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Chapter 1

General introduction

Introduction

Man have exploited microorganisms already for a very long time for food
production, e.g. wine, beer and bread. These processes are generally regarded as
traditional biotechnology. Modern biotechnology became feasible with the
availability of the advanced recombinant DNA technology. Using these techniques,
microorganisms nowadays are used for the production of foreign, biologically active,
proteins for medical, scientific and commercial purposes.

To date a variety of host organisms (cell factories) have been explored to
produce heterologous proteins, ranging from bacteria to mammalian cells.
Mammalian cells, Eschericia coli and yeast are used e.g. for the production of
therapeutic agents which are used for treatment of hemostatic and thrombotic
disorders. In humans, deficiency of coagulation factor VIII causes the bleeding
disorder hemophilia A. The current treatment of this disease is replacement therapy,
using external recombinant factor VIII (rFVIII). Currently, four different rFVIII are
available, which all are produced by recombinant mammalian cell lines [1]. One of
the most widely used thrombolytic agents is the tissue-type plasminogen activator (t-
PA). A recombinant form called reteplase (rPA), which showed an extended half-life
in circulation is successfully produced by E. coli [2]. To date, yeast are used for the
high-level production of the anticoagulant hirudin [3-5].

Yeast is often preferred for the synthesis of recombinant proteins from higher
eukaryotes. Like bacteria, yeast cultivation is fast at low cost and a large variety of
techniques exist for the production and manipulation of the proteins produced. Yeast,
however, possess the specific advantage over bacterial production systems in that
they provide an environment for post-translational modification and secretion (e.g.
acylation, phosphorylation, glycosylation, formation of disulfide bonds). These
modifications are often essential for the function and/or stability of the produced
protein. For mainly historical reasons, Saccharomyces cerevisiae was the first yeast
to be exploited for the production of recombinant proteins. Notwithstanding various
successful applications, specific disadvantages of the use of this organism were also
encountered; these include for instance low yields, undesired hyperglycosylation and
instability of the engineered production strain.

Methylotrophic yeast have gained increasing interest for fundamental research
and as attractive hosts for the production of biologically active proteins [6, 7]. The
use of these organisms in fundamental research is mainly related to studies of
peroxisome homeostasis and nitrate assimilation [8-10]. A characteristic feature of
peroxisomes is that they are inducible. In Hansenula polymorpha, peroxisomes can
be induced by methanol, ethanol, primary amines, D-amino acids, L-α hydroxy acids
and purines [11]. For growth on these substrates peroxisome functions are essential.
Highest induction levels are observed under methylotrophic growth conditions. Up to
80% of the cytoplasmic volume may be occupied by peroxisomes when H.
polymorpha is grown in a methanol-limited chemostat [12]. These peroxisomes
contain the key enzymes involved in methanol metabolism namely alcohol oxidase
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(AO), dihydroxyacetone syntase (DHAS) and catalase (CAT). The two proteins AO
and DHAS may constitute over 60% of total cellular protein under these conditions.
This illustrates that the genes encoding these proteins are controlled by very strong
promoters. This feature contributed to recognizing H. polymorpha as an attractive
host for the production of heterologous proteins.

Tools for the production of heterologous proteins in H. polymorpha

Efficient and reliable transformation procedures for H. polymorpha have
been developed. Yeast cells can be transformed using whole-cell methods according
to the lithium acetate-dimethylsulfoxide method described by Hill et al. [13], by
adding PEG [14] or by electroporation [15].

An essential tool for the construction of recombinant H. polymorpha strains
are Eschericia coli – H. polymorpha shuttle vectors. Important feature of these
vectors is the selectable marker genes, which can functionally complement various
auxotrophic H. polymorpha strains. Commonly used marker genes are H. polymorpha
LEU2, URA3, TRP3 and ADE11, the S. cerevisiae genes LEU2, URA3 as well as
Candida albicans LEU2 [16-19]. To date, also genes that confer resistance against
G418, phleomycin or zeocin have been successfully used as dominant selection
markers in H. polymorpha [20, 21].

Propagation of plasmids in H. polymorpha is established by autonomous
replicating sequences (ARS’s). These DNA fragments are currently used in various
shuttle vectors [19, 22-25]. Generally, shuttle vectors that contain an ARS are not
maintained under non-selective conditions. To obtain stable transformants, these
vectors can be integrated into the genome of H. polymorpha via legitimate or
illegitimate recombination. Targeted integration is routinely achieved using linearized
plasmids, which results in additive integration or gene replacement depending on a
single or double cross-over recombination event, respectively. To date, various ways
exist to select for single or multiple integrants. Taking advantage of the fact that the
S. cerevisiae URA3 gene does not fully functionally complement the H. polymorpha
ura3 strain, single-copy integrants will form small colonies whereas multicopy
integrants will form large colonies on selective media. Recombinant strains could be
generated containing up to 100 copies of the vector integrated into the genome [26].
A similar strategy can be used when the H. polymorpha leu1.1 strain is transformed
with a linearized vector containing the S. cerevisiae LEU2 gene. Again, single-copy
integrants form small colonies whereas multicopy integrants will form large colonies
on selective media. Multicopy integrants can also be obtained using the bacterial
aminoglycoside 3-phosphotransferase (APH) gene, which confers resistance to G418,
under control of the H. polymorpha glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) promoter. Here, copy numbers could be controlled up to 50 copies
integrated using different concentrations of G418 and several derivatives of the
GAPDH promoter [20].

Production systems based on H. polymorpha rely on the use of various
promoter elements, both inducible and constitutive. Commonly used promoter
elements are those derived from genes of the methanol metabolism pathway, which
are strongly inducible. The alcohol oxidase promoter (PAOX), dihydroxyacetone
synthase promoter (PDAS) and the promoter of formate dehydrogenase (PFMD) gene are
fully repressed by excess glucose and are strongly induced by methanol. Derepression
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of these promoters is also possible at glucose- or glycerol-limiting conditions (e.g. in
carbon-limited chemostat cultures). Thus, basically methanol is not necessary for
protein production driven by these promoter elements. One example of a production
process in the absence of methanol is the high yield production of the anticoagulant
peptide hirudin [27]. Another inducible promoter, which can be used for production
purposes, is the H. polymorpha amine oxidase promoter (PAMO). Amine oxidase
(AMO) is the key enzyme in the metabolism of primary amines by H. polymorpha.
The PAMO is repressed by ammonium and induced by primary amines to a level which
is up to 20% compared to the PAOX  induced by methanol. During recent years other
inducible promoter elements have been identified in H. polymorpha. These include
promoter elements derived from genes of the nitrate metabolism, YNT1, YNR1 and
YNL1 [10, 28, 29] and the repressible acid phosphatase (PHO1) promoter [30]. These
promoters could be used as new control elements for protein production in H.
polymorpha. Also it may be advantageous to constitutively express the desired gene
product. Recently, such promoters have been identified in H. polymorpha e.g. the
promoter of the plasma membrane H+-ATPase (PPMA1) [31] and the promoters of the
genes encoding the translation elongation factor-1α (TEF1/TEF2; J.A.K.W. Kiel,
unpublished results).

Production and sorting of heterologous proteins to specific subcellular locations

The H. polymorpha toolbox, detailed above, is necessary for the introduction
and expression of foreign genes in this organism. Being an eukaryote, the produced
proteins can be sorted to specific subcellular compartments, which in some case is
advantageous for optimal results. In order to mediate specific sorting, targeting
signals for various cellular compartments have been identified. Signals, which are
available for use in H. polymorpha, include signals for efficient sorting to
peroxisomes (both peroxisomal matrix as well as the peroxisomal membrane),
endoplasmic reticulum (ER), the secretory pathway and vacuoles. Production and
sorting of heterologous proteins to peroxisomes is detailed below.

In contrast to mitochondria and chloroplasts, peroxisomes do not contain
DNA and a protein synthesizing machinery. Hence, all peroxisomal proteins are
encoded by nuclear genes. Precursors of these proteins are synthesized on free
polysomes in the cytosol and imported post-translationally into the target organelle.
Peroxisomal targeting signals (PTS) reside within the mature polypeptide. Firefly
luciferase was the first protein in which a PTS was identified namely –SKL-COOH
(PTS1) [32]. Later studies revealed that this PTS1 is a general and quite degenerate
signal in nature [33-35]. In H. polymorpha, the enzymes involved in methanol
metabolism, AO, DHAS and CAT, are sorted to peroxisomes via their respective
PTS1 variants namely –ARF, -NKL and –SKI [36]. Mouse dihydrofolate reductase,
bacterial β-lactamase, a fusion protein consisting of human insulin-like growth factor
and a carrier protein and the Green Fluorescent protein (GFP) (Fig. 1) are examples
of heterologous proteins which have been successfully produced to high levels and
sorted to the peroxisomal matrix, using the PTS1 [36, 37].
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Fig. 1 A fluorescent image of Hansenula
polymorpha cells expressing GFP-SKL.
Peroxisomal localization of the GFP is
evident.

The SKL-motif is not the only PTS that has been identified. Rat thiolase was
the first protein in which an alternative PTS was identified called PTS2. The PTS2
consensus sequence (R/K)(L/V/I)X5(H/Q)(L/A) [38] resides at the N-terminus of the
protein. Subsequently, PTS2 sequence was identified in few other peroxisomal
proteins like watermelon malate dehydrogenase, yeast thiolases and H. polymorpha
amine oxidase [39, 40]. Also this signal is suitable to direct heterologous proteins to
the peroxisomal matrix.

The advantage of the accumulation of proteins in peroxisomes is obvious in
cases when the proteins are toxic for the host organism. In this case the peroxisomal
membrane forms a barrier, preventing that the proteins can exert their toxic activity to
the yeast cell. Another potential advantage of storage in peroxisomes is the absence
of modifying enzymes inside the organelle. Undesired modifications like e.g.
glycosylation are prevented in this way. Also, proteins, which are sensitive to
proteolytic degradation, are protected from proteolysis inside the matrix of the
organelle. In conclusion: in case of production of soluble heterologous proteins the
peroxisomal matrix is an excellent storage compartment to establish a reliable cell
factory.

Up to now a reliable system for the production of heterologous membrane
proteins is not available. Such a system is of utmost importance for various reasons
e.g. to facilitate rational drug design. The need for this became clear from the
observation that many human diseases are caused by malfunctioning of membrane
proteins. Also fundamental research, like resolving the structure and functional
studies of important membrane proteins, relies on the availability of relative large
amounts of biologically active membrane proteins. We showed that the H.
polymorpha peroxisomal membrane might be the niche of choice for overproduced
membrane proteins. In H. polymorpha excessive peroxisomal membranes are easily
developed that hardly contain protein components and thus are an excellent storage
place for heterologous membrane proteins (Fig. 2) [41]. Sorting to these membranes
can be mediated by the targeting signal of the H. polymorpha peroxisomal membrane
protein Pex3p [42]. Promising results for the overproduction of human CCR5 and
CXCR4 (HIV-1 co-receptors) have already been obtained [43]. Thus, H. polymorpha
is a precious tool for the production of membrane proteins.
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Fig. 2 Electron micrograph of a WT
Hansenula polymorpha cell incubated in
oleic acid containing medium. The presence
of numerous peroxisomal membrane layers
is evident. M mitochondrion, N nucleus,
arrow peroxisomal membrane layers. Bar =
0.5 µm

Although peroxisomes can act successfully as a storage compartment for
heterologously produced proteins, in many cases secretion is favorable. For instance
when modification of the produced protein is necessary for activation and/or
functioning (e.g. formation of di-sulphide bonds, glycosylation). Secretion also
necessitates recovery of the produced protein from the culture fluid. Using
H. polymorpha, purification of the secreted protein to homogeneity is relatively
simple since conditions can be created that endogenous protein secretion is extremely
low. In this way the protein that is produced constitutes >90% of the extracellular
protein and can be readily recovered.

The secretory pathway is essential for the production and transport of e.g.
plasma membrane proteins, cell wall proteins and extracellular proteins. It involves a
complex transport pathway, which initiates with translocation of the protein from the
cytosol into the lumen of the endoplasmic reticulum (ER). Below, an overview of the
most important processes during secretion in yeast is presented.

The secretory pathway

Translocation of proteins into the ER is the first step committed in the
secretory pathway. Most proteins which enter the ER contain an N-terminal extension
known as signal peptide, signal sequence or leader sequence. Signal peptides contain
a tripartite structure. The first part consists of one to five amino acids, which form a
positively charged region. The central part is a hydrophobic core of seven to fifteen
amino acids, which is finally followed by a polar region of three to seven amino
acids. This last polar region is the site for recognition by the signal peptidase complex
(SPC). The SPC consists of four different polypeptides namely Spc1p, Spc2p, Spc3p
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and Sec11p, which catalyse the cleavage of the signal peptide from the preprotein
[44-47]. Next to proteins containing a presequence, some secretory proteins contain a
preprosequence e.g. the S. cerevisiae mating factor 1α (MF1α) [48]. In these cases,
the presequence is cleaved by the ER-borne SPC whereas the prosequence is removed
in the late Golgi by the endoprotease Kex2p. Kex2p cleaves the prosequence at the
dibasic sequence (KR or RR) [49].

Various heterologous signal sequences are available for use in H. polymorpha
these include the leader sequences of S. cerevisiae MF1α, S. cerevisiae invertase,
Schwanniomyces occidentalis glucoamylase and the leader sequence of the
hyperglycemic hormone from the shore crab Carcinus maenas [27, 50-53]. In H.
polymorpha, heterologous proteins carrying their endogenous leader sequences also
are effective, e.g. Humicola insolens cellulase II and xylanase I [54]. Only recently
homologous H. polymorpha signal sequences have been identified, namely the leader
sequences of acid phosphatase (encoded by PHO1), carboxypeptidase Y (CPY) and
BiP [30, 53, 55]. Green Fluorescent Protein (GFP) is efficiently sorted to the ER
using the N-terminal 30 amino acids of H. polymorpha BiP [56]; however, the
functionality of these leader sequences to mediate secretion of foreign proteins
remains to be established.

Targeting of secretory proteins to the ER is followed by translocation of these
proteins into the ER lumen. In yeast, two modes of translocation into the ER exist
namely co-translational and post-translational translocation. Co-translational
translocation is dependent on the signal recognition particle (SRP-dependent) [57,
58]. As soon as the signal peptide emerges from the ribosome, it is recognised by the
SRP. The subsequent association between the signal peptide and the SRP results in a
translational arrest. Thereafter the complex is targeted to a receptor on the ER
membrane (SRP-receptor). Following binding to this receptor, the elongation arrest is
released and the protein will cross the membrane through a protein channel (detailed
below) as it is being synthesized [59-61].

Post-translationally translocated proteins however, are synthesized to their
mature size in the cytosol before being targeted to the ER. This process is SRP-
independent and carries the potential danger that folding of the protein takes place in
the cytosol, thus rendering it incompatible for translocation. To prevent premature
folding, the function of cytosolic molecular chaperones of the Hsp70 family is
required [62, 63]. Two cytosolic chaperones, Ssa1p and Ssa2p have been identified
that are required for post-tanslational translocation [64, 65]. Like other Hsp70s, these
chaperones interact with a co-chaperone, Ydj1p (homolog of the baterial DnaJ).
Ydj1p activates the ATPase activity of Ssa1p and suppresses protein aggregation [66,
67]. The signal sequence dictates whether a pre(pro)protein is targeted by the co-
translational or the post-translational pathway. SRP preferentially recognises very
hydrophobic signal sequences whereas less hydrophobic signal sequences could be
targeted via either pathway [68].

After the pre(pro)protein is targeted to the ER, translocation of the
polypeptide across the membrane into the ER lumen occurs through specific
translocation sites. The translocon is formed by the Sec61p complex and the Sec62p-
Sec63p complex. The Sec61p complex, which forms the actual translocation pore, is
a heterotrimeric complex consisting of Sec61p, Sbh1p and Sss1p [69-71]. Recently a
second trimeric complex was discovered related to the Sec61p complex. This
complex designated as the Ssh1p (Sec sixty-one homolog 1) complex consists of
Ssh1p, Sbh2p and Sss1p [72]. The Ssh1p complex is presumed to function
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exclusively in the co-translational translocation pathway. The Sec62-Sec63 complex
consists of four polypeptides: Sec62p, Sec63p, Sec71p and Sec72p [73, 74]. The
translocon subunits Sec62p, Sec71p and Sec72p are proposed to function as the
signal sequence recognition site and thus form a binding site for pre(pro)proteins
before crossing the ER membrane [75]. Sec63p is an integral ER-membrane protein
originally found in a subcomplex together with Sec71p, Sec72p and BiP [76].

