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Abstract: To optimize the secretory expression of recom-
binant human serum albumin (HSA) under the control of
methanol oxidase (MOX) promoter in the methylotrophic
yeast Hansenula polymorpha DL-1, we analyzed several
parameters affecting the expression of HSA from the
MOX promoter. Removal of the 5’-untranslated region
derived from HSA cDNA in the expression cassette led to
at least a fivefold improvement of HSA expression effi-
ciency at the translational level. With the optimized ex-
pression cassette, the gene dosage effect on HSA expres-
sion was abolished and thus, a single copy of the expres-
sion vector integrated into the MOX locus became
sufficient for the maximal expression of HSA. Northern
blot analysis revealed that the levels of HSA transcript
did not increase any further upon increasing copy num-
ber. The mox-disrupted (moxA) transformant was con-
structed, in which the genomic MOX gene was trans-
placed with the HSA expression cassette, to examine the
effect of the methanol oxidase-deficient phenotype of the
host on HSA expression. The moxA transformant
showed higher levels of HSA production in shake-flask
cultures than the MOX wild-type transformant, especially
at low concentrations of methanol and a twofold higher
specific HSA production rate in fed-batch fermentation
with an abrupt induction mode. The native prepro signal
sequence of HSA secreted in H. polymorpha was cor-
rectly processed and the mature recombinant protein
had a pl value identical to that of the authentic HSA. Our
results suggest that the H. polymorpha expression sys-
tems developed in this study are suitable for large-scale
production of recombinant albumin. © John Wiley & Sons,
Inc. Biotechnol Bioeng 76: 175-185, 2001.
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INTRODUCTION

Human serum albumin (HSA) is a single-chain nonglyco-
sylated polypeptide with a molecular weight of 66.6 kDa. It
is the most abundant protein in the blood, constituting 60%
of the total protein content of plasma (Peters, 1975). Be-
cause the protein is clinically in great demand as a replace-
ment fluid of plasma expander or as a compensator for
blood loss, several attempts to produce large quantities of
HSA have been made in a number of heterologous systems
using recombinant DNA techniques (Goodey, 1993). Re-
combinant HSA was secreted at a high level in the correctly
folded form in several yeast systems includigccharo-
myces cerevisiaéKang et al., 2000; Sleep et al., 1990),
Kluyveromyces lacti@leer et al., 1991; Saliola et al., 1999)
and Pichia pastoris(Sreekrishna, 1993). The recombinant
proteins produced irS. cerevisiaeand P. pastoriswere
shown to be equivalent structurally to the authentic HSA
derived by blood fractionation (Dodsworth et al., 1996;
Ohtani et al., 1998). Further, yeast-derived recombinant
proteins had lower levels of structural heterogeneity than
the blood-derived protein, suggesting that yeast is an excel-
lent choice as a host system to produce recombinant HSA
for pharmaceutical purposes.

