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Abstract

Microorganisms are well established for the production of technical and therapeutical
proteins, withPichia pastorisbeing on the forefront of fungal host organisms for recombinant
protein expression. However, especially the production of complex proteins turned out to be
difficult in microbial host cells.

Embedded in a trans-national research consortium this work aimed at the investigation of the
impact of environmental factors on heterologous protein productioRidhia pastoris
Environmental factors such as temperature, osmolarity and oxygenation can have a
tremendous effect on recombinant protein production. Furthermore, these parameters can be
easily manipulated to improve process performance. Thus, the analysis of their effect on
cellular physiology and their interrelation with product formation is of great interest. To gain
insights into the physiological changes B pastoris during cultivation at different
environmental conditions, DNA microarray analysis, proteome analysis and flux calculations
were applied. These Systems Biology techniques represent valuable tools to assess biological
regulation at different levels.

Temperature and oxygenation turned out to be of special interest in the context of
recombinant protein production . pastoris A decrease of both factors lead to increased
specific productivity of the antibody fragment Fab 3H6, whereas osmolarity of the culture
medium had no effect on recombinant Fab 3H6 production. It is known that manipulation of
processes linked to protein folding and secretion can have a positive effect on protein
production in microbial hosts. The application of proteome and transcriptome analysis
resulted in the identification of additional potential bottlenecks that might hamper protein
production inP. pastoris The obtained data can serve as a valuable basis for future rational
strain engineering.

Additionally, this Systems Biology approach highlighted the complex interrelation of the
unfolded protein response (UPR) and the environmental factors temperature and osmolarity.
The obtained data indicate that an increase of any of the two parameters during steady state
cultivation lead to the induction of the unfolded protein response or at least to increased
folding stress, thus pointing out the tremendous importance of the UPR for the capability of P.

pastoristo cope with environmental changes.



Zusammenfassung

Mikroorganismen werden heutzutage erfolgreich zur Produktion von technisch und
therapeutisch relevanten Proteinen eingeseBithia pastoris zéhlt dabei zu den
bedeutendsten Organismen aus der Gruppe der Hefen. Trotz vieler Fortschritte auf dem
Gebiet der Proteinproduktion in Mikroorganismen, gestaltet sich die Herstellung von
komplexen Proteinen in mikrobiellen Zellen haufig als schwierig.

Integriert in ein internationales Forschungskonsortium war das Ziel dieser Arbeit den Einfluss
von Umweltfaktoren auf die Produktion von rekombinanten ProteineR. ipastoriszu
untersuchen. Umweltfaktoren wie Temperatur, Osmolaritat und Sauerstoffversorgung haben
gro3en Einfluss auf das Wachstum und die Physiologie von Mikroorganismen und kénnen in
biotechnologischen Produktionsprozessen leicht manipuliert werden. Daher stellen sie eine
gute Mdglichkeit dar, um Produktionsprozesse zu optimieren. Durch die Anwendung von
DNA Microarrays, Proteom Analyse und metabolischen Flux-Kalkulationen konnten
wertvolle Einblicke in die physiologischen Anderungen Rn pastoris als Antwort auf
unterschiedliche Umweltbedingungen gewonnen werden. Durch die Kombination dieser
systembiologischen Methoden kénnen zellulare Regulationsmechanismen auf verschiedenen
Ebenen untersucht werden.

Wie sich herausstelle, sind die Umweltfaktoren Temperatur und Sauerstoffversorgung von
besonderem Interesse flur die Produktion eines Antikérperfragments in P. p&avahl die
Absenkung von Temperatur als auch der Sauerstoffversorgung resultierten in einer erhdhten
Produktion des Antikorperfragments Fab 3H6. Eine Anderung der Osmolaritat hatte jedoch
keinen Einfluss auf die Produktivitdt. Es ist bereits bekannt, dass der zellulare
Proteinfaltungs- und Sekretionsapparat einen Engpass bei der Produktion von rekombinanten
Proteinen darstellen kann. Durch Anwendung der genannten Methoden konnten weitere
potentielle Engpéasse identifiziert werden. Die gewonnenen Daten konnten sich als wertvolle
Basis fUr zukiinftige Stammoptimierung von P. pasteriseisen.

Weiters konnten wertvolle Einblicke in die komplexe Beziehung von Umwelteinflissen und
dem Stress verbunden mit Proteinfaltung gewonnen werden. Die Mdglichkeit effizient auf
Proteinfaltungsstress zu reagieren ist Rirpastorisauch von grof3er Bedeutung um auf
umweltbedingten Stress, wie zum Beispiel erhbhte Temperatur oder erhéhte Osmolaritat zu

reagieren.



Aim of the Study

The aim of the study was to investigate the effect of different environmental growth
conditions on antibody fragment secretion in the yBadtia pastoris Furthermore, Systems
Biology methods such as microarray analysis and 2D-DIGE were establisiedpfastoris

to gain insights into the physiological changes upon a shift of growth conditions on the whole

cell level.
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1. Introduction

Pichia pastorisis a well-established host organism for recombinant protein production. Both,
intracellular and secretory production can be applied to produce proteins for a wide variety of
applications such as structural analysis, enzyme characterization, technical and therapeutical
applications (Lin Cereghino et al., 2001). Although other production systems such as
mammalian cell culture and plant systems offer some particular benefits, especially in the
case of therapeutical proteins, microbial host systems still play an essential role in protein
production for human administration (Ferrer-Miralkgtsal., 2009)P. pastoriswas the target
organism for outstanding research to produce humanized glycosylations in yeast élacobs
al., 2009, Hamilton & Gerngross, 2007, Hamilton et al., 2006). These particular advances
point out the importance and great potentiaPopastorisas host organism for recombinant
protein production.

Despite the extensive use Bf pastorisas protein production platform, highlighted by
approximately 2800 articles, which appear whBrchia pastoris’is entered as keyword in

the NCBI PubMed database, molecular biology knowledge of this yeast is rdfe pAstoris

is a methylotrophic yeast, the methanol assimilation pathwaf?.opastorisis known.
Furthermore, as growth on methanol as carbon source depends on the proliferation of
peroxisomesP. pastorisis also a model organism for studying peroxisome biogenesis and
pexophagy (Dunn et al., 2005).

Regarding recombinant protein production, especially secretion of heterologous proteins
turned out to be a difficult task, resulting in unpredictable product yields for different
recombinant proteins. However, it is well established that environmental factors can have a
tremendous effect on protein productionAinpastorisand generally also in other microbial

and higher eukaryotic expression systems. Alterations in temperature, oxygenation,
osmolarity and pH can have a positive effect on production of recombinant proteires (Lin

al., 2007, Liet al., 2001, Wu et al., 2004, Sét al., 2003). The physiological response to
these factors results in a vast amount of adaptations of the host cell and consequently
influences mechanisms such as the protein folding and the secretion machinery. Thus,
heterologous protein production and the response to environmental factors are highly
interrelated and need to be closely investigated.



With nearly no physiological information &. pastorisat hand, many if not most approaches

to improve heterologous protein production involve bioprocess engineering rather than
rational strain engineering.

Nowadays modern molecular biology offers a wide variety of techniques to study cellular
reactions on a systems wide level (Gefal., 2009). Therefore, it becomes feasible to
investigate not only classical model organisms suchsaserichia coliand Saccharomyces
cerevisiaebut also other industrially important microbial species, in our Pagmstoris on
multiple levels to deepen our understanding of the physiology of this host as well.

1.1 The Genophys Project

This thesis was embedded in a transnational research consortium, the Genophys project.
Researchers from different European countries, including Austria, Germany, Italy, Spain and
Finland and with expertise in recombinant protein production in several microbial species
contributed to this projectS. cerevisiae P. pastoris Trichoderma reeseiE. coli and
Pseudoalteromonas haloplanktigere used as host organisms for the production of a dimeric
model protein. The common aim was to gain insight into the physiological response of
microorganisms to environmental factors and its interrelation with recombinant protein
production. Although several publications on the effect of environmental factors on
recombinant protein production are available, the multitude of different approaches that were
used in these studies, makes it very difficult to identify common features and differences
among different host organisms. To gain such information about potential common responses
and species-specific differences, similar experimental setups were used in all partner
laboratories.

Generally, recombinant protein production often results in quite different protein yields
depending on the properties of the protein of interest. Nevertheless, especially the production
of heterodimeric and / or disulfide-bonded proteins is difficult, resulting in rather low specific
productivities when microbial host systems are used. Therefore, antibody fragments, such as
Fab fragments, represent ideal model proteins for studies on the production of complex
proteins. Fab fragments are heterodimeric proteins composed of a full length antibody light
chain and a shortened antibody heavy chain, both chains linked by a disulfide bond.

Massive efforts were accomplished to produce antibody fragments and full length antibodies
in prokaryotic and eukaryotic microbial host cells (Aldgral., 2005, Mazoet al., 2009,
Wackeret al., 2002, Jacobs et al., 2009, Burgess-Bretal., 2008). In the current study the



same antibody fragment, namely the Fab 3H6 (Gacdal., 2007, Kuneret al., 2002) was
expressed in all host organisms mentioned before. In the c&segastoristhe Fab 3H6 was
expressed under the control of the constitutive glyceraldahyde-3-phosphate (GAP) promoter
and the alcohol oxidase (AOX1) terminator. TBecerevisiaalpha factor signal sequence

was used to secrete the Fab into the culture medium. Different temperatures, osmolarities and
oxygenation conditions were applied during steady state cultivation to analyze the effect on
Fab 3H6 productivity and the resulting physiological changes on a systems wide level using

transcriptome and proteome analysis.

1.2 Recombinant Protein Production and Protein Folding Stress in Bacteria and Fungi

Recombinant protein production depends on the exploitation of the cellular transcription,
translation and protein folding and secretion machinery of the host cell. Consequently, it is
obvious that cellular protein folding, secretion and quality control mechanisms represent a
severe bottleneck in heterologous protein production. However, in this section just a brief
overview of this topic will be given as the main features of recombinant protein production in
both prokaryotic and eukaryotic hosts are summarized in a recent review of the Genophys
consortium (Gassest al., 2008).

In prokaryotic organisms such as the most prominent mekbmli, which lack intracellular
membrane compartmentalization, intracellular protein folding is performed in the cytoplasm.
Although recombinant proteins can be targeted to the periplasm of the bacterial cell,
intracellular production is very common in prokaryotic hosts. After their synthesis, proteins
have to reach their native conformational state. If this cannot be achieved, proteins are either
targeted to degradation or form aggregates of insoluble protein, so-called inclusion bodies
(IBs). Thus, intracellular production of heterologous protein production often results in the
formation of these IBs (Baneyx & Mujacic, 2004). As soluble proteins are thought to be
superior to insoluble protein in terms of quality, a very common approach is to reduce the
amount of IB formation. This can be achieved by altered growth conditions such as decreased
growth temperature (Vasina & Baneyx, 1997, Vasina & Baneyx, 1996). Nevertheless,
prokaryotic cells possess mechanisms to support proteins on their way to their native
conformation. InE. coli among this protein family of molecular chaperones the most
important members af@nakK, DnaJ GrpE, GroEL and GroES. Normally, these proteins are

induced upon exposure to heat stress aiming at the reduction of protein folding stress (Hartl,



1996). In recombinant protein production co-overexpression of such heat shock proteins was
also successfully applied to reduce the insoluble protein fraction and to increase the amount of
soluble protein (Guptat al., 2009).

In the last years, the dogma of directly relating protein solubility and quality is getting pitted
(Ferrer-Miralles et al., 2009). It was always of major importance to increase the soluble
protein fraction as it was thought that it represented the native and thus biologically active
conformational state. However, it has been shown in the last few years that biological activity
of recombinant proteins produced in bacteria is not limited to the soluble protein fraction but
that properly folded and active proteins also occur in bacterial 1Bs (Degla., 2008).
Additionally, cultivation below the optimal growth temperature affects protein quality in IBs

as well (Dogliaet al., 2008, Verat al., 2007). Thus, IBs may be directly applied to certain
industrial applications (Martinez-Alonso et al., 2009), as demonstrated by the crosslinked IB
(CLIB) technology (Nahalkat al., 2008).

Many recombinant proteins of interest harbor disulfide bonds. However, under the reducing
conditions in the cytoplasm dE. coli, disulfide bonds cannot be produced. Thus, these
circumstances display a major obstacle that hampers protein production in bacterial cells. To
overcome these problems two commonly applied possibilities exist. As the periplasm and the
culture supernatant represent more oxidized environments than the cytoplasm, recombinant
proteins can be targeted into these compartments. Furthermore, genetic engineering was
applied to generate a strain known as Origami. This strain carries mutations in the thioredoxin
and glutathione pathways and expresses an intracellular form of the disulfide-bond isomerase
Dbsc. The Origami strain has been successfully used to produce functional antibody
fragments in the cytoplasm of E. c@iurado et al., 2002).

BesidesE. coli as the most common bacterial host organism for recombinant protein
production other prokaryotic expression systems have been developed. Other Gram-negative
species such a. haloplanktis(Cusano et al., 2006) ar@aulobacter crescentu8ingle et

al., 2000), but more important Gram-positive species Bkeilli such asBacillus subtilis
(Schumann, 2007) are used as well. The advantages and drawbacks of the most frequently
used bacterial expression systems are outlined in more detail in a recent review by Kay Terpe
(Terpe, 2006).

Although the same principles of protein folding apply to eukaryotic systems such as yeasts
and filamentous fungi, the underlying regulatory mechanisms are more complex than in

prokaryotic organisms due to intracellular compartmentalization. Eukaryotic cells evolved



specialized compartments to perform distinct tasks. Folding of proteins that are determined
for secretion is performed in the endoplasmic reticulum (ER) and subsequent maturation and
sorting takes place in the Golgi apparatus. Generally, targeting of recombinant proteins to the
extracellular growth medium can be achieved more easily in yeasts and fungi than in Gram-
negative bacteria such Escol..

Protein folding in the ER involves several hsp70 molecular chaperones such as BiP/Grp78
and calnexin. Furthermore, eukaryotic cells can perform oxidative protein folding (disulfide
bond formation) in the ER by the action of protein disulfide isomerases. One major control
point in eukaryotic protein folding is the exit from the ER (Shuster, 1991). Prolonged
retention of proteins in the ER due to misfolding leads to the redirection of these proteins to
the ER associated protein degradation pathway (ERAD) and subsequent degradation by the
cytosolic 26S proteasome (Vembar & Brodsky, 2008).

If a protein is targeted to the secretory pathway, the next step involves translocation to the
Golgi apparatus. One benefit of eukaryotic systems such as yeast is that they can produce
post-translational modifications (PTMs) including glycosylation. Such PTMs are often
essential for the biological activity or serum stability of recombinant proteins and do not
naturally occur in prokaryotic host systems suctEagoli. Concerning such glycosylated
secreted proteins, the core glycan is already added to the protein in the ER. However, to
prevent misglycosylations the UDP-glucose:glycoprotein glycosyltransferase (UGT) system
exists (Kleizen & Braakman, 2004). After the protein has successfully been moved to the
Golgi apparatus PTMs are completed by several additions and trimming steps and then
released into the supernantant (Munro, 2001, van ¥iat., 2003).

Protein folding and transport in yeasts is a very complex mechanism involving a large number
of enzymes. Recombinant protein production eventually leads to protein misfolding and
overload of the ER. To avoid negative effects of protein secretion on cell viability several
rescue mechanisms evolved to protect the host cell from these detrimental effects dGasser
al., 2008). A key player in this rescue system is the unfolded protein response (UPR). When
improperly folded proteins accumulate in the ER, a signaling cascade involving the chaperone
BiP, Irel and Hacl is triggered (Travessal., 2000, Moriet al., 1996). The transcription
factor Hacl translocates into the nucleus and induces the transcription of chaperones and
protein folding helpers such as calnexin, BiP and Pdil. In P. pastoosome and membrane
proliferation is also induced by Hacl (Geidf al, 2008). Several research articles highlight

that the co-production of proteins, which are involved in the UPR, can have a beneficial effect



on recombinant protein production in various fungal host organisms, s&hcarevisiagP.

pastoris Hansenula polymorpha and T. ree@eviewed in Gasser et al., 2008).

Considering present day industrial processes, S. cerewsss# the most prominent fungal
expression host, especially concerning therapeutic proteins (Gerngross, 2004) but alternatives
are advancing. Fungal and yeast species suchspsrgillus niger T. reesei P. pastoris
Hansenula polymorphandKluyveromyces lactiare continuously improved and applied for
heterologous protein production (Gerngross, 2004, Porro et al., 2005). Especially in the last
few years, non-conventional yeasts have entered the spotlight and are very promising hosts
for the production therapeutic proteins. In contrast to bacterial cells, suEh @i, no
endotoxins (e.g. LPS) are produced and extensive glyco-engineering enables human like
glycosylation of heterologous proteins (Hamilton & Gerngross, 2007).

Substantial improvements of heterologous protein production were achieved by influencing
the protein folding machinery in prokaryotic and eukaryotic cells. However, different or even

contradictory results were achieved for different model proteins as well as different host
organisms, resulting rather in a trial and error approach than in targeted and rational strain
engineering. One major obstacle towards directed strain engineering in alternative host
systems seems to be the lack of detailed knowledge of host physiology, molecular biology and
biochemistry. Affordable DNA sequencing methods and high throughput transcript profiling

such as microarray analysis will be useful to close this gap for alternative hosts and
uncharacterized strains. Thus, Systems Biotechnology will also become available for non-

conventional but highly prospective host systems.

1.3 Systems Biotechnology

Since Systems Biotechnology derives from Systems Biology, first a short overview about the
history of Systems Biology will be given. Per definition, Systems Biology aims at the global
understanding and modeling of the entire network of reactions in a living cell or even
multicellular organisms (Westerhoff & Palsson, 2004). Building a model of the cellular
regulatory network depends on transcriptome, proteome as well as metabolome profiling. In
contrast to a global Systems Biology approach, Systems Biotechnology rather aims at
understanding the processes related to product formation and their improvement, therefore

accepting gaps in the description of other cellular processes (Graf22G9).
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One of the major techniques that made a systems approach feasible, is the fast parallel
profiling on the mRNA levels under different conditions. DNA microarrays or DNA chips
were developed and became a major tool for comparative parallel analysis in transcript
profiing. A DNA microarray is a device with thousands of nucleic acid sequences
immobilized on a solid support, usually a glass slide. By hybridization of e.g. fluorescently
labeled  complementary nucleic acids, subsequent signal capturing and
computational/mathematical analysis, it is possible to draw quantitative conclusions on
MRNA levels when different biological samples are compared. The first approaches towards
microarray analysis are somehow hard to find because of parallel developments but actually
started in the late 80’s and early 90’s of the last century, roughly 20 years ago. In 1991
Stephen Fodor, which thereafter became the president of the company Affymetrix, a major
distributor of microarrays, and co-workers published an article about a photolithographical
technique for spatially addressed and parallel chemical synthesis (Eodar, 1991).
However, the first articles about microarrays attempted to introduce a new technique rather
than to present biologically meaningful data. It took until the mid nineties until the first
publications about biological results based on parallel transcript analysis were published
(Schenaet al., 1995, Schenat al., 1996). Nowadays a wide variety of DNA microarray
platforms is available and eventually used for a wide variety of organisms. With the rise of
microarrays to a powerful tool in biomedical research other problems related to data analysis,
data interpretation and reproducibility emerged. For a more complete overview about the
developments and pitfalls of microarray analysis an excellent review was written by Rogers
and Cambrosio (Rogers & Cambrosio, 2007). Although DNA microarray analysis is now
regularly performed in laboratories all over the world, it became obvious that analysis on the
transcript levels can just help to understand a small part of the complex puzzle. The simple
scheme “DNA—-> mRNA - protein“ is only partially valid as at each point plenty of
regulatory mechanisms interfere. Thus, further techniques on other levels are necessary to

complement our knowledge in a systems type manner.

Quantitative proteomics is another major achievement with important contributions to
Systems Biology. While transcript profiling is still important, the analysis of a cell's or

tissue’'s proteome is of particular interest as proteins represent the effectors of cellular
function and changes on the transcript level cannot be directly extrapolated to the protein

level.
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A major technique for proteome analysis during the last decades was two-dimensional gel
electrophoresis (2D-GE). This technique is based on the combination of isoelectric focusing
and conventional SDS-PAGE to separate proteins for the parallel analysis of hundreds or
more than thousand of proteins. For comparative analysis of different samples classical 2D-
GE relied on a large amount of replica gels and conventional silver staining. A major step
forward in 2D-GE technology was the application of fluorescent labeling, similar to
microarray analysis. This resulted in a technology named 2D fluorescence difference in gel
electrophoresis (2D-DIGE) (Unlét al., 1997, Tonget al., 2001). The labeling of samples

with fluorescent dyes allowed the application of up to three samples on a single gel and the
application of internal standards. Furthermore, fluorescent signals show a much higher
dynamic range than classical silver staining. Taken together 2D-DIGE is superior in data
acquisition and statistical analysis. Nevertheless, although 2D-DIGE represents a huge
improvement in proteome analysis, there are of course several issues. On a typical 2D Gel
only a small part of the complete proteome is resolved. Proteins with a generally low
intracellular concentration are underrepresented, resulting in poor quantitative results for these
proteins. Nevertheless, 2D-DIGE can be easily established and currently represents a major
pillar of proteome research. 2D-DIGE also relies on subsequent protein identification via N-
terminal sequencing or more commonly used mass spectrometry based methods.
Alternatively, several gel-free approaches using only mass spectrometry (MS) as a core
technology were developed.

MS per se is not a quantitative method. Thus, several techniques were developed to enable
MS based quantitative proteomics. One of the first methods used feeding of different stable
nitrogen isotopes*N and N, to microorganisms such as bacteria and yeast @a4.,

1999). An improvement of this method was then achieved by introduction of stable-isotope
labeling by amino acid feeding in cell culture (SILAC) by Ong and co-workers éDady,

2002). In contrast to these vivo labeling methods alsa vitro labeling methods such as
‘isotope-coded affinity tags’ (ICAT) (Gyget al., 1999) and ‘isobaric tags for relative and
absolute quantification’ (iTRAQ) (Rost al., 2004) were developed. A review discussing the
advantages and pitfalls of these methods and also newer approaches such as label free MS
based quantification has been published recently (Bachi & Bonaldi, 2008).

Quantification of proteins still represents only one part of proteomic research. Proteins are
heavily modified more or less directly after translation but also during their action in the
cellular metabolism. These modifications include glycosylations, which have been mentioned

before but also other types of modifications such as phosphorylation, lipidation, methylation,

12



acetylation and ubiquitination. Additionally, the function and interaction partners of proteins
should be known. Therefore, the analysis of their modifications and their interactions is also
of particular importance to understand a complex biological system. To answer these
guestions methods such as two-hybrid screenings, affinity purification and protein arrays
(Talapatraet al., 2002, Uttamchandaet al., 2006) as well as mass spectrometry are applied.
These approaches are described in more detail in a recent review (Abwefalthda009).

Of course, the knowledge of the cellular transcriptome and the proteome does not tell the
complete story of cellular metabolism. Metabolic Flux Analysis (MFA) was developed in the
early nineties. It aims at ‘the detailed quantification of all metabolic fluxes in the central
metabolism of a (micro)organism’ (Wiechert, 2001). Thus, metabolic fluxes are of great
interest for the identification of potential bottlenecks, which are consequently targets for
genetic engineering.

Metabolites are small molecular weight compounds such as sugar-compounds, amino acids
and lipids and represent the actual targets of enzyme activity. Even microbial metabolomes
consist of hundreds of major metabolites with different physico-chemical properties. It is
therefore obvious that the parallel quantification of all these metabolites is very difficult, thus
resulting in only subsets of analyzed metabolites in most studies (Kell, 2004). Several
methods were developed and are currently applied to analyze cellular metabolomes. Both,
NMR and MS based methods are used for metabolome analysis but due to its superior speed
and sensitivity it has been noticed that only MS based methods might have the potential for
high-throughput analysis (Sauer, 2004). Usually for MS based techniques chromatographic
methods such as gas chromatography (GC) or liquid chromatography (LC) are coupled to MS
instruments. Nevertheless, to avoid chromatographic separations, which may depend on
derivatization of metabolites, also pure MS methods such as Fourier-transform ion cyclotron
resonance (FT-ICR) were developed (Brostral.,2005, Kosakat al., 2000).

For high throughput analysis not only adequate metabolomic methods and equipment have to
be supplied but also adequate and efficient cell cultivation systems are necessary. Continuous
cultivations, thus steady state conditions, are of extraordinary importance for transcriptome,
proteome and metabolome analysis (Knijnenbetrgl., 2009, Regenbergt al., 2006), but

suffer the drawback that high-throughput attempts are not feasible yet. For large scale parallel
analysis (quasi) steady states, using maximum exponential growth in batch culture might also
be used (Sauer, 2004).

MFA relies on the determination of intracellular and extracellular fluxes to generate a

mathematic flux model. By the combination of the measurement of real fluxesvino

13



experiments and the assumed fluxes of the simulated experiment, the individual parameters of
the flux model can be fitted to produce iansilico model of a cellular fluxome (Wiechert,

2001).

Experiments using the systems approach with its diversity of techniques to create a ‘complete’
network model depend on genomic and biochemical data of the particular organism. It is
therefore obvious that these experiments are limited to organisms where this information is
available. To obtain this kind of data, DNA sequencing of the organism’s genome is
necessary. A huge effort was undertaken to obtain the full or partial genome sequence of
important organisms. For many years genome sequencing itself depended on the Sanger
sequencing method and consequently on enormous expenses to obtain genomic data. In the
recent years several new sequencing techniques were developed, which allow fast and parallel
sequencing and are time saving and relatively cheap compared to conventional Sanger
sequencing. The principles of these so-called next generation sequencing (NGS) methods
such as 454 sequencing (Roche), the Illlumina Solexa system and the ABI SOLID system have
been reviewed recently (Ansorge, 2009). These sequencing techniques and newer approaches,
so-called Third Generation Sequencing (TGS) methods, which aim at reducing the time and
costs even more, will make genome data of less popular but very relevant organisms publicly
available. Furthermore, due to their cost effectiveness NGS and TGS methods can also be
applied for RNA sequencing, expression profiing and ChiP-Seq (chromatin

immunoprecipitation-sequencing) experiments (Ansorge, 2009, Graf 208DB).

The described techniques are already available for several years, and Systems Biotechnology
approaches for rational strain engineering have been applied in ‘White Biotechnology'.
Nevertheless, due to the complexity of the involved mechanisms it has been rarely applied for
recombinant protein production (Gretf al., 2009).

It should be mentioned that the presented approaches to analyze cells on a systems level
generate a ‘bioinformatic burden’ that arises from the complexity and the enormous amount
of data produced by these approaches. Nonetheless, the manifold of data yet available for
common model organisms is a great advantage for the development of metabolic models of
less characterized organisms suchPapastoris The knowledge acquired in previous studies
represents some kind of rear cover for the fast and efficient generation of metabolic networks
and biological process descriptions of less commonly used organisms in academic research

and industry.

14



2 Results

In this section, only a minimum of references is cited as relevant literature is cited in the
appended journal publications and submitted manuscripts. It should be noted that many
people contributed to the work and the results presented in this thesis. For the section 2.3
‘Analysis of the effect oHAC1 overexpression Y. pastorisspecific microarrays’ the main

part of the work was carried out by Alexandra Graf and Brigitte Gasser and for part 2.6 ‘The
effect of oxygenation oP. pastoristhe lion’s share was achieved by Kristin Baumann and
Michael Maurer. Nevertheless, it has been included in this thesis as this work was essential
for the development of the systems level approach and a thorough investigation of the effect

of environmental factors on recombinant protein production in P. pastoris

2.1 Establishment of Systems Biology tools for P. pastoris

To carry out a systems level analysis of the effect of environmental growth factéts on
pastorisphysiology appropriate techniques had to be established. Whereas microarrays were
already available for many specié€k, pastorisspecific microarrays were unavailable due to

the lack of a publicly accessible genome sequence. Although heterologous microarray
hybridization has been successfully applied Ror pastoris (Saueret al, 2004), it was
necessary to develdp. pastorisspecific microarrays to utilize to full potential of microarray
analysis (Grafet al., 2008). Additionally, 2D-DIGE technology was established Hor
pastoris (Dragositset al., 2009). Protein identification by LC-ESI-MS/MS resulted in a
reference intracellular protein map, which so far comprises approximately 90 identified
protein spots. Furthermore, by applying the same principals of 2D-GE and mass spectrometry,
a map of the P. pastorsecretome could also be established. Last but not least, metabolic flux
calculations, as a third pillar of systems level analysis, were performed in cooperation with

Prof. Pau Ferrer’s research group in Barcelona.
2.2 Special features of the protein expression host P. pastoris
One of the reasons wh. pastorisbecame attractive as a protein expression host system is its

ability to grow on methanol as sole and formerly cheap carbon source. Furthermore, in

contrast tdS. cerevisiagP. pastorisis a Crabtree negative yeast. Upon aerobic growth at high
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glucose concentration negligible or no ethanol is produced. By avoiding this overflow
metabolism inP. pastoris higher cell densities can be achieved in batch and fed batch
cultivations. This advantage of tiie pastorisexpression systems is known for a long time,

but with a genome sequence at hand (De Schattat., 2009, Mattanovich et al., 2009) a
closer investigation of the reasons for these advantages is possible. The genome sequence of
P. pastorise.g. highlights a potential reason for the differences of growth kineti& in
cerevisiaeandP. pastoris In contrast tdS. cerevisiadewer glucose transporters are present

in P. pastoris. InP. pastorisonly 2 instead of 20 hexose transcporters were found based on
sequence similarity (Mattanovich et al., 2009). Furthermore, two potential high affinity
transporters with similarity to high affinity transporters kKfuyveromyces lactisvere
identified. As glucose uptake largely determines growth kinetics these results are in good
agreement with the actual aerobic growth characteristics of P. pasiogisicose.

Another advantage d?. pastorisis the generally low secretion of endogenous proteins into

the culture medium. Thus, the extracellular proteome (secretome) was analyziédo,

using signal sequence prediction tools, an#ivo. Two dimensional gel electrophoresis of

the culture supernatant of glucose limigdpastorisgrown in chemostat culture revealed that

only very few endogenous proteins were released into the culture medium. The predicted
secretome comprises 88 proteins, whereas only 28 proteins could be verified under the culture
conditions chosen (Mattanoviddt al., 2009). Among these proteins present in the culture
supernatant, also most likely cell wall associated proteins such as Gasl were identified. No
proteases were identified by LC-ESI MS/MS analysis and the actual proteolytic activity of the
culture supernatant was very low, most likely arising from the 2% of dead and lysed cells in
chemostat cultures. These results demonstrate that although a methanol based feed to induce
recombinant protein production is the most common methdtl pastoris a glucose based

feed is of great advantage as a minimum of proteins is secreted into the culture supernatant
and cell viability is generally higher, thus resulting in a much lower contamination with

intracellular proteases.
2.3 Analysis of the effect of HACL1 overexpression by P. pastorspecific microarrays
A publicly available genome sequence was not present at the beginning of the project.

However, a partially annotated sequence was commercially accessible through Integrated

Genomics Www.integratedgenomics.cgmAdditional gene finding and annotation allowed

the identification of approximately 4000 genes with annotated function and about 11000
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potential open reading frames (ORFs). Based on this informd&iopastoris specific
microarrays using the Agilent platform were developed (&taf., 2008).

These microarrays were applied to analyze the effect of DTT treatmentHA@l
overexpression ifP. pastoris. Both, DTT treatment attlAC1 overexpression induced the
core UPR, including chaperones and folding enzymes. The analysis of the effé&Caf
overexpression on cellular physiology is therefore of special interest considering recombinant
protein production.

Apart from the core UPR, the obtained data indicated crucial differences in the transcriptional
response upon exposure to DTT KBAC1 overexpression. In contrast to DTT treatment,
HAC1 overexpression resulted in a massive upregulation of genes involved in ribosomal
biogenesis, RNA metabolism and translation. Furthermore, only about 50% of the genes
known to be involved in DTT response in S. cerevibieleaved similar ifP. pastoris

These results highlight that, although DTT is regularly used to induce UPR, responses to such
as chemical stimuli are also triggered, thus being different from the response induced by
recombinant protein. Additionally, the substantial differences in the response to DT in
cerevisiaeand P. pastorishighlight the necessity of improving our knowledge of other
industrially relevant microorganisms. Due to these differences, systems level models and
conclusions on the biology of microorganisms cannot be simply based only on classical model

organisms such as S. cerevisiae

2.4 The effect of growth temperature on P. pastoris

In chemostat cultures growth temperature had a significant impact on the specific productivity
(ge) of the antibody fragment Fab 3H6. We could show that a two-fold increase and a three-
fold increase of ggwere achieved by decreasing the growth temperature from 30 to 25°C and
from 30 to 20°C, respectively. As already outlined in the introduction, the positive influence

of growth temperature below the so-called optimal growth temperature has been previously
reported forP. pastorisand other organisms. However, concerrihgpastoris the methanol
inducible AOX1 systems is widely used and better established than the GAP system used in
the current study. As methanol is a toxic compound and results in high cell lethality during a
standard fed batch procedure, higher cell viability and a decrease of protease release were
considered to be responsible for improved production upon temperature reduction during
methanol based processes. Nevertheless, in the presented experimental setup, using glucose a:

carbon source, cell viability was >98% and the contamination of the culture broth with
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intracellular proteases was insignificant. Thus, other parameters related to changes in the host
cell physiology had to be responsible for the increasedugng growth at low temperature.
Therefore, the mentioned systems level analyses were applied to shed light onto the
physiological reasons for the increased production of Fab 3H6.

Although 2D-DIGE might be technically limited by detecting mainly highly abundant
proteins and leaving the majority of the cellular proteome unobservable, it proved to be a
valuable tool to monitor the changes, which accompanied growth at decreased temperature.
At the proteome level at least five cellular processes, which were affected by temperature,
could be identified. Whereas proteins involved in ribosome biogenesis and assembly as well
as amino acid metabolism showed higher levels at 20°C, proteins involved in energy
metabolism, protein folding and oxidative stress response showed decreased levels at 20°C.
Especially the impact on energy metabolism was quite unexpected. Proteins involved in the
tricarboxylic acid (TCA) cycle, such as Acolp, Citlp, Fumlp and Mdhlp showed lower
levels at 20°C. Consequently, with biomass data, metabolite concentrations in the culture
broth and off gas data at hand, metabolic flux calculations were performed. The obtained data
strengthened the results from 2D-DIGE as the metabolic model of the central carbon
metabolism predicted a slight decrease of the glucose uptake rate but also a decrease in the
flux through the TCA cycle at 20°C.

Many molecular chaperones and proteins involved in the unfolded protein response, which
play a crucial role in protein folding and turnover showed lower levels at 20°C. Especially
decreased levels of the UPR sensor protein Kar2p/BiP and the stress induced chaperones
Ssadp and Hsp82p lead to the conclusion that protein folding stress was greatly reduced at
low temperature (Dragositst al.,, 2009). Consequently the decrease of proteins involved in
oxidative stress response is reasonable as protein folding in the ER is a redox sensitive
process, which may lead to the generation of reactive oxygen species (ROS). Additionally,
increased levels of proteins related to ribosome biogenesis (RppOp and Gsplp) were also
observed, and a similar response to low growth temperature has been reported for
cerevisiae

Microarray experiments support the data obtained by 2D-DIGE (unpublished data). At the
transcript level the upregulation of genes involved in translation, ribosome biogenesis and
amino acid metabolism at 20°C was even more evident than on the protein level.
Interestingly, genes involved in TCA cycle suchfAE01,FUM1 andMDH1 did not show

significant changes upon a decrease of growth temperature, although the protein levels of
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these genes evidently decreased at 20°C. These data indicated substantial post-transcriptional
control mechanisms taking place during steady state cultivation of P. pastoris

Additionally the measurement of intracellular solutes showed that trehalose levels decreased
during growth at 20°C compared to 25 and 30°C (unpublished data). These data also pointed
to a decrease of intracellular (protein folding) stress, because trehalose has been described to
serve as a stress protectant to environmental stresses such as tempe@tweravisiae
(Wiemken, 1990).

Altogether, the described events may lead to a decreased energy demand and a decreased flux
through the TCA cycle, but also to an increased biomass yield and increased production of
Fab 3H6 at 20°C. Although no increased mRNA levels for the Fab 3H6 heavy and light chain
with decreased temperature were observed, a higher rate of mRNA translation due to higher
translational activity may also contribute to the higheatR0°C.

2.5 The effect of osmolarity on P. pastoris

For mammalian cell lines but also fer pastoris a positive effect of increased osmolarity has
already been reported. Nevertheless, especially for mammalian cell culture increased
osmolarity does not necessarily lead to increased product titers as increased osmotic pressure
constitutes a severe stress condition leading to a decrease of cell viability. We were therefore
interested whether increased osmolarity can also have a positive effect on the production of
Fab 3H6 under the control of a glycolytic promoterPinpastoris By applying chemostat
cultivation we could show that an increase of osmolarity did not have a significant effect on
the ¢ of Fab 3H6 inP. pastoris As the response to environmental stresses is still a
fundamental question, not yet addressedPin pastoris we performed 2D-DIGE and
microarray analysis to track the differences between cultivation at different osmolarities.
Furthermore, as the accumulation of intracellular solutes to compensate high osmotic pressure
is a common response of microorganisms, with glycerol being of particular importance
(Mager & Siderius, 2002), we were interested whether such compatible solutes were present
in P. pastoris

By measuring intracellular polyol concentrations with HPLC we could showPthpastoris
produces several intracellular polyols, but in contrasGtacerevisiagP. pastorisrather
accumulated arabitol instead of glycerol upon exposure to elevated osmotic pressure.
Furthermore, intracellular arabitol levels were higher than glycerol levels even at low

osmolarity. This result once again demonstrated that substantial differences between these
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two yeast species exist. A detailed investigation of the proteome and transcriptome data
revealed further information, which indicated a different response to high osmolaRty in
pastoris

It turned out that in the control strain Bf pastoris which did not express the recombinant

Fab fragment, there were more significant changes on the proteome level but also and even
more prominent on the transcript level than in the Fab 3H6 producing strain. Whereas
transcript data indicated that cell wall integrity signaling, cell wall composition and ribosome
biogenesis were affected by high osmolarity, proteome data acquired by 2D-DIGE
highlighted the induction of the unfolded protein response at elevated osmolarity in the
control strain. Kar2p/BiP, the protein disulfide isomerase Pdilp and some cytosolic and
mitochondrial molecular chaperones, such as Scclp, Sselp, Sszlp and Hsp60p, showed
higher levels at increased osmolarity in the control but not in the recombinant protein
expressing strain. It has already been shown that UPR induction can occur during osmotic
stress in halotolerant yeast species sudRheloturola mucilaginosa (Lahav et al., 2004) but

it has not be reported to happen to this extendl. iberevisiaeThus we tested the growth of

P. pastoris as well asS. cerevisiaeon media containing different NaCl and KCI
concentrations. The obtained data fit to the hypothesis that P. pagtares more similarities

with halotolerant yeast species th@&ncerevisiaeasP. pastoriswas able to grow on higher

NaCl and KCI concentrations than S. cerevisiae

It is well established that UPR induction occurs during recombinant protein production. This
is due to an overload of the cellular protein folding capacity and therefore poses a major
obstacle during recombinant protein production as described in the introduction. In this
context and with the knowledge that UPR induction also plays an essential role during
osmotic stress response, it seems plausible that @astorisstrain, which is permanently
exposed to protein folding stress, needs less adaptations to cope with elevated osmolarity than
a non-producing control strain. From previous microarray experiments it is known that UPR
induction also results in upregulation of genes involved in ribosome biogenesis and
translation inP. pastoris (Graf et al., 2008). Upon high osmolarity an upregulation of
ribosome biogenesis was observed in the control strain but not in the Fab expressing strain. It
can be concluded from the current data and available literature that a massive cross-talk or
interrelation of the UPR with other signaling pathways such as the HOG pathway and the cell
wall integrity pathway exits. Due to this crosstalk of signaling pathways and the particular
importance of the UPR for osmotolerance, the recombinant protein expressing stPain of

pastoris was already pre-conditioned to growth at elevated osmolarity. Thus, the
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physiological response on both the proteome and the transcriptional level was lower in the
Fab 3H6 expressing strain.

Regarding the optimal osmolarity f&. pastorisgrowth, no clear conclusions can be drawn
from the current data. During fed batch cultivations, osmolarities as high as 850mO&smol kg
which corresponds to the medium osmolarity setpoint in the current study, are very common.
However, as these conditions already lead to arabitol accumulation and transcriptional as well
as proteome related responses, the optimal osmolarity may be near the physiological
osmolarity. The physiological osmolarity relates to 300mOsmd] kgsetpoint, which would

be between the low and medium osmolarity setpoints of this study.

2.6 The effect of oxygenation on P. pastoris

It has been shown that, similar to growth temperature, decreased oxygen concentrations
improved the specific production of antibody fragment Fab 3HB. ipastoris(Baumann et

al., 2008). Additionally, due to the switch from respirative to respirofermentative or
fermentative metabolism increasing amounts of ethanol were produced. Furthermore, oxygen-
limited and hypoxic growth conditions resulted in a strong decrease of yeast biomass during
chemostat cultivation. Although the physiological reasons for the increasge afegstill
unknown but will also be investigated on a systems levels similar to temperature and
osmolarity experiments, the results of the oxygenation experiment already lead to a practical
application. Based on the dataRf pastorisgrown in carbon limited chemostats at different
oxygenation, an oxygenation/ethanol regulated fed batch strategy was developed (Baumann et
al., 2008). This novel strategy resulted in increased volumetric productivity, shorter process
times and lower biomass accumulation than a standard linear fed batch commonly applied for

P. pastoris

2.7 Comparison of antibody Fab 3H6 production in various microorganisms

The Genophys project, whereof this thesis is a part of, aimed at the comparison of Fab
production and the effect of environmental factors in different host organisms. It turned out
thatP. pastoriswas the best of the three fungal host organisms in terms of antibody fragment
production. Furthermore, P. pastossowed the second highest specific production of all host

organisms analyzed in this project. Concerning specific production in the analyzed hosts,

eurkaryotic expression systems are regarded to be better equipped for the production of
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complex proteins such as heterodimeric Fab fragments. Nevertheless, as some differences in
the expression strategies, such as choice of promoter and leader sequences, growth rate and
biomass yield existed, the comparison of specific production in different host cells has to be
done carefully and may not be representative. Nevertheless, very high titers of Fab 3H6 were
achieved at very low biomass concentrationB.imaloplanktis Thus, this study highlightB.
haloplanktis, a prokaryotic expression system, as a very prospective host organism for
recombinant protein production.

As a main goal of the project was not only to compare specific production in several hosts but
to analyze the influence of environmental growth parameters, 4 out of 5 organisms, 8amely
cerevisiagP. pastoris T. reeseiandE. coli, were cultivated at different temperatures. Beside

P. pastoris a decrease of growth temperature in carbon limited chemostat cultures had also a
positive effect on specific production of Fab 3H6TinreeseiandE. coli. In S. cerevisiago

change of specific production was reported. Furthermioregeseihad, similar td°. pastoris

a higher biomass yield at lower growth temperature, whe&easrevisiadad lower biomass

yield at lower temperature. The response to different cultivation temperatures might be to
some extend species and also strain specifis. berevisiaalso reduced oxygenation did not

have a positive effect on recombinant protein production as it was reportBd fastoris
However, P. pastoris, T. reeseand E. coli showed increased specific production at lower
temperature. Furthermor@, haloplanktisis a psychrophilic bacterium and was cultivation at
only one but low temperature, namely at 15°C. Thus, there is evidence that similar, well
conserved, physiological responses, which for example lead to increased protein production at

decreased growth temperature, might exist even between non-related species.

3 Conclusions

Hitherto unknown relations between recombinant protein production and environmental
growth parameters could be established. Both, decreased temperature and decreased
oxygenation had a positive effect on specific production of Fab 3HB. ipastoris By

applying Systems Biology techniques such as 2D-DIGE and microarray analysis some
potential reasons for the increased productivity at decreased temperature were highlighted.
Considering these data, it becomes obvious that, besides the protein folding and secretion
machinery, many other cellular processes may represent targets for rational strain engineering

and protein production iR. pastoris As already reported in previous studies fine-tuning of
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the translation machinery might be useful to increase specific as well as volumetric
production of recombinant proteins i pastoriscultivation processes. The obtained data
further highlight that, similar to bacterial systems, most not&blgoli, heterologous protein
production obviously results in a metabolic burden for the host cell. So far, this metabolic
burden on the cellular energy metabolism has been more or less neglected for yeast
expression systems, because it is e.g. only slightly observable in the biomass yield.
Nevertheless, the central carbon metabolism might represent an interesting target to
manipulate and improve recombinant protein secretion in yeasts such as P. pastais

As a wide variety of genome scale methods is currently available, many studies applying
either proteome, transcriptome or metabolome studies have been published in the recent
years. However, all methods in the field of system biological research suffer major drawbacks
and can only deliver information of a single level of the microbial or cellular control
mechanisms. Taking this thesis as an example, it is of great importance to combine as many
methods as possible to gain the maximum amount of information. Although substantial
knowledge could be gained by analyzing either proteome or transcript data, a combination of
both turned out to be much more powerful.

This Systems Biology approach of generating large amounts of data on multiple scales,
together with the establishment of well-annotated and publicly available genomes, might
contribute to a fast development of systems and metabolic models for alternative expression
systems, such as the ye&stpastorisor the psychrophilic bacteriuf. haloplantkis Such
metabolic models could aid to desiBnpastorison a pure rational basis without the need of

trial and error attempts for strain engineering. In the last years, slow but substantial progress
has been made by the identification and co-overexpression of single genes to improve protein
production. With precise metabolic models at hand, it might become feasible to concentrate
rather on the manipulation of entire cellular regulatory circuits than on the overexpression
and/or deletion of single genes.

Different proteins might cause different physiological responses of the host systems. Thus,
various model proteins as well as various expression promoters, terminators and secretion
signals should be included in future studies. The combined analysis of such data could lead to
the discovery of core parameters that generally determine heterologous protein production and
secretion in microbial hosts. Furthermore, this will help to deepen our knowledge of the

physiology and the effect of recombinant protein production in P. pastoris
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4 Abbreviations

2D-GE
2D-DIGE
ChIP-Seq
ER

ERAD
FT-ICR
GC

HOG
HPLC
IB(s)
ICAT
ITRAQ
LC
LC-ESIMS
LPS

MFA

MS

NGS
ORF(s)
PTM(s)
Qp

ROS
SDS-PAGE
SILAC
TCA

TGS

UPR

two-dimensional gel electrophoresis
two-dimensional difference in gel electrophoresis
chromatin immunoprecipitation-sequencing
endoplasmatic reticulum

endoplasmatic reticulum associated degradation
Fourier-transform ion cyclotron resonance

gas chromatography

high osmolarity glycerol

high performance liquid chromatography

inclusion body(ies)
isotope-coded affinity tags’

isobaric tags for relative and absolute quantification
liquid chromatography

liquid chromatography — electrospray ionization mass spectrometry
lipopolysaccharide
metabolic flux analysis

mass spectrometry

next generation sequencing

open reading frame(s)

post-translational modification(s)
specific productivity

reactive oxygen species

SDS polyacrylamide gel electrophoresis
stable-isotope labeling by amino acid feeding in cell culture
tricarboxylic acid

third generation sequencing

unfolded protein response
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Abstract

Different species of microorganisms including yeasts, filamentous fungi and bacteria have been used
in the past 25 years for the controlled production of foreign proteins of scientific, pharmacological
or industrial interest. A major obstacle for protein production processes and a limit to overall
success has been the abundance of misfolded polypeptides, which fail to reach their native
conformation. The presence of misfolded or folding-reluctant protein species causes considerable
stress in host cells. The characterization of such adverse conditions and the elicited cell responses
have permitted to better understand the physiology and molecular biology of conformational
stress. Therefore, microbial cell factories for recombinant protein production are depicted here as
a source of knowledge that has considerably helped to picture the extremely rich landscape of in
vivo protein folding, and the main cellular players of this complex process are described for the
most important cell factories used for biotechnological purposes.