The protein sequences of Sec63p and BiP indicate that they are members of
the family of molecular chaperones. Sec63p contains a lumenal segment, which is
43% identical to the bacterial DnaJ protein [77]. The lumenal protein BiP, also
known as Kar2p, is, like all other Hsp70p’s, an ATPase of which the activity is
stimulated by its co-chaperone, Sec63p [78, 79]. The function of BiP in the early
translocation process is probably the transition of docking of the pre(pro)protein to
the Sec62p-Sec71p-Sec72p binding site to the insertion into the actual translocation
pore [75]. The binding of the secretory precursor is ATP independent, whereas ATP
hydrolysis is required to release the precursor from the binding site.

The interaction between BiP and Sec63p is also required for completion of the
precursor translocation into the ER-lumen. Two models have been proposed for this
second stage in translocation. According to one model, BiP pulls the translocating
precursor into the ER-lumen, thereby ensuring that the process is unidirectional, by
sequential ATP-binding, ATP hydrolysis and dissociation from the precursor [80].
The second model proposes that BiP acts as a molecular ratchet [81]. Recently
evidence was presented that substantiated the latter model [82]. Using the S.
cerevisiae prepro-α-factor as a substrate, it was shown that multiple BiP molecules
bind to the translocating polypeptide in the ER lumen, thereby preventing the
backward movement into the protein channel. The authors also showed that BiP
function could be taken over by antibodies, which bind to the translocating
polypeptide at the lumenal side.

Protein folding, N-glycosylation and degradation

Next to its function in the translocation of pre(pro)proteins across the
endoplasmic reticulum (ER) membrane, BiP is essential for folding of these proteins
[83]. BiP appears to bind to hydrophobic regions of unfolded proteins [84], which
prevents premature folding/aggregation of the translocated protein. Strong evidence
for the critical role of BiP in promoting the correct folding of newly synthesized
Carboxypeptidase Y (CPY) came from experiments using temperature-sensitive BiP
mutants [85]. Without the functional chaperone, CPY aggregated and remained in the
ER, whereas in wild type cells BiP binding to CPY was only transient and CPY was
normally sorted to its target organelle, the vacuole. While the translocation activity of
BiP is mediated through interaction with Sec63p, its chaperone function is probably
mediated through Scj1p [86, 87].

Recently, a novel Hsp70-related protein, Lhs1p (Cer1p) was detected in the
lumen of the ER [88, 89]. This non-essential protein seems to be involved in the
translocation of only a subset of proteins into the ER, among these are the prepro-α-
factor and the prepro-CPY [89]. In a lhs1 strain, the levels of chaperones, like BiP,
are elevated, which indicates a role for Lhs1p in protein folding. However, the exact
function of Lhs1p is still a matter of debate [90, 91].
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The formation of native disulfide bonds is an important aspect in folding of a
subset of secretory proteins. This process is catalysed by the essential gene encoding
protein disulfide isomerase (PDI) [92, 93]. Pdi1p contains two domains, homologous
to thioredoxin, each containing the CGHC red/ox active site motif [94, 95]. In S.
cerevisiae four non-essential Pdi1p homologues have been found, Eug1p, Mpd1p,
Mpd2p and Eps1p. All these PDI homologues are multicopy suppressors of a pdi1
deletion [96-99]. However, when EPS1 was expressed under control of the PDI1
promoter on a low copy plasmid, it was not able to rescue the ∆pdi1 strain. In fact,
Mpd1p was the only PDI homologue that could restore cell viability in a strain
completely depleted of other Pdi1p like proteins [100].

A vast majority of secretory proteins undergo an essential protein
modification step in the ER, namely asparagine-linked glycosylation (N-
glycosylation). This process is one of the most common types of eukaryotic protein
modifications and is important in the folding process of secretory proteins [101, 102].
Hence, N-glycosylation is important for the biological function and physico-chemical
properties of many secretory proteins [103]. N-glycosylation starts with the formation
of the oligosaccharide, GlcNac2Man9Glc3 on a specific polyisoprenol (dolichol) via a
pyrophosphate bond. This lipid intermediate, oligosaccharide pyrophospho dolichol,
is the substrate for the oligosaccharyltransferase (OST) which catalyses the en bloc
transfer of the oligosaccharide onto selected asparagine residues in the consensus
sequon, Asn-X-Ser/Thr of the secretory protein, where X can be any amino acid
except proline [104, 105]. The OST complex is formed by eight proteins and it can
only efficiently glycosylate acceptor asparagine residues located near the signal
sequence when this signal sequence is cleaved by the SPC [106, 107]. After transfer
of the tetradecasaccharide, three glucose molecules and a specific mannose molecule
are removed, by glucosidase I and II and mannosidase respectively, giving rise to a
core-glycosylated protein which is transported to the Golgi apparatus [104, 108]. In
the Golgi, the glycoprotein is subsequently trimmed and elongated by several
mannosidases and glycosyltransferases to obtain a fully maturated protein [109].

Secretory proteins that fail to fold properly are initially retained in the ER-
lumen by interaction with ER-resident chaperones [110]. The accumulation of
unfolded proteins in the ER induces transcriptional activation of genes encoding the
ER chaperones, a process known as the unfolded protein response (UPR). The
transcriptional activation occurs via the Hac1 protein. When the UPR is induced,
Hac1p is produced, which in turn binds to a conserved promoter element called the
UPRE [111]. The UPRE is present in the promoters of e.g. KAR2 (BiP), PDI1 and
EUG1.

Many misfolded proteins are degraded via a process known as ER associated
degradation (ERAD). By this mechanism, aberrant proteins are transported back to
the cytosol where degradation via the proteasome occurs [112]. The majority of the
ER-resident and secreted proteins are stable, hence the selectivity of ERAD for
specific soluble and membrane proteins should be tightly regulated. The ER-resident
molecular chaperones BiP and calnexin have been proposed to function in the
selectivity of ERAD [113, 114]. Degradation of malfolded proteins by the cytosolic
located proteasome requires retrograde translocation of the protein from the ER into
the cytosol. This retrograde translocation is mediated by Sec61p and BiP [114, 115].
Recently, other essential components for retrograde translocation and subsequent
degradation were identified, namely Der1p, Hrd1p/Der3p, Hrd3p, Hrd 4p and Cue1p
[116-120]. The ubiquitin-conjugating enzymes Ubc6p and Ubc7p, which catalyse the
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specific covalent attachment of ubiquitin to proteins destined for degradation, also
were identified as essential components for ERAD [121]. Ubc6p is an ER-membrane
bound protein, whereas Cue1p recruits Ubc7p to the ER-membrane [120]. Very
recently, Jarosch et al and Rabinovich et al showed that protein dislocation from the
ER requires polyubiquitination and the triple A ATPase Cdc48 [122, 123]. Most
likely, additional proteins that play a role in ERAD will be identified as this
intriguing process is further analysed.

Protein transport to the final cellular or extracellular destination

When a secretory protein has been correctly folded, it is competent to leave
the endoplasmic reticulum (ER) and will be sorted to its final destination e.g. the
vacuole/lysozome or the extracellular space. Additional targeting signals dictate
whether a protein resides within a subcellular compartment like the ER or the
vacuole. If such signals are lacking, soluble proteins are transported directly to the
plasma membrane and are secreted. Transport of proteins through the secretory
pathway is mediated by membrane-bound vesicles [124]. Trafficking of these cargo
vesicles involves the formation by budding from the donor membrane, transport,
docking and fusion with the target membrane. This mode of trafficking is not
unidirectional, both vesicle transport from the ER to the Golgi, transport from the
Golgi to the cell surface (anterograde transport) and in the reverse direction
(retrograde transport) occur. In order to maintain the membrane-bound
compartmental organisation within the cell, proper targeting of the vesicles is
necessary [125]. This is achieved by specific membrane-bound proteins called
SNARE proteins (soluble NSF attachment protein (SNAP) receptors). SNAREs are
present on vesicles (v-SNAREs) as well as on the target membrane (t-SNAREs).
During vesicle docking, a SNARE complex is formed, when a v-SNARE binds to its
cognate t-SNARE. This complex then recruits the soluble proteins SNAP and NSF
and fusion of the vesicle with the target membrane is promoted by hydrolysis of ATP
by NSF. This universal docking and fusion machinery called the SNARE hypothesis,
proposed that individual v- and t-SNAREs provide the specificity in vesicular sorting
[125]. Subsequent studies on the SNARE hypothesis revealed that some SNAREs are
shared between different SNARE complexes, indicating that the specificity of vesicle
targeting is not exclusively determined by the SNARE complexes [126].

Morphological studies have provided evidence that proteins that are leaving
the ER are concentrated at specific domains of the ER [127]. These domains are
known as the transitional ER (tER). At these sites, the cargo protein is packed in
COPII vesicles. The formation of COPII vesicles has been studied extensively. These
studies revealed the sequential steps in vesicle formation. The first step is the
interaction of GTP-bound Sar1p with the ER membrane, where the exchange of
nucleotide bound to Sar1p is catalysed by Sec12p. In the next step, Sar1p recruits the
Sec23p/Sec24p complex, which results in a pre-budding complex. Finally, the
Sec13p/Sec31p complex binds to the pre-budding complex, which results in the
formation of the vesicle. Sec16p, which is a membrane-bound protein possibly serves
as a scaffold for vesicle formation [128]. In reconstituted liposomes however, vesicle
formation was observed in the absence of Sec12p and Sec16p [129].

During the formation of the vesicle, v-SNAREs are incorporated in the
membrane of the vesicle. ER-derived vesicles are enriched in the v-SNARE proteins
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Bet1p, Sec22p and Bos1p. Next, the cargo vesicle is transported to the Golgi
apparatus, where is docks on the cis-Golgi membrane. Hereafter, the protein is
transported from the cis-Golgi to the trans-Golgi network (TGN). For long it was
thought that trafficking along the Golgi was driven by vesicle-mediated transport
from one Golgi cisternae to another [130, 131]. More recent observations resulted in
an alternative model for Golgi trafficking [132, 133]. This model, known as the
cisternal maturation model, proposes that forward transport of proteins take place in
cisternal membranes. These membranes assemble and mature in a cis to trans
direction. As a consequence of this forward maturation, Golgi resident proteins need
to move in the opposite direction. This transport is realized by the retrograde
transport of COPI vesicles. The first Golgi cisternae are formed via fusion between
COPI, which carry cis-Golgi proteins and COPII vesicles which are formed at the
tER sites. During maturation, retrograde transport of COPI vesicles containing cis,
medial or trans Golgi proteins are continuously fusing with, and recycling between,
the maturing cisternae [134].

The final step in secretion is the delivery of secretory vesicles, which are
formed in the TGN, to the plasma membrane. Transport of post-Golgi secretory
vesicles requires Myo2p, a class V myosin, and an intact actin cytoskeleton [135].
Myo2p is probably the actin-based motor that brings the secretory vesicles to the sites
of exocytosis [136]. Activation of Sec4p, mediated by Sec2p, which both localize on
the vesicles, results in an interaction of Sec4p with the post-Golgi vesicle motor [135,
137]. The vesicles are delivered to a multi-subunit complex named the exocyst [138].
The exocyst is composed of Sec3p, Sec5p, Sec6p, Sec8p, Sec10p, Sec15p, Exo70p
and Exo84p. Sec15p was shown to interact with activated Sec4p, and to associate
with secretory vesicles. These interactions could serve as the connection between the
vesicles and the specialized exocytic sites [139]. Hence, the exocyst seems to play a
key role in vesicle docking and subsequent membrane fusion.

Aim and outline of this thesis

The research described in this thesis was part of a project entitled
“Optimization of the secretion of active, oligomeric heterologous gene products by
yeast”, which was supported by STW. The main goal of the work presented here was
to identify molecular factors, involved in secretion of oligomeric flavo-proteins with
the aim to enhance the secretion efficiency.
An important protein within the secretory pathway is the endoplasmic reticulum (ER)
resident Hsp70 chaperone KAR2/BiP. BiP function is important in both the import of
proteins in the ER and for the proper folding of the imported proteins. The cloning of
H. polymorpha BiP is described in chapter 2. Furthermore, the analysis of increased
BiP levels on the secretion of Aspergillus niger glucose oxidase (GOX), which was
used as a model protein, is presented.

The analysis of different aspects of GOX secretion by H. polymorpha is
presented in chapter 3. These include, the effect of the copy numbers on the secretion
level, a comparison of secretion levels using different ER leader sequences and the
effect of PEX1 and PEX6, two genes which are essential for peroxisome biogenesis in
H. polymorpha, on the secretion of artificially produced GOX.
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The second model protein which was used during this research was H.
polymorpha alcohol oxidase (AO). AO is a homo-octameric flavo-protein of
approximately 600 kDa, which normally is localized in the peroxisomal matrix.

Chapter 4 describes the efficient targeting of AO to the endoplasmic reticulum
(ER) using the leader sequence of the Saccharomyces cervisiae mating factor α
(MFα). Secretion of mature, active AO however, was not observed under these
conditions. Instead, the ER localized AO was monomeric and lacked its co-factor.
Most likely, the presence of the leader sequence at the N-terminus of AO prevents
normal FAD binding, which is a prerequisite for oligomerization and activation.

Finally, chapter 5 describes the secretion of active AO protein using the S.
cerevisiae invertase secretion signal (ISS). This sequence is processed by the
secretion machinery and thus can not affect the availability of the FAD-binding site.
Also in this case AO exclusively entered the secretory pathway suggesting that as
with the MFα, the secretion signal overrules the endogenous PTS1 signal which was
still present on the protein. Using the ISS, significant amounts of AO were secreted.
The secreted protein was normally processed and enzymaticaly active.
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Abstract

We have cloned the Hansenula polymorpha BIP gene from genomic DNA
using a PCR based strategy. H. polymorpha BIP encodes a protein of 665 amino
acids, which shows very high homology to Saccharomyces cerevisiae KAR2p.
KAR2p belongs to the Hsp70 family of molecular chaperones and resides in the
endoplasmic reticulum (ER)-lumen. H. polymorpha BiP contains a putative N-
terminal signal sequence of 30 amino acids together with the conserved –HDEL
sequence, the typical ER retention signal, at the extreme C-terminus. We have
analysed the effect of BIP overexpression, placing the gene under control of the
strong alcohol oxidase promoter (PAOX), on the secretion of artificially produced
Aspergillus niger glucose oxidase (GOX) by H. polymorpha. BiP overproduction did
not lead to any growth defects of the cells; at the subcellular level, proliferation of
ER-like vesicles was observed. However, artificially enhanced BiP levels strongly
affected GOX secretion and led to accumulation of this protein in the ER-like
vesicles. This was not simply due to the high BiP overproduction, because it was also
observed under conditions of low PAOX induction during growth of cells on glycerol.
Vacuolar carboxypeptidase Y was properly sorted to its target organelle in the BiP
overproducing strains.
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Introduction

In eukaryotes, protein secretion involves a complex transport pathway,
which initiates with translocation of the protein from the cytosol into the lumen of the
endoplasmic reticulum (ER). Subsequently, the proteins are sorted by means of
vesicular transport via the Golgi apparatus to the cell membrane. Fusion of the
transport vesicle with the cell membrane results in release of its contents in the
extracellular space [1].

Probably one of the at best studied proteins within the secretory pathway is
BiP, originally described as the “Heavy Chain Binding Protein” in Abelson virus
transformed pre-B mouse cell lines [2]. BiP belongs to the Hsp70 family of molecular
chaperones and is an essential constituent of the ER. The Saccharomyces cerevisiae
homologue of BiP is Kar2p [3]. It has been demonstrated that BiP plays a key role in
both co- and post -translational translocation of proteins into the ER [4]. Furthermore
it plays a role in protein folding. During import of proteins into the ER, BiP binds to
hydrophobic stretches of the polypeptide [5] thereby preventing aggregation.
Recently it was shown, that BiP also facilitates ER-associated degradation (ERAD)
[6]. This degradation process involves the retrograde transport of malfolded proteins
out of the ER.

Simultaneous overproduction of BiP and foreign proteins has been studied as
a mode to enhance protein secretion; in bakers yeast, BiP overproduction may have a
positive effect on the secretion of artificially produced proteins [7]. However, the
opposite effect has been observed in certain mammalian cells [8].

In the past few years, the methylotrophic yeast Hansenula polymorpha has
gained increasing interest as an attractive host for the production of biologically
active proteins [9-11]. Examples of proteins successfully produced by H. polymorpha
include, among others, hirudin [12], hepatitis B vaccines [10] and Aspergillus niger
glucose oxidase (GOX) [13].

