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Abstract We have cloned the Hansenula polymorpha
BIP gene from genomic DNA using a PCR-based strate-
gy. H. polymorpha BIP encodes a protein of 665 amino
acids, which shows very high homology to Saccharomy-
ces cerevisiae KAR2p. KAR2p belongs to the Hsp70
family of molecular chaperones and resides in the endo-
plasmic reticulum (ER)-lumen. H. polymorpha BiP con-
tains 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, plac-
ing the gene under control of the strong alcohol oxidase
promoter (PMOX), on the secretion of artificially produced
Aspergillus niger glucose oxidase (GOX) by H. polymor-
pha. BiP overproduction did not lead to any growth de-
fects of the cells; at the subcellular level, proliferation of
ER-like vesicles was observed. However, artificially en-
hanced BiP levels strongly affected GOX secretion and
led to accumulation of this protein in the ER-like vesi-
cles. This was not simply due to the high BiP overpro-
duction, because it was also observed under conditions of
low PMOX induction during growth of cells on glycerol.
Vacuolar carboxypeptidase Y was properly sorted to its
target organelle in the BiP overproducing strains.

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 endo-

plasmic reticulum (ER). Subsequently, the proteins are
sorted by means of vesicular transport via the Golgi ap-
paratus to the cell membrane. Fusion of the transport
vesicle with the cell membrane results in release of its
contents into the extracellular space (Corsi and 
Schekman 1996). Probably one of the best studied pro-
teins within the secretory pathway is BiP, originally de-
scribed as “the Heavy Chain Binding Protein” in 
Abelson virus transformed pre-B mouse cell lines (Haas
and Wabl 1983). BiP belongs to the Hsp70 family of mo-
lecular chaperones and is an essential constituent of the
ER. The Saccharomyces cerevisiae homologue of BiP is
Kar2p (Rose et al. 1989). It has been demonstrated that
BiP plays a key role in both co- and post-translational
translocation of proteins into the ER (Brodsky et al.
1995). Furthermore, it plays a role in protein folding.
During import of proteins into the ER, BiP binds to hy-
drophobic stretches of the polypeptide (Blond-Elguindi
et al. 1993) thereby preventing aggregation. Recently it
was shown that BiP also facilitates ER-associated degra-
dation (ERAD) (Brodsky et al. 1999). This degradation
process involves the retrograde transport of malfolded
proteins out of the ER.

Simultaneous overproduction of BiP and foreign pro-
teins has been studied as a mode to enhance protein se-
cretion; in bakers yeast, BiP overproduction may have a
positive effect on the secretion of artificially produced
proteins (Harmsen et al. 1996). However, the opposite
effect has been observed in certain mammalian cells
(Dorner et al. 1992).

In the past few years, the methylotropic yeast Han-
senula polymorpha has gained increasing interest as an
attractive host for the production of biologically active
proteins (Hollenberg and Gellissen 1997; Gellissen
2000; Gellissen and Veenhuis 2001). Examples of pro-
teins successfully produced by H. polymorpha include,
among others, hirudin (Weydemann et al. 1995), hepati-
tis B vaccines (Gellissen 2000) and Aspergillus niger
glucose oxidase (GOX) (Hodgkins et al. 1993).

In our laboratory, A. niger GOX is used as a model
protein to study the use of H. polymorpha for the secre-
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tion 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. polymor-
pha.

Materials and methods

Organisms and growth conditions

Hansenula polymorpha NCYC 495 leu1.1(WT), NCYC 495
leu1.1::(PMOX-BIP)2c (GMH5), NCYC 495 leu1.1 ura3::PMOX-
ScMFα-GOX (GMH1) and GMH1:: (PMOX-BIP)2c (GMH6) were
grown at 37°C in rich complex medium containing 1% yeast ex-
tract, 2% peptone and 1% glucose (YPD), in mineral medium as
described (van Dijken et al. 1976), or on YNB without amino ac-
ids containing 0.67% yeast nitrogen base (Difco). Carbon sources
used were 0.5% glucose, 0.5% methanol or 0.1% glycerol; as ni-
trogen source, ammonium sulphate at 0.25% was employed. Leu-
cine or uracil were added to final concentrations of 30 µg/ml. Es-
cherichia coli DH5α (Gibco-BRL, Gaithersburg, 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 de-
scribed (Sambrook et al. 1989). H. polymorpha was transformed
by electroporation (Faber et al. 1994).