Review reach their native conformation in heterologous host
One of the main bottlenecks in recombinant protein pro-  cells, which usually results into their prevalence in the
duction is the inability of the foreign polypeptides to  insoluble cell fraction. The unusually high and non-phys-
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iological rates of recombinant protein production and the
occurrence of significant amounts of misfolded protein
species drive the cells to a global conformational stress
condition. This situation is characterized by a series of
individual physiological responses provoked in order to
minimize any toxicity of misfolded protein species and to
restore cellular folding homeostasis. The generalized use
of microbial cell factories for biological synthesis of pro-
teins and the growing interest in the physiological aspects
of conformational stress have converted recombinant
cells into schools of protein folding, from which scientists
are learning about the cell-protein relationships during
the complex process of in vivo protein folding.

The purpose of this review is to summarize the major con-
cepts of the cell biology of protein folding. For that,
eukaryotic cells, illustrated by yeasts and filamentous
fungi are dissected regarding the mechanics and composi-
tion of their folding machinery, misfolding stress
responses and strategies to cope with conformational
stress. The complexity of the folding, trafficking and secre-
tion machineries of these cell factories is presented versus
the relatively simple folding scheme in bacterial cells such
as Escherichia coli that are also common hosts for recom-
binant protein production. Despite the existing obvious
differences, evolutionary conserved physiological traits
regarding folding stress can be identified when comparing
eukaryotic and prokaryotic hosts. Furthermore, practical
implications of all these findings to improve protein pro-
duction processes are discussed in their biotechnological
context.

Protein folding and conformational stress in
eukaryotic cells

Yeasts and filamentous fungi are among the most fre-
quently used eukaryotic cell systems for recombinant pro-
tein production, in part due to the performance of post-
translational modifications that bacteria cannot perform,
that are, in most cases, required for proper protein activ-
ity. In eukaryotic cells, endoplasmatic reticulum (ER) res-
ident proteins are responsible for correct protein folding.
The list of such folding-assistant proteins includes cal-
nexin, chaperones of the hsp70 and hsp90 families (e.g.
BiP/Grp78, Grp94), the protein disulfide isomerases (Pdi)
which catalyze the formation of disulfide bonds and the
peptidyl-prolyl-isomerases. Some of the post-transla-
tional modifications such as N-glycosylation are initiated
in the ER lumen. Both natural and recombinant proteins
are only exported to the Golgi by vesicular transport when
their correct conformation has been assured by a glucose-
dependent surveillance mechanism of the ER. Unless
there is a differing signal, proteins intended for secretion
are directed from the Golgi to the outside of the plasma
membrane by specific transport vesicles [1,2]. A schematic
overview of the protein folding processes is presented in

http://www.microbialcellfactories.com/content/7/1/11

Figure 1, while the responses to secretion stress are sum-
marized in Figure 2.

The protein folding process and subsequent secretion is a
rather complex process involving many interacting partic-
ipants. Due to this interdependence, genetically increas-
ing the rate of one step can lead to rate-limitation of
another one, which can then become the bottleneck of the
expression system. Moreover, in most cases the rate limit-
ing step in the eukaryotic secretion pathway has been
identified to be the exit of proteins from the ER [3].
Linked to this control point is a mechanism called ER-
associated protein degradation (ERAD), which is respon-
sible for the retention of misfolded or unmodified non-
functional proteins in the ER and their subsequent
removal. Protein degradation is executed by linking the
misfolded protein to ubiquitin after it has been re-translo-
cated into the cytosol through the same ER translocon
pore where it had been imported. The ubiquitin-marked
protein is then recognized and degraded by the 26S pro-
teasome in the cytosol (recently reviewed by [4,5].

Two quality control systems in the ER ensure that only
correctly folded, modified and assembled proteins travel
further along the secretory pathway. The UDP-glu-
cose:glycoprotein glucosyltransferase (UGT) is a central
player of glycoprotein quality control in the ER (reviewed
among others by [6]). After addition of the core glycan
(GlcNac2-Man9-Glc3) to specific asparagine residues of
the nascent polypeptide, the three terminal glucose resi-
dues have to be clipped off before the protein can exit the
ER. Non-native polypeptides are tagged for reassociation
with the ER-lectin calnexin by readdition of the terminal
glucose onto the N-glycan mediated by UGT. This enzyme
specifically recognizes and binds to molten globule-like
folding intermediates, thereby acting as sensor of the pro-
tein folding status. Re-glucosylation of erroneous glyco-
proteins prevents their release from the calnexin cycle and
subsequent secretion. Upon persistent misfolding, N-gly-
cosylated polypeptides are slowly released from calnexin
and enter a second level of retention-based ER quality
control by aggregating with the BiP chaperone complex
[7]- This correlates with the loss in the ability to emend
misfolding. The BiP complex is involved in co-transla-
tional translocation of the nascent polypeptide into the
ER lumen and preferentially binds to hydrophobic
patches. Prolonged binding to either calnexin or the BiP
complex targets the polypeptides to the ERAD, however,
the exact mechanisms remain elusive (reviewed by [6]).
The fact that accumulation of proteins in the ER is able to
influence the synthesis of foldases and chaperones such as
BiP and Pdi by transcriptional activation in the nucleus
lead to the conclusion early on that there must be an intra-
cellular signalling pathway from the ER to the nucleus,
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Schematic representation of protein folding, quality control, degradation and secretion in yeast (as an exam-
ple for lower eukaryotic cells). Secretory proteins are transported into the ER through the Secé! translocon complex of
the ER membrane either co-translationally or post-translationally. In the latter case, cytosolic chaperones (Ssal-4, Ssb, Ssel/2)
support solubility and prevent aggregation of the polypeptide chains. After translocation to the ER, nascent polypeptides are
bound by BiP and mediated to mature folding in an ATP-dependent cyclic process of release of and binding to BiP. The forma-
tion of correct disulfide bonds is mediated in a cycle of Pdi and Ero activity, which may lead to the formation of reactive oxygen
species (ROS). Correctly folded protein is released to transport vesicles, while prolonged BiP binding, indicating misfolding,
leads to retrograde translocation to the cytosol and proteasomal degradation (ERAD). Nascent glycoproteins are bound by
calnexin and mediated to correct folding and processing of the N-glycans. Failed folding leads to binding by the BiP complex
and targeting to ERAD, while correctly folded and processed glycoproteins are released to transport vesicles. Prolonged bind-
ing of BiP to partially misfolded proteins leads to the induction of the unfolded protein response (UPR), mediated by Irel (see
also figure 2).

called the unfolded protein response (UPR) (for reviews
see [8,9]).

After having passed ER quality control successfully, pro-
teins intended for secretion have to be transported to the
Golgi network. Specialized cargo vesicles that selectively
incorporate these proteins bud from the ER and are tar-
geted to the Golgi membrane by the activity of the coat

protein complex II (COPII). In the Golgi network proteins
undergo additional post-translational modifications and
are subjected to sorting mechanisms that finally target
them to their final destination. Possible trafficking routes
include direction to the plasma membrane, to the endo-
somal compartments, to the vacuole, as well as retrograde
transport to the ER (review by [10]). Secretory proteins are
then delivered to the cell surface by specialized post-Golgi
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Schematic representation of secretion stress responses in eukaryotes Secretory proteins are translocated to the ER
either during their translation or post-translationally. Folding of these proteins in the ER can be disturbed by environmental
factors or it can be inhibited experimentally by agents inhibiting protein folding like dithiothreitol (DTT) and Ca-ionophores or
agents inhibiting glycosylation like tunicamycin. It has been observed that foreign proteins often do not fold well and cause con-
formational stress. Several responses of the cell to impaired protein folding in the ER have been discovered: |.) Unfolded pro-
tein response (UPR). Genes encoding folding helpers like the chaperone Bip and the foldase protein disulfide isomerase Pdi,
and a large number of other genes involved in other functions of the secretory pathway are induced. The proteins Irel and
Hacl involved in this signal transduction pathway are shown in the figure. 2.) Translation attenuation. The translation initiation
factor elF2 alpha is phosphorylated, and subsequently translation initiation is inhibited. This reduces the influx of proteins into
the ER. This response is only known from mammalian cells. 3.) Repression under secretion stress (RESS). The mRNA levels of
genes encoding secreted proteins are down-regulated during ER stress. This response has been discovered in filamentous fungi,
but there is evidence for its occurrence in plants.
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secretory vesicles that dock to and fuse with the plasma
membrane. The process called exocytosis includes target-
ing of the secretory vesicles to the appropriate membrane
mediated by the Exocyst, a multiprotein complex, and by
interaction of the v-SNAREs (vesicle, in yeast: Sncl/2 pro-
teins) and t-SNAREs (target membrane; Ssol/2p and
Sec9p) and release of the cargo proteins outside the cell
after fusion of the secretory vesicle with the plasma mem-
brane.

Impact of the environment on folding and folding stress
During the recent years, it has become evident that a vari-
ety of metabolic and environmental stresses may have a
strong impact on recombinant protein production. Both
types of stress factors occurring during industrial produc-
tion processes in yeasts, along with potential metabolic
and cell engineering approaches to overcome production
constraints, were reviewed in Mattanovich et al. [11].
Among environmental factors that affect protein folding
and secretion, especially temperature, low pH, high osmo-
larity and oxidative stress may play an important role.

While many studies have been performed on optimizing
fermentation conditions for maximum specific productiv-
ity in yeasts, data correlating increased product yields to
improved protein folding and secretion mechanisms are
still missing. Similar reports regarding the impact of culti-
vation conditions on protein production in filamentous
fungi remain scarce and usually limited to case studies
[12-14]. Wang et al. [15] reviewed the impacts of bioproc-
ess strategies on recombinant protein production in fila-
mentous fungi, and concluded that the major effect of the
environmental changes correlates to varying morphologi-
cal forms, which exhibit different secretory capacities.

Temperature

Temperature has a profound impact on cell metabolism
and abundance/regulation of folding-related genes/pro-
teins (hsp70 family, ER-membrane proteins, etc.). Lower-
ing the cultivation temperature from 30 to 20-25°C has
been reported to increase product titers in yeasts in several
cases [16-19]. While it may be speculated that a lower
growth temperature is leading to lower specific growth
rates, thus enabling folding of the recombinant proteins
at a lower rate, it was shown recently in chemostat cultures
that actually gene regulatory events take place. In contin-
uous cultures of Pichia pastoris expressing a human anti-
body Fab fragment specific productivity of the
heterologous protein was significantly increased during
the chemostat process at lower temperature (1.4-fold on
average). Several genes related to protein targeting to the
ER and folding (SSA4, SEC53, KAR2, ERO1) and core
metabolism genes were found among the genes down-reg-
ulated at 20°C, as were the product genes [20]. Transcrip-
tion of genes involved in the regulation of vesicular
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transport, exocytosis, ER-associated protein degradation
as well as markers for response to oxidative and hyperos-
motic stress was enhanced in comparison to 25°C steady
state. The reduction in transcriptional activity of the core
metabolism is a likely explanation for the reduced mRNA
levels of the product genes (LC and HC), which were
under control of the glycolytic GAP (glyceraldehyde 3-
phosphate dehydrogenase) promoter. The authors
hypothesized that at lower temperature a reduced amount
of folding stress is imposed on the cells, consequently
leading to a higher rate of correctly folded product.
Although lower temperature has been shown to improve
protein secretion rates, this still depends on the nature of
the heterologous protein. Production of a hyperther-
mophilic enzyme was improved by cultivation at higher
temperature (40°C) in Saccharomyces cerevisiae, thereby
reducing ER folding stress [21].

Additionally to regulatory events, many positive effects of
temperature shifts on protein production might be linked
to cell wall composition (porosity) and cell cycle. Indeed,
increased levels of chitin and cell wall linking beta-glu-
cans have been determined in yeast cells grown at 37°C
compared to 22°C in batch cultures [22].

Generally, it turns out that cultivation at an optimized
temperature is one of the crucial parameters for improved
specific productivity, as it is likely to direct carbon fluxes
towards heterologous protein production, and maintains
the cells in the more secretion competent phases of the
cell cycle.

Oxygenation

Redox processes play a major role in heterologous protein
production, both related to the oxidation of the product
to form disulfide bonds, and to oxidative stress of the host
cell during cultivation. Cultivation of methylotrophic
yeasts like P. pastoris on methanol leads to significant oxi-
dative stress, which may be relieved by the addition of
antioxidants like ascorbic acid [23]. Similarly, the expres-
sion of antioxidant enzymes like superoxide dismutase
was reported to relieve oxidative stress [24].

Apart from environmental stressors, oxidative stress can
be imposed on the host cells by intrinsic factors such as
leakage in the respiratory pathway, beta-oxidation of lip-
ids, or accumulation of misfolded protein in the ER. There
is strong evidence that oxidative stress is connected to
growth temperature. While in most cases lower growth
temperature results in lower oxidative stress, Gasser et al.
[20] showed that the genes coding for the key regulatory
enzymes of both the cell redox homeostasis (thioredoxin
reductase TRR1, thioredoxin peroxidase TSAI, glutath-
ione oxidoreductase GLR1) and osmoregulation
(mitogen-activated protein (MAP) kinase HOGI) were
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induced at the lower temperature where higher secretion
rates occur. Generally, the secretory pathway compart-
ments maintain a higher oxidized status compared to the
cytosol in order to enable disulfide-bond formation.
Finally the electrons generated during the oxidative fold-
ing cycles are transferred to molecular oxygen and may
lead to the formation of reactive oxygen species [25].

Interestingly, it was shown recently that very low oxygen
supply enhances the secretion rate of heterologous pro-
teins in P. pastoris significantly, which led to the develop-
ment of a hypoxic fed batch strategy with over 2-fold
increased productivity [26].

Osmolarity

So far no clear connection between medium osmolarity
and protein folding has been established. Previous data
indicate that the response is extremely transient [27]; and
even less is known of the effect of osmolarity on heterolo-
gous protein production. Mager and Siderius [28]
describe temporary cell growth arrest (either at G1 or G2/
M) upon hyperosmotic stress conditions accompanied by
the induction of the high osmolarity glycerol (HOG)
kinase pathway in S. cerevisiae. Intracellular glycerol levels
are increased in order to adjust osmo-balance through the
modification of cell wall integrity. Unlike in animal cells
where an osmotic shock leads to increased exocytosis
[29], and hyperosmotic GS-NSO mammalian cells that
exhibit an increased specific production rate (albeit
decreased growth rate) as compared with iso-osmotic cul-
tures [30], osmo-regulated secretion behaviour in fungi
remains unproven. In methanol grown P. pastoris cells,
salt stress prior to induction was shown to have a positive
effect on single chain antibody scFv titers [19], while Lin
et al. [18] reported a negative effect of salt supplementa-
tion on the secretion of an Fc fusion protein.

pH
Osmolarity and pH seem to trigger highly interrelated
responses. From an industrial point of view the main
desired effect of low pH is to reduce the activity of host
proteases which can lead to severe protein degradation
(reviewed among others by [31]), but no uniform picture
has been assigned to the correlation of pH and protease
activity in the culture broth. Both in yeasts and filamen-
tous fungi changing the pH of the culture medium can sig-
nificantly improve protein yields, however, this effect is
most probably not directly associated with improved pro-
tein folding mechanisms. On the other hand, lower extra-
cellular pH requires higher energy to maintain
intracellular pH values constant/physiological, thereby
delaying cell growth and enforcing the cell wall barrier
[22,32,33]. Subsequently this more rigid cell wall may
diminish secretion efficiency of the pH stressed cells. Lin
at al. [18] tested different pH values (ranging from 3.0 to
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7.2) during fed batch production of a Fc fusion protein in
P. pastoris and reported detection of the heterologous pro-
tein only at the highest pH of 7.2, however, the authors
conclude that the pH optimum is strongly protein and
strain dependent.

Folding stress and heterologous protein production

The ER-resident chaperone BiP (binding protein, in yeast
encoded by KAR2) belongs to Hsp70 family of heat shock
proteins and it is present in the lumen of the endoplas-
matic reticulum of all eukaryotes. The yeast homologue is
sometimes referred to as Grp78. Binding to BiP prevents
the nascent part of secretory or transmembrane proteins
from misfolding, until synthesis of the protein is finished.
It has been suggested that BiP is not only involved in the
translocation of the nascent polypeptides across the ER
membrane into the ER lumen, but that it is a key element
of an ER-resident quality control mechanism that prevents
unfolded proteins from leaving the ER [34]. Other func-
tions associated to BiP are the solubilisation of folding
precursors, stabilization of unassembled protein subunits
and redirecting misfolded polypeptide chains to the
cytosol for ubiquitin-labeling and subsequent degrada-
tion by the proteasome (ERAD, ER-associated protein deg-
radation, [35]). Besides a basal constitutive expression
level, BiP transcription is induced by the presence of
mutant and misfolded proteins in the ER lumen and by
stress effects that result in the accumulation of unfolded
proteins [36], presumably including the high level expres-
sion of heterologous proteins. A saturation of the secre-
tory pathway seems possible, as extractable levels of free
folding assistants BiP and Pdil decrease when heterolo-
gous proteins are overexpressed in S. cerevisiae [37]. Kauff-
man et al. [38] observed an induction of BiP during the
expression of a scFv fragment in this yeast species, and
Hohenblum et al. [39] have reported increased levels of
BiP upon expression of recombinant human trypsinogen
in P. pastoris. Likewise, biPA and pdiA transcript levels
were increased due to heterologous protein overexpres-
sion, as well as upon high level secretion of homologous
enzymes in filamentous fungi [40-42].

ER-associated protein degradation is a complex process in
which misfolded proteins in the ER are redirected to the
translocon for retranslocation to the cytosol, where they
are subjected to proteasomal degradation. Additionally,
excess subunits of multimeric proteins that are unable to
assemble are degraded through the ERAD mechanism.
According to Plemper et al. [43], the malfolded proteins
are retro-translocated through the Sec61-complex translo-
con pore, through which they had entered the lumen of
the ER before, accompanied by ubiquitination at the
cytosolic side of the ER membrane. The labeling of sub-
strates destined for degradation by the cytosolic 26S pro-
teasome requires an Ub (ubiquitin) activating enzyme, an
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Ub conjugating enzyme and an Ub ligase besides ubiqui-
tin itself. In P. pastoris three essential components of the
ERAD pathway have been shown to be up-regulated upon
production of an antibody Fab fragment in correlation to
higher protein secretion rates: HRD1, coding for an Ub
protein ligase, that is able to recruit Ub conjugating
enzymes (such as the gene product of UBC1) next to the
Sec61 translocon pore complex [20].

Prolonged ER retention of misfolded proteins entails
repetitive rounds of oxidative protein folding attempts by
foldases such as Pdi and consequently results in the gen-
eration of reactive oxygen species (ROS). Alleviation of
the ER stress is accomplished by the upregulation of the
UPR and subsequent induction of the ERAD, however,
prolonged UPR induction can also contribute to the stress
situation by the accumulation of ROS. In this context,
both oxidative stress and ERAD occur in addition to UPR
induction when hydrophobic cutinase accumulates in the
ER of S. cerevisiae [44], while hirudin production in P. pas-
toris lead to increased levels of ROS [23]. Recently it has
been shown that overstraining or failure of the ERAD
components leads to persistent ER stress conditions and
subsequent cell death in both yeasts and higher eukaryotic
cells [45,46].

The unfolded protein response pathway is activated by a
unique mechanism not known in any other signal trans-
duction pathway (for a recent review see [47]). The sensor
protein Irelp [48] resides in the ER membrane and pos-
sesses both kinase and endonuclease activities. When
unfolded proteins accumulate in the ER, Irelp undergoes
autophosphorylation and oligomerisation, and catalyses
the cleavage of the mRNA encoding the UPR transcription
factor, called Hacl/hacA in yeasts and filamentous fungi
[49,50] or Xbpl in mammalian cells [51]. In this way
Irelp initiates an unconventional intron splicing event
that has been shown in S. cerevisiae to be completed by
tRNA ligase [52]. Splicing of yeast HAC1 mRNA removes
a translation block mediated by the intron [53] and ena-
bles formation of the activator protein. For mammalian
Xbp1 it has been shown that the unspliced mRNA pro-
duces an unstable protein that represses the UPR target
genes, whereas the spliced mRNA is translated to a potent,
stable activator protein [51]. In the filamentous fungi Tri-
choderma reesei, Aspergillus nidulans [50] and Aspergillus
niger [54], the hacl/hacA mRNA is truncated at the 5'
flanking region during UPR induction, in addition to the
unconventional intron splicing. This truncation removes
upstream open reading frames from the mRNAs, most
probably increasing translation initiation at the start
codon of the HAC1/HACA open reading frame. Kincaid
and Cooper [46] identified a novel function of Irelp in
the degradation of mRNAs encoding selected secretory

http://www.microbialcellfactories.com/content/7/1/11

proteins thus avoiding potential overload of the ER and
the translocon complex a priori.

ER-associated stress responses such as UPR and ERAD
were reported to be induced upon overexpression of sev-
eral heterologous proteins, e.g., human tissue plasmino-
gen activator (t-PA) in T. reesei [55] and A. niger [56], and
bovine chymosin in A. nidulans [57]. Similarily, overex-
pression of Fab fragments [20] and Rhizopus oryzae lipase
[58] revealed UPR induction in P. pastoris.

In another layer of ER stress regulation, mammalian cells
can attenuate translation initiation during unfolded pro-
tein accumulation into the ER, in order to reduce the
influx of proteins to the ER. This regulation pathway is ini-
tiated by the ER membrane kinase PERK that has some
similarity with Irel [59]. PERK phosphorylates the trans-
lation initiation factor elF2alpha, resulting in drastic
reduction in translation. This mechanism is not known in
yeasts or filamentous fungi, and PERK orthologues can
not be found in the genomes of the lower eukaryotes.
Interestingly, the filamentous fungi T. reesei [60] and A.
niger [61] have an alternative mechanism for controlling
the protein influx to the ER. In conditions of ER stress the
mRNAs encoding secreted proteins are rapidly down-reg-
ulated. This mechanism called RESS (repression under
secretion stress) was shown to be dependent on the pro-
moters of the genes encoding secreted proteins, and thus
it probably functions at the level of transcription [60]. It
has been observed that in Arabidopsis thaliana a large
number of genes encoding secreted proteins are down-
regulated when cells are exposed to ER stress [62], imply-
ing the possibility that RESS might also exist in plants.

Overcoming folding stress for improved protein production
Although promising expectations emerged that increased
BiP levels would result in increased folding capacity in the
ER, and thus improved secretion rates, the findings were
rather inconsistent and unpredictable. Some studies
emphasize that overproduction of BiP stimulates protein
secretion in S. cerevisiae (5-fold increase in secretion of
human erythropoietin [63], 26-fold increase in bovine
prochymosin [64], 2.5-fold increase in the titer of anti-
thrombotic hirudin due to 2.5 times higher biomass
yields [65]). While the secretion level of plant thaumatin
in Aspergillus awamori was increased up to 2.5-fold com-
pared to a wild type strain due to bipA overexpression
[66], the secretory behaviour of the same protein was not
affected by overexpression of KAR2 in S. cerevisiae [64].
According to Wittrup and coworkers, a reduction of BiP
levels leads to decreased secretion of foreign proteins,
however, no effect was observed upon a 5-fold overexpres-
sion of BiP on secretion levels of three different recom-
binant proteins in S. cerevisiae [67], and neither for
cutinase in A. awamori [68]. Other reports even suggest a
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negative impact of BiP overexpression, as extracellular lev-
els of A. niger glucose oxidase (GOX) decreased 10-fold
upon BiP overexpression in Hansenula polymorpha [69]. As
prolonged binding to BiP seems to direct proteins rather
to degradation than to the secretory pathway, it becomes
more obvious why the overexpression of this chaperone
alone does not result in higher levels of secreted foreign
proteins, but can negatively influence expression levels, as
reported by Kauffman et al. [38] and van der Heide et al.
[69]. Interestingly, Pyrococcus furiosus beta-glucosidase
secretion in S. cerevisiae is diminished with increased BiP
levels, but benefited from higher protein disulfide isomer-
ase (Pdi) levels, although the protein did not contain any
disulfide bonds [70], pointing at the chaperone activity of
Pdi, as discussed below.

Conesa et al. [71] examined the impact of overexpression
of two ER quality control factors, BiP and calnexin, on the
secretion of glycosylated Phanerochaete chrysosporium man-
ganese peroxidase (MnP) in A. niger, as the expression lev-
els of these genes were induced upon recombinant
protein production. While BiP overproduction dimin-
ished manganese peroxidase secretion levels severely,
overexpression of calnexin resulted in a four- to fivefold
increase in the extracellular MnP levels. Higher levels of
calnexin also showed beneficial effects in mammalian
and baculo virus expression systems [72,73]. Recently, the
co-overexpression of calnexin was shown to stimulate the
secretion of three glycoproteins and one unglycosylated
product (HSA) in H. polymorpha (2-3 fold on average;
[74]). On the other hand, secretion of human serum albu-
min (HSA) remained unaffected by raising calnexin levels
in Schizosaccharomyces pombe [75], while in S. cerevisiae
deletion of the calnexin gene CNEI1 was reported to
enhance secretion of both antitrypsin [76] and unstable
lysozymes [77,78].

Protein disulfide isomerase (Pdi) is a multifunctional pro-
tein resident in the ER lumen that is responsible for the
correct formation of disulfide bonds during oxidative
folding and the isomerisation of uncorrectly folded
disulfides. Apart from this foldase activity, Pdi also acts as
a chaperone. An additional PDI gene copy in S. cerevisiae
successfully improved secretion of human growth factor
by 10-fold, of S. pombe acid phosphatase by 4-fold [63]
and of human lysozyme by around 30-60% [79]. Human
lysozyme as well as HSA production could also be
enhanced by the same strategy in Kluyveromyces lactis (1.8
fold and 15 fold, respectively; [80,81]). Both S. cerevisiae
PDI1 and the P. pastoris own homolog were proven to be
functional in P. pastoris by facilitating secretion of the
human parathyroid hormone (hPTH, [82]), human anti
HIV1 2F5 Fab [83], and Necator americanus secretory pro-
tein Na-ASP1 [84], the latter reporting a correlation
between the secretory enhancement and the PDI copy
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number. Generally, no clear picture emerged from the co-
overexpression of the two folding helpers, BiP and Pdi.
Whereas synergistic action of BiP and Pdi was suggested
regarding the improvement of the secretion of various sin-
gle chain fragments (scFv) in S. cerevisiae [85], a 2-fold
increase in secretion of the A33scFv in P. pastoris was only
achieved by additional copies of KAR2, but not PDI, and
not by the combination of both [86], in analogy to the
antagonistic effect observed in CHO cells [87]. Coexpres-
sion of KAR2, PDI1 or SSO2 exhibited no effect on secre-
tion of gamma-Interferon (IFNgamma) in H. polymorpha
[88]. Moreover, coexpression of cypB, which encodes a fol-
dase of the ER secretory pathway [89], did no increase pro-
duction of tissue plasminogen activator (t-PA) in A. niger,
although t-PA production elicited an UPR response
detectable through elevated transcript levels of bip, pdi and
cypB [90]. Thus, it seems that the effect of coexpression of
chaperone and foldase genes strongly depends on the
properties of the target protein and, moreover, it seems
that fine-tuned overexpression of these genes are required
to generate a functional secretory network to improve for-
eign protein overproduction. For example, in A. niger,
overexpression of bip to a certain threshold was beneficial
for plant sweet protein thaumatin production, but above
this threshold level thaumatin production decreased [66].
Similarly, defined levels of Pdi were required for optimum
thaumatin secretion in A. niger [91].

The flavoenzyme Ero1 is required for oxidation of protein
dithiols in the ER. It is oxidized by molecular oxygen and
acts as a specific oxidant of protein disulfide isomerase
(Pdi). Disulfides generated de novo within Ero1 are trans-
ferred to Pdi and then to substrate proteins by dithiol-
disulfide exchange reactions [92]. Duplication of either
KIPDI1 or KIERO1 genes led to a similar increase in HSA
yield in K. lactis, while duplication of both genes acceler-
ated the secretion of HSA and improved cell growth rate
and yield. Increasing the dosage of KIERO1 did not affect
the production of human interleukin 1beta, a protein that
has no disulfide bridges [93].

Finally, another approach to stimulate the secretory path-
way concertedly is to overexpress the unfolded protein
response (UPR) activating transcription factor Hacl. Tran-
scriptional analyses in S. cerevisiae revealed that up to 330
genes are regulated by Hacl, most of them belonging to
the functional groups of secretion or the biogenesis of
secretory organelles (e.g. ER-resident chaperones, fol-
dases, components of the translocon). Interestingly, genes
encoding proteins involved in protein degradation, vesic-
ular trafficking, lipid biogenesis and vacuolar sorting are
also induced by Hacl [94]. In this context, Higashio and
Kohno [95] describe the stimulation of ER-to-Golgi trans-
port through the UPR by inducing COPII vesicle forma-
tion. The homologs of S. cerevisiae HAC1 in T. reesei
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(hacl) and A. nidulans (hacA) have been identified [50]
and the effects of UPR induction by constitutive overex-
pression of these genes have been evaluated. The heterol-
ogous overexpression of T. reesei hacl in S. cerevisiae
yielded a 2.4-fold improvement in Bacillus o-amylase
secretion, and a slight increase in the yeast endogenous
invertase as well as in total protein secretion. S. cerevisiae
HACI1 overexpression was shown to enhance secretion of
the endogenous invertase (2-fold), and recombinant a-
amylase (70% increase), but did not effect secretion of T.
reesei EGI, a protein supposed to accumulate in the ER.
Disruption of HACI in S. cerevisiae led to a reduced secre-
tion of the two recombinant proteins (a-amylase -75%,
EGI -50%), but not of the endogenous invertase [96].
Similar results could also be seen in A. awamori, where
overproduction of A. awamori hacA ameliorated secretion
of Trametes versicolor laccase and bovine preprochymosin
7-fold and 2.8 fold, respectively [97], and in P. pastoris,
where heterologous expression of S. cerevisiae HACI
increased the secretion rate of a Fab antibody fragment
[83].

Novel strategies: genome wide-screening

All these approaches are limited to the existing knowledge
base. Novel processes might be identified and targeted to
improve secretion (including non-UPR regulated genes)
through different approaches. In this regard, high
throughput flow cytometry and cell sorting are valuable
tools to isolate overproducing clones [98]. One approach
is to screen overexpression libraries for improved secre-
tion of heterologous protein, which is anchored to the cell
surface via agglutinin (Aga2p) and detected by immun-
ofluorescent staining. Shusta et al. [99] showed that the
levels of surface-displayed single chain T-cell receptors
correlated strongly with the soluble expression of the
respective proteins. A 3-fold higher secreting clone could
be isolated out of a library potentially as large as 108 in a
couple of weeks [100]. Screening of a yeast cDNA library
in S. cerevisiae surface display strains identified cell wall
proteins, translational components and the folding assist-
ant Ero1 as beneficial for the secretion of various antibody
fragments [101]. However, one potential drawback of this
high throughput method is that the display efficiency of
the protein of interest can be dominated by its fusion part-
ner Aga2p, as BiP and PDI overexpression had no effect on
surface display levels of the scFvs although they increased
soluble expression levels [85].

Furthermore, genome-wide analytical tools like DNA
microarrays are regarded as data mining source for physi-
ological effects, stress regulation and host engineering.
Sauer et al. [102] have analysed the differential transcrip-
tome of a P. pastoris strain overexpressing human
trypsinogen versus a non-expressing strain. 13 out of the
524 significantly regulated genes were selected, and their
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S. cerevisiae homologs were overexpressed in a P. pastoris
strain producing a human antibody Fab fragment [103].
Five previously characterized secretion helpers (PDII,
ERO1, SSO2, KAR2/BiP and HACI), as well as 6 novel,
hitherto unidentified, factors, more precisely Bfr2 and
Bmh?2 involved in protein transport, the chaperones Ssa4
and Ssel, the vacuolar ATPase subunit Cup5 and Kin2, a
protein kinase connected to exocytosis, proved their ben-
efits for practical application in lab scale production proc-
esses by increasing both specific production rates as well
as volumetric productivity of an antibody fragment up to
2.5-fold in fed batch fermentations of P. pastoris [103].

Protein folding and conformational stress in
prokaryotic cells

Since early recombinant DNA times, bacteria (especially
E. coli) have been the most widely used microorganisms
for recombinant protein production due to genetic sim-
plicity, fast growth rate, high cell density production and
availability of a spectrum of genetic systems, among oth-
ers. For production processes being efficient, foreign genes
are expressed from plasmids and under the control of
inducible promoters, what results into non physiological
and unusually high transcription rates. Strong production
of recombinant proteins can lead to a stressful situation
for the host cell, with the extent of the bacterial stress
response being determined by the specific properties of
the recombinant protein, and by the rates of transcription
and translation [104]. This fact has a clear and profoundly
negative impact on productivity and probably protein
quality. In addition, recombinant proteins fail, very often,
to reach their native conformation when produced in bac-
teria [105]. This is caused by a coincidence of diverse
events impairing protein folding including bottlenecks in
transcription and translation, undertitration of chaper-
ones and proteases, improper codon usage and inability
of disulfide-bond formation [106,107]. Misfolded pro-
tein species usually deposit as amorphous masses of insol-
uble material called inclusion bodies [108], recorded as
by-products of bacterial protein production processes.
Inclusion bodies are mainly formed by the deposition of
unfolded or partially misfolded protein species that inter-
act through hydrophobic patches unusually exposed to
the solvent and with high amino acid sequence homology
[109,110]. The specificity in protein aggregation makes
inclusion bodies highly pure in composition and there-
fore enriched in the recombinant protein itself. However,
also truncated versions of the recombinant product, other
plasmid-encoded proteins, but also defined host cell pro-
teins can get entrapped within bacterial inclusion bodies
[111-116]. Moreover, the presence of folding assistant
proteins in inclusion bodies [117-119] confirm that spe-
cific interactions lead to entrappment of cellular proteins
in these aggregates. The high purity of inclusion bodies
makes them a convenient source of easily extractable pro-
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tein that must be refolded in vitro by denaturing proce-
dures, a fact that has been largely exploited for
biotechnology purposes [120]. The potential routes of a
newly synthesized protein in the bacterial cytosol are
illustrated in Figure 3.

Although inclusion bodies are mainly found in the cyto-
plasm, they occur also in the bacterial periplasm if pro-
teins have been engineered to present a leader peptide for
secretion [121]. In fact, a control quality system mostly
separated from that acting in the cytoplasm assist folding
of secreted proteins in the periplasmic space of gram neg-
ative bacteria. This is regulated through the combined
activity of two partially overlapping systems, regulated by
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the alternate ¢ factor cfand by the Cpx envelope stress sig-
nalling system, that intricately combine the activity of
chaperones and proteases [122,123]. However, the simul-
taneous activation of stress signals in both bacterial com-
partments upon the production of misfolding prone
proteins strongly suggest a close physiological and genetic
connection between cytoplasmic and extracytoplasmic
systems [124]. The quality control and conformational
stress in the periplasmic space has been extensively
revised elsewhere [121,125].

Different to the unfolded protein response (UPR)
described in eukaryotic cells, the physiological reaction to
conformational stress in the bacterial cytoplasm has not
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Figure 3

Schematic representation of protein folding and aggregation in recombinant E. coli. After de novo synthesis, a
fraction of recombinant proteins (especially heterologous proteins with conformationally complex disulfide bridges) do not

reach their native conformation and aggregate as insoluble deposits named inclusion bodies. Protein aggregates already exist in
the soluble cell fraction, and can involve native or quasi-native protein species. The main cytoplasmic chaperones involved in
the protein folding process (red arrows) include the trigger factor, DnaK, DnaJ, GrpE, GroEL and GroES. Both soluble aggre-
gates and individual protein species can enter the virtual insoluble cell fraction (indicated by a dashed line) and deposit as inclu-
sion bodies, in a fully reversible process (green arrows). Protein release from inclusion bodies is mainly controlled by Dnak,
ClpB and IbpA,B. Proteases (lon, CIpP and others) attack both soluble and insoluble species with folding defects. In particular,
proteases degrade inclusion body proteins in situ, or through a more complex process intimately related to the protein release
process, and therefore, strongly dependent on DnaK.

Page 10 of 18

(page number not for citation purposes)



Microbial Cell Factories 2008, 7:11

received any similar precise name. Transcriptome analysis
of recombinant E. coli has resulted in a catalogue of genes
up-regulated during protein production [126,127].
Among them several heat shock genes have been identi-
fied (including those encoding the proteases Lon, ClpP,
HslV and HslU, and the chaperones IbpA, IbpB, DnakK,
DnaJ, ClpB, HtpG, MopA and MopB among others) but
also other ones not directly involved in protein quality
(such as YagU, YojH, YbeD and others) and whose precise
role remains to be identified. This fact indicates that the
conformational stress imposed by protein production is
more complex and physiologically distinguishable from
that caused by thermal denaturation, namely the heat
shock response [128,129], and includes several overlap-
ping stress responses [104] Well characterized stress
events have been observed during recombinant protein
production such as SOS DNA repair [130] and stringent
responses [131], although it is still be solved whether such
reactions are directly associated to the prevalence of
unfolded or misfolded protein species and the eventual
connection with the o32-regulated heat shock response.
The expression of some of these stress genes is being used
as a convenient marker of conformational stress in recom-
binant cells [132].

The bacterial conformational stress itself has been poorly
characterized from its physiological side. Instead, many
efforts have been addressed to a rather practical issue such
as minimizing aggregation, what in turn has resulted in a
better comprehension of in vivo protein folding proc-
esses. Since solubility has been considered for a long time
being synonymous with protein quality, increasing the
relative yield of soluble protein has been targeted by phys-
icochemical approaches. From already classical studies, it
is well known that high temperatures impair protein fold-
ing and favour aggregation of the recombinant proteins as
inclusion bodies [133,134]. Therefore, reducing the
growth temperature has been a general strategy used to
minimize inclusion body formation [135-137] that, like
other strategies, has rendered moderately positive, but
unpredictable and product-dependent results [107].
Fusion of folding-reluctant species to highly soluble
homologous or thermostable proteins has in some cases,
resulted in moderate enhancement of the passenger pro-
tein solubility [106,138,139].

Chaperones and protein degradation

Folding failures of recombinant proteins produced in E.
coli is generally attributed to a limitation in the cell con-
centration of folding assistant elements, which cannot
process the newly synthesized aggregation prone polypep-
tides. This assumption is physiologically supported by the
overexpression of chaperone genes, in particular of chap-
erone genes from the heat-shock protein family, in
response to recombinant protein overproduction
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[126,127,133]. Thus, coproduction of the main heat
shock chaperones (specially GroEL and DnaK) together
with the target protein has been largely explored as a way
to minimize aggregation and to enhance the solubility of
the recombinant protein product (reviewed in [140-
143]). In many cases, solubility has been significantly
enhanced by coexpression of individual chaperone genes,
while in others an even negative effect on product stability
and host viability has been observed. Selection of the suit-
able chaperone(s) is still a trial-and-error process. How-
ever, more recent results indicate that complete
chaperones gene sets rather than individual chaperone
genes with synergistic and/or cooperative activities (such
as DnaK-DnaJ-GrpE and GroEL-GroES sets) will lead to a
more predictable improvement of target protein solubil-
ity. [144-147].

Interestingly, when producing enzymes or fluorescent
proteins in DnaK- cells, the biological activities and there-
fore the conformational quality of aggregated polypep-
tides is much more close to that of soluble versions,
compared to wild type cells [148-150]. Furthermore, the
overexpression of the dnaK gene along with a model GFP
recombinant protein dramatically reduces the specific flu-
orescence of a GFP fusion in both soluble and insoluble
versions [151]. This indicates that DnaK directly or indi-
rectly impairs the folding state of the aggregated proteins.
In this regard, the production of GFP variants in absence
of DnaK results in highly fluorescent inclusion bodies
[152]. In these cells, both the protein yield and quality
were dramatically enhanced although the solubility is
lower than in the wild type, as expected. This occurs by the
inhibition of GFP proteolysis mediated by the proteases
Lon and ClpP, which participate in the in vivo disintegra-
tion of inclusion bodies in absence of protein synthesis
[153,154]. Probably, such proteases act coordinately in a
disaggregation complex [155-157] in which DnaK, ClpB
and IbpAB remove aggregated polypeptides for proteo-
lytic digestion. Therefore, although solubility can be
indeed enhanced by high levels of DnaK, GroEL and other
chaperones it occurs at expenses of quality and yield,
probably by generally stimulating proteolysis [116]. In
fact, solubility and conformational quality are not only
non coincident parameters [158] but highly divergent
protein features [152].

Disulfide-bond formation in recombinant E. coli

Usually, the cytoplasmic space of E. coli is a reducing envi-
ronment. Therefore, disulfide-bonds within proteins are
not formed, a fact that represents an additional obstacle
for proper folding of many recombinant proteins. There
are two approaches to produce disulfide-bonded proteins
in E. coli expression, namely in vitro refolding of inclusion
body proteins under appropriate redox conditions [120]
or manipulating in vivo conditions by either converting
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the cytoplasm into an oxidizing environment or secreting
the protein into the periplasmic space or even further into
the culture medium (less reducing environments). Cor-
rect disulfide bond formation in the periplasm of E. coli is
a catalyzed process, where the oxidation of cysteine pairs
occurs through the transfer of disulfides from the highly
oxidizing DsbA/DsbB proteins to the proof-reading pro-
teins DsbC/DsbD which are able to rearrange non-native
disulfides to their native configuration [159]. In particu-
lar, overexpression of DsbC has been shown to increase
the yield of correctly disulfide-bonded proteins in the
periplasm of E. coli [160-162]. The co-expression of
eukaryotic protein disulfide isomerases in E. coli can also
favour the formation of disulfide bonds in the periplas-
mic space [163,164].

Disulfide bond formation in the cytoplasm of E. coli can
occur when the genes encoding thioredoxin reductase
(trxB) and glutathione oxido-reductase (gor) are inacti-
vated [165,166]. A double-mutant strain containing
appropriate mutations, known as Origami, has been used,
for example, to generate active variants of tissue-type plas-
minogen activator [165] and functional antibody frag-
ments in the E. coli cytoplasm [167,168]. In some cases,
recovery of functional cytoplasmic disulfide-bonded pro-
teins can be further enhanced by coexpressing signal
sequence deficient periplasmic chaperones and/or
disulfide-bond isomerases such as DsbC
[165,167,169,170]. Unfortunately, trxB gor mutants
exhibit impaired growth characteristics [112,165], but, at
least for antibody fragments it has been shown that
expression yields of correctly disulfide-bonded proteins in
the cytoplasm can be similar to those obtained by secre-
tion into the periplasmic space [171].

Protein folding and secretion in non-conventional
bacterial expression systems

Although E. coli is still the most commonly used prokary-
otic organism for heterologous protein production, other
bacterial hosts are becoming more and more attractive.

Gram-positive Bacilli strains are also frequently employed
at industrial level. In contrast to E. coli, their outer enve-
lope has no lipopolysaccharides, also called "endotoxins"
since they exert a pyrogenic activity in humans or other
mammals. Therefore, many pharmaceutically relevant
products have been obtained in several strains [172]. In
addition, the Bacilli strains are attractive hosts because
they have a naturally high secretion capacity, as they
export proteins directly into the extracellular medium.
Amongst Bacilli species, the protein secretion pathway in
B. subtilis have been deeply investigated at molecular level
and a comprehensive literature survey is reported in
[173]. Several bottlenecks in the expression and secretion
of heterologous proteins have been highlighted [174].
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The secretory pathway of proteins can be divided into
three functional stages: the early stage, involving the syn-
thesis of secretory pre-proteins, their interaction with
chaperones and binding to the secretory translocase com-
plex; the second stage, consisting in translocation across
the cytoplasmic membrane; and the last stage, including
removal of the N-terminal signal peptide, protein refold-
ing and passage through the cell wall. A pivotal role in the
whole secretion process is played by molecular chaper-
ones [175]. B. subtilis has two types of molecular chaper-
ones, intracellular and extra-cytoplasmic molecular
chaperones. GroES, GroEL, DnaK, DnaJ and GrpE are
intracellular molecular chaperones. Besides being
involved in and largely responsible for protein folding
and minimizing aggregation, these chaperones maintain
pre-proteins (the products to be secreted) in transloca-
tion-competent conformations [176]. PrsA is the only
known extracytoplasmic folding factor in B. subtilis. PrsA
is a lipoprotein that consists of a 33 kDa lysine-rich pro-
tein part and the N-terminal cysteine with a thiol-linked
diacylglycerol anchoring the protein to the outer leaflet of
the cytoplasmic membrane [177]. Subsequent folding of
a secreted mature protein into a stable and active confor-
mation usually requires PrsA protein. In prsA mutants, the
secretion and stability of some model proteins is
decreased, if not abolished, while overproduction of PrsA
enhances the secretion of exoproteins engineered to be
expressed at a high level [178].

There is, however, a physiologic limit to the overloading
of B. subtilis secretory pathway. The massive production of
homologous and heterologous exoproteins has been
reported to induce a phenomenon called "protein secre-
tion stress response" [179]. The CssRS two-component
regulatory system is able to detect the presence of partially
folded or unfolded exo-protein intermediates and acti-
vates the transcription of several genes, among which a
key role is played by htrAB. These genes encode two mem-
brane localised serine proteases involved in the proteoly-
sis of aberrant products [180].

Several gene expression systems using non-conventional
prokaryotic organisms as host cells have been developed
over the last decades. Each bacterial host was generally
implemented to overcome defined problems/bottlenecks
observed during the recombinant production of specific
protein classes in conventional systems, such as E. coli and
B. subtilis. The use of such non-conventional systems is
still very limited and largely suffers from the lack of
molecular details concerning host physiology and any
other phenomenon related to massive recombinant pro-
tein production. Notwithstanding, some of them may rep-
resent useful model systems to further investigate on the
optimization of recombinant protein folding and quality.
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In this context, some interest has been raised by the imple-
mentation of an Antarctic Gram negative bacterium as
production host. Pseudoalteromonas haloplanktis TAC125
was isolated from a sea water sample collected in the
vicinity of the Dumont d'Urville Antarctic station, in Terre
Adélie. It is characterised by fast growth rates, combined
with the ability to reach very high cell densities even in
uncontrolled laboratory growth conditions and to be eas-
ily transformed by intergeneric conjugation [181]. There
features made P. haloplanktis TAC125 an attracting host for
the development of an efficient gene-expression system
for the recombinant protein production at low tempera-
tures of thermal-labile and aggregation-prone proteins
[182]. Furthermore, it was the first Antarctic Gram-nega-
tive bacterium which genome was fully determined and
carefully annotated [183].

Since high temperatures have a general negative impact
on protein folding due to the strong temperature depend-
ence of hydrophobic interactions that mainly drive the
aggregation reaction [184], and favour conformational
stress, the production of recombinant proteins at low tem-
peratures represents an exciting model to study the
dynamics of protein folding and misfolding and to
improve the quality of the products. The growth of E. coli
below 37°C has been often explored to minimize aggre-
gation but without consistent, protein-irrespective results.
Also, the use of suboptimal growth temperatures might
negatively affect the biology of the host cell and the per-
formance of the process in undesirable and non predicta-
ble ways. Recombinant protein production in
psychrophilic bacteria, i.e. at temperature as low as 4°C,
may minimize undesired hydrophobic interactions dur-
ing protein folding, desirably resulting in enhancing the
yield of soluble and correctly folded products while oper-
ating close to the optimal growth range. Furthermore,
with respect to mesophilic cells growing at suboptimal
temperatures, psychrophiles contain a full set of folding
factors already adapted to assist optimally, when required,
protein folding at freezing temperatures.

The efficiency of the cold-adapted expression system was
tested by producing several aggregation-prone products in
P. haloplanktis TAC125, such as a yeast a-glucosidase
[182], the mature human nerve growth factor [182], and
a cold adapted lipase [185]. All the recombinant products
resulted to be fully soluble and biologically competent.

Concluding remarks

In vivo protein folding is a very complex issue that
involves many cellular proteins and physiological
responses. During recombinant protein production, con-
formational stress conditions elicited by the synthesis of
aggregation prone polypeptides profoundly alter the
physiology of the host cell, triggering mechanisms
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addressed to manage potentially toxic misfolding protein
species and to recover the cell folding homeostasis. The
use of different microorganims as factories for recom-
binant protein production, including yeast, filamentous
fungi and bacteria has resulted in dramatic gains of infor-
mation about the biology of such stress responses, and
has provided valuable information to better understand
the mechanics of in vivo protein folding and aggregation.

