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Abstract

The methylotrophic yeast Hansenula polymorpha has been established as a highly efficient expression
system. Strong promoters derived from the methanol metabolism pathway and mitotically stable

high-copy integration have made this organism very effective for heterologous protein expression.

To improve the processing of secretory proteins targeted by the MF« prepro sequence, variations in
the amino acid composition near the processing site of Kex2p were investigated (Manuscript 1). The
insertion of Ala-Pro between MFa prepro sequence and protein of interest leads to an improved pro-
cessing of the signal sequence in case of interleukin-6 (IL-6) and interferon-a 2a (IFNa-2a). Modeling
of the transition sequences confirmed a better exposition of the Kex2p-cleavage site in dependency
of Ala-Pro insertions. Analysis of the secreted proteins revealed activity of an Ala-Pro specific en-
doprotease. Partial removal of the N-terminal Ala-Pro dipeptide was also detected during IFNa-2a
processing. The putative protease responsible for the processing of Ala-Pro dipeptides was identified

by gene deletion. Significant similarities with Saccharomyces cerevisiae Stel3p were identified.

To generally improve productivity in the H. polymorpha system new fusion protein strategies were in-
vestigated (Manuscript Il). The recombinantly strongly expressed cytosolic ferritin heavy chain (FTH1)
was analyzed with regard to its potential as fusion partner for difficult-to-express target proteins. A
fragment of the parathyroid hormone (PTH) was chosen to explore whether fusion to FTH1 enhances
PTH stability. We could show that the expression level of this fusion protein was at least of the
magnitude of that of FTH1 without fusion partner. The solubility of the fusion protein was increased
in comparison to FTH1 alone and no degradation of PTH occurred when fused C-terminally to FTH1.

Ectoine and 5-hydroxyectoine belong to the family of compatible solutes which are known to contribute
to the adaptation of the cell to osmotic stress by mediation of a constant turgor. H. polymorpha
was engineered to express the enzymes of the H. elongata 5-hydroxyectoine biosynthesis pathway
(Manuscript 111). Expression of the enzymes EctB, EctA, EctC and EctD in H. polymorpha resulted
in production of 5-hydroxyectoine in gram per liter scale with almost full conversion of ectoine to
5-hydroxyectoine. We showed that 5-hydroxyectoine synthesis was influenced by feeding of methanol
during cultivation. Furthermore, 5-hydroxyectoine synthesis was downregulated by the addition of
methionine, lysine or threonine indicating the existence of a feedback regulated aspartate kinase in

H. polymorpha.



Zusammenfassung

Die methylotrophe Hefe Hansenula polymorpha hat sich als effizientes System zur heterologen Gen-
expression etabliert. Besondere Merkmale dieses Systems sind die starken Promotoren des Methanol-
stoffwechsels und die Fahigkeit zur mitotisch stabilen Integration einer Expressionskassette in einer
hohen Kopienzahl.

Am Beispiel der MFa prepro Sequenz sollte die Prozessierung sekretorisch exprimierter Proteine
verbessert werden (Manuskript 1). Hierfiir wurden Verdnderungen in der Nihe der Kex2p Erken-
nungssequenz durchgefiihrt. Durch das Einfligen von Ala-Pro zwischen MFa prepro Sequenz und
Zielprotein konnte die Prozessierung im Fall von Interleukin-6 (IL-6) und Interferon-a2a (IFNa-2a)
verbessert werden. Eine Modellierung dieses Sequenziibergangs zeigte eine verbesserte Prasenta-
tion der Kex2p-Schnittstelle. Nach Analyse des sekretierten IL-6 wurde auBerdem die Aktivitat einer
Ala-Pro spezifischen Endoprotease festgestellt. Auch im Falle von IFNa-2a konnte eine partielle Ab-
spaltung des N-terminalen Ala-Pro-Dipeptids festgestellt werden. Ein Protease, welche mutmallich
an der Prozessierung dieser Ala-Pro-Dipeptide beteiligt ist, wurde per Gendeletion identifiziert. Diese
Protease wies signifikante Ahnlichkeiten mit der S. cerevisiae Stel3p auf.

Zur allgemeinen Verbesserung der Ausbeute bei der Produktion heterologer Proteine wurden neue
Fusionsprotein-Strategien untersucht (Manuskript I1). Hierfiir wurde das rekombinant cytosolisch stark
exprimierte Protein Ferritin (schwere Kette, FTH1) im Hinblick auf das Potenzial als Fusionspartner
fiir schwierig zu exprimieren Zielproteine analysiert. Ein Fragment des Parathormons (PTH) wurde
gewahlt, um zu untersuchen, ob die Fusion beider Proteine die Stabilitdt von PTH erhéht. Wir kon-
nten zeigen, dass die Expression dieses Fusionsproteins mindestens in der GréRenordnung des FTH1
ohne Fusionspartner war. Die Loslichkeit des Fusionsproteins wurde gegeniiber FTH1 allein erhght
und es trat kein Abbau des PTH in Fusion mit FTH1 auf.

Ectoin und 5-Hydroxyectoin gehdren zur Familie der kompatiblen Solute, die hauptsichlich zur An-
passung der Zelle bei osmotischem Stress durch Anpassung des Turgors beitragen. Ein H. polymor-
pha-Stamm wurde entwickelt, welcher die Enzyme der 5-Hydroxyectoin-Biosynthese aus H. elongata
exprimiert (Manuskript 111). Die Expression der Enzyme EctB, EctA, EctC und EctD in H. polymorpha
resultierte in der Produktion von 5-Hydroxyectoin im Gramm pro Liter Bereich. Es fand auRerdem eine
nahezu vollstandige Umwandlung von Ectoin in 5-Hydroxyectoin statt. Wir konnten zeigen, dass die
5-Hydroxyectoin-Synthese durch Zugabe von Methanol wihrend der Kultivierung beeinflusst wurde.
Desweiteren wurde die 5-Hydroxyectoin-Synthese durch die Zugabe von Methionin, Lysin oder Thre-
onin herunterreguliert, was andeutet, dass in H. polymorpha eine Feedback-regulierte Aspartatkinase

existiert.
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1 General Introduction

1.1 The expression system Hansenula polymorpha

Heterologous gene expression is often performed using prokaryotic expression systems for which
Escherichia coli is the most prominent example. Besides prokaryotic systems there are several mi-
crobial eukaryotic systems available which offer solutions that cannot be handled using a prokaryotic
system. Production of proteins of pharmaceutical interest frequently requires posttranslational mod-
ifications such as glycosylation, acylation, phosphorylation or proper formation of hydrogen bonds
which are typical for eukaryotes (van Dijk et al., 2000). Besides Saccharomyces cerevisiae other
yeasts such as Kluyveromyces lactis, Schizosaccharomyces pombe, Yarrowia lipolytica, Pichia pas-
toris and Hansenula polymorpha have been established as efficient expression systems (Gellissen and
Hollenberg, 1997; Miiller et al., 1998). During the last two decades the methylotrophic yeast H. poly-
morpha has been successfully applied for industrial applications. Due to strong promoters derived
from the methanol (MeOH) metabolism pathway and the mitotically stable high-copy integration,
effective protein expression could be shown for numerous applications (for example Janowicz et al.,
1991; Mayer et al., 1999; Weydemann et al., 1995) including whole-cell biocatalysis (Gellissen et al.,
1996).

1.1.1 Promoters derived from the methanol utilization pathway

MeOH utilization was only known in bacteria until Ogata et al. (1969) were the first to describe a
yeast capable to utilize MeOH as a sole carbon source. Since then, many other yeasts were identified
sharing this ability, amongst them P. pastoris, Candida boidinii, Pichia methanolica and H. poly-
morpha. MeOH utilization was studied extensively and the key enzymes were identified. The most
essential steps of the MeOH metabolism are summarized in Fig. 1.1.

MeOH utilization takes place in two compartments of the cell: peroxisomes and cytosol. When MeOH
enters the cell it is oxidized to formaldehyde and hydrogen peroxide by methanol oxidase (Moxp) in
the peroxisomes. The hydrogen peroxide is subsequently detoxified by catalase (Catp) which is also
localized in the peroxisome. Alongside assimilation and dissimilation of formaldehyde occurs. In the
dissimilation pathway formaldehyde is converted to CO5 by the enzymes formaldehyde dehydrogenase
(Fldp), S-formylglutathione hydrolase (Fghp) and formate dehydrogenase (Fmdp). These latter steps
all take place in the cytosol. During the assimilation pathway formaldehyde is converted to dihydrox-

yacetone and glyceraldehyde 3-phosphate by the enzyme dihydroxyacetone synthase (Dhasp) in the
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Figure 1.1: Schematic illustration of the methanol utilization pathway in H. polymorpha with
regard to the major participating enzymes

peroxisome. Dihydroxyacetone and glyceraldehyde 3-phosphate subsequently take part in the xylulose
5-phosphate regeneration (for a recent review of the MeOH utilization see Yurimoto et al., 2011).
Moxp, Fmdp and Dhasp are considered the key enzymes of MeOH utilization since the are responsible
for utilization of MeOH and the conversion products formaldehyde and formate. In presence of MeOH
the expression of these three enzymes is highly upregulated at the transcript level (Moxp 17.3-fold
up, Fmdp 347-fold up, Dhasp 19-fold up)(van Zutphen et al., 2010; Godecke et al., 1994). Several
strong promoters responsible for this upregulation are employed for expression of heterologous genes
in methylotrophic yeasts. The H. polymorpha promoters derived from the MOX (Ledeboer et al.,
1985) and FMD genes (Hollenberg and Janowicz, 1995) have been characterized in detail. In other
yeasts the use of FMD promoter is rather rare and has been solely described for C. boidinii (Sakai
et al., 1997).

Regulation of these promoters is dependent on the carbon source used during cultivation. Glucose
and ethanol are both repressing carbon sources. Contrarily both promoters are strongly inducible with
MeOH (Eggeling and Sahm, 1978) and, unlike in P. pastoris, in H. polymorpha are not repressed using
carbon sources like glycerol, ribose, xylose or sorbitol (Eggeling and Sahm, 1978). Using these carbon
sources results in derepression which is also the case during cultivation under glucose starvation (Egli
et al., 1980). During derepression genes under the control of the MOX promoter or FMD promoter
are strongly transcribed, however the transcription level is lower in comparison to MeOH induction
(Eggeling and Sahm, 1980). MeOH induction can be combined with cultivation under derepressing
conditions, resulting in higher cell densities with high protein expression yields.
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1.1.2 Genomic integration of heterologous genes

Apart from the choice of the promoter, the expression of a heterologous gene can be influenced by
several other factors. After integration of a gene of interest the position in the genome, the copy
number and rearrangements which might occur during the integration process can have a major
influence on expression yield (Agaphonov et al., 1995).

For strain generation, plasmids harboring the HARS1 sequence (Hansenula autonomous replication
sequence) are used (Roggenkamp et al., 1986). After transformation the plasmid is maintained
episomally only for a limited time and integrates into the genome spontaneously in high frequency
(Janowicz et al., 1991). The integration occurs in multi-copy tandem repeats with head-to-tail
arrangement (Roggenkamp et al., 1986). Supertransformation of a strain with the same expression
cassette that has been introduced earlier can result in up to 100 copies per haploid genome (Guengerich
et al., 2004). The resulting strains are of high mitotic stability which have been proven exemplary for
several strains (Guengerich et al., 2004). This kind of stability is required for a consistent production

processes (Boer et al., 2007).

1.1.3 Protein production and biotransformation

In general, heterologous gene expression pursues two goals:
1. Generation of purified proteins such as pharmaceutical proteins or enzymes.
2. Production of a biocatalyst which usually uses the whole cell.

For both goals either intracellular or secretory targeting of the protein(s) of interest is optional. In
most cases secretion of the protein of interest is favorable for the production of purified enzymes.
H. polymorpha does not secrete significant amounts of homologous proteins, thus purification of the
desired protein from the culture supernatant only requires limited downstream processing steps. Se-
cretion of proteins can be limited by several factors which will be addressed in the following sections.
Recognition of a signal peptide may be inefficient or processing may be incomplete due to limitations
within the secretory pathway. Even after successful secretion of the protein of interest degradation
due to proteolysis or instability may occur. In some cases glycosylation of a protein is undesired and
intracellular protein production may be an alternative.

Apart from protein production, recombinant host strains have been used for biotransformation pro-
cesses. Purified enzymes can be used as biocatalysts and can be produced as described above. For
metabolic engineering or the application of whole cells, proteins typically need to be expressed within
the cell or immobilized to the outer cell wall. In the following targeting to extracellular and intracellular

compartments as applied in H. polymorpha is described in more detail.
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1.2 Processing of secretory proteins

1.2.1 Secretion in eukaryotic systems

In eukaryotic systems different two modes of translocation are found: co-translational and post-

translational translocation (for reviews see Rapoport, 2007; Park and Rapoport, 2012).

During co-translational translocation, the strongly hydrophobic signal peptide mediates binding of the
nascent polypeptide and the ribosome to the signal recognition particle (SRP). During the attachment
to the SRP translation is interrupted. Another domain of the SRP binds to SRP-receptor which is
an ER-membrane protein. The ribosome-protein-complex interacts with the translocon-pore and the
nascent polypeptide is inserted into the channel. Translation is continued as the polypeptide is
transported through the translocon-pore. The signal peptide is removed within the lumen of the ER
by the signal peptidase and the polypeptide is entirely translated while passing the translocon-pore.
Folding of the protein is induced by binding to the protein binding protein (BiP) on ER-translocation.
During post-translational translocation, a moderately hydrophobic signal peptide mediates binding
of the fully translated polypeptide to the translocon-pore by a so far unknown mechanism. After
insertion of the polypeptide all bound chaperones are released from the polypeptide. Subsequently
the translocation into the lumen of the ER occurs, which is conducted by the binding of BiP. The
attachment of BiP prevents any backwards movement of the peptide in direction of the cytosol.
Upon on movement towards the ER lumen further BiP molecules bind to the peptide. Finally the BiP

molecules are released under exchange of ADP for ATP. Again the signal peptide is removed.

After post-translational modification such as glycosylation the folded protein is incorporated in vesicles
and then transported to the Golgi. Further processing of the protein occurs within the Golgi. Be-
sides additional glycosylation, disulphide bond formation, glycosyl-phosphatidyl-inositol addition also
processing of signal sequences may continue in this compartment (for review see Idiris et al., 2010).
During the last step of the secretory pathway the mature protein is transported to the cell surface in
Golgi vesicles and is then released to the extracellular space or other cell compartments (for review
see Nakano and Luini, 2010).

1.2.2 Application of signal sequences for secretion of heterologous proteins in
H. polymorpha

In general, a signal sequence of a homologous protein which is efficiently secreted is favorable for
protein secretion. H. polymorpha wild-type strains do not secrete significant amounts of homologous
proteins. The signal sequence for secretion from homologous repressible acid phosphatase (Pholp)
was identified, but has not yet been tested (van Dijk et al., 2000).

Even though the secretory pathway is highly conserved among eukaryotes, not all heterologous signal

sequences are functional in H. polymorpha. Different signal sequences were tested for heterologous



1.2 Processing of secretory proteins

protein secretion in H. polymorpha. Agaphonov et al. (1995) evaluated the killer toxin signal sequence
derived from K. lactis, the glucoamylase signal sequence derived from Aspergillus niger and an op-
timized signal sequence derived from human lysozyme. Except for the glucoamylase signal sequence
the other sequences resulted in correctly secreted protein. The MFa prepro sequence derived from

S. cerevisiae remains the most commonly used signal sequence.

1.2.3 Secretory targeting using the MFa prepro sequence derived from
S. cerevisiae

The S. cerevisiae a-mating pheromone precursor is processed during passing of the ER and Golgi and
four mature a-factor molecules per precursor are then released from the cell (Tanaka et al., 1977;
Kurjan and Herskowitz, 1982). The processing of the a-factor mating pheromone precursor is shown
in Figure 1.2 A.

A Processing of the a-mating factor

Signal peptidase

[ xr[eama] ER translocation
pre pro spacer  o-factor spacer a-factor spacer o-factor spacer a-factor
KeI(Zp Kei(Zp Ke)l(Zp Kex2p
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precursor molecules

|
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B Scheme of MFa prepro sequence
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|
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Y
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Figure 1.2: Scheme of the a-factor mating pheromone derived from S. cerevisiae. (A) Processing
of the a-factor mating pheromone precursor during passage of the secretory pathway. (B) MFa prepro
sequence, glycosylation sites are indicated at the conserved Asn sites.

The N-terminus consists of a pre- and a pro-sequence and comprises 85 amino acids (compare Figure
1.2 B). The first 19 amino acids are the pre-sequence. This region is rather hydrophobic. It is followed
by the 66 amino acids comprising pro-sequence. This region is rather hydrophilic (Fuller et al., 1988).
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Translocation of the polypeptide occurs posttranslational (Meyer, 1988). The pre-sequence is removed
upon ER-translocation by the signal peptidase. Three N-linked core oligosaccharides are added to
the pro-sequence during ER-passage (Fuller et al., 1988). Later on hypermannosylation occurs during
passage of the late Golgi (Julius et al., 1984a). The C-terminus of the MFa prepro sequence and the
spacers are carrying a dibasic Lys-Arg motif which is recognized by the Kex2 protease. The Kex2p
also mediates removal of the pro-sequence (Buckholz, 1993; Julius et al., 1984b). Removal of the
pre-sequence may occur upon ER-translocation (Waters et al., 1988). During a-mating pheromone
processing the remaining C-terminal Lys-Arg residues are removed by the Kex1 protease (Dmochowska
et al., 1987). Further modifications of the N-terminus are conducted by the Stel3p protease which
removes the redundant dipeptides (Brenner and Fuller, 1992). The MF« prepro sequence has been
widely applied for the expression of heterologous proteins in S. cerevisiae (Brake et al., 1984) and in
various other yeasts (P. pastoris (Clare et al., 1991),K. lactis (Chen et al., 1992), Zygosaccharomyces
bailii (Porro et al., 2005), Ogataea minuta (Akeboshi et al., 2007) and H. polymorpha (Weydemann
et al., 1995)). High yields and an authentic N-terminus of the protein of interest resulting from
the processing of the MF« prepro sequence are major advantages of the application of this prepro

sequence.

1.2.4 Modifications for improvement of secretion

For secretion of a heterologous protein different aspects need to be considered. Besides the reasonably
simple synthesis of the polypeptide many co-factors are needed for co- or post-translational translo-
cation to the ER. Furthermore proper protein folding and the subsequent quality control inside the
ER, glycosylation in the ER and Golgi, sorting and further processing are required. Hence genetic
modification of production strains with regard to elimination of bottle-necks in the secretory pathway
may enhance productivity (Idiris et al., 2010).

Besides the S. cerevisiae wildtype sequence, different variants of the MFa prepro sequence have
been used for protein secretion. Ghosalkar et al. (2008) applied an altered variant of the MF« pre-
pro sequence with an amino acid exchange at position 83 (aspartate exchanged for glutamate, D83E)
resulting in increased secretion of correctly processed interferon-o 2b. During overexpression of homol-
ogous and heterologous proteins, processing of the MFa prepro sequence sometimes is not complete.
To overcome this problem an additional Kex2p construct can be retained in the ER via fusion to the
KDEL retention signal. This retention can help to process and subsequently to secrete heterologous
proteins which are otherwise stuck in the ER and can only be processed by Kex2p in vitro (Chaudhuri
et al., 1992). Incomplete of the Kex2p processing may result in a mixture of correctly as well as
unprocessed forms of the protein (Seeboth and Heim, 1991). In addition Kex2p can be expressed in
a soluble form by truncation of 200 amino acids at the C-terminus. The protein is efficiently secreted
and retains full activity (Brenner and Fuller, 1992; Seeboth and Heim, 1991; Rolf, 2011). This soluble
Kex2p can be used for in vitro processing of mis- or unprocessed isoforms of secreted proteins.
Often Stel3p activity is not sufficient for complete processing of the Glu-Ala-spacer and extended

forms are released from the cells (Brake et al., 1984). Limitation of processing by Stel3p was also
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shown by Brenner and Fuller (1992) during Kex2p overexpression. In this case remaining Leu-Pro
and Val-Pro dipeptides indicated incomplete processing of the N-terminus. To overcome this bottle-
neck the Glu-Ala-spacer was often discarded and the protein of interest was directly fused to the
C-terminus of the Lys-Arg-motif. It was shown that the removal of the Glu-Ala-spacer has no effect

on the secretion efficiency (Zsebo et al., 1986).

1.3 Targeting to intracellular compartments

In general, targeting of an heterogeneously expressed protein to different cell compartments is possible.
Signal sequences for mitochondrial, peroxisomal and vacuolar targeting as well as for ER-retention
have been identified and tested. In addition proteins can be targeted to the cell wall and thus be

accessible from the outside.

1.3.1 Intracellular protein production

Peroxisome

In H. polymorpha peroxisomal targeting has been studied most extensively. Three trafficking variants
have been described for peroxisomal proteins: PTS type I, PTS type Il and Non-PTS proteins. Dhasp
was identified as a PTS type | protein in H. polymorpha (Hansen et al., 1992). It harbors a Asn-
Lys-Leu (NKL) sequence at the C-terminus (peroxisomal targeting sequence |, PTS1) which shows
high similarity to the commonly found PTS1 sequence Ser-Lys-Leu (SKL) first identified for firefly
luciferase (Gould et al., 1989). In addition to this consensus sequence the residues of 9 adjacent
amino acids are involved in interaction of the cargo protein with the soluble protein HpPex5p. This
complex targets towards the peroxisomal membrane and associates with resident membrane proteins.
Subsequently pore formation is mediated by HpPex14p and HpPex5p resulting in the translocation of
the cargo protein (Rucktdschel et al., 2011). Another example for PTS type | proteins is the Catp
(Williams et al., 2012). It harbors a Ser-Lys-lle (SKI) sequence which also shows similarity to the
more commonly found SKL sequence.

Moxp was identified as a PTS type Il protein (Hansen et al., 1992). It harbors a Ala-Arg-Phe (ARF)
sequence at the C-terminus (peroxisomal targeting sequence Il, PTS2). PTS2 is recognized by the
soluble protein Pex7p. Import of the cargo protein into the peroxisome requires HpPex20p which
is acting as a co-receptor (Otzen et al., 2005; Rucktaschel et al., 2011). The subsequent import
mechanism has not yet been fully identified, however HpPex14p may be involved in pore formation
(de Vries et al., 2007). For functionality, the targeting signals PTS1 and PTS2 need to be positioned
at the extreme C-terminus (Hansen et al., 1992; Faber et al., 1993; Gould et al., 1989).

Amine oxidase is an example for non-PTS proteins. Non-PTS proteins are defined to neither contain
PTS1 nor PTS2 (Gunkel et al., 2004). In case of amine oxidase the mechanism for translocation

to the peroxisome has not yet been identified. There are several possibilities how PTS-independent
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targeting may occur. One mechanism has been described for Moxp, which indeed is a PTS type |
protein, but can also be imported as a non-PTS protein. It was shown that Moxp interacts with the
N-terminal region of HpPex5p (Gunkel et al., 2004). However this binding occurs independent from
PTS1 and the PTS-recognition site of HpPex5p which is located in the C-terminal domain.

Only few approaches have been published on fusion proteins targeted to an intracellular compartment.
Amine oxidase was studied as an intracellular carrier protein for targeting to the peroxisome. Faber
et al. (1996) fused the gene encoding for IGF-Il to the C-terminus of the amine oxidase. The fusion
protein was successfully expressed, the amount detected exceeded 20% of the total cellular protein.

Furthermore IGF-II was found to be more stable when accumulated in the peroxisome.

Vacuole

Vacuolar targeting was studied by characterization of the vacuolar protein carboxypeptidase Y (Bellu
et al., 1999). The carboxypeptidase Y harbors a N-terminal targeting sequence (Gln-His-Pro-Leu,
QHPL). The QXPX motif seems to be conserved for several yeasts since it can also be found in P. pastoris
and S. cerevisiae carboxypeptidase Y homologues. Yet, this import mechanism has not been used for

industrial applications.

Mitochondria

The import of mitochondrial proteins to different compartments has been analyzed in detail but not
been used for protein production. Sorting to mitochondria was observed for various mitochondrial
alcohol dehydrogenases in yeast. Suwannarangsee et al. (2012) characterized the H. polymorpha
alcohol dehydrogenase 3. The targeting signal was predicted to be located in the N-terminal region.
The first 28 amino acids are removed upon translocation. A recent review on mitochondrial protein

import mechanism was provided by Schmidt et al. (2010).