Cloning and characterisation of the 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′-CGGTATCGATTTAGGTAC and
5′-CGGTAGACTTTTCGACGG) (Appligene, Heidelberg, Germa-
ny) homologous to highly conserved regions of Hsp70 genes of 
S. cerevisiae (Mullisch et al. 1986). A [α-32P]d-ATP-labelled ver-
sion of this 1.5 kb fragment was used to screen a genomic library
of WT H. polymorpha in E. coli, by colony hybridisation. South-
ern blot analysis of plasmid DNA obtained from a positive clone
revealed that a 3.8 kb XbaI fragment of the genomic insert con-
tained 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 re-
lease 6.70 (IntelliGenetics) was employed. The BlastP and BlastX
algorithms (Altschul et al. 1990) were used to screen GenBank
and the Saccharomyces Genome Database (SGD, Stanford Univer-
sity, Calif.). The nucleotide sequence of H. polymorpha BIP was
deposited with GenBank and was assigned Accession no.
AF245405.

Construction of a GOX-producing H. polymorpha strain

A 4.9 kb BamHI fragment from plasmid pWG30 (a kind gift from
Dr. P. Sudbery, University of Sheffield, UK), containing the S. cer-
evisiae mating factor α (MFα) leader sequence fused in-frame to
the GOX gene of A. niger under the control of the H. polymorpha
alcohol oxidase promoter (PMOX), was cloned into pHI1. The re-
sulting plasmid pMH16 was linearised with StuI and integrated in-
to the genome of H. polymorpha NCYC 495 leu1.1 ura3. Correct
integration into the PMOX locus as a single copy was confirmed by
Southern blot analysis (data not shown). The resulting H. poly-
morpha 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′-CCCAAGCTTG-
GATCCATGTTAACTTTCAATAAGTC) and the M13/pUC re-
verse sequencing primer. The PCR product obtained was se-
quenced. A 2.4 kb BamHI-XhoI fragment containing BIP was
cloned into BamHI-SalI-digested pHIPX4-B (Komori et al. 1997).
The resulting plasmid was linearised with StuI and integrated into
the genome of H. polymorpha NCYC 495 leu1.1 and GMH1, re-
sulting in strains GMH5 and GMH6, respectively. Southern blot
analysis confirmed the correct integration as two copies in the
PMOX locus.

Biochemical methods

Total cell extracts were prepared as follows. Three OD660 units
(volume × 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 thaw-
ing, the samples were centrifuged at 14,000 rpm at room tempera-
ture. Pellets were washed twice with ice-cold 80% acetone and
subsequently resuspended in 50 µl 0.1N NaOH/1% SDS. An equal
volume of SDS sample buffer was added prior to boiling the sam-
ples for 5 min. Samples of 10 µl were used for electrophoresis.

For the generation of protoplasts, whole cells were pre-incu-
bated in a solution containing 100 mM Tris pH 8.0, 50 mM ED-
TA, 140 mM β-mercaptoethanol and 1.2 M 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 sor-
bitol, and incubated in the same buffer containing 1 mg ml–1 of
Zymolyase 20 T at 37°C until the bulk of the cells were converted
into protoplasts. All subsequent steps were performed at 4°C. Pro-
toplasts were collected by centrifugation and washed twice with
potassium phosphate buffer pH 7.2 containing 1.3 M sorbitol to
prevent osmotic lysis. Finally, aliquots of the protoplast suspen-
sion, 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 (Verduyn et al. 1984), using 1 mM glucose as a
substrate. Carboxypeptidase Y (CPY) activities were determined
by established procedures (Jones 1991). SDS-polyacrylamide gel
electrophoresis was performed as described by Laemmli (1970).
Gels were used for Western blotting (Kyhse-Anderson 1984), and
blots were decorated using the chromogenic or chemiluminescent
Western blotting kit (Boehringer Mannheim, Germany) and spe-
cific polyclonal antibodies against A. niger GOX and S. cerevisiae
Kar2p (a kind gift from Dr. R. Schekman, University of Califor-
nia, Berkeley, Calif.).