Hansenula polymorphhas proven to be a promising host
organism for the production of heterologous proteins along
with the closely related yea$l. pastoris(Hollenberg and
Gellissen, 1997; van Dijk et al., 2000). Most expression
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to exploit the powerful expression capacity of the promoterdVIATERIALS AND METHODS
derived from the methanol-inducible genes, for example,
the methanol oxidase gendQX) in H. polymorphaand the
alcohol oxidase AOX) genes inP. pastoris.Despite the
substantial similarities of methylotrophic yeasts, however,Yeast strains used in this study dtle polymorphaDL1-L
theH. polymorphasystem shows some unique features thafleu?) and DLT2 (eu2 mox-trp3::ScLEUR which are de-
distinguish it from theP. pastorissystem. For example, rived fromH. polymorphaDL-1 (ATCC 26012). The DLT2
unlike most of the other yeasts includiy pastoris,inte-  strain is amoxdisruptant in which the whole coding region
grative transformation oH. polymorphais usually medi- of the MOX gene and a partial N-terminal region of the
ated by nonhomologous recombination. Even plasmidsadjacentTRP3gene (Agaphonov et al., 1995) were trans-
bearing an autonomous replicating sequence integrate raptaced with theS. cerevisiae LEUgene (Agaphonov MO,
domly into the host genome with high frequency, leading tounpublished data). Plasmid pMOX3615 congia 9 kb
tandem multiple integration of up to hundreds of copiesBanHI fragment of theH. polymorphaDL-1 MOX gene,
(Gatzke et al., 1995; Gellissen et al., 1995). This ability towhich was isolated based on the DNA sequence homology
achieve stable multimeric integration of the expression casto theH. polymorphaCBS4732MOX gene (Ledeboer et al.,
sette make#l. polymorphaan ideal host for the high-level 1985). The 1.5 klizcoRI/SallMOX promoter and the 0.5 kb
expression of foreign genes. However, the high frequencBglll/EcaRV MOX terminator, obtained from pMOX3615,
of nonhomologous recombination poses potential compliwere inserted into the multicloning sites of pBluescript’KS
cations in obtaining a precise insertion of the expressior{Stratagene), generating pBMOX8 and pBKS-Tmox(l), re-
cassettes into a targeted sitetbfpolymorpha(Faber et al.,  spectively. Th&ecoRl andHindlll sites in the multiple clon-
1992). ing site of pBKS-Tmox(l) were removed by Klenow frag-
In the case of the integrative transformationRofpasto- ment treatment to result in pTmox(ll). The 2.2 kb HSA
ris, the double crossover of the linear expression cassetteDNA fragment containing the whole coding region of HSA
containing theAOX1promoter and terminator at tiOX1  with its 5 UTR was obtained from pBlue-HSAI (Kang et
locus frequently results inox1A transformants, where the al., 1998). Plasmid pGLG61-135 is identical with pGLG61
genomicAOX1gene is disrupted by the expression cassette(Sohn et al., 1999b), except that it contains the telomeric
Comparative studies on foreign gene expression in théragment TEL135 instead of TEL188 (Sohn et al., 1999a).
aox1A and the wild-typeAOXtransformants have suggested
thataox1A strains were advantageous for the production of . .
some proteins (Cregg et al., 1987; Romanos et al., 1991 :cl;s"tructlon of MOX-HSA Expression Cassettes |
During induction on methanol, thes®x1A transformants
do not simultaneously produce high levels of the AOX en-To fuse theMOX terminator with HSA cDNA, the 0.5 kb
zyme and the heterologous product. They are also charablunt endedNot/Hindlll DNA fragment of theMOX ter-
terized by having a much lower demand foy &d metha- minator was obtained from pTmox(Il) and inserted into the
nol than the wild-type strains. However, in the integrativeblunt-ended<hd/Hindlll sites of pBlue-HSAI (Kang et al.,
transformation oH. polymorphasuch double homologous 1998), resulting in pHSA-Tmox. The HSA cDNA fused
crossovers at the genomMOX locus, leading tomoxA  with the MOX terminator was generated as a 2.58doR|1/
transformants, are extremely rare. Although a special stratclal fragment from pHSA-Tmox and ligated with the 1.5 kb
egy has been recently developed to obtain the replacemeBial/Ecarl MOX promoter fragment, which was amplified
of the MOX gene with expression cassettes (Agaphonov eby polymerase chain reaction (PCR) from pMOX3615. The
al., 1995), the influence oMOX gene disruption on the ligated product was then inserted into {Gkal/Sal sites of
production of heterologous proteins has not yet been ana¢IP5 (Struhl et al., 1979). The resultant plasmid YIP-HSA
lyzed inH. polymorpha. contained the MOX-HSA expression cassette |, which was
In the present study, we report on the development otomposed of the HSA cDNA with its'BJTR under the
HSA expression systems kh polymorphausing the metha- control of the MOX promoter and terminator (Fig. 1A,
nol inducible MOX promoter. To optimize the secretory MOX-HSAI).
expression of HSA, we investigated several parameters af- To fuse the HSA cDNA devoid of its'8UTR directly to
fecting HSA expression, including the-Bntranslated re- the MOX promoter, two DNA fragments were joined via
gion (5-UTR), gene dosage, and the integration site of thePCR in three steps. At the first PCR, the 250 bp DNA
HSA expression cassette. We further analyzed the effect dfagment corresponding to the N-terminal part of HSA
MOX gene disruption by constructing theoxA transfor-  cDNA was amplified from pBlue-HSAI using two oligonu-
mant, in which the genomitMOX gene was replaced with cleotides, MOX/HSA-33mer (53CTAAAGTACAAAAA-
the HSA expression cassette. We report here thattthe CAAAATGAAGTGGGTAACC-3'; the translation initia-
polymorphaexpression systems developed in this studytion codon of HSA cDNA was underlined) and HS¥l11)-
were able to produce correctly processed recombinant HSA9mer (83-GCTGACTCATCAGCAACAC-3). In the
at good yields both in shake-flask cultures and in fed-batclsecond step, the 1.5 RIOX promoter fragment containing
fermentations. ATG initiation codon was amplified from pBMOX8 using

Strains and Plasmids
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PYHSA12(+/-)  APH 720 Kb
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Figure 1. Generic plasmid base for the expression of HSAimpolymorpha(A) The 5-untranslated region (8JTR) of HSA cDNAs in the MOX-HSA
expression cassettes. The MOX-HSA expression cassette | was constructed with the HSA cDNA contaiibd Rsahd anEcadRl site, which was
generated during the cDNA construction (Kang et al., 1998)ird| site was introduced during the PCR amplification of M®X promoter in this study.

In the MOX-HSA expression cassette I, the HSA cDNA lacking itd R was directly fused with tht1OX promoter by the fusion PCR strategy. The
initiation codon ATG of the HSA open reading frame is boxed. (B) Integration vectors for HSA expression. pYHSA12(+) and 12(-) contain the MOX-HSA
expression cassettes | and I, respectively. Both vectors carry the telomeric fragment TEL135 as an autonomous replication sequence (Sa®in) et al., 19
and theHLEU2 gene and thé\PH gene fused to th&APDH promoter as selection markers (Sohn et al., 1999a). (C) Replacement vector pSMHSA. The
vector contains the MOX-HSA expression cassette || and the pamizigene fragment of. polymorphaderived from pSM1 (Agaphonov et al., 1995).

the reverse primer (FBAACAGCTATGACCATG-3) and  ment containing the remaining part of HSA fused with the
MOX-19mer (B-CATTTTGTTTTTGTACTTT-3: the an- MOX terminator, which was obtained from YIP-HSA, and
ticodon of start codon was underlined). In the last step, thesthen inserted into th&coRI/Sal sites of pBluescript K&

two PCR products containing 16 bp complementary seThe resultant plasmid pBHSA11 contained the HSA expres-
quences at each end were annealed and used as a templsiten cassette I, which was composed of the HSA cDNA
for the reverse primer and MOX/HSA-33mer to amplify the devoid of its 3-UTR under the control of tht1OX pro-

1.8 kb DNA fragment containing thdOX promoter and the moter and terminator (Fig. 1A, MOX-HSAII).