In our laboratory, A. niger GOX is used as a model protein to study the use
of H. polymorpha for the secretion of biologically active complex flavo-proteins.
Here we report the cloning of the H. polymorpha BIP gene and present an analysis of
the effect of modulating BiP levels on the secretion of A. niger GOX, by H.
polymorpha.

Materials and Methods

Organisms and growth conditions
Hansenula polymorpha NCYC 495 leu1.1 (WT), NCYC 495

leu1.1::PAOXBIP2c (GMH5), NCYC 495 leu1.1 ura3::PAOXScMFαGOX (GMH1) and
GMH1:: PAOXBIP2c (GMH6) were grown at 37°C in rich complex medium (YPD)
containing 1% yeast extract, 2% peptone and 1% glucose, in mineral media as
described [14] or on YNB without amino acids containing 0.67% yeast nitrogen base
(Difco). Carbon sources used were 0.5% glucose, 0.5% methanol or 0.1% glycerol; as
nitrogen source, ammonium sulphate at 0.25% was employed. Leucine or uracil were
added to final concentrations of 30 µg/ml. Escherichia coli DH5α (Gibco-Brl,
Gaithesburg, Md) was grown at 37°C in LB medium, supplemented with ampicillin
(100 µg/ml) or kanamycin (50 µg/ml) when required.
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Miscellaneous DNA techniques
Standard recombinant DNA techniques, E. coli transformation and plasmid

isolation procedures were performed essentially as described [15]. H. polymorpha
was transformed by electroporation [16].

Cloning and characterisation of H. polymorpha BIP gene
A 1.5 kb fragment was obtained by PCR using chromosomal DNA of wild

type (WT) H. polymorpha  (ATCC 34438) and two 18-mer synthetic oligonucleotides
(5' -CGG TAT CGA TTT AGG TAC and 5' -CGG TAG ACT TTT CGA CGG)
(Appligene, Heidelberg, Germany) homologous to highly conserved regions of Hsp70
genes of Saccharomyces cerevisiae [17]. A [α-32P]d-ATP labelled version of this 1.5
kb fragment was used to screen a genomic library of WT H. polymorpha in E. coli, by
colony hybridisation. Southern blot analysis of plasmid DNA obtained from a
positive clone revealed that a 3.8 kb XbaI fragment of the genomic insert contained
the complete BIP gene. This fragment was subcloned into pBluescript (Stratagene, La
Jolla, Calif.), resulting in plasmid pHSD. From this plasmid a 1 kb EcoRV fragment
was deleted. The resulting plasmid pHSD∆EcoRV was sequenced.

For analysis of the DNA and amino-acid sequences, the PC-Gene program
release 6.70 (IntelliGenetics) was employed. The BlastP and BlastX algorithms [18]
were used to screen GenBank and the Saccharomyces Genome Database (SGD,
Stanford University, Calif.). The nucleotide sequence of H. polymorpha BIP was
deposited with GenBank and was assigned Accession No. AF245405.

Construction of a glucose oxidase producing H. polymorpha strain
A 4.9 kb BamHI fragment from plasmid pWG30 (a kind gift of dr. P.

Sudbery, University of Sheffield, UK), containing the S. cerevisiae mating factor α
(MFα) leader sequence fused in frame to the glucose oxidase gene (GOX) of
Aspergillus niger under the control of the H. polymorpha alcohol oxidase promoter
(PAOX), was cloned into pHI1. The resulting plasmid pMH16 was linearised with StuI
and integrated into the genome of H. polymorpha NCYC 495 leu1.1 ura3. Correct
integration into the PAOX locus as a single copy was confirmed by Southern blot
analysis (data not shown). The resulting H. polymorpha strain was designated GMH1.

Construction of BiP overproducing strains
Overexpression of H. polymorpha BIP was achieved as follows. First a

BamHI site was introduced upstream of the start codon of BIP by PCR using the BiP-
start primer (5’ -CCC AAG CTT GGA TCC ATG TTA ACT TTC AAT AAG TC)
and the M13/pUC reverse sequencing primer. The PCR product obtained was
sequenced. A 2.4 kb BamHI-XhoI fragment containing BIP was cloned into BamHI-
SalI digested pHIPX4-B [19]. The resulting plasmid was linearised with StuI and
integrated into the genome of H. polymorpha NCYC 495 leu1.1 and GMH1, resulting
in strains GMH5 and GMH6, respectively. Southern blot analysis confirmed the
correct integration as two copies in the PAOX locus.

Biochemical methods
Total cell extracts were prepared as follows. Three OD660 units (volume x

OD660) of cells were harvested by centrifugation. The cell pellet was resuspended in a
12.5% (final concentration) TCA solution followed by freezing of the samples at -
80°C. After thawing, the samples were centrifuged at 14,000 rpm at room
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temperature. Pellets were washed twice with ice-cold 80% acetone and subsequently
resuspended in 50µl 0.1 N NaOH / 1% SDS. An equal volume of  SDS sample buffer
was added prior to boiling the samples for five minutes. Samples of 10 µl were used
for electrophoresis.

For the generation of protoplasts whole cells were pre-incubated in a
solution containing 100mM Tris pH 8.0, 50mM EDTA, 140mM β-mercaptoethanol
and 1.2M sorbitol for 15 min at 37°C. The cells were harvested by centrifugation,
washed once in 50 mM potassium phosphate buffer pH 7.2, containing 1.2 M
sorbitol, and incubated in the same buffer containing 1 mg ml-1 of Zymolyase 20T at
37°C until the bulk of the cells were converted into protoplasts. All subsequent steps
were performed at 4°C. Protoplasts were collected by centrifugation and washed
twice with potassium phosphate buffer pH 7.2 containing 1.3M sorbitol to prevent
osmotic lysis. Finally, aliquots of the protoplast suspension, corresponding to 3 OD
units of the original culture, were precipitated as described.

GOX activity was assayed at 30°C essentially as described for alcohol
oxidase [20], using 1 mM glucose as a substrate. Carboxypeptidase Y (CPY)
activities were determined by established procedures [21].

SDS-polyacrylamide gel electrophoresis was performed as described by
Laemmli [22]. Gels were used for Western blotting [23], and blots were decorated
using the chromogenic or chemiluminescent Western blotting kit (Boehringer
Mannheim, Germany) and specific polyclonal antibodies against A. niger GOX and S.
cerevisiae Kar2p (a kind gift from dr. R. Schekman, University of California,
Berkeley, Calif.).

Electron microscopy
Whole cells were fixed and embedded in Epon 812 or unicryl as described

previously [24]. Ultrathin unicryl sections were labelled using polyclonal antibodies
raised in rabbit and goat-anti-rabbit antibodies conjugated to gold according to the
instructions of the manufacturer (Amersham, UK).

Results

Cloning and characterisation of the H. polymorpha BIP gene
Using Hansenula polymorpha genomic DNA and two 18-mer synthetic

oligonucleotides, homologous to highly conserved regions of HSP70 genes from
Saccharomyces cerevisiae, a 1.5 kb fragment was amplified by PCR. After
hybridising this fragment to an H. polymorpha gene library, plasmid pHSD∆EcoRV
was obtained, which contained a full-length ORF (Fig. 1A). The deduced amino acid
sequence of this ORF displayed a high sequence identity ( 73.8 %) to S. cerevisiae
Kar2p (Fig. 1B) and 48% identity to two cytosolic Hsp70ps of H. polymorpha [25].
From this, we concluded that the isolated gene most likely belongs to the Hsp70p
family of molecular chaperones. Further analysis, using the PSORTII program [26],
revealed that the N-terminal 30 amino acids were predicted to represent an ER
targeting signal. Moreover, the protein contains a C-terminal -HDEL sequence, which
is a typical ER-retention signal (Fig. 1B). Based on these characteristics, we
concluded that the gene isolated encodes the H. polymorpha homologue of the ER-
resident Hsp70p (BiP, Kar2p).
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Fig. 1 A Schematic representation of the BIP containing genomic DNA fragment. B Comparison of
the deduced amino-acid sequences of Hansenula polymorpha BiP and Saccharomyces cerevisiae
Kar2p. The two proteins are homologous over their entire length. Identical and similar amino acids are
indicated by asterisks and dots respectively. The putative signal sequence is indicated in italics,
the -HDEL sequence in bold and the three Hsp70 signatures are underlined.
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Overproduction of BiP in H. polymorpha leads to proliferation of the ER
In order to obtain an H. polymorpha BiP overproducing strain, the BIP gene

was placed under the control of the strong alcohol oxidase promoter (PAOX). The
resulting plasmid was integrated in 2 copies into the genome of WT H. polymorpha
(the resulting strain H. polymorpha NCYC 495 leu1.1::PAOXBiP2c is further
designated as GMH5). GMH5 cells grew normally on glucose- or methanol-
containing media at WT rates (data not shown). Electron microscopy revealed that
growth on methanol was associated with a distinct proliferation of ER-like vesicles in
the cells, whereas the ultrastructure of other cell organelles was unchanged (compare
Fig. 2A and B). Western blotting experiments confirmed that the level of BiP was
strongly increased in these cells compared to WT cells (Fig. 3).

Fig. 2 Overall morphology of methanol-grown cells of both GMH5 (A) and wild type (B) showing the
strongly proliferated endoplasmic reticulum (ER)-like vesicles in strain GMH5 (arrows). The electron
micrographs are of KMnO4-fixed cells. M mitochondrion, N nucleus, P peroxisome,
V vacuole. Bar = 0.5 µm.

Fig. 3 Western blot analysis showing BiP protein levels in various constructed H. polymorpha strains
grown for 24 h on methanol-containing medium. Gels were loaded with total cell extracts. Lanes:
1 wild type, 2 GMH5, 3 GMH1, 4 GMH6. Blots were decorated using specific antibodies against
S. cerevisiae Kar2p. Equal amounts of protein were loaded per lane. The protein band at
approximately 62 kDa (lane 4) represents a BiP degradation product. Mw - molecular weight in kDa.
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Construction of a H. polymorpha strain that produces Aspergillus niger glucose
oxidase

To obtain an H. polymorpha strain, able to produce and secrete glucose
oxidase (GOX) of  A. niger, a hybrid gene with the leader sequence of S. cerevisiae
mating factor α (MFα) fused to mature A. niger GOX separated by a KEX2 cleavage
site was constructed. This gene was placed under PAOX control and integrated in one
copy into the genome of WT H. polymorpha. The resulting strain, designated GMH1,
grew on glucose, glycerol or methanol-containing media at rates identical to the WT
host strain (data not shown).

As expected, GOX protein was not produced in glucose-grown cells.
However, upon growth of cells on methanol, GOX protein was readily detectable,
both in total cell lysates and in the culture fluid (Fig. 4). GOX enzyme activity
measurements revealed that 7 mU/ml GOX activity was present in the culture
medium, whereas in whole cell lysates the activity corresponded to 18 mU/ml culture.
GOX activity was undetectable in protoplasts, indicating that the enzyme activity
present in whole cell lysates was located in, or associated with, the cell wall.

Fig. 4 Western blot analysis using α-GOX antibodies of both
total cell extract (lane 1) and medium (lane 2) of strain GMH1
grown on methanol, showing GOX protein associated with the
cells and present in the cultivation medium. Mw Molecular
weight in kDa.

The location of GOX protein was subsequently studied by
immunocytochemistry. Using α-GOX antibodies and ultrathin sections of methanol-
grown GMH1 cells, labelling was found predominantly at the cell wall (Fig. 5A).
Cytochemical experiments confirmed that the cell wall-bound GOX was
enzymatically active. Moreover, using this technique no GOX activity was detected
in the cytosol (data not shown).
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Fig. 5 Ultrathin section of glutaraldehyde-fixed, methanol-grown cells of GMH1 (A) and GMH6 (B),
labelled with α-GOX antibodies and gold conjugated goat-anti-rabbit antibodies, showing cell wall
labelling of strain GMH1 (A). In strain GMH6 GOX label is found in the proliferated ER-like vesicles
(arrows). M mitochondrion, N nucleus, P peroxisome, V vacuole. Bar = 0.5 µm.

BiP overproduction reduces A. niger GOX secretion by H. polymorpha
To study the effects of enhanced levels of BiP on GOX secretion, the BIP

overexpression cassette was integrated in two copies into the genome of strain
GMH1. The resulting strain, designated GMH6, grew normally on glucose, glycerol
or methanol at rates identical to the host strain GMH1 (data not shown).

To analyse whether enhanced BiP levels stimulate GOX secretion, GMH1
and GMH6 cells were grown in batch cultures containing either glycerol (moderate
overproduction) or methanol (high overproduction). Upon growth of cells on
methanol, the secretion of GOX protein was severely reduced in strain GMH6,
compared to strain GMH1 (Fig. 6). This reduction in secretion was also observed at
low PAOX induction during growth of cells on glycerol (Fig. 6).

Fig. 6 Extracellular GOX activities of
strain GMH1 and GMH6 after 24 of
growth on methanol or glycerol.
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In order to obtain further insight into the hampered secretion of GOX by
GMH6, the levels and subcellular location of this protein was investigated
biochemically by Western blotting using α-GOX antibodies. The results, shown in
Fig. 7, indicate that in GMH1 and GMH6, GOX protein is produced to approximately
the same level (Fig. 7A; compare lanes 3 and 4). In protoplasts prepared from cells of
strain GMH1, GOX protein was hardly detectable (Fig. 7B; lane 2). Strikingly,
virtually all GOX protein produced by strain GMH6 was retained in the protoplasts
(Fig.7B; lane 3). These results indicate that GOX protein produced by strain GMH6
had accumulated intracellularly. Immunocytochemical experiments on ultrathin
sections of GMH6 cells revealed that GOX protein accumulated in ER-like vesicles
(Fig. 5B).

Fig. 7 Western blot analysis of different constructed H. polymorpha strains grown for 24 h on
methanol-containing medium. Gels were loaded with A total cell extracts (lanes: 1 wild type,
2 GMH5, 3 GMH1, 4 GMH6) or B protoplasts prepared from the cells (lanes: 1 GMH5, 2 GMH1,
3 GMH6). Blots were decorated using specific antibodies against GOX. Equal amounts of protein
were loaded per lane. Mw Molecular weight in kDa.

To test whether the overproduction of BiP specifically hampered the
secretion of GOX or if other processes that rely on the secretory pathway were also
affected, we studied the fate of the vacuolar protease carboxypeptidase Y (CPY) in
these cells. CPY enzyme assays on crude extracts of methanol-grown cells revealed
that the activities were comparable to WT levels (Table 1). Neither CPY activity nor
protein could be detected under these conditions in the medium of methanol-grown
cells (data not shown). These data are in contrast to observations on CPY sorting in
the H. polymorpha pdd1 mutant [27]. The H. polymorpha PDD1 gene product, which
is the functional homologue of S. cerevisiae Vps34p, is essential for selective
peroxisome degradation. It was shown that sorting of CPY was impaired in the H.
polymorpha pdd1 mutant. Besides reduced CPY enzyme activities (1 mU/mg
protein), CPY was also mis-sorted to the culture fluid in this mutant.
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Table 1 Carboxypeptidase Y (CPY) activities of methanol-grown cells of  pdd1, wild type, GMH5,
GMH1 and GMH6.

Strain pdd1 wild-
type

GMH5 GMH1 GMH6

CPY activities
(mU/mg protein)

1 3.8 3.5 3.5 3.3

Discussion

In this paper, we describe the cloning of an Hansenula polymorpha gene that
belongs to the HSP70 family. The presence of an N-terminal leader sequence, the
high similarity to S. cerevisiae Kar2p (73.8% identity), and the C-terminal –HDEL
sequence, which is a typical ER retention sequence, left little doubt that the gene in
fact represents the H. polymorpha BIP homologue.

BiP is an essential protein in the eukaryotic cell. It fulfils crucial roles in the
translocation of proteins across the ER membrane. During post-translational import
of secretory proteins into the ER, BiP acts as a molecular ratchet, inhibiting the
backward movement of the emerging polypeptide [28, 29]. BiP is also essential for
the opposite process, namely the export of malfunctional proteins from the ER prior
to their degradation by the proteasome in the cytosol.

The availability of BiP is infrequently observed to be one of the major
bottlenecks in secretion of heterologous proteins. For instance, overproduction of BiP
led to a 5-fold increase in secretion of human erythropoietin by yeast cells [30]. In
addition, bovine prochymosine secretion increased 26-fold upon BIP overexpression
in S. cerevisiae [7]. In other cases, however, BiP overproduction did not result in
higher secretion levels as for example in the case of thaumatin secretion [7].
Reducing the levels of BiP clearly reduced secretion of human granulocyte-colony-
stimulating factor, Schizosaccharomyces pombe acid phosphatase and bovine trypsin
inhibitor by S. cerevisiae. In these cases, the secretion levels remained unaltered upon
overproduction of BiP [31]. In Aspergillus awamori, elevated BiP levels did not show
any significant effect on the secretion efficiency of different cutinase variants [32].
Similar results were observed in the case of secretion of heterologous proteins by
mammalian cells [8, 33].

