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Abstract The strength and regulatory characteristics of the heat-inducible HSA1, HSAZ2 and
TPS1 promoters were compared with those of the well-established, carbon source-regulated
FMD promoter in a Hansenula polymorpha-based host system in vivo. In addition, the Sac-
charomyces cerevisiae-derived ADHI promoter was analysed. While ADHI promoter
showed to be of poor activity in the foreign host, the strength of the heat shock TPS1 pro-
moter was found to exceed that of the FMD promoter, which at present is considered to be
the strongest promoter for driving heterologous gene expression in H. polymorpha.
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INTRODUCTION

The increasing recognition of the methylotrophic
yeast Hansenula polymorpha as host for heterologous
protein production is primarily due to the availability
of the two strong FMD and MOX promoters which are
derived from methanol metabolism genes. Both pro-
moters are well characterized and have found success-
ful industrial application in the high level expression of
foreign genes [1,2]. MOX and FMD are co-regulated
with respect to carbon source. Repression takes place
on glucose, derepression on glycerol and induction on
methanol [3]. However, high-yield heterologous gene
expression is not restricted to conditions of methanol
induction, but can also be obtained using glycerol
derepression or even glucose starvation conditions [4].
To further extend the potential of the H. polymorpha
system, strong, differently regulated promoter elements
are desirable which are not derived from methanol
pathway genes. Recently, PMAI promoter has been
found to provide strong constitutive expression of for-
eign genes [5]. In addition, three promoters of nitrate
assimilation pathway genes have been characterized,
one of which is both strong and to some extent regu-
latable by appropriate nitrate supplementation [6).
However, in none of these cases has a direct compari-
son with established promoter elements in the expres-
sion of a defined gene under defined conditions been
performed. This compromises the accurate evaluation
of their benefits.

H. polymorpha is a thermophilic yeast species which
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can tolerate temperatures of more than 50°C [7]. An-
ticipating that this tolerance is associated with high
expression of heat-induced genes, identification of
strong heat-inducible promoters with favourable char-
acteristics for heterologous gene expression seems fea-
sible. However, only three H. polymorpha genes have
been characterized to date as being inducible under
conditions of increased temperature. While HSA1 and
HSAZ are integral to heat and stress response [8,9],
TPS1 (trehalose-6-phosphate synthase) is involved in
the heat-induced high-level synthesis and accumulation
of trehalose which is considered to be a protective
compound at elevated temperatures [10]. Recently,
TPS1 has been cloned and characterized [7]. The pre-
sent study is aimed at assessing the regulation and
strength of these heat-inducible promoters for het-
erologous gene expression in comparison to the estab-
lished FMD- and the Saccharomyces cerevisiae-derived
ADH]1 promoter.

For comparative promoter studies, it is necessary to
employ recombinant strains of an otherwise identical
genetic and genomic background. Unfortunately, it is
very difficult to generate recombinant H. polymorpha
strains that meet these requirements. Stable non-
integrative vectors that provide comparable copy num-
bers are not available for the H. polymorpha system.
The presence of a S. cerevisiae. 2 pm fragment has been
found to provide an incomplete episomal fate for the
vector; the reduction of genomic integration further-
more has appeared to be strain-dependent [11]. The
generation of identical strains by homologous recombi-
nation has also turned out to be difficult. In H. poly-
morpha, only three examples of homologous integra-
tion at acceptable frequencies have been reported: tar-
geting of the foreign DNA to subtelomeric HARS loci
[12,13], to the leu2 locus (use of vectors containing a S.
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cerevisiae. 2 pm sequence) (6], and to the MOX/TRP3
locus by a disruption/replacement approach [14]. In the
latter case, a double selection system had to be used to
screen out the majority of transfomants caused by non-
homologous integration events.

The test system presented here is based on the sim-
ple generation of strain mixtures using HARS1 vectors
for transformation. H. polymorpha transformants gen-
erated with these vectors differ in copy number and
integration site [15]. Therefore, several hundred indi-
vidual recombinant strains were pooled to form repre-
sentative strain mixtures from which promoter-
dependent gene activity could be measured and com-
pared.

We present data indicating that the TPSI promoter
has a high potential for biotechnological applications in
H. polymorpha. Additionally, lacZ was found to be of
superior reporter gene characteristics when compared
with GFP under the conditions tested.

