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This study focuses on the different efficiencies of secretion of two fungal cutinases by Saccharomyces cere-
visiae, a wild-type cutinase (CY000) and a hydrophobic mutant cutinase (CY028). Both cutinases are placed
under control of the GAL7 promoter, by which the expression levels can be regulated. Wild-type cutinase was
secreted at up to 25 mg per g (dry weight), while CY028 was secreted at a level of 2 mg per g (dry weight); this
difference is nearly independent of the expression level. Pulse-chase experiments revealed that whereas CY000
cutinase is secreted, CY028 is irreversibly retained in the cell. Immunogold labelling followed by electron
microscopy revealed colocalization of CY028 with immunoglobulin heavy-chain binding protein (BiP) in the
endoplasmic reticulum (ER). The increase of wild-type cutinase expression did not result in higher levels of the
molecular chaperone BiP, but BiP levels are raised by increased induction of the hydrophobic mutant cutinase.
Immunoprecipitation studies showed that in contrast to the wild-type cutinase, the hydrophobic mutant cutinase
interacts with BiP. These results indicate that the introduction of two exposed hydrophobic patches in cutinase
results in a higher affinity for BiP which might cause the retention of this mutant cutinase in the ER.

Cutinase from Fusarium solani pisi is a lipase with a molec-
ular mass of 21.6 kDa containing two disulfide bridges (14).
This enzyme degrades the cutin layer of plants, enabling pen-
etration by the fungus. Cutinase is active in aqueous solutions,
without need of interfacial activation (32), and is therefore
potentially suitable for lipid stain removal applications in the
detergent industry (5, 6). However, the natural cutinase has
two clear shortcomings: a low level of effective interaction with
lipid substrate (both on the molecular and the micellar levels)
and sensitivity to anionic detergents. Cutinase lacks a large
hydrophobic surface around the active site, in contrast to other
lipases (18). To improve the interaction with lipid substrates, a
large series of cutinase mutants has been constructed by using
a synthetic cutinase gene (30) in which the hydrophobic surface
around the active site has been increased (around amino acids
80 and 185). Some of the designed cutinase mutants indeed
exhibit improved wash performance, making them interesting
for use in detergents. In order to obtain an efficient and low-
cost production system for cutinase, this enzyme was overpro-
duced in Saccharomyces cerevisiae (30). However, some of the
mutant cutinases with increased wash performance were sig-
nificantly impaired in secretion compared to the wild-type en-
zyme. Because CY028 cutinase was the best in performance
but was secreted at a very low level, we studied this mutant in
more detail.

Secretion efficiency is dependent on proper intracellular
sorting and folding of the heterologous protein (13, 21, 24).
Molecular chaperones play an important role in these pro-
cesses. The hsp 70 protein chaperone BiP (immunoglobulin
heavy-chain binding protein) was originally identified as an
endoplasmic reticulum (ER) protein (20, 22) found in associ-
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ation with unassembled antibody heavy chains (10), thereby
preventing their premature secretion. It is now clear that BiP
interacts with exposed hydrophobic patches of various newly
synthesized translocating proteins which are entering the ER
lumen, preventing aggregation of these proteins and accompa-
nying the process of folding of these polypeptides (9).

The aim of this study was to identify the cause of the low
level of secretion of a hydrophobic mutant cutinase by S. cere-
visiae. Here, we report the interaction of a hydrophobic mutant
cutinase with BiP during the secretion process, which could be
a factor in the ER retention of this hydrophobic cutinase as
observed by immunoelectron microscopy.

MATERIALS AND METHODS

Strains and genetic constructs. S. cerevisiae SUS0 (MEL™ his4 leu2 cir’) (31)
was used as a host for cutinase production. The cutinase gene was cloned behind
the invertase signal sequence, placed under control of the GAL7 promoter, and
integrated on the chromosomal ribosomal DNA locus; the construct contained a
leu2 gene which enabled selection on leu-lacking agar plates (30). The cutinase
expression strains and the mutant cutinases (see Table 1) were constructed and
provided by C. Visser, Unilever Research Laboratory, Vlaardingen, The Neth-
erlands.

