conditions. We also investigated the
effect in case both, FeSO, and hemin, were supplemented
concomitantly and observed that the beneficial effect of
FeSO, became less pronounced with increasing concen-
trations of hemin (Figure 3). Apparently, as all apo-HRP
was readily saturated with cofactor at a hemin concentra-
tion of 10 uM, additional excess of iron did not improve
HRP activities any further and the cofactor bottleneck was
opened up.

ALA supplementation in the bioreactor

We performed a comparative cultivation experiment in
the bioreactor to confirm the results obtained in micro-
scale cultivations that the commonly used supplement
ALA [22,26,27] does not affect the production of a recom-
binant active heme protein in P. pastoris. We cultivated
the benchmark strain in parallel dynamic batch cultiva-
tions with and without the presence of 1 mM ALA. Table 3
shows that both, strain physiology and productivity, were

Table 2 Strain characteristic physiological parameters determined for the benchmark, HEM1 and HEM3 strain

Strain Atimeadapt Yx/MeoH Ycoz2/meoH C-balance AmeoH dp 1

[h] [C-mol/C-mol] [C-mol/C-mol] [mmol/g/h] [U/g/h] [U/L/h]
Benchmark 82 0.02 1.00 1.02 0.75 1.11 375
HEM1 82 0.04 0.94 0.98 0.69 1.10 359
HEM3 79 0.03 0.93 0.96 0.70 049 17.1

Atime,qapy time for adaptation of the culture to methanol; Yymeon Ycozmeor: Yields of biomass or CO, per C-mol of substrate methanol; C-balance, sum of
Yx/meon @and Ycozmeon Which ideally should result in 1.0; queon, average specific uptake rate of methanol during consecutive methanol pulses; qp, specific
HRP productivity; rp, volumetric HRP productivity calculated from the point of induction until the end of cultivation.
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Figure 3 Effect of medium supplementation with FeSO, and hemin on HRP activity in microscale cultivations. \Volumetric HRP activity
from minimal medium without supplementation was set to 100%. Bars are average values + SD from independent triplicate cultivations. Light
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not affected by the presence of ALA. Since the amount of
active HRP was the same for both conditions, we con-
cluded that ALA was not beneficial for the activation of
the produced apo-HRP. This observation is different from
what was described previously by Morawski et al., where a
32% increase in HRP activity was measured in the cul-
ture supernatant after supplementation with ALA, trace
elements and thiamine [17]. Thus, we speculate that
the activation effect observed by Morawski et al. was
rather caused by the addition of the iron-containing
trace element solution than by ALA. Furthermore, our
results conclusively showed that the intracellular pro-
duction of ALA in the heme biosynthesis pathway of
P. pastoris was not the rate limiting step in contrast to
E. coli [10], which is also in agreement with the study
of Arrese et al. [28].

Optimization of hemin supplementation in the bioreactor

Based on the results obtained in microscale cultivations,
we supplemented the cultivation broth of three parallel
dynamic batch cultivations of the benchmark strain with
0.1, 1.0 or 10.0 uM hemin. As shown in Table 4, adapta-
tion time, yields and uptake rates of the benchmark

strain were not affected by the presence of hemin. In
terms of productivity, both the specific and the volumetric
productivity were doubled at a concentration of 10.0 M
hemin. Since the total extracellular protein content was
comparable in all three cultivations, we concluded that
not the productivity of the yeast was altered, but rather
that the produced apo-protein was activated posttransla-
tionally by hemin in the cultivation broth. Based on
our previous experiences with this expression system
[22,23,29,30], we estimated the amount of HRP in the
cultivation broth to be <3 uM. Thus, we concluded that
an excess hemin concentration is required to effectively
saturate secreted apo-HRP (Table 4).

Activation studies with hemin

To prove our hypothesis of a posttranslational conversion
of apo-HRP to holo-HRP by hemin, we incubated cell-
free, sterile-filtered supernatant from a non-supplemented
benchmark cultivation with different concentrations of
hemin and analyzed activity over time. As shown in
Table 5, already after 5 min of incubation a concentration
dependent activation was observed and after 72 h of incu-
bation the initial activity was even doubled. Based thereon,

Table 3 Strain specific physiological parameters of the benchmark strain with and without ALA supplementation

ALA Atime,gapt Yx/MeoH Yco2/meoH C-balance AmeoH dp o

[1 mM] [h] [C-mol/C-mol] [C-mol/C-mol] [mmol/g/h] [U/g/h] [U/L/h]
+ 8.1 0.03 0.95 0.98 0.73 1.08 36.7