MATERIALS AND METHODS

Microorganisms

Hansenula polymorpha RB11 (odcl) [16] was used
for promoter studies. Escherichia coli DH5aF' (F' (¢80
dlacZAM15)A(lacZYA-argF) U196 recAl endAl hsdR17
5,- my+ supE44A thy-1 gyrA relA; Gibco BRL) was used
for all cloning steps.

- Plasmid Constructions

Plasmid M1 (Fig. 1(a)) was generated from pFPMT121
(1] by replacing a 1.223 kb HindIll/BamHI fragment
with a synthetic 85 bp double stranded DNA sequence
harbouring a set of restriction recognition sites in the
following order: HindlIIl, AfIIl, Bglll, Xbal, Spel, BsaAl,
Bcll, Agel, Pmel, EcoRl, Nrul, Sacl, Notl, Nhel, BssHII,
Sphl, Binl, and BamHI. The 5.8 kbp EcoRl/BamHI
fragment of pM1 was ligated with PCR-generated DNA
fragments with EcoRI and BamHI cohesive ends har-
bouring the entire reading frames of yGFP (0.7 kbp)
(21] or lacZ (3.2 kbp). This resulted in the promoter-
less reporter gene plasmids pC10 and pC11, respectively
(Fig. 1(b) and (c)). PCR amplificates harbouring the
various promoters to be tested (FMD, TPSI, HSAI,
HSAZ2, or S.c. ADHI) were then cloned between re-
maining polylinker sites still present in pC10 and pC11.
This led to two sets of integrative reporter plasmids
which differed only in the reporter gene and/or in the
promoter controling it. The sizes of the promoter frag-
ments and the cloning sites used were in particular:
Prup (1.2 kbp, EcoRI/HindIIl); Py, (0.58 kbp, EcoRl/
Spel); Pussy (0.3 kbp, Hindlll/Xbal); P, (0.3 kbp,
HindIll/Spel); P,pyy, (1.5 kbp, EcoR1/HindIII).

The sequence of the H. polymorpha HSAZ2 gene has
been deposited under the GenBank accession number
U49932.
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Fig. 1. Basic vectors used for comparative promoter analyses
in H. polymorpha. pM1 (a) without promoter and reporter
gene, harbours a polylinker between HARS! and MOX ter-
minator. pC10, (b) and pC11, (c) contain yGFP or lacZ as a
reporter gene, repectively. The various promoters to be tested
were inserted between HARS! and the reporter ORF of pC10
and pC11. For more details, see text.
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Generation of Reporter Strain-Mixtures

H. polymorpha RB11 was transformed to Ura* with
either pM1, pC10, pC11 or their derivatives equipped
with the different promoters. 800 colonies of the vari-
ous transformants were grown three times on fresh
selective plates, once on rich medium plates, and once
again on selective plates (in this sequence). This passag-
ing/stabilizing procedure has led to mitotically stable
strains [17]. 300 individual strains derived from the
various collections were pooled and kept as glycerol
stocks at -70°C. From these stocks, cultures were inocu-
lated for DNA isolation and subsequent Southern blot
analysis and for the determination of promoter
strength under various conditions.

Determination of B-Galactosidase Activities

For qualitative detection, 10 uL of the glycerol stocks
described above harbouring the lacZ reporter constructs
were spotted on selective plates (with the appropriate
carbon source) and incubated overnight at the tempera-
tures to be tested. Subsequently, X-gal overlay assays
were performed as described by Suckow and Hollen-
berg {18]. After 24 h at 37°C, the reactions were com-
pleted, and the relative intensities of the blue colour of
the various cell spots were estimated.
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For determination of specific B-galactosidase activi-
ties, 2 mL of test media were inoculated with 10 L
aliquots of the various stock suspensions and cultured
to stationary phase at defined test temperatures. Ali-
quots from these pre-cultures were used to inoculate
10ml of the various test media to ODg,, = 0.1 densities.
Culturing was continued under the pre-culturing con-
ditions to ODgy, = 5 densities. After harvesting, cell
extracts were prepared and analyzed for total protein
content [19] and B-galactosidase activities [20]. All val-
ues were normalized to specific B-galactosidase activi-
ties.