Electron microscopy

Whole cells were fixed and embedded in Epon 812 or unicryl as
described previously (Waterham et al. 1994). 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 H. polymorpha genomic DNA and two 18-mer syn-
thetic oligonucleotides homologous to highly conserved
regions of HSP70 genes from S. cerevisiae, a 1.5 kb frag-
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ment was amplified by PCR. After hybridising this frag-
ment 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
(Titorenko et al. 1996). From this we concluded that the
isolated gene most likely belongs to the Hsp70p family of
molecular chaperones. Further analysis, using the
PSORTII program (Horton and Nakai 1997), 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-reten-
tion signal (Fig. 1B). Based on these characteristics, we
concluded that the gene isolated encodes the H. polymor-
pha homologue of the ER-resident Hsp70p (BiP, Kar2p).

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 (PMOX). The resulting
plasmid was integrated in two copies into the genome of
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Fig. 1 A Schematic representa-
tion of the BIP-containing ge-
nomic DNA fragment. B Com-
parison of the deduced amino-
acid sequences of Hansenula
polymorpha BiP and Saccharo-
myces cerevisiae Kar2p. The
two proteins are homologous
over their entire length. Identi-
cal and similar amino acids are
indicated by asterisks and dots,
respectively. The putative sig-
nal sequence is indicated in
italics, the –HDEL sequence in
bold and the three Hsp70 signa-
tures are underlined



WT H. polymorpha [the resulting strain H. polymorpha
NCYC 495 leu1.1::(PMOX-BiP)2c is further designated as
GMH5]. GMH5 cells grew normally on glucose- or
methanol-containing medium 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 com-
pared to WT cells (Fig. 3). 

Construction of an H. polymorpha strain 
that produces A. niger GOX

To obtain an H. polymorpha strain able to produce and se-
crete A. niger GOX, a hybrid gene with the leader se-
quence 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 PMOX 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 medium at
rates identical to the WT host strain (data not shown).

As expected, GOX protein was not produced in glu-
cose-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
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Fig. 2 Overall morphology of
methanol-grown cells of both
GMH5 (A) and wild type (B)
showing the strongly proliferat-
ed endoplasmic reticulum
(ER)-like vesicles in strain
GMH5 (arrows). The electron
micrographs are of KMnO4-
fixed cells M mitochondrion, N
Nucleus, P peroxisome, V vac-
uole. 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 crude cell extracts.
Lanes: 1 Wild-type, 2 GMH5, 3 GMH1, 4 GMH6. Blots were dec-
orated using specific antibodies against S. cerevisiae Kar2p. Equal
amounts of protein were loaded per lane. The protein band at ap-
proximately 62 kDa (lane 4) represents a BiP degradation product.
Mw Molecular weight in kDa

Fig. 4 Western blot analysis using α-glucose oxidase (GOX) anti-
bodies of both crude cell extract (lane 1) and medium (lane 2) of
strain GMH1 grown on methanol, showing GOX protein associat-
ed with the cells and present in the cultivation medium. Mw Mo-
lecular weight in kDa



enzyme activity measurements revealed that 7 mU/ml
GOX activity was present in the culture medium, where-
as 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 is associated with,
the cell wall.

The location of GOX protein was subsequently stud-
ied by immunocytochemistry. Using α-GOX antibodies
and ultrathin sections of methanol-grown GMH1 cells,
labeling was found predominantly at the cell wall
(Fig. 5A). Cytochemical experiments confirmed that the
cell wall-bound GOX was enzymatically active. More-
over, using this technique, no GOX activity was detected
in the cytosol (data not shown).

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 re-
sulting strain, designated GMH6, grew normally on glu-
cose, glycerol or methanol at rates identical to the host
strain GMH1 (data not shown). To analyse whether en-
hanced BiP levels stimulate GOX secretion, GMH1 and
GMH6 cells were grown in batch cultures containing ei-
ther glycerol (moderate overproduction) or methanol
(high overproduction). Upon growth of cells on metha-
nol, 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 PMOX in-
duction during growth of cells on glycerol (Fig. 6).

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 re-
sults, 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 proto-
plasts prepared from cells of strain GMH1, GOX protein
was hardly detectable (Fig. 7B; lane 2). Strikingly, virtu-
ally all GOX protein produced by strain GMH6 was re-
tained in the protoplasts (Fig. 7B; lane 3). These results
indicate that GOX protein produced by strain GMH6 had
accumulated intracellularly. Immunocytochemical exper-
iments on ultrathin sections of GMH6 cells revealed that
GOX protein accumulated in ER-like vesicles (Fig. 5B).