N-terminal part of HSA cDNA. The final product of 1.8 kb
DNA fragment was inserted into pT7Blue T-vector (Nova- . .
gen) and sequenced to check any possible error genera;%ﬁmitl"::g?"hgf HSA Expression Vectors for

during PCR. The resultant plasmid pT7Blue/PmoxHSA24 - poty P

was digested byfllll and Sal to generate the 1.8 kb DNA To construct the integrative vector pYHSA12(-), carrying
fragment containing thMOX promoter fused with the N- the MOX-HSA cassette Il, the 4.0 khpa/Notl cassette
terminal part of HSA cDNA. The 1.8 kifllll/Sal frag- Il generated from pBHSA1l was ligated with the 2.9 kb
ment was ligated with the 2.2 kifllll/EcoRl DNA frag-  Notl/Sal fragment of pGLG61-135, which contained tHe
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polymorpha LEUZyene HLEU2), the modifiedAPH gene, 10 g/L glycerol and 20 g/L yeast extract. The fermentor was
and TEL135. The ligated 6.9 kApa/Sal DNA fragment  inoculated with 100 mL of a preculture grown to the sta-
was inserted into thApa and Sal sites of pBluescript K§  tionary phase on the medium containing 10 g/L glycerol,
resulting in pYHSA12(-). The integration vector 13.4 g/L yeast nitrogen base without amino acid, and 4 g/L
pYHSA12(+), which was identical to pYHSA12(-) except biotin. During fermentation, the pH was adjusted between
that it contained the MOX-HSA cassette |, was constructed.5 and 6.0 with 3N HCI| and 3N NaOH. The temperature
by replacing the 4.0 kbApal/Notl cassette Il in was maintained at 37°C and the level of dissolved oxygen
pYHSA12(-) with the 4.0 kbClal/Sal cassette | derived was maintained above 10%. After consumption of initial
from YIP-HSA (Fig. 1B). To construct the replacement vec-glycerol in the medium at the end of the batch phase, a
tor pSMHSA (Fig. 1C), the 3.2 kiXhd/blunt endedNot feeding of glycerol (30% wi/v), supplemented with yeast
DNA fragment containing the HSA cDNA fused with the extract (3:2 ratio), was initiated before the feeding of metha-
MOX promoter was generated from pBHSA11 and ligatednol. In the fed-batch fermentation with a gradual feeding
with the 4 kbXhd/blut endedBglll fragment derived from change, glycerol feeding was continued up to cell density
pSM1 (Agaphonov et al., 1995). ODgs0l50 while maintaining the specific growth rate at
0.08-0.09 R'. While carrying out several sets of experi-
ments to optimize the HSA production witHansenula
polymorphaDL-1 in high-cell density fermentations, we
observed that the presence of even a small amount of glyc-
Transformation ofH. polymorphaand stabilization of the erol was inhibitory in achieving the full induction from the
obtained transformants was carried out according to th@&OX promoter inH. polymorphaDL-1 (Kang W. et al.,
DMSO-lithium acetate method as previously describedunpublished results). Therefore, a rather low specific
(Sohn et al., 1999a). For the transformatiortbfpolymor-  growth rate at around 0.09 hwas maintained during glyc-
phaDL1-L, Leu" transformants were selected in the mini- erol feeding. Then, methanol was added up to 4.0 g/L and
mal selective medium (0.67% yeast nitrogen base withouthe glycerol feeding rate was decreased to smoothly change
amino acid and 2% glucose). The subsequent selection @he specific growth rate from 0.08 down to 0.02*hAt the
the Led transformants for the G418 resistance was perend of growth phase, only methanol was added at a rate of
formed with minimum selective medium supplemented with0.015 g/L/OD/h. In the fed-batch fermentation with an
different concentrations of G418 ranging from 0 to 4 mg/abrupt feeding change, glycerol feeding was continued up to
mL (Invitrogen). For the transformation ¢f. polymorpha  OD4s,200 while maintaining the specific growth rate at
DLT2, Trp® transformants were selected in the minimal 0.08—-0.09 h%. After then, methanol feeding was started
medium complemented with leucine. The selected transforwithout the transition phase to the methanol fed-batch stage.
mants were screened for the expression of HSA by colony
immunoblotting. Transformants grown on YPD agar plate ] ]
overnight were transferred onto nitrocellulose membranePNA’ RNA, and Protein Analysis
(Schleicher & Schuell), which were then placed on a freshSouthern hybridization analysis for yeast genomic DNA
YPM agar plate for 1 day. The membranes were washedvas carried out as previously described (Sohn et al., 1999b).
with 20 mM Tris-HCI (pH 7.5) solution containing 100h  The integration copy number of transformants was deter-
NaCl and subsequently subject to Western blotting using thenined by the quantitative reading of the Southern blot den-
anti-HSA polyclonal antibody (Sigma) as previously de-sitogram using an image-analysis system (GS-700, Bio-
scribed (Kang et al., 1998). Rad). Total yeast RNA was isolated, fractionated on 1.2%
formaldehyde/agarose gel, and subsequently blotted onto a
nylon membrane (Schleicher & Schuell) as previously de-
scribed (Kang et al., 1998).
In shake-flask cultures, BYPM (1% yeast extract, 2% pep- For N-terminal amino acid analysis of recombinant HSA,
tone, 2% methanol, and MLpotassium phosphate, pH 6.0) the culture supernatant of recombin&htpolymorphawas
medium was used for the induction of HSA expression fromfractionated on 8% SDS-polyacrylamide gel and then trans-
the MOX promoter. Flasks (250 mL) containing 25 mL of ferred to a polyvinylidene difluoride membrane (Schleicher
BYPM medium were inoculated with 0.25 mL of the seed & Schuell). The band corresponding to HSA was excised
culture grown to the stationary phase in YPG (1% yeastind subjected to a Milligen/Biosearch M 6000 protein se-
extract, 2% peptone, and 2% glycerol) medium. Culturesjuencer. For pl determination, the culture supernatant was
were grown for 2 03 d at37°C on a rotary shaker (200 fractionated on NOVEX pre-cast vertical IEF gel (pH 3-7)
rpm). Cell growth was measured as optical cell densityand analyzed by Western blotting with the HSA antibody.
(OD) at 660 nm using a spectrophotometer (Spectronic 21DThe concentration of HSA in culture supernatants was es-
Milton Ray), in which OD 1 was equivalent to 0.3 g/L of timated by densitometric scans of Western blots (Kang et
dry cell weight ofH. polymorpha. al., 2000) or silver-stained polyacrylamide gels with the
Fermentations were carried out in a 5-L fermentor (Bestuthentic HSA (Sigma) as a standard. For Western blotting,
Korea Fermentor) containgn2 L of themedium containing 25-150 ng of HSA was loaded in each well, compared to

