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Impaired secretion of the hydrophobic CY028 cutinase invokes an unfolded protein response (UPR) in
Saccharomyces cerevisiae cells. Here we show that the UPR in CY028-expressing S. cerevisiae cells is manifested
as an aberrant morphology of the endoplasmic reticulum (ER) and as extensive membrane proliferation
compared to the ER morphology and membrane proliferation of wild-type CY000-producing S. cerevisiae cells.
In addition, we observed oxidative stress, which resulted in a 21-fold increase in carbonylated proteins in the
CY028-producing S. cerevisiae cells. Moreover, CY028-producing S. cerevisiae cells use proteasomal degradation
to reduce the amount of accumulated CY028 cutinase, thereby attenuating the stress invoked by CY028
cutinase expression. This proteasomal degradation occurs within minutes and is characteristic of ER-associ-
ated degradation (ERAD). Our results clearly show that impaired secretion of the heterologous, hydrophobic
CY028 cutinase in S. cerevisiae cells leads to protein aggregation in the ER, aberrant ER morphology and
proliferation, and oxidative stress, as well as a UPR and ERAD.

The yeast Saccharomyces cerevisiae is often used as a cell fac-
tory. When strong promoters and high gene copy numbers are
used, high levels of heterologous proteins are obtained (14). To
make such a process feasible for industrial applications, it is de-
sirable that the cells secrete heterologous proteins into the culture
medium, allowing easy purification. The secretion process, how-
ever, is complicated, and many factors are involved.

Secretion of heterologous proteins by S. cerevisiae has been
studied by using cutinase as a model protein (21, 22). Cutinase
is a lipase which originates from the fungus Fusarium solani
subsp. pisi (15). Unlike other lipases, the catalytic serine of
cutinase is not buried under surface loops but is accessible to
solvents. Therefore, cutinase does not need interfacial activa-
tion (18), which makes it an important protein for industrial
applications.

Sagt et al. found that CY000 cutinase was produced and
secreted at a concentration of 30 mg/g of cells and had a
specific activity of 325 specific lipase units (SLU)/mg of protein
(21). To increase the specific activity of the cutinase, hydro-
phobic patches were introduced around the active site (G82A,
AS85F, V1841, A185L, L189F), which resulted in CY028 cuti-
nase. The specific activity of CY028 cutinase was 1,093
SLU/mg of protein; however, this hydrophobic cutinase was
produced at a concentration of only 10 mg/g of cells and was
secreted at a concentration of 3 mg/g of cells. The difference in
production between CY000 and CYO028 in S. cerevisiae was not
due to a difference in copy number or mRNA abundance. It
has been shown that hydrophobic cutinase CY028 is retained
in the endoplasmic reticulum (ER) in association with the
upregulated molecular chaperone BiP (21), which results in
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impaired secretion. However, secretion of the hydrophobic
cutinase could be increased by introduction of an N-glycosyl-
ation site (22).

Recently, Travers et al. (29) discovered that there is coor-
dination between the unfolded protein response (UPR) and
ER-associated degradation (ERAD) by performing functional
and genomic analyses. In S. cerevisiae the UPR upregulates the
genes involved in the secretory pathway, including the genes
for protein folding, protein degradation, lipid and inositol me-
tabolism, and other functions (29). During ERAD misfolded
proteins are transported out of the ER by retrograde transport.
For this transportation process ERAD requires an intact UPR
pathway in S. cerevisiae (3). Once in the cytosol, these proteins
are ubiquitinated and rapidly degraded by the proteasome (13).

To establish whether induction of CY028 cutinase produc-
tion in S. cerevisiae also leads to a UPR and ERAD, we studied
several parameters present in the pathways. We found by using
immunogold labeling and transmission electron microscopy
that CYO028 cutinase is confined in the ER, resulting in ER
membrane proliferation compared with the effect of wild-type
CYO000 in S. cerevisiae. Furthermore, the proliferation of ER
membranes apparently results in oxidative stress, which results
in carbonylation of proteins. Finally, CY028 cutinase is rapidly
degraded by ERAD. S. cerevisiae cells degrade about 70% of
the hydrophobic cutinase in a proteasome-dependent manner
to downregulate the stress caused by CY028 cutinase expres-
sion. Based on our results we concluded that heterologous,
hydrophobic protein production in S. cerevisiae cells results in
protein aggregation, a change in ER membrane morphology,
oxidative stress, a UPR, and ERAD.