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 CPY in these
cells. CPY enzyme assays on crude extracts of methanol-
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Fig. 5 Ultrathin section of glu-
taraldehyde-fixed, methanol-
grown cells of GMH1 (A) and
GMH6 (B), labelled with α-
GOX antibodies and gold con-
jugated goat-anti-rabbit anti-
bodies, showing cell wall label-
ling of strain GMH1. In strain
GMH6, GOX label is found in
the proliferated ER-like vesi-
cles (arrows). M Mitochondri-
on, N nucleus, P peroxisome, 
V vacuole. Bar = 0.5 µm

Fig. 6 Extracellular GOX activities of strain GMH1 and GMH6
after 24 h of growth on methanol or glycerol



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 (Kiel et al. 1999). The 
H. polymorpha PDD1 gene product, which is the func-
tional 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 cul-
ture fluid in this mutant.

Discussion

In this paper we describe the cloning of a H. polymorpha
gene belonging 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 se-
quence, left little doubt that the gene in fact represents
the H. polymorpha BIP homologue.

BiP is an essential protein in the eukaryotic cell. It ful-
fils 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 emerg-
ing polypeptide (Simon et al. 1992; Matlack et al. 1999).
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 pro-

teins. For instance, overproduction of BiP led to a 5-fold
increase in secretion of human erythropoietin by yeast
cells (Wittrup and Robinson 1994). Also, bovine proc-
hymosine secretion increased 26-fold upon BIP overex-
pression in S. cerevisiae (Harmsen et al. 1996). In other
cases, however, BiP overproduction did not result in
higher secretion levels, as for example in the case of
thaumatin secretion (Harmsen et al. 1996). Reducing the
levels of BiP clearly reduced secretion of human granu-
locyte-colony-stimulating factor, Schizosaccharomyces
pombe acid phosphatase and bovine trypsin inhibitor by
S. cerevisiae. In these cases, secretion levels remained
unaltered upon overproduction of BiP (Robinson et al.
1996). In Aspergillus awamori, elevated BiP levels did
not show any significant effect on the secretion efficien-
cy of different cutinase variants (van Gemeren et al.
1998). Similar results were observed in the case of secre-
tion of heterologous proteins by mammalian cells (Dorner
et al. 1992; Hsu et al. 1994).

To study the effect of enhanced levels of BiP on the se-
cretion of heterologous A. niger GOX, we cloned the H.
polymorpha BIP gene under control of the inducible MOX
promoter and integrated this expression cassette into the ge-
nome 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 secre-
tion of GOX protein. The levels of secreted GOX activity in
strain GMH6 were reduced 10-fold compared to the paren-
tal 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 ves-
icles, 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
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Fig. 7A, B Western blot analy-
sis of different constructed H.
polymorpha strains grown for
24 h on methanol-containing
medium. Gels were loaded with
A total crude cell extracts
(lanes: 1 wild-type, 2 GMH5, 
3 GMH1, 4 GMH6) or B pro-
toplasts prepared from the cells
(lanes: 1 GMH5, 2 GMH1, 
3 GMH6). Blots were decorat-
ed using specific antibodies
against GOX. Equal amounts
of protein were loaded per lane.
Mw Molecular weight in kDa

Table 1 Carboxypeptidase Y
(CPY) activities of methanol-
grown cells of PDD1, wild-
type, GMH5, GMH1 and
GMH6

Strain PDD1/VPS34 Wild-type GMH5 GMH1 GMH6

CPY activity 
(mU/mg protein) 1 3.8 3.5 3.5 3.3



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
the ER. BiP appears to bind to hydrophobic sequences of
polypeptides (Blond-Elguindi et al. 1993), thereby pre-
venting premature and incorrect folding.

Malfolded proteins, accumulated in the ER lumen, are
often eliminated by ERAD; BiP seems to be essential for
this process (Brodsky et al. 1999). Associations between
BiP and retained secretory proteins have often been ob-
served, even as proteinaceous aggregates (Yang et al.
1998; Umebayashi et al. 1997; Sagt et al. 1998). 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
this strain, 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, PMOX is
induced to levels up to approximately 25% of the values
generally observed in methanol-grown cells. The inhibi-
tory effect was apparently also not due to a general de-
fect in ER protein import and passaging, since endoge-
nous CPY, which is sorted via the ER and Golgi to vacu-
oles, was properly transported to the vacuole, as indicat-
ed by the processing of the protein to the mature, enzy-
matically active, form.