Golgi and ER

The sequences Lys-Asp-Glu-Leu (KDEL) (Munro and Pelham, 1987) and His-Asp-Glu-Leu (HDEL)
(Pelham et al., 1988) mediate the retention of soluble proteins in the ER. A HDEL signal sequence was
detected at the extreme C-terminus of HpBiPp (van der Heide et al., 2002). Agaphonov et al. (2005)
showed that protein-O-mannosyltransferase (HpPmtlp) has a KDEL signal at the extreme C-terminus.
Since HpPMT1p is an integral membrane protein KDEL also mediates retention of membrane proteins.
Stel3p and Kex2p are two well characterized proteins which are located in the Golgi. Stel3p is
retained by Phe-Xaa-Phe-Xaa-Asp (FXFXD) in the cytoplasmic domain (Nothwehr et al., 1993). A
second signal (TLS2) in the cytoplasmic domain delays the transport to the trans-Golgi Network
and the prevacuolar compartment (Bryant and Stevens, 1997). A similar mechanism applies for
retention of Kex2p, again two retention signals are located in the cytoplasmic domain (TLS1 and
TLS2) (Brickner and Fuller, 1997).
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Surface display techniques

Peptides and proteins can be targeted to the cell-surface by fusion to an anchoring motif which is
derived from a homologous membrane protein (for review see Lee et al., 2003). The protein of interest
is transported to the cell-surface were it is linked to the membrane via the anchoring motif. Positioning
of the anchoring motif at N- or C-terminus may significantly influence activity and accessibility of the
protein of interest. The application of glycophosphatidylinositol(GPI)-anchored proteins (or parts
thereof) to display heterologous proteins is the most popular technique for surface display in yeast
and was first described by Schreuder et al. (1993). There are several H. polymorpha-derived anchor
proteins which find application in this yeast or have been evaluated using P. pastoris strains. The
H. polymorpha-derived proteins HpCwplp and HpSedlp are both GPl-anchored cell wall proteins
which were successfully used for cell-surface display (Kim et al., 2002, 2007; Lin et al., 2012).

1.3.2 Fusion proteins

Also the fusion of a protein of interest to another functional protein has been conducted. The targeting
signal of the carrier protein may be sufficient to achieve intra- or extracellular targeting for the fusion
protein. The stability of a protein is influenced by several factors such as pH and media components,
degradation by proteases and polypeptide composition and also may be enhanced when fused to the
carrier protein. Varshavsky (1997) could show that a protein’s in vivo half-life is strongly influenced by
the N-terminal residues. A low level expression of the protein of interest may also be improved when
fused to a highly expressed carrier protein. Furthermore, solubility may be improved (La Vallie and
Riggs, 1994). However the authentic N- or C-terminus the protein of interest needs to be recovered
from the fusion protein. Removal of the carrier protein can be conducted with a site-specific protease
(Terpe, 2003).

1.4 Biotransformation

Starting in the 1970s, organic chemists found biotransformation processes to be beneficial for certain
problems which arise with the synthesis of organic compounds (Yamada and Shimizu, 1988). Applica-
tion of enzymes for the conversion of a precursor to fine chemicals, building blocks or pharmaceuticals
has become an attractive technique and alternative to organic synthesis. Due to high specificities of
enzyme's substrate-specific regio- and stereo-selective reactions can be performed (Straathof et al.,
2002). It is even possible to replace a multi-step chemical synthesis with just one biotransforma-
tion process (for review see Wohlgemuth, 2010). Highest activity of the enzymes is most commonly
achieved by maintaining physiological temperature and pressure as well as neutral pH (Yamada and
Shimizu, 1988). In contrast to organic chemistry, the use of organic solvents is limited and only

required in rare cases.
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To further reduce costs, which arise during the production and purification of the desired enzymes, the
application of whole cells as biocatalysts has been extensively evaluated. The conversion of a substrate
to a product using microorganisms as a catalyst is consequently called microbial transformation. The
synthesis of a product from carbon and nitrogen sources using growing microorganisms is called

fermentation.

1.4.1 Microbial transformation

For microbial transformation either cell extracts or whole cells can be applied (Fig. 1.3). In case of
whole-cell biocatalysis proper permeability for both substrate and product are essential. Intracellular
expression of an enzyme for a biocatalytic application may result in transport limitations of substrate
and product. Vitality of the cells is negligible after the enzymes have been properly produced, hence,
the application of toxic substrates may be possible. Though some transformation processes require
co-factor regeneration, it was shown for S. cerevisiae that this process may be independent from cell
growth (Chin-Joe et al., 2001). To overcome bottle-necks concerning membrane permeability cells can

be permeabilized or they can be engineered to display the enzyme(s) of interest on the cell-surface.
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Figure 1.3: Generation of biocatalysts on basis or intracellular, secretory of cell wall-targeted
protein expression. Cells are generated through cultivation of strains expressing the desired en-
zyme(s). Subsequently modification or purification of the enzyme(s) or cells is performed if needed. The
resulting biocatalysts then are either purified enzymes or whole cells. Furthermore, immobilization of
either biocatalyst my be performed subsequently.

Permeabilization

Permeability of the cell wall may be enhanced via application of various permeabilization techniques

(for review see Chen, 2007). Treatment of P. pastoris cells with benzalkonium chloride or isopropanol
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1.4 Biotransformation

resulted efficient permeabilization and thus bioconversion (Gough et al., 2001; Liu et al., 2000). A
more recent example is the generation of a D-amino acid oxidase P. pastoris expression strain for which
the conversion during whole-cell biocatalysis was optimized via permeabilization using isopropanol
(Abad et al., 2010). H. polymorpha was also proven to be a suitable host for whole-cell biocatalysis
coexpressing spinach glycolate oxidase and S. cerevisiae-derived catalase T (Gellissen et al., 1996).
After generation of biomass the cells were permeabilized with isobutyric acid. Subsequently the cells
were used for the conversion of glycolate to glyoxylic acid catalyzed by the glycolate oxidase while the

peroxide formed during this conversion was detoxified by the catalase.

1.4.2 Fermentation - Pathway engineering for metabolite production

The de novo production of biologicals from carbon and nitrogen sources is the most beneficial approach
since no cost-intensive intermediate has to be provided for conversion. Engineering of a metabolic
pathway aims at the enhanced production of an already existing metabolite or production of a new

compound. Four main aspects are addressed by metabolic engineering (Kern et al., 2007):
e enhancement of productivity of a homologous producer organism

e reduction of side-products which either decrease the overall yield or complicate purification

processes
e expansion of substrate range for more economically processes
e introduction of a new biosynthesis pathway

Corynebacterium glutamicum is the most prominent example of improvement of already existing
metabolic pathways. Wildtype strains have been extensively used for production of the amino acid
L-glutamate and have been further modified to improve the yield. In addition the organism has been
exploited for the industrial production of various other amino acids (L-lysine, L-valine, L-isoleucine,
L-aspartate and L-alanine among others (for review see Hermann, 2003)).

In contrast to C. glutamicum other microorganisms, amongst them various yeasts, were engineered to
express enzymes of a complete heterologous pathway to synthesize a new product. Nguyen and Nevoigt
(2009) were able to have S. cerevisiae produce dihydroxyacetone from glycerol by expression of glycerol
dehydrogenase from H. polymorpha. Glycerol is synthesized by S. cerevisiae from glucose under
osmotic stress conditions. The synthesized dihydroxyacetone was protected from further conversions
by the deletion of two dihydroxyacetone kinase genes. In a different study, H. polymorpha was
engineered to produce penicillin from the precursors L-cystein, L-valine and a-aminoadipic acid. The
three enzymes involved in this conversion where overexpressed and penicillin was efficiently produced
and secreted into the medium (Gidijala et al., 2009).

Insufficient co-factor supply can be overcome by regeneration systems. In P. pastoris NADH re-

generation was enhanced for whole-cell biocatalysis or bioconversion (Schroer et al., 2010). NADH
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1.4 Biotransformation

regeneration was coupled to the MeOH utilization where two molecules of NADH are formed during

dissimilation of one molecule MeOH.

1.4.3 Combining two techniques: microbial transformation and fermentation

For efficient generation of the desired product microbial transformation and fermentation are often
combined. In this case one or more substrates or co-factors are provided by supplementation of the
culture medium, whereas the other part of substrates is provided by the cell. The conversion of pyru-
vate and benzaldehyde to L-phenylacetylcarbinol was achieved and optimized using H. polymorpha in a
combination of microbial transformation and fermentation (Popa et al., 2007). L-phenylacetylcarbinol
is a key intermediate for L-ephedrine synthesis. Pyruvate is an internal compound and is generated

from glucose or another substrate whereas benzaldehyde is added to the culture broth.

1.4.4 Ectoine and 5-hydroxyectoine biosynthesis as an example of metabolic
engineering

Ectoine and 5-hydroxyectoine belong to the family of compatible solutes which are known to stabilize
the cell’s essential functions by maintaining the stability of proteins under stress conditions like high
salinity, heat or aridity. Hence, compatible solutes are synthesized under elevated saline conditions and
then accumulate in the cell (Lippert and Galinski, 1992). The synthesis of ectoine takes place in three
steps starting with L-aspartate-semialdehyde which is an intermediate of the biosynthesis pathway of
lysine, methionine and isoleucine (Peters et al., 1990) (Fig. 1.4). L-aspartate-semialdehyde is con-
verted by EctB to L-2,4-diaminobutyrate via transamination. Next the Nv-acetyl-2,4-diaminobutyrate
is formed acetylation catalyzed by EctA. In the last step ectoine is generated via condensation by EctC.
An additional hydroxylation step catalyzed by EctD converts ectoine into 5-hydroxyectoine (Bursy
et al., 2007).

Ectoine was first discovered in Ectothiorhodospira halochloris (Galinski et al., 1985), later more
halophilic or halotolerant organisms with the ability to produce ectoine, or in addition 5-hydroxyectoine,
were identified (Inbar and Lapidot, 1988). Among moderate halophilic bacteria, Halomonas elongata
is considered to be an important model organism and has been studied extensively (Garcia-Estepa
et al., 2006). The synthesis of ectoine and 5-hydroxyectoine in H. elongata only occurs under a variety
of stress conditions, e.g. salt (Wohlfarth et al., 1990).

Due to its chiral carbons ectoine and 5-hydroxyectoine can only be produced via biological approaches
(Schiraldi et al., 2006). Lentzen and Schwarz (2006a) developed the so far most effective 'permanent-
milking” process for ectoine production which finds application in industrial production. By using the
genuine producer H. elongata yields of up to 20 gram of ectoine/L are achieved. 5-hydroxyectoine
production is also possible by modification of the 'bacterial milking’ process (Lentzen and Schwarz,
2006b). However, Seip et al. (2011) stated that even after optimization of the production process

by increased salinity and elevated temperature, conversion of ectoine to 5-hydroxyectoine did not
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1.4 Biotransformation

exceed 50%. Just recently (Rodriguez-Moya et al., 2013) published a study where Chromohalobacter
salexigens was engineered to achieve a conversion of ectoine to 5-hydroxyectoine of about 90%. In
addition, Marinococcus M52 was developed for 5-hydroxyectoine production, however, due to several
limitations this process did not yet find industrial application (Frings et al., 1995; Schiraldi et al.,
2006).

E. coli has been utilized for the expression of the ectABC cluster derived from different species such
as Bacillus halodurans (Anbu Rajan et al., 2008) or C. salexigens (Schubert et al., 2007), leading
to yields of up to 6 gram of ectoine/L. Another efficient ectoine process reported using E. coli is
'bacterial milking" introduced by Sauer and Galinski (1998). The 5-hydroxyectoine biosynthesis was
optimized recently using the homologous producer Pseudomonas stutzeri and recombinant E. coli
expressing the P. stutzeri ectABCD-ask cluster (Seip et al., 2011). These approaches resulted in

almost complete conversion of ectoine to 5-hydroxyectoine.
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Figure 1.4: Overview of the 5-hydroxyectoine biosynthetic pathway in H. elongata. Conver-
sion of L-aspartate-(3-semialdehyde, a metabolite of the methionine, lysine and isoleucine biosynthesis,
to the compatible solute 5-hydroxyectoine is catalyzed by the four enzymes EctB (L-2,4-diaminobutyrate
transaminase), EctA (L-2,4-diaminobutyrate acetyltransferase), EctC (ectoine synthase) and EctD (ec-
toine hydroxylase) in the cytosol.
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2 Aim of this study

The aim of this PhD thesis was to investigate new approaches on heterologous gene expression in
H. polymorpha. The main goal was to improve extra- and intracellular protein expression and exploit

new applications thereof. The study was subdivided into three parts:

Improved processing of secretory proteins in Hansenula
polymorpha by sequence variation near the processing site of the

alpha mating factor prepro sequence (Manuscript I)

To achieve secretory targeting of a protein of interest the MFa prepro sequence is most frequently
used. However misprocessing of the signal sequence may occur and can cause cutbacks in the overall
yield. Previous experiments showed that during expression of MFa prepro interferon-av 2a (IFNa-2a)
partly misprocessing of the signal sequence occurred. Wendel (2009) could show that processing was
improved by variation of the MF« prepro sequence via an exchange of one amino acid within the
sequence. During the expression of interleukin-6 (IL-6) a similar misprocessing pattern was detected
which could be eliminated by variation of the connection of the signal sequence to the protein.
Improvement of the processing of IFNa-2a and IL-6 was target of optimization. To influence the
processing behavior in H. polymorpha the accessibility of the Kex2p cleavage site was enhanced by
introduction of additional amino acids between signal sequence and target protein. By modeling of the
connection of the MFa prepro sequence to the protein of interest further insight into the processing
behavior was obtained. The model was compared to experimental results. Furthermore a putative
protease involved in the removal of Ala-Pro dipeptides was identified through generation of deletion

mutants.

The use of highly expressed FTH1 as carrier protein for cytosolic

targeting in Hansenula polymorpha (Manuscript 11)

Human ferritin heavy chain (FTH1) was found to be highly expressed intracellularly in H. polymorpha.
To evaluate FTH1 as a carrier protein for intracellular targeted fusion proteins, IFNa-2a was fused to
FTH1 and expressed to provide a proof-of-concept. A human parathyroid hormone fragment (PTH)
comprising of 34 amino acids has already been expressed and secreted in H. polymorpha, however it
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was found to be highly unstable in the culture supernatant. Different approaches regarding protease
deficient strains and medium optimization were of limited success (unpublished data). Therefore the
FTH1 fusion was chosen to study the intracellular expression of PTH. The fusion protein was analyzed

with regard to fermentation yield, stability and solubility.

Synthesis and release of the bacterial compatible solute

5-hydroxyectoine in Hansenula polymorpha (Manuscript I1l)

The experience of using H. polymorpha for pathway engineering and bioconversion is limited. First ap-
plication of whole-cell biocatalysis using H. polymorpha was performed for the conversion of glycolate
to glyoxylic acid (Gellissen et al., 1996). To further investigate the potential of H. polymorpha in this
respect, the sequential four-step conversion of L-aspartate-semialdehyde to 5-hydroxyectoine as cat-
alyzed by the four H. elongata-derived enzymes EctB, EctA, EctC and EctD was introduced. A stable
whole cell biocatalyst which catalyzes the transformation of monomeric substrates to 5-hydroxyectoine

was developed. The yields of ectoine and hydroxyectoine were analyzed and optimized.
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The literature as well as databases are ambiguous about the exact start of human interleukin-6 (IL-6)
- three possibilities for the initiation of the mature protein are described. These three variants of IL-6,
different in the exact initiation of the mature protein (A28, P29, or V30), were expressed in Hansenula
polymorpha using the Saccharomyces cerevisiae MFa prepro sequence instead of the homologous pre
sequence. All three IL-6 variants were secreted but the processing by the Kex2 protease showed significant
differences. V30-IL-6 showed correctly processed material but also a molecule species of higher molecular
weight indicating incomplete processing of the MFa pro peptide. P29-IL-6 did not yield any correctly
processed IL-6, instead only the unprocessed pro form was found in the culture supernatant. Only A28-
IL-6 led to 100% correctly processed material. N-terminal sequencing of this material revealed a start
at V30 - obviously the first two amino acids (Ala28-Pro29) have been removed by a so far unknown

Keywords:

Hansenula polymorpha
Interleukin-6
Interferon-o 2a

Alpha mating factor

Secretion protease. Thus expression of both A28-IL-6 and V30-IL-6 as MFa prepro fusion proteins resulted in the
Processing very same mature V30-IL-6, however, the ratio of correctly processed molecules was significantly higher
Signal sequence in the case of A28-IL-6.

Kex2p

The expression of an MFa prepro-interferon a-2a (IFNa-2a) fusion protein in H. polymorpha leads to
about 50% correctly processed molecules and 50% misprocessed forms which contain part of the pro
peptide at the N-termini. The insertion of A28 and P29 of IL-6 between the pro peptide and the start
of the mature IFN«-2a led to correct processing and elimination of all high molecular weight isoforms
observed in earlier experiments

© 2012 Elsevier B.V. All rights reserved.

1. Introduction sequence (66 amino acids) and releases 4 a-factor precursor units

(Julius et al., 1984). The C-terminal KR-residues are removed by the

The MFa prepro sequence derived from Saccharomyces cere-
visiae has been very successfully used for secretory expression of a
wide variety of heterologous target proteins in various yeasts. It is
derived from the a-mating factor precursor and is essential for the
correct processing and secretion of pheromone. During transloca-
tion the pre sequence (residues 1-19) is cleaved off by the signal
peptidase. During the passage through the ER and Golgi the pro
sequence is glycosylated at three N-glycosylation sites near its C-
terminus. In the late Golgi the Kex2 protease cleaves off the pro

Abbreviations: IL-6, interleukin-6;
interferon-a 2b; MFa, mating factor a.
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Kex1 carboxypeptidase (Wagner and Wolf, 1987) followed by the
removal of the N-terminal Glu-Ala-Glu-Ala spacer by the action of
the Ste13 dipeptidyl aminopeptidase A (Julius et al., 1983). With
this last step the processing is completed, and mature a-factor
becomes secreted. The MFa prepro sequence has been success-
fully used in heterologous gene expression amongst others in the
following yeast derived expression systems: S. cerevisiae (Brake
et al., 1984), Pichia pastoris (Clare et al., 1991), Kluyveromyces lac-
tis (Chen et al., 1992), Zygosaccharomyces bailii (Porro et al., 2005),
Ogataea minuta (Akeboshi et al., 2007) and Hansenula polymorpha
(Weydemann et al., 1995). The finding that these yeasts are able
to correctly process the MFa prepro sequence via the dibasic motif
supports that Kex2p homologs exist in all these organisms.
Interleukin-6 (IL-6) is a multifunctional human protein which
belongs to the group of cytokines. It has a pre sequence which in the
natural host is cleaved off during ER uptake of the protein. However
the exact transition between signal sequence and sequence of the
mature IL-6 is unclear (Fig. 1A). Parekh et al. (1992) described the

Please cite this article in press as: Eilert, E., et al., Improved processing of secretory proteins in Hansenula polymorpha by sequence variation near
the processing site of the alpha mating factor prepro sequence. J. Biotechnol. (2012), http://dx.doi.org/10.1016/j.jbiotec.2012.08.024
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Fig. 1. (A) Transition from signal peptide to mature protein in the case of interleukin-6. The arrows indicate the three possible initiation amino acids described in the literature
and the resulting nomenclature. (B) Due to the three potential N-terminal ends, three IL-6 variants were fused to the MFa prepro sequence for expression in H. polymorpha.

N-terminal sequence of human IL-6 to commence with the amino
acids A28-P29-V30, but additionally they found two other sequence
initiations in which one (A28) or two amino acids (A28-P29) were
removed. Since the exact start also in the databases is ambiguous,
three possibilities for the initiation of the mature protein need to be
considered, which are referred to as V30-, P29-, or A28-IL-6 (mature
IL-6 starting at the indicated amino acid residue, respectively).

IL-6 has been expressed in various yeast systems using the MFa
prepro sequence. Guisez et al. (1991) expressed P29- and A28-
IL-6 in S. cerevisiae. They observed different processing for each
type. The P29-IL-6 showed incorrect processing of the pro peptide,
whereas in the case of A28-IL-6 the first two amino acids A28 and
P29 were removed. Steinborn et al. (2006) expressed V30-IL-6 in S.
cerevisiae and observed N-terminal truncation of eight amino acids,
however in Arxula adeninivorans they observed correct processing
and the full length mature protein was secreted.

The methylotrophic yeast H. polymorpha has been established as
a highly efficient expression system (Janowicz et al., 1991) amongst
others due to the strong promoters derived from the methanol
metabolism pathway and the possibility of mitotically stable high-
copy integration. Degelmann et al. (2002) expressed the V30-IL-6
in H. polymorpha. Secretion was observed but no further sequence
analysis was performed. Steinborn et al. (2006) also expressed the
V30-IL-6 in a H. polymorpha system. These authors found an eight-
amino-acid truncation of the N-terminus of the secreted molecules.

In this study we investigated the influence of three different
start amino acids (A28, P29, and V30) on expression and processing
of mature IL-6 using in all three cases the MFa prepro sequence as
a signal and transport sequence. Furthermore, we applied the posi-
tive processing results from A28-IL-6 for the secretion of interferon
a-2a.

2. Materials and methods
2.1. Strains and culture conditions

For construction and propagation of plasmid DNA
Escherichia coli NEB103 (araD139 A(ara-leu)7697 fhuA lacX74
galK ($80 A(lacZ)M15) mcrA galU recAl endA1 nupG rpsL (StrR)
A(mrr-hsdRMS-mcrBC); New England Biolabs, Frankfurt a. M.,
Germany) was used. Cultivation took place in Luria Bertani
media, when needed supplemented with 50 wg ampicillin per
ml. For protein expression H. polymorpha strain RB11 deficient
in orotidine-5'-phosphate decarboxylase (ura3) (Suckow and
Gellissen, 2002) or KLA8-1 deficient in orotidine-5-phosphate
decarboxylase and {3-isopropylmalate dehydrogenase (ura3 leu2)
(Latchev et al., 2002) were used. Cultivation took place either in
yeast extract-peptone-dextrose (YPD) medium or yeast nitrogen
base (YNB) medium. All cultivations were performed at 37 °C.

2.2. Vector construction

To generate the expression plasmids pFPMT-MFaE-A28-IL-
6, pFPMT-MFaE-P29-IL-6, and pFPMT-MFa-V30-IL-6, a synthetic
open reading frame for each variant based on Universal Protein
Resource Knowledgebase (UniProt ID: P05231) were ligated with
the 6.8 kb HindIll/Aatll fragment of pFPMT-MFaE-IFNa-2a (Wendel,
2009). This plasmid contains all features of the vector pFPMT121
(Degelmann et al., 2002) and in addition the MFa prepro sequence
with an amino acid exchange at position (Asp to Glu at position
83, D83E). A His-tag was added C-terminally to the IL-6 pro-
tein sequence. The cloned IL-6 sequences with additional flanking
recognition sites (5’ HindIll and 3’Aatll) were synthesized by Gen-
eArt (Regensburg, Germany).

To generate the expression plasmid pFPMT-MFaE-
AP-IFNa-2a a PCR  fragment was amplified with
oligonucletide primers AP IFN hin (5-AGGGGTAAGCTT

GGAAAAGAGAGCTCCATGTGATTTGCCACAGACACACTCCCTGGGC)
and AP IFN her (5-GCGAGGGGGATCCTTATTACTCCTTCGATC)
using plasmid pFPMT-MFaE-IFNalpha-2a as a template. The
PCR product has been digested with HindlIll/BamHI resulting in
a 0.523kb fragment. This fragment has been ligated with the
7.217 kb Hindlll/BamHI fragment of pFPMT-MFaE-IFNalpha-2a. H.
polymorpha was transformed by electroporation as described in
Faber et al. (1994). The following strain generation was performed
according to Guengerich et al. (2004). The passaging procedure
lasted for four passages.

2.3. Protein expression and preparation of protein material

For heterologous protein expression recombinant strains were
subjected to derepression/MeOH induction. Cells were cultivated in
3 mlscalein YNB/2% glycerol for 48 h and then for additional 24 hiin
YNB/1% methanol (37 °C). After cultivation the cells were harvested
by centrifugation, and the supernatant was collected and stored at
—20°C.

2.4. Protein analysis

For molecular weight determination the samples were analyzed
by SDS-PAGE according to Laemmli (1970). For the electrophoretic
separation 4-12%Bis-Tris acrylamide XT gels (BioRad, Hercules, CA,
USA) were used. The gels were stained either with the Coomassie
stain SimplyBlue (Invitrogen, Karlsruhe, Germany) or the pro-
tein patterns were transferred to nitrocellulose-membranes. The
protein bands were then visualized by immunoblotting. For
immunological detection a His-tag-specific antibody (Micromol,
Karlsruhe, Germany) or an IFNa-specific antibody (US Bio-
logicals, Massachussetts, MA, USA) was applied. As secondary
antibody a goat-anti-mouse-AP-conjugate (BioRad) was applied
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respectively. Development was performed by using NBT/BCIP
(Roche, Mannheim, Germany).

2.5. Determination of N-terminal amino acid sequence

The protein samples were separated on acrylamide gels just as
described above and blotted on a PVDF membrane (Invitrogen).
The membrane was stained with 0.1% Coomassie Brilliant Blue G
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250 and the protein bands of interest were isolated. The N-terminal
amino acid sequence has been determined by TOPLAB (Martinsried,
Germany).

2.6. HPLC detection of IFNx-2a

For HPLC analysis samples were prepared by filtration with a
cutoff at 0.22 pm. HPLC analyses were carried out as described in
the European Pharmacopoeia 5.0 (Council of Europe, 2005).