However, so far it has not been possible to create the "per-
fect folding environment". Especially with respect to
industrial protein production processes, the direct impact
of altered process conditions on recombinant protein
folding remains unclear. Ongoing research in the authors'
labs is targeted to elucidate the physiological responses of
different eukaryotic and prokaryotic microbial hosts on a
genome wide level in order to interrelate environmental
stresses to protein folding/aggregation mechanisms and
eliminate bottlenecks.
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Abstract

Systems biotechnology has been established as a highly potent tool for bioprocess
development in recent years. The applicability to complex metabolic processes
such as protein synthesis and secretion, however, is still in its infancy. While yeasts
are frequently applied for heterologous protein production, more progress in this
field has been achieved for bacterial and mammalian cell culture systems than for
yeasts. A critical comparison between different protein production systems, as
provided in this review, can aid in assessing the potentials and pitfalls of applying
systems biotechnology concepts to heterologous protein producing yeasts. Apart
from modelling, the methodological basis of systems biology strongly relies on
postgenomic methods. However, this methodology is rapidly moving so that more
global data with much higher sensitivity will be achieved in near future. The
development of next generation sequencing technology enables an unexpected
revival of genomic approaches, providing new potential for evolutionary engineer-
ing and inverse metabolic engineering.

Keywords

systems biotechnology; heterologous protein;
yeast; Pichia pastoris; systems biology;
metabolic engineering.

Introduction

The unexpectedly fast progress in genome sequencing over
the last decade has provided an invaluable source of
information on the physiology of microorganisms, includ-
ing a comprehensive overview on cellular endowment with
metabolic enzymes. Simultaneously, metabolic modelling
has been developed and applied to the mathematical de-
scription of the central metabolic processes of bacteria
(Edwards & Palsson, 2000) and yeast (Forster et al., 2003).
Together with extensive work on genomic data to address
ideally all metabolic processes of a cell, these metabolic
models led to the concept of systems biology (Westerhoff &
Palsson, 2004). Several systems biology models of Sacchar-
omyces cerevisiae have previously been described and re-
cently unified to one comprehensive model (Herrgard et al.,
2008, and references therein). To acquire data for dynamic
modelling, postgenomic analyses at the transcriptomics,
proteomics and metabolomics level are implemented.
These models offer the opportunity to predict cellular
processes and are therefore regarded as highly valuable

FEMS Yeast Res 9 (2009) 335-348

resources for strain optimization. Since 1990, the concepts
of metabolic engineering have been developed and applied
as the knowledge-based improvement of cell factories using
genetic engineering (Bailey, 1991; Nielsen, 2001). Extending
the concepts of metabolic engineering to a broad system
basis has led to the conception of systems biotechnology
(Lee et al., 2005; Nielsen & Jewett, 2008). While systems
biology aims ideally at the global understanding and model-
ling of the entire cellular network of reactions, systems
biotechnology will rather accept gaps in the description of
cellular processes, as long as the processes related to product
formation can be mapped. The systems biotechnology
approach can be seen as an iterative, cyclic process, integrat-
ing high throughput data generation with metabolic model-
ling and production strain optimization (Fig. 1).

The concepts of metabolic engineering were initially
mostly applied to the production of metabolites. In 2000,
heterologous proteins were introduced as a new class of
products to be addressed by metabolic engineering (Oster-
gaard et al., 2000). It is obvious that the complexity of the
protein production and secretion process (Fig. 2) renders it

© 2009 Federation of European Microbiological Societies
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much more challenging to be addressed by tools of rational
and quantitative analysis, as summarized in Table 1.

In cases where the genetic traits controlling complex
cellular responses are not known, researchers have applied
random mutagenesis and selection schemes to engineer
metabolic pathways by modifying enzymes, transporters or
regulatory proteins. This method has been termed evolu-
tionary engineering (Sonderegger & Sauer, 2003), but its
application to protein production is not straight forward as
protein overexpression is usually not advantageous for the
cell. Single cell sorting of large cell populations may be
applied to overcome this limitation (Mattanovich & Borth,
2006). However, as the changes are not directed, it is often
difficult to determine the genetic modification that is

-Omics studies

Cultivation

] - -

-
. L
Mulagenesis Screening
verification
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—=
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responsible for the improvement (Nevoigt, 2008). Under-
standing the biological system as a whole greatly facilitates
the rational understanding of such mutants. Genome-wide
analysis methods also made another biotechnological ap-
proach, namely inverse metabolic engineering (Bailey et al.,
1996), much more feasible, where phenotypic differences
serve as the basis for elucidating genetic modifications
needed to optimize production strains (Bro & Nielsen, 2004).

Yeasts are attractive hosts for production of heterologous
proteins (Porro et al., 2005). However, a number of bottle-
necks and stress factors limit the full potential of this class of
organisms (Mattanovich ef al., 2004), and systems biotech-
nology will offer new opportunities for modelling, analysis
and optimization of protein production systems. In the

Fig. 1. The systems biotechnology circle. A
primary production strain is cultivated under
relevant conditions. Omics methods feed models,
which aid the design of strain engineering and
screening of new, improved strains. Random
mutagenesis serves to increase variability,

which can also be achieved by evolutionary
engineering.
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Table 1. Challenges for systems biotechnology research for heterologous protein production

Key elements for systems biotechnology

Challenges faced in protein expression and secretion

Metabolites and enzymes

Metabolic pathways

Stoichiometry of metabolic reactions
Metabolic fluxes

Molecular players only partly defined

Pathways less clear than those for metabolic processes

Stoichiometry difficult to define

Fluxes and concentrations of participating ‘metabolites’ difficult or not yet measurable
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processes of secreted proteins are indicated,
including unproductive steps such as degradation
or aggregation. These pathways should serve as a
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following we will describe the applications of systems
biotechnology to yeasts with a strong emphasis on hetero-
logous protein production, highlighting work on other
classes of host organisms also, and provide an outlook as to
where the development and integration of new methodol-
ogy can lead this field.

Impact of systems biology on yeast
biotechnological processes

Systems biology is not a purely academic research area as the
quantitative description of microbial production cell lines is
also already of interest for biotechnological industry. As
pointed out before, yeasts producing heterologous proteins
have rarely been investigated on a systems level so far, while
the importance of systems biotechnology for industrial
applications others than protein production has been well
documented in the recent years (Pizarro et al., 2007; Takors
et al., 2007; Mukhopadhyay et al., 2008). These applications
span mainly the production of primary metabolites such as
amino acids, alcohols or organic acids, often employing
bacteria as production hosts. Global analysis of the host cell
metabolism can help to improve the production of metabo-
lites, which may consequently require further cell engineer-
ing to resist high concentrations of possibly toxic chemical
compounds. Alper et al. (2006) recently showed how
engineering of the global transcription machinery can help
to improve ethanol resistance in yeast cells.

Additionally, systems biotechnology already impacts on
the production of yeast-based alcoholic beverages as a
system-wide understanding of the molecular basis of the
production process can lead to improved sensory qualities
for consumer demands. Proteomic and transcriptomic
methods have been applied to investigate wine and beer
fermentations (Kobi et al, 2004; Beltran et al, 2006;
Zuzuarregui et al., 2006). It becomes clear from the system-
wide analysis of wine fermentations that microbial cells
encounter many different kinds of stresses during the
fermentation process. However, it is obvious that a deeper
understanding of the cellular reactions to environmental
stresses is also crucial for other biotechnologically relevant
batch and fed-batch processes such as amino acid, biofuel
and, of course, protein production. The yeast stress response
has been a topic of detailed investigations in the recent years.
Both, transcriptomic and proteomic approaches have been
used to investigate the effect of temperature (Gasch et al.,
2000; Tai et al., 2007), high osmolarity (Blomberg, 1995;
Chen et al., 2003; Gori et al, 2007; Kim et al., 2007),
hydrostatic pressure (Fernandes et al., 2004) and nutrient
limitations (Kolkman et al., 2006) in several yeast and fungal
species in recent years. It has been outlined earlier that
cellular reactions to environmental stresses are mainly a
transient response, on which most studies have focused.
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However, during industrial processes, rather constant sub-
optimal growth conditions that are far from the natural
environment of the cells are imposed (Mattanovich et al.,
2004). For example, several reports indicate a positive effect
of reduced growth temperature on the production rate of
heterologous proteins in the yeast Pichia pastoris (Li et al.,
2001; Jahic et al., 2003; Shi et al., 2003). However, these data
are not fully conclusive as the authors suggest that lower
activity of proteases in the culture supernatant or decreased
cell death rate is responsible for increases in productivity.
On the other hand, Hohenblum et al. (2003) showed that, at
least for P. pastoris, significant cell death occurs at low pH
while temperature does not influence viability. None of
these studies applied system-wide analysis of the host
organism, so that the underlying biology remained unex-
plored. Newer studies may shed light on such contradictory
data. Recently, Tai et al. (2007) performed steady-state
cultivations of S. cerevisiae at different temperatures and
analysed them with microarrays. Although not using hetero-
logous protein-producing strains, these experiments allow
conclusions on the long-term adaptation of production cells
to suboptimal conditions. The authors observed an upregu-
lation of ribosome biogenesis genes and a downregulation of
environmental stress response genes at a low temperature,
which differed largely from previous results on rapid
changes of temperature. Similarly, Gasser et al. (2007a)
found stress response genes downregulated at lower tem-
perature in steady-state cultures of P. pastoris expressing an
antibody Fab fragment, while the specific productivity of
this protein was increased.

However, transcriptome, proteome and metabolome data
from small-scale laboratory experiments might differ sig-
nificantly from cellular regulatory patterns as they occur
during large-scale industrial processes. Furthermore there
might be crucial genotypic differences between laboratory
and industrial strains. As the majority of the mentioned
studies were performed in laboratory strains, the direct
applicability of these results on industrial strains is ques-
tionable. Production strain optimization can be achieved if
the cellular metabolism and the regulatory networks of an
industrial cell line are considered and investigated (Takors
et al., 2007). Up to now, such results are rarely obtained in
academia, as the genomic information of important indus-
trial strains is still missing. Omics approaches as well as fast
modern sequencing techniques bear the potential to change
the methodical approaches here, as will be discussed below.

The external stresses mentioned above, and intrinsic
stress mediated by protein overproduction, play a major
role for the physiological constraints of a protein production
system (Mattanovich et al., 2004). As these constraints share
similar patterns among different classes of host organisms,
we will also highlight research with non-yeast hosts for
protein production in the following chapter.
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Application of systems biotechnology to
heterologous protein production

Engineering of recombinant yeasts based on
genome-wide analysis

Applications of genome-wide technologies in yeasts are
scarce in the field of recombinant protein production. Some
of the rare examples analysing cellular responses due to
protein overproduction are reported for the nonconven-
tional yeasts P. pastoris (Sauer et al., 2004; Gasser et al.,
2007a; Dragosits et al., 2009) and Kluyveromyces lactis (van
Ooyen et al., 2006). The analysis of the cellular proteome
during a fermentation of a chymosin expressing K. lactis
strain indicated stress during protein production (upregula-
tion of Hsp26p and Sod2p; van Ooyen et al., 2006), whereas
the P. pastoris work outlines how environmental factors such
as temperature and pH affect protein expression and secre-
tion on a transcriptomic (Sauer et al., 2004; Gasser et al.,
2007a) and proteomic level (Dragosits et al., 2009). Alter-
natively, metabolic flux analyses of protein-producing yeasts
were performed. These focused, on the one hand, on the
synthesis of high levels of intracellular human superoxide
dismutase in S. cerevisiae (Gonzalez et al., 2003), and, on the
other, on core metabolic processes of P. pastoris during
growth on glycerol and methanol (Sola et al., 2004, 2007).
However, apart from one exception, no strain improvement
strategies resulted out of all these studies so far (Table 2).
The comparison of the differential transcriptome of a P.
pastoris strain overexpressing human trypsinogen vs. a
nonexpressing strain did reveal a network of genes being
influenced due to the exploitation of the cellular expression
machinery. This knowledge was further exploited to eluci-
date novel secretion helper factors that allowed the removal
of bottlenecks in protein expression. Thirteen out of the 524
significantly regulated genes were selected and overex-
pressed in a P. pastoris strain producing a human antibody
Fab fragment. Five previously characterized secretion help-
ers (Pdil, Erol, Sso2, Kar2/BiP and Hacl), as well as six
novel, hitherto unidentified, factors, more precisely Bfr2 and
Bmh?2 involved in protein transport, the chaperones Ssa4
and Ssel, the vacuolar ATPase subunit Cup5 and Kin2, a
protein kinase connected to exocytosis, increasing
both specific production rates as well as volumetric
productivity of an antibody fragment up to 2.5-fold in fed
batch fermentations (Gasser et al., 2007b). Very recently, a
similar approach was leading to improved membrane pro-
tein production in S. cerevisiae, based on engineered expres-
sion of BMSI, involved in ribosomal subunit assembly
(Bonander et al., 2009). A convincing example of evolu-
tionary engineering was based on random mutagenesis and
screening for overproduction of human serum albumin in
S. cerevisiae, followed by the identification of four genes
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related to Kar2 ATPase activity, which were upregulated
in the selected mutant strain. Overexpression of these
genes in other S. cerevisiae strains led to increased produc-
tion of three different heterologous proteins (Payne et al.,
2008).

Protein folding and secretion appear to be major limita-
tions for yeast expression systems, while the main concerns
for other systems are growth, viability and metabolic burden
(see Mammalian cells and Bacteria). For yeast production
hosts these problems are not as crucial for the production of
recombinant proteins, which can be regarded as one reason
why systems biotechnology-based strain engineering has
hardly been applied so far in this area.

Another important aspect that explains the lack of omics-
based cell engineering in yeasts is the degree of availability of
omics tools for yeast and other fungal species. Out of the 82
presently sequenced ascomycetes genomes, only 15% are bio-
technologically used organisms, whereas the majority (54%)
were pathogens, and the remaining were sequenced for
comparative genomic studies (Saccharomyces sensu stricto
group). The lack of published genome sequences is reflected
in a lack of commercially available microarrays for most yeasts
species. Some exceptions are arrays available for S. cerevisiae
and Schizosaccharomyces pombe (Affymetrix and Agilent), or
Candida albicans (Washington University, St. Louis). Proteo-
mic studies are also hampered as they rely on annotated
genome sequences for efficient performance. Alternatively,
research groups performed transcriptional profiling by either
heterologous hybridization to commercial S. cerevisiae arrays
(e.g. for P pastoris, Sauer et al., 2004; and for K. lactis,
Rosende et al., 2008), or by designing custom microarrays.
As an example, P. pastoris microarrays have been developed by
our group, and are available for research applications (Graf
et al., 2008). While the first approach can only capture genes
that are in common with S. cerevisiae [therefore excluding
species-specific genes such as the assimilation pathways for
methanol (P. pastoris and Hansenula polymorpha), hydrocar-
bons (Yarrowia lipolytica), or xylose (Pichia stipitis)], the latter
often made the custom-made arrays unavailable for other
groups, thereby limiting research activities in the field. Con-
sistently, proteomics were mainly performed for pathogenic
species (reviewed by Josic & Kovac, 2008).

Another drawback in the fungal kingdom is the high
genetic diversity between the individual species, even within
the phylum Ascomycota. The average sequence identity of
orthologous proteins among the hemiascomycota is
50-60%, which is less than the c. 70% identity between
man and fish, not to speak of 94% identity between man and
mouse (Dujon, 2006). Accordingly, the DNA sequence
identity among rodents is much higher, making heterolo-
gous omics between the hamster-derived Chinese hamster
ovarian cells (CHO) or baby hamster kidney (BHK) cells
and mouse or rat more feasible than among yeasts.
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Table 2. Overview of systems biotechnological approaches for improved recombinant protein production in different hosts
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Host Analyses Engineering Results References

E. coli Transcriptome, proteome Ribosomal genes, Up to fourfold higher Reviewed in Park
amino acid productivity etal. (2005)
biosynthesis genes, IbpAB

E. coli Proteome Controlled coexpression of PspA Aldor et al. (2005)

E. coli Proteome, transcriptome Use of rare codons Eight times more recombinant Lee & Lee (2005)

protein
E. coli Proteome New promoter (aldA) 30-fold higher product levels Han et al. (2008)
E. coli Secreted proteome OsmY as fusion partner High-level secretion Qian et al. (2008)

B. megaterium

S. cerevisiae

Metabolic fluxes

Random mutagenesis

Pyruvate as carbon source

Co-chaperone genes related to Kar2
activity

17-fold more secreted
product, less protease activity
1.5-fold increase of expression

Firch et al. (2007)

Payne et al. (2008)

P pastoris Transcriptome overexpression of secretion factors 2.5-fold increase of secretion Gasser et al.
(2007b)
A. niger ‘Genomic methods' Disruption of protease genes 1.4-fold increased secretion Wang et al. (2008)
genome sequence and
transcriptome
A. niger Transcriptome and Knock-out of ERAD factor doaA and Improved intracellular Jacobs et al. (2009)
proteome ‘integrative overexpression of production
genomics’ oligosaccharyltransferase sstC
A. oryzae Transcriptome Knock-down of protease genes 1.2-fold increased secretion Kimura et al. (2008)
CHO Transcriptome Overexpression of antiapoptotic and Higher viability leading to Wong et al. (2006)
knock-down of proapoptotic genes 2.5-fold higher titers
CHO Transcriptome Stress markers for early clone screening Time for clone establishment? ~ Trummer et al.
Better and earlier clone (2008)
selection
NSO Transcriptome, proteome Genes related to cholesterol dependence  Cholesterol-independent Seth et al. (2006)
cell lines

Filamentous fungi

A recent publication summarized ‘The first 50 microarray
studies in filamentous fungi), starting with an incomplete
microarray for Trichoderma reesei in 2002 (Breakspear &
Momany, 2007) and stated that for filamentous fungi, so far
no engineering based on omics existed. However, in 2008
the first reports of proteome and transcriptome studies
resulting in clear engineering strategies were published
(Table 2): 132 protease genes were monitored during the
production of human lysozyme in Aspergillus oryzae on a
microarray and compared with degradation conditions, and
upregulated protease cluster were identified. Out of these
disruption targets three genes were already known to
improve heterologous protein production, but the knock-
down of one novel protease improved secreted yields of
human lysozyme by 22% (Kimura et al., 2008). Wang et al.
(2008) identified four protease genes of Aspergillus niger
with genomic methods, which, upon disruption, led to
increased protein secretion up to 40%. Another study deter-
mined the effect of enzyme overproduction in three different
strains of A. niger, and extracted two engineering targets out
of the upregulated genes and proteins involved in protein
folding and the endoplasmic reticulum (ER)-associated pro-
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tein degradation (ERAD) pathway. Combined engineering by
knock-out of the ERAD factor doaA and overexpression of
the oligosaccharyltransferase sttC led to improved production
of a heterologous protein (Jacobs et al., 2009).

However, it should be noted that a number of genome-
wide studies have revealed important aspects concerning
protein production and its limitation in fungal expression
systems. While not being applied directly, they have con-
tributed significantly to the understanding of the protein
production process, and led to strain engineering later on. The
transcriptomic changes upon protein overexpression have
been described for Aspergillus nidulans (Sims et al., 2005), T.
reesei (Arvas et al., 2006) and A. niger (Guillemette et al.,
2007), highlighting the impact of unfolded protein response
(UPR) on protein folding, glycosylation, vesicle transport and
ERAD, and identifying significant differences of UPR regula-
tion between S. cerevisiae and filamentous fungi.

If we look beyond fungi, examples for systems biotechno-
logical approaches in the field of recombinant protein
production become more prevalent. Since the late 1990s,
transcriptomics and proteomics were applied to bacterial
and mammalian cultures used for heterologous protein
production in order to elucidate cell physiology. Although
numerous studies exist that describe the physiological
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behaviour of cells to certain stresses — data also available for
S. cerevisiae — activity beyond pure description is concen-
trated to a limited number of research groups. Recent
reviews by these groups highlight that it is crucial to use
state-of-the-art omics tools for physiological understanding
and gaining insights into the host, as only detailed under-
standing of host cell physiology makes subsequent metabolic
or cell engineering possible.

Mammalian cells

In mammalian cell culture most proteomic and transcrip-
tomic analyses were performed to address problems or
phenomena that have been observed previously on a
‘macroscopic’ level (e.g. metabolic shift, fed batch cultiva-
tion, apoptosis and stress conditions brought up by elevated
osmolarity, sodium butyrate and low temperature). Since
Korke et al. (2002) predicted the implementation of geno-
mics and proteomics in cell culture engineering — for
example for the selection of production cell lines (identifica-
tion of gene regulation leading to adaptation to serum-free
growth, or to adaptation to suspension growth) — and for
bioprocess engineering both methodology and answers have
evolved. Several excellent reviews summarizing these recent
advances have been published during the last years (Griffin
et al., 2007; Gupta & Lee, 2007; Kuystermans et al., 2007;
Jaluria et al., 2008). A list of papers dealing with genome-wide
analysis of different mammalian cell lines (mainly murine
myeloma cells NSO and CHO) can be found in Kuystermans
et al. (2007). In agreement with Gupta & Lee (2007), who
pinpoint that a large number of omics approaches only
generate lists of genes without direct application, we confirm
that only four out of the 21 cited studies have resulted in an
actual strategy for cell line engineering (Table 2).

Dinnis & James (2005) asked if one should learn ‘lessons
from nature’ for engineering of antibody secreting mamma-
lian cells. At least two lessons have been learned: induction of
the UPR in order to reflect B-cell development (van Anken
et al., 2003) leads to increased secretion of several recombinant
proteins (reviewed by Dinnis & James, 2005; Khan & Schro-
der, 2008). Another lesson that has been learned was the
overexpression of anti-apoptotic genes, and knock-down of
pro-apoptotic genes identified by microarray analysis of CHO
cells, leading to prolonged cell viability and consequently up to
2.5-fold higher titres of interferon y (Wong et al., 2006).

Engineering mammalian cell culture based on genome-
scale technologies was mainly applied to improve cell
metabolism and growth (Griffin et al., 2007), upstream cell
culture conditions (e.g. temperature, hyperosmotic pressure
and impact of small chemical compounds), downstream
product quality (mainly assessed by proteomics), and cell
culture media requirements (Gupta & Lee, 2007). As an
example, the transcriptional analysis and proteomics did not
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stop at the identification of the responsible genes for the
cholesterol dependence of NSO cells. Subsequent engineer-
ing of the identified genes allowed cholesterol-independent
cell growth (Seth et al., 2006). Cross-species microarrays of
high producer clones of EPO-Fc producing CHO lead to the
identification of three ER stress marker genes correlated to
insufficient resistance to shear stress in the early stage of
clone selection before the respective phenotype could be
observed (Trummer et al., 2008).

Proteomic and transcriptional profiling of high- and low-
productivity cell lines, or cells cultivated under conditions
that lead to high specific productivity (gp) (e.g. treatment
with sodium butyrate and low-temperature cultivation)
were carried out to discover the target genes leading to the
super-secreting cells. Common features correlated to high
productivity were the upregulation of secretory pathway
proteins (especially chaperones and foldases) and cytoskele-
tal proteins in high-producing cell lines, as well as higher
abundance of proteins belonging to the functional groups
redox balance and vesicular transport. Additionally, decreased
growth rate-related genes/proteins and decreased levels of
stress genes were reported to occur in concordance with
higher gp (Kuystermans et al., 2007; Seth et al., 2007). While
there were speculations that high-producing cell lines are
likely to have a higher vesicle traffic and membrane recycling
activity (Yee et al., 2008), other attempts to identify correla-
tions between single genes and improved secretory capacity
failed. When trying to integrate all available genome-scale
information of high-producing mammalian cell lines to find
the genetic events leading to the super-secreting cells, it had to
be concluded that there is no direct relation between a distinct
set of genes and a trait, that there are no ‘hyperproductivity
master genes (Seth et al., 2007). On the contrary, multiple
contributing pathways, even alternative pathways may lead to
improved qp Therefore the authors highlight the importance
of data analysis approaches going beyond the identification of
differentially expressed genes such as pattern discovery, path-
way and network analysis in order to grasp the complexity of
the gene—trait relationship (Seth et al., 2007).

Bacteria

A general overview about whole systems level metabolic
engineering in bacteria based on omics, including potential
applications, was given by Park et al. (2005) and Gupta &
Lee (2007). One common feature in bacteria, for example
Escherichia coli, is that protein overproduction usually leads
to a (severe) decrease in specific growth rate due to a
shortage of energy and precursors.

Very early proteomic work in E. coli and Bacillus subtilis
overproducing a heterologous protein accumulating in the
cytoplasm as inclusion bodies showed that both species react
to the recombinant protein with increased levels of heat
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shock proteins and chaperones, whereas no clear picture
regarding the regulation of ribosomal proteins emerged, as
higher abundance in B. subtilis, and decreased levels in E. coli
were observed (Jirgen et al., 2000, 2001). These studies can
be seen as initiating a comprehensive understanding of the
cellular responses to protein overproduction in bacteria, and
although no direct engineering benefits were achieved, they
gave rise to improvement of production strains (reviewed by
Chou, 2007).

Since then various studies investigated the response of
bacteria to several different proteins, but hardly any new
hypotheses or applications evolved out of these studies.
Some rare exceptions to this include the overexpression of
ribosomal genes downregulated during insulin-like growth
factor 1 expression in high cell density cultivation of E. coli
leading to enhanced productivity and the engineering of
small heat shock proteins IbpAB identified in inclusion
bodies during overexpression of recombinant proteins in E.
coli (all summarized in Park et al., 2005). By proteome
profiling Aldor et al. (2005) identified the phage shock
protein PspA to be coregulated with heterologous protein
expression, and improved the yield by controlled coexpres-
sion of PspA. However, most studies are conducted on a
case-by-case basis, and are not leading to improved produc-
tion platforms. Alternatively, genome-wide analysis of cel-
lular reactions to protein production may allow for the
identification of marker genes that signal cellular stress as a
response to protein overexpression. Their monitoring dur-
ing protein production processes should allow to react on
the bioprocess level before the stressful conditions, and
consequently reduced cell growth and reduced viability will
occur (Diurrschmid et al., 2008; Nemecek et al., 2008).

Interestingly, genome-wide analyses were also performed
to analyse the behaviour of mutant strains with superior
production characteristics. As an example, the proteome of
a Bacillus megaterium chemical mutant exhibiting higher
production levels of recombinant intracellular dextranesu-
crase and better cultivation behaviour, showed higher abun-
dance of proteins related to protein synthesis and protein
translocation (Wang et al., 2006). The observation of
reduced levels of tRNA synthetases both on the proteomic
and the mRNA level of an E. coli mutant secreting four times
more o-haemolysin (HylA) in comparison with its parental
strain led to an alternative metabolic engineering strategy,
namely to use rare codons to slow down translation, which
improved HylA secretion eight times in the parental strain
(Lee & Lee, 2005).

In a different application of omics technologies, pro-
teome analysis of E. coli in response to oleic acid was used to
select oleic acid-inducible promoters for recombinant pro-
tein production. The use of the aldehyde dehydrogenase
aldA promoter increased green fluorescent protein fluores-
cence intensity 30-fold compared with the IPTG-inducible
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tac promoter while applying the cheaper inducer, oleic acid
(Han et al., 2008). On the other hand, a screen of the
extracellular proteome of E. coli identified naturally secreted
proteins as fusion partner for recombinant proteins in order
to stimulate secretion. Out of 12 tested low-molecular-weight
fusion partners, OsmY proved to be the best secretion partner
resulting in high-level excretion of three model proteins into
the culture supernatant of E. coli (Qian ef al., 2008).

Alternatively, metabolic flux calculations can be carried
out with the aim to identify bottlenecks in the fermentation
that may need to be eliminated by genetic engineering. A
recent study investigated the influence of two different
carbon sources (glucose and pyruvate) on metabolic fluxes
and productivity in B. megaterium, and concluded that
pyruvate improves recombinant protein production 17-fold
as less protease secretion and enhanced energy and reduc-
tion equivalent metabolism occurred. Additionally, the
authors state that the overproduction of the recombinant
protein increases the flux through the TCA and glycolysis,
and reduces the flux through gluconeogenesis and the
pentose phosphate pathway (Fiirch et al., 2007).

New (post) genomic approaches to
systems biotechnology

Systems biology as well as application-oriented systems
biotechnology depend essentially on omics methods. A
critical overview on current developments in this area and
the potentials and pitfalls of current and upcoming methods
is provided in the following, and summarized in Table 3.

Genomes

As already discussed in the previous section systems bio-
technology has focused on certain organisms simply because
their genome was sequenced and at least partly annotated.
This is understandable because many omics methods can
only be utilized to their full extent if the genome sequence is
accessible and information about the positions of functional
elements in the DNA is available. Furthermore, though the
genome of S. cerevisiae has been very well studied, it is not a
typical example for many yeast species that are used for
protein production (Blank et al., 2005). Therefore, it is vital
for systems biotechnology to create reference genomes with
high-quality annotation of yeast species used in protein
production. Sequencing technologies have made tremen-
dous progress in the last few years, rendering the technology
significantly cheaper, faster and more flexible than the
traditional Sanger method, making it feasible for small scale
studies with limited resources. With a reference genome at
hand resequencing becomes an integral part of the workflow
in systems biotechnology as shown in Fig. 3, thus expanding
the systems biotechnology cycle. First studies applying the
technology to selected mutants to understand the genetic
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Table 3. Critical summary of omics methods for systems biotechnology

A. Graf et al.

Field Methods Advantages and disadvantages

Genomics NGS

Fast and cheap method for whole-genome (re)sequencing without cloning bias

Advantageous for mutation and subsequent strain analysis for inverse metabolic engineering purposes

Transcriptomics  Expression
microarrays

Ref-Seq

Susceptible to noise and bias

Little background noise

Whole genome transcriptomics, cheap solution for in-house pipeline

Better correlation to qPCR results, large dynamic range limited only by sequencing depth

Can be used to detect splicing variants and 5’- and 3’-UTR boundaries
Quantification is feasible even for mRNAs expressed at low levels

Loss of strand-specific information
Large number of different proteins over a large mass range can be detected

Proteomics DIGE (gel-based

systems) Information about physicochemical properties

Expensive and biased towards high-abundant proteins

Membrane-bound and hydrophobic as well as small proteins cause problems
MS Mass and structure information of proteins

Amino acid composition

Detection of post-translational modifications

Quantitative MS

Labelling (in vivo — SILAC, in vitro — ICAT, iTRAQ): increases the dynamic range of the analysis, but more

expensive and detected proteins depend on the labelling method; in vivo labelling is not suitable for industrial

processes

Label-free quantification: quantification of a large number of proteins to characterize cells in different states;
but less accurate and problematic to identify low-abundant proteins

Can only detect selected proteins due to lack of highly specific capture reagents and a lack in sensitivity

Protein
Microarrays Difficulties in retaining protein functionality
Interactomics ChlIP-chip Regulatory DNA-protein binding interactions
Chromatin packaging
ChlIP-Seq Better resolution, less input material needed than ChIP-chip
Usable for organisms without available genomic sequence
Quantification is possible
Metabolomics Metabolic Understanding regulatory pathways
modelling Identifying key players

Simulation of system- wide reactions (either through logical networks or flux analysis) before biotechnological

engineering is possible

Creation of metabolic/signaling networks is complex and time consuming

background of their improved phenotype are already avail-
able for ethanol-producing P. stipitis (Smith et al., 2008).

Next generation sequencing (NGS)

Though NGS has a high potential of revolutionizing genet-
ics, it comes with a set of pitfalls. All NGS methods
create much shorter sequence reads (35-400bp) than the
Sanger method (c. 750-900bp). This is especially a
problem for de novo sequencing because even short repeats
will make an assembly impossible, resulting in a high
number of contigs. A comprehensive summary of the NGS
technologies that are currently available was published
by Mardis (2008). Third-generation sequencing (TGS) or
also called next-next generation sequencing methods aim
to further reduce the cost and run time of sequencing
while improving the ease of handling the method. Addition-
ally, most of these new technologies promise to have
much longer reads than the NGS methods and thereby
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eliminating the problems related to short read length.
Variants of currently pursued TGS technologies could be
commercially available within the next 5 years (Gupta,
2009).

After the first excitement of the 1990s about the possibi-
lities of sequencing and the completion of the human
genome project in 2003, it was believed that the postge-
nomic era had begun. Now, a few years later, the picture
looks somewhat different. It seems that with the emergence
of NGS, the chapter of genomics has to be reopened again.
At the moment, there are 873 completely sequenced gen-
omes, of which about 83% are bacterial species having a
rather small genome, and 4135 ongoing genome projects
with a much lower proportion (50%) of bacterial species
(http://www.genomesonline.org/gold.cgi). The rapidly in-
creasing amount of available genomic data poses a challen-
ging problem for data storage, management and
interpretation, shifting the bottleneck towards bioinfor-
matics, annotation and analysis tools.
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Strain sequencing

Fig. 3. A second genomics based systems
biotechnology circle. NGS methods enable
the resequencing of selected mutants to

superimpose genotype on phenotype. Thus, 0 |
evolutionary engineering and inverse metabolic
engineering will gain enormous new potential.

Transcriptomics

Apart from de novo sequencing, NGS and TGS methods can
be applied to many other questions that are relevant for the
optimization of protein production, for example copy
number variation, transcription factor binding, noncoding
RNAs as well as expression profiles. Up to now DNA
microarrays were the technologies of choice in the field of
transcriptomics. For organisms for which microarrays are
not available but that have an accessible genome sequence,
bioinformatics tools (gene prediction and oligo design) make
it possible to generate comprehensive expression data at a
relatively low cost, as recently shown for P. pastoris (Graf et al.,
2008). Microarray experiments generally suffer from the
existence of nonbiological variation, high background noise
and only limited comparability due to a multitude of
possible data-processing methods (Kawasaki, 2006). Sources
for nonbiological variability and possible computational
solutions have been extensively discussed in the literature
(e.g. Draghici et al., 2006; Johnson et al., 2008). NGS solves
many of the technical problems that microarrays suffer from
but is still more expensive and many research groups and
companies have an established microarray-processing pipe-
line in place. Also, some companies that offer NGS-sequen-
cing machines offer microarrays as well, which indicates that
a complementary use of both technologies is the most
probable future.

Proteomics

Changes in the behaviour of a production system are often
affected by post-translational modifications of proteins and
therefore not visible on a transcriptome level. Besides there
is no quantitative correlation between transcript expression
levels and the amount of protein in the cell (Hartmann et al.,
2008). Analysing the genome and transcriptome alone is
therefore not sufficient to understand or predict regulatory
mechanism of cells or organisms. Unfortunately, though
proteomics provides valuable insights for systems biotech-
nology, studies of changes during protein production
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are largely still missing (Josic & Kovac, 2008). The classical
technique of proteome research, two-dimensional (2D) gel
electrophoresis, suffers from a bias towards specific protein
classes and towards highly abundant proteins (Bro & Nielsen,
2004) on the experimental level. On the data-processing
level analysis of 2D gel images comprises many of the
problems of microarray analysis, especially the difficulty to
compare results due to differences between platforms
and data-processing methods (Elrick et al., 2006). In recent
years, proteomics moved from a local (analysing a limited
selection of proteins) to a global (analysing the whole
proteome) technology. Quantitative mass spectroscopy has
become the method of choice, and coupled with more
sensitive labelling methods it facilitates high throughput
proteome analysis (Elrick et al, 2006). Stable isotope
labelling by amino acids in cell culture (SILAC) is an in vivo
labelling technique that requires the cells to be cultivated in
media-containing labelled amino acids, thereby rendering it
not feasible for large-scale production analyses. In vitro
labelling techniques are more promising, although they still
have shortcomings. In isotope-coded affinity tags
(ICAT) cysteine residues are tagged. Because these residues
are rare, it simplifies the peptide mixtures but proteins that
do not contain cystein cannot be measured, and, further-
more, the small number of peptides for each protein com-
promises measurement reliability. Another in vitro labelling
method is isobaric tags for relative and absolute quantifica-
tion (iTRAQ). Here the N-terminus and sidechain amines are
tagged with at least four different masses. Because these
amines are more frequent, the cysteine-based restriction of
ICAT is removed (Bachi & Bonaldi, 2008). Because all
approaches involving isotopes are cost-intensive, label-free
quantification methods using spectrum counts, integrated
ion intensities or spectral feature analysis are sometimes
preferable. The drawbacks of label-free methods include
increased computational complexity due to lower accuracy
and reproducibility of the data and the inability to quantify
low-abundance proteins (Nesvizhskii et al., 2007). With the
move towards high throughput, it is essential to develop and
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Table 4. Standards for the publication of omics data
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Short name Designation References or web addresses

MIAME Minimum information about microarray experiments http:/Awww.mged.org/Workgroups/MIAME/miame.html

MIAPE The minimum information about a proteomics experiment http://www.psidev.info/index.php?g=node/91

MIRIAM Minimum information requested in the annotation of http://www.ebi.ac.uk/compneur-srv/miriam/,
biochemical models proposed by Le Novere et al. (2005)

MIAMET Minimum information on a metabolomics experiment Proposed by Bino et al. (2004)

use the proper bioinformatics tools to efficiently process and
statistically validate the generated data.

Metabolomics and metabolic modelling

Metabolomics and fluxomics go a step further and use
information gained from the other omics to build a model
of certain processes of the cell or ideally of the whole cell.
Whereas metabolomics focuses on the metabolites involved,
fluxomics predicts flux distributions within the cell based on
measured rates of metabolites and their mass balance (Kim
et al., 2008). Several types of metabolic networks exist.
Stoichiometric models and dynamic or kinetic models are
the more traditional approach for which comprehensive
knowledge about the players and their relationship is
necessary. These models consist of a relatively small number
of reactions or elements and their quality depends to a large
extent on the quality of experimental data (Steuer, 2007).
The advantage is of course that, if a high-quality model is
achieved, reasonable predictions about phenotypic beha-
viour can be made. Early metabolic networks were limited to
a few pathways of the core metabolism, but the availability
of genome sequences and extensive omics data made it
possible to fully describe the core metabolism and move to
new areas such as signalling (Arga et al, 2007) or lipid
metabolism (Nookaew et al., 2008). Protein expression and
secretion networks are still lacking. Some of the reasons why
this topic was avoided by scientists for so long are listed in
Table 1. Despite these pitfalls, it can be anticipated that
model development of the protein production pathways will
significantly contribute to a better quantitative understand-
ing of the contributing reactions and their relevance.
Topological networks on the other hand consist of many
nodes that represent genes or proteins and edges represent-
ing the connection between those nodes. Such models can
be much larger than stoichiometric or kinetic models and
can make use of high throughput data but are only static
descriptions and contain no information about the type,
time or place of interaction between two nodes. At least the
type of interaction can be modelled using control logic,
described by Schlitt & Brazma (2005). With a sequenced and
annotated genome at hand, a topological or control logic
network can be computed for all known cellular functions.
The challenge now is to combine the different approaches
into a predictive dynamic model of the whole cell. The first
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such approach was taken for A. niger (Andersen et al., 2008),
while Herrgard et al. (2008) took the first step towards such
a model for S. cerevisiae by combining two existing meta-
bolic models (at the control logic state) into a consensus
yeast metabolic network and implementing it in systems
biology markup language (SBML), which is a widely used
data format for metabolic networks.

With the pace at which omics methods develop and the
amount of data they produce, it is important to keep in
mind that each of the omics fields only shows us an isolated
part of the picture. To improve our understanding of the
function of organisms, it is essential to be able to give
meaning to the data representing concentrations of genes,
proteins and metabolites. Therefore, it will become even
more important in the future to merge information from
different omics sources into a coherent picture. More effort
has to be put in developing methods that can integrate and
validate these data as well as help managing the fast-
increasing flood of information. This in mind, several
standards have been developed to avoid a confusing mess
of data sources, treatment and analysis variants (Table 4).
While these standards define a minimal frame on experi-
mental and computational quality and data deposition, they
cannot cope with systematic differences between different
omics platforms. These systematic differences call for cau-
tiousness in data comparison between omics platforms
and data-processing methods. It should be emphasized
that the aim of standardization is not to define data quality,
but rather the information on data assessment, and to
guarantee that raw data are made available to the scientific
community.

Conclusions

Current status of systems biotechnology for
protein production

Systems biotechnology has proven its value for strain design
and optimization. System-wide approaches to complex
cellular processes such as protein production are still in
their infancy. Interestingly, more progress in this field has
been made for bacteria and mammalian cells than for yeasts.
This may be due to a lack of genomic information and
postgenomic tools for industrially relevant yeast species. The
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revival of genomics through NGS methods is about to close
this gap, and a critical review of the state of research with
bacterial and cell culture host systems provides guidance as
to where to direct research with yeasts in this field.

Lessons to learn from non-yeast expression
systems

At present, most limitations in protein production in yeasts
are attributed to bottlenecks during folding and secretion.
Thus, engineering of yeast protein factories mainly means
knowledge-based engineering of chaperones and ER resi-
dent folding catalysts. While these approaches were verified
by transcriptomic profiling of yeasts and other fungal
production hosts recently, they may not convey the full
picture. As can be seen in non-yeast expression systems,
the application of integrated genomic approaches allows
looking beyond the borders of the secretory compartments
during the production of recombinant proteins. While
engineering strategies leading to higher viability and
higher stress resistance in mammalian cells may not be
directly applied to yeast systems, they reveal the potential
that apparently unconnected cellular processes can be ma-
nipulated in order to increase protein yields/productivity.
Bacterial studies revealed a shortage of ribosomes, energy
and precursors during recombinant protein production, a
possibility yet underestimated for fungal hosts. The avail-
ability of improved metabolic models — as they exist for
bacteria — for A. niger and S. cerevisiae, and their applic-
ability for related fungal species, may allow a considerable
progress regarding the behaviour of the core metabolism
and energy supply during protein overexpression. Alterna-
tively, production processes can be monitored by methods
of metabolic flux analysis and controlled to improve protein
yields.

The importance of systems level screening during clone
selection in mammalian cells may also be converted to
fungal production hosts, as soon as the respective genetic/
molecular traits leading to high secretory capacity are
identified. Once again, the importance of thorough and
comparative data analysis should be stressed in this respect,
as the pathways identified upon protein overproduction in
yeasts and filamentous fungi are very similar to those
regulated in mammalian cells.

With the advent of cheap and fast sequencing technolo-
gies, and consequently higher coverage of biotechnologically
relevant fungal species, resequencing of improved mutant
strains and subsequent inverse metabolic engineering also
become feasible. Additionally, this information may con-
tribute to the big search for the ‘holy grail’ of protein
production — the ‘hyperproductivity master genes’ — or at
least lead to a better understanding of the cellular pathways
influencing productivity.
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Finally, the impact of systems biotechnology on the
improvement of bioprocess performance, for example by
the identification of novel stress markers such as those
shown in E. coli, better strain performance (mammalian
cells) or prevention of proteolytic degradation by disrup-
tion of cellular proteases as reported for filamentous
fungi and bacterial systems should be highlighted. All
these approaches can be readily transferred to fungal
production processes by applying the respective systems
biotechnological tools.

In contrast to mammalian and bacterial protein produc-
tion, application of systems level approaches for the targeted
engineering of yeasts and other fungal production hosts is
still at an early stage. However, expectations are high that the
recent advances emerging in the fungal field will just be the
beginning of the ‘systems biotechnological’ age for im-
proved protein production strains.

Outlook

A major focus of future work should be the quantitative
understanding of molecular principles behind protein
synthesis, modification and secretion, derived from basic
production strains as well as mutants and rationally engi-
neered strains.

NGS methods provide the tool to rationalize inverse
metabolic engineering approaches so that they can be
implemented in future into rational system-wide modelling
and optimization strategies.
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The impact of environmental factors on the productivity of yeast cells is poorly investigated so far.
Therefore, it is a major concern to improve the understanding of cellular physiology of microbial protein
production hosts, including the methylotrophic yeast Pichia pastoris. Two-Dimensional Fluorescence
Difference Gel electrophoresis and protein identification via mass spectrometry were applied to analyze
the impact of cultivation temperature on the physiology of a heterologous protein secreting P. pastoris
strain. Furthermore, specific productivity was monitored and fluxes through the central carbon
metabolism were calculated. Chemostat culture conditions were applied to assess the adaption to
different growth temperatures (20, 25, 30 °C) at steady-state conditions. Many important cellular
processes, including the central carbon metabolism, stress response and protein folding are affected
by changing the growth temperature. A 3-fold increased specific productivity at lower cultivation
temperature for an antibody Fab fragment was accompanied by a reduced flux through the TCA-cycle,
reduced levels of proteins involved in oxidative stress response and lower cellular levels of molecular
chaperones. These data indicate that folding stress is generally decreased at lower cultivation

temperatures, enabling more efficient heterologous protein secretion in P. pastoris host cells.

Keywords: Pichia pastoris e temperature e secretion e proteome e carbon flux

Introduction

Pichia pastoris is a well-established yeast host for the
production of heterologous proteins, due the availability of
strong inducible and constitutive promoter systems and ef-
ficient high cell density fermentation protocols." There is
evidence of a major bottleneck for heterologous protein secre-
tion in protein folding and the cellular secretion machinery.* *
In a recent study, it was shown by Gasser and co-workers that
overexpression of genes involved in protein folding and secre-
tion can lead to improved expression of recombinant proteins.*
Despite the frequent use of P. pastoris for protein production,
physiological data allowing a deeper understanding of this
bottleneck are rare. Previous studies report that decreased
growth temperature can lead to improved protein production
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in batch, fed-batch and chemostat culture systems.>® Concern-
ing the positive effect of reduced growth temperature on
specific productivity of heterologous proteins, the common
opinion is that at least during cultivation on methanol a
reduction of cell lysis and proteolytic activity is responsible for
higher product yields at lower cultivation temperature, al-
though no detailed studies have been performed so far. For
other environmental stresses, such as the effect of osmolarity
on protein production performance, there are few and ambigu-
ous data available for various host organisms.>~” Taken to-
gether, the impact of environmental factors on the expression
of heterologous proteins, especially in P. pastoris, is poorly
characterized.?

Hitherto the immediate response of microorganisms to
sudden changes of environmental conditions and not after
adaption in steady-state conditions has been closely investi-
gated. For example, the environmental stress response (ESR)
to sudden changes in growth conditions of Saccharomyces
cerevisiae and other yeasts is already well-studied,” ' but recent
investigations indicate that this stress is alleviated after a short
period of adaption in chemostat cultures. Indeed, ESR reactive
genes can show opposed expression patterns when comparing
the expression levels directly after the environmental shock and

10.1021/pr8007623 CCC: $40.75 2009 American Chemical Society
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the expression levels after adaption to the new growth condi-
tion."' It is therefore essential to investigate the effect of
environmental factors that are imposed mainly by fermentation
conditions, such as temperature, osmolarity and oxygenation,
on the physiology of recombinant host cells at steady-state
growth.

In the present study, the effect of growth temperature on
the proteome of recombinant P. pastoris expressing the Fab
fragment of antibody 3H6'? and of a nonexpressing control
strain is described. As for other high-throughput approaches,
growth rate-associated effects, which usually occur during
shake flask cultivation, are critical and interfere with data
analysis."*!* Therefore chemostat cultivation was the method
of choice and cells were grown carbon-limited at a constant
dilution rate to avoid any growth rate-related effects. Two-
Dimensional Fluorescence Difference Gel Electrophoresis (2D-
DIGE) was applied to monitor the changes of the intracellular
proteome during growth at temperature setpoints that cor-
respond to 100%, 80% and 60% of the maximum specific
growth rate of P. pastoris in batch culture. Carbon fluxes
through the central carbon metabolism were calculated based
on a stoichiometric model and specific substrate and O,
consumption rates, as well as specific biomass, metabolites and
CO; production rates to verify our findings on the P. pastoris
proteome.

Materials and Methods

Materials. All chemicals for yeast cultivations were molecular
biology grade and purchased from Roth, Germany. CyDyes, 2D-
Cleanup Kit, 2D-Quantkit and 24 cm IPG Drystrips 3—11 NL
were purchased from GE Healthcare. All chemical reagents for
two-dimensional gel electrophoresis were high purity grade and
purchased from Sigma, unless stated otherwise.

Yeast Strains. Two strains were used in this study. The strain
expressing the Fab fragment of the human anti-HIV antibody
3H6 was previously described by Baumann et al.’® In short,
both chains of the Fab fragment were expressed using the
constitutive GAP-promoter and secreted via the S. cerevisiae
o-mating factor leader secretion signal. For the nonexpressing
control strain, P. pastoris X-33 was transformed with an empty
pGAPzoA vector as described by Gasser et al.?