Transformation of H. polymorpha and Screening
of HSA-Expressing Transformants

Shake-Flask and Fed-Batch Cultures
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50-300 ng of HSA for silver staining. The standard curvesfrom integrants of pYHSA12(+), which suggested that the

with the authentic HSA within these ranges were linear andptimization of 3-UTR in the HSA expression cassette sig-

showed a relative standard deviation of less than 3.5%. nificantly improved the expression of HSA from th&OX
promoter. Interestingly, the result also indicated that after
optimization, a single copy of expression cassette Il became

RESULTS sufficient to achieve the maximal level expression of HSA
from the MOX promoter inH. polymorpha.

Effects of 5'-UTR and Gene Dosage on the

Expression of HSA Analysis of the Integration Site and the HSA

L . Transcript in MOX Transformants
In yeast, translation initiation is known to be particularly

sensitive to the secondary structure of thé R of MRNA  The site of integration is one of the most important factors
(Donahue and Cigan, 1990). G+C-rich leaders of cDNA orthat determines the expression efficiency of foreign genes in
restriction sites containing dyad symmetry introduced dur-a heterologous host. The integrative vectors pYHSA12(+)
ing cDNA constructions could have an inhibitory effect on and pYHSA12(-) were expected to be integrated mostly
the expression of foreign genes in yeast. To avoid any detnto the telomere locus, because they contain a telomeric
rimental influence exerted by thé-&TR derived from the ARS TEL135, which directs the integration of vectors ex-
HSA cDNA, a set of HSA expression cassettes, under thelusively into the ends of chromosomes (Sohn et al., 1999b).
control of theMOX promoter, were constructed using HSA However, Southern blot analysis as shown in Figure 2 un-
cDNA with or without its 3-UTR. The HSA 3-UTR was  expectedly revealed that integration into thNEDX locus
retained in the MOX-HSA expression cassette |, while theoccurred as frequently as integration into the telomere.
HSA 5-UTR was removed in the cassette Il (Fig. 1A). When theMOX promoter fragment was used as a hybrid-
Consequently, the HSA transcript generated from expresization probe in Southern blotting, it was expected that
sion cassette Il had & ®&JTR identical to that of theOX  single-copy integration of pYHSA12(-) into the telomere
mMRNA of H. polymorphaDL-1. Integrative expression vec- should show two bands corresponding to M©X pro-
tors pYHSA12(+) or pYHSA12(-), which were identical moter a 3 kb band originating from the genomimMOX
except that they contained HSA expression cassettes | amtomoter and an additional band of the 6.5&k&oR| frag-
I, respectively, were constructed to carry the G418 resisment, containing th&1OX promoter fragment derived from
tance cassette as a dominant selection marker and a telthe expression cassette (Fig. 2B, bottom). However, in
meric fragment TEL135 as an autonomous replication semany transformants, the 3 kb signal of the genoMi©X
quence (ARS) (Fig. 1B). In this dominant selection systempromoter disappeared and new signals of 4.3 kb, 5.5 kb, and
exploiting G418 resistance, transformants harboring various.5 kb appeared. This indicated that single or multiple cop-
copy numbers of vectors integrated into the host’s chromoies of the vector were integrated into thEDX locus with a
some could be easily obtained by selecting transformants aglatively high frequency iid. polymorphaDL-1 (Fig. 2B,
different G418 concentrations (Sohn et al. 1999a). top). Because this type of additive integration at M@&X
Primary screening for the expression of HSA among thdocus did not lead to the disruption of ttOX gene, all the
transformants harboring pYHSA12(+) or pYHSA12(-) was transformants retainemlOX wild-type and had the metha-
carried out by colony immunoblotting of individual trans- nol utilization positive (Mut) phenotype. The integrants at
formants (data not shown). Southern blot analysis of thehe MOXlocus showed about twofold higher levels of HSA
selected transformants harboring pYHSA12(-) revealedxpression than the corresponding integrants at the telomere
that the integration copy numbers of the vector generallyTable I). To some extent this probably reflects the telomere
increased in the range from one to seven with increasingositional effect on gene expression (Grunstein, 1998). Al-
G418 concentration in the selection medium (Fig. 2A).ternatively, theMOX locus itself might be the optimum site
Identical results were also obtained in the Southern blofor the maximal performance of thRlOX promoter em-
analysis of the transformants harboring pYHSA12(+) (dataployed in the expression cassette. The higher level of HSA
not shown). Comparison of the HSA levels in the cultureexpression at thdlOX site could partly account for the
supernatants of these transformants, grown in shake-flasksexpectedly high frequency of integration at M&X lo-
using BYPM medium (Table I), showed that a gene dosageus, because the primary screening step of transformants for
effect on HSA production, apparently observed among théhe HSA expression could favor integrants at M@X lo-
transformants of pYHSA12(+), was abolished among thecus.
transformants of pYHSA12(-). In the case of pYHSA12(+), Because increasing gene dosage is generally expected to
multiple integrants bearing seven copies displayed at leastad to an increase in the level of the corresponding tran-
fourfold higher yield compared to single-copy integrants. Inscript, we analyzed the correlation between the copy num-
the case of pYHSA12(-), however, multiple integrants pro-ber of the integrated vector and the level of HSA transcrip-
duced equal or less HSA than single-copy integrants. It wation (Table | and Fig. 3). In Northern blot analysis of inte-
noteworthy that the highest yield of HSA obtained from thegrants harboring pYHSA12(+), the steady-state level of
integrants of pYHSA12(-) was twofold higher than that HSA mRNA in the seven-copy integrant was about seven-
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Figure 2. Integration pattern of transformants harboring pYHSA12(-). (A) Southern blot analysis. Genomic DNA of individual transformants picked from
each plate containing different concentrations of G418 were digestedeaifRl and probed with the 1.5 kb digoxigenin-labelgdl/Hindlll fragment of