MATERIALS AND METHODS

Media and growth conditions. Defined Egli medium was used in a glucose-
limited chemostat. The yeast was grown at 30°C in a Bioflow III fermentor (New
Brunswick Scientific) essentially as described previously (25). After the batch
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phase, a continuous feed with 20 g of glucose per liter and 4 g of galactose per
liter at a dilution rate of 0.07 h™! was connected. After a steady state was
reached, samples were taken and frozen quickly in liquid nitrogen.

Strains and genetic constructs. Two different cutinase variants were expressed
in S. cerevisiae VW cen.pk111-32D (leu2). The cutinase genes were placed under
control of the GAL7 promoter and directed into the secretion route by the
invertase signal sequence. To ensure genetic stability, the constructs were inte-
grated at the chromosomal ribosomal DNA locus; each construct contained a
leu2 gene, which enabled selection on agar plates lacking leucine (32). The Aubc7
and Aise]/ mutants were obtained from Peter Kotter (Institut fiir Mikrobiologie,
Johann Wolfgang Goethe-Universitit, Frankfurt am Main, Germany) and were
constructed in the isogenic VW strain.

Electron microscopy. S. cerevisiae cells were taken up by capillary action in
single dry cellulose capillary tubes about 10 mm long (11). The capillary tubes
were submerged in 1-hexadecene, cut into pieces that were about 2 mm long, and
subsequently sandwiched in aluminum specimen holders. After high-pressure
freezing (Leica) each sandwich was put into liquid nitrogen (LN,). The two
specimen holders were separated under LN,,. The capillary tubes attached to one
of the aluminum specimen holders were freed from adhering 1-hexadecene
under LN, with a fine needle. After this, the capillary tubes still attached to the
specimen holder were transferred to a screw-cap vial, which contained frozen
substitution medium consisting of 0.3% uranyl acetate and 0.01% glutaraldehyde
in anhydrous methanol (CY028-producing cells were also put in a complex
substitution medium consisting of 0.3% uranyl acetate, 0.01% glutaraldehyde,
0.3% osmium tetroxide, and 0.1% 3-amino-1,2,4-triazole in methanol) and a
miniature transfer basket (11). The vial was placed in a CS-auto substitution
apparatus (26) at —90°C for 36 h. Subsequently, the temperature was raised to
—35°C at a rate of 5°C/h. The freeze-substitution medium was replaced with
methanol. The specimen holders were removed from the vial. The capillary tubes
were infiltrated with increasing concentrations of Lowicryl HM20, as follows:
25% for 2 h, 50% for 2 h, 75% for 16 h, and 100% for at least 24 h. After this,
the capillary tubes were embedded in 100% Lowicryl HM20. Polymerization was
done at —35°C for 24 h with a UV source attachment (26), followed by 1 day of
curing under UV light at room temperature and sectioning with an ultramic-
rotome. Sections of both wild-type and mutant cells of S. cerevisiae were immu-
nogold labeled to locate the cutinase or BiP or both, as described by Sagt et al.
(21).

Determination of amounts of carbonylated proteins. Amounts of carbonylated
proteins were determined by a colorimetric procedure that measures binding of
dinitrophenylhydrazine (DNPH), as described previously (17). The amount of
protein-bound DNPH was also measured by using an anti-DNPH antibody
(A-6435, ot 6241-1; diluted 1:4,000 in 0.4% Protifar in phosphate-buffered saline
for 1 h; Molecular Probes Europe B.V.) with Western blotting as described
previously (24).