Determination of GFP Activities

Pre-culturing and culturing of strain collections con-
taining GFP constructs were performed as described for
the lacZ constructs. GFP activities were analysed quali-
tatively by fluororescent microscopy. Precise GFP-
determinations were performed by FACS analyses in a
Cell Sorter (Becton & Dickinson) according to Nieden-
thal et al. [21]; the fluorescent shifts of 10,000 individ-
ual cells per strain mixture/test condition were deter-
mined.

RESULTS AND DISCUSSION

The Use of lacZ and GFP as Reporter Genes in
H. polymorpha

The use of lacZ as reporter gene in H. polymorpha
has been reported recently [6]; however, use of GFP in
this yeast has not yet been described. Since there are
several variants of lacZ and GFP, we first analyzed in a
pilot experiment whether the particular lacZ and yGFP
(21] reading frames chosen for this study were func-
tional in H. polymorpha. Strain RB11 (odc1) was trans-
formed to Ura® using plasmids pC10-TPS1 (Prp,-GFP),
pC11-TPS1 (Prp-lacZ), or pM1 (without any reporter
gene inserted), and twenty stabilized transformants
were generated for each plasmid. Reporter gene expres-
sion was then determined qualitatively via X-gal over-
lay assay (lacZ) or fluorescence microscopy (GFP) under
standard conditions defined for TPS1 promoter analysis
(YNB; 2% glucose; 37°C). All twenty strains containing
lacZ constructs showed weak up to very strong levels
of B-galactosidase activity, but none of the strains har-
bouring pM1 (no reporter gene) or pC10-TPS1 (Pyrpg-
GFP) yielded any signal in this test (data not shown).
Similarly, green fluorescence was observed in all twenty
strains harbouring pC10-TPS1 (Pp,-GFP; see Fig. 2(a))
but in none of the pM1- (no reporter gene) or pC11-
TPS1-strains (Ppp,-lacZ; data not shown). These results
indicated that both the lacZ and the GFP genes are
functional in the examined H. polymorpha strain.

Prior to comparative promoter analyses, it was also
necessary to confirm the functional persistance of both
gene products, LacZ and GFF, at high temperatures. For
this purpose, individual strains of high productivity
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Fig. 2. Functional analysis of the lacZ and GFP reporter genes
in H. polymorpha. (a) Green-fluorescent cells expressing yGFP
under control of TPS! promoter, grown on glucose at 37°C.
Cells harbouring the negative control plasmid pC10 did not
show any green fluorescence (data not shown). (b) Specific p-
galactosidase activities (mU/mg total protein) or green-
fluorescent shifts (1000 cells measured) of cells harbouring
pC10-TPS1 or pC11-TPS1, respectively, grown on glucose at
different temperatures. For further details, see Materials and
Methods section.

from both the Prpg-lacZ or Pppg-GEP collections were
cultured in YNB/2% glucose at four different test tem-
peratures (30°C, 37°C, 40°C and 44°C). As shown in Fig.
2(b), specific B-galactosidase activity was positively
correlated with temperature, as would be expected for
the heat-inducible TPSI promoter. A similar positive
correlation could be observed for GFP signal intensities
for temperatures up to 40°C. However, at 44°C, a de-
crease in fluorescence occurred (Fig. 2(b)) independent
of the promoter used for controlling GFP (data not
shown). This observation corroborates similar findings
of Lim et al. [22] that the GFP-fluorophore may not
adopt its functional conformation in S. cerevisiae at
higher temperatures. Together, these data suggest that
the problems encountered with the use of GFP at
higher temperatures (beyond 40°C) may be generally
independent of the host organism. As this study fo-
cuses on heat-inducible promoters, we consequently
favoured lacZ over GFP for promoter comparison.

A Promoter Test System Based on Representative
Strain Mixtures

Having demonstrated the suitability of lacZ in H. po-
lymorpha, the set of pCl1-derivatives harbouring lacZ
under control of the different promoters was chosen for
transformation. Taking into account that transforma-
tion with such HARSI plasmids results in collections of
individual strains which differ significantly in copy
number and integration loci, and since these differences
can influence expression levels independent of pro-
moter characteristics (see Introduction) [15], it was
necessary to ensure the representative character of the
strain mixtures chosen for comparison.