the MOX promoter obtained from YIP-HSA. Lanes M and C contain the digoxigenin-labeleichglll size marker and the DNA from untransformed host

cell, respectively. (B) Diagrams explaining the integration of pYHSA12(-) intoMIi@X locus or telomeres. Before integration (a), single-copy (b) and
two-copy tandem (c) integrations were depicted. The probe used in the Southern blot analysis was represented a black box.

180 BIOTECHNOLOGY AND BIOENGINEERING, VOL. 76, NO. 2, SEPTEMBER 2001



Table I. Effect of the 3B-UTR and the copy number of integrative vectors on the HSA expression
in H. polymorphatransformants.

HSA
HSA Copy Integration protein
Vector 5'UTR Transformants # locus MRNA* (mg/L)°
pYHSA12(+) + GOT2 1 tel * 5
GOT8 1 MOX + 10
G2T127 6 tel +H++++ 15-20
G4T5 7 tel +H++++ 15-20
pYHSA12(-) - GOT7 1 MOX + 40-50
G3T8 2 MOX + 40-50
G4T9 3 MOX + 40-50
G0.8T3 1 tel * 20-30
G2T7 3 tel + 20-30
G3T5 6 tel * 20-30

®The levels of HSA transcript after 24 h culture were analyzed by Northern blot analysis and
presented as the relative value compared to the level observed in the transformant harboring single
copy of HSA expression vector integrated into M®X locus. Transformants were cultivated in a
250-mL baffled flask containing 25 mL BYPM medium.

"The levels of intact HSA protein in the culture supernatant after 48 h cultivation were analyzed
by densitometric tracing of the 66-kDA HSA band in Western blot with the authentic HSA as a
standard (Kang et al., 2000).

fold higher than the level of HSA detected in the single-pYHSA12(+), in spite of similar levels of HSA transcript,
copy integrant, which suggested a strong correlation bestrongly indicated that the optimization of-BTR in the
tween the transcript level and the gene dosage (Fig. 3, lané$SA expression cassette resulted in an improvement in ex-
4 and 5). In contrast, the levels of HSA transcription in thepression efficiency at the translational level.
integrants of pYHSA12(-) did not increase in proportion to
the increased copy number, regardless of the integration si@onstruction and Analysis of
(Fig. 3, lanes 1-3). This would explain the lack of a genemox-Disrupted Transformants
dosage effect on HSA expression observed among transfor-
mants of pYHSA12(-). The fact that single-copy integrantsin a previous study, we observed tha®X wild-type trans-
of pYHSA12(-) produced about a fivefold higher level formants, with strong methanol oxidase activity, acted as a
of HSA protein than the single-copy integrants of whole cell enzyme, to use up a large portion of methanol as
a substrate for the enzyme reaction and not as an inducer
(Kim et al., 1996). Further, thOX protein was found to
1 2 3 4 5 6 constitute more than 30% of the soluble cell protein in an
MOX wild-type strain growing on methanol (Giuseppin et
al., 1988). In an effort to overcome these limitations en-
P ——— <« HSA countered in theMOX wild-type background, we con-
structed themoxdisrupted noxA) transformant by replac-
— D D - “+ <« GAPDH ing the genomidVlOX gene with the HSA expression cas-
sette Il (Fig. 4). The replacement vector pSMHSA (Fig.
1C), carrying the truncatettp3 gene ofH. polymorpha

copy 6 1 1 7 - (Agaphonov et al., 1995) and the MOX-HSA expression
# L 1L 1 cassette Il, was cleaved Bgll and then introduced intbl.
-UTR + UTR polymorphaDLT2 (leu2 mox-trp8ScLEUJ. Trp" transfor-

mants, which can only result from double homologous in-
Figure 3. Northern blot analysis of HSA transcripts expressedHin tegration at theVlOX site (Fig. 4A), were selected and ex-