Media and growth conditions. Defined Egli medium was used in a glucose-
limited chemostat (27) supplemented with 200 mg of histidine per liter. The yeast
was grown at 30°C in a Bioflow III fermentor (New Brunswick Scientific) essen-
tially as described by Silljé et al. (28). After the batch phase, a continuous feed
was connected with 20 g of glucose per liter at a dilution rate of 0.07 h~!. When
a steady state was reached, samples were taken, as indicated below. The amount
of galactose in the feed was increased after each steady state, thereby increasing
the level of induction of the cutinase gene.

Fed-batch fermentations. Fed-batch fermentations were performed in a bio-
reactor with a working volume from 5 to 7.5 liters. The pH and dissolved-oxygen
tension were measured with Ingold probes; exhaust gas was analyzed on-line with
a Prima 600 mass spectrometer (VG Gas Analysis Systems Limited). All fer-
mentations were done under standard conditions; the pH was maintained at 5.0
with 12.5% ammonia, and the dissolved-oxygen tension was kept above 15% by
adjusting the stirrer speed. After the batch phase, a fed batch with an exponential
feed strategy was used to increase biomass and to induce the cutinase gene. The
batch phase medium (5 liters) was composed of the following (in grams per liter):
glucose, 22; galactose, 7.4; yeast extract (Difco), 10; Trusoy, 5; histidine, 0.05;
MgSO, - 7H,0, 0.05; KH,PO,, 2.1; and Egli trace elements, 10. The feed
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medium (2.5 liters) was composed of the following (in grams per liter): glucose,
393; galactose, 53.6; yeast extract (Difco), 22.3; KH,PO,, 7.4; Egli trace ele-
ments, 17.86; and histidine, 2.25. After sterilization, 5 ml of 1,000X Egli vitamin
solution was added. Cutinase production was determined at the end of the feed
phase.

Western blotting. From continuous cultures, 1 ml of culture was diluted to an
optical density at 600 nm (ODy,) of 10, washed with phosphate-buffered saline
(PBS), and stored at —80°C for Western blot analysis. The cells were disrupted
by five cycles of vortexing in the presence of glass beads (0.45- to 0.6-mm
diameter; Sigma). The equivalent of 32 g (dry weight) of cells was mixed with
10 wl of sample buffer (23), boiled for 3 min, loaded on a 12% polyacrylamide—
sodium dodecyl sulfate (SDS) gel (16), and blotted onto an Immobilon mem-
brane (Millipore). The blots were blocked with 3% skim milk powder in PBS for
15 min. Cutinase antibody (30) was diluted 1,000-fold in 0.3% skim milk powder,
and the blot was incubated for 45 min. Subsequently, the blot was incubated with
goat anti-rabbit immunoglobulin G coupled to horseradish peroxidase (Jackson
Immunoresearch), which was diluted 10,000-fold in the same solution and was
also incubated for 45 min. Between the two antibody incubations, the blots were
washed with 0.3% skim milk powder in PBS and H,O separately (twice, 10 min
each). The resulting immune complexes were detected by chemiluminescence
(NEN Du Pont). The results were quantified with a personal densitometer
(Molecular Dynamics).

Coimmunoprecipitation. From continuous cultures, cells were diluted to an
ODy of 10 with radioimmunoprecipitation assay (RIPA) buffer (1% SDS, 20
mM Tris-HCI [pH 7.4], 150 mM NaCl, 0.5% Triton X-100, 1 mM EDTA),
centrifuged for 30 s at 12,000 X g, and resuspended in 1 ml of RIPA buffer. The
cells were disrupted by five cycles of vortexing with glass beads. Samples (100 pl)
of cell lysates were centrifuged at 14,000 X g in an Eppendorf table centrifuge for
1 min. The supernatant was separated from the pellet, which was resuspended in
100 pl of RIPA buffer. These fractions were precleared with 25 pl of protein
A-Sepharose CL4B (Pharmacia) (0.07 g in 0.5 ml of RIPA buffer) for 1 h at 4°C
and centrifuged for 5 s at 1,000 X g, and the precleared supernatant was incu-
bated with cutinase antibody (5 l) for 2 h at 4°C. Protein A-Sepharose (25 pl)
was added, and the mixture was incubated for 1 h at 4°C. The suspension was
centrifuged for 5 s at 1,000 X g, and the pellets were washed twice with wash
buffer (20 mM Tris-HCI [pH 7.4], 0.15 mM NacCl, 0.1% Triton X-100) at the end
of the process. Between the washing steps, the suspensions were centrifuged at
1,000 X g for 5 s. The pellets were resuspended in 10 pl of SDS sample buffer,
and after being boiled for 5 min, the suspension was centrifuged for 5 s at 1,000 X
g and the supernatant was loaded on an SDS-polyacrylamide gel.