In order to gain more insight into 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 se-
cretory proteins could be studied during overproduction
of BiP. Currently, we are trying to identify and isolate
such proteins from H. polymorpha.

Acknowledgements We thank Dr. R. Schekman (University of
California, Berkeley, Calif.) for the kind gift of Kar2p antibodies,
Dr. J. Visser (Wageningen, The Netherlands) for the GOX anti-
bodies and Dr. P. Sudbery (University of Sheffield, UK) for the 
A. niger GOX gene. We thank Ineke Keizer for her technical assis-
tance in electron microscopy. M. van der Heide is supported by
STW, I.J. van der Klei by an ALW/NWO Pioneer-grant.

References

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Ba-
sic local alignment search tool. J Mol Biol 215:403–410

Blond-Elguindi S, Cwirla SE, Dower WJ, Lipshutz RJ, Sprang
SR, Sambrook JF, Gething MJ (1993) Affinity panning of a li-
brary of peptides displayed on bacteriophages reveals the
binding specificity of BiP. Cell 75:717–728

Brodsky JL, Goeckeler J, Schekman R (1995) BiP and Sec63 are
required for both co- and posttranslational protein transloca-
tion into the yeast endoplasmic reticulum. Proc Natl Acad Sci
USA 92:9643–9646

Brodsky JL, Werner ED, Dubas ME, Goeckeler JL, Kruse KB,
McCracken AA (1999) The requirement for molecular chaper-
ones during endoplasmic reticulum-associated protein degra-
dation demonstrates that protein export and import are mecha-
nistically distinct. J Biol Chem 274:3453–3460

Corsi AK, Schekman R (1996) Mechanism of polypeptide translo-
cation into the endoplasmic reticulum. J Biol Chem
271:30299–30302

Dijken JP van, Otto R, Harder W (1976) Growth of Hansenula
polymorpha in a methanol-limited chemostat. Physiological
responses due to the involvement of methanol oxidase as a key
enzyme in methanol metabolism. Arch Microbiol 111:137–144

Dorner AJ, Wasley LC, Kaufman RJ (1992) Overexpression of
GRP78 mitigates stress induction of glucose regulated proteins
and blocks secretion of selective proteins in chinese hamster
ovary cells. EMBO J 11:1563–1571

Faber KN, Haima P, Harder W, Veenhuis M, Ab G (1994) Highly
efficient electrotransformation of the yeast Hansenula poly-
morpha. Curr Genet 25:305–310

Gellissen G (2000) Heterologous protein production in methylo-
trophic yeasts. Appl Microbiol Biotechnol 54:741–750

Gellissen G, Veenhuis M (2001) The methylotrophic yeast Han-
senula polymorpha: its use in fundamental research and as a
cell factory. Yeast 18:i-iii

Gemeren IA van, Beijersbergen A, Hondel CA van den, Verrips
CT (1998) Expression and secretion of defined cutinase vari-
ants by Aspergillus awamori. Appl Environ Microbiol
64:2794–2799

Haas IG, Wabl M (1983) Immunoglobulin heavy chain binding
protein. Nature 306:387–389

Harmsen MM, Bruyne MI, Raue HA, Maat J (1996) Overexpression
of binding protein and disruption of the PMR1 gene synergisti-
cally stimulate secretion of bovine prochymosine but not plant
thaumatin in yeast. Appl Microbiol Biotechnol 46:365–370

Hodgkins M, Mead D, Balance DJ, Goodey A, Sudbery PE (1993)
Expression of the glucose oxidase gene from Aspergillus niger
in Hansenula polymorpha and its use as a reporter gene to iso-
late regulatory mutations. Yeast 9:625–635

Hollenberg CP, Gellissen G (1997) Production of recombinant
proteins by methylotrophic yeasts. Curr Opin Biotechnol
8:554–560

Horton P, Nakai K (1997) Better prediction of protein cellular lo-
calization sites with the k nearest neighbor classifier. Proc Int
Conf Intell Syst Mol Biol 5:147–152

Hsu TA, Eiden JJ, Bourgarel P, Meo T, Betenbaugh MJ (1994) Ef-
fects of co-expressing chaperone BiP on functional antibody
production in the baculovirus system. Protein Expr Purif
5:595–603