Chemostat Cultivation. For chemostat cultivations, a 3.5 L
benchtop bioreactor (MBR, Switzerland) was used at a working
volume of 1.5 L. A 1000 mL shake flask containing 150 mL of
YPG medium (2% (w/v) peptone, 1% (w/v) yeast extract, 1%
(w/v) glycerol) was inoculated with 1 mL of cryostock of the
respective P. pastoris clones. The culture was grown for
approximately 24 h at 28 °C and shaking at 170 rpm, and then
used to inoculate the reactor to an optical density (ODgg) of
1.0. Batch medium contained per liter: 39.9 g of glycerol, 1.8 g
of citric acid, 12.6 g of (NH4),HPO,, 0.022 g of CaCl,-2H,0,
0.9 g of KCl, 0.5 g of MgS0O,+7H,0, 2 mL of Biotin (0.2 g L),
4.6 mL of trace salts stock solution. The pH was set to 5.0 with
25% (w/w) HCl. Chemostat medium contained per liter: 50 g
of glucose-1H,0, 0.9 g of citric acid, 4.35 g of (NH,;)2HPO,,
0.01 g of CaCl,-2H,0, 1.7 g of KCl, 0.65 g of MgSO,-7H,0, 1
mL of Biotin (0.2 g LY, and 1.6 mL of trace salts stock solution.
The pH was set to 5.0 with 25% (w/w) HCI. Trace salts stock
solution contained per liter: 6.0 g of CuSO,+5H,0, 0.08 g of Nal,
3.0 g of MnS0O,-H,0, 0.2 g of Na,M00,-2H,0, 0.02 g of H3BOs,
0.5 g of CoCly, 20.0 g of ZnCl,, 5.0 g of FeSO,:7H,0, and 5.0
mL of H,SO, (95—98% w/w).
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After a batch phase of approximately 24 h, the continuous
culture was started at a dilution rate of D= 0.1 h™! (flow rate
of 150 g h™!). pH was controlled at 5.0 with 25% ammonium
hydroxide (w/w). Gas flow rate was kept constant at 1.5 vvm
(volume gas per volume medium and minute) and dissolved
oxygen was kept at 20% by controlling the stirrer speed.
Temperature for cultivations was maintained at 30 + 0.6 °C,
25 + 0.4 °C and 20 + 1 °C, respectively. Off-gas was measured
using a BCP O, and a BCP CO; gas sensor (BlueSens, Germany).

As there were no differences in biomass concentration and
off-gas data between 3 and 5 residence times, it was assumed
that steady-state conditions were reached after 5 residence
times. Therefore, all samples were taken after cultivation for 5
residence times after a temperature shift. Three biological
replicas were performed for each growth temperature, whereat
three individual continuous cultures were inoculated for each
strain. Although it is known that prolonged cultivation of yeasts
in chemostat cultures can lead to evolutionary adaption,''”
we assumed that no adaption occurred during cultivation,
because the maximum number of generations during chemo-
stat cultivation did not exceed 21. Furthermore, the tempera-
ture regime was changed for each replicate to avoid any bias
toward adaptive evolution (20/25/30 °C, 30/25/20 °C and 25/
20/30 °C).

Samples for Biomass Determination, Supernatant, and
2D Gel Electrophoresis. For biomass determination, chemostat
samples (2 x 10 mL) were collected by centrifugation. Cell
pellets were washed in 10 mL of sterile H,O and transferred to
a weighed beaker. Biomass was dried at 105 °C until constant
weight. For two- dimensional gel electrophoresis, aliquots of 2
mL of chemostat culture were centrifuged at 4 °C, supernatants
were removed, and cell pellets were transferred to —80 °C
immediately. Culture supernatants were stored separately at
—20 °C until analysis.

Determination of Total RNA Content. Total RNA determi-
nation was performed as previously described by Benthin et
al.'® In short, cell pellets were washed with 0.7 M ice-cold
HCIO, and resuspended in 3 mL of KOH. Cells were incubated
at 37 °C for 1 h. Afterward, samples were put on ice and 1 mL
of 3 M HCIO, was added. Samples were centrifuged to collect
cell pellets and supernatants were transferred to a fresh
Eppendorf tube. Additionally, cell pellets were washed twice
with 0.5 M HCIO, and pooled with the initial supernatants. RNA
concentration was determined on a spectrophotometer by
reading absorbance at 260 nm. Total RNA content (in %) is
related to yeast dry mass.

Determination of Total Protein Content. Cell pellets from
2 mL of chemostat culture were washed twice with phosphate
buffered saline pH 7.0 (PBS) and resuspended in 1 mL of PBS.
Protein extraction occurred as previously described,'® using
NaOH and incubation at 95 °C to break up cells, and addition
of 0.8 M HCL. Cellular debris were collected by centrifugation
at 4 °C and supernatants were kept for determination of protein
content using a BCA Protein Assay Kit (Pierce) applying bovine
serum albumine as standard. Total protein content (in %) is
related to yeast dry mass.

Determination of Proteolytic Activity in Culture Superna-
tants. For the detection of proteolytic activity in culture
supernatants, the QuantiCleave Protease assay kit (Pierce) was
used. The kit is based on succinylated casein as substrate and
trinitrobenzene sulfonic acid (TNBSA), which forms a colored
adduct with peptide fragments. Trypsin was used as standard
protease.
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Quantification of 3H6 Fab by ELISA. Quantification of the
antibody was performed as previously described by Baumann
and co-workers."”

Protein Solubilization, Cleanup and Labeling for Two-
Dimensional Gel Electrophoresis. Cell pellets were washed with
ice-cold 1x PBS, resuspended in cell lysis buffer (7 M urea, 2
M thiourea, 30 mM Tris, 4% (w/v) Chaps, pH 8.5) and
combined with 500 uL of glass beads (0.5 mm, Sartorius). For
cell disruption, samples were treated in a Thermo Savant
Fastprep FP120 twice (speed 6.00 for 30 s; cooling interval of
30 s between treatments). Afterward, cellular debris were
pelleted by centrifugation at 13 000 rpm at 4 °C for 5 min.
Supernatants, containing total cellular protein, were transferred
to a new tube and purified using the 2D-CleanUp Kit (GE
Healthcare) and quantified via 2D-QuantKit (GE Healthcare)
according to manufacturer’s recommendations. For fluores-
cence labeling, 50 ug of protein extract from different cultiva-
tion temperatures or an internal standard (a combination of
equal protein amounts of all samples for a 2D-DIGE run) was
used and labeled with Cy2, Cy3 or Cy5, respectively, according
to manufacturer’s manual, whereas Cy2 was used for labeling
of the internal standard protein pool (CyDye Minimal labeling
kit, GE Healthcare).

Isoelectric Focusing. Prior to isoelectric focusing, 24 cm IPG
DryStrips 3—11 NL (GE Healthcare) were equilibrated for 8—10
h at room temperature (7 M urea, 2 M thiourea, 2% (w/v)
CHAPS, 4 mM DTT and 0.5% (v/v) IPG Buffer (pH 3—11). For
isoelectric focusing, a total protein amount of 150 ug was
loaded per IPG Drystrip (Cup loading). Focusing was performed
on a IPGPhor isoelectric focusing unit (GE Healthcare) at the
following conditions: 20 °C, 50 uA per strip: 6 h at 500 V, 3 h at
500—1000 V, 8 h at 1000—8000 V and 8000 V for a total of 58
kVh. After focusing, IPGDryStrips were either frozen at —80 °C
or directly moved to second-dimension separation.

SDS-PAGE. IPG DryStrips were washed in re-equilibration
solution I (150 mM Tris-HCI, pH 8.8, 6 M Urea, 30% (v/v)
Glycerol, 2% (w/v) SDS and 0.5% (w/v) DTT) for 15 min.
Afterward, drystrips were washed in re-equilibration solution
IT (150 mM Tris-HCI, pH 8.8, 6 M urea, 30% (v/v) glycerol, 2%
(w/v) SDS and 4.5% (w/v) iodacetamide) for 15 min. Then, they
were loaded onto a standard 12% polyacrylamide gel for SDS-
PAGE at 12 W for 30 min and 100 W for 3—4 h.

Scanning, Image Analysis, and Data Handling. Gels were
scanned on a Typhoon 9400 Imager (Amersham Biosciences)
and images were analyzed using DeCyder Software v.5 (GE
Healthcare). To identify differentially regulated proteins, a fold
change of at least >1.5 and an 1-ANOVA p-value of <0.05 were
considered statistically significant. DeCyder XML toolbox (GE
Healthcare) was used for data export to Microsoft Excel. The R
software package (R 2.6.0, http://www.r-project.org/) was used
for Principal Component Analysis (PCA), and EPClust (Expres-
sion Profile Data CLUSTering and Analysis, http://www.
bioinf.ebc.ee/EP/EP/EPCLUST/) was used for hierarchical
clustering. For data clustering, the mean spot volume over all
temperature setpoints for each protein spots was used as a
reference.

Identification of Protein Spots by LC-ESI-QTOF Tandem
MS. Protein spots, which passed the significance thresholds,
were manually picked from CBB stained gels. The respective
protein spots were processed as described previously.?%?!
Briefly, protein spots were excised, destained, carbamidom-
ethylated, and digested with trypsin and the resulting tryptic
peptides were extracted from the gel pieces and dried in a
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Speed-vac concentrator. Subsequently, the tryptic peptides
were dissolved in 6 uL of 0.1% formic acid and subjected to
capillary reversed-phase chromatography (BioBasic C18, 5 um,
100 x 0.18 mm, Thermo). A linear gradient from 5% to 80%
acetonitrile (containing 0.1% formic acid) was formed with an
UltiMate 3000 Capillary LC-system (Dionex) with a flow rate
of 1 uL/min. ESI MS/MS analysis was performed using a
quadrupole time-of-flight (Q-TOF) Ultima Global (Waters Mi-
cromass) mass spectrometer. MS/MS acquisitions were per-
formed over a range of 50—2000 m/z. Collision gas was argon
at a collision voltage of 10—75V. De novo sequencing and BLAST
searches against the P. pastoris sequence information available
through Integrated Genomics®* were performed, employing the
Protein Lynx Global Server 2.1 Software (Waters Micromass),
applying the following constraints: up to one missed cleavage
per peptide, a fragment ion tolerance of 0.1 Da, carbamidom-
ethylation of cysteine as fixed modification, oxidation of
methionine as well as deamidation of asparagine as variable
modifications. All matching spectra were reviewed manually.
The measured parent and fragment ion masses were typically
within 0.05 Da of the calculated values.

Identification of Pdil and Kar2. For the identification of
Pdil and Kar2, a nonfluorescent 2D gel was prepared according
to the described methods and proteins were semidry blotted
onto a nitrocellulose membrane at 15 V for 30 min. Pdil and
Kar2 were detected using an mouse anti-HDEL(2EF) antibody
(Sigma) and goat anti-mouse AP conjugated antibody (Sigma).
After detection of the signals, corresponding spots were picked
from CBB stained 2D gels and the identity was verified by mass
spectrometry as described in the previous section.

Quantification of Secreted Metabolites. Extracellular me-
tabolites in culture supernatants (glucose, citrate, pyruvate,
glycerol and ethanol) were measured by HPLC using a Aminex
HPX-87H ion exchange column (Bio-Rad) and a LC Module I
Plus (Waters). For data analysis, Millenium32 software (Waters)
was used.

Metabolic Flux Calculations. For determination of metabolic
fluxes, a simplified stoichiometric model of the central carbon
metabolism was built upon a stoichiometric model of S.
cerevisiae®** and adapted to the present case. For the adapta-
tion and simplification, the following main points were con-
sidered: aerobic glucose metabolization was performed mainly
via glycolysis, pentose phosphate cycle and tricarboxylic acid
cycle (TCA). All equations describing the draining of intermedi-
ate metabolites for biomass formation were added up to only
one equation, thus, assuming de facto a nonsignificant change
in biomass macromolecular composition during the perfor-
mance of the tests. Compartmentation between mitochondria
and cytoplasm was taken into account for intermediates of the
TCA cycle including specification of cytoplasmic and mito-
chondrial pools for pyruvate, oxalacetate, o-ketoglutarate,
NADPH and acetyl-CoA. According to previous studies,?>?%
supply of metabolic intermediates to the mitochondrial TCA
cycle in aerobic glucose cultures was assumed to be mainly
via oxaloacetate and pyruvate, while activity of the malic
enzyme was assumed to be negligible according to previous
studies*>?® and preliminary microarray experiments of our
laboratory (unpublished data). NADH, balance was lumped
into one global pool. ATP balance was not considered. Potential
differences in lipid composition, due to cultivation temperature,
were not considered. To calculate the intracellular fluxes, mass
balances around intracellular metabolites were considered,
assuming a pseudo-steady state for the intracellular concentra-
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Table 1. Physiological Properties of P. pastoris Grown at 20, 25 and 30 °C in Aerobic Chemostat Cultures?

growth YDM biomass yield whole cell RNA residual glucose  proteolytic activity ~ specific productivity
strain temperature (°C) (gL™M (8aw aue ) protein (%) content (%) (mg LY (U8trypsin MLgupernatant ) (M1 Fab Gyom ' h™1)
X33 3H6 Fab 30 26.1+04 052+001 20+0.7 4.4+£0.08 nd 0.17 £ 0.003 0.02 £ 0.001
X33 3H6 Fab 25 26.7+03 053£001 21+12 4.6+0.03 nd 0.19 £+ 0.08 0.04 £ 0.002
X33 3H6 Fab 20 274+04 055+001 224+0.0 4.8=£0.05 nd 0.17 £ 0.003 0.06 £ 0.002
X33 Control 30 26.5+03 053+£0.01 21+06 4.0£0.31 nd - -
X33 Control 25 27.7+£02 056£001 224+0.7 4.4+0.08 nd - -
X33 Control 20 273+03 055+001 19+19 4.6=£0.09 nd - -

“3H6 Fab producing strain (X33 3H6 Fab) and a control strain (X33 Control) grown in glucose-limited aerobic chemostat cultures at D = 0.1 h™’. Values
represent the mean + standard error from three biological replicas. YDM, yeast dry mass; gluc, glucose; Nd, not detected; -, not determined.

tions of metabolites. The resulting metabolic model consisted
in 39 metabolic reaction equations with 41 metabolites (33
internal and 8 external metabolites including biomass; for
details see Supplemental Data 1 in Supporting Information).
The derived stoichiometric matrix together with the measured
input—output fluxes formed an overdetermined system of
linear equations. Determination of the metabolic fluxes was
performed solving the described linear system of equations as
described previously in the literature.?”?® Mathematical cal-
culations were done using Matlab v7.4 (2007a, http://www.
mathworks.com).

Northern Blot Analysis. Northern blot analysis was per-
formed as previously described by Sauer and co-workers.?® In
short, total RNA was isolated using the Trireagent/chloroform
extraction method. Total RNA was precipitated with isopro-
panol and washed twice with 70% ethanol. Afterward, RNA was
resuspended in RNase free water and concentration was
determined on a ND-1000 Nanodrop photometer (Thermo
Scientific). Ten micrograms of total RNA was used for Northern
blot analysis. RNA was separated on a formaldehyde containing
agarose gel and transferred to a Nylon membrane (Nytran
Supercharge, Schleicher & Schuell) by capillary transfer. Probes
(3H6 heavy chain, 3H6 light chain, SSA4 and FUM1) were PCR
amplified from plasmid DNA and genomic P. pastoris X-33
DNA, respectively, and DIG-labeled using a DIG labeling mix
(Roche). Prehybridization and hybridization occurred at 42 °C
in high SDS hybridization buffer. After appropriate washing
steps, blots were stained using anti-Digoxigenin-alkaline phos-
phatase Fab fragments (Roche) and CDP Star reagent (New
England Biolabs) according to manufacturer’s manual. Chemi-
luminescent signals were visualized on a Lumi Imager F1
(Boehringer Mannheim) and data were analyzed using the
LumiAnalyst software 3.0 (Boehringer Mannheim).

Student’s ¢ Test. In case that a Student’s ¢ test was per-
formed, the cutoff p-value for significance was set to p < 0.05.

Results and Discussion

Physiological Properties and Specific Productivity at
Different Growth Temperatures. A recombinant P. pastoris
X-33 strain, expressing the 3H6 Fab fragment, and a control
strain were grown in glucose limited aerobic chemostat cultures
at 20, 25 and 30 °C in triplicate. These temperature set-points
correspond to 60, 80 and 100% of the maximum specific growth
rate (umad) as determined in shake flask cultures in synthetic
batch medium (data not shown). As already reported pre-
viously,®3°73% there is a positive effect of reduced growth
temperature on the secretion of heterologous proteins into the
culture supernatant. A reduction of temperature from 30 to 25
°C resulted in a 2-fold increase of the specific productivity (qp)
of the 3H6 Fab fragment and a reduction from 30 to 20 °C
yielded a 3-fold increase of gp (Table 1).

Both, for the expressing strain and the control strain, a slight
but significant increase in biomass yield was observed when
growth temperature was reduced from 30 to 20 °C. The protein
content did not significantly differ between cultivation at
different temperature setpoints, neither for the expressing nor
for the control strain. Also the total RNA content seems largely
unaffected by growth temperature, except between 20 and 30
°C in the 3H6 Fab strain (Student’s ¢ test p-value = 0.011). Since
the differences for the heterologous protein secreting strain
were very small (an increase of 10% in total RNA amount at 20
°C compared to 30 °C cultivation), it is not clear whether they
are of biological relevance. Furthermore, there was no detect-
able residual glucose present in culture supernatants through-
out the different growth conditions, resulting in an almost
constant glucose uptake rate of 1.54 4+ 0.04 mmol g! h™!
(glucose per biomass per hour). No differences in the pro-
teolytic activity could be seen in the culture supernatants of
the 3H6 Fab secreting strain at the three cultivation temper-
atures. Because this proteolytic activity was temperature-
independent and constant, it was not determined for the
control strain.

2D-Gel Electrophoresis and Protein Identification. Two-
dimensional gel electrophoresis yielded very reproducible spot
patterns for the 3H6 Fab expressing strain and the control strain
2D-DIGE experiments. Approximately 1300 spots were present
on all spot maps (Figure 1). Samples from all three temperature
setpoints were compared with each other using DeCyder
software v.5 (GE Healthcare). Spots exhibiting a fold change of
>1.5 and 1-ANOVA p-value <0.05 in at least one comparison
were chosen for identification via mass spectrometry. About
150 protein spots passed these criteria. The majority of differ-
entially abundant spots could be identified when comparing
20 and 30 °C setpoints, as it was expected. The comparison of
25 and 30 °C yielded fewer proteins that were significantly
different: 25 protein spots differed in the expressing strain and
76 protein spots in the control strain. The difference between
expressing and control strain 2D-DIGE experiment was most
probably due to differing gel image quality and the fact that
many differentially abundant spots represented spots of low
intensity. Most of these protein spots show also significant
differences when comparing 20 and 30 °C temperature set-
points (see Supplemental Data 2 in Supporting Information for
details).

Subsequently, out of these approximately 150 differentially
abundant protein spots, 49 spots were identified by de novo
sequencing and BLAST search (Table 2). It should be noted
that more than these 49 spots were analyzed by mass spec-
trometry but failed to be identified based on several reasons.
First, many spots showed low protein amount and therefore
could not be identified due to the sensitivity limits of 2D-DIGE
technology and the applied mass spectrometry equipment.
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Figure 1. Two representative gels from the production strain (A)
and the control strain (B) experiments. Spots that are highlighted
in white circles with corresponding master numbers were identi-
fied via mass spectrometry. p/, isoelectric point; MW, molecular
weight [kDa].

Second, some proteins did not pass the thresholds as described
in the Material and Methods and no assured identification was
possible. Furthermore, for some protein spots, it turned out
that spot overlap occurred and peptides matching two or more
different proteins were present in a single spot, which did not
allow unambiguous identification.

Out of the 49 identified protein spots, 44 represented the
predicted full-length size according to the position on the two-
dimensional gels, whereas 5 protein spots represented frag-
ments of full-length proteins (Ssa4 and Ssbl, Table 2). Addi-
tionally, in some cases, several spots with different isoelectric
points (p]) but essentially identical molecular weights, matched
the same particular protein (Ald4 and Ctal, Table 2). This is a
common phenomenon in 2D-gel electrophoresis and has
already been demonstrated in previous studies.***> Protein
fragments and pI shifts may be due to post-translational events
such as protein phosphorylation and degradation. Table 3
shows the alterations in spot volume ratios and corresponding
p-values for the comparison of the 20 and 30 °C cultivations.
The comparison of 25 and 30 °C is not shown in the table as
only four of the identified proteins are of statistical relevance
and no conclusive interpretation was possible (for the produc-
tion strain, Ssb1, Met6, Ssp120 and Sar1; for the control strain,
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Ssb1, Ssa4, Hsp60, Ctal; a complete list of spot volume ratios
is available in Supplemental Data 2 in Supporting Information).

Overall Changes in Cellular Proteome at Different
Temperatures. The greatest impact on cellular protein levels,
as already mentioned, was observed when comparing 20 and
30 °C cultivations. Principal Component Analysis (PCA) also
highlights that the major differences on the proteomic scale
appeared at the comparison of 30/20 and 25/20 °C cultivations,
whereas the 25 and 30 °C setpoints are close to each other.
Additionally, it can be seen that, at least for the 49 identified
protein spots, cultivation temperature constituted the major
influence on cellular protein levels and not expression of the
heterologous protein (Figure 2).

Hierarchical Cluster Analysis using EPClust resulted in an
distinct separation of the 49 proteins (Figure 3). It shows, as
well as PCA, that most of the identified protein spots behaved
very similarly in the heterologous protein expressing and the
control strain, resulting in a very homogeneous picture with
two large clusters: (i) proteins with increased levels at lower
cultivation temperature (20 °C) and (ii) proteins with decreased
levels at lower temperature. Within the first cluster, at least two
subclusters could be seen. The first subcluster comprises
mainly protein fragments and proteins, which are involved in
amino acid metabolism. The second subcluster mainly includes
proteins involved in RNA and ribosome biogenesis, genome
maintenance and a proteasomal component. For the second
large cluster, the protein abundance ratios are even more
similar in the production and the control strain, resulting in
no significant subclusters.

Further discussion will focus on the results obtained from
the comparison of 20 and 30 °C cultivations. Although the
reduction of the growth temperature from 30 to 25 °C at steady-
state conditions resulted in a 2-fold increase of gp, the response
of intracellular protein levels is much lower than between 20
and 30 °C. The fact that we cannot draw reasonable conclusions
from the 25—30 °C comparison might highlight the limits of
2D-DIGE and subsequent mass spectrometry based protein
identification. The unidentified less abundant proteins may
bear additional and important information.

The Influence of Temperature on Particular Cellular
Pathways. According to the present data (Table 3), there are
at least five important cellular processes that were affected by
cultivation temperature: Energy metabolism, oxidative stress
response, protein folding, amino acid metabolism and RNA/
ribosomal biogenesis. Whereas components involved in amino
acid metabolism and RNA/ribosomal biogenesis showed higher
levels at 20 °C, proteins involved in energy metabolism, stress
response and protein folding showed decreased levels (Cluster
1 and 2 in Figure 2, respectively).

Although glucose uptake rates were quite constant, there was
a great impact on proteins involved in glucose metabolism. At
least five proteins, which are directly involved in oxidative
decarboxylation or the tricarboxylic acid (TCA) cycle (Lpdl,
Acol, Citl, Fuml and Mdhl, respectively) showed lower levels
at 20 °C as compared to 30 °C.

In contrast to proteins involved in TCA-cycle, the amount
of glycerol kinase 1 (Gutl) increased at low temperature in both
strains. Gutl is responsible for the reversible formation of
glycerol-3-phosphate from glycerol, which can be further
metabolized in glycolysis and gluconeogenesis. Nevertheless,
no glycerol was detected in culture supernatants (Supplemental
Data 1 in Supporting Information). Since Gutl expression is
regulated by Ino2, Ino4, Adrl and Opil®® in S. cerevisiae, gene



Effect of Temperature on the Proteome of Recombinant P. pastoris

research articles

Table 2. Identification of Protein Spots by de Novo Sequencing and BLAST

3H6 Fab control homologous S. cerevisiae standard M, peptides sequence
master no. master no. protein name (kDa)/pI matched coverage (%)

377 255 Aconitate hydratase Acol 84.5/5.93 23 36.3
503 380 Acetyl CoA synthetase Acsl 73.8/6.02 31 49.1
659 617 Aldehyde dehydrogenase #1 Ald4 42.1/8.45 19 52.7
697 621 Aldehyde dehydrogenase #2 Ald4 42.2/8.45 12 33.0
836 718 Aldehyde dehydrogenase #3 Ald6 54.3/5.71 21 53.7
441 264 Alcohol Oxidase Aox1 73.8/6.41 12 24.1
969 920 Citrate synthase Citl 51.9/8.32 7 21.8
972 863 Fumarase Fuml 52.6/6.79 12 32.4
809 759 Glycerol Kinase Gutl 68.15/5.33 7 14.7
608 524 Isocitrate lyase Icll 61.5/6.15 10 24.6
1352 1302 Malate dehydrogenase Mdh1 32.67/4.96 15 43.2
805 682 Dihydrolipoamide dehydrogenase Lpdl 52.3/6.69 3 8

1455 1436 Cytochrome C peroxidase Ccpl 41.9/7.01 9 23.1
654 591 Catalase —1 Ctal 57.8/6.98 6 11

681 625 Catalase —2 Ctal 57.8/6.98 10 21.8
- 1908 HSP31 Hsp31 51.9/6.05 6 12.7
623 549 HSP60/GrOEL Hsp60 60.2/5.08 3 8.1
326 221 HSP82 Hsp82 80.9/4.87 14 25.6
404 362 ER ATPase BIP Kar2 74.2/4.79 2 3.5
572 527 Protein disulfide isomerase Pdil 57.8/4.63 1 3.7
480 402 HSP SSA4 Ssa4 70.3/5.12 14 28.5
1027 1129 HSP SSA4 50 kDa fragment Ssa4 70.3/5.12 8 15.1
1758 1913 HSP SSA4 25 kDa fragment Ssa4 70.3/5.12 2 4.6
465 384 HSP SSB1 Ssb1l 66.5/5.12 16 34.1
965 1027 HSP SSB1 50 kDa fragment Ssbl 66.5/5.12 4 11.7
1745 1891 HSP SSB1 25 kDa fragment Ssb1l 66.5/5.12 8 16.3
1091 1138 Ala-Glyoxylate Aminotransferase Agxl 30.9/6.73 10 48.8
1186 1192 Glutamate dehydrogenase #1 Gdh1 49.3/5.67 7 225
937 872 Glutamate dehydrogenase #2 Gdhl 49.3/5.67 8 25.8
1285 1229 Acetohydroxyacid reductoisomerase 1vs 44.3/8.18 9 29.1
807 657 Homocysteine methyltransferase #1 Met6 85.7/6.18 5 9.5
1542 1517 Homocysteine methyltransferase #2 Met6 85.7/6.18 5 9.1
1180 1223 S-adenosylmethionine syntetase Sam2 42.3/6.43 11 341
1696 1788 GTP binding protein ran Gspl 24.1/6.98 7 25.8
1753 - LSU Ribosomal Protein L10P Rpp0 33.7/4.63 4 14.7
1622 - LSU Ribosomal Protein L18P Rpl8 34.1/8.59 6 18.9
1095 1186 Unknown, dehydrogenase - 38.6/6.04 13 57.4
1239 1306 YPR127W - 31.8/5.85 15 52.2
1841 2012 Adenosine Kinase Adol 17.2/6.10 4 36.9
- 453 Carnitine O-acetyltransferase Cat2 70.3/7.19 5 10.5
137 207 EF3 Yef3 116.5/5.72 22 22.7
455 291 Long-chain-fatty-acid--CoA ligase Faa2 25.4/6.73 3 17.2
1083 - high mobility group-T protein Hmol 31.2/7.77 3 15.8
690 578 Myo-inositol-1-phosphate synthase Inol 58.4/5.26 3 7.2
1812 - GTP Binding protein SAR1 Sarl 20.7/6.04 5 40.8
1602 - 20S Proteasome subunit Scll 27.6/6.05 7 29

1760 - SNZ2 Snz2 31.9/5.40 3 16.2
1614 - SSP120 Ssp120 25.6/4.79 2 12

1593 - vacuolar ATPase subunit E Vma4 33.1/8.79 12 33.3

products regulating the expression of phospholipid biosynthetic
genes, this regulation might indicate changes in phospholipid
metabolism. This assumption is supported by the fact that
proteins involved in fatty acid metabolism, Faa2 and Cat2, are
also significantly regulated. Faa2, a long chain fatty acyl-CoA
synthase, and Cat2, which is involved in the transfer of acetyl-
groups, showed lower protein levels at 20 °C.

Also other components of basic energy metabolism such as
Acsl (responsible for the formation of acetyl-CoA from acetate
and the nuclear source of acetyl-CoA), cytosolic Ald4 and
mitochondrial Ald6, which are responsible for interconversion
of acetaldehyde and acetate, showed lower levels at 20 °C. Icl1,
which catalyzes a key step in the glyoxylate cycle, the conver-
sion of isocitrate to succinate and glyoxylate, was down-

regulated on the protein level at 20 °C. The glyoxylate cycle is
a bypass of the TCA cycle and serves for the utilization of C2
compounds. Interestingly, a basic level of alcohol oxidase 1
(Aox1), which is responsible for the utilization of methanol in
P. pastoris, was also detected in this proteome study, although
glucose was used as sole carbon source. This basic level of Aox1
was also affected by growth temperature and decreased during
cultivation at 20 °C.

The expression of Aoxl and Icll is usually repressed by
glucose.®”® Generally, chemostat cultivation results in ex-
tremely low levels of residual glucose and derepression of the
AOXI and ICLI loci and the appearance of low levels of the
corresponding proteins is therefore plausible. It has been
shown in a chemostat-based S. cerevisiae study that a decrease
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Table 3. Changes in Protein Levels (Ratios) and p-Values for the Identified Proteins of the 2D-DIGE Experiment by Comparing 20
and 30 °C Cultivations?

Dragosits et al.

20/30 °C 3H6 Fab 20/30 °C Control

homologous protein standard name average ratio p-value average ratio p-value
Energy Metabolism Aconitate hydratase Acol —2.45 4.90 x 1074 -1.50 4.50 x 1073
Acetyl CoA synthetase Acsl —2.02 9.40 x 1074 -1.70 4.50 x 1076
Aldehyde dehydrogenase #1 Ald4 -1.92 6.90 x 107* —1.51 3.00 x 107°
Aldehyde dehydrogenase #2 Ald4 -1.95 5.70 x 1075 —1.46 3.40 x 1072
Aldehyde dehydrogenase #3 Ald6 -1.96 4.50 x 1074 —1.48 3.30 x 1074
Alcohol Oxidase Aox1 —2.66 1.70 x 1073 —2.73 5.90E x 107*
Citrate synthase Citl —-1.66 2.10 x 1072 —-3.05 1.10 x 107*
Fumarase Fuml -2.21 1.60 x 1074 —1.42 2.50E x 1072
Glycerol Kinase Gutl 2.04 5.20 x 1073 1.57 1.10 x 1072
Isocitrate lyase Icll -2.93 6.70 x 107° -1.39 4.10 x 1073
Malate dehydrogenase Mdh1 —-1.62 5.50 x 107* -1.98 1.10 x 1073
Dihydrolipoamide dehydrogenase Lpdl -2.3 8.80 x 1073 —2.05 5.00 x 107°
Oxidative Stress Cytochrome C peroxidase Ccpl —1.81 1.70 x 107* —2.41 8.20 x 1076
Catalase —1 Ctal —2.01 3.90 x 1073 —2.27 3.00E x 107°
Catalase —2 Ctal —3.33 2.10 x 1073 —2.37 7.10 x 1074
Protein Folding HSP31 Hsp31 —1.01 9.70 x 107! —1.83 8.10 x 107°
HSP60/GrOEL Hsp60 —1.75 9.50 x 1073 —1.33 1.40 x 1073
HSP82 Hsp82 —1.81 3.90 x 1072 —1.53 6.00 x 1072
ER ATPase BIP Kar2 —-1.7 1.30 x 1072 —1.24 3.40 x 1072
Protein disulfide isomerase Pdil -1.17 1.80 x 107! 1.16 4.90 x 1072
HSP SSA4 Ssa4 —4.22 1.20 x 1073 —4.63 2.70 x 1076
HSP SSA4 50 kDa fragment Ssa4 —1.93 2.80 x 1073 1.24 7.50 x 1073
HSP SSA4 25 kDa fragment Ssa4 3.09 6.60 x 107* 2.46 2.60 x 107
HSP SSB1 Ssbl —3.26 1.30 x 1073 —3.32 2.40 x 1074
HSP SSB1 50 kDa fragment Ssbl 1.12 5.00 x 107! 2.66 490 x 1073
HSP SSB1 25 kDa fragment Ssb1l 2.53 2.00 x 1072 2.56 9.90 x 107
Amino acid Metabolism Ala-Glyoxylate Aminotransferase Agxl 1.89 4.50 x 1073 —1.93 7.10E x 107*
Glutamate dehydrogenase #1 Gdhl 2.06 8.90 x 1074 2.44 2.20 x 1074
Glutamate dehydrogenase #2 Gdh1 1.44 1.70 x 1072 2.39 1.40 x 1073
Acetohydroxyacid reductoisomerase 1lvs —1.87 7.90 x 1073 -1.26 2.60 x 107!
Homocysteine methyltransferase #1 Met6 1.38 8.70 x 1072 2.18 2.50 x 1076
Homocysteine methyltransferase #2 Met6 2.67 1.80 x 107 2.2 1.90 x 1077
S-adenosylmethionine syntetase Sam2 1.83 450 x 1074 —1.05 4.40 x 107!
Ribosome/RNA GTP binding protein ran Gspl 2.66 1.60 x 10—2 1.08 8.10 x 107!
Biogenesis LSU Ribosomal Protein L10P Rpp0 2.88 0.0016 - -
LSU Ribosomal Protein L18P Rpl8 2.13 0.0053 - -
Miscellaneous Unknown, dehydrogenase - 1.17 2.80 x 107! —2.16 1.20 x 107¢
YPR127W - —1.93 4.00 x 1073 —-3.3 1.50 x 1076
Adenosine Kinase Adol 2.14 4.20 x 1073 1.01 9.50 x 107!
Carnitine O-acetyltransferase Cat2 - - —2.34 5.10 x 107°
EF3 Yef3 —2.08 2.10 x 1072 —1.57 1.20 x 1072
Long-chain-fatty-acid--CoA ligase Faa2 —2.24 5.20 x 1073 —2.2 1.10 x 1073
high mobility group-T protein Hmol 2.53 4.60 x 1072 - -
Myo-inositol-1-phosphate synthase Inol 1.04 1.80 x 107! 1.62 0.00019
GTP Binding protein SAR1 Sarl —2.39 2.80 x 1073 - -
20S Proteasome subunit Scll 2.24 1.20 x 1073 - -
SNZ2 Snz2 2.19 2.00 x 1072 - -
SSP120 Ssp120 2.38 9.20 x 107* - -
vacuolar ATPase subunit E Vma4 1.82 5.40 x 1073 - -
“ Expressing strain (3H6 Fab) and control strain (Control); -, indicates that a distinct spot could not be identified on the corresponding gels, whereas

nonsignificant fold changes and p-values are highlighted in italic characters.

of growth temperature from 30 to 12 °C results in increased
intracellular levels of metabolites such as glucose-6-phos-
phate.® It can be expected that such an increase of key-
metabolites appears in P. pastoris chemostat cultivation during
growth at low temperature and results in decreased levels of
Aox1 and Icll.

The impact of growth temperature on energy metabolism is
obvious for both, the Fab secreting and the control strain, but
abundance ratios and 1-ANOVA p-values are in many cases
more significant in the Fab secreting strain.
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Additionally, also proteins involved in oxidative stress re-
sponse showed decreased levels during growth at 20 °C. Ccpl,
which acts in mitochondria and degrades reactive oxygen
species, and catalase A (Ctal), which is responsible for detoxi-
fication of hydrogen peroxide during beta-oxidation of fatty
acids in peroxisomes in S. cerevisiae, showed lower protein
levels at lower cultivation temperature. For Ctal, two spots that
only differ in their pI and probably represent two isoforms of
the protein were present on two-dimensional gels and both of
them show decreased levels at low temperature growth.



Effect of Temperature on the Proteome of Recombinant P. pastoris

0.4

0.2
m
3%

o

PG

0.0
\
\ /
h
'|=.
AR

-0.2

-0.2 0.0 02 0.4

=k

Figure 2. Results of principal component analysis. Biplot of
principal component 1 (PC1) and principal component 2 (PC2).
Production (E) and control strain (C) cultivated at 30 °C (E30, C30),
25 °C (E25, C25) and 20 °C (E20, C20).

P. pastoris Ctal is also responsible for the detoxification of
hydrogen peroxide, which is generated during growth on
methanol. The down-regulation of proteins involved in oxida-
tive stress response (Ctal, Ccpl) might be directly correlated
with the lower abundance of proteins involved in fatty acid
metabolism (Faa2 and Cat2) and respiratory proteins as many
basic steps in energy metabolism involve transition metal ions
and the generation of toxic oxygen species.*’

Components of the protein folding and secretion machinery
were also down-regulated at lower cultivation temperature.
Chaperones Ssa4 and Ssbl showed strongly reduced abun-
dances, whereas two protein spots identified as fragments of
these two heat shock proteins with a molecular weight of
approximately 25 kDa showed significantly higher levels at 20
°C. A 50 kDa fragment of each of these two chaperones was
also identified, but these 50 kDa fragments did not show a
coherent up- or downward trend (Table 3). Both proteins
belong to the HSP70 family and assist in the folding of newly
synthesized proteins.*! Ssa4 has previously been described as
a potential secretion helper factor. Co-overexpression of Ssa4
resulted in an increase of specific productivity of a recombinant
P. pastoris strain expressing an antibody fragment.* Interest-
ingly, in the present chemostat study, Ssa4 was down-regulated
under growth conditions that showed a 3-fold higher specific
productivity. In contrast to Ssbl, which is a general high-
abundance ribosome-associated chaperone, Ssa4 is highly
induced upon stress in S. cerevisiae. Although positive effects
on productivity and solubility of recombinant proteins are
reported for chaperones of the HSP70 family and their bacterial
homologues upon co-overexpression, for some recombinant
proteins, also no or negative effects were reported. These
contradictory results have been recently reviewed in detail by
Gasser and co-workers.*?

For the protein spots, which most likely represented the full-
length proteins of Ssa4 and Ssb1, peptides spanning the whole
protein from the N- to the C-terminal end were identified in
the mass spectra; however, for the corresponding fragments,
only N-terminal peptides were identified. This may lead to the
assumption that decreased growth temperature led to a higher
turnover of these chaperones.
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Figure 3. Hierarchical clustering of the proteins identified by mass
spectrometry. Cluster of proteins with increased spot volumes
at 20 °C (C1) and decreased spot volumes at 20 °C (C2).
Production (E) and control strain (C). Red indicates increased spot
volumes, green indicates decreased spot volumes (in comparison
to the mean spot volume) and gray boxes indicate that no data
were available for the corresponding protein spot.

Hsp82, a heat sensitive chaperone that is required for the
correct folding of complex proteins®® and Hsp60, involved in
folding of mitochondrial proteins, showed the same trend as
Ssa4 and Ssbl. The described chaperones behaved quite
similarly in the production and the control strain. Additionally,
we could also identify Hsp31 to have reduced protein levels
during low-temperature growth in the control strain, whereas
we could not identify the corresponding spot in the production
strain due to lower gel image quality. Hsp31 has recently been
identified to be involved in protection against oxidative stress,**
which is in line with the lower abundance of Ccp1 and Ctal at
20 °C.

We paid special attention to the behavior of the ER chap-
erone Kar2 (BiP), a key player in unfolded protein response
(UPR)*® and Pdil, which is responsible for the formation of
disulfide bonds. Therefore, these proteins were identified by
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Figure 4. Results of Northern blot analysis of P. pastoris grown
in aerobic chemostat cultures at 20, 25 and 30 °C. Relative mRNA
levels to growth at 20 °C are shown for 3H6 Fab heavy chain (A),
3H6 Fab light chain (B), fumarase, FUM1 (C) and heat shock
protein SSA4 (D). rRNA signal were used as a loading control.
Black bars, 3H6 Fab expressing strain; gray bars, control strain.
Error bars represent the standard error of the mean.

Western blotting and verified by mass spectrometry. Pdil has
been reported to be a powerful candidate to enhance the
secretion of heterologous proteins upon co-overexpression,
since it participates in the formation of disulfide bonds, which
are also present in antibodies and antibody fragments.* BiP
levels decreased at lower temperatures in both strains (whereas
the fold-change is only significant in the expressing strain), and
Pdil levels seemed to be completely unaffected by growth
temperature. This decreased level of BiP during 20 °C cultiva-
tion is concordant with transcript regulation data, obtained
from a previous P. pastoris temperature experiment.>* Since
BiP participates in the UPR regulation,*® it also influences the
expression values of Pdil. Therefore, it might be expected that
these two proteins show a coordinate pattern, which was not
the case in the current study. These data indicate a minor UPR
induction under all culture conditions, although a decrease of
cultivation temperature from 30 to 20 °C might help to relieve
unfolded protein stress in the 3H6 Fab secreting strain, as BiP
protein levels significantly decreased. It should be noted that,
similarly to the cytosolic HSP70 protein family, inconsistent
data about the effect on recombinant protein production upon
co-overexpression of BiP and Pdil exist.*?

We could also identify proteins involved in RNA transport
and ribosome biogenesis, namely, Gsp1, Rpp0 and Rpl5. These
proteins show higher abundance at 20 °C cultivation in the
production strain, but were not identified in the control strain,
most probably due to low gel image quality as these 3 proteins
did not represent high intensity protein spots on the two-
dimensional gels. The up-regulation of ribosomal proteins at
suboptimal growth conditions is an already known pheno-
menon that has been reported for S. cerevisiae in anaerobic
chemostat cultivations at low temperature on the transcript
level.'! In the current study, only 3 proteins were identified
and they do not represent major components of the RNA and
ribosome synthesis machinery. However, as the information
that can be derived from 2D-DIGE and protein sequencing is
limited, the up-regulation of few proteins may indicate changes
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on the cellular protein synthesis machinery, however, requiring
further verification. Temperature influences the stability of RNA
secondary structures, and at low cultivation temperature,
translation initiation probably becomes a rate-limiting step in
cell growth. Living cells are reported to show very constant
levels of ribosomal protein and RNA in a wide temperature
range’” and the present study was performed in a yet physi-
ological temperature range between 20 and 30 °C and not at
cold-shock inducing temperatures. Therefore, only subtle
changes of the cellular protein synthesis machinery might
contribute to the improvement of gp at lowered cultivation
temperatures.

The levels of glutamate dehydrogenase (Gdhl) and ho-
mocysteine methyltransferase (Met6), both involved in amino
acid metabolism, were increased in both strains during cultiva-
tion at 20 °C. The protein spot identified as Agx1 (responsible
for the formation of glycine from glyoxylate) behaved differ-
entially in the production and the control strain. Whereas Agx1
showed higher levels at 20 °C in the production strain, it
decreased in its abundance in the control strain. Sam2, which
is involved in methionine metabolism, also shows higher levels
at low temperature in the production strain. On the other hand,
Ilv5, a protein involved in branched-chain amino acid biosyn-
thesis and mitochondrial genome maintenance,*® showed
decreased levels at low temperature in the production strain.
Both proteins, Sam2 and Ilv5, did not show a significant change
in the control strain (Table 3). Additionally, it has been shown
by previous heterologous microarray experiments that Met6
and Sam2 belong to a tightly controlled set of genes in P.
pastoris.?® Met6 and Sam2 are also involved in the transfer of
methyl-groups. The transfer of C1-units plays an important role
in ribosomal subunit biogenesis, RNA processing and mRNA
capping, thereby supporting the data on up-regulation of the
cellular protein synthesis machinery, as it is indicated by
increased levels of Gspl, Rpp0 and Rpl5 at 20 °C.

There were also other cellular mechanisms that seemed to
be affected by growth temperature on the proteome level, such
as vitamin and adenosine metabolism. However, two protein
spots, with no known function, were identified in this study
(Table 3).

Northern Blot Analysis. Northern blots were performed to
check whether differences in the secretion level of 3H6 Fab
were related to different transcript levels. Transcript analysis
showed that there is no difference in transcript levels for
antibody 3H6 Fab heavy- and light chain between 20 and 25
°C cultivation. Also between 20 and 30 °C temperature set-
points, only minor differences in mRNA levels were visible. For
the 3H6 light chain, a slightly significant lower transcript level
at 30 °C, as compared to 20 °C, could be seen (Student’s t test
p-value = 0.038). Additionally, two other transcripts, SSA4 and
FUM1, were analyzed by Northern blotting. Ssa4 showed a
significant response to growth temperature on the protein level
in both strains, whereas Fuml showed a strong response in
the 3H6 Fab secreting strain and a weaker response in the
control strain. SSA4 mRNA levels appeared to be decreased at
20 °C in the expressing and the control strain (comparison of
30 and 20 °C Student’s ¢ test p-values of 0.022 and 0.028,
respectively) and match the proteome data. The FUMI tran-
script level did not seem to be significantly affected by growth
temperature, although there are differences among different
cultivation temperatures on the proteome scale. The results of
Northern blot analysis are summarized in Figure 4.
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Figure 5. Central carbon fluxes of P. pastoris in aerobic chemostat cultures grown on glucose as sole carbon source at a dilution rate
of D=0.1 h™". The fluxes are given as percentage of the total glucose utilization for the antibody fragment producing strain (3H6) and
the control strain (C) at the three growth temperatures. Numbers in upper left corners represent the reaction numbers as given in
Supplemental Data 1 in Supporting Information. Biomass producing reactions are illustrated with gray arrows. Fluxes affected most
by growth temperature are highlighted in gray. Standard deviation of fluxes are provided in Supplemental Data 1 in Supporting

Information.

Metabolic Flux Calculations. Two-dimensional gel electro-
phoresis and specific O, consumption and CO, production rates
(Supplemental Data 1 in Supporting Information) indicated
reduced TCA-cycle activity during 20 °C cultivation. From a
thermodynamic point of view, this is interesting, as growth
temperature influences the catalytic activity of enzymes,*® but
growth rate did not change in chemostat culture due to a
constant dilution rate. Although many factors, such as allosteric
effectors and isoenzymes with different catalytic properties, can
help microorganisms to optimize their enzyme activity rates
at lower temperatures, we would expect higher abundance of
rate-limiting enzymes, such as citrate synthase (Citl) at 20 °C
as lower growth temperature generally results in a slowdown
of enzymatic activity. However, in the present study, also this
rate-limiting enzyme shows lower protein levels during growth
at 20 °C.

To support the hypothesis that TCA-cycle activity decreased
during growth at 20 °C, a metabolic network was built to
calculate fluxes through the central carbon metabolism. A
slightly but still significantly higher flux through glycolysis and
especially the TCA-cycle at 30 °C compared with 20 °C was
predicted by the present model for both the expressing and
the control strain. The impact was higher in the antibody
fragment producing strain (reactions 2—8, 14—20 and 38,
respectively; Figure 5). These data correlate well with the results

obtained from 2D-DIGE, where the average ratio for the
proteins involved in energy metabolism were also higher in the
3H6 Fab expressing strain (Table 2). No significant changes
were observed for the pentose-phosphate pathway.

Conclusions

So far, the general opinion toward increased productivity at
decreased temperature was that enhanced product titers are
most probably due to higher cell viability and lower proteolytic
activity.®?° In this study, we demonstrated that this assumption
is not the sole explanation for the increased product titers at
decreased cultivation temperatures. Although a 3-fold increase
in specific productivity was obtained by decreasing growth
temperature from 30 to 20 °C, we could also show that the
proteolytic activity did not change upon a temperature shift.
These data indicate that there are other physiological param-
eters, besides viability and the release of cellular proteases,
which are responsible for the enhancement of protein produc-
tion at low-temperature cultivation.

It was shown by 2D-DIGE that a temperature reduction from
30 to 20 °C at steady-state culture conditions has a significant
effect on important proteins of the P. pastoris metabolism
(Figure 6).