Indeed, initial determination of B-galactosidase ac-
tivities in individual pC11-TPS1 transformants revealed
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Fig. 3. Comparison of the relative copy numbers of integrated
plasmids within the various strain mixtures tested. Each 1 pg
of genomic DNA of strain RB11 or its derived strain mixtures
harbouring lacZ expression cassettes were cleaved with EcoRl/
BamHI and separated on a 1% agarose gel (upper panel). After
Southern blotting, the nylon membrane was developed using
the 3.2 kb EcoRl/BamHI-lacZ-fragment of pC11 as a probe
(lower panel). While with RB11 (lane 1) no signals were ob-
tained, with all strain mixtures a signal at 3.2kb was observed
(lanes 2-6). The strain mixtures tested were in particular:
pC11-FMD (lane 2); pC11-TPS1 (lane 3); pC11-HSA1 (lane
4); pC11-HSA2 (lane 5); pC11-ADH1 (lane 6). Except for lane
5, all lanes show very similar signal strengths.

high standard deviations (data not shown). However,
when pools of 300 individual transformants were com-
pared, variability was on a very low level (data not
shown), comparable to the variability observed in re-
combinant S. cerevisiae strains when using CEN vec-
tors for transformation [23]. In Southern Blot analyses
we furthermore found the heterologous expression cas-
settes to be present in similar gene dosages when prob-
ing the genomic DNA isolated from such pools with a
lacZ probe (Fig. 3). As the only exception, the gene dos-
age observed in the pC11-HSA2-derived mixture was
only about half of the average (see Fig. 3). Therefore,
we concluded that mixtures of at least 300 strains pro-
vide representative strain spectra for conclusive com-
parative promoter studies.

The Relative Activities of H.p. FMD, HSA1, HSA2,
and TPS1 Promoter, and S.c. ADH1 Promoter in H.
polymorpha

Representative strain mixtures differing in the pro-
moter to be tested were cultivated under identical con-
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ditions and inspected for lacZ expression. The expres-
sion levels were analyzed in cultures cultivated at dif-
ferent temperatures and using media supplemented
with different carbon sources. For control, a representa-
tive strain mixture was generated by transformation
with plasmid pC11 (without any promoter controling
lacZ), cultivated and analysed under identical condi-
tions. In these controls, no LacZ activity could be ob-
served (data not shown), indicating that vector se-
quences upstream of lacZ cannot function as a pro-
moter. Thus, all enzyme activities found in strain mix-
tures containing functional expression cassettes can be
attributed to the promoter present upstream of lacZ.

FMD promoter was chosen for comparison in this
study since its strength and regulative properties have
been characterized in detail. On glucose as a sole carbon
source the activity of FMD promoter is repressed; on
glycerol or methanol derepression or induction takes
place, resulting in high expression rates of FMD or a
foreign gene controlled by this promoter (see Introduc-
tion) [24,25]. In the lacZ test system FMD promoter
performed as expected. On glucose the B-galactosidase
levels were low at all three temperatures tested (30°C,
37°C, and 44°C) indicating repressicn (Fig. 4(a)). How-
ever, on glycerol or methanol B-galactosidase activities
increased up to 400-fold, with the highest value meas-
ured on methanol at 37°C (Fig. 4(a)). This can be ex-
plained by the derepressed or induced status of the
EMD promoter. This profile thus is in agreement with
previously described observations [1,2,24], further sug-
gesting a proper functioning of the lacZ reporter sys-
tem used.

The only non-H. polymorpha-promoter tested was
that of the glycolytic alcohol dehydrogenase gene
(ADH1) from S. cerevisiae. In the original host ADH1
promoter provides strong and constitutive expression
on glucose, with decreased activities on glycerol as a
sole carbon source [26]. In H. polymorpha, ADH1 pro-
moter appeared to be weak and constitutive on metha-
nol; only a slight temperature-dependent increase of
specific B-galactosidase activities was observed on glu-
cose or glycerol (Fig. 4(b)). These results may indicate a
sub-optimal interaction between the S.c. ADHI1 pro-
moter and the H. polymorpha transcription machinery.
Nevertheless, ADHI promoter-driven heterologous
gene expression in H. polymorpha may be useful in
cases where low expression rates are needed.