Enzyme assays. One milliliter of culture was centrifuged for 1 min at 14,000 X
g in a table centrifuge (Eppendorf), and the supernatant was stored at —80°C for
further analysis. Extracellular cutinase was determined by activity assays (30)
with p-nitrophenyl butyrate (Sigma) as a substrate.

KMnOj, fixation and transmission electron microscopy. S. cerevisiae cells were
grown in yeast-peptone-glucose to an ODy, of 0.5, harvested, washed twice with
distilled H,O, and fixed in 1.5% KMnO, for 20 min at room temperature. After
dehydration in acetone, the samples were infiltrated and embedded with Spurr’s
resin. After 24 h of polymerization at 60°C, 80-nm-thick sections were cut with a
diamond knife on an ultramicrotome (Reichert-Jung). The sections were
mounted on 0.7% pioloform (Polaron Equipment Ltd., Watford, England)-
coated, carbon-evaporated one-hole copper grids and dried for 16 h. Subse-
quently, the sections were viewed on a Philips EM420 electron microscope at an
operating voltage of 80 kV.

Immunogold labelling and transmission electron microscopy. Samples of S.
cerevisiae wild-type CY000 and mutant CY028 cutinase-producing cells were
taken from continuous cultures with 4 g of galactose per liter and 20 g of glucose
per liter in the feed, which results in full induction of the cells. The samples were
cryofixed in liquid propane by means of a double-jet freeze device (JFD 030;
Baltec) and were freeze-substituted in a mixture of 0.3% uranyl acetate and
0.01% glutaraldehyde in methanol at —90°C for 2 days (11). The samples were
subsequently warmed to —45°C at a rate of 5°C/h. Then the specimens were
rinsed with methanol and infiltrated with Lowicryl HM20. After 16 h, the spec-
imens embedded with Lowicryl HM20 at —45°C. Polymerization at —45°C for
48 h was carried out in a freeze-substitution apparatus (cryo-substitution auto;
Reichert-Jung) with a UV light source (360-nm) attachment (29) followed by a
2-day curing by UV light at room temperature. After ultramicrotomy with an
Ultracut E (Reichert-Jung), the 80-nm Lowicryl HM20 sections of the yeast cells
were mounted on nickel grids. The nickel grids were coated with 1% Formvar
and carbon. To detect cutinase, HM20 sections were incubated with anticutinase
polyclonal antibodies (1:250). The antigen-antibody complex was visualized with
secondary goat anti-rabbit antibodies (1:10) conjugated with 10-nm-diameter
gold particles (Aurion, Wageningen, The Netherlands) (19). To detect both
cutinase and BiP, first Lowicryl HM20 sections were incubated with anti-BiP
polyclonal antibodies (1:200). The anti-BiP antibody complex was visualized with
secondary goat anti-rabbit antibodies (1:10) conjugated with 10-nm-diameter
gold particles, and subsequently the Lowicryl HM20 sections were incubated with
anticutinase polyclonal antibodies (1:250). The anticutinase antibody complex
was visualized with secondary goat anti-rabbit antibodies (1:10) conjugated with
6-nm-diameter gold particles. The labelled ultrathin sections were viewed in a
Philips EM420 electron microscope, and micrographs were taken at an acceler-
ation voltage of 80 kV.
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TABLE 1. Specific activities and production of
designed cutinase mutants

Sp act Extracellular

Mutant Mutation(s) (SL%/anClg)“ pro(dg}:)():ltjion
CY000 700 100
CY004 AS85F 945 34
CY008 AI185L 735 120
CY009 L189F 847 183
CY026 G82A, A85F 812 120
CY027 V1841, A185L, L189F 483 83
CY028 G82A, AS5F, V184l, 1,085 22

AI185L, L189F

“ SLU, specific lipase units (1 SLU corresponds to 1 umol of free fatty acid
release per min).
® Production levels were determined as described in Materials and Methods.

