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The accumulation of aberrantly folded proteins can lead to cell dysfunction and death. Currently,
the mechanisms of toxicity and cellular defenses against their effects remain incompletely under-
stood. In the endoplasmic reticulum (ER), stress caused by misfolded proteins activates the
unfolded protein response (UPR). The UPR is an ER-to-nucleus signal transduction pathway that
regulates a wide variety of target genes to maintain cellular homeostasis. We studied the effects
of ER stress in budding yeast through expression of the well-characterized misfolded protein,
CPY*. By challenging cells within their physiological limits to resist stress, we show that the UPR
is required to maintain essential functions including protein translocation, glycosylation, degra-
dation, and transport. Under stress, the ER-associated degradation (ERAD) pathway for misfolded
proteins is saturable. To maintain homeostasis, an “overflow” pathway dependent on the UPR
transports excess substrate to the vacuole for turnover. The importance of this pathway was
revealed through mutant strains compromised in the vesicular trafficking of excess CPY*. Expres-
sion of CPY* at levels tolerated by wild-type cells was toxic to these strains despite retaining the

ability to activate the UPR.

INTRODUCTION

During biosynthesis, most polypeptides fold and assemble
into their native conformations assisted by chaperones and
folding catalysts. In the secretory pathway, nascent polypep-
tides are first translocated across the endoplasmic reticulum
(ER) membrane via the Sec61 translocon pore (Walter and
Johnson, 1994). They enter the lumen in an unfolded state
and their subsequent maturation can involve considerable
complexity. In addition to folding, these proteins may inte-
grate into membranes and/or be subjected to covalent mod-
ifications including glycosylation, disulfide bond formation,
and lipid linkage. In the ER, and in other parts of the cell,
errors in any biosynthetic step or arising by mutation can
result in the synthesis of aberrant proteins. Left unchecked,
these proteins may have detrimental consequences as un-
derscored by the numerous human diseases including Alz-
heimer’s, Huntington’s, and cystic fibrosis (reviewed in Car-
rell and Gooptu, 1998; Kim and Arvan, 1998; Kopito and
Ron, 2000).
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To assure that only properly folded proteins are trans-
ported to their sites of function, a mechanism termed “ER
quality control” monitors the folding state of newly synthe-
sized proteins (reviewed in Brodsky and McCracken, 1999;
Ellgaard and Helenius, 2001). Through this mechanism, im-
mature proteins are kept in the ER until they are fully
folded. In mammals, the ER lectins calnexin and calreticulin
play an important role in the retention of incompletely
folded proteins (Zhang et al., 1997). ER quality control also
targets proteins that cannot fold for destruction via the
ER-associated protein degradation pathway (ERAD; Finger
et al., 1993). Here, misfolded proteins are either retained
statically in the ER or transported to the Golgi and retrieved
(Hammond and Helenius, 1994; Vashist et al, 2001;
Yamamoto et al., 2001). Next, the misfolded proteins are
translocated back to the cytosol, probably through the same
translocon pore used for import (Pilon et al., 1997; Plemper et
al., 1997; Zhou and Schekman, 1999). On the cytosolic face of
the ER membrane, substrates are ubiquitinated and de-
graded by the 26S proteasome (Ward et al., 1995; Hiller et al.,
1996; Bays et al., 2001).

Recently, a physiological link was established between ER
quality control and a stress-inducible pathway known as the
unfolded protein response (UPR) (Casagrande et al., 2000;
Friedlander et al., 2000; Ng et al., 2000; Travers et al., 2000).
The UPR is a conserved signal transduction pathway that
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mediates communication between the ER and nucleus (re-
viewed in Patil and Walter, 2001; Spear and Ng, 2001). The
connection was intriguing since the UPR was known to be
essential in resisting ER stress caused by pharmacological
agents (Cox et al., 1993; Mori et al., 1993). Genome-wide
expression analysis revealed ERAD-related genes among the
wide array of UPR targets (Travers et al., 2000). Together,
these studies suggested an important aspect of UPR-medi-
ated homeostasis is to rid aberrant proteins via ERAD. In-
deed, modest defects were observed in UPR-deficient
strains’ ability to degrade ERAD substrates (Casagrande et
al., 2000; Ng et al., 2000; Travers et al., 2000). However, the
surprising breadth of the UPR transcriptional program sug-
gests that its role in ER stress tolerance might require other
functions in addition to ERAD.

