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a  b  s  t  r  a  c  t

Effects  of overexpression  of  an  unfolded  protein  response  (UPR)  gene  were  investigated  in  recombinant
Saccharomyces  cerevisiae  strains  harboring  16 copies  of  the  gene  for human  kringle  protein,  LK8.  In S.
cerevisiae,  Hac1p  plays  a crucial  role  as  a transcription  activator  and Ire1p  as  endonuclease  acting  on the
HAC1 transcript  to remove  an  intron  and induce  the  UPR.  The  disruption  of  the two  genes  was  detrimen-
tal to  LK8  expression,  and  interestingly,  the  hac1�  strain  was not  able  to utilize  galactose  as a  carbon
source  and  concomitantly  delayed  cell growth  compared  with  the  wild  type  and the  ire1� strains.  In
a complementation  test,  the  growth  defect  was  partially  recovered  by  the  overexpression  of  the  HAC1
RE1
accharomyces cerevisiae
nfolded protein response
K8

gene  controlled  by the GAL1  promoter.  Additional  activation  of UPR  was  mediated  by the  GAL1  promoter
driven  coexpression  of  the HAC1  gene  and  enhanced  the  intracellular  and  secreted  levels  of LK8  by 4-
and  1.6-fold,  respectively.  The  UPR  was  essentially  required  for  the  heterologous  production  of LK8.  Fur-
thermore,  Hac1p  is  the  factor  promoting  LK8  protein  production  as  well  as  cell  growth  in  recombinant
S.  cerevisiae  strains.  This  result  indicates  that  the  additional  activation  of  UPR  might  be  a  good  option  for

logou
overproduction  of  hetero

. Introduction

Production of heterologous proteins in eukaryotic hosts has
dvantages due to the ability for folding and secretion of target pro-
eins though their secretory machinery [1,2]. Many organisms such
s Pichia pastoris [3],  Kluyveromyces lactis [4,5], Hansenula polymor-
ha [6] and Saccharomyces cerevisiae [7] have been used as hosts.
mong them, S. cerevisiae is one of the most popular workhorses
wing to good exploitation to food and pharmaceutical industries
8].  Genomic databases, tools and methods for genetic manipula-
ions of the baker’s yeast S. cerevisiae have been assorted as well.
owever, this yeast inherently exhibits a protein expression level

ower than the prokaryotic hosts. To solve this problem, a method
or genomic integration of multiple copies of the target gene has
een developed using a transposable element [9],  which enabled
he high-level expression of the Escherichia coli lacZ gene in S.
erevisiae.  On the other hand, it was frequently observed that the
ecombinant S. cerevisiae strain retained most of the expressed pro-
eins in the endoplasmic reticulum (ER), whereby the yeast only

ecreted a slightly increased amount of the target protein [10,11].
verproduction of a heterologous protein led to the accumula-

ion of an improperly folded protein, resulting in ER-overload [12].

∗ Corresponding author. Tel.: +82 2 880 4855; fax: +82 2 873 5095.
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Such accumulation often induces a stress response pathway, the
unfolded protein response (UPR) in host cells. This response is
conserved in all eukaryotic organisms [13]. To date, it is known
that activation of UPR induces expression of various genes such
as ER-localized chaperones, foldases, proteases for ER-associated
degradation, and proteins for vesicle formation [14–16].  As secre-
tion of heterologous proteins in eukaryotes is originated from ER,
UPR has been believed to be a major control unit in protein secretion
and homeostasis.

UPR activates expression of three components in S. cerevisiae:
Ire1p, Rlg1p and Hac1p. Ire1p is an ER transmembrane protein with
its N-terminal domain, which contains an ER targeting sequence,
and senses unfolded proteins [14,17,18].  The C-terminal half of
Ire1p contains both protein kinase and site-specific endonuclease
activities [17,19]. When Ire1p dimerizes, it is autophosphorylated
in trans, followed by activation of its endonuclease activity that
acts on the HAC1 transcript to remove the 252 nucleotide intron
located within the predicted stem-loop structure [14,20]. Activ-
ity of Rlg1p, a tRNA ligase, is required to ligate the transcript
cleaved by Ire1p. The spliced HAC1 mRNA is then translated upon
the removal of the intron. Hac1p is a transcription factor that
activates the unfolded protein response (UPR) pathway [14,21].