To study the effect of enhanced levels of BiP on the secretion of
heterologous A. niger GOX, we cloned the H. polymorpha BIP gene under control of
the inducible AOX promoter and integrated this expression cassette into the genome
of a strain that was able to produce and secrete GOX. Our results showed that in H.
polymorpha, the upregulation of BiP levels clearly showed a negative effect on the
secretion of GOX protein. The levels of secreted GOX activity in strain GMH6 were
reduced 10-fold compared to the parental strain GMH1, which secreted 25 mU/ml.
This reduction of secretion efficiency can be explained by the fact that GOX protein
is accumulating intracellularly in ER-like vesicles, as was evident from both electron
microscopical (Fig. 5) and Western blot analysis (Fig. 7).

At present, the molecular mechanisms underlying these observations are not
clear. One explanation for this phenomenon could be that BiP overexpression results
in the retention of possible malfolded GOX in the ER. An important feature of BiP is
that it assists in the proper folding of proteins that are translocated into the lumen of
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the ER. BiP appears to bind to hydrophobic sequences of polypeptides [5], thereby
preventing premature and incorrect folding.

Malfolded proteins, accumulated in the ER lumen, are often eliminated by
ERAD (ER Associated Degradation); BiP seems to be essential for this process [6].
Associations between BiP and retained secretory proteins have often been observed,
even as proteinaceous aggregates [34-36]. From the electron microscopical analysis
(Fig. 5B), it is clear that such aggregates are not present in strain GMH6. To test
whether associations between BiP and GOX exist in strain GMH6, co-
immunoprecipitations were performed. The results from these experiments were not
conclusive (data not shown).

Our data suggested that the block in secretion was not related to the extreme
high overexpression of a single gene, but seems to be specific as it was also observed
in glycerol-grown cells. During growth on glycerol PAOX is induced to levels up to
approximately 25% of the values generally observed in methanol-grown cells. The
inhibitory effect was apparently also not due to a general defect in ER protein import
and passaging, since endogenous CPY, which is sorted via the ER and Golgi to
vacuoles, was properly transported to the vacuole, indicated by the processing of the
protein to the mature, enzymatically active, form.

In order to gain more insight in the molecular mechanisms underlying the
observation of reduced GOX secretion in the BiP overexpression strain, the effects of
overproduction of other ER proteins on GOX secretion could be studied. In addition,
the fate of homologous secretory proteins could be studied during overproduction of
BiP. Currently, we are trying to identify and isolate such proteins from H.
polymorpha.
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Abstract

We used Aspergillus niger glucose oxidase (GOX) as a model protein to
study oligomeric protein secretion by Hansenula polymorpha. GOX is a homo-
dimeric protein of approximately 150 kDa with a FAD moiety non-covalently bound
to each monomer. We observed that production of GOX increased with increasing
copies of the GOX expression cassette integrated; secretion, however, seemed to be
coupled to an optimal copy number. The observation that the Saccharomyces
cerevisiae invertase leader sequence gave rise to higher secretion levels of GOX,
compared to the use of the leader sequence of the S. cerevisiae mating factor α,
suggests that the choice of the sequence, used to direct an heterologous protein into
the secretory pathway, is important for the final yield of the secreted protein.
Furthermore, we showed that, in contrast to observations made in Yarrowia
lipolytica, pex1 and pex6, mutants that are affected in peroxisome biogenesis are not
affected in the exit of secretory proteins from the endoplasmic reticulum.
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Introduction

Yeast is an attractive host for the production of heterologous proteins,
because in these organisms post-translational modifications like glycosylation and
phosphorylation normally occur. These modifications are often essential for proper
activity and/or stability of the produced protein. In recent years, the methylotrophic
yeast Hansenula polymorpha has gained increasing interest as a cell factory for the
production of biologically active proteins [1, 2].

H. polymorpha has certain advantages over other organisms for application
purposes. Importantly, H. polymorpha is more thermotolerant (37°C - 43°C )
compared to e.g. Pichia pastoris, Candida boidinii and Saccharomyces cerevisiae
(30°C ) and capable to grow at higher rates on simple defined media. In large-scale
fermentation’s this allows better cooling management and reduces the risk of
contamination. Furthermore, H. polymorpha does not secrete large amounts of
endogenous proteins resulting in a relative pure fraction of secreted heterologous
products.

Although H. polymorpha is already highly successful used for the
commercial production of Hepatitis B vaccine [3], little is still known of the factors,
which influence the secretion efficiency. A general experience is that (over)expression
of homologous/heterologous genes in yeast often does not lead to the expected protein
levels. To study the factors, which are limiting in this process, we used glucose oxidase
(GOX) of Aspergillus niger as a model protein. GOX of A. niger is a glycoprotein
with a molecular weight of approximately 150 kDa. The native enzyme consists of
two identical subunits, which contain two non-covalently bound FAD molecules [4].

In previous reports, it has been shown that GOX is secreted by H.
polymorpha [5, 6]. This feature enabled us to study the efficiency of GOX secretion
by H. polymorpha in more detail. In this study we analysed the effect of copy
numbers on the secretion level, compared different leader sequences, studied the
effect of two genes essential for peroxisome biogenesis namely PEX1 and PEX6, on
the secretion of glucose oxidase. Furthermore, mutants were isolated to identify other
factors that could enhance secretion.

Materials and methods

Organisms and growth conditions
All Hansenula polymorpha strains used (Table 1) are derivatives of

NCYC495 leu1.1 ura3 [7] and were grown at 37°C in (a) rich complex media (YPD)
containing 1% yeast extract, 2% peptone and 1% glucose supplemented with zeocin
(100 µg/ml) when required, in  (b) mineral medium (MM) as described [8] or on (c)
YNB without amino acids containing 0.67% Yeast Nitrogen Base (Difco). Carbon
sources used were 0.5% glucose, 0.5% methanol or a mixture of 0.1% glycerol/0.5%
methanol; as nitrogen source 0.25% ammonium sulphate was used. Cultivation in
continuous culture was performed at 37°C in MM [8] supplemented with 0.5%
methanol at a dilution rate of 0.1 h-1. Leucine was added to a final concentration of 30
µg/ml. Escherichia coli DH5α (Gibco-Brl, Gaithesburg, Md) was grown at 37°C in
LB medium, supplemented with zeocin (25 µg/ml) or kanamycin (50 µg/ml) when
required.
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Miscellaneous DNA techniques
Standard recombinant DNA techniques, E. coli transformation and plasmid

isolation procedures were performed essentially as described [9]. H. polymorpha was
transformed by electroporation [10].

Construction of glucose oxidase producing strains
To study the effect of deletion of PEX1 or PEX6 on the secretion of

artificially produced GOX, an integration plasmid was constructed which contained
the GOX expression cassette and the Candida albicans LEU2 gene to obtain single
copy integrants. The plasmid was constructed as follows: from plasmid pWG30
(Table 1) a 4.9 kb BamHI fragment was isolated containing the MFαGOX fusion
under control of the alcohol oxidase promoter (PAOX). This fragment was ligated into
BamHI digested pMK155 (Table 1). The resulting plasmid (pMK155-MFαGOX )
was linearized with StuI and transformed to WT, pex1 and pex6. Correct integration
of the plasmid into the genome at the PAOX locus was confirmed by Southern blot
analysis (data not shown).

To study the effect of over-expression of GOX on secretion levels, a plasmid
was constructed which contained the GOX expression cassette and the
Saccharomyces cerevisiae LEU2, which enabled selection of integrants with variable
copy numbers [11]. The plasmid was constructed as follows: a 4.2 kb StuI/BamHI
fragment of pWG30 was cloned into StuI/BamHI digested pHIPX4.HENBSX (Table
1), a derivative of pHIPX4 [12]. The resulting plasmid (pHIPX4-MFαGOX) was
linearized using StuI and transformed to WT H. polymorpha. Correct integrants at the
PAOX locus in 1, 2, 3 and multiple copies was confirmed by Southern blot analysis
(data not shown).

The plasmid pRHU6 (Table 1), containing the coding region of the leader
sequence of S. cerevisiae invertase (aa 1-19) fused in frame to the GOX coding
region (aa 23-605, without the endogenous leader sequence) under control of PAOX,
was linearized with StuI and integrated into the genome of WT H. polymorpha.
Correct integration in one copy at the PAOX locus was confirmed by Southern blot
analysis (data not shown).

Mutant isolation
Mutagenesis of strain GMH1 (Table 1) was performed using random

integration of linear DNA fragments (RALF) [13]. The mutagenized cells were
spread on YPD plates containing zeocin at dilutions resulting in 100 to 300 colonies
per plate. Mutants with an altered glucose oxidase secretion phenotype were screened
by a glucose oxidase activity colony assay, using 2,2’-Azino-di-[3-
ethylbenzthiazoline sulfonate] (ABTS) as substrate. To this purpose, the plates were
incubated at 37°C for 2 days and the colonies formed were replica plated onto MM
agar plates containing methanol. After 24h of incubation at 37°C, the plates were
overlaid with 9 ml of the GOX activity assay mixture, containing 50 mM Tris-HCl
buffer (pH 6.0), 0.3% agar, ABTS (1mg/ml), peroxidase (6 IU/ml) and 1% glucose.
The overlaying assay mixture was allowed to set and formation of reaction product,
visualised as green halo’s was followed. Colonies producing smaller or larger halos,
compared to halo formation by the host strain GMH1, were selected.
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Biochemical methods
Total cell extracts were prepared as described [6]. SDS-PAGE and Western

blotting were performed by established procedures. Determination of GOX activity
was performed as described [6].

Electron microscopy
Whole cells were fixed and embedded in Epon 812 or unicryl as described

previously [14]. Ultrathin unicryl sections were labelled using polyclonal antibodies
against GOX protein and goat-anti-rabbit antibodies conjugated to gold according to
the instructions of the manufacturer (Amersham, UK).
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Table 1 Plasmids and Hansenula polymorpha strains used in this study.

Strains/plasmids Relevant properties Reference

Plamids

pWG30 MFαGOX under control of the AOX promoter [6]

pMK155 pBR322 based plasmid containing the Candida

albicans LEU2 gene

E. Berardi,

unpublished

pHIPX4.HENBSX AOX promoter, S. cerevisiea LEU2 K.B. Rechinger,

unpublished

pHIPX4-MFαGOX GOX expression cassette, S. cerevisiae LEU2 This study

pMK155-MFαGOX GOX expression cassette, C. albicans LEU2 This study

pRHU6 ISSGOX fusion under control of the AOX promoter R.E. Hilbrands,

unpublished

H. polymorpha strains

NCYC 495 Wildtype (WT), leu1.1 [7]

PAOX MFαGOX1c WT with one-copy integration of pHIPX4-MFαGOX This study

PAOX MFαGOX2c WT with two-copy integration of pHIPX4-MFαGOX This study

PAOX MFαGOX3c WT with three-copy integration of pHIPX4-MFαGOX This study

PAOX MFαGOXmc WT with multiple-copy integration of pHIPX4-

MFαGOX

This study

PAOX ISSGOX1c WT with one-copy integration of pHIPX4-ISSGOX This study

pMK155-MFαGOX1c WT with one-copy integration of pMK155-MFαGOX This study

pex1 PEX1 deletion strain, leu1.1 [25]

pex1:: PAOX MFαGOX pex1 with one copy integration of pMK155-MFαGOX This study

pex6 PEX6 deletion strain, leu1.1 [25]

pex6:: PAOX MFαGOX pex6 with one copy integration of pMK155-MFαGOX This study

GMH1 NCYC 495 leu1.1 ura3 with one copy integration PAOX

MFαGOX, leu1.1

[6]



Chapter 3

48

Results

Overproduction of Aspergillus niger glucose oxidase in wild type Hansenula
polymorpha leads to enhanced secretion levels.

Previously, we showed that glucose oxidase (GOX) of Aspergillus niger is
synthesised and secreted by Hansenula polymorpha [6]. Overproduction of H.
polymorpha BiP did not enhance the secretion levels in such a production system.
Instead, secretion of GOX was reduced, a phenomenon accompanied by the
accumulation of GOX in the secretion pathway.

To determine if we could enhance secretion levels by simple overproduction
of GOX, we integrated a GOX expression cassette, consisting of an in frame fusion
between the coding sequence of the leader sequence of the S. cerevisiae mating factor
α and the A. niger GOX gene under control of the alcohol oxidase promoter,
PAOXMFαGOX, in different copy numbers into the genome of wild type (WT) H.
polymorpha. Strains carrying one, two, three and multiple copies (mc) of the
expression cassette were selected for further analysis. The resulting strains grew
normally on glucose (data not shown). The final optical density (OD663) of the
different strains grown on methanol varied from 3.3 for strain PAOXMFαGOX1c,
which is equal to WT controls, to 2.7 for the strain PAOX MFαGOXmc.

Fig. 1 Western blot analysis, using α-GOX antibodies, of total cell extracts (A) and the cultivation
medium (B) of methanol-grown cells, showing the presence of cell-bound and extracellular GOX
protein. Lanes: 1 PAOXMFαGOX1c, 2 PAOXMFαGOX2c, 3 PAOXMFαGOX3c, 4 PAOXMFαGOXmc. For total
cell extracts, equal amounts of protein were loaded per lane (corresponding to 0.3 OD660 units of the
culture). For the cultivation medium, a volume of the culture medium corresponding to 3 OD660 units
was loaded per lane.

As expected GOX protein was not produced in glucose-grown cells.
However, upon growth of cells on methanol GOX protein was readily detectable,
both in total cell extracts and in the culture fluid (Fig. 1). From this figure, it is clear
that increasing numbers of GOX expression cassettes in the genome results in
enhanced GOX secretion levels (Fig. 1B). This is confirmed by GOX activity
measurements (Table 2).
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Table 2 Extracellular glucose oxidase activities of the different strains grown on methanol for 24
hours.

Strain  Glucose oxidase activity (mU/ml)
PAOX MFαGOX1c 25
PAOX MFαGOX2c 37
PAOX MFαGOX3c 52
PAOX MFαGOXmc 50

GOX activity values presented are the mean of three independent experiments.

Interestingly, the increasing amount of GOX protein synthesized with
increasing copy numbers was not associated with enhanced GOX secretion when
more then 3 copies of the GOX expression cassette are present in the genome.
Electron microscopy revealed that high level production in PAOXMFαGOXmc cells was
associated with a distinct proliferation of ER-like vesicles in these cells (Fig. 2D).
Development of these vesicles was not observed in the strains carrying lower copy
numbers (Fig. 2 A-C), although accumulation of GOX protein in the nuclear
membrane is evident in cells carrying 3 copies (Fig. 2C). This suggests that secretion
is very efficient up to 2 copies and secretion limitation initiates at 3 copies or higher.
Immunocytochemically, using α-GOX antibodies and ultrathin sections of methanol-
grown cells, these structures were the sole sites of intracellular GOX protein (Fig. 2).

Isolation of mutants with altered secretion patterns, using random integration of
linear DNA fragments.

Mutants, generated from strain GMH1 [6], were selected based on altered
GOX secretion patterns. Generation of these mutants was performed using the
recently developed random integration of linear DNA fragments (RALF) method
[13]. This method makes use of the fact that linear DNA fragments are randomly
integrated into the genome of H. polymorpha and thus random gene disruptions are
generated.

A collection of approximately 10,000 mutant strains was screened for altered
GOX secretion patterns, using the GOX activity plate assay. Based on this assay,
fourteen mutants, which seemed to have altered secretion levels compared to the
parental strain, were selected for further characterisation. These mutants were grown
in methanol-containing media and subsequently analysed for GOX protein synthesis
and secretion.

This analysis resulted in two mutants, which showed significant altered
GOX secretion levels. One of these, designated ZMH2, showed ~ 3.5-fold decrease in
secretion of GOX activity compared to strain GMH1. The other mutant, designated
ZMH9, showed a ~ 3-fold increase in secretion of GOX compared to the parental
strain (Table 3). The total amount of GOX protein synthesized in the two mutant
strains were comparable to the parental strain as judged by western blot analysis,
using α-GOX antibodies, of total cell extracts as well as the culture fluid (data not
shown).
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Fig. 2 Ultrathin section of glutaraldehyde-fixed, methanol-grown cells of H. polymorpha strains with
different copies of the GOX expression cassette integrated, labelled with α-GOX antibodies and gold
conjugated goat-anti-rabbit antibodies, showing the intracellular accumulation (arrows) of GOX
protein in single and multiple copy integration. In the 2-copy strain (B), low labelling was infrequently
observed in the lateral ER. At 3 copies (C) significant labelling is observed in the nuclear membrane,
whereas at multiple copies (D) a distinct vesicle formation is seen, in part associated with the nuclear
membrane where GOX protein is accumulated. A: PAOXMFαGOX1c, B: PAOXMFαGOX2c, C:
PAOXMFαGOX3c, D: PAOXMFαGOXmc. M mitochondrion, N nucleus, P peroxisome. Bar = 1µm.