2.7. Modeling of IL-6- and IFNa-2a-tertiary structures

Native local protein structure properties were obtained by arti-
ficial neural networks methods using NetSurfPversion 1.1 (Petersen
et al., 2009) for protein surface accessibility and secondary struc-
ture prediction. Automated 3D-model building using profile-profile
matching (Ohlson et al., 2004) and tertiary structure modeling was
carried out using Protein Homology/analogY Recognition Engine V
2.0 (Phyre2) remote homology modeling server described in Kelley
and Sternberg (2009). All resulting structures were aligned using
MatchMaker in the program UCSF Chimera version 1.6.1 (Pettersen
et al., 2004) with the Needleman-Wunsch algorithm (BLOSUM62)
(Needleman and Wunsch, 1970) to obtain a structural comparison.
Furthermore this structural alignment was visualized using UCSF
Chimera.

2.8. Homology search

For the detection of remote protein homologs Domain Enhanced
Lookup Time Accelerated BLAST (DELTA-BLAST) was used as described
in Boratyn et al. (2012).

3. Results

3.1. Evaluation of peptide initiation by construction of three
variants of IL-6 with different N-terminal sequences

According to the literature three different N-terminal ends of the
mature [L-6 protein are known as summarized in Fig. 1A. We aimed
to determine the influence of these different IL-6 initiations on the
processing of secretory MFa prepro-IL-6 fusion proteins. For each
variant a synthetic ORF was designed and inserted into the H. poly-
morpha expression vector pFPMT121. In all cases a C-terminal his
tag was added for further analyses of the expressed protein (Fig. 1B).
In the three resulting expression plasmids pFPMT-MFaE-V30-IL-6-
H6, pFPMT-MFaE-P29-IL-6-H6, and pFPMT-MFaE-A28-IL-6-H6 the
IL-6 transcription is controlled by the strong carbon source reg-
ulated FMD promoter. Corresponding IL-6 producer strains were
generated on the basis of the H. polymorpha host strain RB11 (ura3).
Selected strains resulting from this procedure were subjected
to small scale methanol induction, and the culture supernatants
were analyzed for the presence of secreted IL-6 products by SDS-
PAGE/Western blot using a His-tag-specific primary antibody. The
strains with the highest productivity were chosen for further anal-
yses (V30-IL-6 #11/1, P29-IL-6 #2/2 and A28-IL-6 #3/1; data not
shown).

Anti-6His

A deglycosylated B glycosylated

Fig. 2. SDS-PAGE of the supernatant of IL-6 producing strains and a vector control
strain. The indicated strains were subjected to methanol induction at the 3 ml scale.
The culture supernatant was harvested and analyzed by SDS-PAGE/Western blot.
Secreted IL-6 products were visualized by immunodetection via a His-tag specific
antibody. MW: molecular weight marker.

3.2. The MFu prepro sequence processing performance is
influenced by the exact initiation of the IL-6 target protein

All three variants were efficiently secreted (Fig. 2). However,
in Western blots the processing of the MFa pro peptide by the
Kex2 protease appears to be different for each variant. The mature
V30-IL-6 has a calculated molecular weight of 21 kDa. After deg-
lycosylation, the V30-IL-6 culture supernatant showed correctly
processed material with an apparent molecular weight of 25 kDa
and in addition a band with a higher molecular weight with an
apparent molecular weight of 35kDa (Fig. 2A) probably due to
unprocessed MFa pro peptide. The shift between calculated and
apparent molecular weight is in agreement with the findings of
Guisez et al. (1991). In contrast to V30-IL-6, the P29-IL-6 found in
the culture supernatant appears to consist exclusively of the unpro-
cessed pro form indicating that Kex2p was not able to access the
Lys-Arg site (Fig. 2). The fact that we could only detect highly glyco-
sylated material is due to the presence of three N-glycosylation sites
within the MFa pro peptide. Only in case of the A28-IL-6 construct,
the MFa pro peptide seems to be quantitatively removed by the
Kex2 protease - there was only one band detected corresponding
to the expected molecular weight of 25 kDa (Fig. 2).

3.3. Expression of both MFa prepro-V30-IL-6 and -A28-IL-6
result in the same mature V30-IL-6

N-terminal sequencing revealed identical protein initiation in
case of the 21 kDa material of the V30-IL-6 and A28-IL-6 samples.
This result indicates that in the case of V30-IL-6, Kex2p has cleaved
behind the dibasic motif Lys-Arg, while in the case of A28-IL-6 an
additional cleavage behind the Ala-Pro dipeptide might have taken
place. Guisez et al. (1991) found this processing pattern also in
the case of MFa prepro-A28-IL-6 expression in S. cerevisiae. They
showed that the Ste13 protease is responsible for the cleavage
behind the Ala-Pro residues (Fig. 3).

3.4. Variation of the transition between MFo prepro sequence
and interferon-a 2a (IFN«-2a)

Partial misprocessing as observed with the MFa prepro-V30-IL-
6 has also been described for other MFa prepro fusion proteins, for
example MFa prepro-IFNa-2ain H. polymorpha (Wendel, 2009) and
MFa prepro-IFNa-2b in P. pastoris (Salunkhe et al., 2010). The cul-
ture supernatant of the respective strains typically displayed both
correctly Kex2p-processed material as well as a slower migrating
form due to -11-misprocessing resembling the situation with the
MFa prepro-V30-IL-6 shown above. The overall analogy between
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Fig. 3. Proposed processing of A28-, P29-, and V30-IL-6 in H. polymorpha based on Western blot analyses and N-terminal sequencing results. Processing of the IL-6 variants
in H. polymorpha is Ala-Pro dependent. In S. cerevisiae the ‘unknown protease’ was identified as Ste13p (Guisez et al., 1991).

the processing of MFa prepro-IL-6- and -IFN«-2a fusion proteins
makes IFNa-2a a suitable test protein to study whether the IL-6
effect of quantitative processing behind Ala-Pro described above
can be transferred towards another protein.

To test this a pFPMT121 derivative encoding the MFa
prepro-Ala-Pro-IFNa-2a fusion protein was constructed. Respec-
tive producer strains were generated on the basis of the H.
polymorpha host strain RB11 (ura3) and KLA8-1 (ura3 leu2) as
described above. IFNa-2a was expressed at very high levels in sev-
eral strains. The strains with the highest productivity were chosen
for further analyses (RB11/AP-IFNo-2a #1/1 and KLA8-1/AP-IFNa-
2a #4/1).

3.5. Processing of the MFu pro sequence in the context of IFN«-2a
is improved by insertion of Ala-Pro

We compared the processing of MFa prepro-IFNa-2a and MFa
prepro-Ala-Pro-IFNa-2ain two different H. polymorpha strain back-
grounds. Expression of MFa prepro-Ala-Pro-IFNa-2a in the RB11
strain resulted in an increase of 21 kDa material comigrating with
the mature IFNa-2a as compared with MFa prepro-IFNa-2a (Fig. 4:
RB11). HPLC analyses further confirmed this observation. The over-
all yield was increased and misprocessing was reduced (Fig. 5).
However, in the case of AP-IFNa-2a the 21 kDa band contained
two differently processed forms of IFNa-2a: mature IFNa-2a and
most probably AP-IFNa-2a (Fig. 5B). We assume that the major-
ity of the product is efficiently cleaved behind the Kex2p cleavage

A

RB11/IFNo-2a

w
60000+
5
*®  unprocessed pro form /
w0  Misprocessed forms
30000} FL»L <IFNa-2a
200004
10000
0
20.0 225 25.0 275 30.0 325
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f_A_'\ f_A_‘
a? @
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37 kDa - % «—— unprocessed pro form
zg tga = misprocessed forms
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Fig. 4. SDS-PAGE of the culture supernatant of IFNa-2a producing strains in two
different strain backgrounds: RB11 and KLA8-1. The indicated strains were sub-
jected to methanol induction at the 3 ml scale. The supernatant was harvested and
analyzed by SDS-PAGE/Western blot. Secreted IFNa-2a products were visualized by
immunodetection via an IFN-specific antibody. MW: molecular weight marker. For
further explanations see text.

site resulting in AP-IFNa-2a, and that a subgroup of this material
becomes additionally cleaved behind Ala-Pro to release mature
IFNa-2a. Importantly, the MFa prepro sequence was processed
much more efficiently as the MFa prepro-IFNa-2a devoid of an

B  RB11/AP-IFNa-2a

uv
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Fig. 5. HPLC analysis was performed according to the Pharmacopoeia method. In the case of AP-IFN«-2a less misprocessed material was detected. The main peak seems to
correspond to AP-IFNa-2a in which the two additional amino acids Ala-Pro were not removed. Mature [FNa-2a was also detected but to a lesser degree.
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Fig. 6. Effect of Kex2p treatment on misprocessed MFa prepro sequence was ana-
lyzed by SDS-PAGE. Culture supernatants of IFNa-2a producing strains were treated
in vitro with soluble Kex2p and analyzed by SDS-PAGE/Western blot. [FNa-2a
products were visualized by immunodetection via an IFN-specific antibody. MW:
molecular weight marker.

Ala-Pro insertion, especially, the amount of high molecular iso-
forms was significantly decreased.

We repeated the experiment in a second strain background
(KLA8-1).The Ala-Pro dependent effect was even more pronounced
in this strain background (Fig. 4: KLA8-1) - the Ala-Pro construct
leads to almost no misprocessed IFNa-2a molecules.

3.6. Processing of the MFa pro-AP sequence is further improved
by in vitro Kex2 treatment

Since the expression of AP-IFNa-2a in the KLA8-1 strain back-
ground resulted in nearly complete processing of the MFa prepro
sequence at the Kex2p cleavage site we wondered whether AP-
IFN«-2a material derived from RB11 strain background containing
misprocessed IFN forms can be processed in vitro by soluble Kex2p.
The treatment with a H. polymorpha-produced soluble fraction con-
taining the S. cerevisiae Kex2p resulted in complete elimination
of the misprocessed forms of AP-IFNa-2a (Fig. 6). In contrast the
various mis- or unprocessed molecules provided by IFNo-2a with-
out Ala-Pro insertion did not at all respond to in vitro treatment
with soluble Kex2p. We therefore assume that Ala-Pro leads to a
better exposition of the Lys-Arg motif and therefore an improved
accessibility for Kex2p.

3.7. Modeling of tertiary structures reveals Ala-Pro dependent
accessibility of Kex2-cleavage site

To analyze how the tertiary structure of the MFa prepro
sequence transition to the protein of interest is influencing the
overall accessibility of the Lys-Arg motif profile-profile match-
ing models of the tertiary structure were generated using Phyre2
remote homology modeling server. The structures were calculated
with an overall sequence identity of more than 66% modeled at
>90% confidence. The resulting structures were aligned with a cut-
off of 2.0 ARSMD using UCSF Chimera. Allamino acids relevant in the
transition between MFa and protein (Lys84-Arg85-Ala86-Pro87/-
Pro86, respectively) were calculated with a confidence score >80%.

Structural alignment of MFa-A28-, -P29- and -V30-IL-6 showed
exposition of the Lys-Arg motif for all three variants (Fig. 7B).
However structure analysis indicated a different strain motif for
MFa-P29-IL-6 resulting in a different accessibility of the Kex2p
cleavage site. To visualize changes in surface accessibility ARSA
was calculated based on NetSurfP results (data not shown). An
altered surface volume can lead to possible inaccessibility of adja-
cent regions. A comparison of these results confirmed significant
shifts in surface accessibility at Pro86 and Val87 for P30-IL-6 which
is indicated by the ARSA (Fig. 7C). There are no severe shifts found
in case of V30- and A28-IL-6. Due to this tertiary structure motif

changes a drift in the surface volume is indicated which can lead
to possible inaccessibility of the Kex2p cleavage site for P30-IL-
6. These findings are in agreement with the experimental data
described earlier.

In the case of IFNa-2a structural alignment showed no exposi-
tion of the Lys-Arg motif. The Kex2p cleavage site is buried inside
the protein and badly accessible for the Kex2p (Fig. 7E), which is
again consistent with the experimental data. In contrast, in the case
of AP-IFN«-2a the Lys-Arg motif is exposed and shows a tendency
of good accessibility for the Kex2p (Fig. 7E).

4. Discussion

Specific proteases are involved in the processing of precursors
to generate the final product. Within these precursors Ala and Pro
can be commonly found at even-numbered positions. A stepwise
removal of such dipeptides can be found in a variety of organisms
such as yeasts, insects, humans but also - rarely - in prokaryotes
(Chiravuri et al., 2000; Kreil, 1990; Vanhoof et al., 1995). Additional
functions of conserved proline motifs were reviewed by Vanhoof
et al. (1995). Especially Xaa-Ala and Xaa-Pro motifs seem to be
advantageous if positioned close to a cleavage site since they form
exposed hinge regions. The processing of those stretches as well as
adjacent domains may therefore be generally improved (Erni et al.,
1989).

In this study we found that V30-IL-6 was correctly processed
in H. polymorpha which is in contrast to the findings of Steinborn
et al. (2006). They reported quantitative misprocessing with a N-
terminal truncation of 8 amino acids of a comparable MFa-V30-IL-6
construct in a different H. polymorpha strain background (HP102).
We could also observe protein material of lower molecular weight
which might correspond to the truncated material described by
Steinborn et al. (2006), however, we found the majority of the
expressed protein to be correctly processed. In our system in case of
A28-IL-6 the first two IL-6 residues (Ala-Pro) were removed result-
ing in the same mature V30-IL-6 as in the case of the expression of
MFa prepro-V30-IL-6. Thus in this case the Ala28-Pro29 dipeptide
has been quantitatively removed. The observations of Steinborn
et al. (2006) concerning V30-IL-6 expression could be explained
by the use of a different promoter and different cultivation con-
ditions. The author’s expression cassette included the constitutive
TPS1 promoter for IL-6 expression while in our system the carbon
source regulated FMD promoter was used. Differences in the con-
sistencies of a target protein in dependence of the promoter used
for expression have been observed previously (see for example
Gellissen et al., 2002). Other possible explanations for the observed
differences between our data and the data shown in Steinborn et al.
(2006) may be the use of different media (YPG vs. HMM), different
culturing temperatures (37 °C vs. 30°C), and/or the use of different
carbon sources (glycerol vs. glucose). A further significant differ-
ence between the two studies is the host strain used for V30-IL-6
expression (RB11 vs. HP102). Although RB11 and HP102 derive
from the same parental strain H. polymorpha CBS4732 it is con-
ceivable that the genotypes of these strains differ in more genes
than only URA3 and LEU2.

A partial removal of Ala-Pro was also found during AP-IFNa-2a
expression when these two amino acids were inserted between the
Kex2p cleavage site and the mature IFNa-2a part. In this heterolo-
gous context the Ala-Pro removal was not as efficient as in the case
of the IL-6 which naturally contains the Ala-Pro dipeptide between
signal peptide and mature form.

S. cerevisiae Ste13 protease removes N-terminal Xaa-Ala dipep-
tides (Julius et al., 1983). Guisez et al. (1991) found Stel13p
responsible for removal of the Ala-Pro dipeptide from the
N-terminus of heterologously expressed IL-6 in S. cerevisiae. Thus
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Fig. 7. Structural comparison of MFa prepro sequence transitions and exposition of the Kex2p cleavage site. The transitions between MFa prepro and protein of interest
in dependence of Ala and Pro residues were visualized using UCSF Chimera. Side chains of relevant amino acids are displayed in ball and stick representation. The protein
backbone is shown in a ribbon representation. In A and B (D and E, respectively) the same color code is used. (A) Protein sequences of A28-IL-6, P29-IL-6 and V30-IL-6 fused
to the MFa prepro sequence. (B) Structural alignment of the three MFa-IL-6 variants. (C) Determination of structural changes in dependency of drifts in surface volume.
ARSA was calculated and plotted as a function of the amino acid position in the MFa-IL-6 transitions starting with Lys84 for A28-, P29- and V30-IL-6. (D) Protein sequences
of IFNa-2a and AP-IFNa-2a fused to the MFa prepro sequence. (E) Influence of Ala-Pro residues on Lys-Arg accessibility in the two MFa-IFNa-2a variants.

the Ste13 protease is not limited to the cleavage of the Xaa-Ala
from the Glu-Ala-Glu-Ala spacer of the natural a-mating factor, but
is also able to cleave Xaa-Pro in other contexts. Homology search
of different yeast using DELTA-BLAST resulted in maximum iden-
tities ranging from 32% to 50%. Even for yeasts closely related to
S. cerevisiae no exact homologs have been identified yet. For these
less conserved homologs similar as well as different specificities
have been observed. In Saccharomyces kluyveri a Ste13p homolog
was described to remove both Xaa-Ala and Xaa-Pro residues dur-
ing a-factor maturation. In S. kluyveri the Lys-Arg motif of the
MFa prepro sequence is followed by a Glu-Ala-Asp-Ala-Glu-Pro
spacer which is sequentially removed also by a Ste13p homolog
(Egel-Mitani and Hansen, 1987). Matoba and Ogrydziak (1989)
detected dipeptidyl aminopeptidase activity with Xaa-Ala and Xaa-
Pro specificity also in Yarrowia lipolytica. In contrast, for P. pastoris
a Ste13-homolog with a different specificity has been described
(Prabha et al., 2009). The P. pastoris Ste13p homolog performs

removal of N-terminal Gly-His dipeptides. Kreil (1990) suspected
that the processing of Xaa-Pro residues may also be caused by
non-Ste13 proteases. Considering these observations made in other
yeasts it may be possible that there may be a Ste13p homolog
responsible for the removal of Ala-Pro residues in the cases of IL-6
and IFNa-2a in H. polymorpha. With DELTA-BLAST homology search
a putative Ste13p-homologs was identified for H. polymorpha DL-1
(max. identity 34%) which so far has not been further characterized.

Liuetal.(2001) found N-terminal extension of interferons when
expressed in P. pastoris. They analyzed Interferon «-1 and found 9-
and 11-amino acid extensions. Salunkhe et al. (2010) could also
show that a -11 isoform occurs during IFNa-2b expression in P.
pastoris. The authors succeeded to improve the processing of this
isoform by addition of at least 3% DMSO to the culture medium,
however the total yield was decreased with increasing DMSO con-
centration. Purkarthofer et al. (2012) detected a 14-amino acid
extension during IFNa-2a expression in the same system. They
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improved processing of IFNa-2a by co-expression of heterologous
protein disulfide isomerase (PDI) and/or Kex2p. In H. polymorpha
the co-expression of full length IFNa-2a with S. cerevisae wild-type
Kex2p resulted also in an improved processing (Wendel, 2009),
however, in contrast co-expression with a soluble Kex2p fragment
did not show an effect (data not shown).

We were able to improve the processing of IFNa-2a significantly
by variation of the N-terminal end without reducing the overall
yield. Also the choice of the strain background had a significant
impact. The yields obtained with MFa prepro-Ala-Pro were higher
than those with the unmodified MFa prepro sequence. However,
the removal of the Ala-Pro is still incomplete. Our findings may be
useful for the expression of technical enzymes, for which higher
yields due to improved processing of the MFa prepro sequence are
a key factor and the exact protein initiation is not relevant for the
protein activity.

The increased cleavage of the MFa prepro sequence by Kex2p
when Lys-Arg was followed by Ala-Pro motif is in agreement with
modeling data which indicate a Ala-Pro dependent improved acces-
sibility of the cleavage site. The Lys-Arg motifis more exposed when
Proislocated at an even-numbered position relative to the cleavage
site.
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3.2 Supplementary Data

3.2.1 Abstract

The MFa prepro sequence is the secretion signal which most commonly finds application for secretion
of heterologous proteins in various yeast systems. Processing at the Kex2p cleavage is dependent
on the amino acid sequence adjacent to the cleavage site of the signal sequence. Introduction of an
Ala-Pro dipeptide adjacent to the Kex2p cleavage site highly improved IFNa-2a processing probably
by improved accessibility of the cleavage site. However, only a partial removal of the Ala-Pro dipeptide

occurred.

We identified a protease with the ability to remove Ala-Pro dipeptides in H. polymorpha. Deletion
of the corresponding gene of the putative protease HpS9-15130 resulted in an altered processing of
AP-IFNa-2a in comparison to the wildtype host strain. The N-terminal dipeptide of AP-IFNa-2a was
not removed at all. The putative protease HpS9-15130 shows significant homology to S. cerevisiae

Stel3p as well as other Stel3p homologs.

3.2.2 Introduction

Julius et al. (1983) observed that a particular deletion mutant of S. cerevisiae resulted in a sterile
phenotype. The lack of the membrane-bound heat-stable dipeptidyl aminopeptidase Stel3p (DPAP
A) was identified to be responsible for inability of proper mating. The lack of Stel3p resulted in
unprocessed isoforms of the a-mating factor which showed decreased biological activity. Hence,
the removal of the Glu-Ala spacer is necessary for activation of the a-factor molecules (Brake et al.,
1984). The expression of Stel3p is induced when cells are treated with a-factor (pheromone-mediated
expression) (Achstetter, 1989). Stel3p is located in the late Golgi where it is retained by a Phe-Xaa-
Phe-Xaa-Asp motif within the cytoplasmic domain (Nothwehr et al., 1993; Fuller et al., 1988). This
protease shows strong homology to the human DPPIV which is also commonly found bound to the
membrane (Cunningham and O’Connor, 1997). The catalytic site of DPPIV is located at the C-
terminal region. The mating deficiency can be partly restored by overexpression of a gene encoding
Dap2p (DPAP B) (Julius et al., 1983). Both proteases share similar features regarding primary
structure and topology (Jones, 1991).

Although the main task of Stel3p is processing of the a-mating factor, it has shown ability to remove
other dipeptides besides Glu-Ala and Asp-Ala. Brenner and Fuller (1992) found that during maturation
of Kex2p Leu-Pro and Val-Pro dipeptides are removed. It was suggested that Stel3p is responsible for
this processing. Additionally Guisez et al. (1991) could detect Stel3p-mediated removal of Ala-Pro
dipeptides. Even though Stel3p is not specific for the removal of Xaa-Pro dipeptides it is considered
to be a proline specific N-terminal exopeptidase (Walter et al., 1980).
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Putative Stel3p homologs have also been found in other yeasts. For Yarrowia lipolytica (Matoba and
Ogrydziak, 1989), C. albicans (Bautista-Mufioz et al., 2005) and P. pastoris (Prabha et al., 2009)
S. cerevisiae Stel3p homologs showed variation. However the cleavage specificity was also reported
to be diversified. The Y. lipolytica homolog removes 10 consecutive dipeptides with the Xaa-Pro or
Xaa-Ala motif during processing of the extracellular alkaline protease. The P. pastoris homolog was
shown to remove a Gly-His dipeptide at the N-terminus of exendin-4. The specificity of C. albicans

has not yet been determined.

Since we observed that Ala-Pro dipeptides were removed in H. polymorpha, we suspected that this
species would also harbor a putative Stel3p. A gene encoding a protease responsible for Ala-Pro
removal during IFNa-2a expression was identified by deletion mutation. Subsequently this putative

H. polymorpha Stel3p homolog was compared to other Stel3p homologs derived from other yeasts.

3.2.3 Materials and methods

Additional experiments were performed as described below, all other experiments were performed as

described in Manuscript |.

Strains and culture conditions

For deletion of putative proteases H. polymorpha KLA8-1/AP-IFN«-2a #4/1 deficient in B-isopropyl-
malate dehydrogenase (/eu2) was used.

Vector construction

To generate the expression plasmids pDS15-16551-Ix(Ls), pDS9-15130-Ix(Ls) and pDS9-102261-Ix(Ls)
up- and downstream fragments were amplified via PCR using the primers for synthetic open reading
frames for the enzymes listed in Tab. 3.1 resulting in amplicons of approximately 1.1 kbp length.
The PCR products were digested with Pmel/Pacl (upstream fragments) or Sbfl/Notl (downstream
fragments). These fragments have been ligated with the 3.165 kbp Notl/Pmel fragment of p-Ix(Ls)
and the 1.645 kbp Pacl/Sbf| fragment of p-Ix(Ls). The three different plasmids contain the up- and
downstream fragment for the target locus as well as a selection marker (LEU2syn) and an origin of
replication for propagation in E. coli. The deletion cassette was excised via digestion with Notl/Pmel.
H. polymorpha was transformed by electroporation as described in Faber et al. (1994).
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Table 3.1: Primers for amplification of up- and downstream fragments of three proteases
with putative Xaa-Pro specificity. Search for peptidases with Xaa-Pro specificity was performed
using the H. polymorpha NCYC 495 leul.1 genome database. PCR amplification results in fragments of
approximately 1.1 kbp length for either up- or downstream fragment. Unique restriction sites for cloning
were introduced by PCR amplification due to the primer design.