Pulse-chase. Yeast cells were grown in shake flasks to the mid-logarithmic
phase in YPG (1% yeast extract, 2% Bacto Peptone, 2% galactose). The cells
were resuspended in 1 ml of YNB (0.67% Yeast Nitrogen Base without amino
acids) supplemented with the appropriate amino acids (20 mg/liter each) and
with 2% galactose as a carbon source, to an ODg, of 10. After incubation for 30
min at 30°C, the cells were labelled for 10 min with 15 wCi of [**S]methionine-
cysteine (2.5 wCi/pl) (Amersham). Chase of radioactivity was done by washing
the cells in 1 ml of YNB-2% galactose, resuspending the cells in YNB-2%
galactose, and adding 200 pl of a nonradioactive mixture of methionine (100
mM) and cysteine (50 mM). At the indicated times, 200 ul of cells was lysed by
addition of 120 pl of 1.85 M NaOH-7.5% B-mercaptoethanol and then incu-
bated on ice for 10 min. The labelled proteins were precipitated by an incubation
on ice for 10 min in the presence of 120 pl of trichloroacetic acid. The precip-
itated proteins were pelleted by centrifugation at 13,000 X g for 10 min. The
pellet was washed with 500 pl of 1 M Tris and resuspended in 400 pl of 25 mM
imidazole-2.5 mM EDTA-2% SDS (pH 6.8). For solubilization, the samples
were boiled for 7 min and diluted in 1 ml of INET (50 mM imidazole, 140 mM
NaCl, 5 mM EDTA, 1% Triton X-100 [pH 8.0]). After centrifugation at 13,000 X
g for 10 min, the supernatant was isolated and diluted in INET to a final volume
of 5 ml for immunoprecipitation.

Immunoprecipitation. A 10-pl volume of rabbit anticutinase serum was added
to the labelled proteins, and overnight incubation was carried out at 4°C in an
orbital shaker. A 25-pl volume of protein A coupled to Sepharose (protein
A-Sepharose CL4B; Pharmacia) in RIPA buffer (0.07 mg in 500 wl) was added,
and this mixture was incubated at 4°C for 2 h. The immunocomplexes were
washed three times with INET, and 30 pl of sample buffer (23) was added. The
samples were boiled for 5 min and centrifuged for 1 min at 13,000 X g. A 12.5%
polyacrylamide-SDS gel was loaded with 20 pl of the supernatant. After ampli-
fication (Amersham Amplify), the gels were dried and autoradiography was
performed.

RESULTS

Specific activity and production of designed cutinase mu-
tants. Mutants were designed with the aid of molecular dy-
namics based on the X-ray structure of cutinase (18) in an
attempt to increase the affinity of cutinase for lipid substrates.
These mutated cutinase genes were expressed in S. cerevisiae.
The transformed yeasts were grown in fed-batch cultures un-
der standard conditions as described in Materials and Meth-
ods. Table 1 clearly shows that most of the designed mutants
have an increased activity caused by the introduction of hydro-
phobic amino acids around the active site which probably re-
sults in a better interaction with the substrate. The mutant
cutinases are produced at different levels, ranging from 22 to
183% of wild-type production.

The hampered secretion of CY028 cutinase is a major prob-
lem in the large-scale production of this improved cutinase.
Previously, it has been reported that production of heterolo-
gous proteins in yeast may result in an overflow of the secretory
and/or folding pathway, resulting in an impaired production
level (21); this relationship is protein dependent. To investi-
gate the relationship between the level of induction of the
cutinase gene and the production level, a method by which the
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FIG. 1. Wild-type and CY028 cutinase production in a continuous culture by S. cerevisiae SU50 with increasing amounts of galactose in the feed. At all points, 20 g
of glucose per liter was present in the feed. Intracellular cutinase (m) was determined by Western blotting and the amount of extracellular cutinase (CJ) was determined

by activity assay, as described in Materials and Methods. dw, dry weight.

induction level of the cutinase gene was regulated indepen-
dently of other parameters was developed.