Table 3 Extracellular glucose oxidase activities of strain GMH1 and mutants thereof after 24 hours
of growth of cells on methanol containing media.

Strain/mutant Glucose oxidase activity (mU/ml)
GMH1 28
ZMH2 8
ZMH9 70

GOX activity values presented are the mean of three independent experiments.
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Enhanced secretion of glucose oxidase using the S. cerevisiae invertase signal
sequence.

The first step of protein secretion, driven by the leader sequence of the S.
cerevisiae mating factor α (MFα), involves post-translational import of the protein
into the ER [15]. To study if GOX secretion levels varied with the sorting signal
used, the S. cerevisiae invertase signal sequence (ISS) was taken as an alternative
leader sequence. S. cerevisiae invertase is co-translationally imported into the ER
[15], mediated by an ER sorting sequence of 19 amino acids.

A H. polymorpha strain was constructed in which A. niger GOX was cloned
in frame with the ISS; this fusion was cloned behind the alcohol oxidase promoter
(PAOX) and integrated in one copy into the genome of WT H. polymorpha. GOX
secretion levels of strain PAOXMFαGOX1c and strain PAOXISSGOX1c were analysed
using methanol-limited chemostat cultures (D = 0.1 h-1). GOX enzyme activity
measurements revealed that under these conditions 55 mU/ml of GOX activity was
present in the culture fluid of strain PAOXMFαGOX1c and 53 mU/ml was associated
with the cells. For PAOXISSGOX1c cells these data amounted 81 mU/ml of secretion
and 191 mU/ml associated with the cells. Since in the chemostat cultures the
cultivation conditions were equal, this indicates that for production and secretion of
GOX the ISS signal is preferred above the MFα signal.

The role of PEX1 and PEX6 in GOX secretion
In the yeast Yarrowia lipolytica distinct pathways diverge at the level of the

ER [16]. These routes serve protein secretion, cell surface growth and peroxisome
biogenesis. Titorenko et al. showed that PEX1 and PEX6 were not only essential for
peroxisome biogenesis but also functioned in protein secretion. The authors showed
that in both the Y. lipolytica pex1-1 mutant as well as the pex6 knock-out strain, the
exit of a precursor form of alkaline extracellular protease from the ER was affected.
To study if secretion and peroxisome biogenesis are also linked in H. polymorpha,
the GOX secretion cassette was integrated into the genome of H. polymorpha pex1
and pex6 deletion strains. The resulting strains were grown for 24 hours on medium
containing glycerol/methanol mixtures and analysed for GOX secretion. The data
(Table 4) clearly show that the extracellular GOX activities in strains that lack the
function of PEX1 or PEX6 do not differ from the WT strain. The total amount of
GOX protein produced by the three strains is the same as judged by western blot
analysis of total cell extracts (data not shown). From this we conclude that, under
these conditions, peroxisome biogenesis and GOX secretion are separate processes in
H. polymorpha.

Table 4 Extracellular glucose oxidase activities of the different strains grown on glycerol/methanol
mixtures for 24 hours.

Strain Glucose oxidase activity (mU/ml)
pMK155-MFαGOX1c 26
pex1:: PAOX MFαGOX 25
pex6:: PAOX MFαGOX 26

GOX activity values presented are the mean of three independent experiments.
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Discussion

We used A. niger GOX as a model protein to study oligomeric protein
secretion by Hansenula polymorpha. We showed that the total production of GOX
protein increased with an increasing number of copies integrated into the genome.
This gene-dosage effect has been described before e.g. for the phytase production in
H. polymorpha [17], the production of hepatitis B surface antigen in Pichia  pastoris
[18] and recently the same effects were found using Yarrowia lipolytica [19]. In
contrast to the production, the secretion of GOX protein is only partially gene-dosage
dependent. The secretion rates increased and reached a maximum at 3 copies of the
GOX expression cassette integrated into the genome. This implies that there is an
optimal copy number for secretion of GOX by wild type H. polymorpha. The same
observation has been made when galactose oxidase was expressed and secreted by H.
polymorpha (McMullin et al.; data presented at the first Hansenula polymorpha
Worldwide Network (HPWN) conference, 2000). These results are not in line with
the observation made in case of high level secretion of hirudin by H. polymorpha
[20]. In the latter case, increasing the copy number up to 40 copies resulted in
ongoing higher secretion rates.

Nowadays a variety of proteins have been produced and secreted using yeast
based systems. In case of non-secreted foreign proteins the addition of a secretion
signal onto the mature protein is essential to mediate secretion in the yeast host. The
choice of a suitable secretion signal sequence is an important factor in the final yield
of the desired protein. In the case of secretion of hen lysozyme by S. cerevisiae the
best results were obtained using the prepro leader sequence of mating factor α
(MFα). Secretion of hen lysozyme using this sequence was 5-fold higher, relative to
the use of the S. cerevisiae invertase signal sequence (ISS) [21]. We studied the effect
of these two secretion signals on A. niger GOX secretion by H. polymorpha. To allow
a conclusive comparison, both strains were grown in methanol-limited chemostat
cultures, thus at identical cultivation conditions. The data showed a significant
increase in secretion using the ISS relative to the MFα signal. This finding therefore
is opposite to data obtained from hen lysozyme production [21]. One explanation for
this observation could be related to the length of the invertase signal sequence which
is comparable to the length of the endogenous A. niger GOX signal, which are
respectively 19 and 21 amino acids long, whereas the MFα signal is 85 amino acids
in length. An alternative explanation could be that in H. polymorpha production and
secretion of GOX is more efficient when this protein is co-translationally imported
into the ER.

In the past few years various examples of indirect evidence for a role of the
ER in peroxisome biogenesis have been presented [22-24]. Recently H. polymorpha
PEX1 and PEX6 were identified [25]. Pex1p and Pex6p are both AAA-ATPases that
show homology to NSF and Sec18p, proteins that are known to be involved in
membrane fusion processes. The function of Pex1p/ Pex6p in vesicle fusion processes
has been substantiated in vitro, using pre-peroxisomal vesicles isolated from Y.
lipolityca [26]. A possible functional relationship of Pex1p/Pex6p in ER function was
also suggested from the finding that Y. lipolytica pex1 and pex6 mutants are also
defective in the exit of some secretory proteins from the ER [16]. In this study we
present data, using artificially produced GOX, that do not confirm these observations
in H. polymorpha. In both pex1 and pex6 deletion mutants the production and
secretion of GOX is comparable to that of WT controls. One possible explanation
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could be that Y. lipolytica is more specialised in secretion [27] than H. polymorpha. It
could very well be that in Y. lipolytica secretion and peroxisome biogenesis are more
interconnected.

For industrial purposes, strains with improved secretion properties are often
isolated by multiple rounds of mutant selection. In many of these cases fundamental
knowledge of the molecular mechanisms underlying the altered secretion pattern is
not known. In fundamental research, however, the principles of these processes are
main topics of research. Hodgkins and co-workers already successfully used classical
mutagenesis using N-ethyl-N’-nitro-N-nitrosoguanidine (NTG) to obtain regulatory
mutants [5]. These authors also used GOX, as a reporter protein to obtain mutants,
which have an abnormal regulation of the alcohol oxidase promoter. One mutant,
designated 31-12-7up8 displayed GOX secretion levels, which were ~ 5-fold higher
compared to their parental strain. The difference in GOX secretion levels, ~ 1.8 U/ml
calculated for mutant 31-12-7up8 and the maximum observed value of GOX activity
of 52 mU/ml secreted by our strains , is due to different employed assay methods and
experimental conditions. This was confirmed by results obtained when mutant 31-12-
7-up8 (a kind gift of P. Sudbery, Sheffield, UK) and our strains were subjected to the
same procedures and experimental conditions, which showed that under these
conditions the difference in GOX secretion levels between the strains was negligible.

During our study we aimed to identify new genes, which could enhance
secretion in order to shed light on the underlying mechanisms of this process. A
recently exploited method (RALF) for the generation of mutants was used for this
purpose [13]. An H. polymorpha strain which was able to secrete A. niger GOX [6]
was mutagenized in this way. We were interested in both increased GOX secretion
phenotypes as well as decreased GOX secretion phenotypes. Although, at first sight it
might be difficult to envisage how a gene disruption would lead to higher secretion
efficiencies, recently it became clear that this could be the case. A S. cerevisiae strain
lacking PEP4 (protease-A deficient) is improved in secretion of heterologous α-
amylase [28]. Deletion of the yeast PMR1, which is a P-type Ca2+-ATPase allows
higher secretion of e.g. bovine prochymosin [29]. From the screening of
approximately 10,000 mutants, two were selected. One mutant showed a lower
secretion efficiency of GOX and one mutant displayed a higher GOX secretion level
compared to the parental strain. These strains are now topic for further research to
isolate the corresponding genes.
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Chapter 4

Fate of peroxisomal alcohol oxidase of Hansenula polymorpha that is
artificially sorted into the secretory pathway.

Meis van der Heide, Adriana N. Leão, Ida J. van der Klei, Marten Veenhuis

Abstract

We report the use of peroxisomal alcohol oxidase (AO) as a model protein
for the production and secretion of large complex proteins by the methylotrophic
yeast Hansenula polymorpha. The leader sequence of the Saccharomyces cerevisiae
mating factor α (MFα) was used to mediate sorting of AO to the endoplasmic
reticulum (ER). This recombinant AO protein was shown to be exclusively directed
to the ER although the peroxisomal targeting signal was still present. As a
consequence, ER-derived membranous structures are strongly proliferated in these
cells. We showed that the AO protein, contained in the ER-derived vesicles is
monomeric, did not contain FAD and hence, did not display enzymatic activity.
Furthermore, we showed that the recombinant AO protein was subject to gradual
degradation. Apparently, the protein could not fold properly in the secretion pathway.
We speculate that these folding problems are due to the failure of the AO protein to
bind FAD, possibly due to steric hindrance of the FAD binding fold by the presence
of the pro-region of the MFα leader sequence.
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Introduction

The yeast Hansenula polymorpha is able to grow on methanol as sole carbon
and energy source. Growth on this compound is associated with the induction of the
synthesis of a specific set of proteins, which catalyse the conversion of methanol into
biomass and energy [1, 2]. Alcohol oxidase (AO) is the first enzyme of methanol
metabolism and catalyses the oxidation of methanol into formaldehyde and hydrogen
peroxide. The enzymatically active form of AO protein is an homo-octamer of
approximately 600 kDa. Each subunit contains one flavin adenine dinucleotide
(FAD) as the co-factor. AO is a peroxisomal protein; at the extreme C-terminus, a
typical PTS1 signal is residing, which mediates sorting of the protein from its site of
synthesis, the cytosol, to peroxisomes.

The past few years methylotrophic yeast species, including H. polymorpha,
have been recognized as attractive hosts for the synthesis and secretion of
heterologous proteins [3-5]. Many proteins have been successfully produced at an
industrial scale; highlight in this is the production of a hepatitis B vaccine that is now
massively produced for use in human health care [5].

Oxidoreductases represent a class of proteins of strong scientific and
industrial interest. Of these proteins, peroxisomal AO is often used as model for
protein assembly and activation studies [6]. In this study, we have used AO to
investigate how uptake of the protein in the secretory pathway could be achieved. The
results are included in this paper.

Materials and Methods

Organisms and growth conditions
All Hansenula polymorpha strains used are derivatives of NCYC495 [7].

Wild type (WT) strains (NCYC495 leu1.1 ura3 and NCYC495 leu1.1),
WT::PAOXMFαAOXmc, ∆aox::PAOXMFαAOX, ∆pex3 [8] and ∆aox::PAOXMFαAOX
/∆pex3 were grown at 37°C in (a) rich complex media (YPD) containing 1% yeast
extract, 2% peptone and 1% glucose, in (b) mineral medium (MM) as described [9] or
on (c) YNB without amino acids containing 0.67% Yeast Nitrogen Base (Difco).
Carbon sources used were 0.5% glucose, 0.5% methanol or 0.1% glycerol/0.5%
methanol mixtures; as nitrogen source 0.25% ammonium sulphate was used.
Cultivation in continuous culture was performed at 37°C in MM [9] supplemented
with 0.2% glucose and 0.25% methanol at a dilution rate of 0.1 h-1. Leucine and/or
uracil were added to final concentrations of 30 µg/ml. Riboflavin was added to a final
concentration of 1 mM.
Eschericia coli DH5α (Gibco-Brl, Gaithesburg, Md) was grown at 37°C in LB
medium, supplemented with ampicillin (100 µg/ml), kanamycin (50 µg/ml) or
erythromycin (150 µg/ml) when required.

Miscellaneous DNA techniques
Standard recombinant DNA techniques, E. coli transformation and plasmid

isolation procedures were performed essentially as described [10]. H. polymorpha
was transformed by electroporation [11].



AO in the secretory pathway

59

Construction of plasmids containing ER targeted H. polymorpha AO
The plasmid containing the S. cerevisiae mating factor α (MFα) leader

sequence fused in frame to the H. polymorpha AOX gene under control of the alcohol
oxidase promoter (PAOX) was constructed as follows: a 1.8 kb fragment containing the
PAOX and MFα was isolated by PCR with the MFα primer (5’-GGG GGA TCC TCT
TTT ATC CAA GCT TAC CCC) and the M13/pUC universal sequencing primer.
The amplified fragment was digested with StuI and BamHI and cloned into pHIPX4-
PAS3 [12] digested with StuI and BamHI, resulting in plasmid pHIPX4-MFα-PAS3.
The AOX gene was amplified using PCR and the AOXstart primer (5’-CCC GGA TCC
GCC ATT CCT GAC GAA TTC G) and the AOXstop primer (5’-CC CCC GGG TTA
GAA TCT GGC AAG TCC GGT CTC C). Finally the amplified AOX fragment was
digested with BamHI and SmaI and cloned into BamHI/SmaI digested pHIPX4-MFα-
PAS3, thereby replacing the PAS3 gene. The plasmid pHIPX4-MFα-AOX was used to
transform NCYC495 leu 1.1 cells. Correct integration into the PAOX locus in multiple
copies was confirmed by Southern blot analysis (data not shown).

The fragment used to replace the endogenous AOX gene was constructed as
follows: a 4.1 kb StuI/NarI fragment from pHIPX4-MFα-AOX was cloned into
pHIPX1 [13] digested with the same enzymes. The resulting plasmid was digested
with StuI and NcoI and the obtained 6.7 kb fragment was used to transform NCYC
495 leu1.1 ura3 cells. Correct integration into the PAOX locus and replacement of the
chromosomal AOX gene was confirmed by Southern blot analysis (data not shown).
The resulting strain was designated as ∆aox::PAOXMFαAOX.

The double mutant ∆aox::PAOXMFαAOX /∆pex3 was obtained by crossing
the ∆aox::PAOXMFαAOX and ∆pex3 [8] mutants and selecting amongst the progeny
for mutants containing both the aox and the pex3 deletions.

Biochemical methods
Cell extracts were prepared as described [14]. Separation of monomeric and

octameric AO was performed by sucrose gradient centrifugation [15]. The presence
of FAD was determined by measuring emission at 517 nm, using a luminescence
spectrometer (Perkin Elmer LS50B). SDS-PAGE, Western blotting and determination
of AO activity were performed by established procedures. Protein concentrations
were determined using the Biorad Protein Assay (Biorad GmbH, Munich, Germany)
using BSA as a standard.

Deglycosylation using Endo H (Boehringer) was performed as follows.
Three OD660 units (volume x OD660) were harvested by centrifugation. The cell pellet
was resuspended in a 12.5% (final concentration) TCA solution followed by freezing
of the sample at -80°C. After thawing, the sample was centrifuged at 14.000 rpm at
room temperature. The pellet was washed twice with ice-cold 80% acetone and
subsequently resuspended in 80 µl 0.1N NaOH / 1% SDS / 1% β-mercaptoethanol.
The sample was then cleared by centrifugation and the cleared lysate was boiled for
five minutes. For endo H treatment, 15 µl of cell-free lysate was added to 35 µl endo
H buffer (80 mM NaAc pH 4.5, 0.8 % SDS, 1% β-mercaptoethanol) containing 2 mU
of endo H (Boehringer) and protease inhibitors. Samples with or without endo H were
incubated for 2 h at 37°C. Finally, SDS sample buffer was added and the samples
were boiled for 5 min prior to electrophoresis and Western blotting.
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Electron microscopy
Whole cells were fixed and embedded in Epon 812 or unicryl as described

previously [16]. Ultrathin unicryl sections were labelled using polyclonal antibodies
against alcohol oxidase and goat-anti-rabbit antibodies conjugated to gold according
to the instructions of the manufacturer (Amersham, UK). Cytochemical localisation
of AO activity was performed as described [17].