As described, Ire1p, Rlg1p and Hac1p are the key factors for the
induction of the UPR genes in yeast since Hac1p is synthesized
only after the activation of Ire1p and Rlg1p in response to ER
stress.
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In an effort to improve the secretion of heterologous pro-
eins, Hac1p was coexpressed in recombinant S. cerevisiae strains
22]. The constitutive expression increased secretion of Bacillus
myloliquefaciens �-amylase [22] by a 1.7-fold and surface expres-
ion of Burkholderia gladioli esterase [23] by a 1.25-fold. However,
ontinuous expression of the HAC1 gene did not increase the pro-
uction of Trichoderma reesei endoglucanase [22]. Based on the

iterature reported elsewhere, an influence on the target protein
xpression was discussed only about the secreted parts. Level
hanges of the target protein trapped inside seem to be critical
ince the results reflect total expression changes and functions of
PR in S. cerevisiae strains producing heterologous proteins. Thus,

his work was  focused on analysis of changes in both intra- and
xtracellular protein concentrations in response to the additional
xpression or inactivation of the IRE1 and HAC1 genes in recom-
inant S. cerevisiae strains. A production system of the kringle
ragment of human apolipoprotein(a) [24], termed as LK8, which
as strong anti-angiogenesis activity [25], was  used as a model
rotein. LK8 is a three disulfide-linked 86 amino-acid polypeptide,
hich inhibits endothelial cell migration and suppresses formation

f new capillaries.
This work provides experimental evidence to prove that an IRE1-

ependent activation of UPR is essential and the coexpression of
ac1p exerts a profound influence on improving the expression

evel of LK8.

. Materials and methods

.1. Strains and plasmids

Escherichia coli DH5 was  used for plasmid preparation. A recombinant S. cere-
isiae 2805/M�LK8 (MAT  ̨ pep4::HIS3 prb1 can1 his3 ura3-52) strain harboring 16
opies of the LK8 expression cassette in the genome [24] was used. The LK8 expres-
ion  cassette was  comprised of the GAL1 promoter, �-factor signal sequence, LK8
tructural gene and CYC1 terminator.

Plasmids pWAL100 and pWBR100 were used as mother vectors for construc-
ion of knockout alleles [26]. Disruption vectors pWALhac1, pWBRhac1, pWALire1,
nd pWBRire1 were constructed and generated as complementary knockout cas-
ettes for disruption of the HAC1 and IRE1 genes. The constructed null mutants were
onfirmed by diagnostic PCR. Phenotypic assay for inositol auxotrophy and sensi-
ivity to tunicamycin was  validated for the HAC1 and IRE1-disrupted strains. Two
ersions of the S. cerevisiae HAC1 gene were cloned in p426GAL1 (ATCC 87833),
n expression vector containing the GAL1 promoter. The HAC1i gene coding for
ntronless 238-amino acids was generated by overlapping PCR with appropriate
rimers and ligated to plasmid p426GAL1 at the BamHI and ClaI loci. The con-
tructed plasmid pTL305 consists of the spliced (induced) sequence of the intronless
AC1 gene (HAC1i) coding for an induced form of 238-amino acid protein (Hac1pi).
he  unspliced (uninduced) HAC1 gene of which the transcript encodes 230-amino
cid protein (Hac1pu) was  obtained by PCR. Plasmid pTL307 comprising the GAL1

romoter for expressions of S. cerevisiae HAC1u was  also constructed based on the
ame method for plasmid pTL305. Primers used in this study were listed in Table 1.
lasmids p426GAL1, pTL305 and pTL307 were digested by StuI. The linearized DNA
ragments were transformed to a recombinant S. cerevisiae 2805/M�LK8 strain. An
mpty vector p426GAL1 was used as control for transformation. Plasmids pTL305

able 1
rimers used in this study.

Name Sequence 

F AL hac1 BamHI CGGGATCCTACAATGAAAAACAACACCAAGCTGC
R  AL hac1 NcoI CATGCCATGGAGTGGCGGTTGTTGTCGTAGGTG 

F  BR hac1 BamHI CGGGATCCAGACAATCGCAAGAGGGTATAATTTT
R BR hac1 NcoI CATGCCATGGCTCATTGGCCCGGAGTTAGGGG 

F  AL ire1 BamHI CGGGATCCGAAGTAATGAACTTAAATGCTATTATA
R  AL ire1 NcoI CATGCCATGGTTTTCAAAGTGCTAAAATATTAATT
F  BR ire1 BamHI CGGGATCCCATGTTCATGCCCCTCTGCTTCTT 