The heat shock proteins Hsalp and Hsa2p of H. po-
Iymorpha have been described as homologues of the S.
cerevisiae Hsp70 proteins Ssalp and Ssa2p, respectively
[8,9]. For both HSAI and HSAZ an increase in mRNA
levels has been observed in response to higher tempera-
tures, indicating that the corresponding promoters are
heat-inducible [8,9]. This effect, however, is much more
pronounced in the case of HSA1 [9]. With the lacZ test
system these data were further confirmed (Fig. 4(c) and
(d)). With HSA1 promoter, a clear positive correlation
between B-galactosidase levels and increasing tempera-
tures was observed on glucose or glycerol as sole carbon
source, but not on methanol (Fig. 4(c)). Thus, on all
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Fig. 4. Specific B-galactosidase activities in pools of 300 indi-
vidual H. polymorpha strains containing derivatives of pC11
with lacZ controlled by various promoters. Cell extracts were
prepared from cells grown under the conditions indicated and
specific B-galactosidase activities (mU/mg total protein) were
determined, as described in the MATERIALS AND METHODS
section. (a) pC11-FMD; (b) pC11-ADHI; (¢) pC11-HSAL; (d)
pC11-HSA2; (e) pC11-TPS1. All promoters tested originate
from H. polymorpha genes except for the S. cerevisiae-derived
ADH] promoter. Please note that scaling of (a) and (e) differs
from that of (b)-(d) by a factor of 5.

three different carbon sources tested the regulatory
characteristics of the HSAI promoter qualitatively re-
semble those of TPS1 promoter (Fig. 4(e)), indicating a
possible co-regulation of HSAI and TPS1. However, the
values obtained for HSAI promoter were in all situa-
tions about a factor of 6 below those of TPSI promoter
(Fig. 4(c) and (e)).

The performance of HSA2 promoter was found to
differ from that of the HSA1 promoter. On methanol or
glycerol the specific B-galactosidase activities were
nearly constant over the range of temperatures tested,
with stronger expression rates obtained with glycerol
(about a factor of 5; Fig. 4(d)). A moderate positive cor-
relation of specific B-galactosidase activities with in-
creasing temperatures was observed only with glucose
as sole carbon source (less than a factor of 2; Fig. 4(d)).
Thus, HSAZ promoter activity is regulated differently
with respect to carbon source and temperature in com-
parison to HSA1 and TPS1 promoter (Fig. 4(c), (d), and
(e)). As shown above, the strain mixture harbouring
Pysar-lacZ contained only half as many plasmid copies
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as all other strain collections tested (see Fig. 3). For a
direct comparison, all values obtained with the Py,,-
lacZ construct should therefore be multiplied by this
factor. This adjustment would put activities on a level
comparable to those of HSA! promoter.

Recently, the TPS1 (trehalose-6-phosphate synthase)
gene of H. polymorpha has been cloned and character-
ized [7]. The authors found that the level of Tpslp ac-
tivity immediately increases upon temperature stress
and is followed by an accumulation of intracellular tre-
halose which has been considered a protective com-
pound at elevated temperatures [10]. This significant
increase in the activity of the TPS1 promoter at higher
temperatures was likewise observed using the lacZ re-
porter system (Fig. 4(e)). At 30°C, the specific B-
galactosidase activities were minimal on all three car-
bon sources tested. Compared with the values obtained
at 30°C, the lacZ expression increased slightly at 37°C,
again independent of the carbon source used (Fig. 4(e)).
The values observed at these temperatures were com-
parable to those for FMD promoter on glycerol or
methanol at 30°C (Fig. 4(a)). However, at 44°C a five-
fold increase in promoter strength was observed on
glucose or glycerol as sole carbon sources, but not on
methanol (Fig. 4(e)). Here, two observations are of in-
terest. The hitherto unobserved lack of heat induction
on methanol (Fig. 4(e)) may indicate a more compli-
cated regulation of TPS1 than previously assumed. The
data rather suggest that not only temperature but the
carbon source also can significantly influence TPS1 pro-
moter activity. Secondly, the specific B-galactosidase
activities measured for TPS1 promoter-driven gene ex-
pression on glycerol or glucose at 44°C significantly
exceed the best values obtained with, FMD promoter by
more than a factor of 2 (Fig. 4(a), (e)). This is a striking
result since the promoters of genes involved in metha-
nol metabolism are generally considered to drive het-
erologous gene expression at upper limit rates [25].
Thus, TPS1 promoter may constitute an important
novel control element for heterologous protein produc-
tion in forthcoming developments.