Name Primer sequence
16551 up A 5'ATCGATGTTTAAACAGTAGTTGTACATGATCTCCTCAAGTCCTGTTTC
16551 up B 5'CTGCCCTTAATTAACCATGCTTCTCGGCCGATCGACCCCAGTG

16551 down A  5'GCGCGTCCTGCAGGTCGAGACCCGAATTGAGCCCCACGCGCGG

16551 down B  5'CGGCTGGCGGCCGCGGTCCCTGTACAGCGGCACATGGTGGAAAAG

15130 _up_ A 5 TGTTGGGTTTAAACATTGATTTCATGCCGCAAGGACAAGACAAACTGG
15130 up_B 5'GCTTTCTTAATTAATCGGATGAATTAGAACAGAATGTACAAATTAGATCAG
15130 _down A  5'CGACCCCCTGCAGGTTTCGGGGCTGATATCAGTTTGATCAATAAAGTAC
15130 _down B  5'GTGAACGCGGCCGCTTATATCTGTGAAGAAAGCTGATGCAAACATCAGC
102261 up A 5'ATCTAAGTTTAAACTCGAGGCTTTGATCAGCTAACTATACTAACTCAG

102261 up B 5’CTTTTCTTAATTAAGTTGTAAATTTAACCTAAGAGGAAATATTTCTATTTAAG
102261 down A 5'GTCATGCCTGCAGGATTTGGGTGCTGTTTTTATACTCAAACAAGGTCCC
102261 down B 5'GGTGCGGCGGCCGCCGCACGTTCGATCAGACGCTTCAAATGGTATTC

Bioinformatic analysis

Sequence data for H. polymorpha were obtained from The Genome Portal of the Department of Energy
Joint Genome Institute via http://genome.jgi-psf.org/Hanpo2/Hanpo2.home.htm| (H. polymorpha
strain NCYC 495 /eul.1). Conserved domains were identified using Conserved Domain Database
(CDD) (Marchler-Bauer et al., 2011). Prediction of subcellular localization was searched with PSORT
Il (Nakai and Horton, 1999). For the detection of remote protein homologs Domain Enhanced Lookup
Time Accelerated BLAST (DELTA-BLAST) was used as described in (Boratyn et al., 2012). For
internal searches in the H. polymorpha strain NCYC 495 Jeul.1 genome database the protein-protein
BLAST algorithm was used (Altschul et al., 1997). Sequences were aligned and a phylogenetic tree
was constructed using MEGA5 Molecular Evolutionary Genetics Analysis (Tamura et al., 2011).

Identification of a putative a-mating pheromone precursor

To locate the a-mating pheromone precursor the H. polymorpha NCYC 495 leul.1 Genome Database
was filtered according to the following regular expression matchers in Fig. 3.1 in the file Hanpo2 all -
proteins  20100927.aa.fasta using BioRuby (Goto et al., 2010). The search algorithm was designed

by Andreas Heumaier. All matches issued were checked manually.
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def search
@db.each _entry do |entry|
if hit = entry.seq.match(/[Q,A][P][V,A].x/)
if rhit =
hit.to_s.match(/[K R]R[N,E,D,S V,A][A,P,S]....... ... * [ K,R]R[N,E,D,S,V,A][A,P.,S]/)
puts entry.definition
puts rhit
end
end
end
end

Figure 3.1: Search algorithm for the identification of a-mating pheromone precursors in
databases with FASTA format.

3.2.4 Results

Modeling of tertiary structures reveals Ala-Pro dependent accessibility of Kex2p-cleavage
site

In addition to the modeling of MFa-IFNa-2a and -AP-IFNa-2a in Manuscript | the surface accessibility
RSA was determined using NetSurfP. Based on these data ARSA was calculated in order to visualize
changes in surface accessibility. As described earlier significant shifts in RSA may indicate possible
inaccessibility of adjacent regions and therefore inaccessibility of adjacent cleavage sites like the Kex2p
cleavage site. Structural alignment of MFa-IFNa-2a and -AP-IFNa-2a showed a strong exposition of
the Lys-Arg motif for MFa-AP-IFNa-2a (Fig. 3.2B) but not for MFa-IFNa-2a. In the latter case the
Kex2p cleavage site was buried inside the protein and thus badly accessible. Additional calculation of
ARSA for AP-IFNa-2a showed no significant changes between Lys84, Arg85 and Ala87 (Fig. 3.2C).
Thus the Lys-Arg motif shows a tendency to good accessibility for the Kex2p. In contrast, calculation
of ARSA for IFNa-2a showed distinct changes for Lys84, Arg85 and Cys86. These changes in surface
accessibility may provide additional evidence for only partial recognition and cleavage of the Kex2p

recognition site.

Identification of proteases with Xaa-Pro specificity

Evaluation of the H. polymorpha NCYC 495 leul.1 genome revealed three proteases with predicted
Xaa-Pro specificity. The protease with protein ID 16551 (HpS15-16551p) harbors a conserved do-
main of the Peptidase S15 family. The proteases with protein ID 15130 (HpS9-15130p) and protein
ID 102261 (HpS9-102261p) both belong to the Peptidase S9 family. To study whether one of these
proteases is responsible for the removal of Ala-Pro dipeptides in H. polymorpha all three candidate
genes were disrupted separately in strain KLA8-1/AP-IFN«-2a #4/1. For each protease a flank-
ing up- and downstream fragment of an approximate size of 1.1 kbp was amplified via PCR. These
fragments were used to generate the plasmids pDS15-16551-Ix(Ls), pDS9-15130-Ix(Ls) and pDS9-
102261-Ix(Ls). Transformation of H. polymorpha was performed with the linearized deletion cassette
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A MFa prepro sequence interferon variants
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Figure 3.2: Structural comparison of the Kex2p cleavage site exposition in dependency of
adjacent amino acids. The transitions between MFa prepro and protein of interest in dependency
of Ala and Pro residues were visualized using UCSF Chimera. Side chains of relevant amino acids are
displayed in ball and stick representation. The protein backbone is shown in a ribbon representation. In
A and B the same color code is used. (A) Protein sequences of IFNa-2a and AP-IFNa-2a fused to the
MFa prepro sequence. (B) Influence of Ala-Pro residues on Lys-Arg accessibility in the two MFa-IFNa-2a
variants. (C) Determination of structural changes in dependency of drifts in surface volume. ARSA was
calculated and plotted as a function of the amino acid position starting with Lys84

resulting in the strains KLA8-1/AP-IFNa-2a/AS15-16551-Ix(Ls), KLA8-1/AP-IFNa-2a/AS9-15130-
Ix(Ls) and KLA8-1/AP-IFN«a-2a/AS9-102261-Ix(Ls).

Deletion of a putative Stel3p-homolog gene results in significantly decreased removal of

Ala-Pro dipeptides

For each construct 12 transformants were subjected to small scale methanol induction and the culture
supernatants were analyzed via HPLC for changes in processing of AP-IFNa-2a in comparison to
KLA8-1/AP-IFNa-2a #4/1. Expression of MFa prepro IFNa-2a in KLA8-1 resulted in two isoforms
of IFNa-2a one of which is the correctly processed from and the other one is prolonged by the Ala-
Pro dipeptide (Fig. 3.3A). The deletion of the gene corresponding to HpS15-16551p resulted in the
same processing pattern (B). The deletion of the gene corresponding to HpS9-15130p resulted in a
different processing pattern (Fig. 3.3C). The amount of correctly processed material was significantly
decreased from about 30% to 20% and simultaneously the amount of the prolonged isoform increased.
A remaining fraction of 20% showed correct processing of MFa prepro AP-IFNa-2a to IFNa-2a.
Additionally, an increase of the overall yield of about 80% was detected. The deletion of the gene
corresponding to HpS9-102261p also resulted in an decrease of correctly processed material to about
25%, however, the overall yield of IFNa-2a in this sample was significantly lower (minus 20%),

indicating a general problem in IFNa-2a expression after gene deletion.

29



3.2 Manuscript I: Supplementary Data
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Figure 3.3: HPLC analysis of KLA8-1/AP-IFNa-2a/AS9-15130-Ix(Ls). Deletion of S9-15130 re-
sulted in significant reduction of the Ala-Pro dipeptide at the AP-IFNa-2a N-terminus. Different isoforms
are indicated. The amount of each isoform in the sample is indicated in percent.

Characterization of HpS9-15130p

Deletion of the open reading frame (ORF) corresponding to HpS9-15130p resulted in a reduction
of Ala-Pro dipeptide removal during MFa prepro IFNa-2a processing. This ORF consists 2.615 kbp
and encodes a polypeptide of 871 amino acids (aa) with a cytoplasmic tail at the N-terminus (aa 1
to 82). Moreover two conserved domains predicted for this protease were also found for the other
putative Stel3p homologs. At the C-terminus a protease S9 domain was identified (aa 659 to 869).
In the center part of the polypeptide a DPP IV N-terminal region was identified (aa 219 to 571).
Three potential N-glycosylation sites are present within this DPP IV N-terminal region (aa positions
507, 539 and 545). A YQRL signal can be found at position 66 which might mediate localization of
HpS9-15130p in the trans-golgi network (Humphrey et al., 1993).
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A Scheme of HpS9-15130p
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cytoplasmic DPP IV N-terminal region peptidase S9
tail (219-571) domain
(1-82) (659-869)

B Amino acid sequence of HpS9-15130p

1 MARNSDIGRL DADIELQNQT SRRNSFQLEE LNNFAIDNDD ADLVYHPTISY KGLNVVSGDL SGMSFYQRLH HFLSLPXTRR KITILGIVLF IVWIVLLISF
101 AHTGAFQNGN KIVYPGQONST SPVSTDESAL XDPQERIPMT LQODSRNGAFS VFSYDLEFVS IPVMSYDEDQ GYYLHRSGSY HFLKKASDSQ FSKKLYDRPE
201 FEYNGQSHRF SLLSLNMELN KALLVSEVEA QWRYSSYGVY WVLDIDSGAV SPVFEKDSKL PKISFAEFSP KGRYVIFVFE NNVYLLDLQT NEQIQITHDG
301 SSSISNGKPD WVYEEEVLSS DRAIYWCQDE SHFSFIRFDD TDVPAYDLEI FSDNPYPVIE KLXYPXPGYN NPIVSVHVYS VEGKITHEVI HDNSRLGSDY
401 VVYQMAWTSG KKLIIKETDR TSRLVDIRVY DSETTKSTVV RSFDTKEYDG WYTNNGDIFV VPGGGYIDTV VYDYHDHLAY FESATDSEPK MITKGDWDVV
501 DGVAGYNPTA KLLYFIGTAG NALERHIFIV KLDGQDLRNL TNTENVSTYR LSVSSGGKYG FVQYKGPASP TDKIIEMDKF SEDRDEYVQA KNLNTANMVE
601 EALNRYQVPS KEYKIVILED GIKIDVIEVK PFDENPENKY PLEVSVYGGP GAQXLSSVEN YGFEEVLVSN LEIIVWYIDP RGIGGRGWKY XSFAXDXIGY
701 WEPRDIVEAT QRLIEMIDYI DMDLTAIWGW SYGGFITLKT LEYDSGITFK YGMAVAPVIN WLLYDSIYTE RYMDKPENNE NYQSVSKISD VDKFKQVIRF
801 LIMHGTADDN VHFQONTLQLL DAFDREGVEN YDMHVFPDSN HNINHNNANM VVYDKLFKWL EAAFDKKWVN I

Figure 3.4: Scheme and amino acid sequence of HpS9-15130p from H. polymorpha NCYC
495 leul.1. Domains were determined using Conserved Domains Database. The ER-retention signal
YQRL was identified using PSORT Il and is indicated by an asterisk. Potential glycosylation sites for
Asn-glycosylation are indicated by solid diamonds trees.
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Figure 3.5: Amino acid sequence of a putative a-mating pheromone precursor in H. polymor-
pha Protein ID 9879. Structural elements are colored as indicated.

Identification of a putative a-mating pheromone precursor

The existence of Kex2p and Stel3p homologs may indirectly indicate the existence of an a-mating
pheromone precursor in H. polymorpha. The genome transcripts of the strain NCYC 495 feul.l
were analyzed for a repeating Lys-Arg pattern within a peptide sequence. In addition the amino
acid downstream of the Lys-Arg motif was set to be Asp, Asn, Glu, Ser or Val. These amino acids
were chosen in analogy to separating spacer found in uneven-numbered positions in other yeasts (see
Discussion, Fig. 3.7). We could identify one candidate in which the amino acid sequence contains
two putative a-mating pheromone molecules separated by a Glu-Ala-Ser-Pro-Glu-Ala-Glu-Ala-Glu-
Ala spacer (Protein ID 9879, Fig. 3.5). Both a-mating pheromone units were followed by a Kex2p
recognition site and the first one was preceded by a prepro sequence like peptide and additional spacer-
like sequence. We could detect a putative cleavage site for removal of the pre sequence, however, no
Kex2p recognition site was found for removal of the pro peptide. We suggest that a protease unlike
Kex2p is responsible for pro peptide removal. protein-protein BLAST analysis showed homology to
three other putative a-mating pheromone precursors. The maximum identity was ranging between 30
and 42% (Candida glabrata XP 446929, Nakaseomyces delphensis AAO25615 and Eremothecium

31



3.2 Manuscript I: Supplementary Data

cymbalariae XP_003645399). Interestingly, besides the Lys-Arg motifs also an Arg-Arg motif can be

found within the precursors derived from C. glabrata and E. cymbalariae.

Phylogenetic Analysis

Homology search of Stel3p homologs in different yeasts using DELTA-BLAST resulted in maximum
identities ranging from 32% to 50%. Even among yeasts closely related to S. cerevisiae no exact
homologs have been identified yet. A phylogenetic tree (maximum likelihood) was constructed illus-
trating the relationship of those yeast in reference to S. cerevisiae (Fig. 3.6). The maximum identity
for each homolog concluded from the DELTA-BLAST results is indicated behind the respective entry
(in percent, gray lettering). The max. identity is defined as the similarity between the query and the
matched sequences over the length of the coverage area. With DELTA-BLAST homology search a
putative Stel3p homolog was identified for H. polymorpha DL-1 (max. identity 34%).

— H8WW19 | Candida orthopsilesis (strain 90-125) 32%

L G8BC32 | Candida parapsilosis (strain CDC 317) 33%

S Q5AGJ4 | Candida albicans (strain SC5314) 33%

A3LXS8 | Scheffersomyces stipitis (strain ATCC 58785) 33%

Q6BP08 | Debaryomyces hansenii {(strain ATCC 36239) 34%

G8YUBB | Pichia sorbitophila (strain ATCC MYA-4447) 34%

C4RZ272 | Pichia pastoris (strainGS115) 40%

r $9-15130 | Hansenula polymorpha (strain NCYC 495 leu1.1)

L E7RAE3 | Hansenula polymorpha (strain DL-1) 34%

C5DEWS | Kluyveromyces themmotolerans (strain ATCC 56472) 449,

Q75C14 | Ashbya gossypii (strain ATCC 10885) 43%

QBCRSO0 | Kluyveromyces lactis {(strain ATCC 8585) 39%

Q6FLKS | Candida glabrata (strain ATCC 2001) 44%

C5DXNS | Zygosaccharomyces rouxii (strain ATCC 2623) 47%
GOVCD1 | Saccharomyces castellii (strain ATCC 76901) 50%
P33894 | Saccharomyces cerevisiae (strain ATCC 204508) reference

0z

Figure 3.6: Comparison of S. cerevisiae Stel3p and 15 putative Stel3p homologs derived
from various yeasts by molecular phylogenetic analysis. The evolutionary history was
inferred by using the Maximum Likelihood method based on the JTT matrix-based model. Initial tree(s)
for the heuristic search were obtained automatically as follows. When the number of common sites was
< 100 or less than one fourth of the total number of sites, the maximum parsimony method was used;
otherwise BIONJ method with MCL distance matrix was used. The tree is drawn to scale, with branch
lengths measured in the number of substitutions per site. The analysis involved 16 amino acid sequences.
All positions containing gaps and missing data were eliminated. Evolutionary analyses were conducted in
MEGA5. Maximum identities were determined using DELTA-BLAST (grey lettering).

32



3.2 Manuscript I: Supplementary Data

3.2.5 Discussion

To improve quality and quantity of a secreted heterologous protein strain engineering mainly focuses
on four main topics (Idiris et al., 2010):

1. Enhancement of proper protein folding and engineering of the quality control system

2. Improvement of intracellular protein transport

3. Reduction of proteolytic degradation
4

. Engineering of glycosylation patterns

In this study the transport from the cytosol through Golgi an ER to final secretion was subject of
improvement. Recognition of cleavage sites for signal peptide removal is necessary for secretion of
properly maturated protein. When the recognition site is not, incorrectly, or only partially cleaved by
the specific protease partly un- or misprocessed material is secreted - if secretion occurs at all. In
addition to cleavage site recognition the amount of processing proteases may also be limiting during

high level expression of recombinant proteins (Zsebo et al., 1986).

Processing of the MFa prepro sequence is different in H. polymorpha strains RB11 and
KLAS8-1.

Several H. polymorpha strains find application in research. The strains DL-1, CBS4732 and NCY(C495
or derivatives thereof are used for basic research as well as for the generation of strains producing
a heterologous protein of interest. Belonging to the methylotrophic yeasts H. polymorpha shares
several characteristics with other methanol-utilizing yeasts such as P. pastoris and C. boidinii. Recent
analysis of the gene content and gene order of H. polymorpha strain DL-1 places it in a close relation to
Brettanomyces custersianus (Eldarov et al., 2011). Notably, the relation to the other methylotrophic
yeasts mentioned is not as close. Different processing between different strains of the same yeast
has also been observed for MFa prepro INFa-2a. Expression of this fusion in H. polymorpha RB11
and KLAS8-1 resulted in processing with different efficiency. Both strains are derived from the same
parental strain CBS4732; the processing results in different quantities of isoforms of the protein. The
strain RB11 was generated by application of standard ethylmethane sulphate method (Zurek et al.,
1996). KLA8-1 was generated by N-methyl-N'-nitro nitrosoguanidine mutagenesis (Lahtchev et al.,
2002). The generation of these strains apparently has led to differences in processing. The differences
in processing may for example be caused by differences in cleavage site recognition, protein folding or

glycosylation.

Differences in IL-6 processing have also been found between H. polymorpha, S. cerevisiae, P. pastoris
and Schizosaccharomyces pombe. Phylogenetic analysis of the putative S. cerevisiae Stel3p homologs
shows similarities of 32% (P. pastoris) and 40% (H. polymorpha). The cleavage specificity shows
obvious differences (Tab. 3.2). H. polymorpha RB11 shares the processing of A28-IL-6 only with
S. cerevisiae. In P. pastoris no removal of the Ala-Pro dipeptide occurs (Li et al., 2011). Furthermore

differences in the processing pattern of V30-IL-6 were described for S. cerevisiae and H. polymorpha
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strain HP102 (Steinborn et al., 2006). Summarizing these results, P. pastoris and H. polymorpha can
be considered as the preferred systems for IL-6 expression. P. pastoris processed A28-IL-6 correctly,
whereas H. polymorpha RB11 performed correct processing of V30-IL-6. Remarkably, processing of
P29-IL-6 using the signal peptide P4 for secretion in S. pombe was correct. The signal peptide P4 is
derived from the S. pombe a-mating factor with a Lys-Arg motif which is supposed to be recognized
and cleaved by a Kex2p homolog (Giga-Hama et al., 1994). Hence, the S. pombe Kex2p homolog
is able to cleave at the Lys-Arg cleavage site despite of proline being in the first position after the

cleavage site.

H. polymorpha harbors an exoprotease with the ability to remove N-terminal Ala-Pro
dipeptides. The protease which shows potential to be responsible for Ala-Pro removal was
identified by deletion of the corresponding ORF.

A protease with the ability to remove Ala-Pro dipeptides was identified in H. polymorpha KLAS8-1.
Processing of P28- and V30-IL-6 results in the same mature form. Hence, in case of P28-IL-6 the
N-terminal Ala-Pro dipeptide is removed. Processing of AP-IFNa-2a results in a mixture of correctly
processed IFN«-2a as well as a longer form which is proposed to harbor additional Ala-Pro dipeptides
at the N-terminus. There are two possibilities: the protease responsible for this processing may either
be an endo- or an exoprotease. By evaluation of the IL-6 processing neither option can be excluded.
However, the incomplete AP-IFNa-2a processing may indicate that this protease is an exoprotease

which can only act after proper Kex2p cleavage.

To identify this putative exoprotease the ORFs of three proteases with predicted Xaa-Pro cleavage
specificity were deleted. The deletion of the ORF corresponding to the protease HpS9-15130 resulted
in a significantly altered processing pattern of MFa prepro AP-IFNa-2a in comparison to the wildtype
host strain. The removal of the N-terminal dipeptide Ala-Pro was reduced indicating that this protease
may be responsible for this processing effect. However, correctly processed material was also detected.
There are two possibilities resulting in correct processing: 1. An additional protease with the ability to
cleave the Ala-Pro dipeptide performs this removal, 2. The Ala-Pro dipeptide is removed by unspecific
proteolysis. A second putative protease responsible for this processing may be HpS9-102261p. Further
identification may be achieved by generation of a double deletion mutant. For a final conclusion, the

role of these proteases for Ala-Pro removal during IL-6 processing needs to be further evaluated.

H. polymorpha possesses a protease with high similarities to S. cerevisiae Stel3p (max.
identity 34%).

The sequence of the protease HpS9-15130p shows significant homology to S. cerevisiae Stel3p as well
as to other Stel3p homologs. The protein sequence evaluated here was derived from H. polymorpha
strain NCYC 495 leul.1. For a definitive identification of the protease the genomic sequence needs

to be determined in strain KLA8-1 which may show differences to the already known sequence.
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Subsequently, overexpression of the protease in the AS9-15130 deletion strain may be performed to

confirm that the removal of Ala-Pro dipeptides is restored.

The sequences of the a-mating pheromone and its precursor have been identified in yeasts other than
S. cerevisiae, amongst them S. kluyveri (Egel-Mitani and Hansen, 1987), C. albicans (Lockhart et al.,
2003), Kluyveromyces delphensis (Wong et al., 2003), Eremothecium cymbalariae (Wendland et al.,
2011) and P. pastoris (Rosales Rodriguez et al., 2011) (see Fig. 3.7). The a-factor precursors show
significant similarities. They contain 2 to 9 mating pheromone molecules which are separated by
spacer peptides. This sequential arrangement is preceded by a pre- (18 to 22 aa) and a pro-sequence
(67 to 105 aa). In all variants the dibasic Lys-Arg motif which is recognized by Kex2p is highly
conserved. However differences in the spacer sequences were identified. In all precursors the spacer

contains at least 2 and a maximum of 9 dipeptides.

The high similarities of a-mating pheromone precursors suggest the existence of Kex2p and Stel3p
homologs for processing of the precursor to mature a-pheromone molecules. The Kex2p cleavage site
consisting of Lys-Arg is highly conserved in all cases described. In contrast, the motif recognized by
putative Stel3p homologs varies in amino acid composition. Mostly a Xaa-Ala motif is found (for
Xaa being Glu, Asp, Val or Ser). Xaa-Pro was detected for S. kluyveri. Thus the Stel3 protease is
not limited to the cleavage of the Xaa-Ala from the Glu-Ala-Glu-Ala spacer of the natural a-mating
factor, but is also able to cleave Xaa-Pro in other contexts. Cleavage of Ala-Pro dipeptides was also

described for S. cerevisiae Stel3p during A28-IL-6 processing (Guisez et al., 1991).

After search for a repetitive Lys-Arg motif with adjacent amino acids homologous to the various Glu-
Ala spacers in the H. polymorpha NCYC 495 leul.1 genome, we could identify a putative a-mating
pheromone precursor. Two a-mating pheromone molecules are again separated by a spacer which
shows high homology to the spacers of the other a-mating factor pheromone precursors described
in literature. The a-mating pheromone units are followed by a Kex2p recognition site, respectively.
However, upstream of the a-mating pheromone molecules no site for Kex2p cleavage was found which
would enable removal of the pro peptide. Hence, we suggest that a so far unidentified protease may be
responsible for removal of the putative prepro signal sequence. Another difference to other a-mating

pheromones is the unusually long putative pro-peptide.

The putative Stel3p homolog and «a-factor mating pheromone precursor cannot be solely
inferred from sequence homology.

The putative Stel3p homolog HpS9-15130p was identified by prediction of functional domains and
substrate specificity. For the candidates tested an Xaa-Pro specificity was predicted. However, the
protease identified to be responsible for removal of Ala-Pro dipeptides during IFNa-2a expression only
showed 34% sequence homology to the S. cerevisiae derived Stel3p. Nevertheless, both proteases
share a similar substrate specificity with regard to Ala-Pro. In contrast, the P. pastoris derived Stel3p

homolog showed 40% sequence homology to the S. cerevisiae derived Stel3p. Notably, the putative
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Figure 3.7: Comparison of a-mating pheromone precursors derived from different yeast. Struc-
tural elements are colored as indicated.