R  BR ire1 NcoI CATGCCATGGTCTCAGGAACAAAAAGGAATATCT
F hac220 ACTATGGAAATGACTGATTTTGAACTAA
R  hac220 CTGGATTACGCCAATTGTCAAGATC
F  hac1 BamHI CGGGATCCACTATGGAAATGACTGATTTTGAACTA
R3 hac238 ClaI CCATCGATTCATGAAGTGATGAAGAAATCATTCAA

CAAACCTGACTGCGCTTCTGGATTACGCCAATTGT
R hac238 OP TCTGGATTACGCCAATTGTCAAGATC 

R hac230 ClaI CCATCGATTCACTGTAGTTTCCTGGTCATCGTAA 
stry 47 (2012) 2300–2305 2301

and pTL307 were used for single-copy coexpression of the HAC1i and the HAC1u

genes. The transformants were confirmed by colony PCR with appropriate primers.
Recombinant S. cerevisiae strains used in this study were listed in Table 2.

2.2. Media and culture conditions

LB medium (1% NaCl, 1% tryptone, and 0.5% yeast extract) was  used for E. coli cul-
tivation. SC (synthetic complete) plates without uracil [27] were used for selection
of  the transformants harboring the URA3 or the Kl URA3 genes. A medium contain-
ing 5-fluoorotic acid was used for counterselection [27]. YEPG (1% yeast extract, 2%
peptone and 2% galactose) plates were used for complementation experiments. A
bench-top fermentor (Bioengineering AG, Wald, Switzerland) was used for batch
cultivations with a 1.5-l working volume of medium in a 3-l jar. Flask cultures
and batch fermentations were performed in YEPDG medium (1% yeast extract, 2%
peptone, 2% glucose and 2% galactose). Inoculums were adjusted to OD600 = 0.5. An
agitation speed of 500 rpm and an aeration of 1 vvm were maintained throughout
the  cultivation. Medium pH was  adjusted at 5.5 with 2 N HCl or 2 N NaOH, and
the temperature was  maintained at 30 ◦C. All the values were averaged from the
duplicate batch fermentations.

2.3. Analysis

Dry cell mass concentration was measured with a spectrophotometer at
600 nm.  Concentrations of glucose and galactose were determined using the glu-
cose kit (Young-Dong Pharm., Seoul, Korea) and the 3,5-dinitrosalicylic acid (DNS)
method, respectively. Ethanol concentration was measured by a gas chromatograph
(Younglin, Anyang, Korea). Intracellular proteins were analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. Immunoblot was  performed using the
anti-LK8 rabbit polyclonal antibody (lab stock). Samples for intracellular LK8 and
Kar2p were prepared by adjusting the cell density in TBS buffer (10 OD600 ml−1)
and  by following boiling and breaking the cells with glass beads (Sigma Chemical
Co., St. Louis, MO,  USA). To prevent the plateau effect in immunoblots, all samples
were serially diluted and loaded for SDS-PAGE. Samples for quantitative detection
of  the secreted LK8 were prepared directly from the supernatant of culture media
at  24 h and 48 h of each strain. Concentrations of the secreted LK8 protein were also
measured by an enzyme-linked immunosorbent assay (ELISA) based on linearity
of  the predetermined standard curve with the r-squared value of 0.9896. Perox-
idase conjugated anti-rabbit IgG (Sigma Chemical Co.), LK8 polyclonal antibody,
and 3,3′ ,5,5′-tetramethylbenzidine (TMB) dihydrochloride (Sigma Chemical Co.) as
a  peroxidase substrate were used. Absorbance was  measured at 450 nm using a VER-
SAmax microplate reader (Molecular Device, Sunnyvale, CA, USA). The purified LK8
protein was  used as a standard. All data were obtained from at least two or more
independent experiments and averaged.

3. Results

3.1. Production of LK8 in hac1� and ire1� strains

To analyze the effect of UPR on LK8 production, the HAC1
and IRE1 genes were eliminated since both genes are known to
be required for the induced activation of UPR. YTL59 (hac1�)
and YTL60 (ire1�)  strains were constructed from S. cerevisiae

2805/M�LK8 (Table 2) and batch fermentations were performed
in YEPDG media. For 24 h and 48 h of cultivations, the levels of
LK8 secreted in the YTL59 and YTL60 strains were reduced to a
range of 36–50% compared with the control YTL30 strain (Fig. 1A).

Relevant work

 pWALhac1
˝

T pWBRhac1
˝

CA pWALire1
CCTC ˝

pWBRire1
TTG ˝

HAC1i template generation

A HAC1i, HAC1u

TTCAAATGAATT-
CAAGATCA

HAC1i

HAC1i

HAC1u
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Table  2
Recombinant S. cerevisiae strains used in this study.