polymorphatransformants. Total RNAs from transformants, grown in ined for the | . t hic (L% d th |
YPM medium for 20 h, were fractionated on 1.2% formaldehyde gel,amlne or the leucine auxotrophic ( Quan methanol-

blotted to a nylon membrane, and hybridized with the 1.8 kb digoxigenin-Utilization negative (Muf) phenotype as well as for the
labeledBsEll/Hindlll HSA cDNA fragment (Kang et al., 1998). Lanes 1 ability to express HSA. Southern blot analysis of the Trp
to 3, transformants harboring six copies (lane 1), three copies (lane 2), angtansformants, with a probe of th@OX promoter, showed
one copy (Iang 3) of pYHSA12(-), respectively. Lanes 4 ‘and 5, transfor—¥he generation of a 9.5 KBcaRl fragment from the homolo-
mants harboring one copy (lane 4) and seven copies (lane 5) o . . L .
pYHSA12(+), respectively. Lane 6 contains the RNA sample from un—gous recombination, conflrmlng th.at the HSA exprgssmn
transformed host cell. Th&APDH transcript (Sohn et al., 1999a) 6f. cassette was correctly transplaced intoM@X locus (Fig.

polymorphawas used as an internal standard. 4B, lanes 3-5).
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Figure 4. Transplacement of th®OX gene with the HSA expression cassette. (A) Double-crossover transplacement. Repadr disruption was
mediated by replacement with the HSA expression cassette Il containing the pp&igene fragment. (B) Southern blot analysis. Chromosomal DNAs
obtained from the Trptransformants (lanes 3-5) were digested \EitltR| and hybridized with the DIG-labeled digoxigenin-labe&al/Hindlll fragment

of the MOX promoter. Lane M contains the digoxigenin-labeleHlindlll size marker. Lane 1 and lane 2 contain the DNA from untransformed host cell
and theMOX transformant in which a single-copy of HSA expression cassette was integrated infiKéocus, respectively.

The growth and the de-repressed levels of HSA expresat high cell density induction than at low cell density in-
sion from theMOX promoter for themoxA and the wild-  duction, indicating that different induction modes should be
type MOX transformants were comparable in shake-flaskconsidered when trying to achieve maximal levels of HSA
cultures using glycerol as the sole carbon source (Table Il)expression for thdlOX and moxA transformants. The su-
When the induction of HSA expression by methanol wasperior productivity of theanoxA transformant became more
initiated at low cell density (0.25 Ofgy) in BYPM medium,  remarkable in the medium containing low concentrations of
the moxA transformant showed lower production levels of methanol, for example at 0.5%, which suggests that the
HSA than theMOX transformants, primarily due to the Mut™ phenotype of thenoxA transformants could offer ad-
much lower cell mass on the medium containing methanolantages over th®1OX transformants for the production of
as a sole carbon source. However, when the induction wadSA under methanol-limited culture conditions.
initiated at high cell density (about 40 QE), the moxA We carried out preliminary fed-batch fermentations to
transformant showed about a twofold higher yield of HSAevaluate the HSA expression system developed in this
production than theMlOX transformant. Interestingly, the study. Asindicated by the shake-flask cultures, comparisons
MOX transformant showed a lower level of HSA expressionof fed-batch fermentation profiles showed that @X and

Table Il.  Effects of carbon source and culture mode on the expression of HSA from@xeand
moxA transformants in shake-flask cultures.

MOX moxA
Initial Final Final
Carbon cell density cell density HSA°® cell density HSA®
source (ODgg0) (ODgg0) (mg/L) (ODgg0) (mg/L)
Glyerol 2% 0.28 50 25 50 20
Methanol 2% 9.25 30 45 4 15
40 45 35 40 60
Methanol 1% 4b 45 40 40 60
Methanol 0.5% 4p 45 5 40 70

aThe recombinant. polymorphacells were precultured in YPG medium for 1 day and then
inoculated into BYPG or BYPM medium at a low culture density (0.25,)P The cultivation was
prolonged for 48 h.

"The cell mass accumulated in 25 mL YPG medium for 1 day was collected and resuspended in
25 mL BYPM medium containing different concentrations of methanol to induce the synthesis of
rHSA.

“The levels of HSA protein in the culture supernatant were analyzed by densitometric tracing of the
66-kDA HSA band in silver-stained SDS-polyacrylamide gel with the authentic HSA as a standard.
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moxA transformants required different induction modes tothe degradation products of 52 kDa and 45 kDa were also
improve performance (Table Ill). ThKMOX transformant detected as minor forms of HSA in the culture supernatant
produced recombinant HSA at a higher level in the fermen-of recombinantd. polymorpha(Fig. 5A). N-terminal amino
tation with a more gradual feeding change from glycerol toacid sequencing of the mature HSA of 67 kDa confirmed
methanol than in the fermentation with an abrupt feedinghe correct processing of the HSA-signal sequence during
change. This indicated that an adaptation phase for the celtte secretion process iH. polymorpha.The N-terminal