Proteasomal inhibition. Cells expressing CY028 were incubated at 30°C for 30
min on YNB medium containing 2% galactose with or without 25 pM clasto-
lactacystin-B-lactone (CW8405-Z02185; Affinity Research Products Ltd.). Pulse-
chase experiments were performed essentially as described by Sagt et al. (21).
However, the pulse period was reduced to 1 min, and in order to obtain sufficient
incorporation of radioactively labeled amino acids, the amount of 3°S-labeled
Met/Cys was increased to 150 wCi. The chase times were 0, 10, 30, 60, and 300 s.
Excess label was washed away, and the cells were chased by taking samples at
different times. The samples were subjected to immunoprecipitation with anti-
cutinase and loaded onto sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) gels, and autoradiography was performed.

RESULTS

Membrane proliferation in CY028 cutinase-expressing S.
cerevisiae cells. Recently, it was demonstrated that induction of
synthesis of the hydrophobic CY028 cutinase resulted in ag-
gregation of cutinase in the ER and increased expression of
BiP (21), suggesting that there was a UPR. According to
Travers et al. (29), a UPR induces upregulation of genes in the
secretory pathway, including genes involved in lipid metabo-
lism. This may result in increased lipid biosynthesis, manifested
as proliferation of endomembranes. As shown in Fig. 1A, the
ER of CY000-producing cells had a normal plate-like mor-
phology, while no aggregation of CY000 cutinase was observed
(Fig. 1B). However, in the CY028 cutinase-producing cells
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tions. Cells were cryofixed, freeze-substituted with 0.3% uranyl ace-
tate—0.01% glutaraldehyde in methanol, and low-temperature embed-
ded in Lowicryl HM20. After immunogold labeling with anti-cutinase
(1:250) and goat anti-rabbit with conjugated 10-nm gold (1:10), CY000
cutinase was confined in the plate-like ER. (A) Low-power magnifi-
cation of a CY000-producing cell. Bar = 500 nm. (B) High-power
magnification of plate-like ER (arrows) with gold particles indicating
the location of CY000 cutinase. Bar = 100 nm.

CY028 cutinase aggregated, as shown in Fig. 2A and B. To
identify morphologically the confinement of aggregates in the
ER, S. cerevisiae cells were grown in a complex substitution
medium containing osmium tetroxide and an imidazole com-
pound to improve endomembrane contrast. Figure 2C shows
that the contrast of the ER membrane confining the CY028
cutinase was improved compared to the contrast of the aggre-
gates shown in Fig. 2B. Proliferation of the ER membrane in
CY028 cutinase-producing cells (Fig. 2B and C) coincided with
an aberrant morphology compared to the ER morphology of
CY000-producing cells (Fig. 1). In addition to ER membrane
proliferation we observed increased vacuolization in some
CY028 cutinase-producing cells, as shown in Fig. 3. We also
observed in these cells CY028 cutinase, as well as BiP in the
vacuoles, after immunogold labeling and electron microscopy.
These results are consistent with the results of Travers et al.
(29), who found that the UPR induces upregulation of genes in
the vacuolar protein sorting system, as well as lipid metabo-
lism.

Oxidative stress in CY028 cutinase-expressing cells. Travers
et al. (29) observed upregulation of genes in phospholipid
metabolism during a UPR. Our electron microscopy results
revealed ER membrane proliferation, as well as aberrant ER
morphology compared to the ER morphology of CY000-pro-
ducing cells. Increased endomembrane synthesis may lead to
reactive oxygen species (ROS), because biogenesis of mem-
brane components involves several oxidative reactions. These
free radicals take part in the damaging reactions (12). Once
ROS production overrides the cellular antioxidant defense sys-
tem, an oxidative stress situation arises. This may lead to dam-
age of biomolecules (for example, proteins), which may result
in the carbonylation of proteins. The amount of carbonylated
proteins was determined colorimetrically and by Western blot
analysis. Figure 4A shows that the amount of carbonylated
proteins in yeast cells expressing CY028 cutinase (6.5 nmol of
carbonylated proteins/mg of protein) was about 21-fold greater
than the amount in the wild-type cells expressing CY000 cuti-
nase (0.3 nmol of carbonylated protein/mg of protein). Figure
4B is the corresponding Western blot and also shows the in-
crease in the amount of carbonylated proteins in the CY028
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FIG. 2. CY028-producing S. cerevisiae cells under inducing conditions. Cells were cryofixed, freeze-substituted with 0.3% uranyl acetate-0.01%
glutaraldehyde in methanol (A and B) and with 0.3% uranyl acetate-0.01% glutaraldehyde—-0.3% osmium tetroxide—0.1% aminotriazole in
methanol (C), and subsequently low-temperature embedded in Lowicryl HM20. After immunogold labeling with anti-cutinase (1:250) and goat
anti-rabbit with conjugated 10-nm gold (1:10), CY028 cutinase was confined in aggregates of the ER. (A) Low-power magnification of a
CY028-producing cell, showing the labeled area of an aggregate (asterisk) that had a total area that was about half the area of the nucleus (Nu).
Bar = 250 nm. (B) High-power magnification of the labeled aggregate (asterisk) with 10-nm gold particles indicating the location of CY028
cutinase. Bar = 100 nm. (C) High-power magnification of triazole-stained membranes of the ER and 10-nm gold particles indicating the location