Results

H. polymorpha AO protein can enter the secretory pathway.
In order to direct H. polymorpha alcohol oxidase (AO) into the secretory

pathway, a hybrid gene was constructed encoding the leader sequence of the S.
cerevisiae mating factor α (MFα) fused to H. polymorpha AO separated by a KEX2p
cleavage site. This gene was placed under control of the inducible alcohol oxidase
promoter (PAOX) and integrated into the genome of WT H. polymorpha. Strains were
selected that contained multiple copies of the expression cassette into the genome, as
was confirmed by Southern blotting (data not shown).

The resulting strain, WT::PAOXMFαAOXmc, grew normally on glucose,
glycerol and methanol at rates identical to the WT host strain (data not shown). As
expected, AO protein was not produced during growth of cells on glucose (data not
shown). However, in Western blots prepared from cell extracts of methanol-grown
cells, decorated with α-AO, two AO protein bands were observed (Fig. 1; lane 3).
The lower protein band apparently corresponds to normal WT AO protein, whereas
the higher band reflects AO protein which is glycosylated (Fig. 1; compare lane 3 and
lane 4) and based on its molecular weight still contained the pro-region of the MFα
leader sequence.

Fig. 1 Western blot prepared from
samples after deglycosylation of cell
extracts of methanol-grown NCYC495
leu1.1 (WT) and WT::PAOXMFαAOXmc

cells, decorated with α-AO antibodies.
Lanes 1 WT without endo H; 2 WT with
endo H; 3 WT::PAOXMFαAOXmc without
endo H; 4 WT::PAOXMFαAOXmc with

endo H. In WT::PAOXMFαAOXmc cells two AO protein bands can be observed, representing WT AO
(lower band) and based on its molecular weight the MFαAO hybrid protein (lane 3). From the
deglycosylation experiment it is clear that the MFαAO hybrid protein is glycosylated (compare lane 3
and lane 4). Equal amounts of protein were loaded per lane. Mw Molecular weight in kDa.

AO protein and activity were never detected in the culture fluid of these
cultures. This could be related to the AO production levels as it occurs in cells grown
in batch culture. Therefore, in order maximize the production levels of recombinant
AO protein, strain WT::PAOX MFαAOXmc was grown in a carbon-limited chemostat
culture (D = 0.1 h-1) on a mixture of glucose/methanol. Electron microscopy revealed
that cells grown under these conditions contained the expected numbers of
peroxisomes [9], a phenomenon paralleled with a strong proliferation of ER-like
vesicles (Fig. 2A). Immunocytochemically, using ultrathin sections of these α-AO
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antibodies, labelling was observed on both the peroxisomal profiles and the vesicles
(Fig. 2B). Subsequent cytochemical experiments unequivocally showed that AO
activity was strictly confined to the peroxisomal matrix (Fig. 2C). These results
suggested that the MFαAO protein that accumulated in the vesicles was not able to
assemble into the active enzyme and therefore most likely is present as monomers.

Fig. 2 Overall morphology (A) of methanol-grown WT::PAOXMFαAOXmc cells, showing the
development of numerous vesicles (arrows). B shows the results of immunocytochemical experiments
using specific antibodies against AO and protein A/gold. Labelling is located on peroxisomes, the
nuclear membrane and the vesicles, suggesting that the vesicles are of endoplasmic reticulum (ER)
nature. Immunocytochemically, AO activity is confined to peroxisomes (C). The proliferated ER-
vesicles (asterisks) show no reaction products, indicating the absence of AO activity. Protoplasts were
incubated with CeCl3 and methanol. M mitochondrion, N nucleus, P peroxisome, V vacuole,
arrows/asterisks ER-derived vesicles. Bar = 1µm.

In order to determine the oligomerization state and the FAD content of this
MFαAO protein, the recombinant AO was purified. To avoid possible interference of
the homologous WT AO with the recombinant AO in the purification procedures, we
decided to use a strain in which the endogenous AOX gene was replaced by the
MFαAOX hybrid gene.

Construction and analysis of a H. polymorpha ∆aox strain producing the MFαAO
fusion protein.

In order to obtain an H. polymorpha ∆aox strain producing the MFαAO
fusion protein a 6.7 kb StuI/NcoI fragment was integrated,via double cross-over, into
the genome of a WT H. polymorpha strain. The resulting strain, ∆aox::PAOXMFαAOX,
was not able to grow on methanol (Mut--phenotype; data not shown).

In H. polymorpha, Mut- cells high PAOX  induction can however readily be
achieved upon growth of cells in batch cultures on glycerol/methanol mixtures. In
cell extracts, prepared from glycerol/methanol-grown ∆aox::PAOXMFαAOX cells, AO
activity was not detectable; activity of the enzyme was also not observed in the
culture fluid of these cultures. Morphologically, a strong proliferation of vesicles was
observed. These represented the sole site of AO protein in the cells, as was evident
from immunocytochemistry (Fig. 3A).

These experiments also revealed that peroxisome biogenesis was not
severely affected, except that the organelles present in the ∆aox::PAOXMFαAOX cells
were smaller of size compared to WT peroxisomes. The latter can be readily
explained by the fact that a major protein constituent, AO protein, was absent in these
organelles but had accumulated in the ER. These data furthermore imply that import
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of hybrid AO into peroxisomes did not occur despite the fact that the PTS1 signal on
the fusion protein was unaffected. Apparently, the artificial N-terminal secretion
signal overrules the authentic peroxisomal sorting machinery.

Fig. 3 Immunocytochemical experiments, using α-AO antibodies and protein A/gold on ultrathin
sections of ∆aox::PAOXMFαAOX cells, grown on a glycerol/methanol mixture, showing the exclusive
presence of AO in the vesicles that are most likely derived from the ER (A). A typical example of an
identical grown WT H. polymorpha cell is presented in panel B. M mitochondrion, N nucleus,
P peroxisome, arrows ER-derived vesicles. Bar = 1µm.

Synthesis and analysis of MFαAO protein from ∆aox:: PAOXMFαAOX cells.
Cell extracts, prepared from glycerol/methanol-grown ∆aox::PAOX MFαAOX

cells, were subjected to Western blot analysis using specific antibodies against AO.
These experiments revealed that the amount of AO protein present in such cells was
somewhat reduced compared to WT controls (Fig. 4).

Fig. 4 Western blot analysis
using specific α-AO antibodies
of cell extracts of both wild
type and ∆aox::PAOX MFαAOX
cells. Showing the induction of
AO protein in these cells in
batch cultures after 4h, 8h, 14h
and 24 h after the shift of cells
from glucose to methanol or
glycerol/methanol containing
media.
WT = wild type,
∆aox = ∆aox::PAOX MFαAOX ,
M = methanol,
GM = glycerol/methanol.
Equal amounts of protein were
loaded per lane.
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To determine the oligomerisation state and the FAD content of the vesicle
resident AO, crude extracts of glycerol/methanol grown cells were subjected to
sucrose gradient centrifugation [15, 18]. The results showed that in the transformant,
the hybrid AO protein was exclusively present in a monomeric form (Fig. 5). The
FAD content of  the monomeric AO was analysed by spectroscopy. The emission of
these purified AO fractions at 517 nm failed to resolve the presence of FAD. Taken
together, these data indicate that the hybrid AO protein that had accumulated in the
ER was monomeric and had not bound FAD.

Fig. 5 Western blots, using specific α-AO
antibodies, prepared from the various
fractions obtained after sucrose gradient
centrifugation of equal amounts of cell
extracts of ∆aox::PAOX MFαAOX cells
(upper part) and wild type H. polymorpha
(lower part) showing the exclusive
presence of monomeric AO in the
∆aox::PAOX MFαAOX strain. Lane 1
represents the top fraction and lane 8
represents the bottom fraction of the
gradient. Lanes 1-3: monomeric AO (72
kDa), lanes 6-8: octameric AO (600 kDa).
Mw Molecular weight in kDa.

The finding that in ∆aox::PAOXMFαAOX cells the AO levels are reduced
compared to WT controls, may be interpreted in that the hybrid protein is less stable
than its WT counterpart. To analyse this aspect in more detail, ∆aox::PAOXMFαAOX
cells were grown for 24 hours in batch culture on glycerol/methanol. Subsequently,
excess glucose was added to the cultures, thus fully repressing the synthesis of AO
protein [19]. In WT cells this procedure would lead to the rapid degradation of the
peroxisomes present in the cells and thus, in the rapid decrease of AO protein [20-
22]. The fate of AO protein present in the ∆aox::PAOX MFαAOX cells was followed by
Western blot analysis. The data presented in Figure 6, demonstrate that the levels of
AO protein gradually decreased. This suggests that the vesicle resident AO is
gradually degraded, possibly by the ER associated degradation machinery
(ERAD)[23]. The reason for this degradation could be related to the fact that the ER
quality control system recognises the hybrid AO protein as improper folded, a known
phenomenon for AO under conditions that binding of FAD is prevented [24].

Fig. 6 Western blot analysis, of cell
extracts prepared from cells of
∆aox::PAOXMFαAOX grown for 24 h
on glycerol/methanol ( t = 0 h) and
after exposure to 0.5% glucose for 30
min, 1h, 2h and 4h. The blot was
decorated using specific α-AO

antibodies. To correct for growth of the cells equal culture volumes were loaded per lane. Reduction of
the amount of AO protein in time is evident.
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The MFα signal sequence gives rise to posttranslational import of the hybrid
AO protein into the ER [25], and thus the protein is expected to be completely
synthesized in the cytosol prior to import into this compartment. This property
allowed us to study whether the hybrid AO protein was intrinsically competent to
assemble into an active enzyme. This assumption is based on earlier observations that
showed that putative peroxisomal AO assembly factors are also functional in the
cytosol, as exemplified by the presence of active oligomeric AO in the cytosol of a
pex mutant cell that lack intact peroxisomes [6, 15, 26].

Therefore, we studied the fate of MFαAO in a pex3/∆aox::PAOXMFαAOX
double mutant. As expected, methanol-induced cells of the double mutant lacked
peroxisomes (data not shown). In addition, in cell extracts prepared from such cells
AO activity was invariably undetectable (data not shown). These results suggest that
putative peroxisomal AO assembly factors, that are functional in the cytosol of pex
mutants, were not able to perform their function in the cytosol of the double mutant
cells.

In earlier studies, we demonstrated that the availability of FAD is of crucial
importance for the proper assembly of AO [6]. To analyse whether  possible limiting
amounts of FAD could account for the lack in MFαAO assembly, both the ∆aox::PAOX

MFαAOX strain and the pex3/∆aox::PAOXMFαAOX double mutant strain were grown
on glycerol/methanol in the presence of 1 mM riboflavin. However, also under these
conditions AO activity could not be detected, indicative for the fact that FAD is not
the limiting factor in the AO assembly process in these cells (data not shown).

Discussion

We have examined the fate of Hansenula polymorpha alcohol oxidase (AO)
upon artificial sorting of this peroxisomal protein into the secretory pathway. Wild
type (WT) H. polymorpha AO is an oligomeric flavoprotein that consists of eight
identical sub-units each of which carries a flavin moiety (FAD) as the prosthetic
group. AO is a typical example of a complex enzyme molecule that can not
spontaneously assemble in vitro from its constituting components and was used here
as a model protein to investigate the requirements for the production and secretion of
complex flavoproteins.

In methanol-grown H. polymorpha AO is normally not secreted but localized
in peroxisomes. AO contains a typical PTS1 type targeting signal that consists of
three amino acids, -ARF, located at the extreme C-terminus of the protein [27, 28].

To direct AO into the secretory pathway we used the coding region of the
leader sequence of Saccharomyces cerevisiae mating factor α (MFα) placed in front
of the full length homologous H. polymorpha AOX gene. The rational of this
approach was two-fold: firstly, the MFα signal functions in H. polymorpha as
exemplified by the successful secretion of Aspergillus niger glucose oxidase (GOX),
using this signal [14, 29]. It is relevant to note here that A. niger GOX is a dimeric
flavoprotein that resembles AO in structure [24].

Secondly, using the MFα leader sequence the hybrid AO protein will be
post-translationally imported into the ER. This implies that the protein is completely
synthesized in the cytosol prior to import into the ER, an order of events that largely
resembles the normal import pathway of AO into peroxisomes.
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Our data indicated that the MFαAO fusion protein is indeed sorted into the
secretory pathway in spite of the fact that the authentic PTS1 signal of the protein
was unaffected. This implies that the N-terminal leader sequence dominates the
peroxisomal import machinery. This remarkable phenomenon may be related to the
evolution of intracellular organelles. Several organelles, e.g. mitochondria, plastids
and microbodies are proposed to be endosymbionts that have become cellular
constituents after development of the endomembrane system [30-32].

Our results demonstrate that the hybrid AO protein remained in the secretory
pathway and is not exported from the cell. Possibly, the conformation of the protein
did not allow export. This hypothesis is based on the observation that the MFαAO
fusion protein was exclusively present as a monomer that lacked FAD. The failure to
bind FAD was not due to limiting amounts of this compound, as was evident from
experiments performed under riboflavin excess conditions. Previous experiments on a
H. polymorpha riboflavin auxotrophic mutant demonstrated that FAD binding was a
prerequisite to allow proper assembly and activation of AO protein [6]. Monomeric
AO, lacking FAD, is highly unstable [33], also in vitro and readily aggregates, both in
vitro and in intact cells. Thus, conformational changes of AO monomers related to the
absence of FAD may cause the failure in secretion. Subsequently, the quality control
system may recognize these proteins as defective folded leading to the removal and
degradation of these molecules by the ER associated degradation (ERAD) machinery.
This would be the most likely explanation for the observed gradual decrease of
hybrid AO protein upon a shift of methanol induced cells to conditions that the AO
protein is no longer synthesized.

The reason why MFαAO protein is not assembled is still speculative. One
possible explanation is related to the observation that the protein MFα prosequence is
not cleaved off, as suggested by the size of the protein compared to WT AO. The
presence of this sequence could interfere (e.g. by steric hindrance or by affecting the
structure) with the availability of the FAD binding site that is located at the N-
terminus of the protein and thus prevent binding of the co-factor. As indicated before,
FAD binding is a prerequisite for AO assembly and activation. Experiments are now
under way using the S. cerevisiae invertase signal sequence. This signal differs from
the MFα signal in that is spliced off during import of the protein in the ER with the
advantage that the N-terminus of the ER-resident AO is now unaffected and normally
exposed under these conditions.
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Chapter 5

Secretion of active alcohol oxidase by Hansenula polymorpha.

Meis van der Heide, Ida J. van der Klei, Marten Veenhuis

Abstract

In this study, we report the use of the Saccharomyces cerevisiae invertase
signal sequence (ISS), to mediate secretion of peroxisomal alcohol oxidase (AO) of
Hansenula polymorpha in the cultivation medium. AO secretion levels increased of
with increasing copy numbers of the ISSAOX expression cassette integrated into the
genome. Only a portion of the produced AO is secreted, the remaining part was
observed in ER-like membranous structures that were strongly proliferated. We show
that the secreted AO protein is active and has apparently the normal wild-type
molecular mass.
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Introduction

The methylotrophic yeast Hansenula polymorpha is capable of utilizing
methanol as the sole source for carbon and energy. The key enzymes for methanol
metabolism, alcohol oxidase (AO), dihydroxyacetone synthase (DHAS) and catalase
(CAT), are confined to peroxisomes [1].

Peroxisomes are essential organelles in H. polymorpha to support growth on
methanol. H. polymorpha has been of value for fundamental research on peroxisome
biogenesis and selective peroxisome degradation. The pronounced morphological
features of both processes and the strong induction rates of the key enzymes of
methanol metabolism, renders this yeast an attractive model system for these studies
[2].

AO is an abundant protein during growth on methanol and has often been
used as a model for protein assembly and activation studies [3]. AO is sorted to
peroxisomes via a PTS1 type peroxisomal targeting signal (-ARF), which resides at
the extreme C-terminus of the protein [4]. Following import of AO into the
peroxisomal matrix the protein obtains its enzymatically active form. The activation
of AO includes the non-covalent binding of flavin adenine dinucleotide (FAD) as the
co-factor and the oligomerization into a homo-octamer of approximately 600 kDa.