In a recent study, Tai and co-workers reported on glycolytic
fluxes in S. cerevisiae anaerobic chemostat cultures at normal
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Figure 6. Main cellular changes in protein levels upon a temperature shift from 30 to 20 °C in chemostat cultures, as they were identified
in the 3H6 Fab producing strain (first arrow next to protein short name) and the control strain (second arrow next to protein short
name). Green downward arrows indicate reduced protein levels at 20 °C, red upward arrows indicate higher abundance at 20 °C, black
blocks indicate no significant change in protein levels at different temperature setpoints and open blocks indicate missing data.

and suboptimal growth temperatures.>® Major changes in the
expression of glucose transporters occur during growth at
suboptimal temperature, but there are only minor changes in
gene expression of glycolytic enzymes. Nevertheless, they
noticed massive changes in fermentative capacity and intra-
cellular concentrations of nucleotides, indicating a major role
of metabolic and post-transcriptional control of the central
carbon pathways in S. cerevisiae chemostat cultures. Similar
results were also obtained during cultivation on various carbon
sources, wherein fluxes only partially correlate with gene
expression levels.*® Combining the results of 2D-DIGE, North-
ern blot analysis (especially Fuml transcript levels) and flux
calculations of the current study, these data also indicate
important regulation patterns beyond the transcript level in
P. pastoris.

It is most interesting that proteins involved in protein folding
and secretion remain unchanged or show decreased levels
during low temperature growth. Whereas lower mRNA levels
could partially explain the reduced secretion of the 3H6 Fab
fragment at 30 °C, other effects, such as mRNA stability, protein
synthesis rates and protein folding related phenomena, could
be responsible for the increased productivity at 25 and 20 °C.

1390 Journal of Proteome Research « Vol. 8, No. 3, 2009

Molecular chaperones are essential catalysts for the production
of heterologous proteins. It would be expected that increased
levels of chaperones would lead to higher product titers. It is
interesting that the 3-fold increase of gp is accompanied by
rather ‘counterproductive’ changes in the cellular protein
folding machinery. Considering the narrow span of thermal
stability of native proteins, the down-regulation of the protein
folding machinery may also make sense. Higher growth tem-
perature may result in increased denaturation and aggregation
of native proteins, which consequently could lead to a higher
demand of heat shock and stress proteins, including the
chaperones identified in this study.*® Therefore, cultivation at
20 °C may lead to generally higher stability of proteins and a
reduced demand for protein refolding and/or degradation
mechanisms, resulting in a higher secretion capacity as a
positive ‘side-effect’.

It is often reported that heterologous protein production
poses a metabolic burden for the microbial host cell.>*? It can
be speculated that heterologous protein production has an
influence on the cellular folding and secretion machinery,
leading to a higher demand for NADH and ATP than in a wild-
type cell. At decreased temperature, reduced stress due to
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reduced demand for protein (re)folding and degradation might
also lead to lower energy demand. This assumption is in good
compliance with carbon flux data and slightly increased
biomass yields at 20 °C. Energy production was increased at
30 °C, but this increase was bigger in the production strain than
in the control strain (reaction 29, Figure 5). Furthermore, it
could explain the fact that the impact of growth temperature
on proteins involved in TCA-cycle and energy production is
more evident in the production strain than in the control strain.
The combination of 2D-DIGE proteome analysis and other
approaches, such as DNA microarray analysis, might lead to
an even more detailed picture of host cell physiology. Therefore,
P. pastoris specific microarrays have been developed in our
laboratory recently.>® Beside the positive effect of decreased
growth temperature on ¢p, it has been reported that a reduction
of oxygen supply can also lead to increased heterologous
protein secretion in P. pastoris.”> Hence, future work will
include the analysis of the impact of other environmental
factors, such as oxygenation and osmolarity, on host cell
physiology under protein producing conditions, combining
proteomic, transcriptomic and metabolomic methods.

Acknowledgment. This work has been supported by
the European Science Foundation (ESF, program EuroSCOPE),
the Austrian Science Fund (FWEF), project no. 137, the Austrian
Resarch Promotion Agency (Program FHplus), the Spanish
program on Chemical Processes Technologies (project CTQ2007-
60347/PPQ) and the Complementary Actions Plan supporting
the ESF EuroSCOPE program (project BIO2005-23733-E), as
well as the Generalitat de Catalunya (2005-SGR-00698). Special
thanks to Martina Chang (Polymun Scientific) and Burghardt
Scheibe (GE Healthcare) for their support and advice in
establishing 2D-DIGE.

Supporting Information Available: Detailed informa-
tion on the results of metabolite concentration determination,
carbon flux calculations, the table of the reaction equations as
well as the stoichiometric matrix are given in Supplemental
Data 1; a complete list of spot volume ratios of the 2D-DIGE
experiments is given in Supplemental Data 2; the total number
of peptides identified by de novo sequencing and BLAST search
for each protein and the corresponding amino acid sequences
are listed in Supplemental Data 3. This material is available
free of charge via the Internet at http://pubs.acs.org.

References
1

=

Macauley-Patrick, S.; Fazenda, M.; McNeil, B.; Harvey, L. Heter-
ologous protein production using the Pichia pastoris expression
system. Yeast 2005, 22 (4), 249-70.

Gasser, B.; Maurer, M.; Gach, J.; Kunert, R.; Mattanovich, D.

Engineering of Pichia pastoris for improved production of antibody

fragments. Biotechnol. Bioeng. 2006, 94 (2), 353-61.

Smith, J.; Robinson, A. Overexpression of an archaeal protein in

yeast: secretion bottleneck at the ER. Biotechnol. Bioeng. 2002, 79

(7), 713-23.

Gasser, B.; Sauer, M.; Maurer, M.; Stadlmayr, G.; Mattanovich, D.

Transcriptomics-based identification of novel factors enhancing

heterologous protein secretion in yeasts. Appl. Environ. Microbiol.

2007, 73 (20), 6499-507.

Blackwell, J. R.; Horgan, R. A novel strategy for production of a

highly expressed recombinant protein in an active form. FEBS Lett.

1991, 10-2.

(6) Shi, X.; Karkut, T.; Chamankhah, M.; Alting-Mees, M.; Hemming-
sen, S.; Hegedus, D. Optimal conditions for the expression of a
single-chain antibody (scFv) gene in Pichia pastoris. Protein
Expression Purif. 2003, 28 (2), 321-30.

(7) Sun, Z.; Zhou, R; Liang, S.; McNeeley, K.; Sharfstein, S. Hyperos-

motic stress in murine hybridoma cells: effects on antibody

(2

—

(3

=

(4

=

5

=

®

&

(10)

(1n

(12)

(13)

(14)

(15)

(16)

17)

(18)

19)

(20)

21

(22)

(23)

(29)

(25)

(26)

27)

(28)

(29)

(30)

research articles

transcription, translation, posttranslational processing, and the cell
cycle. Biotechnol. Prog. 2004, 20 (2), 576-89.

Mattanovich, D.; Gasser, B.; Hohenblum, H.; Sauer, M. Stress in
recombinant protein producing yeasts. J. Biotechnol. 2004, 113 (1—
3), 121-35.

Gasch, A; Spellman, P.; Kao, C.; Carmel-Harel, O.; Eisen, M.; Storz,
G.; Botstein, D.; Brown, P. Genomic expression programs in the
response of yeast cells to environmental changes. Mol. Biol. Cell
2000, 11 (12), 4241-57.

Gasch, A. Comparative genomics of the environmental stress
response in ascomycete fungi. Yeast 2007, 24 (11), 961-76.

Tai, S.; Daran-Lapujade, P.; Walsh, M.; Pronk, J.; Daran, J. Ac-
climation of Saccharomyces cerevisiae to low temperature: a
chemostat-based transcriptome analysis. Mol. Biol. Cell 2007, 18
(12), 5100-12.

Gach, J.; Maurer, M.; Hahn, R.; Gasser, B.; Mattanovich, D.;
Katinger, H.; Kunert, R. High level expression of a promising anti-
idiotypic antibody fragment vaccine against HIV-1 in Pichia
pastoris. J. Biotechnol. 2007, 128 (4), 735-46.

Hoskisson, P.; Hobbs, G. Continuous culture—making a comeback.
Microbiology 2005, 151 (Pt. 10), 3153-9.

Regenberg, B.; Grotkjaer, T.; Winther, O.; Fausboll, A.; Akesson,
M.; Bro, C.; Hansen, L.; Brunak, S.; Nielsen, J. Growth-rate
regulated genes have profound impact on interpretation of tran-
scriptome profiling in Saccharomyces cerevisiae. GenomeBiology
2006, 7 (11), R107.

Baumann, K.; Maurer, M.; Dragosits, M.; Cos, O.; Ferrer, P,
Mattanovich, D. Hypoxic fed batch cultivation of Pichia pastoris
increases specific and volumetric productivity of recombinant
proteins. Biotechnol. Bioeng. 2008, 100 (1), 177-83.

Ferea, T.; Botstein, D.; Brown, P.; Rosenzweig, R. Systematic
changes in gene expression patterns following adaptive evolution
in yeast. Proc. Natl. Acad. Sci. U.S.A. 1999, 96 (17), 9721-6.
Jansen, M.; Diderich, J.; Mashego, M.; Hassane, A.; de Winde, J.;
Daran-Lapujade, P.; Pronk, J. Prolonged selection in aerobic,
glucose-limited chemostat cultures of Saccharomyces cerevisiae
causes a partial loss of glycolytic capacity. Microbiology 2005, 151
(Pt. 5), 1657-69.

Benthin, S.; Nielsen, J.; Villadsen, J. A simple and reliable method
for the determination of cellular RNA content. Biotechnol. Tech.
1991, 5 (1), 39-42.

Verduyn, C.; Postma, E.; Scheffers, W.; van Dijken, J. Physiology
of Saccharomyces cerevisiae in anaerobic glucose-limited chemo-
stat cultures. J. Gen. Microbiol. 1990, 136 (3), 395-403.

Kolarich, D.; Altmann, F. N-Glycan analysis by matrix-assisted laser
desorption/ionization mass spectrometry of electrophoretically
separated nonmammalian proteins: application to peanut allergen
Ara h 1 and olive pollen allergen Ole e 1. Anal. Biochem. 2000,
285 (1), 64-75.

Kolarich, D.; Altmann, F.; Sunderasan, E. Structural analysis of the
glycoprotein allergen Hev b 4 from natural rubber latex by mass
spectrometry. Biochim. Biophys. Acta 2006, 1760 (4), 715-20.
ERGO Bioinformatic software suite. http://ergo.integratedgenomics.
com/ERGO/.

Nissen, T.; Schulze, U.; Nielsen, J.; Villadsen, J. Flux distributions
in anaerobic, glucose-limited continuous cultures of Saccharomy-
ces cerevisiae. Microbiology 1997, 143 (Pt. 1), 203-18.

Pitkdnen, J.; Aristidou, A.; Salusjédrvi, L.; Ruohonen, L.; Penttild,
M. Metabolic flux analysis of xylose metabolism in recombinant
Saccharomyces cerevisiae using continuous culture. Metab. Eng.
2003, 5 (1), 16-31.

Sola, A.; Maaheimo, H.; Ylonen, K.; Ferrer, P.; Szyperski, T. Amino
acid biosynthesis and metabolic flux profiling of Pichia pastoris.
Eur. J. Biochem. 2004, 271 (12), 2462-70.

Sola, A; Jouhten, P.; Maaheimo, H.; Sdnchez-Ferrando, F.; Szyper-
ski, T.; Ferrer, P. Metabolic flux profiling of Pichia pastoris grown
on glycerol/methanol mixtures in chemostat cultures at low and
high dilution rates. Microbiology 2007, 153 (Pt 1), 281-90.
Noorman, H.; Romein, B.; Luyben, K.; Heijnen, J. Classification,
error detection, and reconciliation of process information in
complex biochemical systems. Biotechnol. Bioeng. 1996, 49 (4),
364-76.

Stephanopoulos, G. N.; Aristidou, A. A.; Nielsen, J. Metabolic
Engineering. Principles and Methologies; Academic Press: San
Diego, CA, 1998.

Sauer, M.; Branduardi, P.; Gasser, B.; Valli, M.; Maurer, M.; Porro,
D.; Mattanovich, D. Differential gene expression in recombinant
Pichia pastoris analysed by heterologous DNA microarray hybridi-
sation. Microb. Cell Fact. 2004, 3 (1), 17.

Li, Z.; Xiong, F.; Lin, Q.; d’Anjou, M.; Daugulis, A.; Yang, D.; Hew,
C. Low-temperature increases the yield of biologically active

Journal of Proteome Research ¢ Vol. 8, No. 3, 2009 1391



research articles

BD

(32)

(33)

(34)

(35)

(36)

®
=

(38)

(39)

(40)

(41)

™
D

herring antifreeze protein in Pichia pastoris. Protein Expression
Purif. 2001, 21 (3), 438-45.

Jahic, M.; Wallberg, F.; Bollok, M.; Garcia, P.; Enfors, S. Temper-
ature limited fed-batch technique for control of proteolysis in
Pichia pastoris bioreactor cultures. Microb. Cell Fact. 2003, 2 (1),
6.

Gasser, B.; Maurer, M.; Rautio, J.; Sauer, M.; Bhattacharyya, A,;
Saloheimo, M.; Penttild, M.; Mattanovich, D. Monitoring of
transcriptional regulation in Pichia pastoris under protein produc-
tion conditions. BMC Genomics 2007, 8, 179.

Lin, H.; Kim, T.; Xiong, F.; Yang, X. Enhancing the production of
Fc fusion protein in fed-batch fermentation of Pichia pastoris by
design of experiments. Biotechnol. Prog. 2007, 23 (3), 621-5.
Gygi, S.; Corthals, G.; Zhang, Y.; Rochon, Y.; Aebersold, R. Evalu-
ation of two-dimensional gel electrophoresis-based proteome
analysis technology. Proc. Natl. Acad. Sci. U.S.A. 2000, 97 (17),
9390-5.

Pascoe, D.; Arnott, D.; Papoutsakis, E.; Miller, W.; Andersen, D.
Proteome analysis of antibody-producing CHO cell lines with
different metabolic profiles. Biotechnol. Bioeng. 2007, 98 (2), 391-
410.

Grauslund, M.; Lopes, J.; Rennow, B. Expression of GUT1, which
encodes glycerol kinase in Saccharomyces cerevisiae, is controlled
by the positive regulators Adrlp, Ino2p and Ino4p and the negative
regulator Opilp in a carbon source-dependent fashion. Nucleic
Acids Res. 1999, 27 (22), 4391-8.

Ferndndez, E.; Moreno, F.; Rodicio, R. The ICL1 gene from
Saccharomyces cerevisiae. Eur. J. Biochem. 1992, 204 (3), 983-90.
Menendez, J.; Valdes, I.; Cabrera, N. The ICL1 gene of Pichia
pastoris, transcriptional regulation and use of its promoter. Yeast
2003, 20 (13), 1097-108.

Tai, S.; Daran-Lapujade, P.; Luttik, M.; Walsh, M.; Diderich, J.;
Krijger, G.; van Gulik, W.; Pronk, J.; Daran, J. Control of the
glycolytic flux in Saccharomyces cerevisiae grown at low temper-
ature: a multi-level analysis in anaerobic chemostat cultures.
J. Biol. Chem. 2007, 282 (14), 10243-51.

Chang, T.; Chou, W.; Chang, G. Protein oxidation and turnover.
J Biomed Sci 2000, 7 (5), 357-63.

Hartl, F. Molecular chaperones in cellular protein folding. Nature
1996, 381 (6583), 571-9.

Gasser, B.; Saloheimo, M.; Rinas, U.; Dragosits, M.; Rodriguez-
Carmona, E.; Baumann, K.; Giuliani, M.; Parrilli, E.; Branduardi,
P,; Lang, C.; Porro, D.; Ferrer, P.; Tutino, M.; Mattanovich, D
Villaverde, A. Protein folding and conformational stress in micro-

1392 Journal of Proteome Research ¢ Vol. 8, No. 3, 2009

(43)

(45)

(46)

(47)

(48)

(49)

(50)

(51)

(52)

(53)

Dragosits et al.

bial cells producing recombinant proteins: a host comparative
overview. Microb. Cell Fact. 2008, 7, 11.

Nathan, D.; Vos, M.; Lindquist, S. In vivo functions of the
Saccharomyces cerevisiae Hsp90 chaperone. Proc. Natl. Acad. Sci.
U.S.A. 1997, 94 (24), 12949-56.

Skoneczna, A.; Micialkiewicz, A.; Skoneczny, M. Saccharomyces
cerevisiae Hsp31p, a stress response protein conferring protection
against reactive oxygen species. Free Radical Biol. Med. 2007, 42
(9), 1409-20.

Mori, K; Sant, A; Kohno, K; Normington, K.; Gething, M.;
Sambrook, J. A 22 bp cis-acting element is necessary and sufficient
for the induction of the yeast KAR2 (BiP) gene by unfolded
proteins. EMBO J. 1992, 11 (7), 2583-93.

Okamura, K.; Kimata, Y.; Higashio, H.; Tsuru, A; Kohno, K.
Dissociation of Kar2p/BiP from an ER sensory molecule, Irelp,
triggers the unfolded protein response in yeast. Biochem. Biophys.
Res. Commun. 2000, 279 (2), 445-50.

Farewell, A.; Neidhardt, F. Effect of temperature on in vivo protein
synthetic capacity in Escherichia coli. ]. Bacteriol. 1998, 180, 4707—
4710.

Zelenaya-Troitskaya, O.; Perlman, P.; Butow, R. An enzyme in yeast
mitochondria that catalyzes a step in branched-chain amino acid
biosynthesis also functions in mitochondrial DNA stability. EMBO
J. 1995, 14 (13), 3268-76.

Daran-Lapujade, P.; Rossell, S.; van Gulik, W.; Luttik, M.; de Groot,
M.; Slijper, M.; Heck, A.; Daran, J.; de Winde, J.; Westerhoff, H.;
Pronk, J.; Bakker, B. The fluxes through glycolytic enzymes in
Saccharomyces cerevisiae are predominantly regulated at post-
transcriptional levels. Proc. Natl. Acad. Sci. U.S.A. 2007, 104 (40),
15753-8.

Liberek, K.; Lewandowska, A.; Zietkiewicz, S. Chaperones in control
of protein disaggregation. EMBO J. 2008, 27 (2), 328-35.

Glick, B. Metabolic load and heterologous gene expression. Bio-
technol. Adv. 1995, 13 (2), 247-61.

Ramoén, R.; Ferrer, P.; Valero, F. Sorbitol co-feeding reduces
metabolic burden caused by the overexpression of a Rhizopus
oryzae lipase in Pichia pastoris. ]. Biotechnol. 2007, 130 (1), 39—
46.

Graf, A,; Gasser, B.; Dragosits, M.; Sauer, M.; Leparc, G.; Tuechler,
T.; Kreil, D.; Mattanovich, D. Novel insights into the unfolded
protein response using Pichia pastoris specific DNA microarrays.
BMC Genomics 2008, 9 (1), 390.

PR8007623



© 00 N O O A W N B

W W W W W NN N DM N DN DN DNMNDNDMDNMNDNPEPE PP PR, R R
A WO N P O © 0N O O B W NP O O 0NN O O W N - O

The unfolded protein response is involved in osmotolerance of Pichia pastoris

Martin Dragosit$, Johannes Stadimahmlexandra Grdf °, Brigitte Gassér Michael
Mauref, Michael Sauér David P. Kreif, Friedrich Altmanf, and Diethard Mattanovit®”

1 Department of Biotechnology, BOKU-University of Natural Resources and Applied Life
Sciences, Vienna, Austria

2 Department of Chemistry, BOKU-University of Natural Resources and Applied Life
Sciences, Vienna, Austria

3 School of Bioengineering, University of Applied Sciences FH-Campus Wien, Vienna,
Austria

4 Chair of Bioinformatics, BOKU-University of Natural Resources and Applied Life

Sciences, Vienna, Austria

e-mail addresses:

martin.dragosits@boku.ac.at

johannes.stadlmann@boku.ac.at

alexandra.graf@boku.ac.at

brigitte.gasser@boku.ac.at

michael.maurer@fh-campuswien.ac.at

michael.sauer@fh-campuswien.ac.at
david.kreil@boku.ac.at

friedrich.altmann@boku.ac.at

diethard.mattanovich@boku.ac.at

* To whom correspondence should be addressed. University of Natural Resources and
Applied Life Sciences, Department of Biotechnology, Muthgasse 19, Vienna, Austria. Tel:
(+43)1/36006-6569. Fax: ( 43) 1 3697615. E-ndigthard.mattanovich@boku.ac.at

page 1 of 32



35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68

Abstract

Background The effect of osmolarity on cellular physiology has been subject of
investigation in many different species. Furthermore, several studies indicated that increased
osmolarity of the growth medium can have a beneficial effect on recombinant protein
production in different host organisms. Thus, the effect of osmolarity on the cellular
physiology of the prominent host for recombinant protein produckachia pastoris, was
studied in carbon limited chemostat cultures at three different media osmolarities.
Transcriptome and proteome analysis were applied to assess differences upon growth at
different osmolarities in both a non-expressing strain and a antibody Fab fragment expressing

strain.

Results In contrast to the model yeaSaccharomyces cerevisjathe main
osmolyte inP. pastoriswas arabitol rather than glycerol, demonstrating differences in energy
metabolism, osmotic stress response and salt tolerance between these two yeast species. With
the recently published genome sequencP.gbastorisat hand, 2D Fluorescence Difference
Gel electrophoresis and microarray analysis were applied and demonstrated that processes
such as the unfolded protein response, ribosome biogenesis and cell wall organization were
affected by increased osmolarity. No activation of the high osmolarity glycerol (HOG)
pathway was observed in these adapted conditions. While no changes in the specific
productivity of recombinant Fab 3H6 were observed, transcriptome and proteome data
indicated that less changes occurred upon growth at high osmolarity in recomBinant

pastoristhan in the non-expressing strain.
Conclusion Taken together these data indicate that the unfolded protein response is

involved in osmotic stress tolerance M pastoris. and the interrelation of environmental

conditions such as high osmolarity and recombinant protein production.
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69 Background

70

71 The response of cells to high osmotic pressure and increased salinity has been a subject of
72 close investigation in many different organisms [1-4]. Depending on the intensity of the
73 osmotic shock the immediate response to high osmolarity usually includes the activation of
74  the environmental stress response (ESR) and of the high osmolarity glycerol (HOG) pathway
75 to induce changes that are necessary to cope with the stressful environmental condition [5, 6].
76 In batch culture, osmotic shock usually implies a temporary growth arrest to adapt the
77 metabolism [7]. Major adjustments of gene transcriptioBancharomyces cerevisiaglude

78 the induction of glycerol-3-phosphate dehydroger@aB®1 transcription [8], transcriptional

79 repression of the plasma membrane glycerol efflux chadf8lL[2], but also the adjustment

80 of ribosome biogenesis and the translation and protein folding machinery [9]. Glycerol
81 production, but also the production of other small organic molecules, is induced in different
82 yeast species to compensate variations of osmotic conditions [10]. Polyols, such as glycerol,
83 pertain to a class of small molecules known as compatible solutes, which, in contrast to
84 inorganic ions, can be safely accumulated and degraded in the cell without impairing cellular
85 function or having a detrimental effect on protein and nucleic acid stability [11]. Furthermore,
86 biomass vyield is reduced upon exposure to high osmolarity because of higher maintenance
87 energy in both, batch and chemostat cultures [7, 12]. However, it is known that after the
88 immediate shock response, transcript levels of many stress responsive genes return to near
89 basal levels after cells have adapted to the new environmental conditions [6].

90 The effect of osmolarity on cellular physiology is not only of particular interest for the basic
91 research community. As environmental conditions can be changed very easily in an
92 inexpensive manner, their interrelation with recombinant protein production is also of great
93 interest for biotechnological applications. It has been reported for bacterial, yeast and
94 mammalian host organisms that exposure to osmotic stress can have a beneficial effect on
95 recombinant protein production by means of increased product yields or increased specific
96 productivity [13-16]. Unfortunately, the positive effect of increased osmolarity on

97 heterologous protein production is, at least in mammalian cells, often cell line specific [17].
98 Pichia pastorisrepresents a major fungal protein production host with key features that make
99 it especially interesting for recombinant protein production. The genome sequeRce of
100 pastorishas been recently published [18, 19] and with a publicly available sequence at hand
101 thorough physiological investigations and characterization of this biotechnologically relevant

102 organism becomes feasible.
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In this context the effect of osmolarity on the physiologyPofpastoriswas analyzed in
both a control strain and a recombinant protein secreting strain. The secretion strain expressed
the antibody Fab fragment 3H6 [20, 21] under the control of the constitutive glyceraldehyde—
3-phosphate dehydrogenase (GAP) promoter. The effect of osmolarity was monitored in
steady state by applying chemostat cultivation. Although chemostat cultivation differs from
batch and fed batch systems, which are usually applied for large scale production of
recombinant proteins, long term suboptimal growth conditions as they occur during batch and
fed batch cultivation can also be applied in steady state chemostat conditions [22].
Furthermore, chemostat cultivation offers the advantage that growth rate related effects,
which otherwise would interfere with high throughput protein and mRNA analytics, can be
avoided [23].

To analyze the effect of increased osmolarity on host cell physiology, 2D Fluorescence
Difference Gel Electrophoresis (2D-DIGE) and DNA microarray analysis were applied. These
techniques have already been successfully applied to monitor the effect of environmental
factors, such as temperature and osmolarity in yeasts [6, 24-26]. Furthermore, HPLC analysis
was applied to analyze to intracellular polyol and trehalose content. The obtained data
indicate a high importance of the unfolded protein response (UPR) for osmotic stress
tolerance inP. pastorisand consequently differences in the response to increased osmolarity

of a control strain and a recombinant protein secreting strain.

Results

General characteristics of cultures at different osmotic conditions Chemostat
cultivations ofP. pastoriswere performed at three different osmotic conditions, which were
achieved by different concentrations of KCI in the growth medium. This resulted in
supernatant osmolarities of approximately 140, 850 and 1350mOsmphkich will be
named low, medium and high osmolarity thereafter. Samples were taken at steady-state,
which means fully adapted cells were analyzed. The characteristics of chemostat cultures did
not dramatically change upon cultivation at different osmotic conditions (Table 1). Biomass
yield decreased with increasing osmolarity in the control strain and Fab 3H6 producing strain.
However, the decrease in biomass yield was only statistically significan®(@5) between
cultivations at low and high osmolarity in both strains. The amount of total secreted protein
did not change upon higher osmotic pressure, whereas the protein amount in the culture

supernatant was higher in the Fab 3H6 production strain. Osmolarity of the growth medium
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137 did not influence specific productivity €f of the Fab 3H6. Generally, increased osmotic
138 pressure poses a severe stress condition to cells [2]. Although the osmolarity was increased
139 approximately 6—fold and ten—fold in the current study, no decrease of cell viability was
140 observed. More than 97% of the cells in chemostat culture represented viable cells throughout
141 all cultivations (Table 1). According to flow cytometry data, increased osmolarity resulted in
142 a decrease of the mean cell size as indicated by a decrease of the mean forward scatter (Table
143 1).

144 Production of compatible solutes and trehalose iR. pastoris upon growth at different

145 osmolarities In yeasts, glycerol is a very common solute but other polyols such as arabitol,
146  mannitol and erythritol are also produced in some yeast species [10]. To analyze Whether
147 pastorisproduces any of these substances, cell extracts were analyzed by HPLC.

148 It turned out that very low levels of mannitol and nearly no detectable amounts of erythritol
149 were present if?. pastoriscells (Additional file 1). Intracellular glycerol levels were higher

150 than mannitol and erythritol levels and a slight significant increase in the control strain from
151 low to high and medium to high osmolarity occurred<(.05), whereas no significant

152 changes of glycerol content were observed in the Fab 3H6 expressing strain (Fig. 1A).
153 Surprisingly, arabitol was the most abundant compound of the analyzed poliolsastoris

154 cells (five fold higher basal level then glycerol) and showed statistically significant increased
155 levels (p< 0.05) when shifting growth conditions towards high osmolarity (Fig.1B). A 3-fold
156 increase of intracellular arabitol levels was observed when comparing low and medium
157 osmolarity conditions and a 4-fold increase when comparing cells grown at low and high
158 osmolarity.

159 Furthermore, intracellular levels of trehalose were analyzed as trehalose is thought to be
160 involved in relieving or impeding protein folding stress [27], which may also occur during
161 salt stress [9]. Intracellular trehalose levels were in the same range as glycerol levels but
162 showed a significant trend @ 0.05) towards decreased concentrations at medium and high
163 osmolarity growth conditions in the control strain but slightly missed the threshold p—value in
164 the 3H6 Fab expressing strain (Fig.1C and Additional file 1)

165 The effect of osmolarity on theP. pastoris intracellular proteome As 2D-DIGE has

166 already been successfully applied to monitor changes in the P. pgstdgsme upon growth

167 at different temperatures [26], this method was also applied to track changes upon growth at
168 elevated osmolarity. In the control strainRafpastorisapproximately 300 proteins passed the

169 criteria (see experimental procedures section for details), whereas about 150 proteins passed
170 these criteria in the recombinant protein producing strain. Most of the protein spots
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represented low abundant proteins with too small quantities of proteins on the 2D gels to be
confidently identified, resulting in 37 successfully identified proteins (Table 2). Figure 2
shows a representative gel image with the identified protein spots (a list of all identified
protein spots with corresponding peptides, obtained from MS/MS analysis, is available in
Additional file 2). As already reported in previous studies [26, 28], additionally to most likely
full length proteins, protein fragments were identified according to the spot position on the gel
(e.g Spot 4-Acol, Spot 20 and 21-Inol and Spot 30-Ssbl; Table 2). Furthermore, protein
levels showed the biggest changes when low and medium and low and high osmolarity
cultivations were compared, whereas only minor changes occurred when comparing medium
and high osmolarity setpoints (see Additional file 3 for a complete table of relative protein
levels).

As can be seen in Figure 3, the major impact of osmolarity oR.thastorisproteome was
on proteins involved in energy metabolism and protein folding. Whereas protein levels of a
major spot of aconitate hydratase (Acolp) were increased at medium and high osmolarity in
the control strain, they were not significantly affected by osmolarity in the Fab 3H6 producing
strain. In contrast, in the Fab 3H6 expressing strain three minor isoforms or degradation
products were significantly down-regulated at higher osmolarity, but showed no altered
abundance in the control strain. Furthermore, citrate synthase (Citlp) protein levels were
decreased at high salt concentrations in the control strain but showed no significant change in
the Fab producing strain. Formate dehydrogenase (Fdhlp), glycerol kinase (Gutlp), and
isocitrate lyase (Icl1p) showed similar trends towards lower protein levels during medium and
high osmolarity cultivations in both strains, whereas pyruvate kinase (Cdcl19p) and
phosphoglycerate kinase (Pgklp) were generally up-regulated at higher osmolarity (it should
be noted that Pgklp levels returned to levels similar to low osmolarity cultivation in the
production strain). Phosphoglucose isomerase (Pgilp) showed lower levels at medium
osmolarity in the production strain and a protein identified as Atp3p (a subunit of the
mitochondrial FOF1 ATPase) was massively down-regulated at medium and high salt
concentrations in the control strain. Furthermore, alcohol oxidase (Aox1p), a key enzyme in
methanol utilization, was down-regulated at medium and high osmolarity in the control strain
but did not show a significant change in the Fab 3H6 expressing strain. It should be pointed
out thatAOX1 transcription is thought to be repressed during growth on glucose and that the
current study was performed with glucose as carbon source to constitutively express the
heterologous protein under the control of the GAP-promoter. However, it was shown
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previously that basal levels of Aox1p were actually present during glucose limited growth of
P. pastoris[26].

Similar discrepancies between the control and the recombinant protein expressing strain
were observed for proteins involved in protein folding and secretion and folding stress
response. Whereas the major ER chaperone and unfolded protein response (UPR) sensor
Kar2p/BiP and the protein disulfide isomerase Pdilp were up-regulated at medium and high
osmolarity in the control strain, no changes of these two proteins were observed in the Fab
producing strain. More prominently increased levels of cytosolic and mitochondrial
chaperones Ssclp, Sselp, Ssz1lp and Hsp60p were observed at medium and high osmolarity
in the control strain than in the Fab 3H6 producing strain. The stress induced chaperone Ssa4p
showed increased levels at medium salt concentrations in both strains but returns to below
basal levels at high salt conditions in the Fab producing strain. Inolp, a protein involved in
synthesis of inositol phosphates and inositol-containing phospholipids and which is linked to
the UPR [29], was also up-regulated at high salt concentrations in both strains analyzed.

Other protein spots that changed their abundance upon cultivation at increased salt
concentrations were Agx1lp and Gdhlp (both involved in amino acid synthesis). Both of them
showed higher protein levels during growth at high osmolarity.

Figure 3 summarizes the osmolarity-induced effects observed on the proteome Rvel of
pastoris

The effect of osmolarity on the P. pastorigransciptome To analyze the effect of different
osmolarities on th®. pastoristranscriptomeP. pastorisspecific microarrays were applied
(Agilent platform). To support microarray analysis, real-time PCR was performed. Real-time
PCR data proved to be consistent with microarray results (Additional file 4). In the P. pastoris
control strain 521, 1024, and 6 open reading frames (ORFs) changed significantly when low
osmolarity was compared to medium and high osmolarity and when medium osmolarity was
compared to high osmolarity, whereas only 124, 177, and 43 ORFs were significantly
regulated in the Fab 3H6 expressing strain. Although the number of regulated genes was
lower in the heterologous protein producing strain, there was a high degree of overlap
between the control and the Fab expressing strain among the significantly regulated ORFs
(Table 3). Low p-values can result from a high technical variation within the replicates or
reflect the biological truth within the samples. To determine if the lower amount of
significantly regulated genes in the expressing strain is a technical artefact, the correlation,
standard deviation and the coefficient of variation for the replicates of the control and

expressing strain were compared. Correlation of intensity values was generally high between
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all microarrays of one group (control/expressing red channel/green channel (see Additional
file 5) with r2 values between 0.95 and 0.97. The values for standard deviation and coefficient
of variation (CV) indicated that the variance in replicates of the expressing strain was slightly

but consistently higher than for the control strain (on average CV 0.18 for the control and CV

0.28 for the expressing strain, Additional file 5). Based on these results additional microarray

experiments were performed to exclude any bias in the data. These additional data did not
change the result or number of regulated genes, suggesting a true biological difference. To
eliminate the possibility that the samples of the expressing strain vary more than the ones of
the control strain, hierarchical cluster analysis (HCA) and gene set analysis (GSA) were

performed on the fold change data and indicated that regulation was indeed different in the
two strains analyzed (Additional file 5).

Because most of the genes that were regulated when comparing low to medium osmolarity
were also regulated when comparing low to high osmolarity, the following data presentation
and discussion will focus on the effects that were observed when low and high osmotic
conditions were compared.

To get an overview of the general adaptations during steady-state cultivation, Fisher’s exact
test was performed to identify cellular processes, which were affected by different
osmolarities on the transcript level. A total of 23 GO categories were either affected in both or
at least in one of the analyzed strains (Additional file 5). Concordant with the mere number of
regulated genes, there appeared more significantly affected cellular processes in the control
strain than in the heterologous protein expressing strain. Only 3 GO categories occurred to be
affected in both strains, namely GO:0006811 (ion transport), GO:0007047 (cell wall
organization) and G0O:0019725 (cellular homeostasis). Additionally, in the control strain the
GO terms GO:0005975 (carbohydrate metabolism), GO:0006350 (transcription),
GO0:0006412 (translation) and GO:0042254 (ribosome biogenesis and assembly) were
affected by increased extracellular osmolarity.

Figure 4 summarizes the important changes at the mRNA level péstoris, grown in
carbon-limited chemostat cultures when comparing high to low osmolarity, whereas
microarray data for the discussed genes can be found in Additional file 6.

Regarding ion transport, uptake and metabolism, high osmolarity resulted in increased
expression of the iron transportéf$§R1,SIT1 and the vacuolar iron reduct&3$E6 in both
strains. Calcium ion homeostasis and calcium dependent signal transduction were obviously
affected by high osmolarity in the control strain as th& @ansporter PMC1 and Calcineurin

A (CNA1) were down—regulated at high osmolarity.
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A major effect was apparent for genes involved in cell wall organization and its biogenesis.
Whereas 21% of the genes belonging to this GO group were down-regulated at high
osmolarity in the control strain, a similar effect, albeit with fewer significant genes, was
observed in the 3H6 Fab secreting strain (Fig. 4A and 4B). Additionally, a putative
extracellular or cell wall associated protein with homology to the S. cerevisiae PRY1 gene was
up-regulated in both strains at high osmolarity. Increased levels of a gene with homd@ogy to
cerevisiae PRY1 upon increased salinity have also been reported for the halotolerant yeast
Hortaea werneckiipreviously [30]. However, no changes in the protein pattern, indicating
higher protein levels, were observed by SDS-PAGE of the culture supernatant (data not
shown).

A signaling cascade for sensing and adaptation to osmotic sti®@ssarevisiadas already
been established based on the available data [2, 31] and genes with homology to the
corresponding genes . cerevisiaavere also identified irP. pastoris. None of the genes
involved in osmotic stress sensing upstream of the mitogen activated protein kinase (MAPK)
Hogl showed significant regulation in the Fab 3H6 expressing strain, wigii&as, SSK1
andPTP3 were up—regulated a®IE50 was down-regulated at increased osmolarity in the
control strain (Fig. 4A).

Several genes involved in energy metabolism and storage carbohydrate metabolism were
affected by increased osmolarity. FBA1, a key enzyme in glycolysis and gluconeogenesis, was
up—regulated in the heterologous protein expressing strain. The acetyl-coA synitegise
was up-regulated in the control strain. Transcript levels of several genes involved in the
tricarboxylic acid (TCA) cycle and the glyoxylate cycle, nam&GO1,FUM1, MDH1, SFC1
and ICL1 were reduced and subunits of the ATP synth#seEPb and ATP18) were up-
regulated during growth at high osmolarity in tRe pastoriscontrol strain. In the Fab
producing strainTKL1, involved in the pentose phosphate (PP) pathway was significantly up-
regulated. Glycogen synthesis was also affected by high osmolariBL@4, GSY2 and
GLC3 showed decreased transcript levels during growth at high osmolarity. Decreased levels
of DGA1,GUT1 andGTP2 indicated changes in glycerol and lipid metabolism. Additionally,

a homologue to thé&. cerevisiaeputative passive glycerol channéFL054C was down-
regulated and the active glycerol impor®&fL1 was up-regulated during growth at high
osmotic conditions in the control strain. Furthermore, significant down-regulation &f. the
pastorisalcohol oxidasé&OX1was observed in the control strain at high osmolarity, whereas
no significant regulation was observed in the Fab 3H6 expressing strain. These data are
concordant with data on the proteome level (Table 2).

page 9 of 32



306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339

In the control strain approximately 7% of the genes involved in ribosome biogenesis and
assembly were up-regulated during steady state cultivation at high osmolarity.

Salt tolerance ofPichia pastoris As no data on the salt toleranceRofpastoriscompared
to S. cerevisiaavere found in literature, a simple growth test on YPD agar plates, containing
different amounts of NaCl or KCI, was performed. This growth test indicated higher tolerance
to growth on NaCl and a less pronounced higher tolerance to growth on KClpaftoris

compared to S. cerevisi@€igure 5).

Discussion

Production of Compatible SolutesTo counterbalance the osmotic pressure by high or low
salt or solute concentrations in the growth medium, microorganisms produce various
compatible solutes. I8. cerevisiaend many other organisms glycerol is the main osmolyte
accumulated during osmotic stress. However, we found that intracellular glycerol levels were
rather low inP. pastoris On the other hand, arabitol was more abundant than glycerol, even
at low osmolarity, and it was accumulatedAnpastorisduring growth at elevated osmotic
pressure (Fig 1A and 1B). Glycerol productionSn cerevisiaedepends on the increased
expression of glycerol-3-phosphate dehydroger@BB1 and glycerol-3-phosphatas&PP2
[7, 25]. Nevertheless, we could not find neither of the two genes involved in glycerol
metabolismGPD1 andGPP2, to be up-regulated on the transcript level and did not identify
protein spots with altered expression which would match these two gerespmstoris
Furthermore, it was shown Debaryomyces hanseniiat NaCl stress lead to increased levels
of proteins involved in the upper part of glycolysis and down—regulation of proteins involved
in the TCA—cycle [24]. It was concluded that these changes may favour the accumulation of
dihydroxyacetonephosphate and consequently the production of glycerol [32]. No changes
related to the upper part of glycolysis were observed in the current study, although it is clear
that the need for compatible solutes leads to a redirection of a part of the carbon source to
alleviate the stress induced by increased osmolarity. This would make sense as arabitol
obviously plays a more important role as compatible solute than glycef®! pastoris
However, the regulation of genes involved in glycerol uptake and efflux, such as the up-
regulation ofSTL1and the down-regulation &fFLO54Cmay be beneficial foP. pastorisas
well. The loss of minor osmolytes may result in detrimental effects on cellular integrity at
high KCI concentrations. No significant regulation was observed for other putative glycerol

transporters oP. pastorisrecently described by Mattanovich and co-workers [18]. Arabitol
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synthesis is linked to the pentose phosphate (PP) pathway. However, no changes possibly
linked to the PP pathway and arabitol synthesis were observed on the transcript or the
proteome level. The regulation of arabitol synthesis might be mainly achieved on a post—
transcriptional level by increased translation or by protein modification and changes of
enzyme activity. Nevertheless, concordant with other studies, arabitol obviously has particular
importance in the metabolism &f. pastorisas it is also secreted into the supernatant at
certain growth conditions, such as low oxygenation [33].

Trehalose has been previously shown to play an important role in heat shock induced
refolding of proteins in baker’s yeast [34] aimdvitro [27]. Furthermore, trehalose may also
be involved in the response to temperature induced stré&sspastorisas intracellular levels
increased at elevated temperature (own unpublished data). However, as trehalose levels were
lower during growth at high osmolarity and no changes of the stress induced cytosolic
trehalaseNTH1 [35] were observed on the protein or mRNA level, trehalose may not be
directly involved in the protection of proteins against osmotic induced protein denaturation or
damage. It is more likely that, similar & cerevisiagtrehalose degradation may play a role
during growth at elevated osmolarity [36], or that trehalose levels may be simply lower due to
a redirection of carbon source to the production of arabitol rather then to the production of
trehalose.

Effect on Energy MetabolismThe differential response of Acolp and the differences of
transcript levels of genes involved the TCA cycle to different osmotic conditions between the
control and the Fab 3H6 expressing strain lead to the conclusion that recombinant protein
production influenced the osmo-dependent adaptation of the energy metabolism. Previous
data already indicated a metabolic burden and influence of recombinant protein production on
energy metabolism irP. pastoris [26, 37]. Furthermore, the key enzyme of methanol
utilization, AOX1, was differently regulated in the two strains and indicated significant
differences in the regulation of energy metabolism. Protein and transcript levels of the alcohol
oxidase AOX1) were significantly negatively affected by growth at high osmolarity in the
control strain but not in the Fab 3H6 secreting strRinpastorisAox1 seems to be tightly
regulated upon exposure to various stresses and might represent an ideal candidate as a
marker gene/protein to monitor diverse stresseB.ipastoris Apart from these additional
data supporting the idea of a metabolic burden during recombinant protein produd®on in
pastoris, no clear interpretation about the changes of energy metabolism upon growth at
different osmolarities in chemostat cultures emerged. Further investigations using a different
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approach to the one used in the current study will be necessary to elucidate the effect of
osmolarity on the energy metabolism of P. pastoris

Signaling pathways and the importance of the UPRAnother major effect, connected to
protein metabolism, was the massive increase of chaperones and UPR related proteins at high
osmolarity. The UPR, including heat shock proteins and cellular chaperones, plays an
essential role in the response to various stresses [38, 39]. Apart from its role in the ESR of
unicellular organisms, the UPR is also of great importance in human disease as highlighted by
its involvement in the development of several human maladies such as diabetes,
neurodegenerative disorders and cancer [40, 41]. In the current study an induction of Hsp60
and Hsp70 chaperones (Ssclp, Sselp and Ssz1p) was observed on the proteome level but nor
on the transcript level; indicating once more substantial regulatory mechanisms beyond the
level of transcription. The observation of increased levels of molecular chaperones during
growth at high osmolarity is concordant with previous result&$mergillus nidulan$l] and
similar to results obtained fdd. hansenii[24] and S. cerevisiad25]. Furthermore, high
osmotic pressure resulted in increased levels of Pdilp and Kar2p, indicating activation of the
UPR. Unlike S. cerevisiag UPR induction has been reported to be a main event upon
exposure to salt stress in the halotolerant yRasidotorula mucilaginosgf]. Generally, the
induction of the UPR may not only be a result of high concentrations of ionic solutes such as
salts but UPR is also triggered by high osmotic pressure induced by other substances such as
sugar compounds. It has been reported for mammalian cells that low as well as high hexose
concentrations can also lead to UPR induction [42, 43]. The fact that UPR was strongly
induced upon growth at high osmolarity indicated that, similar to halotolerant yeast species
like R. mucilaginosaP. pastorismight use different mechanisms for gaining osmotic stress
resistance than S. cerevisi&ecording to the performed drop tests P. pastshiswed indeed
higher resistance to increased salt concentrations in the growth mediurS.tbarevisiae
(Figure 5).

The obtained data indicated that other stress response mechanisms, such as response tc
oxidative stress, were also affected by high osmolarity. The interrelation of salt and oxidative
stress is already established in plants [44] and the interrelation and cross—talk of the HOG
pathway and other pathways such as protein kinase C (PKC) and calcineurin dependent
signaling are also established in yeasts [2, 45, 46]. Changes in cell wall integrity signaling,
which were evident by altered expression levels of cell wall components, may be directly
related to the changes of tB&A1landPMC1 transcripts, as some of these cell wall synthesis
related genes are dependent on calcineurin signaling [46]. Although this effect was very
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evident on the transcript level we were not able to monitor it on the proteome level. This may
be simply due to the preparation of protein samples and the resulting absence of cell wall and
membrane proteins, which are rather difficult to extract by standard protein preparation
methods.

It is most interesting that induction of the UPR on the proteome level and induction of
ribosome biogenesis and translation on the transcript level were apparent in the control strain
but not in the heterologous protein producing strain. As indicated by proteome and microarray
data, including HCA and GSA (Additional file 5), the Fab 3H6 expressing straid. of
pastorisshowed a different response to altered osmolarity than the control strain. Concerning
ribosome biogenesis and translation it has been reported for other yeasts,Hhamwestyeckii
andD. hansenij that genes involved in protein synthesis were up—regulated during osmotic
stress [30, 47]. Furthermore, studies on brewing strair$s okrevisiaalso concluded that
the faster adaption to higher salt concentration compared to a laboratory strain was achieved
by higher expression levels of genes involved in protein synthesis [48]. Similar to other
environmental factors, such as temperature [49], translation might become a rate-limiting
factor during growth at high osmolarities because of stress caused by decreased intracellular
water availability. Generally, it is well established that UPR is induced by the expression of
heterologous proteins [50, 51]. Furthermore, it was shown by a previous microarray study that
over—expression of the UPR key transcription fa¢i&C1 [52] in P. pastorisresulted in
increased expression of genes involved in mRNA translation and to a massive increase of
genes involved in ribosome biogenesis and assembly [53]. The up-regulation of ribosome
biogenesis, translation and additional most likely co-regulated processes at high osmolarity
was obviously not necessary in a heterologous protein producing strain as these changes have
already been triggered by the recombinant protein induced UPR response.

Conclusion

Although the central ESR pathways are well conserved among fungi, the up- and
downstream elements can be significantly different among species to satisfy niche—specific
requirements [54]. Most notably, the presented data demonstrate a very high similarity and/or
cross-talk of recombinant protein induced stress and the response to elevated osmolarity via
the involvement of the UPR iR. pastoris The recombinant Fab 3H6 secretidgpastoris
strain was less prone to osmotic induced stress. Distinct differences, especially in central

carbon metabolism and UPR existed between the control and the 3H6 Fab producing strain.
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Although in the current study elevated osmolarity did not result in increased productivity for
recombinant Fab 3H6, the obtained data might be useful to explain the results of other
research groups. It has been reported previously that osmotic stress applied prior to induction
of protein secretion resulted in higher levels of scFv antibody. ipastoris[13]. Because
osmotic stress obviously induces UPRHN pastorisit seems plausible that cells may be
prepared for recombinant protein production because unfolded protein stress may be relieved
or the folding competence of the host cells may be increased compared to non pre—
conditioned cells.