of CY028 cutinase in the aggregates. Bar = 100 nm.

cutinase-producing cells compared to the amount in the
CYO000 cutinase-producing cells. These results indicate that
oxidative stress occurs during impaired secretion of CY028
cutinase.

Proteasomal degradation of CY028 cutinase. It was shown
previously that the total amount of CY028 cutinase is about
threefold less than the total amount of CY000 cutinase (21).
Since the mRNA levels were comparable, the difference could
be caused by rapid degradation of CY(28 cutinase in a pro-
teasome-dependent manner. As indicated above, essential co-
ordination between the UPR and ERAD has been suggested
(29). Therefore, we performed pulse-chase experiments with
extremely short pulse periods. In these pulse-chase experi-
ments a pulse of 1 min and even shorter chase times were used
to detect possible rapid degradation of CY(028 cutinase. As
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FIG. 3. CY028-producing S. cerevisiae cells under inducing condi-
tions. Cells were cryofixed, freeze-substituted with 0.3% uranyl ace-
tate—0.01% glutaraldehyde in methanol, and subsequently low-temper-
ature embedded in Lowicryl HM20. After double immunogold
labeling with anti-cutinase (1:250) and goat anti-rabbit with conjugated
6-nm gold (1:10) and with anti-BiP (1:200) and goat anti-rabbit with
conjugated 10-nm gold (1:10), CY028 cutinase and BiP were located in
aggregates, which were confined to the ER and the vacuoles. (A) Low-
power magnification of a CY028-producing cell, showing the labeled
area of aggregates (asterisk) and vacuoles (V and V') containing cu-
tinase and BiP. Bar = 250 nm. Nu, nucleus. (B) High-power magnifi-
cation of a labeled aggregate (asterisk) and vacuole (V') with 6-nm
gold particles indicating the location of CY028 cutinase and with
10-nm gold particles indicating the location of BiP. Bar = 100 nm.

shown in Fig. 5, 50% of CY028 cutinase was degraded within
60 s and 70% was degraded in 5 min. To examine the involve-
ment of proteasomes in this rapid degradation of CY028 cu-
tinase, the effect of the proteasome inhibitor B-lactacystin was
determined. Figure 5 shows that after inhibition of the protea-
somes degradation of CY028 cutinase was completely blocked.
This result supports the conclusion that the degradation of
CY028 is proteasome dependent, which is typical for ERAD.
Proteins that are preferred substrates for proteasomal degra-
dation are conjugated with ubiquitin. To determine the in-
volvement of ubiquitin in degradation of CY028 cutinase, the
UBC?7 gene, which encodes a ubiquitin-conjugating enzyme,
was deleted, yielding strain VW AUBCY. Pulse-chase experi-
ments in this AUBC7 background demonstrated that degrada-
tion of CY028 was delayed only slightly (Fig. 5) and that 30%
of the intracellular CY028 cutinase was degraded within 5 min.
This result indicates that the UBC7 gene plays a minor role in
the rapid degradation of CY(28 cutinase.