- 82 0.04 0.94 0.98 0.76 1.09 37.2

Atime,gapy, time for adaptation of the culture to methanol; Yy/meon Ycozmeor Yields of biomass or CO, per C-mol of substrate methanol; C-balance, sum of
Yx/meon @and Ycozmeon Which ideally should result in 1.0; queon, average specific uptake rate of methanol during consecutive methanol pulses; qp, specific
HRP productivity; rp, volumetric HRP productivity calculated from the point of induction until the end of cultivation.
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Table 4 Strain characteristic physiological parameters determined for the benchmark strain cultivated in

hemin-supplemented media

Hemin Atime,gapt Yx/meoH Ycoz2/meon C-balance 0dMeOH dp o
[uM] [h] [C-mol/C-mol] [C-mol/C-mol] [mmol/g/h] [U/g/h] [U/L/h]
0.1 6.5 0.04 0.89 0.93 0.69 1.10 343

1.0 6.4 0.04 093 097 0.71 1.26 36.8
10.0 6.5 0.03 0.89 0.96 0.70 235 732

Atime,qapy, time for adaptation of the culture to methanol; Yy/meon: Ycozmeor: Yields of biomass or CO, per C-mol of substrate methanol; C-balance, sum of Yx/meon
and Ycomeon Which ideally should result in 1.0; qmeor, average specific uptake rate of methanol during consecutive methanol pulses; g, specific HRP productivity;

rp, volumetric HRP productivity.

we concluded that hemin should be present in excess to
allow effective apo-protein activation.

Conclusions

In this study we present a systematic approach to optimize
heme availability and thus boost the amount of active
heme protein produced in the yeast P. pastoris by evaluat-
ing metabolic pathway engineering and medium supple-
mentation. The results can be summarized as:

e The heme biosynthesis pathway of P. pastoris was
analyzed and corresponding genes were identified
and annotated ix silico.

e In contrast to previous studies, overexpression of single
HEM genes did not result in enhanced activity or
higher yield of the model heme protein HRP in
bioreactor cultivations of recombinant P. pastoris
strains. However, combinations of HEM genes co-
overexpressed from a library of differently regulated
promoters might still enhance endogenous heme bio-
synthesis of P. pastoris.

e Medium supplementation with the traditionally used
and pricy heme precursor ALA did not increase the
yield of active product and can be omitted in future
cultivations. FeSO, and hemin on the other hand
turned out to be useful medium supplements to
increase the yield of active heme protein.

e Hemin was identified as the most effective supplement.
It activated the secreted model heme protein
posttranslationally in the cultivation broth and should
be added in moderate excess to effectively saturate
secreted apo-species of the target protein.

Table 5 Posttranslational activation of apo-HRP with hemin

Hemin Specific activity [U/mg] Specific activity [U/mg]
[uM] after 5 min of incubation after 72 h of incubation
- 34.8 353
1.0 424 67.0
50 46.8 754
100 51.8 778

Cell-free cultivation supernatant was incubated with the indicated concentrations
of hemin and volumetric HRP activity was measured after 5 min and 72 h.

The results shown in this study present a guideline for
the successful recombinant production of active heme pro-
tein in the yeast P. pastoris and offer an easy-to-do solution
to maximize the ratio of holo- over apo-protein resulting in
a considerable increase of active target protein.

Methods

Chemicals
2,2"-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) dia-
mmonium salt (ABTS), D(+)-biotin and hemin were pur-
chased from Sigma-Aldrich (Austria). Difco™ yeast nitrogen
base (YNB) w/o amino acids, Bacto™ tryptone and Bacto™
yeast extract were obtained from Becton Dickinson (Austria).
Zeocin™ was obtained from InvivoGen (France). Other
chemicals were obtained from Carl Roth (Germany).

Pichia pastoris strains

All strains in this study were based on the P. pastoris
wildtype strain CBS 7435 (identical to NRRL Y-11430
and ATCC 76273). The Mut® phenotype has been found
previously to be superior over the Mut" phenotype for
recombinant HRP production in terms of volumetric
productivity and production efficiency [24]. Hence, an
aox1 deletion strain (PpMutS) was used as starting strain
[31]. Homologs of the HEM genes of S. cerevisiae were
identified by BLAST searches [32] in the published gen-
ome sequence of P. pastoris CBS 7435 [18] and the se-
quences were verified by Sanger sequencing (Microsynth,
Austria). Sequence identities of the HEM gene products
from S. cerevisiae and P. pastoris were determined on the
LALIGN server.