Cutinase production as a function of induction level. S.
cerevisiae SUS0 transformed with expression vectors for wild-
type cutinase or CY028 cutinase was grown in continuous
cultures at a dilution rate of 0.07 h™* under glucose limitation
(see Materials and Methods). By addition of different amounts
of galactose to the feed, the induction of the cutinase gene
under control of the GAL7 promoter was regulated. Stability
of the cutinase integrations was confirmed by Southern blot-
ting. By using a constant glucose concentration of 20 g/liter and
increasing the galactose concentration from 0 to 7 g/liter, the
biomass increased from 8.5 to 11 g/liter. No residual galactose
and glucose were observed, apart from when 7 g of galactose
per liter was used in the feed (the residual galactose concen-
tration was 1.8 g/liter). This is probably due to a limitation in
the galactose uptake rate of SU50. The wild-type and CY028
transformants exhibit identical growth characteristics in terms
of yield, CO, production, and O, consumption, and under all
conditions growth was respiratory (data not shown).

Figure 1 shows the secretion and intracellular levels of wild-
type and CY028 cutinases. The secretion of wild-type cutinase
increased with the concentration of galactose in the feed.
When more than 4 g of galactose per liter was added, the
amount of secreted CY000 cutinase did not increase but re-
mained constant at 25 mg/g (dry weight) of cells. The intracel-
lular amount of CY000 cutinase increased slightly with increas-
ing amounts of galactose in the feed. The intracellular level of
CYO028 cutinase increased also with higher concentrations of
galactose in the feed but more rapidly and to a higher level
than that of wild-type cutinase. The maximal intracellular lev-
els of wild-type and CY028 cutinases were 4 and 6 mg/g (dry
weight), respectively. However, CY028 cutinase increased only
to 2.2 mg/g (dry weight) extracellularly.

These observations clearly demonstrate that the mutant cu-
tinase CY028 is secreted poorly in S. cerevisiae compared to
the wild-type cutinase. The low level of CY028 secretion could
be due to either a low rate of CY028 cutinase synthesis or a low
efficiency of CY028 cutinase secretion. In the latter case, the
secretion efficiency of mutant cutinase is low compared to that
of the wild-type cutinase, while in the former case the secretion
efficiencies of wild-type and mutant cutinases are comparable.
Secretion efficiency is defined as the ratio of extracellular cu-

tinase produced per hour to the total amount of cutinase pro-
duced per hour multiplied by 100.

As shown in Fig. 2, the secretion efficiency of CY000 cuti-
nase is 87 to 97%, and CY028 is secreted with an efficiency of
24 to 33%, nearly independently of the expression level. There-
fore, it is concluded that the low level of extracellular CY028
cutinase is due to a low efficiency of secretion.

Pulse-chase experiments with CY000 and CY028 cutinases.
In order to investigate if intracellular wild-type or CY028 cu-
tinase is degraded, we performed pulse-chase experiments. As
shown in Fig. 3A, the intracellular wild-type cutinase de-
creased. In contrast, intracellular CY028 cutinase remained
constant, at least until 300 min after the pulse. This indicates
that most CY028 cutinase is neither degraded nor secreted but
is retained inside the cell. The extracellular amount of labelled
wild-type cutinase increases in time; however, slight decreases
are observed after 120 and 300 min. However, if the extracel-
lular amount of total cutinase is determined with the activity
assay as depicted in Fig. 3B, an increase during the chase

120
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secretion efficiency (%)
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FIG. 2. Secretion efficiencies of CY000 (OJ) and CY028 (m) cutinases pro-
duced by S. cerevisiae SU50, calculated from data presented in Fig. 1 as extra-
cellular cutinase produced per hour divided by the total amount of cutinase
produced per hour multiplied by 100.