Acknowledgements We would like to thank H. Hege-
mann and S. Klein for providing technical assistance
with the FACS. We are indebted to M. Prabucki for ex-
pert technical assistance in constructing basic vectors.
We thank A. Papendieck for critically reading the
manuscript. This work was supported by the BMBEF
through the BIOREGIO program (no. 0311638).

REFERENCES

[1] Gellissen, G. and C. P. Hollenberg (1997) Application of
yeasts in gene expression studies: A comparison of Sac-
charomyces cerevisiae, Hansenula polymorpha and
Kluyveromyces lactis - a review. Gene 190: 87-97.

[2] Gellissen, G. and C. P. Hollenberg (1999) Hansenula. pp.
976-982. In: R. K. Robinson, C. Batt and P. D. Patel (eds.)



252

Encyclopedia of Food Microbiology, Vol. 2. Academic
Press. San Diego, CA, USA.

[3] Gellissen, G., C. P. Hollenberg, and Z. A. Janowicz (1995)
Gene expression in methylotrophic yeasts. pp. 395-439
In: A. Smith (ed.) Gene Expression in Recombinant Mi-
croorganisms. Marcel Dekker. New York, NY, USA.

[4] Mayer, A. E, K. Hellmuth, H. Schlieker, R. Lopez-Ulibarri,
S. Qertel, U. Dahlems, A. W, Strasser, and A. P. van Loon
(1999) An expression system matures: A highly efficient
and cost-effective process for phytase production by re-

combinant strains of Hansenula polymorpha. Biotechnol.

Bioeng. 63: 73-381.

[5] Cox, H, D. Mead, P. Sudbery, M. Eland, and L. Evans
(2000) Constitutive expression of recombinant proteins
in the methylotrophic yeast Hansenula polymorpha us-
ing the PMA1 promoter. Yeast (in Press).

[6] Brito, N, M. D. Peréz, G. Perdomo, C. Gonzélez, P. Gar-
cia-Lugo, and J. M. Siverio (1999) A set of Hansenula po-
lymorpha integrative vectors to construct lacZ fusions.
Appl. Microbiol. Biotechnol. 53: 23-29.

[7] Reinders, A., I. Romano, A. Wiemken, and C. de Virgilio
(1999) The thermophilic yeast Hansenula polymorpha
does not require trehalose synthesis for growth at high
temperatures but does for normal acquisition of thermo-
tolerance. J. Bacteriol. 181: 4665-4668.

[8] Titorenko, V. I, M. E. Evers, A. Diesel, B. Samyn, J. Van
Beeumen, R. Roggenkamp, J. A. Kiel, I. . van der Klei,
and M. Veenhuis (1996) ldentification and characteriza-
tion of cytosolic Hansenula polymorpha proteins belong-
ing to the Hsp70 protein family. Yeast 12: 849-857.

[9] Diesel, A. (1997) Die hsp70-Gene der Methylotrophen
Hefe Hansenula polymorpha. Ph. D. Thesis, Heinrich-
Heine-Universitit, Disseldorf, Germany.

[10] Thevelein, J. M. (1996) Regulation of trehalose metabo-
lism and its relevance to cell growth and function. pp.
395-420 In: R. Bramble and G. A. Marzluf (eds.) The
Mycota, III. Springer Verlag, Berlin, Germany.

[11] Bogdanova, A. I, O. S. Kustikova, M. O. Agaphonov, and
M. D. Ter-Avanesyan (1998) Sequences of Saccharomyrces
cerevisiae 2 um DNA improving plasmid partitioning in
Hansenula polymorpha. Yeast 14: 1-9.