In the last decade, methylotrophic yeast, including H. polymorpha, also have
gained increased attention as host for the production of valuable, heterologous
proteins [5, 6]. In a previous report, we used H. polymorpha AO as a model protein to
study the secretion of large oligomeric proteins. We observed that, using the leader
sequence of  Saccharomyces cerevisiae mating factor α (MFα), AO was efficiently
targeted into the secretory pathway. The recombinant AO protein was present solely
in a monomeric form and lacked FAD. This FAD-less monomeric AO was not stable
but subject to gradual endoplasmic reticulum associated degradation (ERAD) [7].
The inability to bind FAD was possibly due to steric hindrance of the FAD binding
fold by the pro-region of the MFα leader sequence.

This prompted us to study the use of an alternative ER targeting signal,
namely the S. cerevisiae invertase signal sequence (ISS). The ISS consists of only a
pre-sequence, which is spliced off upon import into the ER thereby rendering an AO
protein, which potentially is able to bind FAD at the N-terminus of the protein. In this
report, we show the secretion of active octameric AO using this alternative ER
targeting signal.

Materials and Methods

Organisms and growth conditions
All Hansenula polymorpha strains used in this study are derivatives of

NCYC495 [8]. NCYC 495 leu1.1 (WT), WT::PAOXISSAOX with various copy
numbers and ∆aox::PAOXISSAOX were grown at 37°C in rich complex media (YPD)
containing 1% yeast extract, 2% peptone and 1% glucose, in mineral medium as
described [9] or on YNB without amino acids containing 0.67% Yeast Nitrogen Base
(Difco). Carbon sources used were 0.5% glucose , 0.5% methanol or 0.1%
glycerol/0.5% methanol mixtures; as nitrogen source 0.25% ammonium sulphate was
used. Leucine was added to final concentrations of 30 µg/ml. Eschericia coli DH5α
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(Gibco-Brl, Gaithesburg, Md) was grown at 37°C in LB medium, supplemented with
ampicillin (100 µg/ml) or kanamycin (50 µg/ml) when required.

Miscellaneous DNA techniques
Standard recombinant DNA techniques, E. coli transformation and plasmid

isolation procedures were performed essentially as described [10]. H. polymorpha
was transformed by electroporation [11].

Construction of plasmids containing  H. polymorpha AO fused to the Invertase Signal
Sequence

The plasmid containing the S. cerevisiae Invertase Signal Sequence (ISS)
fused in frame to the H. polymorpha AOX gene under control of the alcohol oxidase
promoter (PAOX) was constructed as follows: Firstly a plasmid containing the ISS
fused to Aspergillus niger glucose oxidase was partially digested with NheI, the
isolated 8.9 kb fragment was then digested with SmaI resulting in a 7.1 kb vector
fragment. The AOX gene was amplified using PCR and the AOXstart primer (5’ -CCC
GGA TCC GCC ATT CCT GAC GAA TTC G) and the AOXstop primer (5’ -CC CCC
GGG TTA GAA TCT GGC AAG TCC GGT CTC C). The amplified AOX fragment
was digested with NheI and SmaI and cloned into NheI/SmaI digested vector
fragment. The plasmid pHIPX4-ISSAOX was used to transform NCYC495 leu 1.1
cells. Correct integration into the PAOX locus was confirmed by Southern blot analysis
(data not shown). Strains with various copies of the expression cassette integrated
were selected for further analysis.

The fragment used to replace the endogenous AOX gene was constructed as
follows: a 3.9 kb StuI/NarI fragment from pHIPX4-ISSAOX was cloned into pHIPX1
[12] digested with the same enzymes. The resulting plasmid was digested with
BamHI and the obtained 8.6 kb fragment was used to transform NCYC 495 leu1.1
cells. Correct integration into the PAOX locus and replacement of the chromosomal
AOX gene was confirmed by Southern blot analysis (data not shown). The resulting
strain was designated as ∆aox::PAOXISSAOX.

Biochemical methods
Total cell extracts were prepared as described previously [13].

Deglycosylation using Endo-H (Roche) was performed as described before (Chapter
4 of this thesis).

The presence of FAD in recombinant AO was determined in
immunoprecipitates by fluorescence spectroscopy after extraction of FAD from the
protein with TCA [14].

SDS-PAGE, Western blotting and determination of AO activity was
performed by established procedures. Protein concentrations were determined using
the Biorad Protein Assay (Biorad GmbH, Munich, Germany) using BSA as a
standard.

Electron microscopy
Whole cells were fixed and embedded in Epon 812 or unicryl as described

previously [15]. Ultrathin unicryl sections were labelled using specific polyclonal
antibodies against AO protein, raised in rabbit and goat-anti-rabbit antibodies
conjugated to gold according to the instructions of the manufacturer (Amersham,
UK).
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Results

Construction and analysis of strains producing the ISSAO fusion protein.
In a previous study, we showed that the leader sequence of the

Saccharomyces cerevisiae mating factor α (MFα), efficiently sorted peroxisomal
alcohol oxidase (AO) to the secretory pathway, although secretion was prevented.
The recombinant AO was found to be monomeric and lacked FAD. We speculated
that the inability to bind FAD was due to steric hindrance of the FAD binding fold by
the pro-region of the leader sequence as the FAD binding site is near the N-terminus
of the protein [16]. To test this hypothesis we used an alternative sorting signal
namely the S. cerevisiae invertase signal sequence (ISS). This signal differs from that
of the MFα in that it consists only of a pre-sequence, which is spliced off upon
import of the protein in the ER. As a result, the N-terminus of AO may be normally
exposed under these conditions.

To obtain strains in which AO was sorted to the ER using the ISS, a hybrid
gene was constructed encoding the ISS fused in frame to H. polymorpha AOX gene.
This gene was placed under control of the inducible AOX promoter (PAOX) and
integrated in various copies into the genome of WT H. polymorpha.

The resulting strains grew on glucose at rates identical to the WT host strain
(data not shown). In Western blots, prepared from crude extracts of methanol-grown
cells of strains with different copy numbers, decorated with α-AO antibodies, two
AO protein bands were observed (Fig. 1A). The lower band apparently corresponds
to normal WT AO protein. The higher band most likely reflects  glycosylated AO
protein as judged from a deglycosylation experiment, using endoglycosidase H (Endo
H) of strain WT::PAOXISSAOXmc (Fig. 1B). Remarkably, AO protein was also
detected in the culture fluid of the various constructed strains (Fig. 1C). From this
figure, it is evident that AO protein levels in the culture fluid increased with
increasing copy number (Fig. 1C).

Fig. 1 (A) Western blot prepared from cell extracts
of methanol-grown wild type (WT) (lane 1), WT::
PAOXISSAOX1c (lane 2), WT::PAOXISSAOX2c (lane
3) and WT::PAOXISSAOXmc (lane 4) cells,
decorated with α-AO antibodies. (B) Western blot
prepared from samples after deglycosylation using
endoglycosidase H (endo H), decorated with α-AO
antibodies. Lanes 1 WT without endo H, 2 WT
with endo H, 3 WT::PAOXISSAOXmc without endo
H, 4: WT::PAOXISSAOXmc with endo H. (C)
Western blot prepared from the culture fluids of
methanol-grown cells of WT (lane 1),
WT:: PAOXISSAOX1c (lane 2), WT::PAOXISSAOX2c

(lane 3) and WT::PAOXISSAOXmc (lane 4). In cells
of the recombinant strains two AO protein bands
can be observed, representing WT AO (lower
band) and the recombinant AO protein which,
based on the endo H treatment, is glycosylated (B)
compare lanes 3 and 4). Extracellular AO protein

was detected in all recombinant strains (C). For cell extracts, equal amounts of protein were loaded per
lane (corresponding to 0.3 OD660 units of the culture). For the cultivation medium, a volume of the
culture medium corresponding to 3 OD660 units was loaded per lane.
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Based on electrophoretic behaviour, the AO protein detected in the culture
fluid was of wild type molecular mass and not glycosylated. Activity measurements
revealed that the extracellular protein was enzymatically active (Fig. 2). In addition,
the increase in AO protein was paralleled by an increase in extracellular AO activity
(Fig. 2).

Fig. 2 Extracellular AO activities after 24
hours of growth on methanol containing
medium of  strains WT:: PAOXISSAOX1c (lc),
WT::PAOXISSAOX2c (2c) and
WT::PAOXISSAOXmc (mc).

To rule out the possibility that the extracellular AO is due to cell lysis, the
WT::PAOXISSAOXmc strain was grown on methanol and the presence of AO activity in
the culture fluid was followed with time (Fig. 3). The data show that extracellular AO
appears already in the mid-exponential growth phase, which makes lysis as the cause
of extracellular AO unlikely.

Fig. 3 Growth curves of
methanol-grown WT and
strain WT::PAOXISSAOXmc

together with extracellular
AO activities secreted by
WT::PAOXISSAOXmc in time.
During exponential growth,
AO activity already can be
detected in the culture fluid.

Other evidence arguing against possible cell lysis, was that two other major
components of the peroxisomal matrix, DHAS and CAT, were invariable absent in
the culture fluid (Fig. 4 A and B). Furthermore, two cytosolic proteins were tested for
their presence in both cell extracts and culture fluids of the various grown strains.
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Both elongation factor 1α (EF1α) and formate dehydrogenase (FDH), were only
detected intracellularly, judged from Western blots decorated with specific antibodies
against EF1α (Fig. 4C) and FDH activity measurements (Table 1).

Fig. 4 Western blots prepared from a cell extract and the culture fluid
of methanol-grown WT::PAOXISSAOXmc. Blots were decorated using
α-DHAS antibodies (panel A), α-CAT antibodies (panel B) and α-
EF1α antibodies (panel C). In all three panels lane 1 represents the
crude cell extracts and lane 2 represents the culture fluid. It is clear
that none of the tested proteins can be detected in the growth medium.
For cell extract, equal amounts of protein were loaded per lane
(corresponding to 0.3 OD660 units of the culture). For the cultivation
medium, a volume of the culture medium corresponding to 3 OD660
units was loaded per lane.

Table 1 Formate dehydrogenase (FDH) activities determined in crude
extracts of the various grown strains.

Strain and Growth condition FDH activity (U/mg)

WT - Methanol 0.18

WT::PAOXISSAOXmc - Methanol 0.19

To ensure that the extracellular AO was indeed originating from the ISSAO
fusion, the secreted AO protein was N-terminally sequenced. Here, we made use of
the fact that removal of the ISS upon import of the recombinant AO into the ER
would result in a serine residue as the first amino acid. Sequencing of the
extracellular AO indeed revealed that the first amino acid residue was a serine, thus
confirming the recombinant origin of the extracellular AO protein.

The amount of AO protein detected in the culture fluid was not high relative
to the total amount of AO produced (Fig. 1 compare A and C). This suggests that
bulk of the AO protein had accumulated intracellularly. Indeed,
immunocytochemistry, using α-AO antibodies, on WT::PAOXISSAOXmc cells revealed
that AO protein was present not only on the peroxisomal profiles but also on strongly
proliferated ER-like structures (Fig. 5A and 5B). DHAS protein, however, was only
present in peroxisomes indicating that proper sorting of DHAS was unaffected in
such cells (Fig. 5C).
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Fig. 5 Overall morphology (A) of methanol-grown WT::PAOXISSAOXmc cells, showing the presence of
the strong proliferated ER-like structures. B shows the results of immunocytochemical experiments
using specific antibodies against AO and protein A/gold. Labelling is located on peroxisomes and the
ER-like structures. DHAS labelling was exclusively located on peroxisomal profiles, indicating that
DHAS sorting was unaffected under these conditions (C). D Ultrathin section of glutaradehyde-fixed,
glycerol/methanol-grown ∆aox::PAOXISSAOX cells labelled with α-AO antibodies and protein A/gold.
AO labelling of strain ∆aox::PAOXISSAOX shows the exclusive presence of AO in the strongly
proliferated ER-like structures. N nucleus, M mitochondrion, P peroxisome, V vacuole, arrows ER-
like structures. Bar = 0.5 µm

Construction and analysis of a ∆aox strain producing the ISSAO fusion protein
In order to obtain an H. polymorpha ∆aox strain, producing the ISSAO

fusion protein, a 8.6 kb BamHI fragment was integrated via a double cross-over, into
the genome of WT H. polymorpha. The resulting strain, designated as



Chapter 5

76

∆aox::PAOXISSAOX, was not able to grow on methanol. However, high PAOX induction
can be achieved upon growth of such cells in batch cultures on glycerol/methanol
mixtures. In crude cell extracts, prepared from glycerol/methanol-grown
∆aox::PAOXISSAOX cells, no AO activity was detected. From immunocytochemistry,
it was evident that as in WT::PAOXISSAOX cells, also in these cells a strong
proliferation of ER-like structures had occurred in these cells (Fig. 5D). These
structures represented the sole sites of AO protein in the cells. Peroxisome
biogenesis, however, was not affected, except that the peroxisomes were smaller of
size compared to WT peroxisomes. The lack of AO in these organelles readily
explains this observation. Fluorescence analysis of the FAD content of recombinant
AO, immunoprecipitated from cell extracts of ∆aox::PAOXISSAOX, revealed that FAD
was present in such precipitates. From this, we concluded that the ISSAO fusion
protein is able to bind FAD.

Discussion

In this paper, we show the secretion of active Hansenula polymorpha AO,
using the leader sequence of the Saccharomyces cerevisiae invertase (ISS). Normally,
in methanol-grown H. polymorpha WT cells, AO is located in peroxisomes. Active
AO is an homo-octamer, consisting of eight identical subunits, each of which carries
a non-covalently bound FAD as the co-factor.

In a previous study we showed that AO is efficiently targeted to the
secretory pathway, using the leader sequence of the S. cerevisiae mating factor α
(MFα). Secretion of AO, however, could not be established under these conditions.
Instead, the hybrid AO remained in ER-like structures as a FAD-less monomer. We
speculated that the pro-region of the MFα is not cleaved off because the hybrid
protein did not reach the site where this cleaving normally occurs, namely in the
Golgi. The presence of this pro-region could interfere with the correct exposure of the
FAD binding site, which is located at the N-terminus of the protein, thus resulting in
a protein which lacks FAD and consequently is unable to assemble properly [17].

In an attempt to overcome these problems, we used the S. cerevisiae
invertase signal sequence (ISS). A hybrid protein was constructed using 19 amino
acids of the ISS fused to full length AO protein. The results showed that AO is
efficiently targeted to ER-like structures using the S. cerevisiae ISS despite the fact
that the peroxisomal targeting signal (-ARF) is still present at the carboxy terminus of
the protein. Upon production of the ISSAO fusion protein, a strong proliferation of
ER-like structures was observed. Peroxisome biogenesis however, was virtually
unaffected under these conditions.

In addition, active AO protein could be detected in the culture fluid of
methanol-grown WT::PAOXISSAOX cells. The presence of extracellular AO was not
due to cell lysis, demonstrated by the fact that both DHAS and CAT were not
detectable in the growth medium. Furthermore, EF1α and FDH activity, both
cytosolic proteins, were also invariable absent in the culture fluid under these
conditions. The extracellular AO protein is of recombinant origin as became clear
from N-terminal sequence analysis.

Surprisingly, the extracellular AO protein is not glycosylated (Fig. 1B).
Analysis of the AO protein sequence revealed that AO contains two putative N-
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glycosylation sites (Asp-32 and Asp-155). Based on molecular weight estimation of
the produced AO protein we propose that one of these sites is glycosylated in vivo.

We speculate that glycosylation of AO is leading to conformational changes,
which do not allow export of the glycosylated protein from the cell, but which
instead, is retained in ER-like structures. Analysis of the FAD content of AO protein
located in the proliferated ER-like structures revealed that the recombinant AO is
able to bind FAD.

We hypothesise that glycosylation of the recombinant AO possibly leads to a
non-exportable protein conformation. This would explain the observation that the
extracellular AO, which is active, is not glycosylated. The non-glycosylated AO is
therefore the only fraction able to be exported from the cell. To shed further light on
this unexpected phenomenon, experiments in which the glycosylation sites are
mutagenized are underway.
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Summary

In eukaryotic cells, specific metabolic processes are compartmentalised in so-
called organelles. These organelles are essential for proper functioning of the
eukaryotic cell. For instance, energy is generated by the mitochondrion; the nucleus
is the storage room for the genetic information, whereas the vacuole/lysozome is the
recycle bin of waste products. Microbodies (peroxisomes, glyoxysomes, glycosomes)
are versatile organelles and may carry out a wide range of functions. These include
among others carbon metabolism in yeast, photorespiration in plants and cholesterol
metabolism in man.