The HRP expression construct was based on the pPpT4_
Alpha_S vector [31] where HRP CI1A expression was under
control of the promoter of the AOXI gene (PAOXI).
Transformants were identified by Zeocin™ resistance. The
S. cerevisiae MAT« prepro signal peptide facilitated HRP
secretion. All HEM co-overexpression constructs were
based on the plasmid pPpKan_S [32], harboring a kana-
mycin resistance gene for selection and the strongly
methanol-inducible PAOX1 for gene expression. Also, the
promoters PGAP and PCATI [Vogl et al., manuscript in
preparation] were tested for co-overexpression. Trans-
formation of the HRP expression cassette to PpMutS and
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of the co-overexpression constructs to the PpMutS-based
HRP production strain (called benchmark strain) was per-
formed as described previously [24]. All eight HEM genes
of the heme biosynthesis pathway were co-overexpressed
separately and their influence on HRP production was
studied by cultivation of approximately 80 transformants
per co-overexpression construct in 96-deep well plates
(DWP). As negative co-overexpression control, eGFP was
co-overexpressed with HRP. The copy number of the HRP
gene in selected strains was determined by quantitative
real-time PCR according to a previous protocol [33] and as
described recently [24].

Microscale cultivations in 96-deep well plates

Microscale cultivations in 96-DWPs were performed simi-
lar to [34]: Strains were grown in 250 uL. BMD1% (11 g/L
alpha-D(+)-glucose monohydrate, 13.4 g/L YNB, 0.4 mg/L
D(+)-biotin, 0.1 M potassium phosphate buffer, pH 6.0) at
28°C, 320 rpm, 80% humidity. After approximately 60 h,
an induction pulse of 250 pL. BMM2 (1% (v/v) methanol,
13.4 g/L YNB, 0.4 mg/L D(+)-biotin, 0.1 M potassium
phosphate buffer, pH 6.0) was added, followed by three
pulses of 50 uL BMM10 (5% (v/v) methanol, 13.4 g/L
YNB, 0.4 mg/L D(+)-biotin, 0.1 M potassium phosphate
buffer, pH 6.0) per well 12, 24 and 36 h after the first pulse.
HRP activity was determined by mixing 15 pL supernatant
with 140 pL assay solution (1 mM ABTS, 0.9 mM H,O,,
50 mM sodium acetate, pH 4.5) in a microtiter plate
and following the increase in absorbance at 405 nm on a
Spectramax Plus 384 platereader (MolecularDevices,
Germany) at room temperature. Medium supplemen-
tation studies were performed by additions of ALA,
FeSO,; and hemin to BMD1% from a 100 mM ALA
stock, a 100 mM FeSO, stock and a 500 uM hemin
stock (in 10 mM KOH), respectively.

Bioreactor cultivations

Preculture

Precultures were grown in YNB medium (0.1 M potassium
phosphate buffer, pH 6.0; 3.4 g/L YNB w/o amino acids
and ammonium sulfate; 10 g/L (NH,4),SOy4; 400 mg/L
biotin; 20 g/L glucose) in 1 L shake flasks at 30°C and
230 rpm for 24 h.