[12] Sohn, J. H,, E. S. Choi, C. H. Kim, M.O. Agaphonov, M.
D. Ter-Avanesyan, J. S. Rhee, and S. K. Rhee (1996) A
novel autonomously replicating sequence (ARS) for mul-
tiple integration in the yeast Hansenula polymorpha DL-
1. J. Bacteriol. 178: 4420-4428.

[13] Sohn, J. H,, E. S. Choi, H. A. Kang, J. S. Rhee, and S. K.
Rhee (1999) A family of telomere-associated autono-
mously replicating sequences and their function in tar-
geted recombination in Hansenula polymorpha DL-1. J.
Bacteriol. 18: 1005-1013.

{14] Agaphonov, M. O., M. Y. Beburov, M. D. Ter-Avanesyan,
and V. N. Smirnov (1995) A disruption-replacement ap-
proach for the targeted integration of foreign genes in

Biotechnol. Bioprocess Eng. 2000, Vol. 5, No. 4

Hansenula polymorpha. Yeast 11: 1241-1247.

[15] Janowicz, Z. A., K. Melber, A. Merckelbach, E. Jacobs, N.
Harford, M. Comberbach, and C. P. Hollenberg (1991)
Simultaneous expression of the S and L surface antigens
of hepatitis B, and formation of mixed particles in the
methylotrophic yeast, Hansenula polymorpha. Yeast 7:
431-443.

[16] Zurek, C., E. Kubis, P. Keup, D. Hérlein, ]. Beunink, J.
Thémmes, R. M. Kula, C. P. Hollenberg, and G. Gellissen
(1996) Production of two aprotinin variants in Han-
senula polymorpha. Process Biochem. 31: 679-689.

[17] Gatzke, R., U. Weydemann, Z. A. Janowicz, and C. P
Hollenberg (1995) Stable multicopy integration of vector
sequences in Hansenula polymorpha. Appl. Microbiol
Biotechnol. 43: 844-849.

[18] Suckow, M. and C. P. Hollenberg (1998) The activation
specificities of wild-type and mutant Gendp in vivo can
be different from the DNA binding specificities of the
corresponding bZip peptides in vitro. J. Mol. Biol. 176:
887-902.

[19] Bradford, M. M. (1976) A rapid and sensitive method for
the quantification of microgram quantities of protein
utilizing the principle of protein-dye binding. Anal. Bio-
chem. 72: 248-254.

[20] Miller, J. H. (1972) Experiments in Molecular Genetics.
Cold Spring Harbor Laboratory Press. Cold Spring Harbor,
NY, USA.

[21] Niedenthal, R. K., L. Riles, M. Johnston, and ]. H. Hege-
mann (1996) Green fluorescent protein as a marker for
gene expression and subcellular localization in budding
yeast. Yeast 2: 773-786.

[22] Lim, C. R, Y. Kimata, M. Oka, K. Nomaguchi, and K.
Kochno (1995) Thermosensitivity of green flourescent
protein flourescence utilized to reveal novel nuclear-like
compartments in a mutant nucleoporin NSF1. J. Bio-
chem. 118: 13-17.

[23] Hinnen, A., F Buxton, B. Chaudhuri, ]. Heim, T. Hottiger,
B. Meyhack, and G. Pohlig (1995) Gene expression in re-
combinant yeast. pp. 121-193 In: A Smith (ed.) Gene
Expression in Recombinant Microorganisms. Marcel
Dekker. New York, NY, USA.

[24] Gellissen, G., Z. A. Janowicz, U. Weydemann, K. Melber,
A. W. M. Strasser, and C. P. Hollenberg (1992) High-level
expression of foreign genes in Hansenula polymorpha.
Biotech. Adv. 10: 179-189.

[25] Gellissen, G., C. P. Hollenberg, and Z. A. Janowicz (1994)
Gene expression in methylotrophic yeasts. pp. 195-239
In: A. Smith (ed.) Gene Expression in Recombinant Mi-
croorganisms. Marcel Dekker. New York, NY, USA.

[26] Denis, C. L., J. Ferguson, and E. T. Young (1983) mRNA
levels for the fermentative alcohol dehydrogenase of Sac-
charomyces cerevisiae decrease upon growth on a non-
fermentable carbon source. J. Biol. Chem. 258: 1165-1171.

[Received May 12, 2000; accepted August 2, 2000]