H. polymorpha and P. pastoris Stel3p homologs also show a close phylogenetic relation to each
other (40% sequence homology). The S. pombe homolog shows only 32% sequence homology to the
S. cerevisiae and the H. polymorpha homologs and 35% to the P. pastoris homolog. However, the

substrate specificity of all three proteases seems to be different (see Tab. 3.2).

protein-protein BLAST analysis of the H. polymorpha NCYC 495 leul.1 genome did not reveal
the existence of a a-mating pheromone precursor. A manual search algorithm was designed for
the detection of characteristic processing sites. After search for a repetitive Lys-Arg motif with
adjacent amino acids homologous to the various Glu-Ala spacers we could indeed identify a putative
a-mating pheromone precursor (Fig. 3.7). Eldarov et al. (2011) found similar phylogenetic relations
for concatenated mitochondrial proteins as we did for different Ste13p homologs (Fig. 3.8). Therefore,
a close relationship does not necessarily infer a similar substrate specificity and a similar substrate
specificity is also possible when two organisms are not closely related. We conclude, that a functional
homology of this protein and the S. cerevisiae Stel3p can only be inferred from sequence homology

concerning the active site.
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A transcriptional unit of B putative Ste13p homologues
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LE7RAE3 | H. polymorpha (strain DL-1)

Q75C14 | A. gossypii (strain ATCC 10895)
L Q6CRSO | K. lactis (strain ATCC 8585)
C5DEWS | K. thermotolerans (strain ATCC 56472)
QBFLKS | C.glabrata (strain ATCC 2001)
CSDXNS5| Z. roundi (strain ATCC 2623)
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Figure 3.8: Phylogenetic comparison of mitochondrial protein sequences and Stel3p ho-
mologs. (A) Taken from Eldarov et al. (2011). The phylogenetic trees were calculated from the
multiple sequence alignment of 7 concatenated mitochondrial DNA-encoded proteins. Topologies were
inferred using Maximum Likelihood (ML). Numbers above the nodes indicate bootstrap support values
from 100 replicates for the ML method. The trees are drawn to scale, with branch lengths measured by
the number of substitutions per site. (B) For detailed description see Fig. 3.6.

The connection between MFa prepro sequence and the protein of interest is crucial for
proper cleavage at the Kex2p recognition site.

The amino acids adjacent to the Kex2p cleavage site strongly influence the exposition thereof. It was
shown that in dependency of the transition between MF« prepro sequence and protein of interest
different processing may occur ranging from thoroughly misprocessing of the MFa prepro sequence
over partial misprocessing to correct processing of the complete protein quantity. In S. cerevisiae
the pheromone molecules are separated by Glu-Ala and Asp-Ala dipeptides. These dipeptides may
enhance the hydrophilicity of the spacer which stands in contrast to the hydrophobic pheromone
molecules. Zsebo et al. (1986) suggest that this discrepancy may position the spacer on the surface
and consequently allow an enhanced accessibility of the Kex2p recognition sequence Lys-Arg. Schaefer
and Pliickthun (2012) proposed charge dependent cleavage by Kex2p in P. pastoris. They detected a
misprocessing of the MFa prepro sequence 9 amino acids upstream of the Kex2p recognition site. The
cleavage occurred behind a Ala-Lys dipeptide which was shown to have a similar charge distribution
in comparison to the Lys-Arg cleavage site. Consequently the authors suggested that Kex2p may be

responsible for this misprocessing.

Removal of the pre-sequence may occur upon ER-translocation (Waters et al., 1988), however Julius

et al. (1984b) state that the pre-sequence is neither removed on ER-translocation nor afterwards. Ernst
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(1988) however could show that the pre-sequence is properly removed and that the pre-sequence solely
is sufficient for correct secretion. Therefore pre-sequence removal might also occur when the pro-
sequence is removed as well which would be in the late Golgi (Julius et al., 1984b). For enhancement
of Kex2p cleavage site recognition exposition of the cleavage site may also be influenced by different
chaperones present in the ER. To increase this effect chaperone co-expression is often performed to
improve processing of the heterologous protein. Examples for chaperones that conduct transport or
folding in the ER are calnexin (Klabunde et al., 2007), Sec61 complex subunit beta (Seb1lp) (Kerdnen
et al., 2000), BiP and protein disulfide isomerase (Smith et al., 2004).

Proline in even numbered position to the Kex2p recognition site seems to have a positive
effect towards exposition of the Kex2p cleavage site and can increase the rate of proper

processing.

In H. polymorpha, A28-IL-6 is processed to 100% correctly. Its N-terminal sequence harbors two
prolines at even numbered position (APVP). In addition to the correct processing by Kex2p the removal
of the Ala-Pro dipeptide is positively influenced by the second proline. In comparison AP-IFNa-2a is
only partially processed with regard to the Ala-Pro peptide due to unfavorable folding at this point of

dipeptide removal. Kex2p processing however occurs to 100%.

Amongst all amino acids proline holds a unique position. It has no functional groups, hence, it does
not take part in any bond-formation (Cunningham and O’Connor, 1997). However, prolines may have
other stabilizing or regulatory effects on the protein. Hence, various proline motifs can be found
throughout protein sequences. The presence of proline in a peptide chain often causes a bend which
disrupts the secondary structure of the protein in that region (Cunningham and O’Connor, 1997). A
proline within a helix cause kinks which are suggested to be of structural or functional importance
(Barlow and Thornton, 1988). Theses conformational changes may indeed result in an exposition of
a nascent cleavage site or in inaccessibility of the peptide bond involving the proline residue (Vanhoof
et al., 1995). Consequently even peptidases with a broad specificity are often unable to cleave the
latter peptide bond (Walter et al., 1980). Positioned at the N-terminus of a polypeptide chain proline
may protect the protein against hydrolysis as well as against proteolysis (Yaron, 1987). Moreover, due
to the unique structure proline may be extensively involved in biological regulation (Yaron and Naider,
1993). These kinds of N-terminally positioned prolines can often be found as Xaa-Pro motifs. These
dipeptides are removed stepwise and can be found in a wide variety of organisms like yeasts, insects,
frogs and humans (Kreil, 1990). Especially amongst cytokines a N-terminal Xaa-Pro motif seems to

be conserved and thus indicates certain functionality (Vanhoof et al., 1995).

During the secretion of interleukin-153 in S. cerevisiae the N-terminus is correctly processed when
using the MFa prepro sequence for secretory translocation (Ernst, 1988). In this case the authentic
N-terminus starts with Ala-Pro. The Ala-Pro dipeptide was not removed by the Stel3p, which
might indicate that the adjacent amino acids (AP-VR) strongly influence the removal of Ala-Pro
dipeptides.
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The iron storage protein ferritin is a member of the non-heme iron protein family. It can store and
release iron, therefore it prevents the cell from damage caused by iron-dioxygen reactions as well as
it provides iron for biological processing. To study whether the human ferritin heavy chain (FTH1) can
be expressed in Hansenula polymorpha, we integrated an expression cassette for FTH1 and analyzed the
protein expression. We found very efficient expression of FTH1 and obtained yields up to 1.9 g/L under

non-optimized conditions. Based on this result we designed a FTH1-PTH fusion protein to successfully
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express the parathyroid hormone fragment 1-34 (PTH) for the first time intracellular in H. polymorpha.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Ferritin is the major iron storage protein found in most cell types
of higher vertebrates including human and most other living organ-
isms (Theil, 1987). The first function of ferritin is to keep iron in a
metabolically accessible form for the synthesis of iron-containing
proteins (Munro, 1993; Theil et al., 1997). Bioavailability of iron is
solely given when iron is stored as Fe(Il). In addition, the second
function of ferritin is to prevent damage due to free radicals pro-
duced in iron-dioxygen interactions (Arosio et al., 1978; Theil et al.,
1997).

All Fe (Ill) introduced to the cell needs to be converted to Fe
(I) and stored for further utilization. Ferritin is able to reduce Fe
(IIT) to Fe (II) and to bind Fe (II) in a spherical protein shell. This
shell is composed of two different subunits (heavy and light chain),
whereas the proportion of those subunits in ferritin is depending
on the type of organism (Harrison and Arosio, 1996). When iron is
absent, the spherical protein shell (called apoferritin) is still stable.

The human ferritin heavy chain (FTH1) has been expressed in
several expression systems such as Escherichia coli (Santambrogio

Abbreviations: FTH1, ferritin heavy chain; FMD, formate dehydrogenase; PTH,
parathyroid hormone.
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et al., 1993), Saccharomyces cerevisiae (Shin et al., 2001) and Pichia
pastoris (Lee et al., 2003). It has been shown that heterologously
expressed ferritin enhances the iron uptake of the studied organ-
isms.

The methylotrophic yeast Hansenula polymorpha has been
established as a highly efficient expression system in the past
(Janowicz et al., 1991). Due to the strong promoters derived from
the methanol metabolism pathway and high-copy mitotically sta-
ble integration, H. polymorpha has been established as an effective
system for heterologous protein expression.

In this report we show high level production of functional FTH1
under control of the FMD promoter in H. polymorpha. Moreover we
show that this protein can be used as a fusion partner for difficult-
to-express proteins.

2. Materials and methods
2.1. Strains and culture conditions

For construction and propagation of plasmid DNA E. coli NEB10f3
(araD139 A(ara-leu)7697 fhuA lacX74 galK ($80 A(lacZ)M15) mcrA
galUrecA1 endA1 nupG rpsL (Str®) A(mrr-hsdRMS-mcrBC); New Eng-
land Biolabs, Frankfurt a.M., Germany) was used. Cultivation took
place in Luria Bertani media, when needed supplemented with
50 g ampicillin per ml.

For protein expression H. polymorpha strain RB11 deficient
in orotidine-5-phosphate decarboxylase (ura3) (Suckow and
Gellissen, 2005) was used. Cultivation took place in either yeast
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extract-peptone-dextrose medium (YPD) or yeast nitrogen base
medium (YNB). Fermentation was carried out in the synthetic
medium SYN6 which had the following composition: 20 g/L glyc-
erol, 13.3 g/LNH4H;PO4, 3.3 g/LKCl, 3.0 g/L MgSO4 x 7H,0,0.33 g/L
NaCl. After autoclaving of the basis medium 1ml/L of the fol-
lowing stock solutions was added respectively: micro element
stock solution: 6.65 g/L (NH4),Fe(SO4); x 6H;0, 0.55 g/L CuSO4 x 5
H,0, 2.0g/L ZnSO4 x 7H,0, 2.65g/L MnSOy4 x H,0, 6.65 g/L EDTA
(Titriplex III); vitamin stock solution: 40 mg/L D-Biotin, 13.35g/L
thiamine chloride hydrochloride; trace elements stock solution:
65mg/L NiSO4 x 6H,0, 65mg/L CoCl, x 6H,0, 65mg/L H3BOs,
65mg/L KJ, 65mg/L Na;MoO4 x 2H,0; calcium stock solution:
100 g/L CaCl, x 2H,O0. All cultivations were performed at 37 °C.

2.2. Vector construction

To generate the expression plasmid pFPMT-M-FTH1-HS6, a syn-
thetic open reading frame based on Universal Protein Resource
Knowledgebase (UniProt ID: P02794) was inserted into with the
polylinker of the vector pFPMT121 (Degelmann et al., 2002).
A 6 His-tag was added C-terminally to the protein sequence.
The cloned FTH1-H6 sequence with additional flanking recogni-
tion sites (5’ EcoRI and 3’BamHI) was synthesized by GeneArt
(Regensburg, Germany). To generate the expression plasmid
pFPMT-M-FTH1-G3-Ek-PTH, a synthetic DNA fragment encoding
a three-glycin-spacer (G3), an enterokinase cleavage site (Ek) and
PTH (UniProt ID: P01270, amino acids 1-34) flanked by 5’ BstEIl
and 3’ BamHI sites was synthesized by GeneArt and ligated with
the corresponding fragment of pFPMT-FTH1-H6. The structure of
the encoded fusion protein is: FTH1-G3-Ek-target protein. H. poly-
morpha was transformed by electroporation as described in Faber
et al. (1994). Afterwards strain generation was performed accord-
ing to Guengerich et al. (2004). The passaging procedure lasted for
four passages.

2.3. Protein expression and preparation of protein material

Transformant strains were subjected to derepression. There-
fore, the cells were cultivated in 3 ml scale in YNB/2% glycerol for
48 h and subsequently in YNB/1% methanol for 24 h at 37 °C. After
cultivation the cells were harvested by centrifugation. The super-
natant was collected and stored at —20 °C. The total cell extract was
obtained by glass bead cell disruption and stored at —20°C.

2.4. Protein purification

For purification protein samples have been incubated for 15’ at
75°C. Subsequently the samples have been centrifuged for 15" at
16,000 x g to separate insoluble and soluble fraction.

2.5. Protein analysis

For molecular weight determination the samples were analyzed
by SDS-PAGE according to Laemmli (Laemmli, 1970). For the elec-
trophoretic separation 4-12% Bis-Tris acryl amide XT gels (BioRad,
Hercules, CA, USA) were used. The gels were stained either with
the Coomassie stain SimplyBlue (Invitrogen, Karlsruhe, Germany)
or Prussian blue as described by Kim et al. (2003), or the pro-
tein patterns were was transferred to nitrocellulose-membranes.
The protein bands were then visualized by immunoblotting. For
immunological detection a 6 His-tag-specific antibody (Micro-
mol, Karlsruhe, Germany) or a PTH-specific antibody (BIOTREND,
Cologne, Germany) was applied. As secondary antibody a goat-
anti-rabbit-AP-conjugate or a goat-anti-mouse-AP-conjugate (both
BioRad) was applied respectively. Development was performed by
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using NBT/BCIP (Roche, Mannheim, Germany). Native PAGE sam-
ples were resolved on 5% Tris-HCl acryl amide separation gels
(BioRad). Prior to adjustment to 1x native and non-reducing sam-
ple buffer conditions aliquots of the samples were adjusted to 1 mM
ammonium Fe(II) sulphate followed by 15’ incubation at RT.

2.6. Copy number determination

The number of genomically integrated expression cassettes was
determined by Southern blot analysis. Genomic DNA was prepared
using the MasterPure Yeast DNA Purifcation Kit (Epicentre, Madi-
son, WI, USA), restricted using BamHI and Kpnl and precipitated
afterwards. Dilutions of the genomic DNA from 1.2 g to 19 ng were
separated by gel electrophoresis. All further steps were carried out
according to the Amersham ECL Direct Nucleid Acid Labelling And
Detection System (GE Healthcare UK Limited, Buckinghamshire,
UK). For detection of the expression cassette a FMD promoter probe
was used. The copy numbers of the expression cassettes (FTH1:
1048 bp, FTH1-G3-Ek-PTH: 1156 bp) were determined in compari-
son to the homologous FMD-gene (FMD: 756 bp).

2.7. Fermentation

The fermentations were carried out in a 1.25L Bioflo III fer-
menter (New Brunswick Scientific, Edison, NJ, USA). 100ml YPD
preculture were grown for 22.5h. Fermentation was started by
adjusting an initial optical density of ODggonm =1 in a start culture
volume of 1L.

The aeration rate was 1vvm using a ring sparger. The cultiva-
tion temperature was adjusted to 37 °C. Agitation was performed
by two stirrer blades (speed between 500 and 1000 rpm). The glyc-
erol feed was started after 18 h with a fixed feed rate of 1 g/L/h and
raised stepwise to a final rate of 2.5 g/L/h. During the derepression
phase the pO, was kept at 40% by a stirrer cascade between 500
and 1000 rpm. The pH was adjusted and maintained at 4.5 using
a 12.5% (v/v) ammonia solution. Sterile diluted antifoam agent
(10% (v/v) Structol ] 673) was added manually as appropriate. Feed
was performed using a 75% (w/v) glycerol solution. The methanol
induction was performed subsequently (after 123.25h) by using
a solution of 20% (v/v) glycerol and 80% (v/v) methanol according
to the following scheme: 0 h/5h: 1% (v/v); 8 h/12h/15h/18 h: 0.5%
(v/v). Fermentation was terminated after 141.85h.

During fermentation samples were taken and analyzed offline.
The optical density (OD) was determined at 600 nm wavelength,
dry cell weight was analyzed, and product was analyzed by
Coomassie-stained SDS-protein gels. The total amount of the target
proteins after the fermentation was estimated by using BioDocAn-
alyze (Biometra, Gottingen, Germany) in correlation to the optical
density.

2.8. Enterokinase cleavage

FTH1-G3-Ek-PTH fusion proteins were treated with enteroki-
nase to cleave off the target protein PTH. Enterokinase was supplied
by New England Biolabs. The Enterokinase/fusion protein ratio in
the reaction was 1:80,000.

3. Results

3.1. High level expression of human ferritin heavy chain in H.
polymorpha

To study the expression of FTH1 in H. polymorpha, a synthetic
FTH1 ORF was designed and inserted into the H. polymorpha expres-
sion vector pFPMT121. To provide the option of simple detection
and purification, codons for a C-terminal His tag were added to
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Fig. 1. Expression plasmids and fusion proteins. (A) pFPMT-FTH1-H6 (7.547 kb). (B) pFPMT-FTH1-G3-Ek-PTH (7.645 kb). (A) and (B) In both maps a set of single cutters and the
cloning relevant site of the double cutter BstEll are indicated. Features and abbreviations: FMD-P, promoter of the H. polymorpha formate dehydrogenase (FMD) gene; MOX-T,
terminator of the H. polymorpha methanol oxidase (MOX) gene; ampR, ampicillin resistance gene; ori, origin of replication of pBR322; SCURA3, URA3 gene of S. cerevisiae
for selection in H. polymorpha ura3 strains; HARS1, autonomously replicating sequence 1 of H. polymorpha; (C) and (D) composition of the FTH1-H6 and FTH1-G3-Ek-PTH
fusion proteins encoded by the plasmids shown in (A) and (B), schematically. Abbreviations: FTH1, complete sequence of human ferritin heavy chain; H6, six-histidine tag;
G3, three glycine residues as a flexible linker; Ek, enterokinase cleavage site (DDDDK); PTH, fragment of the human parathyroid hormone.

the FTH1 ORF. In the resulting expression plasmid pFPMT-FTH1-
H6 (Fig. 1A and C) the FTH1-H6 ORF transcription is controlled
by the strong carbon source regulated FMD promoter. To generate
FTH1-H6 producer strains H. polymorpha RB11 (ura3) was trans-
formed with pFPMT-FTH1-H6, and strains were cultivated through
four passaging steps and two subsequent stabilisation steps. This
procedure typically results in the isolation of strains harbouring
multiple copies of the expression plasmid in a head-to-tail arrange-
ment which can differ with regard to the exact copy number and
the achieved expression rate of the heterologous gene (Gellissen
and Hollenberg, 1997). A couple of strains resulting from this pro-
cedure were subjected to small scale methanol induction, and the
total cell extracts were analyzed for the presence of FTH1-H6 gene
products by SDS-PAGE/Western blot using a His-tag-specific pri-
mary antibody. Several strains displayed a band corresponding to
the expected size of the FTH1-H6 protein (data not shown).

The strain with the highest productivity (FTH1-H6 # 2-1) was
chosen for further analyses. Fig. 2 shows a Ponceau S stain and a
Western blot analysis of the intracellular material of strain FTH1-H6
# 2-1 after derepression and MeOH induction. The FTH1-H6 fusion
protein has a calculated molecular weight of 22.05kDa. Fig. 2A
shows the NC membrane after semi-dry transfer in Ponceau S stain;
this method visualises all protein bands. Fig. 2B shows the cor-
responding immunodetection via a His-tag specific antibody. In
both lanes corresponding to the ferritin strain (FTH1-H6) a band
of very high intensity displaying an apparent MW of about 23 kDa
was observed which is in agreement with the calculated MW. Due
to the specific recognition by the antibody the C-terminal part of
the protein must be intact. The supernatant of the FTH1-H6 # 2-1
culture did not display any ferritin which is consistent with intra-
cellular targeting of the fusion protein (not shown). The vector
control strain did not provide any His-tag-specific signals. Hence,
the expression of the cytosolic FTH1-H6 provided high amounts of
the heterologous protein.

Strikingly, FTH1-H6 is by far the dominant protein detected
in the crude cell extract by Ponceau S stain (Fig. 2A) as well as
Coomassie stain (not shown). The ferritin band even exceeded
bands corresponding to proteins of the methanol pathway like
Moxp and Fmdp (Strasser, 1988). We estimate that the amount of

FTH1-H6 is in the order of at least 5 times the amount of Moxp.
Based on these results FTH1-H6 has been chosen to test its function
as a fusion partner for the expression of poorly and/or difficult-to-
express proteins.

3.2. High level expression of a parathyroid hormone-fragment
upon fusion to ferritin

The expression of the FTH1-H6 ORF in H. polymorpha revealed
high-level synthesis and cytosolic accumulation. We therefore
wondered whether FTH1 fusion proteins can be expressed in simi-
lar amounts in H. polymorpha which would be an option for difficult
to express polypeptides.

vector
control

vector

control FTH1-HE

FTH1-H6

Moxp —

-

A PonceauS stin B Anti-His

Fig. 2. SDS-PAGE of the total cell extract of a FTH1-H6 producing strain and a vector
control strain. The indicated strains were subjected to a methanol induction at the
3 mlscale. The total cell extracts were prepared and analyzed by SDS-PAGE/Western
Blot. Protein was visualised with Ponceau S stain (A) and with immunodetection via
a His-tag specific antibody (B). The vector control strain used in this experiment con-
tains genomically integrated copies of the pFPMT121 vector without insert, Moxp:
methanol oxidase, Fmdp: formate dehydrogenase.
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FTH1-PTH FTH1-H6
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vector control
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Fig. 3. SDS-PAGE of the intracellular soluble and insoluble fraction of H. polymor-
pha strains expressing FTH1-PTH and FTH1-H6. Intracellular soluble fractions and
insoluble fractions of indicated strains derived from cultivation similar as described
in Fig. 2. The samples were analyzed on a 4-12% Bis-Tris protein gel. The fraction
containing the protein was identified by Coomassie Blue stain. SF: soluble fraction,
ISF: insoluble fraction.

The N-terminal fragment of the human parathyroid hormone
(1-34), furthermore referred to as PTH, has not yet been expressed
in H. polymorpha as a stable, secreted peptide. Previous attempts
to express and secrete PTH in fusion with the MFalpha-prepro
sequence showed limited success (data not shown). A possible
explanation is that PTH may be instable when introduced to the
secretory pathway due to protease activity residing in ER and/or
Golgi. It therefore appeared interesting to express PTH cytosolically.
The purification of a 34 amino acid PTH fragment from cell extract
may be difficult while the handling of a ferritin-PTH fusion pro-
tein (225 amino acids) may be easier. The scheme of the FTH1-PTH
fusion protein is shown in Fig. 1d. FTH1 forms the N-terminal part
of the fusion protein followed by a flexible three-glycine linker, an
enterokinase cleavage site, and the PTH. A synthetic ORF encoding
this FTH1-G3-Ek-PTH fusion protein was placed into pFPMT121;
the resulting pFPMT-FTH1-G3-Ek-PTH is shown in Fig. 1b. The
expression plasmid has been introduced into H. polymorpha RB11,
and strain generation was accomplished as described above. FTH1-
G3-Ek-PTH was expressed at very high levels in several strains. The
levels were at least of the magnitude as those observed with FTH1-
H6. The strain with the highest productivity was chosen for further
analyses (FTH1-PTH # 20-1).

3.3. The fusion with PTH increases the solubility of ferritin

In the experiments described above total cell extracts have been
analyzed. To analyze and compare the degree of solubility of H.
polymorpha-produced FTH1-H6 and FTH1-G3-Ek-PTH the intracel-
lular soluble and insoluble fractions of the producer strains were
prepared upon methanol induction and subjected to SDS-PAGE and
Western blot. As shown before only about 20% of FTH1-H6 were
detected in the intracellular soluble fraction, the majority of 80%
was found in the insoluble fraction (Fig. 3). Surprisingly, in the case

IFNa2a FTH1-H6

[ng] dilution factor

1000 500 250 1 2 4 6 8
-
W -

12 16 24 1 2 4 6 8

of the FTH1-G3-Ek-PTH fusion protein the values were reciprocally
exchanged: about 80% were detected in the intracellular soluble
fraction and only 20% was found in the insoluble fraction. Thus,
the C-terminal extension of the 34 amino acids residues of the PTH
fragment to FTH1 causes a dramatic increase of the solubility of
ferritin in the cytosol of H. polymorpha. This unexpected result may
constitute an improvement for subsequent downstream process-
ing which typically starts with the soluble intracellular fraction. A
partial cleavage of the PTH part by digestion of the fusion protein
with enterokinase was achieved but only below about 2% which
was not enough for a recovery (not shown).

3.4. Both ferritin and ferritin-PTH are highly expressed in H.
polymorpha

The total initial yields of intracellular soluble FTH1-H6 and
FTH1-G3-Ek-PTH produced by H. polymorpha were determined
by comparison of dilution series of each sample with a defined
amount of protein standard (Interferon-o 2a) by SDS-PAGE. The
analyzed material was derived from a non-optimized 1L fermen-
tation of the respective producer strains subjected to derepression
and methanol induction (Fig. 4). The total amount of FTH1-H6 was
estimated at 1.9 g/L (ODgoonm = 284.6), the amount of FTH1-G3-Ek-
PTH was estimated at 1.3 g/L (ODggonm =254.4) corresponding to
0.4 g (FTH1-H6) and 1.0 g (FTH1-G3-Ek-PTH) present in the soluble
fraction (see above). We analyzed the copy number of the expres-
sion cassette in both strains by Southertn blot and found 30 copies
per haploid genome in both cases (data not shown).