VoL. 64, 1998 CUTINASE PRODUCTION IN S. CEREVISIAE ~ 319
| intracellular | extracellular
A)  |time (min) 0 20 60 120 300 0 20 60 120 300
CYO000 & " " -
cYos |
70 ——— 7
WCY000
B) 60 [lm3cyo2s 6
50 5
2
% ‘3
g 10 ]
= - ®
“ 3 =
10 1
0 0
0 2 60 120 300
Time (min)

FIG. 3. Pulse-chase analysis of CY000 and CY028 cutinases. Cells were labelled with 15 p.Ci of [**SJmethionine-cysteine for 10 min. After the pulse, samples were
taken at the times indicated above the lanes. Cutinase was immunoprecipitated and loaded on an SDS-polyacrylamide gel, and autoradiography was performed. (A)
Autoradiograph; (B) amount of extracellular cutinase during the chase period, determined by activity assay as described in Materials and Methods.

period is observed. From Fig. 3B, it can be concluded that the
decrease in the amount of immunoprecipitated labelled extra-
cellular wild-type cutinase (Fig. 3A) is due to competition
between labelled cutinase and unlabelled cutinase which is
produced during the chase period.

From the pulse-chase experiments, it can be concluded that
the signal sequence is cleaved off efficiently, because even at
the shortest chase time, no unprocessed cutinase was detected.
Therefore, the translocation at the ER membrane of wild-type
and mutant cutinases and the processing of these cutinases are
rapid processes. This indicates that the secretion of CY028
cutinase is hampered downstream of the processing of the
translocating nascent cutinase polypeptide chain. In order to
trace the bottleneck in the secretion of CY028 cutinase, local-
ization studies were performed.

Localization of intracellular CY000 and CY028 cutinases.
Ultrathin sections of yeast cells grown under noninducing con-
ditions (glucose as the sole carbon source) were chemically
fixed with KMnO,. After ultramicrotomy and transmission
electron microscopy, the morphologies of CY000- and CY028-
transformed yeast cells were found to be similar (Fig. 4A and
B). To preserve both the ultrastructure of the yeast cells and
antigenicity, we have used a combination of cryofixation,
freeze-substitution, and low-temperature embedding. Under
inducing conditions, cutinase was localized in both CY000 and
mutant CY028 cutinase-producing cells by immunogold label-
ling as described in Materials and Methods. The ER in CY000
cutinase-producing cells (Fig. 4C and E) showed gold particles
and had a morphology comparable to that under noninducing
conditions (Fig. 4A). In contrast, CY028 cutinase-producing
cells (Fig. 4D and F) showed electron-dense structures 200 to
700 nm in diameter which were labelled with anticutinase.
These electron-dense structures, possibly residing in the ER,
were found only in mutant CY028-producing cells (Fig. 4D and
F).

The results of the pulse-chase experiments suggested that
the hampered secretion of CY028 cutinase occurs after the
cotranslational translocation over the ER membrane. To sup-
port the suggestion that CY028 cutinase is located in the ER,
we used the ER-localized chaperone BiP (21) as an ER
marker. After double labelling with anticutinase and anti-BiP,
the ER in CY000-producing cells exhibited cutinase (6-nm-
diameter gold) and BiP (10-nm-diameter gold) (Fig. 4G). In
CY028 cutinase-producing cells, more gold-labelled cutinase
and BiP were found than in the CY000-producing cells, in
electron-dense structures. The ultrastructural data clearly
showed that the ER in CY000-producing cells had a normal
plate-like morphology without electron-dense structures. In
contrast, the CY028-producing cells exhibited pronounced
electron-dense structures resulting in totally different ER mor-
phology.

Induction of BiP during CY028 cutinase production. When
misfolded proteins accumulate in the ER, the cell reacts by
inducing BiP (8, 21, 22, 25). This phenomenon is known as the
unfolded-protein response. To determine whether the accumu-
lation of CY028 cutinase in structures which contain BiP also
leads to increased BiP production, we performed Western
blotting using antibodies against BiP. BiP is increased three-
fold compared with the amount under noninducing conditions
(Fig. 5) in the CY028-expressing strain. No induction of BiP
was observed with expression of CY000 cutinase. When the
cutinase gene was not induced (0 g of galactose per liter),
CY000- and CY028-transformed cells exhibited similar levels
of BiP. The level of induction of BiP increases with the level of
intracellular CY028 cutinase (Fig. 2 and 6).