DISCUSSION

Travers et al. revealed the essential coordination of the UPR
and ERAD by performing functional and genomic analyses
(29). Recently, Sagt et al. demonstrated that induction of syn-
thesis of the hydrophobic CY028 cutinase in S. cerevisiae cells
resulted in aggregation of cutinase in the ER and increased
expression of BiP (21), suggesting that there is a UPR. To
establish whether induction of CY028 cutinase production in S.
cerevisiae cells indeed leads to a UPR and ERAD, we studied
several parameters present in these pathways, including endo-
membrane proliferation, oxidative stress, and proteasomal
degradation.

Here we clearly show that in CY028 cutinase-producing S.
cerevisiae cells there is significant irregular ER membrane pro-
liferation, as revealed by electron microscopic studies. This is
consistent with the results of a microarray study performed by
Travers et al. (29), with the work of Cox et al. (5), who found
that a UPR coordinates the production of ER proteins and ER
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FIG. 4. Cells producing CY028 cutinase have increased levels of
carbonylated proteins. (A) Amount of carbonylated proteins, as de-
termined by binding of DNPH and measured colorimetrically by using
the method of Levine et al. (17). S. cerevisiae CY028-producing cells
contained about 21-fold more carbonylated protein than wild-type S.
cerevisiae CY000-producing cells. (B) Corresponding immunoblot, in
which bound DNPH was identified by using anti-DNPB antibodies as
described by Shacter et al. (24). S. cerevisiae CY028-producing cells
(lane 2) contained more carbonylated protein than wild-type S. cerevi-
siae CY000-producing cells (lane 1).

membrane, and with the studies of Umebayashi et al. (30) with
yeast, in which accumulation of misfolded protein aggregates
affected the ER morphology drastically. In addition, Koudi-
nova et al. (16) showed in a study of Alzheimer’s disease, which
is accompanied by aggregation of certain proteins, that Alz-
heimer’s Abetal-40 peptide increased the synthesis of different
classes of lipids in brain tissue. Furthermore, Sagt et al. showed
that BiP is upregulated in CY028-expressing cells, indicating
that there is a UPR (21); therefore, our electron microscopic
results confirmed the link between membrane proliferation
and the occurrence of a UPR in §. cerevisiae.

Membrane proliferation, however, may result in an increase
in ROS taking part in damaging reactions (12). The presence
of ROS results in oxidative stress. In our study we indeed
observed an increase in the amount of the carbonylated pro-
teins, indicating that oxidative stress occurs when CY028 cuti-

APPL. ENVIRON. MICROBIOL.

nase accumulates in the ER. This indicates that S. cerevisiae is
not able to neutralize ROS completely. Since oxidative stress-
related genes do not play a direct role in the UPR (29), this
stress is probably a secondary effect. However, the presence of
carbonylated proteins in CY028 cutinase-producing cells could
induce proteasomal activity (8).

The link between the UPR and ERAD in S. cerevisiae has
been described by Travers et al. (29). These workers used a
genomics approach with S. cerevisiae mutants deficient in UPR
signaling. Here we confirmed this link in an industrially impor-
tant biological system in which the UPR and ERAD have been
identified as the main pathways by which the yeast cell at-
tempts to decrease the accumulation of CY028 cutinase in the
ER. Since the amount of CY028 cutinase produced by S. cer-
evisiae was threefold smaller than the amount of CY000 cuti-
nase produced by S. cerevisiae, we performed pulse-chase ex-
periments. Previously, Sagt et al. performed similar
experiments with pulse periods of 10 min (21); however, in
order to be able to study processes on a short time scale, we
used 1-min pulse periods. These experiments revealed that
there was very rapid degradation of CY028 cutinase. Rapid
proteasomal degradation of misfolded proteins has also been
found in Arabidopsis seedlings (8-min half time) (20) and in
human astrocytoma cells transfected with a human cytomega-
lovirus gene (US11), which resulted in histocompatibility com-
plex class 1 molecules with a half time of less than 1 min (33).
Such rapid degradation of secretory proteins is characteristic
of ERAD.