Strain Genotype Used plasmid Reference

2805 MAT  ̨ prb1 can1 his3 ura3-52 pep4::HIS3 Cha et al. [24]
2805/M�LK8  2805 Ty-ı::PGAL1-MF˛-LK8-Tcyc1-neor M�LK8 Cha et al. [24]
YTL30 2805/M�LK8  ura3::URA3-PGAL1-Tcyc1 p426GAL1 This study
YTL31 2805/M�LK8 ura3::URA3-PGAL1-HAC1i-Tcyc1 pTL305 This study
YTL32 2805/M�LK8  ura3::URA3-PGAL1-HAC1u-Tcyc1 pTL307 This study
YTL59 2805/M�LK8 hac1� ura3::URA3-PGAL1-Tcyc1 p426GAL1 This study
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showed smaller colonies than the positive control strain (YTL30). To
assess the accurate growth patterns accurately, liquid cultivations
in YEPG media were performed with these four strains (Fig. 3B).
YTL60 2805/M�LK8 ire1� ura3::URA3-PGAL1-Tcyc1

YTL63 2805/M�LK8 hac1� ura3:: URA3-PGAL1-HAC
YTL64 2805/M�LK8  hac1� ura3:: URA3-PGAL1-HAC

ased on the secreted LK8 for the YTL59 and YTL60 strains, the LK8
ontent was significantly decreased by disruption of the HAC1 and
RE1 genes. Furthermore, no LK8 protein was detected in the hac1�

utant through an immunoblot analysis (Fig. 1B). A decrease in
ecreted and intracellular levels of LK8 in both strains suggested
hat the HAC1 and IRE1 genes were equally important in LK8 expres-
ion.

.2. Patterns of galactose consumption in hac1� and ire1� strain

Elimination of the HAC1 gene halted cell growth and galactose
ssimilation during the LK8 induction phase (Fig. 2A and B). The
alactose uptake rate was close to zero after the depletion of glu-
ose for the hac1� strain, in which the UPR induction could not
ccur. In addition, the disruption of the HAC1 gene slightly reduced
he specific glucose consumption rate from 0.90 to 0.72 g g−1 h−1,
esulting in retarded growth in the hac1� mutant. However, the
re1� strain showed the growth pattern similar to the wild type
ontrol strain on YEPDG medium (Fig. 2C) although it expressed a
ecreased level of LK8 (Fig. 1). This indicates that galactose uti-

ization in the LK8-producing cells may  not be associated with

he activation of Ire1p since the ire1� strain has exhibited normal
rowth and carbon utilization patterns.

Two forms of Hac1p: the induced (spliced, Hac1pi) and
ninduced (unspliced, Hac1pu) versions were used for

ig. 1. Specific LK8 contents produced by three strains of YTL30 (WT, open), YTL59
hac1�,  hatched), and YTL60 (ire1�,  coarse) in batch fermentations at 24 h and 48 h.
he  levels of secreted LK8 were determined in direct ELISA (A). The intracellular
evels of LK8 trapped in cells were relatively analyzed in an immunoblot done with
nti-LK8 primary antibody (1:2000) (B).
p426GAL1 This study
c1 pTL305 This study
yc1 pTL307 This study

complementation experiments. The HAC1i and the HAC1u genes
were expressed by the GAL1 promoter in the HAC1-disrupted host
strain.

The growth patterns of four strains, YTL30 (WT), YTL59 (hac1�),
YTL63 (hac1� HAC1i) and YTL64 (hac1� HAC1u) were tested on
YEPG plates (Fig. 3A). The strain YTL59 did not grow on the
YEPG plate, as expected from the previous batch fermentation
(Fig. 2B). In contrast to the negative control strain (YTL59), YTL63
and YTL64 strains were able to grow on YEPG media. However,
their growth phenotypes were partly restored and the two strains
Fig. 2. Changes in concentration of cell growth (©), ethanol (�), glucose (�) and
galactose (�) in batch fermentations of YTL30 (WT, A), YTL59 (hac1�,  B), and YTL60
(ire1�,  C).
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Fig. 3. Recovery of growth for recombinant S. cerevisiae strains which expressed the
Hac1pi and the Hac1pu under the control of GAL1 promoter. YTL63 (hac1� PGAL1-
HAC1i) and YTL64 (hac1� PGAL1-HAC1u) compared with YTL30 (WT, positive control)
and YTL59 (hac1�, negative control). Freshly grown strains in SC uracil dropout
media supplemented 0.3 mM of myo-inositol were used. Plate assay (A) was per-
formed with YEPG plate (yeast extract 1%, peptone 2% and galactose 2%). Cells were
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Fig. 4. Secreted (extracellular) and intracellular specific LK8 contents produced
by  three strains of YTL30 (WT, open), YTL31 (HAC1i , hatched) and YTL32 (HAC1u ,
back-hatched). Secretion levels were quantitatively analyzed by direct ELISA (A).
rown (B) were obtained from 100 ml  flask cultivation at 30 C in liquid YEPG media
nd the optical density (OD600) for yeast cells at initial time was adjusted to 0.5 after
he inoculums.