3.5. The ferritin product can form iron-binding protein shells

The ability to bind iron and form functional ferritin spherical
shells was analyzed for both FTH1-H6 and FTH1-G3-Ek-PTH. In
order to find a suitable temperature for heat precipitation of ferritin
or the ferritin-PTH fusion protein we tested the spectrum between
55°C and 95 °C. Incubation for 15 min at 75 °C appeared to be the
best condition. Partially purified samples were resolved by native
PAGE. Subsequently, the protein was visualized by Coomassie Blue
and Prussian blue stain (Fig. 5). The Coomassie stain indicated two
different protein conformations for FTH1-H6 (A, bands 1 and 2).
FTH1-G3-Ek-PTH showed only one of these protein conformations
(A, band 1). After staining with Prussian Blue band 2 of the FTH1-H6
strain also provided an iron signal when the sample was preincu-
bated with 1 mM ammonium Fe (II) sulphate (B). The protein bands
indicated with 2 in both gels (A and B) comigrated exactly. The
particle band occurring without treatment with ammonium Fe (II)
sulphate did not display an iron signal by Prussian Blue staining.
Thus, the Prussian Blue stain indicated a Fe (II) binding structure
of the FTH1-H6 protein samples. This hints at the formation of a
functional protein shell in vitro. The material of FTH1-G3-Ek-PTH

FTH1-PTH
dilution factor
12 16 24

=
B

Fig. 4. Coomassie stain to estimate total amount of FTH-H6 and FTH-G3-Ek-PTH in whole cell extract by comparison with a standard protein in SDS-PAGE Total cell extracts
of the indicated strains derived from fermentation in 1L scale were diluted in defined steps (compare dilution factors). Interferon-a 2a has been used as a standard protein
in defined amounts for comparison of protein amounts. The various samples have been analyzed on a 4-12% Bis-Tris protein gel. The gel has been stained with Coomassie

Blue and scanned.
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Fig. 5. Analysis of particle character and iron content of intracellular soluble FTH1-
H6 and FTH1-PTH by native PAGE under non-reducing conditions. One gel has been
stained with Coomassie Blue to show protein bands (A), one gel with Prussian Blue
to indicate Fe(lll) (B). The samples have been analyzed upon different treatments:
+ adjusted to 1 mM ammonium Fe (II) sulphate and subsequent 15’ incubation at
RT, —: without any further treatment. 1: non-iron binding FTH1 structure, 2: iron
binding FTH1 structure.

could not be stained with Prussian Blue, indicating that the fusion
protein does not form iron binding structures in vitro.

4. Discussion

Functional FTH1 has been expressed for the first time as anintra-
cellular located protein in the methylotrophic yeast H. polymorpha.
The expression of the FTH1-H6 ORF in H. polymorpha revealed high-
level synthesis and cytosolic accumulation of the target protein.
Prussian blue staining indicated that the FTH1 expressed in this
study appeared to assemble into a spherical shell with the ability
to store iron. Coomassie Blue staining indicated that the formation
ofthe spherical shell occurs even without addition of iron. FTH1 was
expressed with yields up to 1.9 g/L. The yield of FTH1 was almost
100 times higher than reported for other expression systems like P.
pastoris (25.7 mg/L) (Lee et al., 2003 ) underlining that H. polymorpha
is an excellent host system for the production of particles.

FTH1-H6 has been chosen to test its possible function as a fusion
partner for the expression of poorly and difficult-to-express pro-
teins. The generation of a FTH1 fusion protein is the first approach
for a carrier-protein-driven cytosolic targeting in H. polymorpha.
The fusion protein was expressed by H. polymorpha with yields
up to 1.3g/L. The protein level is comparable to the amount of
FTH1 reported for H. polymorpha in this study. The expressed fusion
protein FTH1-G3-Ek-PTH had surprisingly a dramatically increased
solubility in comparison to FTH1-H6.

Due to poor enterokinase cleavage, only a fraction of the fused
PTH could be retrieved from FTH1 (data not shown). To improve
recovery of the target protein different protease cleavage sites or
spacer peptides may be tested and optimized for general function
with any fusion partner. The fusion protein was very stable and PTH
was not degraded neither by any present protease nor during heat
purification. This implicates that cytosolic expression of PTH might
be favourable over a secretory expression. In the case of P. pastoris
the addition of EDTA was needed for the expression of intact PTH
(Vad et al., 2005).

This study marks a successful proof-of-concept for the use of
FTH1 as a fusion partner for difficult-to-express proteins like PTH
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for cytosolic expression. In addition the recovery of the fused PTH
by application of enterokinase was shown to be possible. One other
example for the use of a highly expressed protein as fusion partners
in H. polymorpha is the amine oxidase, which has been used as a car-
rier for peroxisomal targeting in H. polymorpha (Faber et al., 1996).
However use of a FTH1 fusion protein presented in this commu-
nication is the first approach for a carrier-protein-driven cytosolic
targeting in H. polymorpha. To further optimize the concept of FTH1
to function as a fusion partner for improvement of the expres-
sion of difficult-to-express proteins further fusion partners will be
tested.
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Corrigendum

On page 172 paragraph 1, the iron uptake and storage by ferritin was described incorrectly. The 1st
paragraph in the introduction should have read: All Fe(Il) imported into the cell needs to be converted
to Fe(lll) and stored for further utilization. Ferritin is able to oxidize Fe(ll) to Fe(lll) and to bind
(Fe(lll) in a spherical shell. On page 175 section 3.5 Fe(ll) and Fe(ll) were interchanged. Hence,

Prussian Blue staining was performed to indicate Fe(lll) binding structures and not Fe(ll).

4.2 Supplementary Data

4.2.1 Abstract

The manuscript is supplemented with further data regarding heat precipitation, copy number deter-
mination and enterokinase cleavage. Furthermore, a strain expressing a FTH1-G3-Ek-IFN«-2a fusion
protein was generated to evaluate FTH1 as a suitable carrier protein to perform intracellular protein
expression. Subsequently expression and solubility of the fusion protein was evaluated. The fusion
protein was successfully expressed, but yields were estimated to be lower than secretory expression
of IFNa-2a. Fusion of IFNa-2a to FTH1 resulted in the same distribution of the expressed protein
among soluble and insoluble fraction as FTH1 alone. Overall, FTH1 was identified as a suitable carrier

protein for the expression of intracellular targeted fusion proteins.

4.2.2 Introduction

To study whether the human ferritin heavy chain (FTH1) can be expressed in H. polymorpha, we
integrated an expression cassette for FTH1-H6 and found high levels of protein expression. After
MeOH induction the amount of FTH1 even exceeded the amounts of Fmdp and Moxp, two abundant
enzymes of the methanol pathway. Due to this high expression level FTH1 was selected to be applied
as a carrier protein for intracellular protein expression. For initial studies a model protein was chosen
which could already be expressed in H. polymorpha. In Manuscript |l, the expression of a FTH1-G3-
Ek-PTH fusion protein is described. In that case PTH was chosen because it was found to be unstable
when secreted to the medium. Prior to the study described in Manuscript Il a proof-of-concept was
performed using a protein which has already been expressed in H. polymorpha and which was found
to be stable when secreted. On this account, IFNa-2a was chosen as the model protein resulting in

successful intracellular expression of the fusion protein FTH1-G3-Ek-IFNa-2a.
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4.2.3 Materials and methods
Vector construction

To generate the expression plasmids pFPMT-M-FTH1-G3-Ek-IFNa-2a, a synthetic DNA fragment
of 0.193 kbp encoding a three-glycin-spacer (G3), an enterokinase cleavage site (Ek), and the initial
codons of the IFNa-2a ORF flanked by 5 BstEll and 3'Bglll sites was synthesized by GeneArt
and ligated with the 0.453 kbp fragment of EcoRl and BstEll restricted pFPMT-FTH1-H6 and the
7.406 kbp fragment of Bglll and EcoRI restricted pFPMT-MFa(D83E)-IFNa-2a. The structure of
the encoded fusion protein is: FTH1-G3-Ek-target protein. The passaging procedure lasted for four

passages.

Protein analysis

IFNa-2a as part of the fusion protein was detected as described in Manuscript .

Heat precipitation

For sample preparation the crude cell extract was centrifuged for 15 min at 16,0000 x g to sep-
arate soluble and insoluble fraction. The insoluble fraction was dismissed and the soluble fraction
was subjected to heat precipitation. For this the sample was placed in a preheated thermoblock.
The temperature and the time are specified in the 'Results’ section. Subsequently the sample was

centrifuged for 15 min at 16,0000 x g and the soluble fraction was analyzed by Western blot.

Enterokinase cleavage

FTH1-G3-Ek-PTH fusion proteins were treated with enterokinase to cleave off the target protein
PTH. Enterokinase was supplied by New England Biolabs. The Enterokinase/fusion protein ratio
in the reaction was 1:80,000. The reaction was performed under the following buffer conditions:
20 mM Tris-HCI (pH 8.0), 50 mM NaCl, 2 mM CaCly and 0.1% Triton X-100. Incubation was
conducted at 23°C.

4.2.4 Results
Heat precipitation
Purification of a ferritin containing sample by heat precipitation has already been published by Linder

and Munro (1972). Amongst other purification steps a homogenate from liver was treated for 10 min at

70°C. After centrifugation, 95% of the ferritin were recovered. In order to find a suitable temperature
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for heat precipitation of FTH1-H6 and the FTH1-G3-Ek-PTH fusion protein we tested a spectrum
between 55°C and 75°C. In addition two time durations were tested (15 min and 30 min). Precipitation
was carried out using crude cell extract containing either FTH1-H6 or FTH1-G3-Ek-PTH. After
incubation the samples were centrifuged and the soluble fractions were harvested. Subsequently the
soluble fractions were separated via SDS-PAGE and blotted on a nitrocellulose membrane. Finally, the
entire protein contained in the samples was detected via unspecific Ponceau S staining (see Fig. 4.1).
Almost no contaminants were removed when samples were incubated at 55°C. In contrast, some
contaminants were removed at 65°C and 75°C (see bands at ~39 kDa and ~75 kDa). At 75°C
FTH1-G3-Ek-PTH showed significant signs of degradation after 30 min of incubation time. However,
incubation for 15 min at this temperature appeared to be the condition with highest purification while

only small amounts of the target protein were deprived.

FTH1-H6 FTH1-G3-Ek-PTH

Q 55°C 65°C 75°C Q 55°C 65°C 75°C incubation temperature
N O 15'30' 15'30' 15'30' O 15'30' 15' 30' 15' 30' incubation time

L

75 kDa - wa -
50 kDa - e . -
37 kDa - | g I S5 S -l

<«——FTH1-G3-Ek-PTH
<«——FTH1-H6

25 kDa - W B ol i
20 kDa -
15kDa - T

Figure 4.1: Basic purification of FTH1-H6 and FTH1-G3-Ek-PTH from crude cell extracts by
heat precipitation. Samples of the crude cell extracts were incubated at the indicated temperatures
for either 15 min or 30 min. After subsequent centrifugation the samples were separated on a 4-12% Bis-
Tris protein gel. After transfer to a nitrocellulose membrane all proteins were visualized with unspecific
Ponceau S staining. MW: molecular weight marker, C: initial sample (control).

PonceauS

Copy number determination

The expression level of a heterologous protein may be influenced by different factors such as the codon
usage, gene dosage, promoter, integration locus, A+T composition of cDNA, endogenous protease
activity and cultivation conditions (Sreekrishna et al., 1997). The expression levels of Moxp and
Fmdp under MeOH induction exceed those of all other homologous proteins. This is an example
for the impact of promoter and gene location since both genes are only present as one copy per
haploid genome. It has however been shown, that the expression of a protein was highly influenced
by the copy number (Weydemann et al., 1995; van der Heide, 2002). In Manuscript Il we have
shown that FTH1-H6 and FTH1-G3-Ek-PTH are highly expressed in H. polymorpha in gram per liter
scale. Next we aimed to determine the copy number of the expression cassette integrated into the
genome. To determine the copy number per haploid genome the expression cassette under control of
the FMD promoter was detected using a probe which hybridizes within the promoter region (Gellissen
et al., 1992). Genomic DNA was restricted using Kpnl/BamHI and separated by gel electrophoresis.

Subsequently the DNA pattern was transferred onto a nylon membrane. Probe hybridization and
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A Copy of FMD gene in H. polymorpha genome
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Figure 4.2: Determination of copy number of expression cassette in FTH1-H6 and FTH1-
PTH expression strains by Southern blot. A + B: Schematic overview on resulting fragments
for copy number determination and hybridization of the detection probe, C: Southern Blot analysis:
detection of the expression cassettes in genome of RB11/pFPMT-FTH1-H6 and RB11/pFPMT-FTHL1-
G3-Ek-PTH. Genomic DNA was restricted using Kpnl and BamHI. The expression cassettes were detected
using a fragment of the FMD promoter as the probe labeled with horseradish peroxidase, the marker was
detected using horseradish peroxidase labeled A-DNA. For copy number determination the signal intensity
for the expression cassette with unknown copy number was compared to the signal of the single copy of
FMD per haploid genome. We estimated 30 copies per haploid genome in both cases. kbp: kilo base

pairs
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expected fragment size are shown in Fig. 4.2 A + B. The copy numbers of the expression cassettes
(FMD-FTH1-H6: 1.048 kbp, FMD-FTHI-G3-Ek-PTH: 1.156 kbp) were determined in comparison
to the homologous FMD gene (FMD: 0.756 kbp). Therefore, the signal intensity of the heterologous
expression cassette was compared to the signal intensity of the homologous FMD gene. In both cases

we found 30 copies per haploid genome (Fig. 4.2 C).

Recovery of PTH from the fusion protein

To generate mature PTH the carrier protein FTH1 part has to be removed. PTH is fused to FTH1
via a short three-glycine linker with an adjacent enterokinase recognition site (Asp-Asp-Asp-Asp-Lys,
DDDDK). The enterokinase cleavage site was chosen because upon efficient cleavage PTH is released
with authentic N-terminus. To remove the PTH moiety from the carrier protein a sample was treated
with enterokinase for a total of 16 h. A reference sample was withdrawn at the beginning of the
reaction immediately after addition of enterokinase, further samples were taken after 30 min, 1, 2, 4,
8, and 16 h. An additional sample was incubated in parallel without addition of enterokinase. These
samples were analyzed for unspecific degradation or proteolysis of the fusion protein over time of the
experiment ( Fig. 4.3). Partial cleavage of PTH of about 2% was achieved after 1 to 4 h of digestion
(see Fig. 4.3, lanes indicated by arrows below). After 6 h, degradation of the removed PTH occurred.
The amount of PTH released from the fusion protein was very low, therefore, no purification of PTH

was performed. The fusion protein remained stable throughout the entire experiment.
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Figure 4.3: Removal of the PTH moiety from the fusion partner FTH1 by enterokinase cleav-
age. After treatment with enterokinase samples were separated on a 4-12% Bis-Tris protein gel. After
transfer to nitrocellulose PTH and FTH1-G3-Ek-PTH were detected using a PTH specific antibody. Par-
tial cleavage of PTH of about 2% was achieved after 1 to 4 h of digestion. After 4 h degradation of
the removed PTH occurred. The fusion protein remained stable during the experiment. MW: molecular
weight marker.
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IFNa-2a as a model protein for evaluation of FTH1 as a carrier protein for intracellular

protein expression

The fusion of PTH to FTH1 provided information on stabilization of PTH within the fusion protein.
In addition high expression was achieved. Prior to PTH we had selected a different model protein for
evaluation of FTH1 as a carrier protein for intracellular protein expression. For this purpose IFNa-2a
was chosen since it had already been successfully expressed and secreted by H. polymorpha. When
secreted to the medium IFNa-2a was found to be stable. Further information on IFNa-2a is provided
in Manuscript I. The generated fusion protein FTH1-G3-Ek-IFN«-2a also contains a three-glycine
linker and an enterokinase cleavage site. After strain generation expression of the fusion protein was
analyzed. We found high amounts of the fusion protein within the crude cell extract (see Fig. 4.4).
The distribution between soluble and insoluble fraction was comparable to the intracellular distribution
of FTH1-H6 which was described earlier in Manuscript 1l. Hence, changes in solubility do not occur

for every fused protein.
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Figure 4.4: Analysis of the solubility of the fusion protein FTH1-G3-Ek-IFN«a-2a by Western
blot. Western blot of the intracellular soluble and insoluble fraction of H. polymorpha strains expressing
FTH1-G3-Ek-IFNa-2a. The material of the dedicated strain was derived from cultivation similar as
described in Fig. 2 of Manuscript II. The samples were analyzed on a 4-12% Bis-Tris protein gel. MW:
molecular weight.

4.2.5 Discussion

The high intracellular expression of FTH1 is maintained for the fusion protein consisting of
FTH1 and PTH.

The expression of small polypeptides is often challenging. In expression systems such as E. coli it has
been reported that especially small, heterologous peptides are often victim of proteolytic degradation
(for review see Marston, 1986). The 34 amino acid comprising PTH fragment is an example for such

a polypeptide.
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Bacillus subtilis, S. cerevisiae and P. pastoris were shown to be suitable for expression and subsequent
secretion of PTH with S. cerevisiae being the most efficient expression system (Tab. 4.1). Neverthe-
less, the deletion of five yapsin genes was required to achieve these high yields in S. cerevisiae (Cho
et al., 2010). The absence of various yapsins reduces degradation of the secreted PTH. In case of
P. pastoris supplementation of the medium with the protease inhibitor EDTA and PDI coexpression,
which is often used to improve the secretion of disulphide bridges containing proteins, had to be per-
formed (Vad et al., 2005). The latter two examples of secretory PTH expression show that intensive
optimization is required to obtain high PTH yields. PTH is only poorly expressed in H. polymorpha
using the MFa prepro sequence and it is assumed that the expressed protein is rapidly degraded (M.
Piontek, personal communication). It has been shown in various examples that the expression of this
protein fused to a carrier protein results in enhanced the stability. Various fusion proteins have been
designed to prevent proteolytic degradation in E. coli and P. pastoris (see Tab. 4.1). In many cases a
spacer was introduced between carrier and target protein. Different proteases were employed for the
removal of the target protein. Highest recovery was obtained in case of a GST fusion protein expressed
in E. coli after initial cleavage with thrombin and subsequent cleavage with prolyl endopeptidase (Xiu
et al., 2002). The authors reported a PTH yield of 600 mg/L.

In this study we performed the expression of PTH fused to the highly expressed FTH1. The fusion
protein was expressed intracellularly to prevent proteolytic degradation in the medium. During fer-
mentation of FTH1-G3-Ek-PTH yields up to 1.3 g/L within the whole cell extract were obtained. The
fusion of PTH to the carrier protein FTH1 did not influence the FTH1 expression rate. The expression
of the FTH1-G3-Ek-IFNa-2a also resulted in comparable amounts. Yet, the expression of this fusion
protein did not exceed the amount generated by secretory expression of IFNa-2a and therefore this

approach was not further pursued (M. Suckow, personal communication).

Removal of the PTH moiety from the fusion protein with enterokinase was of limited

success.

On a molecular weight basis PTH accounts for 16% of the total amount of the FTH1-G3-Ek-PTH
fusion protein. Due to the high expression rate of FTH1-G3-Ek-PTH (1.3 g/L), up to 200 mg/L PTH
would be retrieved from this material after successful recovery. However, the removal of PTH was too
inefficient. When the fusion protein was treated with enterokinase only a partial cleavage was achieved.
In addition the released PTH showed only limited stability and was degraded completely after 6 h.
Mendirette et al. (2012) also designed a fusion protein containing an enterokinase recognition site for

PTH recovery. Unfortunately no attempt of recovery and thus efficiency was described.

The release of the target protein from the carrier protein needs to be improved. One approach for
cleavage improvement is to increase the enterokinase cleavage efficiency. The amino acids adjacent to
the cleavage site have been shown not to interfere with enterokinase cleavage in general (Hosfield and
Lu, 1999). Furthermore, enterokinase is insensitive to a variety of detergents, which may be evaluated
for PTH removal (Waugh, 2011). Cui et al. (2007) could also show that the enterokinase cleavage
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reaction can be accelerated by application of hydrogen peroxide. A faster release of the PTH moiety
may result in less degradation of the mature protein. An additional approach may be the alteration
of the cleavage site. Indeed, enterokinase recognizes additional recognition sequences besides Asp-
Asp-Asp-Asp-Lys (DDDDK) such as Asp-Asp-Asp-Asp-Arg (DDDDR) (Gasparian et al., 2011) and Leu-
Lys-Gly-Asp-Arg (LKGDR) (Liew et al., 2005). In addition, the introduction of a recognition site of a
different protease needs to be considered. Preferably a protease should be chosen which generates a
native N-terminus (for example Factor Xa, a combination of thrombin and prolyl endopeptidase, or
Kex2p). All of those proteases have already been applied for PTH removal from a fusion partner and
it has been shown in these contexts that all of these proteases did not perform unspecific cleavage
on PTH. Kex2p appears to be the most interesting candidate as it has already been expressed in our
laboratory and used for in vitro processing as described in Manuscript | (for details on soluble Kex2p
expression see Rolf, 2011). Apparently, the native PTH precursor is processed at a Lys-Arg motif and
the mature PTH is released. A spacer derived from this PTH precursor was also found to mediate
efficient processing by a Kex2p homolog during PTH removal from a (-galactosidase fusion partner
(Suzuki et al., 1998).

FTH1-H6 and FTH1-G3-Ek-PTH show equally high thermostability. The addition of PTH
to the C-terminus of FTH1 results in an increased solubility of the fusion protein in
comparison to FTH1 without a fusion partner. The ability to bind iron was decreased.

When connected to the fusion partner PTH is fully stable in the whole cell extract. We could
furthermore show that the fusion protein is also stable during heat treatment. Linder and Munro
(1972) described heat precipitation as a method for FTH1 purification. In this study we were able
to adapt this protocol to the purification of a FTH1-derived fusion protein. Heat precipitation was
successfully performed with FTH1-G3-Ek-PTH to remove some protein contaminants from the whole

cell extract.

Subsequently, FTH1-H6 and FTH1-G3-Ek-PTH samples were analyzed for iron binding ability. We
detected assembly of the subunits and formation of a particle structure, but in both cases no binding
of iron had occurred within the H. polymorpha cells in vivo. A similar finding was described by Shi
et al. (2008). The authors expressed the H and L subunit of human ferritin in S. cerevisiae and could
only detect small amounts of bound iron. However, they were able to identify a chaperone, which
mediates iron transport to the assembled ferritin. To analyze whether the protein samples generated
during this study were able to bind iron in vitro FTH1-H6 and FTH1-G3-Ek-PTH were incubated
with ammonium Fe(ll) sulphate. In this manner, we could show that only FTH1-H6 , but not FTH1-
G3-Ek-PTH, was able to bind iron in vitro. Hence, the addition of the spacer and the PTH moiety

seems to significantly change the ability of the protein to bind iron.

Similar observations were made by van Wuytswinkel et al. (1995) during expression of pea-seed
ferritin in E. coli. The presence of a 24 amino acid extension peptide at the N-terminus of the mature

protein strongly increased the solubility of the assembled protein. Furthermore, additional 47 amino
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acids composing the transit peptide prevented assembly of the 24 subunits and no iron binding was
detected. We suggest that major conformational changes may also occur during FTH1-G3-Ek-PTH
expression and that the assembly of functional iron binding particle is hindered. These changes may
also be connected with the different solubility behavior. However, concluding analysis of the particle

formation needs to be performed to further clarify these assumptions.
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Ectoine and 5-hydroxyectoine belong to the family of compatible solutes which are known to mainly
contribute to the adaptation of the cell to osmotic stress by mediation of a constant turgor. In addition
the cell’s essential functions are maintained under stress conditions like high salinity, heat or aridity
stress. Hansenula polymorpha was engineered to catalyze the transformation of monomeric substrates to

5-hydroxyectoine. For this purpose four genes encoding the enzymes of the 5-hydroxyectoine biosyn-

Keywords:
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thesis pathway of Halomonas elongata, EctA, EctB, EctC, and EctD, were inserted into the genome of H.
polymorpha. Subsequently the syntheses of ectoine and 5-hydroxyectoine were analyzed and optimized.
We showed that H. polymorpha is a suitable system for recombinant 5-hydroxyectoine synthesis in gram
per liter scale (2.8 gL' culture supernatant, 365 wmol/g dcw) in which almost 100% conversion of ectoine
to 5-hydroxyectoine without necessity of high salinity were achieved.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Ectoine and 5-hydroxyectoine belong to the family of com-
patible solutes which are known to balance osmotic pressure to
reestablish volume and turgor of the cell (Wohlfarth et al., 1990).
Compatible solutes are synthesized under elevated saline condi-
tions and then accumulate in the cell. In addition the cell’s essential
functions are maintained under stress conditions like high salinity,
heat or aridity stress by supporting the stability of proteins (Lippert
and Galinski, 1992). Ectoine and 5-hydroxyectoine as well as the
precursor Ny-acetyl-diaminobutyrate are also known to have pro-
tective properties toward nucleic acids, membranes and whole
cells (Canovas et al., 1999; Lentzen and Schwarz, 2006a). Ectoine
was first discovered in Ectothiorhodospira halochloris (Galinski
et al,, 1985), later more halophilic or halotolerant organisms with

Abbreviations: DABA, diaminobutyrate; EctA, DABA acyltransferase; EctB, DABA-
2-oxoglutarate transaminase; EctC, ectoine synthase; EctD, ectoine hydroxylase;
FMD, formate dehydrogenase; MOX, methanol oxidase; Ask, aspartate kinase; Asd,
aspartate semialdehyde dehydrogenase; MeOH, methanol; dcw, dry cell weight.
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the ability to produce ectoine, or in addition 5-hydroxyectoine,
were identified (Inbar and Lapidot, 1988). It has been shown that
other organisms without the ability to synthesize ectoine or 5-
hydroxyectoine themselves are often able to accumulate those
compounds from their environment and profit from their protec-
tive properties (for review see Pastor et al., 2010).