In proteasomal degradation (23) the aberrant proteins con-
fined in the lumen of the ER are translocated across the ER
membrane (2) and ubiquitinated mainly by the ubiquitin-conju-
gating enzyme Ubc7p (6). Although the degradation of CY028
cutinase was proteasome dependent, the role of ubiquitination
could not be clearly established in our study. Although the UBC7
gene, which encodes the ubiquitin-conjugating enzyme Ubc7p,
was deleted, yielding strain VW AUBC?7, pulse-chase experiments
in the AUBC?7 background demonstrated that the degradation
was delayed and that only 30% of the intracellular CY028 cuti-
nase was degraded in 5 min, while in the CY028-producing strain
70% was degraded. This indicates that during the delay in deg-
radation of CY028 cutinase in strain VW AUBC?, other conju-
gating enzymes, such as UBClp, UBC4p, UBC5p, and UBC6p,
are involved in the ubiquitinaton of CY028 cutinase (4, 7, 9, 10,
27, 28). Most likely, the stress-related ubiquitin conjugation en-
zymes UBC4p and UBCS5p take part in this ubiquitination pro-
cess (1). Alternatively, an ill-defined proteolytic system (31),
which is involved in degradation of misfolded proteins, might play
a role in the degradation of CY028 cutinase in AUBC7 cells.
Another possibility is that the vacuolar degradation system func-
tions in concert with, or is an alternative for, ubiquitin-dependent
degradation. However, as shown in our study, vacuolar degrada-
tion of CY028 cutinase is a slow process and not as specific as
ERAD for several reasons, such as the fact that vacuoles nonspe-
cifically engulf the cytoplasmic contents (10). In addition, Ng et al.
(19) have shown that the UPR also has connections to other
regulatory pathways, such as the transcriptional regulator for
genes encoding subunits of the proteasome (SON1/RPN4). In
view of the results of Ng et al. (19) and the results of Travers et
al. (29) concerning the role of UPR upregulated genes in ubiq-
uitin-proteasome protein degradation, the results of our protea-
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FIG. 5. Degradation of CY028 cutinase. S. cerevisiae cells expressing CY028 were incubated at 30°C for 30 min on YNB medium containing
2% galactose with or without the proteasomal inhibitor clasto-lactacystin-B-lactone at a concentration of 25 uM. The cells were pulse-labeled for
1 min with 150 wCi of [**S]Met/Cys. After washing, the cells were chased by taking samples at different times. The samples were then subjected
to immunoprecipitation with anti-cutinase and loaded on SDS-PAGE gels, and autoradiography was performed. (A) Scanning values obtained with
a personal densitometer from Molecular Dynamics. At 5 min no degradation was found after treatment with the proteasomal inhibitor (@), in
contrast to the untreated S. cerevisiae CY028-expressing cells (#). After deletion of the UBC7 gene, degradation was delayed (m. All values were
normalized by using the cutinase level at zero time. (B) Corresponding autoradiographs after immunoprecipitation on the SDS-PAGE gels for

different times (0, 10, 30, 60, and 300 s).

somal inhibition studies warrant the conclusion that the rapid
degradation of hydrophobic cutinase CY028 in S. cerevisiae cells is
not vacuolar degradation but rather is ubiquitin-proteasome pro-
tein degradation.

Impaired secretion of CY028 cutinase invokes a complex
stress response in S. cerevisiae cells. After translocation and
folding of CY028 cutinase, BiP is still able to bind to the
exposed hydrophobic patches (21; this study). The binding of
BiP to hydrophobic cutinase CY028 results in keeping the
CY028 cutinase in the ER, which results in a high concentra-
tion of CY028 cutinase. Therefore, CY028 cutinase forms ag-
gregates with BiP (21; this study) in the ER lumen. Moreover,
the yeast cell uses retrograde translocation through Sec61p and
proteasomes to degrade CY028 cutinase, which is kept in a
retrograde transport-competent state by BiP (2). These events
in the ER, which determine the secretion efficiency of CY028
cutinase, lead to a variety of subcellular responses to circum-
vent accumulation of pathological amounts of protein in the
ER lumen. Based on the results of this study, we concluded
that induction of the hydrophobic CY028 cutinase in S. cerevi-
siae cells leads to CY028 cutinase aggregation in the lumen of
the ER, membrane proliferation and aberrant morphology in
the ER, oxidative stress as a secondary effect, a UPR, and ERAD.
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