to shift smoothly from glycerol to methanol growth was amino acid sequences of the 45 and 52 kDa degradation
necessary for thmMOX strain to achieve full induction from products were shown to have the same N-terminal se-
the MOX promoter. In contrast, thenoxA transformant quences, D-A-H-K-S-(in single-letter amino acid code), as
showed better productivity in the fermentation mode withthat of the 67 kDa intact protein, indicating that they were
an abrupt feeding change than with a gradual feedingenerated by C-terminal degradation. The generation of 45
change from glycerol to methanol. The specific productionkDa degradation products has been observed in all the yeast
rate of themoxA transformant was observed to be twice assystems employed so far for HSA production. Another HSA
high as that of theMOX transformant. Nevertheless, the fragment of 52 kDa was recently reported to be generated as
final level of HSA produced with thenoxA transformant in - a dominant degradation product, instead of the 45 kDa frag-
the fed-batch fermentation with methanol induction wasment, in recombinanS. cerevisiaeunder certain culture
shown to be lower than that of thRIOX transformant. conditions (Kang et al., 2000). As reported in the case of the
While the synthesis of HSA was continuous throughout theecombinant HSA produced [§. cerevisiadDodsworth et
induction phase in tht1OX transformant, the expression al., 1996), theH. polymorphaderived recombinant protein
time for HSA was relatively short in th@oxA transformant.  also showed an average pl of around 4.8 on the isoelectric
This is likely to be due to the inability of thmoxA trans-  focusing gel, which is identical with that of authentic HSA
formant to maintain metabolic activity long enough for re- (Fig. 5B). These results indicate that the recombinant HSA
combinant protein production during the methanol induc-secreted fronH. polymorphawas correctly processed.

tion phase.

DISCUSSION

Analysis of H. polymorpha-Derived rHSA Hansenula polymorphhas drawn increasing attention as a
To achieve HSA secretion iH. polymorphawe used the promising alternative host system to the conventional yeast

native prepro sequence of HSA and confirmed that the HSA> Cerevisiaentil now, production of heterologous pro-
sequence efficiently directed the secretion of HSAHN teins in this yeast hqs been mainly made based ortithe
polymorphaas it does in the other yeasts. Less than 15% oP°lYmorphaCBS strain as a host system. We have devel-
the total HSA expressed was detected in the intracellulaPPed the HSA expression system using fi@X promoter

fraction of theH. polymorpharansformants when analyzed
by Western blotting (data not shown). Although the intact pa B X\%P‘
HSA of 67 kDa was secreted as the major dominant protein, g W

|
i 728182 P
time (h) 24 48 72 S 60 —
Table lll.  Effect of induction mode on the expression of HSA from the
MOX and moxA transformants in fed-batch fermentations with methanol
feeding. 51 —
Final HSA i
Specific HSA Final cell expression 66 kDa -4 - bl 4.75—" + ”
Induction production ratg density level 52 kDa — . ¢ 445
mode Strain  (mg/L-h-ODgs9  (ODggo (g/L) 45 kDa — :
Gradual feeding
change MOX 0.16 270 1.3
moxA 0.15 200 0.4
Abrupt feeding 36 —
change MOX 0.12 250 0.85
moxA 0.34 200 0.6 Figure 5. Analysis of recombinant HSA secretedhh polymorphaDL-

1. (A) SDS/polyacrylamide gel analysis. The culture supernataat |&f

2Specific HSA production rate was the average rate calculated for thehe MOX transformant grown in shake-flasks containing YPM medium
expression time, which was defined as the period required to reach theuffered with 0.M potassium phosphate (pH 6.0) was taken at the indi-
maximum expression level of HSA after methanol induction. cated times and then analyzed by silver staining. The two lanes, S1 and S2

bCell growth was measured as optical cell density (OD) at 660 nm, incontain 150 ng and 200 ng of the authentic HSA as standards, respectively.
which OD 1 was equivalent to 0.3 g/L of dry cell weighttéf polymorpha. (B) Isoelectric focusing gel analysis. Authentic HSA (lane S) and the