Among moderate halophilic bacteria, Halomonas elongata is
considered one important model organism and has been stud-
ied extensively (Garcia-Estepa et al., 2006). The synthesis of
ectoine takes place in three steps starting with L-aspartate-
semialdehyde (Peters et al., 1990) which is converted by EctB to
L-2,4-diaminobutyrate. Next the Ny-acetyl-2,4-diaminobutyrate is
formed by the action of EctA. In the last step ectoine is gener-
ated by EctC by condensation. An additional hydroxylation step
catalyzed by EctD converts ectoine into 5-hydroxyectoine (Bursy
etal., 2007) (Fig. 1). The synthesis of ectoine and 5-hydroxyectoine
in H. elongata only occurs under a variety of stress conditions,
e.g. salt, whereby not the entire ectoine pool is converted to
5-hydroxyectoine (Inbar and Lapidot, 1988; Wohlfarth, 1990).
In addition it is known that in H. elongata ectoine can also be
hydrolyzed to Ny- and Na-acetyl-L-2,4-diaminobutyrate by the
ectoine hydrolase (DoeA) resulting in a reduced yield (Schwibbert
et al.,, 2010). Both ectoine and 5-hydroxyectoine can be utilized as
an energy source (Vargas et al., 2006).

Due to their chiral carbons ectoine and 5-hydroxyectoine can
only be efficiently produced via biological approaches (Schiraldi
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Fig. 1. Schematic overview of the 5-hydroxyectoine synthesis pathway of H.
elongata. Abbreviations: L-Asp, L-aspartate; L-ASA, L-aspartate-b-semialdehyde;
DABA, L-aspartate-diaminobutyrate; N-Ac, N-acetyl; Ask, aspartate kinase; Asd,
aspartate-semialdehyde dehydrogenase; EctB, diaminobutyrate-2-oxoglutarate
transaminase; EctA, L-2,4-diaminobutyrate acetyltransferase; EctC, ectoine syn-
thase; EctD, ectoine hydroxylase. As a precursor for 5-hydroxyectoine synthesis
L-Asp is provided by respective anabolic processes. Steps introduced in H. polymor-
pha are boxed in gray. For further explanations see text.

et al.,, 2006). Therefore we decided to generate a recombinant pro-
ducer strain which synthesizes 5-hydroxyectoine independently
of stress parameters such as high salt concentrations and therefore
can grow without performing stress response reactions which may
interfere with the production process.

Heterologous systems are of interest since these organisms not
only accumulate the compatible solutes within the cells but can
also export them. The relevant enzymes involved in ectoine biosyn-
thesis have already been expressed in various microbial systems.
Escherichia coli was utilized for the expression of the ectABC clus-
ters derived from different species such as Bacillus halodurans (Anbu
Rajan et al., 2008) or Chromohalobacter salexigens (Schubert et al.,
2007), leading to yields of up to 6g of ectoine/L. Another effec-
tive ectoine process reported using E. coli is ‘bacterial milking’
introduced by Sauer and Galinski (1998). Lentzen and Schwarz
(2006b) developed the so far most effective ‘permanent-milking’
process using the genuine producer H. elongata with yields up to
20 g ectoine/L, a process which finds application in industrial pro-
duction.

The 5-hydroxyectoine biosynthesis was optimized recently
using the homologous producer Pseudomonas stutzeri and recombi-
nant E. coli expressing the P. stutzeri ectABCD-ask cluster (Seip et al.,
2011). These approaches resulted in almost complete transforma-
tion of ectoine to 5-hydroxyectoine. In addition, Marinococcus M52
was developed for 5-hydroxyectoine production, however, this
process did not yet find industrial application due to several limita-
tions (Frings et al., 1995; Schiraldi et al., 2006). 5-Hydroxyectoine
production using H. elongata is also possible by modification of the
‘bacterial milking’ process (Lentzen and Schwarz, 2006a). How-
ever, Seip et al. (2011) stated that even after optimization of the
production process by increased salinity and elevated tempera-
ture 5-hydroxyectoine synthesis did not exceed 50%. Therefore,
due to the inavailability of an efficient heterologous production
system both compounds are currently biotechnologically produced
solely using the homologous system H. elongata (Reshetnikov et al.,
2011).

The methylotrophic yeast Hansenula polymorpha has been
established as a highly efficient expression system (review
Gellissen and Hollenberg (1997)). Due to the strong promoters
derived from the methanol metabolism pathway and the possibil-
ity of mitotically stable high-copy integration, H. polymorpha has
been developed as an effective system for heterologous protein
expression (Janowicz et al., 1991; Mayer et al., 1999; Weydemann
et al., 1995; Eilert et al., 2012) as well as a whole-cell biocatalyst
(Gellissen et al., 1996).

In this study, we report the development of a stable whole-
cell biocatalyst on the basis of H. polymorpha which catalyze the
transformation of monomeric substrates to 5-hydroxyectoine. We
inserted the four genes of the 5-hydroxyectoine biosynthesis path-
way of H. elongata into the genome of H. polymorpha. Subsequently
the synthesis and export of ectoine and 5-hydroxyectoine were
analyzed and optimized.

2. Materials and methods
2.1. Strains and culture conditions

For construction and propagation of plasmid DNA, E. coli
NEB10B (araD139 A(ara-leu)7697 fhuA lacX74 galK (¢80
A(lacZ)M15) mcrA galU recAl endAl nupG rpsL (StrR) A(mrr-
hsdRMS-mcrBC); New England Biolabs, Frankfurt a. M., Germany)
was used. Cultivation took place in Luria Bertani media, when
needed supplemented with 50 g ampicillin per mL. For protein
expression H. polymorpha strain ALU3 (ade1 leu2 odc1) was used as
host (Lahtchev et al., 2002). Cultivation took place in either yeast
extract-peptone-dextrose medium complemented with 100 g
adenine per mL (YPD-Ade) or yeast nitrogen base medium comple-
mented with 80 wg uracil per mL (YNB-Ura). All cultivations were
performed at 37 °C if not indicated otherwise.

2.2. Plasmid constructions

To generate the expression plasmids, synthetic open read-
ing frames for the enzymes EctB, EctA, EctC and EctD from H.
elongata ATCC 33173 based on Universal Protein Resource Knowl-
edgebase were inserted into four different vectors containing the
up- and downstream fragment for the target locus as well as a
unique selection marker, respectively (see Section 2.3). The ORFs
were codon-optimized for expression in H. polymorpha by GeneArt
(Regensburg, Germany). The sequences of the codon-optimized
genes have been submitted to NCBI GenBank and can be retrieved
under the following accession numbers: ectA-myc KC470074, ectB-
T7 KC470075, ectC-HA KC470076, H6-ectD KC470077. Each ORF has
been fused with the codons of a C- or N-terminal tag allowing
individual detection. The various combinations of genes, tags, loci,
and selection markers in those plasmids are shown in Fig. 2B. The
cloned sequences with additional flanking tags and restriction sites
(5’EcoRI and 3’BamHI) were synthesized by GeneArt. H. polymor-
pha was transformed by electroporation as described in Faber et al.
(1994).

2.3. Single copy integration system

In H. polymorpha, introduced circular plasmids are initially epi-
somal before integrated as high-copy head-to-tail repeats into the
genome (Gellissen et al., 1992). Plasmid integration and amplifi-
cation are stochastic processes, and the number of copies finally
integrated is not predictable. For the defined expression of several
genes of interest we developed a modular system for integration
of single expression cassettes into the genome by targeted gene
replacement. The significant qualities of that system are as follows
(Fig. 2A): (1) FMD promoter and MOX terminator as transcriptional
elements with a multiple cloning site in between to confer high-
level expression of any gene of interest; (2) interchangeable yeast
selection markers flanked by loxP sites suitable for Cre-mediated
marker rescue; (3) both selection marker and expression cassette
are flanked by up- and downstream target sequences of approx-
imately 1Kkb size to confer double-homologous recombination at
the target locus with high frequency; (4) all modules are flanked
with unique restriction sites for convenient cloning; and (5) the
integrative cassette can be isolated via restriction with Notl/Pmel.
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Fig. 2. Overview of targeted single copy integration of ect genes into the genome of H. polymorpha. (A) Schematic representation of the plasmids harboring elements for
integration of single copy expression cassettes and their integration by targeted gene replacement as well as the genomic structure upon marker rescue. Primer hybridization
sites for analytical PCR are symbolized by solid black arrows adjacent to the + and — strands of the DNA fragments. The PCR fragment lengths provided by the wild type
genome, the correct single copy integration, or the subsequent marker rescue were clearly distinguishable (as schematically indicated by the different distances between
the arrows symbolizing the forward and reverse primers of the different situations). For details regarding the modular plasmid design see text. (B) Succession of integration
events leading to strain ALU3/EctBACD #1 with indication of source of the ect gene, immuno tag used for detection, target locus for single copy integration, selection marker,
and genotype relevant for selection. Genes were integrated into the genome of H. polymorpha ALU3 by the indicated integration order. For removal of the selection marker

within step no. 2 the Cre-recombinase was transiently expressed.

After transformation with the cassette and selection of trans-
formants, colonies displaying the expected prototrophy were
screened by a locus-specific analytical PCR for the expected recom-
bination event. The primer hybridization sites were chosen in way
that a PCR product length dimorphism shows the presence of the
target locus with or without the integrated cassette, respectively
(see Fig. 2A; primer hybridization sites are indicated as arrows).

We used the Cre-loxP system for site-specific removal of selec-
tion marker genes (Sauer, 1987). For transient expression of the
Cre-recombinase the plasmid pFPMT-2m-Cre was constructed. This
derivate of pFPMT121 (Degelmann et al., 2002) contains the Cre
gene from pSH47 (Giildener et al., 1996) under control of the FMD
promoter. Transformants were selected on agar plates containing
2% glycerol for immediate expression of the recombinase; subse-
quently, isolated colonies were picked and transferred onto plates
with nonselective medium to allow plasmid loss. Cells having lost
both selection marker and Cre expression plasmid were identified
by replica plating onto selective agar plates.

2.4. Protein expression and preparation of protein material

For protein expression the recombinant strains were subjected
to derepression. Cells were cultivated in 3 mL scale in YNB con-
taining 1-2% (w/v) of a derepressing carbon source (glycerol or
sorbitol) for 24-48 h at 37 °C, then methanol (MeOH) was added to
1% (v/v) and cultivation was continued for additional 24-48 h with
repetition of the MeOH induction every 24 h if applicable. After cul-
tivation (72 h) the cells were harvested by centrifugation. Cells and
culture supernatant were separately collected and stored at —20°C.

The total cell extract was prepared by glass bead cell disruption.
Subsequently the samples were centrifuged for 15’ at 16,000 x g to
separate the insoluble and soluble fractions.

2.5. Protein analysis

For molecular weight determination the samples were analyzed
by SDS-PAGE according to Laemmli (1970). For the electrophoretic
separation 4-12% Bis-Tris acryl amide XT gels (BioRad, Hercules,
CA, USA) were used. The protein band patterns were transferred to
nitrocellulose membranes. The protein bands were then visualized
by immunoblotting. For immunological detection a His tag-specific
antibody (MicroMol, Karlsruhe, Germany), a HA-specific antibody
(Sigma-Aldrich, St. Louis, MO, USA), a c-myc-specific antibody
(BioLegend, San Diego, CA, USA), or a T7-specific antibody (MBL,
Nagoya, Japan) was applied depending on the protein to be detected
(see Table 1). As secondary antibodies a goat-anti-mouse-AP-
conjugate or a goat-anti-rabbit-AP-conjugate (both BioRad) were
used. Development was performed by use of NBT/BCIP (Roche,
Mannheim, Germany).

2.6. HPLC detection of ectoine and 5-hydroxyectoine

For HPLC analysis samples were diluted with the HPLC eluent
(acetonitrile/phosphate buffer 71/29, pH 7.2) to an approximate
concentration of 10-50 ng/mL and centrifuged (13,000 rpm, 5 min)
with subsequent filtration of the supernatant with a cutoff at
0.22 pm. HPLC analyses were carried out using a Nucleodur 100-
5 NH2-RP CC 125/4 column (Macherey & Nagel, Diiren, Germany)
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5-Hydroxyectoine/ectoine yields provided by published non-continuous production processes in comparison with those obtained by the H. polymorpha-based process shown
in this study. For a better comparison the yields are indicated as pmol/g dcw. Please note that the H. polymorpha-based process does not require any salt stress. n.i., not

indicated.
Organism (strain/vector) 5-Hydroxyectoine Ectoine Ratio Salinity (% Reference
(wmol/g dcw) (pmol/g dew) NacCl)
Marinococcus sp. strain M52 847 0 100:0 10 Frings et al. (1995)
Marinococcus sp. strain M52 225 n.i. - 10 Schiraldi et al. (2006)
E. coli DH5at/pSBO1 500 ~64 ~90:10 2 Seip et al. (2011)
P. stutzeri DSM5190" 480 ~15 ~97:3 5 Seip et al. (2011)
H. polymorpha ALU3/EctBACD 365 6 98:2 0 This study

at a flow rate of 1 mL/min at 25°C. Ectoine and 5-hydroxyectoine
were measured by absorbance at 210 nm using a UV/VIS detector.
Standard components (ectoine, 5-hydroxyectoine and Nvy-acetyl-
diaminobutyrate) were kindly provided by the bitop AG.

2.7. Fermentation

The fermentation was carried out in a 1.25 L Bioflo Il fermenter
(New Brunswick Scientific, Edison, NJ, USA). 100 mL YPD preculture
was grown for 20 h. Fermentation was started by adjusting an ini-
tial optical density of ODgggnm =1 in a start culture volume of 1L
using SYN6 medium, as previously described in Eilert et al. (2012),
supplemented with 2% (w/v) sorbitol and 500 mg/L uracil.

The aeration rate was 1vvm using a ring sparger. The cultiva-
tion temperature was adjusted to 37 °C. Agitation was performed
by two stirrer blades (speed between 500 and 1000 rpm). The
sorbitol/MeOH feed was started after 25h with a feed rate of
2gL-1h1; adjustments of the sorbitol/MeOH feed are described
in Section 3. During the derepression phase the pO, was kept at
40% by a stirrer cascade between 500 and 1000 rpm. pH 5 was
adjusted and maintained using a 12.5%, v/vammonia solution. Ster-
ile diluted antifoam agent (10% (v/v) structol J 673) was added
manually as appropriate. Feed was performed using a 37.5% (w/v)
sorbitol/37.5% (v/v) MeOH solution or a 15% (w/v) sorbitol/60% (v/v)
MeOH solution. Fermentation was terminated after 189 h.

During fermentation samples were taken and analyzed offline.
The optical density (OD) was determined at 600 nm wavelength,
dry cell weight (dcw) was analyzed, and products were analyzed
by HPLC.

3. Results

3.1. H. polymorpha is a suitable candidate for 5-hydroxyectoine
synthesis

It was shown that ectoine cannot only serve as an osmolyte but
that some organisms can utilize it as a nutrient (Ono et al., 1999;
Vargas et al., 2008). Therefore, before introduction of the genes of
the 5-hydroxyectoine biosynthesis pathway into H. polymorpha, a
possible ability of H. polymorpha ALU3 to utilize ectoine had to be
excluded because degradation of the intermediate ectoine would
counterproductively interfere with the desired 5-hydroxyectoine
synthesis. For this purpose H. polymorpha ALU3 was cultivated
in YNB medium without carbon- or nitrogen-source but supple-
mented with 1% (w/v) ectoine. Determination of the ODsgs5 y, did
not show any growth of the yeast strain (data not shown) sup-
porting that H. polymorpha ALU3 did either not utilize ectoine as a
carbon- or a nitrogen-source or is not able to import this molecule.

The synthesis of 5-hydroxyectoine is based on the synthesis
of amino acids of the aspartate family (Pastor et al., 2010). L-
Aspartate is initially converted to L-aspartate-phosphate by the
aspartate kinase (Ask) and then further converted to L-aspartate-[3-
semialdehyde by the L-aspartate-3-semialdehyde dehydrogenase
(Asd). Database analysis suggested the existence of enzymes with

Ask- and Asd-activity in H. polymorpha (H. polymorpha NCYC
495 leul.1, Ask - protein ID 17263, Asd - protein ID 76258). In
addition H. polymorpha does not seem to harbor the gene for
ectoine hydrolase (DoeA), and therefore degradation of ectoine
is unlikely. For that reason, for 5-hydroxyectoine synthesis the
heterologous expression of the enzymes EctA, EctB, EctC and
EctD in H. polymorpha should be sufficient without further strain
modifications.

3.2. Generation of recombinant H. polymorpha strains
co-expressing genes of the H. elongata 5-hydroxyectoine pathway

Synthetic ORFs encoding EctA, EctB, EctC and EctD were
designed and inserted into H. polymorpha single copy expres-
sion vectors with different selection markers and integration loci
(Fig. 2B). To provide the option of single detection of each pro-
tein, codons for a C- or N-terminal tag were added to the ORFs
(resulting enzymes: EctA-myc, EctB-T7, EctC-HA, H6-EctD). All
ORF transcriptions are controlled by the strong carbon source
regulated FMD promoter. H. polymorpha ALU3 (adel leu2 odcl)
was transformed with Notl/Pmel fragments harboring the respec-
tive integration cassette and up- and downstream fragments for
homologous recombination. The plates were incubated for 6 days.
This procedure typically results in the isolation of strains har-
boring one single copy of the expression cassette at a defined
integration locus. Proper integration was determined by ana-
Iytical PCR using flanking PCR primers (see Fig. 2 for more
details). A couple of strains resulting from this procedure were
subjected to small scale MeOH induction, and the total cell
extracts were analyzed for the presence of gene products by SDS-
PAGE/Western blot using tag-specific primary antibodies (data not
shown). After the first integration step the selection marker was
removed using the cre/loxP recombinase system. The gene inte-
gration procedure was repeated until all four expression cassettes
were correctly integrated into the desired loci of H. polymorpha
ALU3 co-expressed. The co-expression was analyzed via SDS-
PAGE/Western blot resulting in the strain ALU3/EctBACD #1 (odc1)
(Fig. 3).

3.3. 5-Hydroxyectoine is quantitatively synthesized from ectoine
and is efficiently exported

After integration of all genes and expression of EctB, EctA, EctC
and EctD we analyzed whether all enzymes were active. We cul-
tivated the strain ALU3/EctBACD #1 under derepressing/MeOH
induction conditions (YNB 2% (w/v) glycerol, induction after 48 h
with 1% (v/v) MeOH final concentration, total cultivation time
72h). Analysis of the culture supernatant by HPLC showed that
both compounds were synthesized by this strain in a ratio of 5-
hydroxyectoine to ectoine of about 60:40 (data not shown). This
ratio under non-optimized conditions was already higher than that
in the homologous system H. elongata, where only a 50:50 ratio
could be reached (Seip et al., 2011).
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Fig. 3. Western blot analysis of total cell extract of strain ALU3/EctBACD #1 coexpressing EctB, EctA, EctC and EctD. Fermentation was carried out as described in Section 2
at 37°Cin SYNG6 at pH 5. After 96 h a sample was taken and total cell extract has been prepared and analyzed by SDS-PAGE/Western blot under reducing conditions. The Ect
proteins were then detected individually in the cell extract by four different Western blots using antibodies specific for the individual tags, respectively. The arrows indicated

the positions of the bands corresponding to the various ect genes, the corresponding calculated molecular weights are indicated in brackets. MW, molecular weight marker;

ALU3, wildtype strain.

3.4. Efficient 5-hydroxyectoine synthesis is dependent on media
pH

The optimal pH-values of EctA, EctB and EctC are within
the range of 8.2-9.0 (Ono et al., 1999); EctD has its pH opti-
mum at 7.5 (Bursy et al., 2007). Hence, to further improve the
5-hydroxyectoine/ectoine ratio a variety of buffered YNB-based
media of different pH-values from 3 to 7 were tested. Glycerol was
applied as derepressing carbon source. Subsequent HPLC analysis
of the culture supernatant showed a broad range of synthesis yields
(Fig. 4). For further optimization of the culture conditions YNB pH 5
was chosen since in this medium an increase of 5-hydroxyectoine
yield (136 mg/L), a low ectoine yield (10 mg/L) in a ratio of about
90:10 were combined. The media with pH 3, 6, and 7 showed also
a high potential toward 5-hydroxyectoine synthesis, however, in
addition to the target compounds several not further characterized
side products were detected (data not shown).

3.5. 5-Hydroxyectoine formation is dependent on carbon source

Cultivations without MeOH induction did not result in any con-
version of ectoine to 5-hydroxyectoine (data not shown). Thus
MeOH induction seems to be crucial for ectoine hydroxylation.
Unclear is whether this is solely due to the EctD expression or to an
additional effect caused by the MeOH metabolism (see Section 4).
Besides glycerol, sorbitol was used as derepressing carbon source
in combination with MeOH (Fig. 5). In addition glucose was tested
since at low concentrations it can also be considered a derepress-
ing carbon source. After depletion of the carbon sources from the
batch, the ect genes were induced with MeOH. The applied scheme
is shown in Fig. 5.

In general we could observe a strong dependency of the syn-
thesis yield on the MeOH induction pattern. MeOH feeding from
cultivation start or early induction pulses starting after 24 h led
to higher 5-hydroxyectoine synthesis yields (up to 440 mg/L for

A Yield [mg/L]

ectoine (| a4 10 57 6 8 25
5-hydroxyectoine [l 76 129 32 136 127 170

B Relative amounts of yields
100%

80% -
60% -

40% -

yield [%]

20% A

0% -
YNB 3 4 5 6 7
media pH-value

Fig. 4. Determination of ectoine and 5-hydroxyectoine conversion yields of ALU3/EctBACD #1 in dependence of media pH-value during cultivation in 3 ml scale. 5-
Hydroxyectoine producer ALU3/EctBACD #1 was cultivated at 37°C for a total of 72h in six different YNB-based medium which were buffered at different pH-values
ranging from 3 to 7 as indicated. Unbuffered YNB-medium with an initial pH-value of 6 was used as control medium. In all cases glycerol (2%, w/v) was used as derepressing
carbon source (“YNB”). After consumption of glycerol (after 48 h) a MeOH induction was performed by adding MeOH to a final concentration of 1% (v/v), respectively and
cultivation was continued for additional 24 h. (A) Absolute values of ectoine and 5-hydroxyectoine in the culture supernatants as measured by HPLC. Light gray: ectoine,
dark gray: 5-hydroxyectoine. (B) Comparison of 5-hydroxyectoine/ectoine ratios. The sum of 5-hydroxyectoine and ectoine has been defined as 100%, respectively, without
considering the absolute values (which are shown in (A)). The values correspond to a single measurement each.
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Fig. 5. Determination of ectoine and 5-hydroxyectoine conversion yields during cultivation of strain ALU3/EctBACD #1 in 3 mL scale in dependence of carbon source feeding
mode. 5-Hydroxyectoine producer ALU3/EctBACD #1 was cultivated at 37°C for a total of 72 h. All carbon source combinations were tested on the basis of buffered YNB
medium, pH 5 (see also Fig. 3). The applied carbon source feeding profiles are indicated at the bottom of B. (A) Absolute values of ectoine and 5-hydroxyectoine in the culture
supernatants as measured by HPLC. Light gray: ectoine, dark gray: 5-hydroxyectoine. (B) Comparison of 5-hydroxyectoine/ectoine ratios (for scheme and symbols see Fig. 3B).
Below the bars the course of the respective carbon source feeding mode and the respective carbon source(s) added at 0 h, 24 h, and 48 h (v/v, respectively) is (are) indicated.
Feeding with 2% glycerol (G3) already used in the cultivations shown in Fig. 3 was the control condition. The values correspond to a single measurement each. Abbreviations:

S, sorbitol; Gly, glycerol; Glu, glucose; M, MeOH.

condition S2). Induction starting after 48 h resulted in significantly
lower synthesis yields (compare conditions S3, Gly3 and Glu3).
In addition, the 5-hydroxyectoine/ectoine ratio could be further
improved to >95% of 5-hydroxyectoine. In this regard condition
S2 resulted in the highest 5-hydroxyectoine synthesis yield. Con-
sequently, a fermentation process based on this condition was
designed for upscaling of the 5-hydroxyectoine production in H.
polymorpha.