Dynamic batch cultivations

For dynamic batch cultivations, 1.8 L of double concen-
trated basal salt medium (BSM; 26.7 mL/L 85% phosphoric
acid; 1.17 g/L CaSO,-2H,0; 18.2 g/L K,SOy4 14.9 g/L
MgSO,4 - 7H,0; 4.13 g/L KOH; 0.3 mL/L Antifoam
Struktol J650; 60 g/L glycerol) were sterilized in 3 L
bioreactor vessels (DRO3F; DASGIP, Switzerland). After
sterilization, 4.35 mL/L trace element solution (PTMI;
6.0 g/L CuSO,-5H,0; 0.08 g/L Nal; 3.0 g/L MnSO,-
H>0; 0.2 g/L Na,MoO, - 2H,0; 0.02 g/L H3BO3; 0.5 g/L
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CoCly; 20.0 g/L ZnCly; 65.0 g/L FeSO,-7H,0; 0.2 g/L
biotin; 5 mL/L H,SO,) were added and pH was set to
5.0 with concentrated ammonia solution. The precultures
were transferred aseptically to the respective vessel (the in-
oculation volume was 10%) and a batch phase on glycerol
was carried out at 30°C with the stirrer fixed at 900 rpm.
Aeration with compressed dry air was set to 1 vvm.
Dissolved oxygen (dO,) was measured with a sterilizable
VisiFerm DO 225 probe (Hamilton, Switzerland) and con-
trolled to be higher than 20%. The pH was measured with
a sterilizable electrode (Mettler Toledo, Switzerland) and
maintained constant at pH 5.0. Reactor weight was
continuously recorded by a precision balance (Sartorius,
Germany). Following complete glycerol consumption as
indicated by an increase in the offgas signal, temperature
was lowered to 25°C and an adaptation pulse of 0.5% (v/v)
methanol (containing 4.35 mL/L PTM1) was added. After
adaptation, 1.0% (v/v) methanol was pulsed repeatedly (for
an example see Additional file 4). Before and after each
pulse samples were taken and analyzed for ODg, dry cell
weight, HRP activity, extracellular protein content and
methanol concentration.

Analysis of growth and expression parameters

Dry cell weight (DCW) was determined by centrifugation of
5 mL fermentation broth (4500 rpm, 10 min, 4°C), washing
the pellet with 5 mL water and subsequent drying to a con-
stant weight at 105°C. HRP activity in the cell-free super-
natant was determined using a previously described assay
[23] in a CuBiAn-XC enzymatic robot (OptoCell, Germany).
Protein concentration was determined using a Bradford pro-
tein assay kit (Thermo Scientific, USA). All growth and pro-
tein expression parameters were determined in duplicates.

Analysis of substrate concentration

Methanol concentration in the cell-free supernatant was
determined by HPLC as described previously [22]. Glycerol
concentration was measured from cell-free samples in the
CuBiAn-XC enzymatic robot. The device was calibrated
with water-diluted glycerol standards ranging from 0 to
0.25 g/L. Samples with higher glycerol concentrations
were automatically diluted by the system.

Calculation of strain physiological characteristics
Physiologically relevant parameters for characterization
of the different yeast strains cultivated at different con-
ditions and for quantification of the bioprocess were:
Carbon dioxide evolution rate (CER; mmol/L/h), bio-
mass yield (Yx/meons C-mol/C-mol), carbon dioxide yield
(Ycoomeon; C-mol/C-mol), C-balance, specific methanol
uptake rate (qumeon; mmol/g/h), specific productivity
(qp; U/g/h), volumetric productivity (r,; U/L/h), specific
activity (U/mg). All details on the calculation of these pa-
rameters have been published previously [34].
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Additional files

Additional file 1: Pichia pastoris CBS 7435 HEM open reading
frames. The single nucleotide polymorphism of HEM15, T918, is marked
in grey.

Additional file 2: Co-overexpression of eGFP from PAOX1. The
principial applicability of the employed co-overexpression construct
is demonstrated indirectly by eGFP fluorescence of the strains
co-overexpressing HRP and eGFP. The first two bars represent the
starting strain, PpMutS, and the benchmark strain as controls. Fluorescence
was determined at ex/em 488/507 nm, and normalized to the OD600 to
account for potential growth differences.

Additional file 3: Co-overexpressions of HRP with either HEM1 or
HEM3 from either PAOX1 or PCATI. 1, co-overexpression of HEMT or
HEM3 from PAOXT; 2, co-overexpression of HEM1 or HEM3 from PCAT].
White bars, eGFP co-overexpression control; black bars, HEM1 co-
overexpression; gray bars, HEM3 co-overexpression. The benchmark strain
was included in all cultivations and set to 100% as reference (first bars).

Additional file 4: Batch cultivations of three recombinant P. pastoris
strains. 1, benchmark strain; 2, HEM1 strain; 3, HEM3 strain; a/c/e, CER
signal (solid line) and specific methanol uptake rate (open circles); b/d/f,
carbon dioxide yields (Ycoy/s; grey squares) and biomass yields (Yy,s;
black circles).
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ABTS: 2,2"-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) diammonium salt;
ALA: 5-aminolevulinic acid; AOXT: Alcohol oxidase 1 gene; CER: Carbon
evolution rate; 96-DWP: 96-deep well plate; eGFP: Enhanced green fluorescent
protein; HRP: Horseradish peroxidase; YNB: Difco™ yeast nitrogen base.
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