“The HSA level was determined by densitometric tracing of the 66-kKaculture supernatant dfi. polymorphatransformant (H.p.-HSA) were run
HSA band in SDS-polyacrylamide gel electrophoresis with the authenticon a horizontal polyacrylamide IEF gel (Novex 3-7 IEF gel) and analyzed
HSA as a standard. Final cell density and HSA level were the valuedy Western blotting with the polyclonal antibody against HSA. BioRad IEF
obtained at the end of the fermentation (96 h). standard was used as a marker for pl determination.
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in the DL-1 strain, another representative straiHofpoly- The limited HSA production in multicopy integrants
morpha (Levine and Cooney, 1973). Although the DL-1 could be explained by a blockage of the secretory pathway
strain is not suitable for classical genetic analysis due to it&it high gene dosage, which might inhibit further secretion of
inability to mate and sporulate (Lahtchev K, personal com-HSA, as indicated in several secretory recombinant proteins
munication), we have observed that the DL-1 strain showedWittrup et al., 1994). However, we did not detect the in-
some characteristics distinguishable from the CBS straintracellular accumulation of recombinant HSA at high gene
which might be more useful for heterologous gene expreseosage (data not shown). Rather surprisingly, the levels of
sion. For example, the DL-1 strain displays a higher growthHSA transcription from the optimized expression cassette |l
rate, a faster adaptation to culture medium changes (data ndid not increase any further with increased gene dosage.
shown), and a higher frequency of homologous recombinaThis is strikingly different to the case of expression cassette
tion compared to the CBS strain (Agaphonov MO, personal, in which the levels of HSA transcripts showed a strong
communication). As a first step in optimizing HSA produc- correlation with the copy numbers of the cassette up to at
tion using theH. polymorphaDL-1 strain, we optimized the least the seven copy level. Comparable levels of HSA tran-
5'-UTR of HSA mRNA expressed from tHdOX promoter  script were detected between the single-copy integrants of
of the DL-1 strain, which showed 91% nucleotide sequenceassettes | and Il, which excluded the possibility that no
identity to that of the CBS stain (data not shown). Our initial further increase of the HSA transcript level in multicopy
HSA expression cassette | generated HSA mRNA containintegrants of cassette Il would result from saturation of the
ing 5-UTR derived from the HSA cDNA, which has a transcription capacity of host cells. We have also made a
relatively high G + C composition (59%). Moreover, two similar observation that the HSA expression reached a
restriction enzyme sites were artificially introduced into themaximum level at the two-copy integration of th,p
5’-UTR during the construction of the HSA cDNA (Kang et HSA expression cassette and did not increase further at the
al., 1998) and the PCR amplification of tMOX promoter  transcription level upon increasing the copy number (Kang
in this study. Removal of the'8JTR derived from the HSA  HA et al., unpublished result). At present, we do not under-
cDNA and the restriction sites led to an approximate five-stand the reason why the level of HSA transcript did not
fold improvement in HSA expression at the translationincrease further once the maximum level of HSA protein
level. This implies that th G + C-rich 3-UTR tends to form  was achieved in thél. polymorphatransformants.
an unfavorable secondary structure, which might be respon- Compared to thé/1OX wild-type strain, themoxA strain
sible for the lower expression of the MOX-HSA expressioncan be expected to have several advantages as the host
cassette | compared to the cassette II. system for the production of recombinant proteins, as pre-
In general, one of most important factors for obtainingviously reported for th@ox1A strains ofP. pastoris.While
high-level expression is assumed to be the presence of muMOX strains with strong alcohol oxidase activity are ex-
tiple integrated copies of expression cassette. A direct cotremely sensitive to transient high residual methanol con-
relation between gene dosage and expression level has beeentrations (Swartz and Cooney, 1981), @A strain was
reported for many foreign proteins expressed in yeast. Howfound to be fairly insensitive to changes in the methanol
ever, several cases were also reported in which a single- @oncentration, which would facilitate the fermentation pro-
double-copy integration of the expression unit resulted incess on a large scale. Further, the synthesis of dihydroxy-
the expression of recombinant products at maximum levelacetone synthase, another methanol inducible major protein,
(Faber et al., 1996; Romanos et al., 1992; Sreekrishnayas reported to be much reduced in the absence of methanol
1993). Although the nature of the gene and its protein prodexidase (Faber et al., 1994). Consequently, the recombinant
uct might be the major determinants of the gene dosage girotein of interest may constitute a major portion of the total
which expression becomes limited, our present results shoeellular protein in themoxA strain. However, as suggested
that an apparent gene dosage effect was abolished after thereports upon our preliminary fermentations, the inability
optimization of the MOX-HSA expression cassette. Weof the moxA transformant to grow on methanol necessitates
have also made an identical observation during the course dlie development of some feeding strategies using mixed
developing the HSA expression system under the control o$ubstrates to support growth and production fromrttoeA
a strong constitutive promoter, namely, the glyceraldehydetransformant during the prolonged methanol induction
3-phosphate dehydrogenase promofeg.) of H. poly-  phase. In the case &f. pastorisMut™ strain, in which both
morpha.The effect of gene dosage on HSA expression als®AOX1andAOX2genes were disrupted, the feeding of glyc-
became much weaker after optimizing tRg,~HSA ex-  erol under growth-limiting conditions as an alternative car-
pression cassette (Kang HA et al., unpublished result)bon source was attempted during the methanol-induction
These observations strongly support the notion that the gernghase (Chiruvolu et al., 1997).
dosage effect is largely dependent on the efficiency of the In conclusion, by optimizing the expression cassette us-
expression cassette. Analogously, the effect of gene dosageg the MOX promoter and the methanol-utilizing pheno-
became more obscure in more optimized fermentor culturet/pe of the host strain, we have developed recombiiant
than in shake-flask cultures in the production of mouse epipolymorphastrains that can direct high-level expression of
dermal growth factor and tetanus fragment C udtgas- correctly processed recombinant HSA from just a single
toris as a host system (Clare et al., 1991a; 1991b). integrated copy of the expression unit. The present systems
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have a certain biotechnological advantage in that they can grated vector during continuous culture Bnsenula polymorpha

avoid the possible penalty of instability, which results from __ expressing functional human haemogobin. Yeast 10:1569-1580.
Giuseppin MLF, van Eijk HMJ, Verduyn C, Bante I, van Dijken, JP. 1988.

high-level expression as a result of tandem multiple inte- P . !
. . . roduction of catalase-free alcohol oxidaseHansenula polymorpha.

gration (Gilbert et al., 1994). In particular, the development  app Mmicrobiol Biotechnol 28:14-19.
of the moxA transformant would alleviate the operational Goodey AR. 1993. The production of heterologous plasma proteins.
problems associated with the large amounts of methanol TIBTECH 11:430-433.
feeding required to grow thdOX transformants of. poly- Grunstein M. 1998. \_(east heterochromatin: Regulation of its assembly and
morpha, such as the need for explosion-proof equipment, inheritance by histones. Cell 93:325-328.

T . . . . ollenberg CP, Gellissen G. 1997. Production of recombinant proteins by
and special technical infrastructure. To improve the yields methylotrophic yeasts. Curr Opin Biotechnol 8:554-560.
of recombinant HSA from theskl. polymorphasystems, Kang HA, Jung MS, Hong W-K, Sohn, J-H, Choi E-S, Rhee SK. 1998.

efforts are currently being made to systematically optimize  Expression and secretion of human serum albumin in the yest
fermentation parameters. charomyces cerevisiad. Microbiol Biotechnol 8:42—48.
Kang HA, Choi E-S, W-K Hong, Kim J-Y, Ko S-M, Sohn J-H, Rhee SK.
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