s expected, YTL63 and YTL64 showed a growth lag longer for two
ays than the YTL30 control strain. However, the YTL63 and YTL64
utants grew as high as 61% and 79% of the maximum dry cell
ass of the control strain, respectively. The results indicate that

he Hac1p is required for cell growth and galactose consumption
f the LK8-producing hac1� mutant.

.3. Effects of overexpression of HAC1 gene on LK8 expression
evel

To examine the effect of overexpression of the HAC1 gene on
K8 protein production, YTL31 and YTL32 strains were constructed
nd LK8 production levels were compared in batch fermentations.
he values of maximum dry cell mass for YTL30, YTL31 and YTL32
trains reached 18, 15 and 16 g l−1, respectively (data not shown).
pecific growth rates measured in the exponential growth phase
ere around 0.054–0.056 h−1 in YEPDG, indicating that no clear
ifference in cell growth among these strains in the batch fermenta-
ions. Likewise, specific rates of glucose and galactose consumption
or the three recombinant yeast strains exhibited almost the same
alues (data not shown). However, the levels of secreted LK8 at 48 h
ncreased by a 1.6-fold for YTL31 and a 1.4-fold for YTL32 compared

ith that of YTL30 (Fig. 4A).
For the samples taken at 48 h for YTL31 and YTL32, the intra-

ellular LK8 level increased by a 4-fold (Fig. 4B). To confirm the

verexpression of the HAC1 gene, immunoblot was performed
sing the anti-Kar2p antibody (Fig. 4C). The expression levels of
ar2p detected in the immunoblot for YTL31 and YTL32 were ele-
ated by 2.3- and 2.7-folds, respectively, compared with the wild
Intracellular portions of LK8 were detected by immunoblot with the anti-LK8 pri-
mary antibody (1:2000) (B). Kar2p changes in YTL30 (WT), YTL31 (HAC1i), YTL32
(HAC1u) strains with anti-Kar2p antibodies (C).

type control strain. These results clearly suggested that overex-
pression of the HAC1 gene was effective in inducing UPR. The
GAL1 promoter driven induction of Hac1pi and Hac1pu significantly
enhanced both the intracellular and secreted production of LK8 in
batch fermentations.

4. Discussion and conclusions

This work has demonstrated that heterologous protein produc-
tion was  greatly dependent on Ire1p and Hac1p. Disruption of the
IRE1 gene inactivated the induced pathway of UPR, resulting in
reduced secretion and intracellular expression of LK8. The same
result was also observed by disruption of the HAC1 gene (Fig. 1). It
has been known that the inactivation of Ire1p ribonuclease failed
to perform the cleavage step in the splicing of mRNA encoding
Hac1p, the transcription factor that activates gene expression in
UPR [19,28,29].  The experiment results in this study suggested
that Hac1p activated by the specific splicing reaction was  essential,
thereby allowing the cells to efficiently synthesize the heterolo-
gous protein, dependent on the HAC1 and IRE1 genes. Intriguingly,
the assimilation of galactose as a carbon source for cell growth as
well as an inducer for LK8 production was regulated in an IRE1-
independent and HAC1-dependent manner as shown in Fig. 2. This

u
indicated that the unspliced Hac1p (Hac1p ) activated a specific
mechanism for carbon uptake, independent of Ire1p. An expres-
sion problem was  also observed in ethanol and galactose uptake in
the hac1� strain (Fig. 2B). It is supposed to show a “diauxic growth”
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attern (Fig. 2A and C) by utilizing ethanol or galactose as the sub-
trates. However, the diauxic growth was not seen in the hac1�
train (Fig. 2B). Therefore, the strain showed no more growth and
etarded consumption of ethanol and galactose in 12 h of fermen-
ation time. It might be due to the fact that the genes necessary for