According to the current data post-translational control mechanisms play an essential role in
P. pastoris especially during chemostat cultivation. Other proteomic methods such as the
analysis of the phosphoproteome [55] might be very useful to gain detailed insights into these
yet unestablished mechanisms. However, the current data represent a first step towards a
systems wide approach to assess the response to environmental stresses, as well as their

interrelation with recombinant protein production, in P. pastoris

Methods

Materials All chemicals for yeast cultivations were molecular biology grade and were
purchased from Roth, Germany. All chemical reagents for two-dimensional gel
electrophoresis were high purity grade and were purchased from Sigma, unless stated
otherwise.

Yeast StrainsTwo strains, which have been described recently [26], have been used in this
study. For secreting the Fab 3H6, both the light and the heavy chain of the Fab fragment were
expressed under the control of the constitutive GAP-promoter using the p@ARLOr.
Secretion was mediated by tBe cerevisia@—mating factor secretion signal. For the non-
expressing control strail®,. pastorisX-33 was transformed with an empty pGARZuector
as described by Gasser and co—workers [56]

Chemostat cultivation For chemostat cultivations a 3.5 L bench-top bioreactor (MBR,
Switzerland) was used at a working volume of 1.5 L. A 1000 mL shake flask containing 150
mL YPG medium (2% (w/v) peptone, 1% (w/v) yeast extract, 1% (w/v) glycerol) was
inoculated with 1 mL cryostock of the respectivepastorisclones. The cultures were grown
for approximately 24 h at 28°C and shaking at 170 rpm, before they were used to inoculate
the bioreactor to an optical density (6F) of 1.0. After a batch phase of approximately 24

hours the continuous culture was started at a dilution rate of D ='qgrdwth medium flow
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rate of 150 g H). pH was controlled at 5.0 with 25% ammonium hydroxide (w®as flow

rate was kept constant at 1.5vvm (volume gas per volume medium and minute) and dissolved
oxygen was kept at 20% by controlling the stirrer speed. Three chemostat media, with
different osmolarities, were used.

Batch medium contained per liter: 39.9 g glycerol, 1.8 g citric acid, 12.6 @){NIPO;,

0.022 g CaGl- 2H,0, 0.9 g KCI, 0.5 g MgS® 7H,0, 2 mL Biotin (0.2 g [), 4.6 mL trace

salts stock solution. The pH was set to 5.0 with 25% (w/w) HCI. Osmolarity of the growth
medium was controlled by KCI concentration. Chemostat medium contained per liter: 50 g
glucose 1H,0, 0.9 g citric acid, 4.35 g (NjRHPQ, 0.01 g CaGl- 2H,;0, 1.7 (low) or 29.9
(medium) or 48.5 (high) g KCI, 0.65 gMg$®@H,0, 1mL Biotin (0.2 g [), and 1.6 mL trace

salts stock solution. The pH was set to 5.0 with 25% (w/w) HCI. Trace salts stock solution
contained per liter: 6.0 g Cug®5H,0, 0.08 g Nal, 3.0 g MnSO H,0, 0.2 g NaMoO, -

2H,0, 0.02 g HBO3, 0.5 g CoCl, 20.0 g ZnCJ, 5.0 g FeSQ- 7H,O, and 5.0 mL K5O, (95—

98% wiw).

Three chemostat cultivations were performed, where the cultivation regime was different
for each cultivation to avoid adaptive evolution effects and sample bias due to long term
cultivation [57]. Samples were taken at steady state after 8 residence times after a switch of
culture medium. Biomass was determined by drying duplicates of 10mL chemostat culture to
constant weight at 105°C in pre-weight beakers. Samples for 2D-DIGE and DNA microarray
analysis were taken from the chemostat and immediately frozen at -80°C until use, whereat
the samples for transcript analysis were fixed with 5% (v/v) phenol / ethanol prior to freezing.
Osmolarity determinations of culture supernatants were performed on a Semi-
Microosmometer (Knaur). Viability of cells was determined immediately after samples were
taken from the chemostat on a FACSCalibur flow cytometer (BD Biosciences) and a cell
viability kit (BD Biosciences) as described previously [58]

Analysis of intracellular Polyols and TrehaloseTo quantify intracellular levels of
glycerol, arabitol, mannitol, erythritol and trehalose, heat extraction was performed as
described by Philips and co-workers [5@ell pellets were resuspended in 0.5M TrisCl pH
7.5, heated to 95°C for 10min and centrifuged for 10min to remove cell debris. Supernatants
were kept for analysis via HPLC. Isocratic conditions, using 4ny8Q4 as solvent and a
flow rate of 0.6mL mift on a Aminex HPX-87H column (Biorad) at 40°C and a Biologic
DuoFlow (Biorad) combined with a Smartline RI Detector 2300 (Knauer) were applied to
separate and analyze substances (Additional file 1). Concentrations were determined by

external standard solutions. Solute concentrations were correlated with biomass.
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2D Fluorescence Difference in Gel Electrophoresis (2D-DIGE) and protein
identification 2D-DIGE and protein identification were essentially performed as described
previously [26]. After adequate sample preparation, cleaning, quantification and Cy-dye
labeling, proteins were separated on IPG DryStrips pH 3-11NL (GE Healthcare) on a
IPGPhor for a total of 65kVh. "2 dimension separation was performed by SDS
polyacrylamide gel electrophoresis on 12% polyacrylamide gels. Fluorescence gel images
were taken at a resolution of 200pum on a Typhoon 9400 Fluorescence scanner. The DeCyder
Software package v.5 (GE Healthcare) was used to analyze the obtained gel images.
Significantly regulated protein spots (fold- chargé.5, 1-way ANOVA< 0.05 in at least
one comparison of cultivation conditions and present on at least 80% of the spot maps) were
picked from Coomassie stained gels and after a tryptic digest subjected to reversed phase
capillary chromatography (BioBasic C185100 x 0.18 mm, Thermo) and ESI-MS/MS on a
quadrupole time-of-flight (Q-TOF) Ultima Global (Waters Micromass) mass spectrometer.
Mass spectra were analyzed either by using the Protein Lynx Global Server 2.1 software

(Waters) or X!Tandemhttp://www.thegpm.org/tandein/Only proteins identified by at least

2 peptides were considered to represent confident hits, except for Pdil, which was verified via
Western blotting [26].

DNA microarray analysis DNA microarray analysis was performed usiRg pastoris
specific microarrays (Agilent) as described by Graf and co-workers [53]. RNA was extracted
from Ethanol/Phenol fixed cell samples. Reverse Transcription and synthesis of Cy3/5 labeled
cRNA was done using the Low RNA Input Two-Color Amplification Kit (Agilent). cRNAs
were purified via RNeasy Mini spin colums (Qiagen). Quality of total RNA and labeled
cRNA was confirmed on an Agilent Bioanalyzer 2100 and the RNA Nano 6000 Assay Kit
(Agilent). RNA concentrations were determined on a ND-1000 (Nanodrop). After
hybridization at 65°C for 17h, slides were scanned on an Agilent MicroArray scanner and raw
data were extracted using Feature Extraction v.9.1 (Agilent). Normalization steps and
statistical analysis of microarray data, including Hierarchical cluster analysis, Fisher’'s exact
test and Gene Set Analysis (GSA), were done using the R software packager-(
project.orq. For identifying differentially expressed genes, the False Discovery Rate was
controlled strongly less than 5% € 0.05) using a Benjamini-Yekutieli correction for
multiple testing. For Fisher's exact test and GSA, 63 gene ontology terms were considered.

This list of terms was compiled based on the GOslim annotation oSdlceharomyces

genome databasenvw.yeastgenome.ojgwhere some of the larger categories were resolved

at a finer gene ontology level. A threshold af .05 was chosen to be appropriate to identify
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significantly regulated GO categories. Microarray data are available in the ArrayExpress

databasewww.ebi.ac.uk/arrayexpress

Real-Time PCRTo support microarray data, Real-time PCR was performed. Total RNA
was reverse-transcribed using a Superscript 11l cDNA synthesis kit (Invitrogen). Quantity of
cDNA was determined on a ND-1000 (Nanodrop). Real time PCR was performed using the
SensiMix Plus PCR premix (GenXpress) on a Rotorgene 6000 (Corbett Life Sciences). The
following target genes were selected for Real-time PCR analfsigil, AOX1, DGAL,
GLG1,SIT1,PDI1, 3H6 Fab HCand3H6 Fab LC(Additional file 4). Data were analyzed via
the Rotorgene Software package and Microsoft EXAEIT1 was chosen as reference to
determine relative mRNA levels of the other genes.

Growth tests on different salt concentrationsP. pastorisX-33 andS. cerevisiadHA232

(http://www.biotec.boku.ac.at/acbr.hinwere grown in YPD medium (2% (w/v) peptone, 1%

(w/v) yeast extract, 2% (w/v) glucose) at 28°C on a shaker at 170rpm over night. Cultures
were diluted to an OD of 0.1 in sterile PBS and 1:10 serially diluted in sterile PBS. 3uL were
spotted onto YPD agar plates (2% (w/v) peptone, 1% (w/v) yeast extract, 1% (w/v) agar, 2%
(w/v) glucose) containing 0, 0.6, 1.2, 1.4 and 1.6M NaCl or KCI. Plates were incubated at
28°C for 4 to 6 days.

3H6 Fab quantification To analyze the 3H6 Fab produced during chemostat cultivation, a

sandwich ELISA was performed as described in previous studies [56].
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Figure 1 - Intracellular glycerol (A), arabitol (B) and trehalose (C) levels during carbon
limited steady state cultivation of P. pastoris at different osmolarities (low, medium and

high).

Fab 3H6 — recombinant protein secreting strain. VC — vector control strain. Error bars

represent the standard error of the mean.
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767 Figure 2 - Representative gel image of the 2D-DIGE experiment.
768 Identified spots are marked with an arrow and a number corresponding to Table 2.
769

Mw 3 p/ 1
[kDa 2352 & . .

70

25

15

770
771

page 24 of 32



772
773
774
775
776
e
778

779

Figure 3 - Schematic representation of differences on the proteome level between low

and high osmolarity cultivation of P. pastorisin carbon limited chemostats.

Left arrow represents changes in control straiR.gdastoris and the right arrow represents

changes in the Fab 3H6 secreting strain. Red upward arrow — up-regulation at high

osmolartiy; Blue downward arrow — down-regulation at high osmolarity; black bar - no

regulation.
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780 Figure 4 - Schematic presentation of changes at the transcript level of carbon limited

781 grown P. pastoris X-33 when high and low osmolarity growth were compared.

782 Control strain (A). 3H6 Fab expressing strain (B). Blue downward arrows indicate down-

783 regulation of genes at high osmolarity. Red upward arrows indicate up-regulated genes at high
784 osmolarity. No arrow indicates no significant regulation of the genes or gene groups.
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786 Figure 5 - Growth of S. cerevisiaeHA232 (A) and P. pastorisX-33 (B) on YPD agar with

787 different concentrations of NaCl or KCI.

788 YPD agar plates and plates containing 0.6M NaCl or KCI were incubated at 28°C for 4 days,
789 whereas all other plates were incubated at 28°C for 6 days.
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792 Table 1 - Characteristics of P. pastorisX-33 grown in carbon limited chemostat cultures

793 at different osmolarities.

794
clone ?nfgg'lfg‘&’] YDM[gLY ~ Tot Pro‘gﬁ”gSL”.E’]ematam viability [%6] fgé‘g’t";‘é‘r’ qP FabYDM*h'*

Fab 1352+-33  27.8+-02 047 +-004 97.2+-0.4 355 +- 60 0.039 +/- 0.004
Fab 8573+-85  268+-04  0.44+-0.05 97.94/-0.6 225 +- 30 0.042 +/- 0.002
Fab 1352 +-101  24.9+-03  0.45 +/-0.05 97.84/-05 206 +- 12 0.047 +/- 0.006
Ve 149+/-11,4  27.7+-03  0.38+-0.01 97.5+-0.3 443 +-95
Ve 865.7+-32  27.3+-0.2  0.36+-0.02 98.8+-0.2 258 +-15
Ve 13513 +-20 26.0+-0.3  0.38 +/-0.00 98.14/-0.2 297 +-4

795

796 Fab represents the recombinant protein producing strain. VC represents the control strain. +/-

797 represents the standard error of the mean. - not applicable.
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799
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802

803
804
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Table 2 - Proteins that were affected by growth at different osmolarities in carbon

limited chemostat cultures of P. pastorisx-33.

Fab low / high C low / high
Spot . L Av Av
ng Protein description MW / pl ratio 1-ANOVA ratio 1-ANOVA
1 Acol aconitase 84.5/5.93 1.01 7.60E-04 -2.25 3.70E-04
2 Acol aconitase 84.5/5.93 1.54 4.40E-05 -1.13 5.80E-02
3 Acol aconitase 84.5/5.93 1.49 5.10E-04 -1.23 8.40E-02
4 Acol aconitase 84.5/5.93 1.51 2.30E-04 1.10 2.10E-01
5 Agxl alanine:glyoxylate aminotransferase 31.0/6.36 -1.43 8.80E-03 -1.79 1.00E-04
6 Aox1 alcohol oxidase 73.8/6.41 -1.36 1.80E-01 2.34 1.90E-02
7 Atp3 F1FO0 ATPase subunit 31.6/7.74 1.26 4.20E-01 3.28 3.20E-06
8 Cdc19 pyruvate kinase 49.6/6.24 -1.26 9.10E-03 -1.81 3.40E-03
9 Citl citrate synthase 51.9/8.32 -1.04 1.30E-01 3.23 2.90E-04
10 Eft2 Elongation Factor 2 93.6/6.29 1.14 6.30E-02 -1.93 3.40E-04
11 Ergl10 acetyl CoA acetyltransferase 41.7/6.10 -1.20 5.30E-02 -1.83 7.00E-05
12 Faa2 long chain fatty acyl-CoA synth. 25.4/6.73 1.16 5.10E-01 -1.65 3.40E-03
13 Fdhl formate dehydrogenase 40.3/6.61 1.35 3.20E-03 1.79 1.30E-03
14 Gdhl glutamate dehydrogenase 49.3/5.67 -1.45 2.20E-04 -2.38 3.40E-02
15 Gutl glycerol kinase 68.2/5.33 1.18 1.20E-03 1.31 5.90E-03
16 Hbnl nitroreductase (similar to bacterial) 21.8/6.30 1.36 3.00E-08 1.12 2.10E-01
17 Hsp60 heat shock protein 60 60.2/5.08 -1.13 1.40E-04 -1.83 1.20E-05
18 Icl1 isocitrate lyase 61.5/6.15 1.56 1.90E-05 1.41 2.10E-03
19 Inol inositol-1-P synthase 58.4/5.26 -1.88 1.30E-04 -2.61 1.30E-05
20 Inol inositol-1-P synthase 58.4/5.26 -1.11 1.60E-04 -1.78 1.80E-05
21 Inol inositol-1-P synthase 58.4/5.26 1.41 9.00E-04 -1.06 3.60E-01
22 Kar2 BiP 74.214.79 -1.05 5.90E-01 -2.95 4.70E-05
23 Pabl poly A binding protein 68.6 /5.07 -1.03 3.70E-05 -1.77 5.00E-04
24 Pdil protein disulfide isomerase 57.8/4.63 1.08 1.00E-02 -1.66 2.10E-05
25 Pgil phosphoglucose isomerase 61.9/5.83 1.07 7.00E-04 1.12 1.00E-01
26 Pgk1l phosphoglycerate kinase 44.117.77 -1.03 2.40E-02 -1.97 3.30E-05
27 Pil1 Primary component of eisosomes 35.3/5.03 1.12 6.20E-03 1.35 2.60E-02
28 Rib3 DHBP synthase / riboflavin 22.9/5.09 -1.16 7.60E-02 -1.84 7.80E-06
29 Sor2 similar to sorbitol dehydrogenase 38.6/5.76 1.24 2.50E-03 1.34 3.50E-02
30 Ssa4 heat shock protein 70.3/5.12 1.15 1.10E-05 -1.20 4,90E-02
31 Ssbl heat shock protein 66.5/5.12 1.17 1.70E-03 -1.02 8.70E-01
32 Ssbhl heat shock protein 66.5/5.12 1.03 1.50E-05 1.58 1.20E-03
33 Sscl mitochondrial matrix ATPase 69.7/5.71 -1.20 5.40E-05 -4.7 3.80E-03
34 Ssel hsp70 family ATPase 78.7/5.11 -1.14 3.70E-04 -2.79 5.80E-05
35 Ssz1 hsp70 family ATPase 57.9/4.83 -1.21 4.30E-05 -1.81 8.00E-06
36 Tfsl carboxypeptidase Y inhibitor 24.214.92 -1.39 2.00E-02 -2.00 3.90E-04
37 YmrO90W  unknown function 25.1/6.91 -1.23 1.30E-04 -1.41 3.40E-05

Analysis was performed by 2D-DIGE and subsequent LC ESI-MS/MS identification. Protein

standard name (according to the S@w.yeastgenome.ofgprotein functional description,

theoretical molecular weight and theoretical isoelectric poift §kerage expression values

and 1-ANOVA values are shown. Significant ANOVA values are indicated in bold letters.
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Table 3 - Number of regulated annotated genes (up- and down—regulated) in the control
strain and the Fab expressing strain at different osmolarities during carbon limited
chemostat cultivation.

strain low/high up low/high down low/medium up low/medium down medium/highup  medium/high down
control 226 165 153 50 1
Fab 27 13 13 10 8
common genes 22 7 11 4 0

The number of genes that are similarly regulated in both strains are listed as common genes.
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Additional data files

Additional file 1

Name additional_file_1

Format pdf-file

File Name Determination of intracellular polyol and trehalose content in P. pastoris
upon growth at different osmolarities.

Description  contains data on methodology of HPLC measurements, retention times of

analytes and analyte concentrations with corresponding standard errors of the mean.

Additional file 2

Name additional_file_2

Format Excel spreadsheet

File Name Table of peptides of interesting proteins identified by 2D-DIGE and LC-
ESI-MS/MS.

Description  contains a list of all peptides assigned to the proteins identified by 2D-DIGE
and LC-ESI-MS/MS and described in the manuscript (table 2). Additionally, scores and

scoring schemes are indicated.

Additional file 3

Name additional_file_3

Format pdf-file

File Name Fold-change and one-way ANOVA data for all contrasts of the 2D-DIGE
experiment.

Description  contains 2D-DIGE data of all comparisons (low to medium, low to high and
medium to high) of both strains. Tables contain protein master numbers, short protein names,

protein descriptions, fold-changes and corresponding one-way ANOVA values.

Additional file 4

Name additional_file_14

Format pdf-file

File Name Real-time PCR results of P. pastoriggrown at different osmolarities

Description  contains detailed data on real-time PCR. Primers sequences, PCR conditions as

well as result diagrams are included.
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Additional file 5

Name additional_file_5

Format pdf-file

File Name Quality of microarray experiments and statistical test.

Description  contains supplemental data on microarray analysis: Signal intensity plots,
correlation of intensities, standard deviations and variations of the microarray experiment.
Additionally, results of Hierarchical Cluster Analysis (HCA), Gene Set Analysis (GSA) and

Fisher's exact test are included.

Additional file 6

Name additional_file_6

Format Excel spreadsheet

File Name Microarray results of interesting genes

Description  contains microarray experiment results of interesting genes, which are

described and discussed in the manuscript.
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Abstract

While efficient heterologous protein production has proven to be feasible in general terms, the
production of complex proteins has turned out to have a low success rate. A lot of molecular,
biochemical and biological information about different host cells has been progressively
accumulated, but the majority of such data has been gained through a variety of non-
comparable approaches, leading to a poor base for generalisation. This study therefore aimed
at a comparative analysis of five different host species with proven capacities for protein
expression.

Expression of a heterodimeric antibody Fab fragment was assessed in five microbial host
systems, namel$accharomyces cerevisjd@ichia pastoris Trichoderma reeseEscherichia

coli andPseudoalteromonas haloplanktihe comparative analysis of the specific production
and the effect of cultivation temperature and oxygenation as examples for production relevant
environmental parameters highlight fundamental differences but also common features of
these protein production platforms. Especidtly haloplanktisis a novel strong potential
candidate for the expression of antibody Fab fragments. Furthermore, we could show that
lowering the cultivation temperature had a positive effect on recombinant antibody fragment

Fab secretion in 3 out of 4 analyzed microorganisms.
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Introduction

Microbial host cells, most notablyscherichia coliand Saccharomyces cerevisjaepresent

the most commonly used model and host organisms for basic research and recombinant
protein production. Of the few protein based biopharmaceuticals on the market, the majority
are still produced in these two host organisms (10). Apart from these two work horses of
biotechnological research, many different organisms are currently used or tested for the
production of technically and therapeutically relevant proteins, including bacterial and fungal
host cells, insect and mammalian cell lines and transgenic plants. Since post-translational
modifications (PTMs) such as glycosylation (6) play a major role for product quality and
suitability for human administration, higher eukaryotic expression systems are commonly
applied. They can often produce human or human-like PTMs and generally achieve high
product titers. Furthermore, the production of large proteins is often difficult in microbial,
especially bacterial hosts (10). Nevertheless, detailed research has enabled substantial
progress in producing PTMs such as glycosylation in bacterial cells (54) and humanized
glycosylation patterns in the fungal hé3thia pastoris(18, 20, 29, 42). Large proteins such

as full length antibodies have also already been successfully produced in microbial hosts (36,
43, 49). In addition to these advances and the strong molecular biology knowledge
background of microbial hosts, there are also the benefits of simple growth requirements on
defined mineral growth media, high growth rates and consequently short fermentation and
process times. Thus there is motivation to further develop and improve microbial host
systems.

In the current study, different microbial host systems for recombinant protein production were
compared. A complex model protein, the Fab 3H6 (12, 26), was expressed and secreted either
into the periplasm or into the culture broth Sn cerevisiaePichia pastoris Trichoderma

reesej E. coli and Pseudoalteromonas haloplanktiSThese organisms represent well

4
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established platforms for heterologous protein production in academia and industry or highly
prospective new host systems, as in the casdP.ohaloplanktis (40). The general
characteristics of these organisms are summarized in Table. 1. There are large differences in
the capability to express specific proteins even among yeast species, indicating the importance
of identifying differences as well as common features also in closely related species. For each
species a commonly used vector system for recombinant protein production, containing either
an inducible or a constitutive promoter, in combination with chemostat cultivation, was
applied. Generally, secretion of the recombinant product into the periplasm or culture
supernatant results in relatively pure protein and facilitates downstream processing. On the
other hand periplasmic secretion of recombinant polypeptides in bacteria dticbodisnay

result in relatively low protein concentrations while filamentous fungi such.agesei
secrete a vast amount of host protein into the culture supernatant (33). Codon optimization for
the specific host organism may also be applied to increase the product yield (7). In the current
study non-codon optimized 3H6 Fab was used to facilitate comparison of the organisms and
because codon optimization would not have been applicable to all organisms.

It is often still unpredictable which host systems will be the most suitable for the production
of a particular protein, thus a trial and error approach is necessary to find the best suited host
cell. The results of this study confirm that there is a great variability in the production of Fab
3H6 among different host organisms. Furthermore, microorganisms encounter diverse stress
conditions during fermentation processes, which may interfere with process performance (34).
These environmental stresses and the physiological reactions they trigger, including changes
in the protein folding/secretion machinery, are highly interrelated (iéking the continued
investigation of environmental factors influencing protein expression and secretion very
important. Of all the possible stresses, temperature, oxidative stress, osmolarity and pH
appear particularly important. Therefore, the impact of temperature and oxygenation on

recombinant protein production was analysed in steady-state using chemostat cultivation. As

5



106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

microorganisms generally encounter long-term suboptimal conditions during production
processes rather than short-term perturbations, the analysis of environmental factors in steady-
state conditions was the method of choice. Furthermore growth rate related effects could be
avoided by applying chemostat cultivation (46).

The results obtained in the current study highlight common features and differences in the

response to temperature and oxygenation in different microbial species.

Materials and Methods

Strain construction

Saccharomyces cerevisiaelhe 3H6 heavy and light chain (12) coding sequences were both
integrated on a pYX integrative expression vector. For constitutive expressioB. the
cerevisiae TPItriose phosphate isomerase) promoter was used arl tezevisiae-factor

leader sequence served as secretion signal (4). A polyA sequence served as terminator. HIS3
and URA3 were used as selection markers and expression vectors were integrated into the

genome ofS. cerevisia€EN.PK strain (53).

Pichia pastoris— Heavy and light chain coding sequences were both inserted into a single
pGAPaA expression vector. Both chains were expressed under the control GfAtRe
(glyceraldehyde-3-phosphate dehydrogenase) promoter and the AOX terminator (3). The
cerevisiaeo-factor secretion signal was used to target the protein into the supernatant. The
plasmid was linearized by restriction digest and integrated into the genomic GAP promoter

locus ofP. pastorisX-33.



131 Trichoderma reeset Two expression cassettes were constructed, where the 3H6 light and
132 heavy chain fragments were located betweenctitel promoter and terminator. Théltl

133 signal sequence was fused with the antibody chain sequences. The expression cassettes were
134 subsequently cloned to a final expression plasmid where the light and heavy chain cassettes
135 were in tandem, followed by the acetamidase selection marker genechhd 3 flanking

136 region fragment. The fragment carrying these elements was transformed irfto réesei

137 strain RutC-30 (37). The Fab production strain studied in this work had the Fab fragment
138 expression cassettes and the acetamidase gene integrated ahtoltoeus.

139

140 Escherichia coli- 3H6 Fab heavy and light chain expression cassettes were present on the
141 pET27b vector, using T7 promotor and terminator sequences and the pelB secretion signal for
142  secretion into the periplasnkt. coli HMS174(DE3) was transformed with the obtained

143  plasmid.

144

145 Pseudoalteromonas haloplanktisAn artificial operon was constructed for 3H6 heavy and
146 light chain recombinant expressionfn haloplanktisstrain TAC125. The operon was cloned

147 in the psychrophilic vector pUCRP containing a strong L-malate inducible promoter (39) and
148 each gene was fused to a psychrophilic signal peptide encoding sequence for periplasmic
149 secretion. 6xHis tag was fused at the C-terminus of recombinant 3H6 heavy chain.

150

151 Secretion / Periplasmic expression of the 3H6 Fab fragment was verified by Western Blotting
152 and quantified by ELISA (see section Analytical procedures for details) in all the hosts.

153
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Growth conditions

Generally, all cultivations were performed in triplicate In experiments involving more than
one physiological condition, i.e. changes in temperature or oxygenation, the sequence in
which either temperature or oxygenation was changed when more than one conditions was
included in the same cultivation was taken into account to reduce the effects of evolutionary
adaption. Samples were taken during steady state, indicated either by constant RQ and
biomass yield or as in the caseTafreeseialso by monitoring the expression of 13 genes
(rpl16a, heng hsp7Q rpsl16h gcn4 chsl acsl bgl2, bgal, egll, vpal, antibody light chain,
antibody heavy chain, anmdhl) using TRAC analysis (45).

Detailed media recipes for all model organisms of this study can be found in Supplemental

data 1.

Saccharomyces cerevisiaeShaking flask cultivations db. cerevisiaevere performed in
mineral medium with 2% (w/v) glucose as carbon source (batch medium, Supplemental data
1). Chemostat cultivations were performed in a BIOSTAT B (B. Braun Biotech International
GmbH) bioreactor as follows: after a batch phase of approximately 24 hours (initial OD660
was 20), chemostat cultivation was performed on 2% (w/w) glucose and 0.05% ethanol (w/w)
as carbon sources under fully aerobic conditions at pH 5.0 and at a dilution rate of D'= 0.1h
and a working volume of 1.25L with an expected yeast dry mass of 10§thanol was

added to avoid culture oscillation (41). The total gas flow was kept constant for all
experiments at 1 vwm (volume gas per volume batch medium and minute) and the agitation
was set at 1000 rpm. Chemostat cultivation was performed at 3 different temperatures: 23, 26
and 30°C. For cultivation in different oxygenation conditions, chemostat medium was used,
with 2% (w/w) glucose, at a dilution rate of D = 0*No ethanol was added in the oxygen

experiment because no culture oscillations were observed without ethanol in the growth
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medium. The temperature was set at 26°C and the air concentration in the inlet gas stream
was changed in a stepwise manner by partial replacement with an equivalent volume of
nitrogen. The corresponding oxygen concentrations in the inlet air were 20.97 %, 5% and 2
%, resulting in normoxic, oxygen limited and respiro-fermentative (hypoxic) conditions,
respectively. The dissolved oxygen tension (DOT) in oxygen limited condition was about 2-

5%, in hypoxic conditions it was zero, whereas in fully aerobic conditions it was about 80%.

Pichia pastoris- Shake flask cultivations &f. pastoriswere performed in YPD medium (2%
(w/v) peptone, 1% (w/v) yeast extract, 2% (w/v) glucose). Bioreactor cultures were performed
in a 3L Bioreactor (MBR) at a working volume of 1.5L as follows. After a batch phase of
approximately 24 hours on mineral medium with glycerol as carbon source, chemostat
cultivation was performed on mineral medium with glucose as carbon source under fully
aerobic conditions (20% dissolved oxygen, DO), pH 5.0 and at a dilution rate of D't 0.1h
with an expected yeast dry mass of 254 Chemostat cultivation was performed at 20, 25
and 30°C, respectively. For cultivation in different oxygenation conditions a 2L Biostat B
bioreactor (B. Braun Biotech International GmbH) at a working volume of 1L was used. The
chemostat medium (Supplemental data 1) was used, the temperature was set to 25 °C and the
oxygen concentrations in the inlet air were: 20.97% (normoxic condition), 10.91% (oxygen
limitation) and 8.39% (hypoxic condition). The total gas flow was kept constant for all
experiments at 1.5 vwvm with a headspace overpressure of 0.2 bar, 700 rpm°@ndhZsoth

limited and hypoxic conditions the dissolved oxygen tension (DOT) was zero, whereas in

fully aerobic conditions DOT was about 45%.

Trichoderma reeset T. reeseiwas grown in Biostat CT2 bioreactors (B. Braun Biotech
International GmbH) with a working volume of 2 L, with 0.5 vwm aeration at 800 rpm and pH

4.8 £ 0.1. Cultures were inoculated with 200 mL (10% final culture volume) filamentous pre-
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cultures inoculated with 1 x $@onidia mL* and grown for approximately 72 h at 28°C in 50
mL volumes in 250 mL flasks which were shaken at 200 rpm. Nitrogen, oxygen and carbon
dioxide were monitored online with an OmniStar mass spectrometer (Pfeiffer Vacuum,
Germany). Chemostats were maintained at D = 0-b3iltivations were carried out at 28,

24 and 21.5°C.

Escherichia col Chemostat cultivations were performed in a Biostat B bioreactor (B. Braun
Biotech International GmbH) as follows. During the batch phase, the temperature was set to
33°C and the dissolved oxygen concentration was maintained above 20% saturation by
cascade automatic control of the stirrer speed between 700 and 1000 rpm and the air-flow
between 1.5 and 4 L miin pH was controlled at 7.0. After approximately 10 h of batch
growth, continuous medium flow was started at a dilution rate of D ="8.1Induction was
performed by addition of IPTG after the continuous process began. IPTG concentration was
maintained constant at 281 throughout the process. Chemostat cultivations were carried out

in glucose limited cultures at 37, 33 and°8) Fully aerobic conditions were maintained by

means of constant aeration and stirring.

Pseudoalteromonas haloplanktis Shaking flask cultivations of. haloplanktis were
performed in complex TYP medium (1.6% (w/v) bacto-tryptone, 1.6% (w/v) yeast extract,
1% (w/v) NaCl pH 7.5). Fermentation was performed in a STR 3L Bioreactor (Applikon)
connected to an ADI 1030 Bio Controller (Applikon) in SCHATZ mineral medium (39)
containing L-leucine 0.5% (w/v), L-isoleucine 0.5% (w/v) and L-valine 1% (w/v) as carbon
sources and supplemented with ampicillin @@anL* for plasmid selection and L-malate
0.4% (w/v) for promoter induction. After a batch phase of approximately 48 hours, chemostat

cultivation was performed on same medium under fully aerobic conditei®@84 DOT) at a

10
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dilution rate of D = 0.05h and a working volume of 1.0L. Chemostat cultivation was

performed at 15°C (umax=100%).

Analytical procedures

Biomass determinationFor biomass determination adequate sample volumes were washed in
demineralised water and either dried to constant weight in pre-weight beakers at 105°C until
constant weight (2) or collected on pre-weighed filter discs and dried at 110°C until constant

weight (44).

Periplasmic protein preparation for bacterial host8acterial pellets were resuspended in

1/20 of culture volume of borate buffer (¥gO, 200mM, NaCl 130mM, EDTA S5mM, pH

8) and incubated 18h at 4°C. The suspension was centrifuged at 8000rpm for 15min at 4°C

and the supernatant used for ELISA.

Product quantification by ELISA A sandwich ELISA was performed as described in

previous studies (12, 14).

Western Blot Analysiss For Western Blot analysis, samples were subjected to standard
polyacrylamide gel electrophoresis (SDS-PAGE) under non-reducing conditions to avoid
reduction of disulfide-bonds and blotted onto a nitrocellulose membrane (Biorad). After
blocking the membrane in PBS 2% (w/v) dry milk for at least 2 hours, 3H6 Fab was detected
using either anti-human I1gG (light chains) or anti-human Fab specific alkaline phosphatase

conjugate (Sigma). Blots were developed using the AP-substrate kit (Biorad).
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Results

Fab 3H6 could be successfully produced in all bacterial and fungal host cells. A band of
approximately 50 kDa in size was obtained in all host organisms and indicated full length Fab
3H6 (Supplemental data 2). Additionally, it can be seen that besides the correctly assembled
heterodimeric Fab 3H6, free unassembled light chains of approximately 25 kDa in size were
released in all host organisms, to various extents with the excepti®n lodloplanktis
Furthermore, a small fraction of degradation products was detectdblpastorisandE. coli
cultures. Moreover, during. coli chemostat cultivation, presence of the 3H6 Fab was not

only observed in the periplasmic space but also in the culture broth (Supplemental data 2).

Production at temperatures optimal for growtor comparative purposes, the standard

operating conditions for each microorganism were defined as an aerobic carbon limited
continuous culture with a temperature setpoint at whjgh ip batch culture would be 100%.
However, it should be noted that chemostat cultivations were not performed at a dilution rate
corresponding to ux but at a dilution rate that correspondst60 % ax depending on the

host organism. Cultivations were not performed @ixio allow subsequent cultivation at
different temperatures that would not support growth-atand to enable the analysis of the
impact of growth temperature on specific production in a growth rate independent manner.
Final product titers differed between different host organisms, but also specific production
varied between the expression hosts (TabldP2haloplanktisand P. pastoriswere able to
produce the 3H6 Fab very effectively and showed the highest specific production, followed
by S. cerevisiaeandE. coli. For T. reeseiproduct yields were low compared to the other 4

organisms.
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The effect of temperature on biomass yield and specific productionTemperatures below

the optimal growth value have already been reported to have a beneficial effect on
heterologous protein production, and specifically on the Fab 3H6 secrefrpastoris(3,

9, 15, 27, 48). Therefore, we investigated whether decreased temperature had an impact on
3H6 Fab production in the other host species as well. Continuous cultivations were performed
at 3 different temperatures and samples were collected after steady-state was reached. For
each host organism temperature setpoints corresponding to those at which p in a batch culture
would be 60, 80 and 100% of., Were chosen. The impact of temperature was analysed for

S. cerevisiagP. pastoris T. reeseiand E. coli, whereas no data are available fer
haloplanktis

Interestingly biomass yield during chemostat cultivation was affected by growth temperature
in some of the host organisms (Table B)reeseiandP. pastorishad a higher biomass yield

at lower growth temperature, wheréascerevisiahad a lower biomass yield at the lower
temperature. No changes were observedfaoli.

Growth temperature had an effect on specific production during chemostat cultivation in 3 out
of 4 host organisms. As can be seen in Figuie. toli showed a 2.4-fold increase whie
pastorisand T. reeseishowed a 2-fold increase in specific production when the growth
temperature was decreased to that at which p would be 80%adh (batch culture. At the
temperature at which g would be 60% @f4in batch culture, these 3 organisms showed an
even higher increase in specific production (3 foldHopastorisandE. coli and 2.5 fold for

T. reeseicompared to the optimum temperature). In contfasterevisiashowed no change

of specific production with temperature.

Additionally an interesting effect was observedEincoli. As already mentioned, durirg

coli cultivations product leakage into the culture broth occurred. 3H6 Fab was found both in
the periplasm and in the culture medium. It was observed that the amounts found in both

fractions varied with temperature and hence with the amount of Fab produced (data not
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shown). At the lowest Fab 3H6 concentration, more protein was found in the periplasm but as
the amount of Fab increased, it was mainly found in the culture broth.

As mentioned above fd?. pastorisandE. coli a small amount of apparently degraded Fab
was detectable on Western Blots. However, the amount of degraded Fab was not affected by

temperature (data not shown).

The Effect of Oxygenation on biomass yield and specific productivily has already been

reported in a previous study that decreased oxygen supply during chemostat cultiv&ion of
pastoris can lead to increased specific productivity. (A) 2.5 fold increase in specific
productivity was achieved by shifting from normoxic to hypoxic growth conditions. Based on
these data, an oxygen limited fed batch strategy was developed (2). This shift was also
accompanied by a 2-fold decrease in biomass yield and increased ethanol formation.

To check whether this is a general effect that also occurs in other yeasts, the same experiment
was performed witl5. cerevisiaeThe data obtained showed no positive effect on specific
production with decreasing oxygen availabilitySncerevisiagTable 4). As forP. pastorisa
reduction of oxygen supply resulted in a nearly 2-fold reduction of biomass yield and
increased ethanol accumulation $1 cerevisiagbut the specific Fab production did not
change in any of the three oxygenation conditions.

No data are available fdt. coli and T. reesei For E. coli no stable cultivations could be
established at decreased oxygen concentration because of excessive foaming at oxygen-
limited conditions. Hypoxic conditions could not be applied due to the fact that media such as
the one used in this study, do not support anaerobic cultivations. Standard media for aerobic
cultivation of E. coli lack the co-factors selenium, nickel and molybdenum which are
necessary for the formate hydrogen lyase complex (FLC). The FLC itself is induced under
anaerobic conditions and serves to remove formate, which is toxic to cells at high

concentrations (50).
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337 Discussion

338

339 A complex protein, the antibody fragment Fab 3H6 was produced in 5 microbial host
340 organisms with different degrees of success. The results demonstrate variation in the specific
341 production between different expression hosts and platforms (Table. Z)aloplanktis

342 showed the highest specific production, demonstrating its potential as novel high yield protein
343 expression host. Nevertheless, further optimization is required to improvaloplanktis

344 growth rate and biomass yield and also to reduce medium complexity. Without these
345 optimizations elaborate effort might be necessary to perform large scale cultivations.

346 The methylotrophic yea$l. pastoris which showed the second highest specific production,
347 has already been used for a long time as a well suited host for heterologous protein
348 production. High level production of antibody fragments have been reported using both the
349 methanol based AOX as well as the glucose based GAP system (12, 13, 57).

350 S. cerevisiashowed rather moderate product levels, which may be partially explained by the
351 pYX integrative vector systems, which generally result in lower gene copy number / mRNA
352 level, than the commonly used episomal vector systems. Further@oregrevisiaeis

353 generally known as a non high performance secretor. Additionally, the 3H6 Fab is a
354 glycosylated protein (12) and BspastorisandS. cerevisiadiffer in the extent to which they

355 glycosylate proteins (Table 1), this may also contribute to their differential secretory
356 behaviour.

357 E. coli also showed low levels of heterologous Fab, similar to the amounts produSed in
358 cerevisiaebut it is well established that large proteins with an MW of >50kDa are difficult to
359 express in bacterial host systems without extensive host/vector fine tuning. Specific
360 production inE. coli might be increased by strictly controlling the ratio of heavy and light

361 chain mRNA levels (49). In contrast, in the current study no strain engineering was applied

15



362 and the heavy and light chain mRNA ratio was expected to be near 1:1 as they were both
363 expressed under the control of the same promoter.

364 InterestinglyT. reeseishowed the lowest specific production although other proteins could be
365 produced at high yields in this filamentous fungus (24, 25). TRAC analysi$. fogesei

366 revealed that mRNA levels for both chains were very low (data not shown). Therefore, a
367 bottleneck at the transcript level might exist. Low levels of Fab secretion (< I*nig IL.

368 reeseihave been reported previously. A more than a 50-fold increase in Fab production was
369 achieved by fusing the heavy chainftareeseicellobiohydrolase CBHI, a strategy commonly

370 applied for heterologous protein production in filamentous fungi (38). This fusion-strategy
371 was not applied in the present study to enable the comparison with the other host organisms,
372 but not producing a fusion protein most likely contributed to the low secretion levels of the
373 recombinant Fab iii. reesei

374 Generally, codon optimization might also increase product yields. Codon optimization has
375 already been successfully applied in various host organisms to increase production of
376 heterologous proteins (5, 7, 11, 31, 52). However, it has been shown previously that codon
377 optimization had no effect on the production of Fab 3H®.irpastoris(12). Furthermore,

378 codon usage analysis revealed that there are no significant differences in the general codon
379 preferences oP. pastorisand S. cerevisiagSupplemental data 3), indicating that f8r

380 cerevisiaeno improvement can be expected by codon optimization. In contrast codon usage
381 analysis forE. coli revealed that many codons of the 3H6 Fab heavy and light expression
382 cassettes represent less frequent codons in this bacterial host (Supplemental data 3). A great
383 effect of codon optimization on productivity has been observeé.faoli (7), including our

384 own unpublished data on Fab 3H6 expression, which showed that the productivity was
385 increased by a factor of >10 when codon optimized sequences were used. With no data at
386 hand forT. reeseiandP. haloplanktist remains unclear whether codon optimization can have

387 apositive effect on Fab 3H6 secretion in these hosts.
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Product formation and secretion correlates with cellular growth (19). Generally, higher
growth rates may increase the specific production in all organisms due to higher translational
activity. In S. cerevisia@andP. pastoris systems which use glycolytic promoters, increased
specific production may be also achieved at higher growth rate due to increased transcript
levels of the heterologous protein. However, as mentioned before in the current study
chemostat cultivation with g smaller thapaghas been applied to ensure equal growth rates
for all experimental setups. In contrast, less product would have been expéctegdehad

been grown at a higher specific growth rate because the CBHI promoter has optimal
expression at D = 0.03'h

Reducing the cultivation temperature had a positive effect on specific production in 3 out of 4
species analysed, namdly coli, P. pastorisand T. reeseibut had no significant effect on
specific production irs. cerevisiaelncrease cell viability and reduced proteases in the culture
broth in lower compared to higher growth temperatures may be responsible for the increased
product yield in yeasts (21, 30). However, these effects were obtained in batch and fed batch
cultures and not in controlled chemostat cultures at constant growth rate. For example, a
temperature controlled methanol fed-batch strategy was developBddastoristo increase
product yield by reducing cellular lysis and contamination with intracellular proteases (21)
As we have reported previously, no significant proteolytic activity or changes thereof were
measured in glucose limited chemostat cultures (9, 35). We observed increased specific
production and increased biomass yield at decreased temperatliredeseiandP. pastoris
whereas no such increase of biomass yield was obsentedcoli andS. cerevisiaeln S.
cerevisiaea decrease of temperature resulted in a decrease of biomass yield, although a
positive effect of a reduction of growth temperature below the so-called optimum growth
temperature has already been reported in several studies for a wide variety of bacteria and

yeasts (23, 27, 32, 56)

17



413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

Reduced protein folding stress and therefore lower maintenance energy may be responsible
for the increase in biomass yield at low temperatures. This conclusion is in good agreement
with transcript data and proteome data available $or cerevisiaeand P. pastoris.
Environmental stress response (ESR) gene transcription is reduced and ribosome biogenesis
related gene transcription increased at low compared with high temperature during steady
state growth ofS. cerevisiag50). Transcriptome and proteome data Rorpastorishave

shown that transcript and protein levels for stress induced chaperones such as SSA4 were
reduced during chemostat cultivation at 20°C compared to 25 and 30°C, whereas no change in
MRNA levels for recombinant Fab 3H6 was observed (8, 15). Thus, it seems plausible that
physiological changes related to protein folding and energy demand lead to increased specific
production and / or increased biomass yield.ineeseiP. pastorisandE.coli.

Differences in protein folding and processing betw8enerevisiaeompared td'. reesei(1)

or P. pastoris(17) have been reported, which may also account for the different behaviour of
S. cerevisiaebserved in this study. The behaviour $f cerevisiaemay also be simply
dependent on the low production level of Fab 3H6 resulting in no protein folding / secretion
bottleneck that can be relieved by decreased temperature like in the other species.

E. coli additionally responded with increased leakage of recombinant Fab into the culture
broth at lower temperature. This effect has already been described in previous studies (47),
but it remains unclear whether this effect was caused by increased recombinant protein
amount itself or if low temperature triggered physiological changes that enhanced product
leakage into the culture broth.

Nevertheless, this work demonstrated that producing recombinant proteins at temperatures
below the optimal growth temperature improves protein production in many if not all hosts,
although the reasons for this are not well understood and are beyond the scope of this

investigation.
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Although oxygen availability and its strong effect on cellular physiology have been analysed
for several species (22, 28, 44, 55), its potential impact on heterologous protein production
and secretion had not been reported until recently (2). In oxygen-limited conditions
metabolism is respirofermentative rather than purely respirative, as reflected in increased
ethanol levels ir§. cerevisia@ndP. pastoris(Table 4). Increased transcript levels of the 3H6
Fab heavy and light chain during hypoxic cultivation conditionB.ipastoris(unpublished

data) might contribute to the increased productivity as during respirofermentative growth the
flux and transcript levels for the glycolytic machinery increased and may also have boosted
heterologous protein mRNA levels under the control of the GAP promoter. Still, this has to be
further investigated, especially as no improvement of specific producti@ aerevisiae
occurred, although similar physiological events happen in this yeast during growth at depleted
oxygenation conditions (22). As iR. pastoris the flux through glycolysis increases as the
amount of oxygen available for the cellular metabolism is reduced. Howe&rcerevisiae

the mRNAs of genes involved in glycolysis were not increased in oxygen limited conditions
(55). The different response of these two yeast species may highlight substantial differences
in cellular control regimes, indicating massive regulation at the transcriptitef?elpastoris

and largely post-transcriptional regulation $1 cerevisiaeNevertheless, it is still unclear
whether recombinant protein transcript levels would be the sole explanation for increased

production of Fab 3H6 iR. pastoris

The presented data show that common features as well as differences exist in the well-
established protein production factories used in this study. Although eukaryotic systems are
thought to be better equipped for the production of complex, disulfide bonded proteins such as
Fab fragments we showed that also in prokaryotic systems subh lasloplanktisFab

fragments can be produced with great success without elaborate strain and vector engineering.

