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Chapter 3

Secretion of Aspergillus niger glucose oxidase by Hansenula
polymorpha: an analysis of secretion efficiency.

Meis van der Heide, Ida J. van der Klei, Jan A.K.W. Kiel, Marten Veenhuis

Submitted for publication

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]
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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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