Association of the chaperone BiP with the hydrophobic mu-
tant cutinase. As described previously, BiP exhibits a stable
interaction with proteins which are misfolded and retained in
the lumen of the ER (13). To determine whether BiP is asso-
ciated with CY028 cutinase, we immunoprecipitated extracts
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FIG. 4. (A and B) KMnO,-fixed S. cerevisiae under noninducing conditions. The CY000-transformed (A) and the CY028-transformed (B) cells show no marked
ultrastructural differences. The ERs of both cells exhibit a plate-like morphology. Bars = 1 pm. (C to F) Cryofixed and freeze-substituted S. cerevisiae cells under
inducing conditions. After immunolabelling with anticutinase (1:250) and goat anti-rabbit antibodies conjugated with 10-nm-diameter gold (1:10), CY000 cutinase
resides in plate-like ERs (C and E). In contrast, CY028 cutinase locates predominantly in electron-dense structures, which results in an abnormal ER morphology (D
and F). Bars = 1 pm in panels C and D and 500 nm in panels E and F. (G and H) Double immunolabelling of cutinase and BiP of cryofixed and freeze-substituted
S. cerevisiae cells under inducing conditions. The cutinase was located with anticutinase (1:250) and goat anti-rabbit antibodies conjugated with 6-nm-diameter gold
(1:10), and BiP was located with anti-BiP (1:200) and goat anti-rabbit antibodies conjugated with 10-nm diameter gold (1:10). The plate-like ER of the CY000-producing
cells contains both CY000 cutinase and BiP (G). In CY028-producing cells, the abnormal ER confines electron-dense structures containing CY028 cutinase and BiP
(H). Bars = 250 nm. Nu, nucleus.
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FIG. 4—Continued.

from cutinase-producing cells with anti-BiP antibody and de-
termined by Western blotting whether cutinase was present in
these fractions.

As shown in Fig. 6, CY028 cutinase is present in the anti-
BiP-immunoprecipitated insoluble fraction. The anti-BiP-im-

munoprecipitated soluble fraction of the CY(028-expressing
cells did not contain CY028 cutinase. The CY000-expressing
strain did not contain cutinase in anti-BiP-immunoprecipitated
fractions. It is concluded that association of BiP with the hy-
drophobic mutant cutinase occurred in the pellet fraction (Fig.
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FIG. 5. (A) Quantification of Western blot analysis of BiP levels during increased expression of CY000 (A) and CY028 (m) cutinases. Quantification was performed
with a personal densitometer from Molecular Dynamics. (B) Western blot analysis of cutinase-producing cells with anti-BiP antibody. Samples were taken from a
continuous culture with increasing induction levels and prepared for Western blotting as described in Materials and Methods. All amounts of BiP are normalized against

the level with no cutinase induction (0 g of galactose per liter).

6). This association is in agreement with the observation by
electron microscopy that CY028 cutinase colocalizes with BiP.
As expected from the electron microscopy studies, no stable
association between CY000 cutinase and BiP was found.

DISCUSSION

When heterologous proteins are expressed in yeast, the high
level of expression due to the use of strong inducible promot-
ers and high gene copy numbers may lead to an overflow of the
secretory pathway of the yeast cell, resulting in a decreased
secretion efficiency (21). To obtain insight into the relationship
between secretion efficiency and the level of expression of the
cutinase gene, we used a continuous-culture system. In this
system, it is possible to regulate the cutinase flux through the
secretion pathway by adjusting the induction level of the cuti-
nase gene while keeping all other parameters constant. We
observed a lower secretion efficiency of the hydrophobic mu-
tant cutinase than of the wild-type cutinase which was nearly
independent of the induction level.