In contrastthe filamentous fungus. reeseshowed only a weak performance in the secretion
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of the 3H6 Fab, without application of the commonly used method of producing a fusion
protein to enhance heterologous protein production. Nonetheless, to analyse the host /
platform dependencies of protein production more closely, other secreted model proteins,
various vector systems and strains should be included in future studies. Additionally, with
affordable high throughput transcript and proteome analysis now available, proteome and
transcript profiling can be applied to more fully understand the influence of environmental
factors on heterologous protein secretion and to shed more light onto the differences that

appeared among different host organisms.
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704

cytoplasmic periplasmic  disulfide bond
host organism secretory production glycosylation
production production  formation
Yes — may
Yes - generally low Yes — protein often
S. cerevisiae result in poor na Yes
titers hyperglycosylated
product titers
Yes — generally lower
Yes - smaller
titers than for
P. pastoris Yes na Yes glycan-structures
intracellulary
than S. cerevisiae
production
T. reesei Yes Yes na Yes Yes
Yes — often
Yes — but inefficient Not for intracellulary
highly pure
and the underlying produced proteins,
E. coli protein in the Yes No
mechanisms are poorly but can occur in the
form of inclusion
understood periplasm
bodies (IBs)
Can occur in the
P. haloplanktis  Yes Yes Yes No
periplasm

705

706 Table 1. Host organisms used in this study and their general protein production

707

characteristicsna - not applicable
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708

709

710

711

712

713

) growth temperature Dih"] product titer Y pix

host organism

[€] [mg LY [mg g biomass ]
S. cerevisiae 30 0.10 0.22 +/- 0.05 0.02 +/- 0.005
P. pastoris 30 0.10 5.4 +/-0.2 0.21 +-/0.01
T. reesei 28 0.03 3.310°%+/-210" 9.410*+/-710"
E. coli * 37 0.10 0.21 +/-0.043 0.017+/- 0.003
P. haloplanktis 15 0.05 4.14 +/- 0.16 0.93 +/- 0.05

Table 2. Final product titers and specific Fab productionp at optimal growth

temperature, grown in carbon limited chemostat cultures at constant dilution rates (D). * For

E. coli the combined (periplasmic + extracellular product) values are shown. +/- represents

the standard error of the mean.
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714

715

716

717

718

719

Y x/s

Host organism

T=100% | max

T = 80% Hmax

T = 60% Hrmax

S. cerevisiae
P. pastoris
T. reesei

E. coli

P. haloplanktis

Table 3: Biomass yield coefficient ¥s [g g* biomass per carbon source] in carbon limited
chemostat cultures at constant dilution rate at different growth temperatures. T represents the

temperature at which the indicated percentage.af gould be reached in batch culture. +/-

0.48 +/- 0.006

0.52 +/- 0.01

0.36 +/- 0.006

0.37 +/- 0.004

0.22 +/- 0.00

0.46 +/- 0.012

0.53 +/- 0.01

0.38 +/- 0.006

0.38 +/- 0.012

nd

0.41 +/- 0.010
0.55 +/- 0.01

0.44 +/- 0.018
0.37 +/-0.015

nd

represents the standard error of the medmo data available.
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720

721

722

723

724

725

_ _ Y s Y pix ethanol in culture
organism oxygenation
[g g carbon source *]  [mg g biomass ] broth [g L™]
S. cerevisiae N 0.46 +/- 0.01 0.027 +/-0.0046  0.004 +/- 0.0004
L 0.45 +/- 0.00 0.029 +/- 0.0046 0.008 +/- 0.0004
H 0.31+/-0.01 0.023 +/- 0.0039 2.16 +/-0.11
P. pastoris N 0.48 +/- 0.01 0.27 +/- 0.02 0.31 +/-0.17
L 0.45 +/- 0.02 0.36 +/- 0.06 0.71 +/-0.19
H 0.25 +/- 0.01 0.69 +/- 0.02 572 +/-0.14

Table 4. The effect of oxygen provision on biomass yield, Fab 3H6 yield and ethanol

production of recombinan§. cerevisiaeand P. pastoris (2),grown in glucose limited

chemostat cultures at D = 0:1hN — normoxic conditions, L — limited oxygenation, H —

hypoxic conditions. +/- represents the standard error of the mean.
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Abstract

Background: Pichia pastoris is widely used as a production platform for heterologous proteins and
model organism for organelle proliferation. Without a published genome sequence available, strain
and process development relied mainly on analogies to other, well studied yeasts like Saccharomyces
cerevisiae.

Results: To investigate specific features of growth and protein secretion, we have sequenced the
9.4 Mb genome of the type strain DSMZ 70382 and analyzed the secretome and the sugar
transporters. The computationally predicted secretome consists of 88 ORFs. When grown on
glucose, only 20 proteins were actually secreted at detectable levels. These data highlight one major
feature of P. pastoris, namely the low contamination of heterologous proteins with host cell protein,
when applying glucose based expression systems. Putative sugar transporters were identified and
compared to those of related yeast species. The genome comprises 2 homologs to S. cerevisiae low
affinity transporters and 2 to high affinity transporters of other Crabtree negative yeasts. Contrary
to other yeasts, P. pastoris possesses 4 H*/glycerol transporters.

Conclusion: This work highlights significant advantages of using the P. pastoris system with glucose
based expression and fermentation strategies. As only few proteins and no proteases are actually
secreted on glucose, it becomes evident that cell lysis is the relevant cause of proteolytic
degradation of secreted proteins. The endowment with hexose transporters, dominantly of the
high affinity type, limits glucose uptake rates and thus overflow metabolism as observed in S.
cerevisiae. The presence of 4 genes for glycerol transporters explains the high specific growth rates
on this substrate and underlines the suitability of a glycerol/glucose based fermentation strategy.
Furthermore, we present an open access web based genome browser http:/

www.pichiagenome.org.
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Background

Yeasts have attracted renewed interest in the last few dec-
ades as production hosts for biopharmaceutical proteins
as well as for bulk chemicals. The methylotrophic yeast
Pichia pastoris (Guillermond) Phaff (1956) is well reputed
for efficient secretion of heterologous proteins [1], and
has come into focus for metabolic engineering applica-
tions recently. Especially reengineering of the N-glycosyla-
tion pathway has enabled the production of heterologous
proteins with human-like N-glycan structures [2-4]. While
protein production is the major application of P. pastoris,
production of metabolites has come into research focus
recently too [5,6]. Apart from these biotechnological
applications, it is widely used as a model for peroxisome
[7] and secretory organelle research [8]. P. pastoris has
recently been reclassified into a new genus, Komagataella
[9], and split into three species, K. pastoris, K. phaffii, and
K. pseudopastoris [10]. Strains used for biotechnological
applications belong to two proposed species, K. pastoris
and K. phaffii. The strains GS115 and X-33 are K. phaffii,
while the SMD series of protease deficient strains (most
popular SMD1168) is classified into the type species, K.
pastoris. Apart from these strains which have been made
available by Invitrogen, research labs and industry use dif-
ferent other strains belonging to either of these two spe-
cies, and no trend towards a superior expression level of
one of the two species has been observed. In order to pro-
vide a common information basis across the different
strains, we have performed this work with the type strain
(DSMZ 70382) of the type species K. pastoris, which is the
reference strain for all the available P. pastoris strains. In
coherence with the published literature, we name all
strains P. pastoris, which thus stands for the entire genus
Komagataella. As other strains, DSMZ 70382 was isolated
from tree exudate, in this case from the chestnut tree.

The majority of P. pastoris processes described so far utilize
methanol as substrate and inducer for heterologous pro-
tein production. While tight gene regulation and high
product titers can be achieved with this strategy, the disad-
vantages as large scale use of a flammable substrate, high
heat production and oxygen consumption, and signifi-
cant cell lysis have been reported. Apart from technologi-
cal challenges in large scale fermentation, this leads to
significant contamination of culture supernatants with
intracellular proteins including proteases [11]. P. pastoris
has been described to secrete some heterologous proteins
like human serum albumin [12] or as recently reported
glycoengineered antibodies [13] in the g L'! range, while
naturally secreted proteins account only for low amounts
[14], which supports the easy production of highly pure
proteins. However, several secreted P. pastoris proteins are
observed as contaminants in culture supernatants, requir-
ing elaborate product purification and analytical effort. A
detailed characterization of the secretome would signifi-

http://www.microbialcellfactories.com/content/8/1/29

cantly improve production and quality control of biop-
harmaceuticals produced with this expression system. The
secretomes of few yeasts and filamentous fungi have been
analyzed experimentally. Computational analyses of yeast
genomes predicted approximately 200 potentially
secreted proteins [15,16]. Secretomes of filamentous
fungi contain numerous enzymes for degradation of
starch, cellulose, lignin and similar plant polymers [17-
19]. However, these predictions suffer from some limita-
tions. As certain targeting sequences are not recognized,
the predictions may contain proteins which are retained
in cellular organelles. Most cell wall associated proteins
can be predicted, but due to the fluctuating nature of the
cell wall during growth and budding a fraction of these
may be released from the cell wall structure and add to the
secretome. Finally the actual composition of the secre-
tome will depend on growth conditions and the actual
expression of the genes encoding potentially secreted pro-
teins. Therefore the extracellular proteome of P. pastoris
was analyzed here and compared to the predicted secre-
tome.

Substrate uptake kinetics determine growth kinetics and
the characteristics of biotechnological processes. P. pas-
toris is described as a Crabtree-negative yeast, featuring
respiratory metabolism under glucose surplus [20]. A
major reason for the easy growth to high biomass concen-
trations is assumed in the endowment with hexose trans-
porters and their features. We report here the
determination and analysis of the P. pastoris draft genome
sequence and its application in correlating in silico and
mass spectrometric analysis of the extracellular proteome.
Furthermore, a comparative analysis of hexose transport-
ers allows drawing conclusions towards glucose uptake
kinetics, a major determinant of growth and bioprocess
characteristics in relation to substrate supply. Addition-
ally, a web based database with search functions and
annotation data for analysis of the genome sequence is
reported.

Results

Sequencing

The genome of P. pastoris was sequenced using two next
generation sequencing methods. First a Roche GS-FLX run
was used to take advantage of the longer reads (400 nts)
of this method, which was then complemented by a
paired end run with the short read method of Illumina
Genome Analyzer (36 nts) to improve the quality of the
sequence. The combined result of both methods was a
draft genome of 326 assembled contigs of which 93 were
larger than 10 kb and 60 between 1 and 10 kb. The longest
contig comprised 419,475 nts and the shortest 128 nts.
125 of the 326 contigs could be aggregated into 38 super-
contigs. Overall 9,405,451 bases were sequenced with a
coverage of 22x with Roche GS-FLX and 60x with Illu-
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mina GA. Key statistical data of the draft genome are pre-
sented in table 1.

Gene prediction

We initially predicted 7,935 open reading frames using
two different gene finders. Manual curation reduced this
number to 5,450 ORFs. The eukaryotic gene finder Augus-
tus has been pre-trained on a number of datasets includ-
ing various yeast species. Of these, Candida guilliermondii,
Debariomyces hansenii and Pichia stipitis were selected for
their relatively close relation to P. pastoris (based on
sequence similarity), and Saccharomyces cerevisiae as a ref-
erence yeast species with the best sequence annotation. In
addition the prokaryotic gene finder Glimmer3 was
applied since many eukaryotic gene finders overpredict
intron containing genes. As yeast genomes are generally
compact a large amount of intron containing genes was
not expected. All putative ORFs < 100 nts or comprising a
starting codon other than ATG were excluded from the set
except for genes on contig borders. 194 of the predicted
genes are truncated because they crossed contig borders.
Ribosomal RNAs were annotated by homology to S. cere-
visiae rRNAs. Contrary to S. cerevisiae, the 55 rRNA is not
part of the cluster containing 18S, 26S and 5.8S rRNA but
spread across the genome. 149 transfer RNAs were identi-
fied using tRNA Scan, which is lower than the average
number of tRNAs identified in other yeasts (216 on aver-

age).

Table I: Genome statistics overview

Sequencing Data:

Total DNA bases after Roche GS FLX 9,408,251
Average coverage Roche GS FLX 22
Total DNA bases after lllumina GA 9,405,451
Average coverage lllumina GA 60
Number of reads Roche FLX 562,515
Number of reads lllumina GA 15,761,520
Number of contigs 326
Contigs > | kbp 153
Largest contig 419,475
Smallest contig 128
Average contig size 28,906
GC content 41.34%
Gene Prediction Data:

Predicted ORFs 7,935
Manually curated number of ORFs 5,450
Thereof ORFs with introns 741
Truncated ORFs 194
ORFs with annotation 4,257
GC content coding regions 41.90%
RNA Prediction Data:

tRNA genes 149
5S rRNA 14

rRNA cluster (I8S, 26S, 5.85 rRNA) |

http://www.microbialcellfactories.com/content/8/1/29

Functional Annotation

Functional annotation was performed computationally
with a reciprocal best hit (RBH) strategy, using BLAST [21]
searches against a selected dataset of the subphylum Sac-
charomycotina to which P. pastoris also belongs, and the
Uniprot database. All P. pastoris genes and proteins that
were publicly available at the NCBI (National Center for
Biotechnology Information) were manually compared
against our predictions. The native genes and proteins
were present in our set. The average identity between these
genes deposited in NCBI and their homologs in the
present genome sequence was 95%. For all proteins that
were predicted to be secreted and all others that are dis-
cussed here the functional annotation was manually
curated. The distribution in GO functional terms of all
functionally annotated ORFs was compared to S. cerevisiae
(figure 1). The distribution is rather similar with differ-
ences observed mainly in the groups organelle organiza-
tion, protein modification, lipid, amino acid and cofactor
metabolism.

Secretome

To validate the secretome prediction pipeline (see Materi-
als and Methods) used for P. pastoris, it was applied to the
S. cerevisiae proteome beforehand. The majority of pro-
teins which were described to be extracellular in the Sac-
charomyces genome database SGD [22] were found in the
secreted dataset, for the rest a GPI-anchor signal was pre-
dicted. Due to the good performance of the prediction
pipeline with S. cerevisiae and the successful application of
similar methods for K. lactis [15] and C. albicans [16]
respectively, a high accuracy for the secretome predictions
was expected for P. pastoris as well. The predicted secre-
tome of P. pastoris comprises 88 putative proteins of
which 55 could be functionally annotated. Additionally,
172 ORFs were predicted to encode proteins entering the
general secretion pathway but being localized in different
cellular compartments (for the complete list see addi-
tional file 1). Obviously the secretome prediction cannot
easily discriminate between ER/Golgi localized and
secreted proteins, as the chaperone Kar2 and protein
disulfide isomerise (Pdil) appear among the predictions.
Therefore the experimental determination of the extracel-
lular proteins is essential for an assessment.

To identify the extracellular secretome of P. pastoris, the
strain DSMZ 70382 was grown in chemostat culture on
glucose as limiting carbon source, reaching 26.4 + 0.1 g -
1dry biomass (YDM). The supernatants contained 407 mg
L1 total protein. Analysis by SDS-PAGE indicated that
approximately 15 distinct protein bands, ranging from 12
kDa to 170 kDa, were present in the culture supernatant
(figure 2a). On 2D gels, 28 protein spots were visible at
higher abundance, at least 7 thereof being obviously iso-
forms of other protein spots with identical MW but differ-
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Pichia pastoris
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Figure 2

Secretome of P. pastoris. (2) SDS-polyacrylamide gel. Left lane: molecular weight marker, right lane: supernatant of P. pas-
toris chemostat culture. Boxes indicate the gel slices used for LC-MS protein identification. Bands corresponding to glycopro-
teins are marked with an asterisk. (b) 2D electrophoresis gel of P. pastoris culture supernatants. Proteins identified by LC-MS

are indicated.
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Table 2: Secreted proteins of P. pastoris

http://www.microbialcellfactories.com/content/8/1/29

PIPAID Predicted function theoretical pl/MW [kDa] Predicted N-glycosylation Predicted localization
sites

PIPA00211 Covalently-bound cell wall protein of 5.01/45.73 I secreted
unknown function

PIPA00246 hypothetical fungal hexokinase 5.98/24.92 | no SP

PIPA00436 Cell wall protein related to 4.83/36.07 0 secreted
glucanases

PIPA00545 Cell wall protein related to 4.33/45.02 2 secreted
glucanases

PIPA00748 O-glycosylated protein required for 4.22/31.86 | secreted
cell wall stability

PIPA00934 SCP-domain family protein, unknown 5.55/31.72 0 secreted
function, extracellular

PIPA00956 60S ribosomal protein LI18A 9.92/21.82 | no SP

PIPAO1008 GASI; Beta-1,3-glucanosyltransferase 3.98/57.20 4 secreted

PIPAOIOIO GASI; Beta-1,3-glucanosyltransferase 3.99/58.37 5 secreted

PIPA0I223 potential cell wall glucanase 4.34/49.39 0 secreted

PIPAO1958 Endo-beta-I,3-glucanase 4.03/33.76 | secreted

PIPA02332 no similarity found 6.01/23.64 2 no SP

PIPA02510 Glyceraldehyde-3-phosphate 6.24/35.74 | no clear SP
dehydrogenase

PIPA02524 glucan |,3-beta-glucosidase similar to 4.51/46.22 | secreted
S. cerevisiae EXG1 (YLR300WV)

PIPA02544 aldehyde dehydrogenase, Adh2p [S. 6.00/36.86 0 no SP
cerevisiae]

PIPA03955 endo-1,3-beta-glucanase [P. stipitis 4.70/109.45 5 secreted
CBS 6054], Dse4p [S. cerevisiae]

PIPA04722 Cell wall protein with similarity to 5.18/32.95 0 secreted
glucanases

PIPA05357 no similarity found 4.25/66.46 | no SP,2 TM

PIPA05673 YLR286Cp-like protein [S. cerevisiae], 4.05/71.87 | no clear SP
endochitinase

PIPA05771 Chitin deacetylase, Cda2p [S. 5.25/34.66 2 secreted, lower probability

cerevisiae)

List of identified secreted proteins, with theoretical pl and theoretical MW, and information on the predicted localization (SP = signal peptide, TM
= transmembrane domain).
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ent pl (figure 2b). Almost all highly abundant proteins
ran at low pl values between 3 and 5.5. As the cellular via-
bility was 99% throughout the cultivation, and total DNA
content of the supernatants was 1.12 + 0.03 ug mL'!, a
maximum of 1% lysed cells was estimated, accounting for
maximally 10% of total protein in the supernatant. There-
fore, the potential contamination by intracellular protein
was assumed to be minor. A 1D SDS PAGE gel was cut
into 21 slices and analyzed by LC-ESI-MS/MS. Detailed
data on protein identification are found in additional file
2. Twenty different proteins were identified (table 2), 12
of which appeared in more than one gel slice (additional
file 2). Nine proteins ran at higher molecular weight than
predicted from the sequence. Eight out of these proteins
contained potential N-glycosylation sites (table 2 and
additional file 2) and corresponded to detected glycopro-
teins (figure 2a). Apparently 6 of these proteins were sub-
ject to proteolysis. However, the proteolytic activity in the
supernatants was very low (equivalent to 11 + 0.9 ng mL-
! trypsin), and in contrast to other yeast secretomes, no
protein with putative proteolytic activity was identified.
Fourteen of the proteins identified by homology are obvi-
ously secreted or cell wall bound, 6 of them with homol-
ogy to glucanases. The other proteins with extracellular
localization comprise 7 cell wall modifying enzymes and
1 secreted protein of unknown function. Four proteins are
homologous to intracellular proteins (including glyceral-
dehyde phosphate dehydrogenase which has been
described to be also located at the cell wall in S. cerevisiae
[23], and for 2 no similarity was found. The putative intra-
cellular proteins mainly comprise glycolytic enzymes and
ribosomal proteins which are highly abundant on glucose
[24]. A comparison of predicted to identified secretome
reveals a good correlation of prediction, putative function,
and experimentally determined localization (table 2). All
proteins homologous to intracellular proteins were pre-
dicted to be intracellular, and only for 2 of the 14 puta-
tively secreted proteins the prediction was unclear or
slightly below threshold.

Hexose transporters

Fourteen putative sugar transporters all belonging to the
major facilitator superfamily (MFS) were identified by
sequence similarity. All P. pastoris sugar transporters fea-
ture the classical 12 transmembrane domains, and con-
tain the PESP motif and at least one of the two sugar
transporter signature sequences. Contrary to S. cereviside,
which comprises 20 isogenes for low and high affinity
hexose transport, only two putative transporters with
sequence similarity to S. cerevisiae transporters are present
in the P. pastoris genome. While PIPA00236 possesses
more than 60% identity to S. cerevisiae HXT-family pro-
teins, and the low-affinity transporters of Kluyveromyces
lactis Ragl [25] and Hansenula polymorpha Hxtl [26] on
the amino acid level, PIPA08653 shows only low similar-
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ity (max. 37% identity/58% positives) to these proteins as
well as to other P. pastoris sugar transporters. Although all
5 conserved amino acids that have been postulated to be
required for high affinity transporters in S. cerevisiae Hxt2
[27] are present also in the respective translated protein
sequence of P. pastoris gene PIPA00236, disruption of the
gene led to impaired growth on high concentrations of
glucose (2%). Disruption of PIPA08653 did not show a
distinct growth phenotype. This indicates that PIPA00236
encodes the major low affinity glucose transporter in P.
pastoris.

For high affinity transport, two P. pastoris proteins
(PIPA02561 and PIPA00372) with high sequence similar-
ity (>65% identity) to K. lactis high affinity glucose trans-
porter Hgtl were identified (see figure 3). The potential
transporter-like hexose sensor is encoded by PIPA01691,
and lacks the C-terminal "glucose sensor domain" as do
the respective orthologous sensors in H. polymorpha
(Hxt1) and Candida albicans [26]. Additionally a gene with
similarity to quinate permease of P. stipitis and filamen-
tous fungi was identified, which has putative orthologs in
many other yeast species, but is missing in S. cerevisige.
According to Barnett et al. [28] P. pastoris cannot utilize
quinate as a carbon source, although some of the genes
required for the utilization of quinate are part of the shiki-
mate pathway leading to the production of aromatic
amino acids, and are present as part of the pentafunc-
tional AROM protein. However, regulatory proteins of the
quinate pathway are missing in the genome of P. pastoris.
Interestingly, P. pastoris possesses four transporters that
are highly similar to putative glycerol transporters from K.
lactis (KLLAOA03223g) and  Yarrowia  lipolytica
(YALIOF06776g), and weakly similar to the S. cerevisiae
glycerol transporter Slt1. Sequence similarities of the pro-
teins discussed above to their respective orthologs in S.
cerevisiae, P. stipitis, H. polymorpha, K. lactis, and Emericella
nidulans are illustrated in figure 3.

Database, genome browser

To make the genomic data accessible it was loaded into a
relational database. For visualization a genome browser
was installed on a web server and connected to the data-
base.

The genome browser of P. pastoris is publicly available at

http://www.pichiagenome.org [29].

The draft genome sequence data are deposited at EMBL-
EBI, accession number CABH01000001 -
CABH01000326.

Discussion
The predicted size of the haploid genome of P. pastoris
[30] was confirmed here to comprise 9.4 Mb, which is
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Branch length dendrogram of sugar transporters and related proteins of different yeasts. Putative hexose trans-
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High affinity = high affinity glucose transporters; glycerol transporters = H*/glycerol symporter; HXT = low affinity S. cerevisiae
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EMENI = Emericella nidulans. ORFs not highlighted are homologous to other substrate transporters with sequence similarity to

hexose transporters.
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smaller than the genomes of other yeasts, spanning from
10-20 Mb [31]. Nevertheless the number of functionally
annotated genes is comparable to other yeasts, which can
be attributed to the fact that P. pastoris contains fewer
genome redundancies compared e.g. to S. cerevisiae and D.
hansenii, which have undergone genome duplications fol-
lowed by partial genome losses during evolution [32].
While P. pastoris contains specific subclasses of genes for
methanol metabolism and peroxisome synthesis, struc-
ture and degradation which are present only in methylo-
trophic yeasts, most metabolic enzymes are present only
in single copies, and the number of secreted proteins is
low. To verify the quality of gene prediction, all 173 P. pas-
toris genes and 245 proteins currently deposited in NCBI
were BLAST searched among the predicted gene list. All of
the P. pastoris specific genes were present, indicating a
high quality of gene prediction.

The secretomes of K. lactis and C. albicans have been pre-
dicted computationally [15,16], yielding 178 ORFs of K.
lactis and 283 of C. albicans. The C. albicans secretome
apparently is more complex and contains numerous
lipases, proteases and agglutinin-like proteins, while both
for K. lactis and P. pastoris only few enzymes apart from
glucanases and chitin modifying enzymes appear. As P.
pastoris utilizes only few carbon sources [28] it appears
obvious that neither proteolytic, lipolytic or saccharolytic
activities are secreted for substrate utilization. Yeast gluca-
nases and chitinases are required for cell wall plasticity
during cell growth and division [33]. While these enzymes
are commonly regarded to be cell wall associated, it is
plausible that they reach the culture supernatant during
cell wall remodelling, indicating that a distinct border
cannot be drawn between cell wall and the exterior space.

Fourteen of the 20 proteins identified in the culture super-
natant of P. pastoris were homologous to proteins impli-
cated in cell wall or extracellular functions. No other
secretory enzyme homologs were identified, further indi-
cating that cell wall associated proteins are the essential
constitutents of the secretome of glucose grown P. pastoris.
The computationally predicted secretome contains all
secreted proteins plus mainly soluble cellular proteins
containing a signal peptide but no transmembrane
domains. Thus these predictions obviously overestimate
secretory proteomes (figure 4). The culture supernatant of
K. lactis contained significantly more (82) proteins [15] of
which 34 were predicted to be secreted or cell wall bound,
and the rest were assumed to be localized either to the ER
or the cytosol. The latter group of proteins indicates a sig-
nificant release of intracellular proteins in this study,
probably by cell lysis due to the culture conditions.

The low concentration, together with the small number of
actually secreted proteins from P. pastoris highlights a

http://www.microbialcellfactories.com/content/8/1/29

major advantage of this protein production system, as
secreted products are much less contaminated with host
cell protein. Jahic et al. [34] have shown that host cell pro-
tein released from P. pastoris grown on methanol mainly
derives from cell lysis, which occurs to a much lower
extent upon growth on glucose. Combined with the fact
that strong promoters for use on glucose are available
[34,35], these data provide convincing arguments for a
reconsideration of methanol based protein production
with P. pastoris. The toxicity of methanol and several of its
metabolites is the main reason for cell lysis and conse-
quently also protease leakage to the culture supernatant.
Additionally other host cell proteins are released, leading
to significant contamination of protein products. A com-
mon approach to reduce product proteolysis is the knock
out of protease genes. However, multiple protease knock-
out strains tend to be growth retarded, so that it appears
reasonable to employ a production strategy based on glu-
cose media which avoids the detrimental effects of meth-
anol at all. Detailed knowledge of the secreted host cell
proteins, as presented here, can have a strong positive
effect on product purification and quality control, as spe-
cific assays can be developed. Additionally a knock out of
major secreted proteins can reduce the host cell protein
load significantly [36].

Substrate uptake kinetics determines growth kinetics and
the characteristics of biotechnological processes. The fer-
mentative (Crabtree-positive) yeast S. cerevisiaze consumes
glucose at high rates when supplied with high concentra-
tions. This exceptionally high glucose uptake rate is attrib-
uted to high abundance of hexose transporters, encoded
by more than 10 isogenes [37]. Respiratory (Crabtree-neg-
ative) yeasts limit glucose uptake, as they contain few hex-
ose transporter genes, encoding energy dependent
symporters with high affinity to glucose [38]. The endow-
ment of P. pastoris with hexose transporters is in good
accordance to other respiratory yeasts such as K. lactis, H.
polymorpha and P. stipitis, all having a reduced number of
hexose transporters in comparison to S. cerevisiae. Moreo-
ver, Crabtree-negative yeasts usually exhibit K, values in
the micromolar range for glucose [37], due to their very
high-affinity transporters such as K. lactis Hgt1l, which is
an ortholog of P. pastoris PIPA02561 and PIPA00372.
While K, values for P. pastoris specific transporters remain
to be determined in future, conclusions to glucose uptake
behavior can be drawn. Accordingly, specific glucose
uptake rate is limited to qg, = 0.35 g g1 YDM h'! (at
growth rates near p,,. = 0.193 h-1) in P. pastoris chemostat
cultivations [39], in comparison to qg,, = 2.88 gg1 YDM
h-tin fully aerobic S. cerevisiae [40]. The limited glucose
uptake prevents Crabtree-negative yeasts such as P. pastoris
from extensive overflow metabolism, which leads to the
aerobic formation of ethanol and a reduced biomass yield
at high external glucose concentrations in S. cerevisiae.
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Categorization of P. pastoris secretome. (a) predicted and (b) detected secretome based on GO terms. Proteins without
S. cerevisiae homologs are classified as "unknown".
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This difference is also reflected in the very high biomass
concentrations (more than 100 g 1-!) that can be achieved
in P. pastoris cultivations. For heterologous protein pro-
duction, aerobic ethanol formation is a substantial prob-
lem, because it lowers the yield of the desired product due
to a lower biomass concentration.

Interestingly, P. pastoris contains four genes encoding
putative H*/glycerol symporters, contrary to all other
sequenced yeasts up-to-date. Consequently, the maxi-
mum glycerol uptake rate of P. pastoris is qgiycerol_max =
0.37 g g! YDM h-l. This is substantially higher than the
uptake rates reported for S. cerevisiae (qgiycerol_max= 0-046
g g1 YDM h-1) and many other yeast species [41]. The abil-
ity to grow on glycerol as a single carbon and energy
source - a mode of cultivation widely applied for genera-
tion of biomass with P. pastoris prior to methanol induc-
tion or glucose fed batch - is dependent on the activity of
a constitutive salt-independent active glycerol transport
by the H*/glycerol symport and has also been reported for
Pichia sorbitophila and Pichia jadinii [41]. Specific growth
rates of these yeasts on glycerol are similar to the specific
growth rates that can be obtained on glucose (e.g. for P.
pastoris on mineral media pgicerol max = 0.26 hl,
HGlucose max = 0-19 h™1), whereas yeasts lacking the activity
of such a type of carrier have significantly reduced growth
rates on glycerol. The high specific glycerol uptake rate,
enabled by the exceptional endowment with specific
transporters emphasizes the suitability of glycerol as a
substrate for biomass growth.

Conclusion

The availability of genome data has become an essential
tool for cell and metabolic engineering of biotechnologi-
cal production organisms. This work highlights major
advantages of P. pastoris as a protein production platform
and the benefits of glycerol/glucose based production
technology. Apart from lower heat production and oxygen
demand compared to methanol based processes, glucose
grown cultures display higher viability and essentially no
protease release to the culture supernatant. Furthermore
detailed insights into the sugar transport will enable
rational modulation of substrate fluxes, especially for effi-
cient metabolite production.

Material and methods

Strain

The P. pastoris type strain (DSMZ 70382 = CBS704) was
selected as the source of genomic DNA, and used for all
experimental work. Genomic DNA was prepared as
described in Hohenblum et al. using the Qiagen Genomic
G-20 kit [42].

http://www.microbialcellfactories.com/content/8/1/29

Sequencing

Genomic DNA was sequenced by GATC Biotech AG, Kon-
stanz (Germany) with a Roche GS FLX-Titanium Series
complemented by an Illumina Genome Analyzer paired
end run. The reads were assembled with SeqMan NGen by
DNASTAR. To verify the sequencing quality all P. pastoris
gene and protein sequences available at NCBI were down-
loaded and the sequences were compared using BLAST
searches.

Gene prediction and annotation

Gene prediction was performed with the eukaryotic gene
finder Augustus [43] using the option for overlapping
genes as well as the prokaryotic gene finder Glimmer3
[44]. Predicted open reading frames were kept if they were
longer than 100 nucleotides and started with ATG, except
for genes predicted on contig boarders. The ORF sets were
merged and made non redundant using the clustering
program cd-hit-est [45] with a similarity cut-off of 95%.

Annotation was done by a reciprocal protein BLAST
against a dataset consisting of the publicly available Sac-
charomycotina species and the UNIPROT protein database
with an E-value threshold of 10-10. All P. pastoris proteins
and genes available at NCBI, all proteins that were pre-
dicted to be secreted and all sugar transporters were man-
ually curated. Gene Ontology annotation was done for all
proteins with a homolog in S. cerevisiae.

Ribosomal RNA annotation was done through homology
with S. cerevisiage using nucleotide BLAST against the P.
pastoris contigs, and the results were manually analyzed.
tRNAs were localized using the program tRNAscan-SE
[46]. Gene predictions were manually curated using
BLASTx.

In silico secretome prediction

A similar method was used as described to predict the
secretomes of K. lactis [15] and C. albicans [16], respec-
tively. The prediction pipeline included SignalP 3.0
[47,48] to identify the N-terminal signal peptide, Phobius
[49] to predict the transmembrane topology, GPI-SOM
[50] and the fungal version of big-PI [51] for GPI anchor
prediction, TargetP [52] to exclude all proteins with pre-
dicted mitochondrial localization. Additionally WoLF
PSORT [53] was used for general localization prediction.

Proteins were considered to be secreted when an N-termi-
nal signal peptide existed but neither a transmembrane
domain (except one within the first 40 residues), nor a
GPl-anchor, nor any localization signal to other
organelles were identified.
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The prediction pipeline was tested on an S. cerevisiae data-
set of 5,884 proteins which was downloaded from the
Saccharomyces Genome Database SGD [22].

Experimental secretome analysis

P. pastoris DSMZ 70382 was grown in fully aerobic chem-
ostat cultures on minimal medium with glucose as carbon
source until steady state (biomass yield and RQ constant
for at least 2 residence times). Detailed data on media
compositions, fermentation data and the analysis of cul-
ture supernatant can be found in additional file 3. Culture
supernatants were concentrated by acetone precipitation
and subjected to 1D SDS-PAGE on a 12% PAA gel and 2D-
DIGE, respectively. For 2D-DIGE supernatant protein was
Cy5 labelled and separated on a IPGDryStrip (3-11NL) in
the first dimension, followed by SDS-PAGE on a 12% PAA
gel as described in Dragosits et al. [24]. 1D gel lanes were
cut into 21 slices, and protein spots from CBB stained 2D
gels were picked. After tryptic digest, samples were ana-
lyzed by reversed-phase chromatography (UltiMate 3000
Capillary LC-system, Dionex) coupled with ESI MS/MS
analysis (Q-TOF Ultima Global, Waters). The obtained
mass spectra were subsequently analysed using X!Tandem
2008.12.01 [54]. The identified proteins had to meet the
following criteria: protein score e-value < 10-5 with at least
2 peptides per protein. Glycoproteins were detected by
SDS-PAGE and blotting of proteins onto a nitrocellulose
membrane followed by detection via Concanavalin A and
Horseradish peroxidase. Putative N-glycosylation sites
were identified with NetNGlyc 1.0 server [55].

Analysis of hexose transporters

P. pastoris ORFs encoding putative sugar transporters were
identified by sequence similarity using BLAST. Multiple
sequence alignment of the respective protein sequences to
previously identified hexose transporters and sensors
from other yeasts was performed by ClustalW [56] using
BLOSUM weight matrix, and a dendrogram with branch
length was generated. Additionally an integrated search in
PROSITE [57], Pfam, PRINTS and other family and
domain databases was performed with InterProScan [58]
for all these protein sequences.

Disruption cassettes for PIPA00236 and PIPA08653 were
generated by PCR (primers: PIPA08653FW: ATGGCAGG-
TATTAAAGTTGGATC; PIPA08653BW: TACTGCCATCT-
GCTTCITTG; PIPA00236FW:
GCAGGAGAATAGTCCAGTITACG; PIPA00236BW:
TTCATAGCCTCGTCGACTCTG). 200-300 bp each up-
and downstream of the start codon were exchanged for
the Zeocin resistance cassette. These cassettes were intro-
duced into the genome of P. pastoris DSMZ 70382 by elec-
troporation, and clones were selected on YP plates
containing 1% yeast extract, 2% peptone, 2% agar-agar,
2% glycerol and 25 pg mL! Zeocin. Positively growing

http://www.microbialcellfactories.com/content/8/1/29

clones were then analyzed for their growth behavior on YP
plates containing either 2% glycerol, 2% glucose or 0.01%
glucose for 48 h at 28°C.

Genome Database

The gene predictions were parsed into GFF file format and
loaded into a Chado [59] database which is designed
especially to hold a wide variety of biological data.

Gbrowse [60], the Generic Genome Browser, was installed
on a web server in the latest stable version (1.69) and con-
figured to display the genomic data from the Chado data-
base.
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Addendum

During revision of this manuscript, De Schutter et al. have published the
genome sequence of K. phdffii (P. pastoris) strain GS115 (Nat. Biotechnol.
doi:10.1038/nbt.1544).
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Abstract

Background: DNA Microarrays are regarded as a valuable tool for basic and applied research in microbiology.
However, for many industrially important microorganisms the lack of commercially available microarrays still hampers
physiological research. Exemplarily, our understanding of protein folding and secretion in the yeast Pichia pastoris is
presently widely dependent on conclusions drawn from analogies to Saccharomyces cerevisiae. To close this gap for a yeast
species employed for its high capacity to produce heterologous proteins, we developed full genome DNA microarrays
for P. pastoris and analyzed the unfolded protein response (UPR) in this yeast species, as compared to S. cerevisiae.

Results: By combining the partially annotated gene list of P. pastoris with de novo gene finding a list of putative open
reading frames was generated for which an oligonucleotide probe set was designed using the probe design tool
TherMODO (a thermodynamic model-based oligoset design optimizer). To evaluate the performance of the novel array
design, microarrays carrying the oligo set were hybridized with samples from treatments with dithiothreitol (DTT) or a
strain overexpressing the UPR transcription factor HAC/, both compared with a wild type strain in normal medium as
untreated control. DTT treatment was compared with literature data for S. cerevisiae, and revealed similarities, but also
important differences between the two yeast species. Overexpression of HAC/, the most direct control for UPR genes,
resulted in significant new understanding of this important regulatory pathway in P. pastoris, and generally in yeasts.

Conclusion: The differences observed between P. pastoris and S. cerevisiae underline the importance of DNA
microarrays for industrial production strains. P. pastoris reacts to DTT treatment mainly by the regulation of genes
related to chemical stimulus, electron transport and respiration, while the overexpression of HAC/ induced many genes
involved in translation, ribosome biogenesis, and organelle biosynthesis, indicating that the regulatory events triggered
by DTT treatment only partially overlap with the reactions to overexpression of HACI. The high reproducibility of the
results achieved with two different oligo sets is a good indication for their robustness, and underlines the importance of
less stringent selection of regulated features, in order to avoid a large number of false negative results.
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Background

Transcriptomics, the parallel quantification of many, or
all transcripts of an organism in given conditions, has
become a favorite tool for basic research [1]. Messenger-
RNA regulation patterns of model organisms under many
different conditions have become available during the last
years. However, these methods are still not applicable for
many industrially important organisms, mainly due to the
lack of DNA microarrays targeting these organisms. A typ-
ical example is the yeast Pichia pastoris, which is widely
applied for the production of recombinant proteins. Sev-
eral approaches have been taken to derive transcriptomic
data without specific microarrays. Sauer et al. [2] have
applied heterologous hybridization of P. pastoris samples
to Saccharomyces cerevisiae microarrays. Alternative meth-
odological concepts like Transcript Analysis with the Aid
of Affinity Capture (TRAC) [3] may be applied preferen-
tially to subsets of the transcriptome [4], provided that
genome sequence data are available. If this is not the case,
total cDNA may be utilized as a source of probes, either by
applying expressed sequence tags to microarrays [5] or
employing RNA fingerprinting like cDNA-amplified frag-
ment length polymorphism (cDNA-AFLP) [6], which has
recently been applied to Trichoderma reesei [7]. These
unannotated methods bear of course the disadvantage
that specific hits may only be identified after sequencing
their respective probes.

Therefore oligonucleotide microarrays have become the
method of choice for many applications, although their
design depends on the availability of a genomic sequence
with good gene identification and annotation. The
genome sequence of P. pastoris is not published yet. The
data available from Integrated Genomics (IG, Chicago, IL,
USA; [8]) contain a partial gene identification and anno-
tation, so that additional effort in this direction was a first
step necessary towards development of comprehensive
DNA microarrays for this yeast species. There is a wide
choice of computational gene finders available at the
moment which can be classified into intrinsic and extrin-
sic prediction programs. Intrinsic or de novo gene finder
only use information from the sequences to be studied,
building statistical models to distinguish between coding
and non-coding regions of the genome on the basis of
biological sequence patterns [9-11]. Extrinsic gene finder
utilize homology search to determine where protein cod-
ing regions are in the genome. Their applicability is there-
fore limited to organisms that have homologs in current
databases that are correctly annotated. Because of this lim-
itation it is common to integrate homology search with de
novo prediction [12]. Most state of the art gene finders use
a form of Hidden Markov Model (HMM) differing in the
implementation and complexity of the model as well as
the ease in which users can adapt the application to their
needs [13].

http://www.biomedcentral.com/1471-2164/9/390

It is well known that cross-hybridization can confound
microarray results rendering good probe design an essen-
tial requirement for accurate microarray analyses. The spe-
cificity of oligonucleotides is determined by the Gibbs free
energy (AG) of the hybridization reaction between poten-
tial binding partners. Highly specific probes will bind
their target transcript much more strongly than any other
transcript. Considering that microarray experiments are
non-equilibrium measurements, it is desirable that micro-
array probes exhibit uniform thermodynamic properties,
which many probe design tools aim to achieve by
demanding a narrow distribution of the probe-target
melting temperature T,,. Ideally, probes should have a
uniform binding free energy at the hybridization temper-
ature Ty, [14].

Previous studies have demonstrated that industrial pro-
duction strains may behave quite differently to laboratory
strains and model organisms [15], which emphasizes the
importance of analytical tools for industrially relevant
strains and species. As an example, the unfolded protein
response (UPR), a regulation circuit of high relevance for
heterologous protein production in eukaryotic cells [16],
has been shown to be differentially regulated in P. pastoris
[4] compared to S. cerevisiae [17], which is the typical
model species for hemiascomycete yeasts. The develop-
ment of specific microarrays for P. pastoris was intended to
allow a detailed analysis of UPR regulation in P. pastoris.
As in previous transcriptomics work with S. cerevisiae the
induction of UPR was either accomplished by addition of
dithiothreitol (DTT) or tunicamycin, this work aimed at a
comparison of DTT induced gene regulation in P. pastoris
to that in S. cerevisiae published by Travers et al. [17].
Finally we aimed at the comparison of DIT induced regu-
lation to the regulatory response to overexpression of
HACI1, the transcription factor controlling the UPR. Tran-
scriptional regulation of HACI overexpression has not
been studied for yeasts so far, so that we expected valuable
data to better define the core UPR regulated transcrip-
tome.

Results and Discussion

Gene prediction and Oligo Design

To evaluate available gene finders for their performance
on yeast genomes, three de novo gene finders (GeneMark,
Glimmer3, GlimmerHMM) were tested on the genome
sequence of S. cerevisiae. GeneMark and Glimmer3 work
with a prokaryotic Hidden Markov Model (HMM)
whereas GlimmerHMM employs a eukaryotic gene
model. GeneMark was trained with coding and non-cod-
ing sequences of S. cerevisiae, building an HMM transition
probability matrix of the 7th order. Glimmer3 and Glim-
merHMM could be trained directly on the genome in
question without specifying coding and non-coding
regions. In Lomsadze et al. [18] and Besemer and Boro-
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dovsky [9] the difficulty of eukaryotic gene finders in the
prediction of genes for organisms with few introns is dis-
cussed and linked to a lack of data for representative exon
- intron models. Our results confirmed that a gene finder
written for eukaryotes (GlimmerHMM) could not be
trained well on yeast genomes, introducing far too many
introns into the predicted genes. Both prokaryotic ver-
sions performed much better, with GeneMark predicting
less false negatives but more false positives than
Glimmer3 (Table 1). Even though the positive prediction
value was somewhat lower with GeneMark it was more
important not to miss true positives than to achieve a
lower rate of false positives. A further improvement could
be achieved by a GeneMark model for lower eukaryotes,
in which the prokaryotic algorithm is modified to use
Kozak start sites instead of prokaryotic ribosomal binding
sites. P. pastoris genes were predicted using this version of
GeneMark with the lowest possible threshold (probability
score t = 0.05) so that filter conditions could be better
controlled at a later state. The prediction yielded a total of
26,471 putative genes for the genome of P. pastoris.

In a WU-BLASTN search against S. cerevisiae, 6,374
sequences that were predicted by GeneMark, and 3,964 of
the IG predictions produced hits with S. cerevisiae using an
E value (Expectation value, [19]) of < 104, a hit length >
100 nucleotides and an identity of >50%. To reduce the
redundancy within the data set the predicted genes were
clustered into groups sharing more than 90% similarity
using cd-hit [20]. From a total of 31,896 candidate
sequences (GeneMark and IG predictions), 22,020 cd-hit
groups were obtained. From the cluster file it was clear
that some of the clusters had to be analyzed further before
selecting target sequences for the oligo design. After the
removal of all sequences that had a short length and a low
prediction value, complex clusters were defined as clusters
for which the minimum relative length of all sequences
was smaller than 0.9. A total of 2,612 clusters fell into this
category and were excluded at a first design stage.

Finally 19,508 predicted target sequences remained to be
tested in the first microarray experiments. OligoArray 2.1
[21] was able to design oligonucleotide probes for 17,161
sequences ranging in length from 57 to 60 nucleotides.

http://www.biomedcentral.com/1471-2164/9/390

Validation arrays for the first list of predicted transcript
sequences (Same-Same experiment)

With these probes 4 x 44 K slides were produced on the
Agilent microarray platform and employed for an initial
validation of the predicted transcript sequences by hybrid-
ization with the Pool samples of P. pastoris (for prepara-
tion of Pool samples see Material and Methods). One
slide had to be discarded because of quality issues. For the
remaining 12 arrays the number of probes showing a sig-
nal varied between 10,708 and 15,598. Of these, 7,980
had a signal on all 12 arrays, and only 951 probes showed
no hybridization on all 12 arrays.

Second, curated list of predicted target sequences and
second oligo design

The results of the initial validation arrays were utilized to
adapt the list of predicted genes, keeping all predictions
for which a hybridization signal could be observed for all
arrays plus all predictions with significant sequence simi-
larity to annotated genes as well as all sequences with an
average gene prediction score > 0.5. This approach allows
for the fact that not all genes will have been actively
expressed in the target samples. Additionally, predicted
transcripts resulting from a subsequent analysis of the
complex clusters were included at this stage. Of the 2,612
complex cluster that were not included in the design for
the first batch of arrays, only 223 contained more than 2
sequences and for a further 14 no subsequence match of
at least 60 nucleotides could be found within the last
1000 bases at the 3'-end. These 237 clusters were manu-
ally curated while the rest could be automatically reduced
to one sequence. To make full use of the 15,208 features
available on the Agilent microarray platform, it was
decided to also include predicted sequences with some-
what lower gene prediction score that showed a hybridi-
zation signal in at least 8 of the 12 arrays. Finally, a
selected set of 15,253 predicted transcript sequences was
used as targets for probe design of a comprehensive P. pas-
toris microarray. While it is obvious that this list is larger
than the expected number of open reading frames
(6,000-7,000), as judged in comparison to other yeast
species [22], we intentionally included more putative
transcript sequences, as false positives with a distinct
sequence will not negatively affect microarray design or

Table I: Comparison of gene finder performance on yeast genomic sequence data

Gene finder True positives Partly  False positives False negatives Sensitivity (%) Positive prediction value (%)
Glimmer3 75 13 21 31 73.9 68.8

GlimmerHMM [ 3 68(234) 115 32 1.4

GeneMark 8l 16 32 22 8l1.5 62.7

Three different gene finders were tested on the genome sequence of S. cerevisiae chromosome | to evaluate the quality of gene prediction.
Sensitivity = TP/(TP + FN), positive prediction value = TP/(TP + FP); For Glimmer HMM the column False Positives contains the number of genes

and in brackets the number of exons.
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experiments, in contrast to the damage of falsely exclud-
ing a potential transcript target.

Oligonucleotide probes were designed using a probe
design tool developed in-house, a thermodynamic
model-based oligoset optimizer (‘TherMODO', [23]).
TherMODO designed probes for 15,035 sequences, of
which only 665 were predicted as having cross-hybridiza-
tion potential. The TherMODO design was compared to
probe design with eArray [24]. The distributions of AG
and T,, of both designs are shown in additional file 1.
Clearly the TherMODO designed probes are more uni-
form in respect to the Gibbs free energy AG, indicating a
superior hybridization performance [14].

The final probe design was manufactured on 8 x 15 K
slides by Agilent, and evaluated for reproducibility and
biological meaningfulness. Pool samples were applied to
2 arrays on 2 slides each, including dye swap. The scatter-
plots show uniformly high correlations > 97% both
within and between arrays, both on same and different
slides, indicating high reproducibility of hybridization
signals between identical samples. Exemplarily, a scatter-
plot of signal intensities derived from the same samples
(wild type strain untreated) is shown in Figure 1. For the
final gene list the annotation was improved in addition to
the annotation provided by IG. This resulted in 3954
annotated ORFs, of which 2989 had an IG annotation.
965 newly annotated ORFs were found, and the annota-
tion of 288 hypothetical proteins was confirmed. All
annotated genes are listed in Additional file 2.

Wild type on different sildes
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Figure |
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Biological evaluation of the new microarrays

The performance of the new arrays was examined by a
hybridization experiment using samples, for which tran-
script regulation data have been obtained before [4]. The
biological question evaluated was the regulatory response
of P. pastoris to constitutive overexpression of the active
form of S. cerevisiae HAC1, the transcription factor con-
trolling UPR target genes. By this approach, the regulation
of 52 genes which have been studied before using TRAC
[3] could be verified, with 80% of these genes showing the
same regulation pattern for both methods (genes high-
lighted in bold in Additional file 2). This correlation is sta-
tistically significant based on calculating the regression (p
=8.8 - 10).