Jones EW (1991) Tackling the protease problem in Saccharomyces
cerevisiae. Methods Enzymol 194:429–453

Kiel JAKW, Rechinger KB, Klei IJ van der, Salomons FA, Tito-
renko VI, Veenhuis M (1999) The Hansenula polymorpha
PDD1 gene product, essential for the selective degradation of
peroxisomes, is a homologue of Saccharomyces cerevisiae
Vps34p. Yeast 15:741–754

Komori M, Rasmussen SW, Kiel JAKW, Baerends RJS, Cregg JM,
Klei IJ van der, Veenhuis M (1997) The Hansenula polymor-
pha PEX14 gene encodes a novel peroxisomal membrane pro-
tein essential for peroxisome biogenesis. EMBO J 16:44–51

Kyhse-Anderson J (1984) Electroblotting of multiple gels: a sim-
ple apparatus without buffer tank for rapid transfer of proteins
from polyacrylamide to nitrocellulose. J Biochem Biophys
Methods 10:203–209

Laemmli UK (1970) Cleavage of structural proteins during the as-
sembly of the head of bacteriophage T4. Nature 277:680–685

Matlack KES, Misselwitz B, Plath K, Rapoport TA (1999) BiP
acts as a molecular ratchet during posttranslational transport of
prepro-α-factor across the ER membrane. Cell 97:553–564

Mullisch K, Fallona F, Scharf S, Saiki R, Horn G, Ehrlich H
(1986) Specific enzymatic amplification of DNA in vitro: the
polymerase chain reaction. Cold Spring Harbor Symp Quant
Biol 51:263–273

493



Robinson AS, Bockhaus JA, Voegler AC, Wittrup KD (1996) Re-
duction of BiP levels decreases heterologous protein secretion
in Saccharomyces cerevisiae. J Biol Chem 271:10017–10022

Rose MD, Misra LM, Vogel JP (1989) KAR2, a karyogamy gene,
is the yeast homolog of the mammalian BiP/GRP78 gene. Cell
57:1211–1221

Sagt CMJ, Muller WH, Boonstra J, Verkleij AJ, Verrips CT (1998)
Impaired secretion of hydrophobic cutinase by Saccharomyces
cerevisiae correlates with an increased association with immu-
noglobulin heavy-chain binding protein (BiP). Appl Environ
Microbiol 64:316–324

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular cloning: a
laboratory manual, 2nd edn. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

Simon SM, Peskin CS, Oster GF (1992) What drives the translo-
cation of proteins? Proc Natl Acad Sci USA 89:3770–3774

Titorenko VI, Evers ME, Diesel A, Samyn B, Van Beeumen J,
Roggenkamp R, Kiel JAKW, van der Klei IJ, Veenhuis M
(1996) Identification and characterization of cytosolic Han-
senula polymorpha proteins belonging to the Hsp70 protein
family. Yeast 12:849–857

Umebayashi K, Hirata A, Fukuda R, Horiuchi H, Ohta A, Takagi
M (1997) Accumulation of misfolded protein aggregates leads

to the formation of Russell body-like dilated endoplasmic re-
ticulum in yeast. Yeast 13:1009–1020

Verduyn C, Giuseppin MLF, Scheffers WA, Dijken JP van (1984)
Colorimetric alcohol assays with alcohol oxidase. J Microbiol
Methods 2:15–25

Waterham HR, Titorenko VI, Haima P, Cregg JM, Harder W, 
Veenhuis M (1994) The Hansenula polymorpha PER1 gene is
essential for peroxisome biogenesis and encodes a peroxiso-
mal matrix protein with both carboxy and amino-terminal tar-
geting signals. J Cell Biol 137:737–749

Weydemann U, Keup P, Piontek M, Strasser AW, Schweden J,
Gellissen G, Janowicz ZA (1995) High-level secretion of hiru-
din by Hansenula polymorpha – authentic processing of three
different preprohirudins. Appl Microbiol Biotechnol 44:377–
385

Wittrup KD, Robinson AS (1994) Methods for increasing secre-
tion of overexpressed proteins. Patent Application WO
94/08012

Yang Y, Turner RS, Gaut JR (1998) The chaperone BiP/GRP78
binds to amyloid precursor protein and decreases Aβ40 and
Aβ42 secretion. J Biol Chem 273:25552–25555

494