For various induction levels, the secretion efficiency of
CY028 varied between 24 and 33% and the wild-type cutinase
secretion efficiency ranged from 87 to 97%. This implies that
the nature of the cutinase which has to be transported through
the secretion pathway, rather than the amount of cutinase to
be transported by the secretion route, determines the secretion
efficiency. The pulse-chase experiments revealed that most of
the CY028 cutinase is retained irreversibly inside the cell and
therefore not secreted. Neither wild-type nor mutant cutinase
is degraded inside the cell. The synthesis of CY028 cutinase is
impaired compared to that of wild-type cutinase (Fig. 1 and 3),
probably because of the intracellular accumulation of CY028
cutinase as aggregates in ER-derived structures. The exact
mechanism of this feedback system is not known.

Poor secretion of heterologous proteins in yeast because of
retention in the ER has been reported before (2, 26). Various
findings revealed that CY028 cutinase is retained in the ER.

First, CY028 cutinase colocalizes with BiP. Second, an associ-
ation between CY028 cutinase and the ER-localized chaper-
one BiP is observed (Fig. 6). Third, BiP is induced when CY028
cutinase is expressed, a reaction of the cell to the accumulation
of proteins in the ER (15, 22).

The stable association of BiP with misfolded proteins has
been described previously (4, 7, 12). These misfolded proteins
are thought to have exposed hydrophobic stretches which
would normally be buried in the interior of the protein. Puta-
tive binding sites for BiP have been determined with a library
of random peptides displayed on bacteriophages. This affinity
panning technique revealed specific, 7-residue-long hydropho-
bic stretches which can form a BiP binding site (3). The mutant
tested in this study has two exposed hydrophobic stretches,
which results in a more hydrophobic surface than that of wild-
type cutinase, as shown in Fig. 7. This could mean that these
mutations cause the stable association of CY028 cutinase with
BiP. Due to the position of these mutations, this would be
possible even if CY028 is folded into the correct conformation.
As a result of this stable association with BiP, the CY028
cutinase can reach a high concentration in the ER. It has been
determined in vitro that CY(28 cutinase aggregates at a lower

CYO000 CY028
I total  sup pel Icutinase | total  sup pel Iculinase
b R s

FIG. 6. Immunoprecipitation of BiP followed by detection with anticutinase
antibody. Samples were taken from the fermentor at maximal induction (4 g of
galactose/liter) and were corrected for the amount of cutinase so that CY000 and
CYO028 cutinases were present in the same amounts. The anti-BiP-immunopre-
cipitated complexes were subjected to Western blotting and detected with anti-
cutinase antibody as described in Materials and Methods. The total cell lysates
were not immunoprecipitated. A 100-ng sample of cutinase was used as a
marker. sup, supernatant; pel, pellet.
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CYO000

CY028

FIG. 7. Predicted positions of the mutations made in CY028 cutinase, obtained by molecular modelling. The top view of wild-type cutinase (left) and CY028
cutinase (right) is shown, with the introduced hydrophobic amino acids (red) positioned at the periphery around the enzymatic cleft.

concentration than CY000 cutinase (data not shown). This
high concentration may lead to aggregation, as shown in Fig.
4D, F, and H.

In cells expressing CY028 cutinase, the aggregates are 200 to
700 nm in diameter. Normally, the secretion vesicles are small
vesicular coated carriers 50 to 80 nm in diameter (1). Presum-
ably, the CY028 cutinase aggregates are too large to be trans-
ported through the secretion pathway and are therefore re-
tained in ER-derived structures.

In the recent past, the formation of homologous prolamine
bodies in rice, triggered by stable association of prolamine with
BiP and resulting in aggregation, has been reported (17). We
extrapolate this mechanism to retention of hydrophobic mu-
tated cutinase in yeast. In this model, BiP is thought to screen
cutinase for hydrophobic residues, as shown in Fig. 7, and to
bind to these residues. Therefore, BiP is part of a control
system which prevents proteins with exposed hydrophobic res-
idues from leaving the ER. CY028 is nearly incapable of pass-
ing this control system in the ER. This leads to high concen-
trations of CY028 cutinase in the ER, resulting in large
aggregates which are too large to be transported through the
secretion pathway.
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