The similarities and differences of UPR induction and
reaction to DTT stress have been discussed before
[4,25,26]. To achieve further insight into this technologi-
cally relevant issue, we compared the gene regulation pat-
terns of a HAC1 overexpressing strain vs wildtype control
with the regulation pattern of the wildtype treated with
DTT for 60 min vs the untreated control. Genes were qual-
ified as significantly regulated with a p-value < 0.05
(adjusted for multiple testing). 11,262 of all features on
the microarrays appeared as differentially regulated either
upon DTT treatment or HACI overexpression, or both.
8,480 reacted to HAC1, and 6,870 to DTT, with an overlap
of 4,088. Considering only the 3,954 annotated genes, a
similar pattern is observed with roughly half of the regu-
lated genes overlapping between DTT and HACI, and
another half being typical only for either of the treatments

Wild type on same silde

12 14 16 18

10

8
|

r*=0.999

6

Naormalized log2 intensities: slide 1, array 1

MNormalized log2 intensities: slide 1, array 2

Correlation of signal intensities. Scatterplots of untreated wild type strain samples on (A) different arrays of the same
slide; (B) different arrays on different slides. Red line: linear regression of the data; blue line: theoretical perfect correlation.

Page 4 of 13

(page number not for citation purposes)



BMC Genomics 2008, 9:390

(Figure 2). Accordingly, the correlation of log fold
changes of the two treatments is apparent but rather weak
(Figure 3). While DTT treatment is widely accepted as a
standard inducer of UPR, these observations indicate that
the gene regulation pattern triggered by the UPR transcrip-
tion factor Hacl differs to a significant extent from that
exerted by DTT.

As previous research on transcriptome regulation upon
UPR induction usually employs a fold change (FC) cut-off
to highlight the strongly regulated genes, we decided to
introduce FC > 1.5 as a second criterion to identify more
strongly regulated genes for further detailed analysis (Vol-
cano plots visualizing the two criteria are provided in
Additional file 3). Although the introduction of a FC cut-
off alters the absolute number of regulated genes, it does
not alter the relative distribution of regulated genes cate-
gorized into functional groups (GO slim biological proc-
ess), as can be seen in Figure 4 and Additional file 4.

Comparison of UPR induction by DTT in P. pastoris and
S. cerevisiae

In order to compare the effects of DTT treatment in S. cer-
evisiae with those in P. pastoris, the data published by
Travers et al. [17] for 60 min treatment of S. cerevisiae with
DTT were evaluated alongside with our results for P. pas-
toris. All genes of S. cerevisiae which were listed in [17] and
for which homologs in P. pastoris were identified were

A Annotated Sequences B
pvalue < 0.05 FC > 1.5 and p-value < 0.05
691 733 395 340
Hac1
646 961 171 287,
DT
505 &07 186 288
up T - DOWN - = up - T DOWN
¢ AllSequences
2301 2091 1384 503
Hac1
1987 210 767 704
oTT
1404 1378 653 841
Figure 2

Venn diagrams of differentially expressed genes upon
DTT treatment or HACI overexpression. (A, B) Regu-
lated hits with annotation; (C, D) all regulated features; (A,
C) cut-off adjusted p-value < 0.05; (B, D) cut-off adjusted p-
value < 0.05 and FC > |.5.
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Comparison of expression changes induced by DTT
treatment and HAC/ overexpression, respectively.
Log, values of expression changes (log, FC) caused by DTT
(DTT treated wildtype vs untreated wildtype) and by Hacl
(HACI overexpression vs wildtype) are compared. The cor-
relation coefficient r2is indicated. Red line: linear regression
of the data; blue line: theoretical perfect correlation.

classified as upregulated, downregulated or unregulated.
In order to compare the two data sets, a cutoff of 1.5 fold
differential expression was set in both to define regulated
genes. A significance threshold on p-values could not be
employed, as these data were not provided for S. cerevisiae.
48% of these genes defined as regulated or unregulated
reacted in P. pastoris just as in S. cerevisiae.

A closer evaluation revealed that certain GO groups were
regulated very similarly in both yeast species, while others
showed only a low degree of similarity (Table 2). Fisher's
exact test was performed to evaluate the significance of
groups with low similarity. Especially the GO groups
'translocation’, 'protein folding', 'protein degradation’,
and to some extent 'glycosylation' and 'transport' showed
high degrees of similarity. In some GO groups, only some
subgroups reacted similarly while others behaved differ-
ently in the two yeasts. Of the 'glycosylation' group, core
oligosaccharide synthesis and glycosyltransferase genes
behaved very similarly, while glycoprotein processing,
GPI anchoring and O-glycosylation related genes were
regulated significantly different (p < 0.05). In the 'protein
degradation' group, more similarity was observed for
ERAD genes than for ubiquitin/proteasome related genes.
Among the 'transport' gene group, budding, fusion and
retrieval of ER to Golgi showed a high degree of similar
regulation, contrary to the subgroup distal secretion. Low
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Figure 4

Fractions of up- and downregulated genes in functional groups. Relative numbers of upregulated (red), downregulated
(blue) and unregulated (yellow) genes categorized in GO biological process terms upon HAC/I overexpression (left panel) and
DTT treatment (right panel). Shaded in black: regulated in both treatments. Upper panels: cut-off p-value < 0.05, lower panel

cut-off p-value < 0.05 and FC > |.5. The results of significance testing (Fisher's exact test) are given in additional file 4.
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Table 2: Similarity of gene regulation between P. pastoris and S. cerevisiae upon DTT treatment

Function Subfunction No. of similarly regulated/total % similar regulation
Translocation total 4/6 67
Glycosylation total 11722 50
Core oligosaccharide synthesis 3/4 75
Oligosaccharyltransferase 4/4 100
Glycoprotein processing 1/5 20
GPI anchoring 1/4 25
Golgi/O-linked 2/5 40
Protein Folding total 5/8 63
Chaperones 3/5 60
Disulfide bond formation 2/3 67
Protein Degradation total 4/5 80
ERAD 3/3 100
Ubiquitin/Proteasome 172 50
Transport total 11720 55
Budding (ER-Golgi) 4/7 57
Fusion (ER-Golgi) I/1 100
Retrieval (ER-Golgi) 4/5 80
Distal secretion 217 29
Lipid Metabolism total 5/18 28
Fatty acid metabolism 0/4 0
Heme biosynthesis 2/5 40
Phospholipid biosynthesis 2/6 33
Sphingolipid biosynthesis 0/1 0
Sterol metabolism 172 50
Vacuolar Protein Sorting total 1/4 25
Cell Wall Biogenesis total 4/10 40

All genes that were indicated in [17] as core UPR genes in S. cerevisiae and having an annotation in P. pastoris were grouped by their GO process
functions. Similar regulation of a gene means upregulated, downregulated or below cut-off, respectively, in both yeasts.

similarities were observed for 'lipid metabolism', 'vacu-
olar protein sorting' and 'cell wall biogenesis' genes. It
becomes obvious that core UPR genes related to protein
translocation, folding and ER transport, as well as core N-
glycosylation react similarly to DTT treatment in P. pastoris
as compared to S. cerevisiae, while genes involved in proc-
esses which are more distal from ER protein folding
behave more differently, indicating that those processes
(like functions in the Golgi, [27]) differ significantly
between the two yeasts.

Overexpression of Hacl triggers a different regulation
pattern compared to DTT treatment

In most previous studies of the UPR in lower eukaryotic
cells, treatment with DTT or tunicamycin, or heterologous
protein expression has been employed to trigger the UPR.
This study clearly indicates that the set of regulatory events
triggered by DTT analysis only partially overlaps with the
reactions to constitutive expression of the activated form
of the UPR transcription factor Hac1 (see Figures 2 and 3).
Interestingly, both treatments resulted in the same
amount of genes being down-regulated as being up-regu-
lated, a fact that has been neglected to some extent in the
existing literature.

Those genes appearing beyond the threshold (p-value <
0.05 and FC >1.5) were subjected to a more detailed com-
parison between the effects of DTT treatment and Hacl
induced regulation. The relative numbers of up- and down-
regulated genes in each GO biological process term based
on the SGD GO slim tool [28] are depicted in Figure 4.

A pattern common to both treatments is the down-regula-
tion of major metabolic processes like carbohydrate,
amino acid and lipid metabolism, as well as that of vita-
mins, cofactors and aromatic and heterocyclic com-
pounds. This makes it obvious that the UPR has a major
impact on decreasing both catabolic and anabolic proc-
esses. On the other side, both treatments lead to up-regu-
lation of protein folding and vesicular transport. These
effects are in line with the published literature, indicating
the cellular reaction towards alleviation of the UPR
[4,25,26,17].

As expected, the genes coding for classical UPR targets are
induced both in Hacl overproducing and in DTT stressed
cells, and genes underlined in the following paragraphs
have been identified as UPR targets in previous studies.
Especially the ER folding catalysts PDI1 and EROI1, the
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DnaJ homologs JEM1 and SCJ1, the ER resident chaper-
ones CNE1 (calnexin), KAR2/BiP and LHS1 and the mito-
chondrial chaperones HSP60 and SSC1 are significantly
up-regulated in both conditions. Among the functional
group of 'protein modification' the majority of up-regu-
lated genes belong to the core oligosaccharide synthesis
(DPM1, DIE2), oligosaccharyltransferase complex (OST1,
OST2, OST3, SWP1, STT3, WBP1), glycoprotein process-
ing (ALG2, ALGZ, SEC53), GPI anchor biosynthesis
(GPI2, GPI14, PSAI1) and Golgi/O-linked glycosylation
(PMT1, PMT2, PMT4, PMTG6). Besides these, several genes
coding for the translocon pore complex (SEC61, SEC62,
SEC63, SEC72, SSS1), which aid the translocation of nas-
cent polypeptides into the ER, are induced. Higashio and
Kohno [29] describe the stimulation of ER-to-Golgi trans-
port through the UPR by inducing COPII vesicle forma-
tion. In this context, we see SEC23, SEC24, SFB2, YIP3,
and ERV2 upregulated. However, also proteins building
the COPI coatomer, which are required for retrograde
Golgi-to-ER transport, show increased transcription levels
upon ER stress in our experiments (COP1, RET2, SEC21,
SEC27).

While we cannot give any information on ERAD regula-
tion, as HRD1 is the only annotated gene of this protein
degradation process (up-regulated in the Hac1 strain), we
observed the down-regulation of some components
involved in the assembly of the 20 S core of the 26 S pro-
teasome (ADDG6, PRE1, PRE4, SCL1) and ubiquitin UBI4
upon constitutive UPR activation. In this context, Shaffer
et al. [30] describe reduced degradation of newly synthe-
sized proteins in XBP1-overexpressing human Raji cells.

Induction of genes encoding cytosolic chaperones (Cnsl,
Jji3, Hsp82, Ssal, Ssa2, Ssel, Ydj1, Zuo1) can only be seen
in the Hacl-overproducing strain. Additionally, the ER-
resident Pdi homolog Mpd1 and two members of the PPI-
ases (FPR4 and CPRG6) are only up-regulated in the engi-
neered strain, but not upon DTT addition.

One of the most striking patterns is the significant up-reg-
ulation of a large number of genes with functions in ribos-
omal biogenesis (233 genes assigned to the GO-categories
'ribosome biogenesis and assembly' and 'RNA metabolic
process'). Most of these genes are contributing to rRNA
processing (RRP family) and ribosome subunit nuclear
export and assembly, while the ribosomal proteins (RPS
and RPL families) themselves are not among the regulated
genes for P. pastoris (see Additional file 2). No genes with
a function in mRNA decay show increased transcription
levels. The induction of the above functional categories
came as a surprise, as translational down-regulation of
proteins involved in ribosomal biogenesis was recently
reported when S. cerevisiae cell were treated with DTT [31].
In contrast, the transcription levels of 9 out of the 16
mRNAs listed by these authors are enhanced in our study.

http://www.biomedcentral.com/1471-2164/9/390

Transcriptional down-regulation of ribosomal proteins
during ER stress conditions was also revealed when rean-
alysing the raw data provided by Travers et al. [17]. How-
ever, Shaffer et al. [30] describe an increase in total protein
synthesis as well as in the number of assembled ribos-
omes upon the overexpression of the mammalian Hacl
homolog XBP1 in Raji cells, but did not observe upregula-
tion of genes related to ribosome biogenesis. A similar
effect was observed after XBP1 overexpression in CHO-K1
cells [32]. These results may be an indication that the pos-
itive effect of overexpression of the UPR transcription fac-
tor on heterologous protein production [33,34,16,35]
results not just from stimulation of folding and secretion
of proteins but also their synthesis. The induction of pro-
tein folding related genes upon Hacl overexpression is in
line with the literature on UPR effects, while an impact on
organelle biosynthesis other than ER and Golgi has so far
only been described for mammalian cells.

The stimulatory effects of XBP1 induction on ribosomes
and organelle synthesis in mammalian cells like lym-
phocytes have been attributed to their function as dedi-
cated protein factories. On the other hand the UPR in
lower eukaryotes should rather serve to alleviate the load
of unfolded, aggregation prone protein. It will be of inter-
est in the future to investigate whether Hacl stimulates
ribosome biogenesis in other yeasts and fungi as well, and
whether this leads to increased translation.

In this context, it is worthwhile to mention the induction
of two pathways leading to the unusual post-translation-
ally modified amino acid derivatives diphthamide and
hypusine which are exclusively found in eukaryotic trans-
lation elongation factors 2 (eEF2) and 5 (eEF5), respec-
tively [36,37]. As these biosynthetic pathways are rather
complex, and outstanding in the otherwise downregu-
lated group of 'amino acid biosynthesis', this induction
underlines the increased demand for protein synthesis.

Furthermore, we observe that ER stress leads to increased
transcription of genes coding for the large and small subu-
nits of the mitochondrial ribosomes (MRPS, RSM and
MRPL families), mitochondrial translation initiation and
elongation factors (IFM1, MEF1, MEF2) and mitochondrial
DNA polymerase (MIP1). Several essential constituents of
the mitochondrial inner membrane presequence translo-
case (TIM family) are also up-regulated, indicating
increased necessity for protein import into the mitochon-
dria. Similarly, XBP1 was shown to increase mitochondrial
mass and function in two types of mammalian cells [30].

While previous studies analysing UPR regulation mainly
focus on up-regulated genes [17], more than half of the
genes identified in our study to be regulated are strongly
down-regulated (at least 1.5 fold). As can be seen in Figure
4, anabolic processes such as vitamin production, amino
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acid and aromatic compound biosynthesis, heterocycle
metabolic processes, carbohydrate, lipid and cofactor
metabolism are among the most prominent repressed
classes in both DTT-treated as well as Hacl-overproducing
cells. The down-regulation of energy consuming biosyn-
thetic pathways emerges as a general picture during ER
stress conditions. However, it becomes obvious that the
response to the folding perturbation agent DTT strongly
differs from constitutive UPR induction by Hac1l-overpro-
duction. Especially the prominent down-regulation of
genes belonging to 'electron transport' and 'cellular respi-
ration' can easily be explained by the strong reducing
capacities of DTT. Prominent members of the mitochon-
drial inner membrane electron transport chain such as
subunits of the cytochrome c¢ oxidase (COX4, COX4,
COX5A, COX13) and the ubiquinol cytochrome-c reduct-
ase complex (COR1, QRC6, QRC7, QRCY, RIP1) are sig-
nificantly repressed upon DTT treatment. Additionally,
cytochrome ¢ (CYC1), cytochrome c1 (CYT1) and cyto-
chrome c heme lyase (CYC3) are only under DTT-depend-
ent repression (GO: 'generation of precursor metabolites
and energy'). The reducing features of DTT are most prob-
ably also the reason for the up-regulation of genes
involved in the upkeeping of 'cellular homeostasis' and
clearly, addition of DTT is provoking a 'response to a
chemical stimulus'.

Down-regulated genes appearing in both Hacl and DTT
in the 'protein modification' group focus on protein
kinases (CDC5, CDH1, DBF2) and components of the
ubiquitinylation complex (BUL1, CUL3) involved in cell
cycle regulation driving the cells towards mitotic exit
(CDC5, CDH1, MOB1). These effects are even more pro-
nounced in the Hacl-strain, where several more histone
modifying enzymes as well as cycline-dependent protein
kinases and components of the protein kinase C signal-
ling pathway show reduced transcription levels compared
to the wild type. Unlike reported for the filamentous fungi
T. reesei [7] and A. nidulans [26], genes encoding the his-
tones H2A, H2B, H3 and H4 appear to be down-regulated
upon secretion stress in P. pastoris.

No clear picture emerges regarding the regulation of 'lipid
metabolism': While sterol and ergosterol biosynthesis
tend to be inhibited, the production of sphingolipid pre-
cursor substances is enhanced. On the other hand, a
down-regulation of the major cell wall constituents ($-1,3
glucanases BGL2 and EXGI, cell wall mannoproteins
CCW12, CWP2 and TPI1, GPI-glycoproteins GASI and
SED1, PST1) and genes coding for proteins required for
the transport of cell wall components to the cell surface
(SBE22) is manifest. Taken together, these results indicate
a significant remodelling process regarding the P. pastoris
cell envelope during ER stress conditions.
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Interestingly, the major groups of metabolic genes were
down-regulated upon Hacl overexpression, indicating a
decrease of the supply of metabolites. However, it should
be noted that no reduction of the specific growth rate was
observed as compared to the wild type strain (n=0.37 and
0.39 h-1, respectively). A reduction of metabolic processes,
and amino acid synthesis in particular, is contradictory to
translation stimulation. Further research will be needed to
elucidate the overall regulatory pattern of UPR in respect
to protein synthesis.

Conclusion

Additional gene finding and annotation added to the
available data for P. pastoris lead to a list of approximately
4,000 genes with a putative identification of their func-
tion, and 11,000 more potential open reading frames. An
oligonucleotide probe set was designed, the hybridization
results were evaluated for reproducibility, and results
from a biologically relevant analysis were tested for mean-
ingfulness. In a direct comparison to S. cerevisiae employ-
ing DTT treatment for UPR induction, 45 out of 93 genes
reacted similarly. The differences thus observed between
P. pastoris and S. cerevisiae underline the importance of
DNA microarrays for industrial production strains. HACI
overexpression in P. pastoris obviously leads to induction
of many genes involved in translation: most genes of
ribosome biogenesis, as well as many related to RNA
metabolism and translation were up-regulated, an effect
that has never been observed in yeasts and filamentous
fungi so far.

The upregulation of ribosomal biogenesis, RNA metabo-
lism, translation, and organelle biosynthesis is specific for
HAC1 overexpression and not observed with DTT treat-
ment, while the latter leads specifically to the upregula-
tion of genes related to chemical stimulus, and the
downregulation in the groups electron transport and res-
piration, so that these reactions have to be regarded as
specific for the treatment with a reducing agent rather
than UPR regulated.

Methods

Gene Prediction and Sequence Selection

Gene prediction and the selection of sequences for oligo-
nucleotide probes were based on sequenced contigs of the
P. pastoris genome including predictions of protein coding
genes, available through Integrated Genomics [8]. The
number of predicted genes was 5,425 of which 3,680 had
an assigned function. The ORFs were made up of experi-
mentally identified genes, as well as ORFs predicted by a
proprietary gene finder [38].

To validate and possibly improve these predictions, de
novo gene finding was conducted. First three de novo gene
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finder (GeneMark, Glimmer3, GlimmerHMM) were
tested on the genome sequence of S. cerevisiae (data from
BioMart, [39]) to evaluate their performance on yeast
genomes. As described in Results and Discussion, Gene-
Mark [40] was selected for further gene prediction on the
P. pastoris genome sequence. To run the gene prediction it
was necessary to train GeneMark on S. cerevisiae by build-
ing a matrix with transition probabilities for coding and
non-coding regions used by the Hidden Markov Model
(HMM) of the program. With the amount of data availa-
ble we were able to generate a matrix of the 7th order. The
genes of P. pastoris were predicted using the S. cerevisiae
matrix and the lowest possible probability score cut-off (t
= 0.05). In the initial stage of the microarray design the
aim was to predict as many putative ORFs as possible. In
this context a higher false positives rate was accepted in
order to keep the false negatives rate as low as possible.

The predicted sequences were merged with data from 1G
and clustered by running cd-hit [20] with a similarity cut-
off of 90%. For all of the resulting sequences a BLASTX
search was done against S. cerevisiae using WU-BLAST
[19]. Blast data was further filtered for length (cutoff 55
bp) and low prediction score. Clusters comprised of more
than one gene were represented by the longest sequence,
or curated manually, if appropriate.

From this first gene list (PpaV1) microarrays were ana-
lyzed as described below. Spots with a positive signal were
determined using the mean plus one standard deviation
of the negative control probes as a cut-off. Sequences were
selected if they were positive in at least 8 out of 12 arrays.
This criterion was chosen to fill the array capacity. Addi-
tionally all sequences with a probability score higher than
0.5 or having an annotation were kept for the second set
of sequences (PpaV2).

Annotation

For the PpaV2 sequence set the program cd-hit-est [20]
was used to find all ORFs that had a global identity of >
80% with S. cerevisiae. WU-BLASTX and WU-TBLASTN
searches were conducted against S. cerevisiae, using a low
complexity filter and E < 10-7. For all the sequences that
did not have a match with S. cerevisiae under these condi-
tions the two BLAST searches were repeated against the
SwissProt/TrEMBL [41] database. A perl script was devel-
oped to summarize and compare the BLAST results.

Oligo Design and Array platform

Oligos for the PpaV1 sequences were designed with the
Program OligoArray 2.1 [21] to match the melting tem-
perature distribution of Agilent's S. cerevisiae oligos on the
Yeast Oligo Microarray (V2), design number 013384.

http://www.biomedcentral.com/1471-2164/9/390

The oligo-set for the PpaV2 sequence set was designed
using the thermodynamic model-based oligoset opti-
mizer 'TherMODO'. This tool incorporates advanced
quantitative models for probe-target binding region acces-
sibility and position-dependent target labelling efficiency,
and replaces the common greedy search algorithm by a
global set optimization step, achieving high discrimina-
tion power for particularly uniform probe sets [23].
Probes for Agilent arrays are limited to a maximum length
of 60 nucleotides by the manufacturing process. For
increased flexibility in the probe design, the oligoset
design optimization considered probes ranging in length
from 57 to 60 nucleotides.

These arrays were produced on Agilent 60 mer oligonucle-
otide high density arrays 4 x 44 K (with 42,034 available
features) for PpaV1 and 8 x 15 K (with 15,208 available
features) for PpaV2.

Experimental Design

For the first batch of arrays a same-same design was used,
employing six replicates each of Pool 1 and of Pool 2. The
aim of this experiment was to determine which of the
probes hybridize to P. pastoris targets. For the second
batch of arrays a two-state comparison set up was chosen
with 6 replicates for each experiment of which 3 were dye
swapped.

Strains und Cultures

For the first batch of arrays the aim was to determine
which of the predicted probes hybridize with targets from
P. pastoris. To make sure that many genes were active it was
important to pool samples from various conditions of the
cells. Samples were taken from two different P. pastoris
strains, X-33 and CBS2612, grown on different media and
taken at both exponential and stationary growth phase.
The media were YP Medium (1% yeast extract, 2% pep-
tone and either 2% glucose, 2% glycerol or 0.5% metha-
nol as carbon source), Buffered Minimal Medium (1.34%
yeast nitrogen base, 4 x 10-5% biotin, 100 mM potassium
phosphate pH 6.0 and either 2% glucose, 2% glycerol or
0.5% methanol as carbon source), and Buffered Minimal
Medium described above supplemented with amino acids
(0.005% of L-glutamic acid, L-methionine, L-lysine, L-leu-
cine and L-isoleucine). The samples were combined into
two pools with Pool 1 containing 18 samples from the
exponential growth phase and Pool 2 containing 18 sam-
ples from the stationary phase. Both pools additionally
contained seven chemostat samples of the strain X-33
3H6Fab, grown as in [42].

For the UPR experiments, strains GS115 HAC1, constitu-
tively overproducing the activated form of S. cerevisiae
Hacl, as described in Gasser et al. [33,4], as well as GS115
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transformed with the empty vector pGAPHIS (a histidine
prototrophic isogenic strain of GS115) were cultivated in
YPD (YP as above with glucose) at 28°C. After growing
the cultures to an OD, = 5.7, dithiothreitol (2.5 mM)
was added where appropriate. After 1 more hour of culti-
vation, 1 ml culture was added to 0.5 ml precooled phe-
nol solution (5% in absolute ethanol) and centrifuged
immediately for 30 sec at 13.000 rpm. After discarding the
supernatants the pellets were frozen at -80°C.

RNA Isolation

All samples were resuspended with 1 mL TRI Reagent
(Sigma). Cells were disrupted after addition of 500 pL
glass-beads with a Thermo Savant Fastprep FP120
Ribolyzer by treatments of 2 x 20 sec at 6.5 ms'!. RNA was
extracted with chloroform, precipitated with isopropanol,
washed with 75% ethanol and dissolved with diethylpy-
rocarbonate treated water. The extracted RNAs were quan-
tified via absorption at 260 and 280 nm. The quality of
the RNA samples was verified with the Agilent Bioanalyzer
2100 and RNA 6000 Nano Assay kit (Agilent Technolo-
gies, California).

Labeling and Hybridization

Hybridization targets for P. pastoris microarrays were pre-
pared according to Agilent's Two-Color Microarray-Based
Gene Expression Analysis protocol (Version 5.5, February
2007). Purification of the labelled and amplified RNA was
conducted using RNeasy mini spin columns (Qiagen).
The quality of labelled cRNA was evaluated on the Agilent
Bioanalyzer 2100 and quantified using a ND-1000 Nano-
Drop Spectrophotometer. Fragmented cRNA samples
were applied to the individual arrays. The slides were
placed into Agilent hybridization oven and hybridized for
17 h, at 65°C and 10 rpm.

Microarray Analysis

Slides were scanned with an Agilent MicroArray Scanner
and intensities were extracted using Agilent's Feature
Extraction software (version 9.1). The resulting data was
imported into R where data pre-processing and normali-
zation was performed. In the pre-processing step all out-
liers and saturated spots were given the weight zero. After
plotting the data we decided to refrain from background
correction since it has the tendency to add more noise to
the data [43]. The data were normalized using locally
weighted MA-scatterplot smoothing (LOESS) followed by
a between array scale normalization. Both functions are
available within the limma package of R [44]. For the
selection of differentially expressed genes linear models
were fitted to the log-ratios of the expression data sepa-
rately for each gene. An empirical Bayes approach was
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used to shrink the probe-wise sample variances towards a
common value yielding a moderated t-statistic per gene
[45]. P-values were corrected for multiple testing using
Holm's method [46]. Features were defined as differen-
tially expressed if they had a p-value < 0.05. For the iden-
tification of stronger regulatory effects an additional cut-
off for the fold change (FC) of 1.5 > FC > 1/1.5 was
applied. Description of the platform, array, raw data as
well as processed data were deposited at ArrayExpress [47]
under the accession numbers A-MEXP-1157.

All annotated P. pastoris genes were categorized into GO
biological process terms using the SGD GO slim tool [28],
whereby P. pastoris specific genes were included into the
term 'other'. The significance of a deviation of the number
of up- or downregulated genes in each group from the
average was verified with a Fisher test (Additional file 4).
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Additional material

Additional File 1

Thermodynamic properties of the TherMODO probe design compared
to probes designed through Agilent's eArray. Distribution of Gibbs free
energy AG (A) and the probe-target melting temperature T,, (B) of the
oligo sets. The upper row (1) shows the oligos designed through eArray
and the lower row (2) the oligos designed with TherMODO. PpaV2 is the
name of the second set of sequences as described in the Materials and
Methods section.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-9-390-S1.pdf]
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Additional File 2

Differential expression values of all annotated genes upon DTT treat-
ment and HAC1 overexpression. Differential expression values and
adjusted p-values of all annotated genes of P. pastoris, denominated with
the gene name of their respective S. cerevisiae homolog. Genes that were
tested with TRAC as a different method for transcript quantification are
highlighted in bold letters. Legend of headers: id — internal unique iden-
tifier of sequence; sequ_id — ERGO identifier (RPPA.) or gene finder
identifier (orf.) respectively; DTT_logFC — log, fold change of DTT treat-
ment compared to control; HAC1 logFC - log, fold change of HAC1
overexpression compared to control; Gene name — Standard gene name or
if missing systematic ORF name according to S. cerevisiae nomenclature;
GO - Gene Ontology term (for descriptions see additional file 4). If a
gene is present in a certain GO group it has a 1 in the respective column,
if not it has a 0.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-390-S2.xls|

Additional File 3

Volcano plots of fold change vs. adjusted p-values. (A) DTT treatment;
(B) HAC1 overexpression. Blue line: p-value cut-off p > 0.05; red lines:
optional fold change cut-off FC > 1.5.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-9-390-S3.pdf]

Additional File 4

Fisher's exact test of the up/down regulated gene groups upon DTT
treatment and HAC1 overexpression. Fisher's exact test was applied to
test significance of the up- and downregulated gene groups displayed in
figure 4. p,q; values are given for each GO group. Legend of headers:
group — Gene Ontology term; Description — Gene Ontology description;
odds.ratio — measure of independence between variables; adj.p — Holm
adjusted p-value; HAC1 up/down — up/down regulated in HAC1 over-
expression experiment; DTT up/down — up/down regulated in DTT exper-
iment. The first work sheet represents results using only a p-value cut-off
p > 0.05, the second work sheet represents results using a p-value cut-off
p > 0.05 and a fold change cut-off FC > 1.5.
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ABSTRACT: High cell density cultivation of Pichia pastoris
has to cope with several technical limitations, most impor-
tantly the transfer of oxygen. By applying hypoxic conditions
to chemostat cultivations of P. pastoris expressing an anti-
body Fab fragment under the GAP promoter, a 2.5-fold
increase of the specific productivity gp at low oxygen supply
was observed. At the same time the biomass decreased and
ethanol was produced, indicating a shift from oxidative to
oxidofermentative conditions. Based on these results we
designed a feedback control for enhanced productivity in
fed batch processes, where the concentration of ethanol in
the culture was kept constant at approximately 1.0% (vv ')
by a regulated addition of feed medium. This strategy was
tested successfully with three different protein producing
strains, leading to a three- to sixfold increase of the gp and
threefold reduced fed batch times. Taken together the
volumetric productivity Qp increased 2.3-fold.
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Introduction

The design of bioprocesses has to meet both economical and
technical requirements. One of the most limiting para-
meters, especially during large scale high cell density
cultivations of microorganisms, is the maximal oxygen
transfer rate (Porro et al., 2005). This is also the case for
the methylotrophic yeast Pichia pastoris, a popular host
for the production of recombinant protein which enables
the utilization of different metabolic pathways. In the
methanol pathway, the oxidation of methanol with mole-
cular oxygen is the first step of both energy production and
carbon assimilation. Surplus of oxygen may lead to accu-
mulation of formaldehyde, especially during the induction
phase on methanol. It was assumed by most authors that
high oxygen supply and a high level of dissolved oxygen
tension (DOT) are needed during the production phase, and
often pure oxygen is employed for aeration (Lee et al., 2003).
Charoenrat et al. (2005) have shown that oxygen limitation
during fed batch may be employed to limit the growth, thus
maintaining a higher methanol concentration, which may
further induce the AOX1 promoter used to express the
heterologous gene. However, this approach still runs under
tully aerobic conditions (which are required by the methanol
metabolism), and the oxygen-limited situation leads to very
low specific growth rates and long process times.
Alternatively, the glycolytic glyceraldehyde-3-phosphate
dehydrogenase (GAP) promoter is used to produce proteins
on glucose. When using this expression system, gp increases
asymptotically to a maximum value with increasing ©
(Maurer et al., 2006). An analogous behavior has been also
reported for the AOX1 promoter for P. pastoris cells growing
on methanol (Ohya et al., 2005). Hence the ratio of gp to u,
which corresponds to the yield of product per biomass ( Ypx)
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decreases with increasing jt, so that low product titers are
achieved at higher growth rates. Maurer et al. (2006) have
developed a model to describe growth and product
formation, and to optimize the feeding profile of glucose
limited fed batch cultures to increase volumetric produc-
tivity. However, this model is based on fully aerobic
conditions, and growth is solely controlled by a feed forward
strategy of the fed batch medium, following a predefined
feed rate profile.

The impact of oxygen supply on the production of
heterologous proteins and disulfide bridge formation has
not been investigated rigorously yet. Gross et al. (2006)
describe insights into mechanisms for maintaining disulfide
bond formation under anaerobic conditions in the
endoplasmic reticulum by regenerating oxidized Erolp, a
key enzyme in the disulfide bond formation pathway in
eukaryotic cells in both aerobic and anaerobic environ-
ments. Oxygen limitation in Escherichia coli cultures leads to
a stress response (Schweder et al., 1999) and by-product
formation such as acetate, which inhibit recombinant
protein production (Bauer et al., 1990). Wiebe et al. (2007)
investigated the impact of oxygen depletion in Sacchar-
omyces cerevisiae. They provide a general survey of the
changes in metabolite levels as well as transcript levels
pointing out that it is not possible to linearly interpolate
between aerobic and anaerobic conditions. Also, the impact
of oxygen limitation on recombinant protein production
was not approached.

Growth on methanol is an aerobic process, so that oxygen
limitation leads to growth limitation irrespective of
methanol supply (Charoenrat et al., 2005). On glucose,
however, P. pastoris shows a facultative anaerobic behavior
so that oxygen limitation leads to by-product (mainly
ethanol) fermentation. Therefore oxygen limitation on
glucose does not limit substrate consumption but represents
a switch to an alternative metabolic pathway. Based on the
obtained results, we further developed a feedback controlled
fed batch process for enhanced productivity which was
tested successfully with three different protein producing
strains.

Materials and Methods

Strains

For the construction of the P. pastoris strain expressing the
human monoclonal antibody 3H6 Fab fragment, the light
and heavy chain genes were prepared as described by Gach
et al. (2007), cloned under control of the constitutive GAP
promoter with the S. cerevisiae alpha-mating factor signal
sequence for secretion, and transformed into the strain
X-33, as described in Gasser et al. (2006). The P. pastoris strain
producing human trypsinogen was described by Hohen-
blum et al. (2003), and the strain for porcine trypsinogen
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was prepared accordingly, both utilizing the GAP promoter
and the alpha-mating factor signal sequence.

Cultivation

Chemostat

The chemostat cultivations were performed at a working
volume of 1 L in a 2 L bench-top bioreactor (Biostat B,
Braun Biotech, Melsungen, Germany). One liter shake flask
containing 300 mL of YPG medium (per liter: 10 g yeast
extract, 20 g peptone, 10 g glycerol) was inoculated with a
1.0 mL cryostock of the recombinant P. pastoris cell bank.
The culture was grown for approximately 24 h at 30°C with
shaking at 200 rpm, and used to inoculate the reactor to an
optical density (ODggy) of 1.0. After a batch period of
approximately 24 h the continuous culture started at a
dilution rate of D=0.1 h™' by adjusting the flow rate to
100 gh™".

The cultivation parameters were set to 25°C and 700 rpm,
and the pH was controlled at 5.0 with ammonium
hydroxide. The total gas flow was kept constant for all
experiments at 1.5 vvm (volume gas per volume batch
medium and minute), however, for cultures that received
less than 20.97% O, in the gas stream, air was partially
replaced with an equivalent volume of nitrogen to create
oxygen limiting and respiro-fermentative (hypoxic) condi-
tions. The set points were changed from high to low air
concentrations, resulting in a stepwise reduction of the
oxygen concentration in the inlet air from 20.97% to
10.91%, 8.39% and 5.87% (vv'). In three independent
experiments, the continuous cultivation was performed for
at least five residence times t before taking samples and
shifting the inlet air-flow to the next set point, except for the
hypoxic conditions (5.87% or 8.39% O,) where we observed
wash out after 3.5 residence times and therefore imple-
mented the sampling step after at least three residence times.

The media were as follows:

If not otherwise stated all chemicals were purchased from
Merck Eurolab (Darmstadt, Germany).

Batch medium contained per liter: 39.9 g glycerol, 1.8 g
citric acid, 12.6 g (NH,),HPO,, 0.022 g CaCl, - 2H,0, 0.9 g
KCl, 0.5 g MgSO, - 7H,0, 2 mL Biotin (0.2 gL~'; Sigma,
Munich, Germany), 4.6 mL PTM1 trace salts stock solution.
The pH was set to 5.0 with 25% HCL

Chemostat medium contained per liter: 50 g
glucose - 1H,0, 0.9 g citric acid, 4.35 g (NH,),HPO,, 0.01
g CaCl, - 2H,0, 1.7 g KCl, 0.65 g MgSO, - 7H,0, 1 mL Biotin
(0.2¢g Lfl), and 1.6 mL PTM1 trace salts stock solution. The
pH was set to 5.0 with 25% HCL

PTM1 trace salts stock solution contained per liter: 6.0 g
CuSO,-5H,0, 0.08 g Nal, 3.0 g MnSO,-H,0O, 0.2 ¢
Na,MoOQy, - 2H,0, 0.02 g H3BOs3, 0.5 g CoCl,, 20.0 g ZnCl,,
65.0 g FeSO,-7H,0, and 5.0 mL H,SO, (95-98%). The
chemicals for PTM1 trace salts stock solution were from



Riedel-de Haén (Seelze, Germany), except for H,SO,
(Merck Eurolab).

Fed Batch Cultivation

The fed batch cultivations were carried out in a 40 L stirred
tank bioreactor (MBR, Wetzikon, Switzerland) with a
computer based process control (ISE, Vienna, Austria). The
temperature was controlled at 25°C and the pH was
controlled at 5.0 with addition of 25% ammonium
hydroxide. The concentration of ethanol in the outlet air
was continuously analyzed using a gas analyzer type GS 2/6
(Vogelbusch, Vienna, Austria), which was linked to the
process control unit to control the feed during hypoxic fed
batch cultivation. The ethanol signal was calibrated (at
process parameter settings: stirrer speed 1,200 rpm; aeration
rate 1 vvm; and temperature 25°C) by addition of aliquots of
ethanol to the reactor in 17 L water.

The media were as follows:

The batch medium was the same as used in the chemostat
experiments.

Glucose fed batch solution contained per liter: 550 g
glucose - H,O, 10 g KCI, 6.45 g MgSO,-7H,0, 0.35 ¢
CaCl, - 2H,0 and 12 mL PTM1 trace salts stock solution.

One liter pre-culture was prepared as described
above, harvested by centrifugation at 3,000¢ for 10 min
and resuspended in 500 mL sterile batch medium. This
inoculum was used to inoculate the starting volume (17.0 L)
of the bioreactor to an optical density (ODggg) of 1.0.

After approximately 24 h the batch was finished and—
depending on the cultivation strategy—the feed was started.

The standard cultivation strategy was a fed batch with a
constant feed, this means that the batch phase was followed
by the glucose fed batch with a feed rate F=161.7 gh™ .
During these cultivations the dissolved oxygen concentra-
tion was maintained above 20% saturation by controlling
the stirrer speed between 600 and 1,200 rpm, whereas the
air-flow was kept at 1 vvm. The cultivation was terminated
at an approximate fed batch time =90 h. Samples were
taken frequently and processed as described below.

The hypoxic cultivation strategy (O,—Ilimited fed batch)
consists of different phases to adjust the desired phenomena.
During the hypoxic cultivation the dissolved oxygen
concentration was controlled by a cascade regulation
between 600 and 1,200 rpm, but the maximum oxygen
transfer rate was limited by the air-flow rate of 1,200 Lh™".

The batch phase was followed by a pre-programmed
exponential feed phase, where Equation (1) was used to
calculate the feed profile.

F Xoeﬂt (1)

- ASYx/S

For the calculation of the flow rate F a growth rate p of
0.2 h™', a utilizable substrate concentration As of 0.5 g g~
and a substrate yield coefficient of 0.54 g g~ was used. The

exponential feed was kept until an oxygen limit (0%
dissolved oxygen) and an ethanol concentration of 1.0%
(w!) in the culture broth was achieved. This was the
starting point of the third phase where a feedback control
based on the ethanol concentration in the culture regulates
the flow rate. An ethanol concentration of approximately
1.0% (vv~ ') was kept constant by regulated addition of feed
medium. At actual levels of ethanol below the set point the
PI controller increased the flow rate, while at higher ethanol
concentrations the flow rate was decreased. The end point of
the cultivation is the total addition of 14.5 kg feed medium.
Samples were also taken frequently and processed as
described below.

Analytics

Optical Density

The cell concentration was measured by diluting the samples
in ddH,O up to 1:500 to measure the OD at 600 nm.

Biomass Determination

Culture samples (2 x 5 mL) were collected by centrifugation
and the supernatants frozen for further analysis. The pellets
were washed in 10 mL ddH,O, centrifuged again,
resuspended in 10 mL ddH,O, transferred to a weighed
beaker, and dried at 105°C until constant weight.

Quantification of Product Titers

To determine the Fab content, 96-well microtiter plates
(MaxiSorb, Nunc, Denmark) were coated with anti-hIgG
(Fab specific, 1:1,000 in PBS, pH 7.4) overnight at room
temperature (RT, 22-25°C), before serially diluted super-
natants of cultivation samples containing 3H6 Fab were
applied and incubated for 2 h at RT. A papain digested
purified normal human Fab/kappa from IgG (Bethyl,
Montgomery, TX) was used as a standard protein at a
starting concentration of 200 ngmL~". After each incuba-
tion step the plates were washed three times with PBS
containing 1% Tween-20 adjusted to pH 7.4. 100 pL of anti-
kappa light chain—alkaline phosphatase conjugate as
secondary antibody (1:1,000 in PBS/Tween+ 2% bovine
serum albumin) were added to each well, and incubated for
1 h at RT. After washing, the plates were stained with pNPP
(1 mgmL™" p-nitrophenyl phosphate in coating buffer,
0.1 N Na,CO3/NaHCO3; pH 9.6) and read at 405 nm
(reference wavelength 620 nm).

The trypsinogen quantification was performed as
described before (Hohenblum et al., 2004b) with a trypsin
kinetic assay using p-tosyl-L-arginine methyl ester (TAME)
after activation with bovine enterokinase.
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Alcohol and Substrate

Glucose and ethanol were analyzed by HPLC (Hewlett
Packard 1050, Boeblingen, Germany) analysis using an ion
exchange column Aminex HPX-87H (Bio Rad, Barcelona,
Spain). The mobile phase was 15 mM sulfuric acid.

Cellular viability was determined by propidium iodide
staining, measured by flow cytometry as described by
Hohenblum et al. (2003).

Results

Chemostat

The chemostat cultivations were performed in triplicates
and showed a good reproducibility. The mean standard
deviation of all measured parameters (biomass and ethanol
concentration, and gp) between the biological replicas was
12%. The oxygen concentrations in the inlet air represent
following conditions: fully aerobic (20.97%), limited aerobic
(10.91%), and hypoxic (8.39%, 5.87%). In both limited and
hypoxic conditions the DOT was zero, whereas in fully
aerobic conditions DOT was about 45%. Limited aerobic
conditions still allow fully aerobic glucose metabolism
while no oxygen remains in the culture, whereas hypoxic
conditions lead to partially fermentative metabolism.
Biomass concentration, specific productivity gp and ethanol
concentration in the culture supernatant, plotted against the
oxygen supply in the inlet air, are illustrated in Figure 1.
P. pastoris cells showed a fully respiratory metabolism under
oxygen excess and limiting conditions, but when hypoxic
conditions were reached, biomass decreased twofold
and ethanol was produced at significant levels (5.82 +
0.33g LY, that is, indicating a shift to an oxidofermentative
metabolism. The gp shows no significant change in all
aerobic conditions, whether oxygen was in excess or limited,
but, interestingly, increases 2.5-fold upon shifting to
hypoxic conditions. It should be noted that steady state
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Figure 1. Comparison of dry cell weight (DCW, O), go (W) and ethanol
concentrations ([J) at different oxygen supply levels.
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could only be maintained for three residence times under
hypoxic conditions. A possible reason for this is the sterol
and unsaturated fatty acids depletion under hypoxic
conditions. However, according to the findings in Wiebe
et al. (2007), where the level of intracellular metabolites was
shown to stabilize after 30 h at D =0.1, three residence times
will be sufficient to reach a physiological equilibrium.

Based on the unexpected increase of gp, we decided to
design and test a fed batch protocol under hypoxic
conditions as a potential strategy to increase process
productivities.

Fed Batch

Two cultivation strategies were compared, the standard
strategy with constant feed resulting in carbon limited
conditions, and a hypoxic strategy based on a feedback feed
control ensuring a permanent low level of fermentative
metabolism controlled by the equilibrium of oxygen transfer
rate and glucose feed rate. Both cultivation strategies had the
same termination criterion, the maximal volume of the
reactor, so that the same amount of feed medium was
applied in both cases. Kinetics of growth and product
secretion are shown in Figure 2. The standard fed batch
shows a nearly linear increase in biomass and product, while
specific growth rate and specific productivity gp decrease, as
typically observed with constant feed protocols. The long
feed phase of 85-100 h is characteristic for standard
P. pastoris cultures. On the contrary, the hypoxic feed
control led to a drastically reduced feed time of 29.9 h with a
13% higher product titer, while the biomass concentration
reached only 71% of the standard cultivation. The specific
growth rate did not differ significantly from the standard
cultivation during the same time period of 29.9 h, but gp was
about twofold higher, which is in accordance with the results
obtained in the chemostat (Fig. 2B). The ethanol
concentration varied between 4.1 and 14.5 gL~ (0.52—
1.8% vv !, average 1.16% wl Fig. 2A). Glucose was not
detectable in any of the samples.

For the evaluation of a new process strategy it is essential
to prove the concept with more than one heterologous
protein, as expression characteristics may vary significantly.
Therefore two further mammalian proteins, porcine and
human trypsinogen, were produced with both the standard
process and the hypoxic feed strategy, respectively. The
results of these cultivations were highly comparable to the
3H6 Fab results, with 2.9-fold lower feed time, 11% higher
product titer and 72% of the biomass concentration, as
compared to the standard fed batch (Table I).

The calculations of trends, specific rates and yield
coefficients were performed by using suitable smoothing
routines (Matlab 7.1 Curvefit Toolbox, The Mathworks,
Inc., Matlab, Natick, MA) and mass balances that permitted
to calculate complete data sets based on coincident off-line
data, as described recently (Cos et al., 2005).
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Discussion

A strong positive effect of hypoxic conditions on specific
productivity was observed, while fully aerobic but oxygen
limited conditions did not have a significant effect. These
hypoxic conditions differ from approaches with limited
oxygen supply as described by Charoenrat et al. (2005),
Khatri and Hoffmann (2006), and Trentmann et al. (2004),
where the aim was to limit methanol metabolism by a kind
of substrate limitation (with oxygen as the limited
substrate), so that growth could be limited but a higher
methanol concentration maintained for strong induction of
the AOX1 promoter. As the glycolytic flux is higher in the
hypoxic cultivations, it can be assumed that glycolytic genes
like GAP will be upregulated. Thus it is tempting to
speculate that heterologous genes controlled by the GAP
promoter are upregulated in the hypoxic conditions as well.
However, previous work indicates that the secretion of
proteins with complex structures is rather limited at the level
of secretion than transcription (Gasser et al., 2006, 2007;
Hohenblum et al., 2004a).

The results obtained in chemostat cultures clearly indicate
that a fed batch cultivation at the limit of aerobic to

fermentative metabolism could be beneficial for the
production of heterologous proteins, at least in the
configuration of a constitutive promoter on glucose. While
based on different metabolic principles, the process control
requirements resemble the classical baker’s yeast process,
which should run at the boarder to fermentation to induce
the ethanol pathway (Verduyn et al., 1992). Thus a control
strategy known from baker’s yeast production was
employed, namely controlling the feed with an alcohol
sensor in order to avoid extensive fermentation but
maintaining the oxidofermentative conditions. However,
it should be noted that P. pastoris is a Crabtree negative
yeast, so that fermentation will only be induced when
oxygen is severely limited. Consequently oxygenation was
limited, so that the feed control was based on the
equilibrium of oxygen transfer rate and glucose feed rate.

The major advantage of this new feed control is the
drastically decreased time period of the feed phase. While
the specific growth rate kinetics resembles that of the
standard fed batch, the specific productivity is significantly
higher than in fully aerobic conditions, resembling the data
obtained in the chemostat cultures. It becomes obvious that
the secretion of heterologous proteins benefits from initially
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