3.6. 5-Hydroxyectoine is exported in gram per liter scale

Based on condition S2, we used the strain ALU3/EctBACD
#1 for fermentation in 1L scale. In contrast to the previously
optimized cultivation conditions we used SYN6 medium, a syn-
thetic minimal medium for yeast that is similar to YNB but
leads to higher cell densities. During cultivation the pH was
maintained at 5 as in the best test tube conditions. For initial
growth the medium was supplemented with 2% sorbitol. After
25h a mixed carbon source feed containing 1 gL' h-! MeOH and
1gL-1h~! sorbitol was started. After 45 h the feed was switched
to 1.6gL~1h~1 MeOH and 0.4 gL~ h—! sorbitol for further activa-
tion of 5-hydroxyectoine synthesis. The carbon source feed was
increased during fermentation (Fig. 6A and B). Fermentation was
stopped after 190 h. The dry cell weight (dcw) and yields for ectoine
and 5-hydroxyectoine are shown in Fig. 6C. Efficient conversion of
ectoine to 5-hydroxyectoine arises with the mixed carbon source
feed. The 5-hydroxyectoine formation thus clearly depends on
MeOH induction. After 144 h of fermentation the cells reached
the stationary phase, and the synthesis yield did not increase fur-
ther. Analysis of the intracellular soluble fraction of the yeast cells
showed that only amounts of ectoine and 5-hydroxyectoine were
retained in the cell and thus no accumulation occurred (data not
shown).

Strain ALU3/EctBACD #1 produced 2.8 gL~! 5-hydroxyectoine
(364.5 wmol/g dcw at 144 h) in the culture supernatant with only
44 mg/L ectoine (6.3 pumol/g dcw at 144 h) as a side product. Thus
the very high 5-hydroxyectoine yield of >95% could be transferred
from the test tube scale to the 1L scale.

3.7. The homologous H. polymorpha Ask is feedback regulated

To further investigate options for future optimization of the
5-hydroxyectoine synthesis we analyzed the availability of the pre-
cursor L-aspartate-semialdehyde via the aspartate pathway which
depends on Asd and Ask activity in the cell (Viola, 2001). Ask has
been found to be feedback sensitive to methionine, lysine and
threonine which are products of the aspartate pathway (Kikuchi
et al,, 1999). As a result the Ask activity is downregulated and L-
aspartate-semialdehyde cannot be provided in sufficient amounts.
We therefore evaluated whether the homologous H. polymorpha
Ask activity may be downregulated by intracellular methionine,
lysine, and/or threonine. Sensitivity was determined by cultivation
of the strain ALU3/EctBACD #1 in presence of 1 mM methionine,
lysine, or threonine. In addition we tested whether supplemen-
tation with 1 mM aspartate or glutamate may increase the synthesis
yield (Fig. 7). While aspartate and glutamate did not have any effect
the addition of methionine, lysine, and threonine to the culture
medium resulted in a decrease of the 5-hydroxyectoine synthe-
sis yield. Highest inhibition was caused by methionine, where only
50% of the initial yield were obtained. Therefore, we propose that H.
polymorpha ALU3/EctBACD #1 may have a feedback sensitive Ask
influencing 5-hydroxyectoine synthesis.

4. Discussion

Whole-cell biocatalysis provides an economic technique to pro-
duce compounds of chemical or pharmaceutical interest. Ectoine
and 5-hydroxyectoine are biologicals of high value and mainly find
application in skin care and medical products. In this study we
show that H. polymorpha promises to be an excellent system for
the production of 5-hydroxyectoine.

For further optimization of the 5-hydroxyectoine synthesis in
H. polymorpha several points need consideration. The precursor
compound L-aspartate-semialdehyde is synthesized from aspartate
by the two enzymes aspartatekinase (Ask) and L-aspartate-
semialdehyde dehydrogenase (Asd). However, it is known that
variants of Ask can be feedback sensitive to compounds of the
aspartate pathway (methionine, lysine and threonine) (Kikuchi
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Fig. 6. Fermentation of strain ALU3/EctBACD #1 at 1L scale. The fermentation was carried out as described in Section 2 at 37°C in SYN6 at pH 5. (A and B) Feeding modi.
30gL-" sorbitol were provided as batch for initial cell growth. After consumption of the carbon source (assumed after 24 h) a [37.5% (w/v) sorbitol/37.5% (v/v) MeOH] solution
has been applied as a mixed feed with 2gL-! h~! was started. After 45 h the feeding solution was exchanged with a [15% (w/v) sorbitol/60% (v/v) MeOH] solution without
altering of the feeding rate. Between 96 h and 122 h the feeding rate with the latter feeding solution has been continuously increased from 4 to 6 gL' h-1, as shown in (A)
and (B). After 122 h the feeding rate has been reduced to 4gL-' h~!. The different feeding solutions for the feed are indicated. (C) Corresponding courses of dry cell weight
(dcw), and ectoine or 5-hydroxyectoine (mg/L) in the culture supernatant are shown as measured by HPLC. The values correspond to a single measurement each.

et al, 1999). In E. coli deletion of Ask and complementation
with a feedback resistant variant derived from Corynebacterium
glutamicum resulted in an increased ectoine production when
co-expressed with EctA, EctB and EctC (Bestvater et al., 2008).
Expression of the ectABCD_Ask cluster derived from P. stutzeri had
a similar effect (Seip et al., 2011). This Ask_Ect derived from P.
stutzeri is located in the same cluster as the genes encoding for
EctA, EctB, EctC and EctD, and it was shown to be only sensitive
to lysine (Stoveken et al., 2011). The existence of a H. polymor-
pha Ask is supported by our finding that the 5-hydroxyectoine

500
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= 300
g
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> 200
150
100
50
0

reference aspartate glutamate methionine lysine  threonine
Fig. 7. Analysis of possible feedback sensitivities of the predicted homologous H.
polymorpha Ask. Strain ALU3/EctBACD #1 was cultured in the 3 mL scale in YNB 1%
(w/v) sorbitol buffered to a pH of 5. After 48 h a MeOH induction has been performed
(1% (v/v) MeOH final concentration, respectively). The cultures were supplemented
with aspartate, glutamate, methionine, lysine or threonine. The control culture with-
out supplementation is termed “reference”. 5-Hydroxyectoine and ectoine synthesis
yields in the various culture supernatants were analyzed via HPLC. The bars indicate
the absolute values.

synthesis was downregulated when methionine, lysine or thre-
onine were added during cultivation. Deletion of the putative
feedback regulated Ask and expression of a feedback independent
variant is an option for process improvement. Another interesting
candidate for overexpression in H. polymorpha might be Ask_Lys
derived from H. elongata of which the regulation is yet unknown but
resulting 5-hydroxyectoine synthesis yields are high (Schwibbert
etal, 2010).

Surprisingly, we found that in H. polymorpha strain
ALU3/EctBACD #1 not the ectoine, but solely the 5-hydroxyectoine
formation was MeOH dependent while the ectoine synthesis
performed well also under derepressing culture conditions. There
are different possible explanations for this observation. (1) The
expression of EctD under derepressing conditions is too low to
provide detectable conversion of ectoine into 5-hydroxyectoine.
Only methanol induction leads to an adequate expression level
and activity of ectoine hydroxylase. (2) The hydroxylation reac-
tion is influenced by the metabolism of methanol. Indications
for the second possibility come from the data from Bursy et al.
(2007) showing that addition of catalase enhances EctD activity
in vitro. Catalase expression in H. polymorpha is highly increased
during MeOH assimilation since hydrogen peroxide is formed
during oxidation of MeOH to formaldehyde by the MeOH oxidase
(Veenhuis et al., 1983). Catalase is thus needed for detoxification
and conversion of hydrogen peroxide to water and oxygen.

Interestingly we could show that during fermentation the
majority of ectoine as well as 5-hydroxyectoine were found in
the culture supernatant with only a small amount remaining
inside the cell. The lack of an increase in salt resistance in the
5-hydroxyectoine producing H. polymorpha strains is in agree-
ment with the finding that both ectoine and 5-hydroxyectoine
are not accumulated in the cell (data not shown). There are two
possible causes for a release of ectoine and 5-hydroxyectoine to
the medium: (1) leakage of both compounds through the plasma
membrane; (2) active export via a transport system. In ascomyce-
tous yeasts glycerol, arabitol and mannitol are accumulated as
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a reaction to osmotic stress, however glycerol was found to be
the most osmotically active solute (van Eck et al., 1993). For
transporters involved in adaptation to osmotic stress it has been
described, that not only export (mediated by the major intrinsic
protein channel Fps1p in S. cerevisiae [Tamas et al., 1999]) but also
uptake or recapturing is conducted (for example in Debaryomyces
hansenii [Adler et al., 1985] and Zygosaccharomyces rouxii [van Zyl
et al., 1990]). For H. polymorpha NRRL Y-5441 no active glycerol
import under osmotic stress was described (Lages et al., 1999). For
genuine ectoine or 5-hydroxyectoine producers several types of
ectoine transporters have been described (Grammann et al., 2002;
Vermeulen and Kunte, 2004; Jebbar et al., 2005). These transport-
ing mechanism with regard to import, export or recapturing also
differ among the different organisms. Yet, in contrast to the release
conducted by the genuine producers, the release of ectoine and
5-hydroxyectoine conducted by H. polymorpha seems to be salt-
independent.

In summary we could demonstrate the successful synthesis of
5-hydroxyectoine in gram per liter scale by using H. polymorpha as
an eukaryotic host without application of stress factors (e.g. high
salinity) as for example necessary for H. elongata (Reshetnikov et al.,
2011). Export of the product and a low rate of ectoine as a side prod-
uct require a downstream process which is significantly simpler
than for the other systems described so far (Table 1). Even without
consideration of further possible options for improval of synthesis
yield, H. polymorpha is a promising candidate for 5-hydroxyectoine
production in industrial scale.
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5.2 Supplementary Data

5.2.1 Abstract

The manuscript is supplemented with further data regarding fermentation strategies. Prior to the
final fermentation described in Manuscript Ill, two additional fermentation procedures were tested to
evaluate the impact of MeOH on 5-hydroxyectoine synthesis. We could identify a correlation between
the amount of MeOH in the mixed feed and the velocity of 5-hydroxyectoine formation. Based on
the results of these two initial fermentations an improved fermentation strategy was designed and

performed as described in Manuscript 1.

5.2.2 Introduction

The main function of ectoine and 5-hydroxyectoine production is to counteract the outflow of water
from the cell that occurs under high osmolarity conditions (Wohlfarth et al., 1990). This function
was also shown for the precursor Nvy-acetyl-diaminobutyrate (Canovas et al., 1997). The addition
of 5-hydroxyectoine and its precursors ectoine and N~v-acetyl-diaminobutyrate was shown to enhance
salt tolerance of various organisms like E. coli (Jebbar et al., 1997) or Salmonella entericia serovar

Typhimurium (Garcia-Estepa et al., 2006).

5.2.3 Materials and methods

All other experiments were performed as described earlier in Manuscript IlI.

Buffering solutions

The following buffering solutions were used throughout this study: pH 3: citric acid/NaOH, pH 4:
glycine/NaOH, pH 5: citric acid/NagHPOy4, pH 6: 2-(N-morpholino)ethanesulfonic acid(MES)/HCI
or NaOH and pH 7: NagHPO4/NaH2PO4. 1 M stock solutions of the first component were prepared,
while the second component was used to adjust the pH of the buffering solution. Buffer was added

to the medium to a final concentration of 100 mM after the autoclaving.

5.2.4 Results
Initial strategies of 5-hydroxyectoine production in 1 liter scale
Sorbitol was identified as the derepressing carbon source with highest 5-hydroxyectoine yield in small

scale cultivation (described in Manuscript Ill). In addition MeOH induction at an early point of the
cultivation was found to be crucial to enhance productivity of the strain ALU3/EctABCD #1. The

66



5.2 Manuscript Ill: Supplementary Data

best conditions found during small scale cultivation were used as the basis for the design of two

fermentations in 1 L scale.

As described in Manuscript |1l we used SYN6 medium, a synthetic minimal medium for yeast that
is similar to YNB but leads to higher cell densities. During cultivation the pH was maintained at
5. For initial growth the medium was supplemented with 2% sorbitol. After 22 h a mixed carbon
source feed was started. Two strategies were tested: 1.6 g L=* h™! MeOH and 0.4 g L=! h~! sorbitol
(HPEct_01, Fig. 5.1) or L g L=" h™! MeOH and 1 g L= h~! sorbitol (HPEct_02, Fig. 5.2) . After
142 h the feed was switched to 2 g L~ h~! glucose for reactivation of the cell metabolisms (Fig. 5.1
A, B and C (HPEct 01) and Fig. 5.2 A, B and C (HPEct_ 02)). Fermentation was stopped after
160 h. The time courses of dry cell weight (dcw) and yields of ectoine and 5-hydroxyectoine in the
culture supernatant are shown in Fig. 5.1 D and Fig. 5.2 D. During the batch phase only slight ectoine
and 5-hydroxyectoine syntheses occurred. After the start of the mixed carbon source feed after 22 h
the ectoine amount decreases while the 5-hydroxyectoine amount increases suggesting that EctD now
efficiently converts all ectoine to 5-hydroxyectoine. The 5-hydroxyectoine concentration in the culture
supernatant further increases throughout the fermentation in both cases. The ectoine concentration

remains at a low level.

The 5-hydroxyectoine formation clearly depends on MeOH induction. After about 138 h of fermen-
tation the cells reached the stationary phase, and the synthesis rate was slowing down. The mixed
feed was exchanged for a glucose feed in both cases. Consequently cell growth was stimulated. In
case of HPEct 01 the 5-hydroxyectoine concentration increased again. In case of HPEct 02 no
increment in 5-hydroxyectoine concentration was detected. However, an increase in ectoine synthesis
was detected. Analysis of the intracellular soluble fraction of the yeast cells showed that only small
amounts of ectoine and 5-hydroxyectoine were retained in the cell and thus no significant accumulation
occurred (data not shown). Yields of both conditions were comparable. Strain ALU3/EctBACD #1
produced about 2 g/L 5-hydroxyectoine (243 pmol/g dcw at 160 h) in the culture supernatant with
only 70 mg/L ectoine (9 umol/g dcw at 160 h) as a side product.

The fermentation HPEct 02 was impaired when accidentally the gassing was interrupted after 76 h
(indicated by the asterisk in Fig. 5.2D). Gassing was restored after 93 h. The cells recovered from
the shortage of oxygen. Despite of this incident the maximum of 5-hydroxyectoine yield was reached

earlier in comparison to HPEct 01, which however resulted in a higher dcw.

We concluded that a high MeOH percentage in the mixed feed could contribute to a further optimiza-
tion of the 5-hydroxyectoine production in 1 L scale. Based on these results a third fermentation was
performed. As an optimization based on the two strategies described here, we decided to increase the
feeding rate of the mixed feed throughout the fermentation and to increase the MeOH concentration
within the mixed feed solution to achieve an enhanced 5-hydroxyectoine synthesis proportional to the

MeOH amount. This final fermentation is described in detail in Manuscript IlI.
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Figure 5.1: Fermentation condition HPEct 01: 37.5% (w/v) sorbitol/37.5% (v/v) MeOH
mixed feed.The fermentation was carried out as described in Materials & Methods at 37°C in SYN6
at pH 5. (A) + (B) + (C) Feeding modi. 20 g/L sorbitol were provided as batch for initial cell growth.
After consumption of the carbon source (assumed after 23 h) a [37.5% (w/v) sorbitol/37.5% (v/v)
MeOH] solution has been applied as a mixed feed with 2 g L™ h™!. After 142 h the feeding solution
was exchanged with a 75% (w/v) glucose solution without alteration of the feeding rate. Fermentation
was terminated after 160 h. (D) Corresponding courses of dry cell weight (dcw), and ectoine or 5-

hydroxyectoine (mg/L) in the culture supernatant as measured by HPLC. The values correspond to a
single measurement each.

5.2.5 Discussion

H. polymorpha is suitable for staggered directed integration of single copy expression

cassettes resulting in the expression of a complete heterologous biosynthesis pathway.

Site-directed integration of a single expression cassette in H. polymorpha was first described by Faber
et al. (1992). The authors performed various integrations into the MOX locus. Later on the same
working group performed studies on site-directed integration using the amino oxidase (AMO) locus

(Faber et al., 1993) and also Agaphonov et al. (1995) performed site-directed integration using the
TRP3 locus.

In this study directed integration of single expression cassettes was chosen for the integration of the
genes encoding the enzymes of the 5-hydroxyectoine biosynthesis pathway. This was performed using
flanking sequences of approximately 1 kbp with homology to the target locus. The integration was

independent of the condition of the target locus, it was performed targeting both intact and defective
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Figure 5.2: Fermentation condition HPEct 02: 15% (w/v) sorbitol /60% (v/v) MeOH mixed
feed..The fermentation was carried out as described in Materials & Methods at 37°C in SYN6 at pH
5. (A) + (B) + (C) Feeding modi. 20 g/L sorbitol were provided as batch for initial cell growth. After
consumption of the carbon source (assumed after 23 h) a [15% (w/v) sorbitol/60% (v/v) MeOH] solution
has been applied as a mixed feed with 2 g L™" h™'. After 76 h gassing was disrupted by a technical defect
(indicated by an asterisk), it was restored after 93 h. After 142 h the feeding solution was exchanged
with a 75% (w/v) glucose solution without alteration of the feeding rate. Fermentation was terminated
after 160 h. (D) Corresponding courses of dry cell weight (dcw), and ectoine or 5-hydroxyectoine (mg/L)
in the culture supernatant as measured by HPLC. The values correspond to a single measurement each.

gene loci. Successful integration correlated with the following measurable criteria: 1. Integration
disrupted the intact target locus resulting in a corresponding minus phenotype. 2. Integration of
the cassette was performed using a selection marker resulting in a corresponding plus phenotype. 3.

Integration was proven by PCR which could distinguish the recombinant expression cassette from the
native target locus.

By integration of an expression cassette into an intact target locus a new auxotrophy was generated.
In this study the staggered integration of a single copy of each gene was chosen to enable the use
of more selection markers than initially available for the host strain. In addition to the ADEIsyn,
LEU2syn and ODCI the HIS4 marker was used in the strain ALU3 (adel leu2 odcl).

Although all genes were shown to be integrated in only one copy, the expression levels of all enzymes
were very diverse. Estimation by Western blot analysis showed that EctB was expressed at the
highest levels, whereas EctD was only detected in small amounts. As discussed earlier in Manuscript

[l (Supplementary Data) the expression level of a heterologous protein may be influenced by different
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factors such as the codon usage, gene dosage, promoter, integration locus, A+T composition of
cDNA, translation rate, endogenous protease activity and cultivation conditions (Sreekrishna et al.,
1997). In Western blot analyses signal intensities may also differ due to different sensitivities of the
antibodies used. For a more detailed evaluation of the impact of the target locus and selection marker
on the expression of these proteins, all genes should be integrated in each locus in combination with
every selection marker used in this study. From the data of this study no further assumptions can be

made.

Efficient conversion of ectoine to 5-hydroxyectoine as well as overall yield is dependent on
media pH and carbon source. Noteworthy, conversion is highly increased by usage of
MeOH as carbon source.

Protein expression, protein folding and activity of an enzyme may be strongly influenced by the pH
value of the medium. In this study 5-hydroxyectoine synthesis occurred within a broad range of pH
values. Highest conversion yields in small scale cultivation were obtained at pH 3, 5 and 6. Since
the pH value can only be adjusted outside the cells, it remains unknown how the pH inside the cell is

influenced by this pH adjustment.

A pH optimum could not be determined for the 5-hydroxyectoine synthesis. The data suggest that the
conversion yield may also be influenced by the different buffer components in small scale cultivations.
The buffer components may have an even stronger influence on the conversion yield than the pH.
The following buffer components were used: pH 3: citric acid/NaOH, pH 4: glycine/NaOH, pH 5:
citric acid/NagHPOy4, pH 6: MES and pH 7: NagHPO4/NaH2PO4. Two of the buffer solutions
resulting in high 5-hydroxyectoine synthesis contained citric acid, whereas one contained MES. Those
two components were not part of any other buffer solution used in the study. As a precursor of
a-ketoglutarate within the citric acid cycle, citric acid is involved in the biosynthesis of various amino
acids. Amongst these amino acids glutamate can be found, which is required during 5-hydroxyectoine

synthesis. The positive effect of MES on 5-hydroxyectoine synthesis could not be explained.

When H. polymorpha cells are starved before feeding with MeOH, accumulation of glutamate, glu-
tamine, alanine and formate was observed (Jones, 1991). After the first growth phase during fer-
mentation, methanol induction was started when cells showed signs of carbon source starvation.
Hence, elevated levels of intracellular glutamate may be present which might increase the ectoine and

5-hydroxyectoine synthesis rate.

The conversion of ectoine to 5-hydroxyectoine is almost complete.

The homologous producer H. elongata could only be optimized to convert 50% of the ectoine into
5-hydroxyectoine (Seip et al., 2011). In this study almost full conversion was achieved by expression
of the genes derived from H. elongata. Even though EctD is able to catalyze the forward and reverse

reaction between ectoine and 5-hydroxyectoine the ectoine level remained low while conversion towards
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5-hydroxyectoine was favored during fermentation. These four enzymes are able to catalyze an almost
full conversion. The 5-hydroxyectoine yield may be increased further by alteration of the gene copy
number (e.g. introduction of an additional ectA, ectB, ectC or ectD copies). The application of
different promoters may be an additional option to further improve the synthesis yield. To evaluate
the dependency of the 5-hydroxyectoine synthesis on the MeOH-inducible FMD promoter, it would
also be interesting to evaluate the heat-inducible TPSI-promoter which shows a strength comparable
to that of the FMD promoter (Amuel et al., 2000). In addition the PMAI promoter (Cox et al.,
2000) or the Arxula adeninivorans-derived TEFI-promoter (Terentiev et al., 2004) may be tested as
these are constitutive promoters functional in H. polymorpha. The impact of MeOH induced protein

expression on the synthesis yield of 5-hydroxyectoine has to be studied in more detail.
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6 Concluding Summary and Outlook

In this study we aimed to explore new approaches for heterologous gene expression in H. polymor-
pha with the main goal to improve extra- and intracellular protein expression. First, we developed
a new strategy for protein secretion by optimization of the processing of the MFa prepro sequence
(Manuscript 1). In a second approach we developed a system for high level intracellular protein expres-
sion based on a fusion protein strategy. A protein expressed by this approach was not only generated
in high levels but showed also a highly increased stability in comparison to a secretory approach
(Manuscript 11). Last, we established a new metabolic pathway for the production of 5-hydroxyectoine
in H. polymorpha by multi-step integration of four heterologous genes encoding enzymes of the salt

tolerant bacterium H. elongata (Manuscript Il1).

We found that the insertion of Ala-Pro between the MF« prepro sequence and the protein of interest
leads to an improved Kex2p-dependent processing of the signal sequence in case of IL-6 and IFNa-
2a. The improved cleavage could be explained by modeling which indicates an Ala-Pro-dependent
improved accessibility of the Kex2p cleavage site. Studies concerning the influence of other adjacent
amino acids on cleavage at the Lys-Arg motif may help to further optimize the processing of this
heterologous signal sequence in H. polymorpha. In this context we found that the choice of the strain
background had a surprisingly significant impact: the processing was affected differently in different
H. polymorpha host strains. Evaluation of further strains may therefore be recommendable in cases
of incomplete or incorrect processing of a target protein fused to theMFa prepro sequence. With
regard to the N-terminal Ala-Pro a partial or even complete removal of this dipeptide was observed.
A putative protease responsible for the processing of Ala-Pro dipeptides was identified by gene dele-
tion. The protein sequence shows significant similarity to the S. cerevisiae Stel3p. Co-overexpression
of this putative protease may provide quantitative removal of the N-terminal Ala-Pro dipeptide after
Kex2p-dependent processing. Without removal of the Ala-Pro dipeptide an application of the MFa-
Ala-Pro prepro sequence may still be useful for the expression of technical enzymes or other cases in

which an authentic N-terminus is not strictly necessary.

This study marks the first successful approach of carrier-protein-driven cytosolic targeting in H. poly-
morpha. The strongly expressed cytosolic FTH1 was analyzed with regard to its potential as fusion
partner for difficult-to-express target proteins. The fusion of PTH and FTH1 significantly enhanced
PTH stability. We could show that the expression level of the fusion protein was at least as high as

that of FTH1 without fusion partner. The solubility of the fusion protein was increased in comparison
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to FTH1 alone and no degradation of PTH occurred when C-terminally fused to FTH1. To further
optimize the concept other target proteins shall be tested and the recovery of the protein of interest

has to be optimized for the use this concept in production processes.

We could demonstrate that the expression of the enzymes EctB, EctA, EctC and EctD in H. poly-
morpha resulted in the production of 5-hydroxyectoine in gram per liter scale with almost complete
conversion of ectoine to 5-hydroxyectoine. We showed that the high level 5-hydroxyectoine formation
requires the feeding with MeOH during cultivation. 5-Hydroxyectoine synthesis was downregulated by
the addition of methionine, lysine or threonine indicating the existence of a feedback regulated aspar-
tate kinase in H. polymorpha. A further optimization of the 5-hydroxyectoine synthesis by recombinant
H. polymorpha may be achieved by optimizing the feeding strategy during fermentation. In addition,
the supply of precursor molecules to the cell may be a target of further optimization. The data
presented in this study show that H. polymorpha is a highly promising candidate for 5-hydroxyectoine

production in an industrial scale.
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