Proteins that are destined to leave the cell have to travel through the secretion
pathway, including the endoplasmic reticulum (ER) and the Golgi apparatus (a
complex network of tubular and vesicular structures). In these compartments, proteins
to be secreted are modified (e.g. proteolytic processing, glycosylation and formation
of sulphur-bridges) and properly folded. The folding process is conscientiously
monitored by the ER quality control system, which prevents that malfolded and/or
non-functional proteins leave the cell.

The components of the secretory pathway are essential for eukaryotic cells in
that it provides the cell with a machinery to construct other cellular organelles.
Lipids, proteins and complex carbohydrates, destined for the Golgi apparatus, the
vacuole, the plasma membrane, the cell wall or the cell exterior, are sorted to their
respective location via this essential pathway. If eukaryotic cells are used as a cell
factory, the secretory pathway is not only essential for cell maintenance; it also serves
as an important pathway for the production of proteins for biotechnological and
pharmaceutical applications. Such proteins often have to undergo several
modifications for their proper activation/function.

  A large variety of host organisms have been applied to produce heterologous
proteins, ranging from bacteria to higher eukaryotes. The past few years however,
methylotrophic yeast, which are capable of growth on methanol as sole carbon
source, have become preferred hosts for heterologous gene expression. They combine
both fast cultivation at low cost and the ease of genetic manipulation. Production
systems based on methylotrophic yeast often rely on the strong, regulatable promoters
derived from the methanol metabolism pathway genes.

The organism studied in this Thesis is the methylotrophic yeast Hansenula
polymorpha. When used as a cell factory, H. polymorpha has some specific
advantages. H. polymorpha is more thermotolerant compared to other methylotrophs,
which allows better cooling management and reduces the risk of contamination.
Furthermore, H. polymorpha does not secrete large amounts of endogenous proteins
resulting in a relative pure fraction of the desired protein product. Although
successful applications of H. polymorpha as a cell factory exist, little is still known of
the factors which influence secretion efficiency.

The work presented in this Thesis, describes factors influencing the secretion
of flavo-enzymes. Flavo-enzymes, also termed oxidoreductases, are widespread in
nature and play a key role in many biological processes. These enzymes contain
flavin adenine dinucleotide (FAD) as the co-factor for proper activity. The two model
proteins used in this study belong to the oxidoreductase family, namely H.
polymorpha alcohol oxidase (AO) and Aspergillus niger glucose oxidase (GOX).
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In chapter one, the potential cell factory H. polymorpha is introduced together
with an overview of the Hansenula toolbox for production and manipulation of
heterologous proteins. Secondly, an overview of the most important aspects
concerning the secretory pathway in yeast is presented.

One of the model proteins used in this study is A. niger GOX. GOX is a
dimeric flavo-protein of approximately 150 kDa containing FAD as the co-factor on
each subunit. H. polymorpha strains, which were able to secrete GOX were
constructed and analysed in chapter two and three.

In chapter two, the cloning of H. polymorpha Binding protein (BiP) is
described. BiP is an essential constituent of the ER and plays important roles in both
the uptake of proteins into the ER as well as the folding of these proteins, when they
enter the secretory pathway. Various studies showed that the availability of BiP is
sometimes a bottleneck for efficient secretion of heterologous proteins. Therefore, the
effect of increased BiP protein levels was studied on the secretion efficiency of
heterologous produced GOX by H. polymorpha. The results presented in this chapter
clearly showed that strong overproduction of BiP negatively affected the secretion of
GOX.

In chapter three, different aspects of GOX secretion by H. polymorpha were
analysed in detail. First, the effect of the copy-number on the ultimate secretion level
was studied. By just simply increasing the number of copies of the GOX secretion
cassette integrated into the genome of H. polymorpha, an increase in the total amount
of GOX protein produced was observed. The amount of GOX protein and activity
that could be detected in the culture fluid however, reached a maximum level when
three copies of the expression cassette were present in the genome. At enhanced
copies, no further increase in secretion was observed.

Secondly, a comparison of GOX secretion levels using two different ER
targeting signals was performed. The results showed that, using the leader sequence
of the Saccharomyces cerevisiae invertase (ISS), higher GOX secretion levels could
be obtained relative to the use of the leader sequence of the S. cerevisiae mating
factor alpha (MFα).

Finally, the role of Pex1p and Pex6p in GOX secretion was studied. In the
yeast, Yarrowia lipolytica, processes for peroxisome biogenesis and secretion seemed
to be connected to some extend. This conclusion was based on the observation that
mutants defective in Pex1p or Pex6p were not only peroxisome deficient, but also
showed severe defects in protein secretion. This intertwining of both processes is not
observed in H. polymorpha as became clear from a comparison of secretion of GOX
in a wild type strain and two peroxisome deficient mutants, namely pex1 and pex6.
These results suggest that the processes of peroxisome biogenesis and protein
secretion may differ for different yeast species.

The second model protein used during this study was H. polymorpha AO. AO
is an octameric protein of approximately 600 kDa. Each subunit contains a non-
covalently bound FAD as the co-factor. AO is normally sorted to the peroxisomal
matrix via a peroxisomal targeting signal (PTS1) which is located at the extreme C-
terminus of the protein. One of the goals of this research was to direct AO into the
secretory pathway aimed for secretion of AO into the culture fluid. The results of
these studies are described in chapter four and five.

Chapter four describes the results obtained when AO was fused to the pre-pro
leader sequence of the MFα. The recombinant AO fusion protein was very efficiently
targeted into the secretory pathway where it is core-glycosylated. Under these
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conditions, no AO protein could be detected in the culture fluid. The ER localized
AO was monomeric, completely lacked FAD and probably was subject to gradual
degradation via the ER associated degradation machinery. From molecular weight
estimations we speculated that the recombinant AO was not able to bind FAD due to
steric hindrance of the FAD binding fold, which is located at the amino-terminus of
AO, by the pro-sequence of the MFα.

In chapter five this hypothesis was tested in more detail. To this end, we
studied the fate of AO directed into the secretory pathway by using an ER targeting
signal, which only consists of a pre-sequence namely the S. cerevisiae ISS. Upon
entering the secretion machinery, this signal is completely removed and the steric
hindrance should be minimised. The results showed that also in this case the
recombinant AO fusion protein was efficiently targeted to the ER and was
glycosylated. In this case however, a significant amount of AO protein was detected
in the culture fluid. The extracellular AO had a normal molecular weight and was
active.
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Samenvatting

In tegenstelling tot prokaryote cellen (bv. bacteriën) bevatten eukaryote
cellen (bv. menselijke, planten en gist cellen), zogenaamde organellen. Organellen
zijn compartimenten in een cel, die omgeven zijn door een membraan, waarin
specifieke metabole processen plaats vinden. Deze organellen zijn essentieel voor het
juist functioneren van de eukaryotische cel. Energie wordt bijvoorbeeld door het
mitochondrium gegenereerd, de kern is de opslagkamer voor de genetische
informatie, terwijl de vacuole/het lysosoom het recyclingvat van afvalproducten is.
Een vrij recent ontdekte groep organellen zijn de microbodies (hiertoe behoren
peroxisomen, glyoxysomen en glycosomen). Microbodies zijn veelzijdige organellen
en kunnen een brede reeks van functies uitvoeren. Deze omvatten onder andere
koolstofmetabolisme in gist, fotorespiratie in planten en cholesterolmetabolisme in de
mens.

Eiwitten die bestemd zijn de cel te verlaten (secretie), moeten door het
endoplasmatisch reticulum (ER) en het Golgi-systeem (een complex netwerk van
buis- en blaasvormige structuren) heen reizen. In deze compartimenten worden af te
scheiden eiwitten gemodificeerd (bv. proteolytische bewerking, glycosylering en
vorming van zwavelbruggen) en op de juiste wijze gevouwen. Het vouwingsproces
wordt zorgvuldig door het ER-kwaliteitscontrolesysteem doorgelicht, wat voorkomt
dat slecht gevouwen en/of niet-functionele eiwitten de cel verlaten.

De componenten van de secretieroute zijn essentieel voor eukaryotische
cellen doordat zij de cel van een machinerie voorzien om andere celorganellen te
construeren. Via deze essentiële route worden lipiden, eiwitten en complexe
koolhydraten die bestemd zijn voor het Golgi-systeem, de vacuole, de
plasmamembraan, de celwand of de buitenkant van de cel, aan hun respectieve locatie
toebedeeld. Indien eukaryotische cellen als een cellulaire eiwitfabriek worden
toegepast, is de secretieroute niet alleen essentieel voor celonderhoud, maar dient zij
ook als een belangrijke route voor de productie van eiwitten voor biotechnologische
en farmaceutische toepassingen. Dergelijke eiwitten moeten voor hun juiste
activatie/functie vaak verschillende modificaties ondergaan.

Om heterologe eiwitten te produceren, is een grote verscheidenheid van
gastheerorganismen toegepast, zich uitstrekkend van bacteriën tot hogere eukaryoten.
De afgelopen paar jaar is echter voor heterologe genexpressie de methylotrofe gisten,
die in staat zijn tot groei op methanol als enige koolstofbron, geprefereerde
gastheerorganismen geworden. Zij combineren zowel snelle groei tegen lage kosten
als het gemak van genetische manipulatie. Op methylotrofe gist gebaseerde
productiesystemen verlaten zich vaak op de sterke, reguleerbare promotoren die aan
genen van het methanolmetabolisme worden ontleend.

Het in dit Proefschrift bestudeerde organisme is de methylotrofe gist
Hansenula polymorpha. Wanneer toegepast als een cellulaire eiwitfabriek, heeft H.
polymorpha een aantal specifieke voordelen. H. polymorpha is vergeleken met andere
methylotrofen thermotoleranter, wat betere koelingprocedures mogelijk maakt en de
kans op contaminatie vermindert. Bovendien scheidt H. polymorpha geen grote
hoeveelheden endogene eiwitten uit, wat resulteert in een relatief zuivere fractie van
het gewenste eiwitproduct. Hoewel er succesrijke toepassingen van H. polymorpha
als een cellulaire eiwitfabriek bestaan, is nog steeds weinig bekend van de factoren
die de secretie-efficiëntie beïnvloeden.
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Het in dit Proefschrift gepresenteerde werk beschrijft factoren die de secretie
van flavo-enzymen beïnvloeden. Flavo-enzymen, ook oxidoreductasen genoemd, zijn
in de natuur wijdverspreid en spelen bij veel biologische processen een sleutelrol.
Deze enzymen bevatten voor juiste activiteit flavine adenine dinucleotide (FAD) als
de cofactor. De in deze studie toegepaste modeleiwitten behoren tot de
oxidoreductasefamilie, namelijk H. polymorpha alcoholoxidase (AO) en Aspergillus
niger glucoseoxidase (GOX).

In hoofdstuk één wordt de potentiële cellulaire eiwitfabriek H. polymorpha
geïntroduceerd samen met een overzicht van de “Hansenula-toolbox” voor productie
en manipulatie van heterologe eiwitten. Ten tweede wordt een overzicht van de
belangrijkste aspecten gepresenteerd die betrekking hebben op de secretieroute in
gist.

Eén van de in deze studie toegepaste modeleiwitten is A. niger GOX. GOX
is een dimeer flavo-eiwit van ongeveer 150 kDa dat op elke subeenheid FAD als de
cofactor bevat. In hoofdstuk twee en drie werden H. polymorpha stammen
geconstrueerd en geanalyseerd die in staat waren GOX uit te scheiden.

In hoofdstuk twee wordt de klonering van het H. polymorpha Bindingseiwit
(BiP) beschreven. BiP is een essentieel constituent van het ER en speelt belangrijke
rollen bij zowel de opname van eiwitten in het ER alsook de vouwing van deze
eiwitten wanneer zij de secretieroute binnengaan. Verschillende studies lieten zien
dat voor efficiënte secretie van heterologe eiwitten de beschikbaarheid van BiP soms
een “bottleneck” is. Daarom werd het effect van verhoogde BiP eiwitniveaus op de
secretie-efficiëntie van heteroloog geproduceerde GOX door H. polymorpha
bestudeerd. De in dit hoofdstuk gepresenteerde resultaten lieten duidelijk zien dat
sterke overproductie van BiP de secretie van GOX negatief beïnvloedde.

In hoofdstuk drie werden in detail drie verschillende aspecten van GOX-
secretie door H. polymorpha geanalyseerd. Ten eerste werd het effect van het
kopieaantal op het uiteindelijke secretieniveau bestudeerd. Middels het simpelweg
verhogen van het aantal kopieën van de in het genoom van H. polymorpha
geïntegreerde GOX-secretiecassette werd een verhoging in de geproduceerde totale
hoeveelheid GOX-eiwit waargenomen. De hoeveelheid GOX-eiwit en -activiteit die
in de kweekvloeistof kon worden gedetecteerd, bereikte echter een maximum niveau
wanneer in het genoom drie kopieën van de expressiecassette aanwezig waren. Bij
vermeerderde kopieën werd geen verdere verhoging in secretie waargenomen.

Ten tweede werd met gebruikmaking van twee verschillende ER-
targetingsignalen een vergelijking van GOX-secretieniveaus uitgevoerd. De
resultaten lieten zien dat ten opzichte van de toepassing van de leadersequentie van
de Saccharomyces cerevisiae mating factor alpha (MFα) met gebruikmaking van de
leadersequentie van het S. cerevisiae invertase (ISS) hogere GOX secretieniveaus
konden worden verkregen.

Ten slotte werd de rol van Pex1p en Pex6p in GOX-secretie bestudeerd. In
de gist Yarrowia lipolytica leken processen voor peroxisoombiogenese en secretie in
enige mate met elkaar in verband te staan. Deze conclusie werd gebaseerd op de
waarneming dat mutanten die gestoord waren in Pex1p of Pex6p, niet alleen
peroxisoomdeficiënt waren, maar ook ernstige defecten in eiwitsecretie vertoonden.
Deze ineenstrengeling van beide processen wordt niet waargenomen in H.
polymorpha, zoals duidelijk werd uit een vergelijking van secretie van GOX in een
wildtype-stam en twee peroxisoomdeficiënte mutanten, namelijk pex1 en pex6. Deze
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resultaten suggereren dat de processen van peroxisoombiogenese en eiwitsecretie
voor verschillende gistsoorten kunnen verschillen.

Het tweede gedurende deze studie toegepaste eiwit was H. polymorpha AO.
AO is een octameer eiwit van ongeveer 600 kDa. Elke subeenheid bevat een niet-
covalent gebonden FAD als de cofactor. AO wordt normaliter via een peroxisomaal
targetingsignaal (PTS1) dat op de uiterste C-terminus van het eiwit is gelokaliseerd,
naar de peroxisomale matrix gesorteerd. Eén van de doelen van dit onderzoek was
AO naar de secretieroute te dirigeren zodat secretie van AO in de kweekvloeistof
plaats zou vinden. De resultaten van deze studies worden in hoofdstuk vier en vijf
beschreven.

Hoofdstuk vier beschrijft de resultaten die werden verkregen wanneer AO
aan de prepro-leadersequentie van het MFα werd gefuseerd. Het recombinante AO
fusie-eiwit werd zeer efficiënt naar de secretieroute gesorteerd, waar het wordt
geglycosyleerd (koppeling van suikergroepen aan het eiwit). Onder deze
omstandigheden kon in de kweekvloeistof geen AO eiwit worden gedetecteerd. Het
in het ER gelokaliseerde AO was monomeer en miste FAD volledig en was
waarschijnlijk onderhevig aan geleidelijke afbraak via de met het ER geassocieerde
afbraakmachinerie. Uit schattingen van het molecuulgewicht speculeerden wij dat het
recombinante AO vanwege sterische hindering van de FAD-bindingsplaats die aan de
aminoterminus van AO is gelokaliseerd, door de pro-sequentie van het MFα niet in
staat was FAD te binden.

In hoofdstuk vijf werd deze hypothese meer gedetailleerd getest. Voor dit
doeleinde bestudeerden wij het lot van AO dat naar de secretieroute werd gedirigeerd
middels het toepassen van een ER targetingsignaal dat slechts uit een pre-sequentie
bestaat, namelijk het S. cerevisiae ISS. Na het binnengaan in de secretiemachinerie
wordt dit signaal volledig verwijderd en hoort de sterische hindering te worden
geminimaliseerd. De resultaten lieten zien dat ook in dit geval het recombinante AO
fusie-eiwit efficiënt naar het ER werd gesorteerd en werd geglycosyleerd. In dit geval
werd echter in de kweekvloeistof een aanzienlijke hoeveelheid AO-eiwit
gedetecteerd. Het extracellulaire AO had een normaal molecuulgewicht en was actief.
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