aintenance of homeostasis were not able to be expressed by the
eactivation of UPR. This might imply that IRE1-independent unin-
uced Hac1p has a role for maintaining viability in the cells able
o overexpress heterologous proteins. However, the HAC1u mRNA
hich potently encodes a 230-amino acid protein was  translation-

lly inactive due to the presence of the inhibitory intron, thereby
o traceable amount of Hac1pu was detected in vivo [17]. To pro-
uce the active form of Hac1p, the HAC1 mRNA must be spliced in
esponse to ER stress [30]. Mori and coworkers have argued the role
f the unspliced transcript of the HAC1 gene encoding 230-amino
cid Hac1p which could suppress the inositol requirement by loss
f Hac1p despite of its low transcriptional activity of UPR [31]. Fur-
hermore, they proposed that the HAC1 promoter itself responded
o ER stress to induce transcription of its downstream genes, simi-
ar to an UPRE (UPR element)-like sequence of the KAR2 promoter

hich represented a major target of the UPR [32]. To this end, both
nspliced and spliced forms of Hac1p were expressed under the
ontrol of the GAL1 promoter in the HAC1-disrupted strain, result-
ng in partial growth recovery in a medium containing galactose
s the complementation experiment (Fig. 3). It was shown that the
AC1 gene was still necessary for normal cell growth even in the

re1� strain as if the Hac1pu was moderately produced in vivo, with
o aid of Ire1p. As previously discussed [32], cells have a mecha-
ism for increasing the amount of Hac1pu translated, independent
f the activation of Ire1p. There was another report that Rlg1p has

 dual function of translation regulation of HAC1 5′ UTR as well
s tRNA ligase activity [33]. To date, the mechanism of Hac1pu

ranslation has not been clearly understood. However, it is obvious
hat the HAC1 gene is required for maintaining the homeostasis in
eterologous protein overexpression in yeasts.

Spear and coworkers [34], on the other hand, demonstrated the
re1� strain was lethal in a medium with 2% galactose when pro-
ucing carboxypeptidase Y (CPY), although the ire1� mutant in
his work readily grew in the medium. This contradiction could be
xplained by a difference in intrinsic toxicity of accumulated model
roteins. LK8 has smaller molecular weight (9.6 kDa) than mature
PY (61 kDa) and it was easy to be secreted from the cells. Moreover,
ccumulation of unfolded proteins alone was sometimes insuffi-
ient to trigger the classical UPR pathway since the splicing of HAC1
RNA could be led by the blockages in ER-distal compartments

f the secretion pathway [35]. Activation of UPR may  be initiated
ifferently in which the cells produced various kinds of foreign pro-
eins or faces different circumstances to cope with. Meanwhile, in
he experiments tested with the hac1�,  ire1� mutants and appro-
riate control strains containing a 2 �-based LK8 expression vector
24], all strains grew well and no growth defect was  observed for the
elevant strains episomally expressing LK8 in YEPG media (data not
hown). Consequently, the degree of intrinsic toxicity was  depend-
nt the dosage of a target gene. The hac1� and ire1� strains were
nly viable if the strains had relatively low copies of the LK8 gene
r an additional copy of Hac1p in a host S. cerevisiae strain.

In both intracellular and secreted parts, a specific content of
K8 increased by the GAL1 promoter controlled coexpression of the
AC1i and HAC1u genes (Fig. 4). It was suggested that overexpress-

on of Hac1p elevated not only a secreted level but also the total
xpression level of LK8. From our previous studies, overexpress-
on of Kar2p or Pdi1p increased secretion of a model heterologous

rotein [10,11] by reducing the fraction of the trapped LK8 inside
he cells (unpublished data). Taken together, a bottleneck of the
ecretory machinery for heterologous proteins could be the folding
athway including the mechanism with Kar2p and Pdi1p rather

[
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than the UPR pathway modulated by the action of Hac1p [36]. As
the additional activation of UPR reinforces the total expression level
of LK8, the simultaneously expression of Hac1p and Pdi1p seems
to improve secretion of the heterologous protein.

In conclusion, functions of Hac1p and Ire1p are sufficient and
necessary for production of heterologous proteins and normal cell
growth under the UPR condition. It was  observed that the single-
copy overexpression of the HAC1 gene elevated the total expression
of LK8. Thus, it can be concluded that the Hac1p overexpression is
needed for improving the expression level of a target protein in
recombinant S. cerevisiae.
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