The cytotoxic effects of misfolded proteins are well docu-
mented (Kim and Arvan, 1998; Plemper and Wolf, 1999;
Kopito and Sitia, 2000). In the secretory pathway, the hyper-
sensitivity of UPR mutants to agents that disrupt ER protein
folding (tunicamycin and DTT) suggested that the unfolded
protein response might play a protective role against their
effects (Cox ef al., 1993; Mori et al., 1993). Other studies have
demonstrated that genetic methodologies can provide im-
portant insight into ER stress tolerance. The overexpression
of the heterologous protein Apro (a mutant version of an
aspartic proteinase from Rhizopus niveus) was shown to be
harmful to UPR-deficient strains but tolerated in wild-type
cells (Umebayashi et al., 1999). This is a more favorable
approach because it eliminates potential indirect effects as-
sociated with the use of pharmacological agents. However,
the basis of its toxicity is unclear because Apro is not a
substrate of the ERAD pathway (Umebayashi ef al., 2001).

In this study, we examined the role of the UPR in the
stress tolerance of misfolded proteins. To study the effects of
ER stress, we challenged cells with a well-characterized
misfolded version of carboxypeptidase Y called CPY* (Fin-
ger et al., 1993). To be within the physiological range of stress
resistance, we calibrated expression of the protein to be well
tolerated in wild-type cells whereas lethal to UPR-deficient
cells. In the mutant cells, CPY* led to severe defects in ER
function including protein translocation, glycosylation, ER-
to-Golgi transport, and degradation—functions that are nor-
mal in wild-type cells when identically challenged. Surpris-
ingly, overexpression of CPY* was without detrimental
effect to the growth of several ERAD mutants. In these
strains, the protein is degraded at a rate similar to wild-type
cells. This observation led to the discovery of an alternative
degradative pathway for excess misfolded protein. In UPR
mutants, degradation of overexpressed CPY* was severely
impaired, suggesting that both pathways are dependent on
the UPR regulation. These studies reveal new roles of the
UPR in alleviating ER stress and provide an expanded phys-
iological basis for the UPR transcriptional program.

MATERIALS AND METHODS
Plasmids Used in This Study

Plasmids were constructed using standard cloning protocols (Sam-
brook et al., 1989). HA epitope-tagged CPY* contained in plasmid
pDN436 was described previously (Ng et al., 2000). GFP-ALP ex-
pression vector was a gift of S. Emr (University of California, San
Diego, CA; Cowles et al., 1997).
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A galactose-inducible version of prc1-1 was constructed by digest-
ing pDN436 (carrying HA-tagged CPY*) with Accl, treated with T4
DNA polymerase, and subsequently digested with Sphl. The release
insert was inserted into pTS210 (YCp50 with the GAL1/10 promoter)
to yield pES28. An integration version of GAL-CPY* was con-
structed by releasing the gene as a Sall and EcoRI (site filled and
destroyed by T4 DNA polymerase) fragment and ligated into the
Sall/ Smal sites of pRS305 (Sikorski and Hieter, 1989) creating pES26.
PES26 is cleaved with EcoRI before integration. pES67 is the GAL-
CPY* construct cloned into pRS315 (Sikorski and Hieter, 1989).

Strains and Antibodies

Yeast strains used in this study are described in Table 1. Anti-HA
mAb (HA.11) was purchased from Covance Research Products
(Richmond, CA). Anti-Kar2p antibody was provided by Peter
Walter (University of California, San Francisco, CA). Anti-ALP and
anti-CPS antisera were gifts from Chris Burd (University of Penn-
sylvania) and Scott Emr (University of California, San Diego, CA).
Anti-PrA was a gift from Tom Stevens (University of Oregon,
Eugene, OR). Anti-a-1,6 mannose polyclonal antiserum provided by
Howard Riezman (Biozentrum, University of Basel, Switzerland).
Affinity-purified anti-GFP antibody was provided by Sarah Rice
and Ron Vale (University of California, San Francisco, CA). Anti-
Gaslp antiserum was raised against a GST-fusion protein contain-
ing the amino-proximal amino acids 40-289 of Gaslp. Covance
Research Products performed antiserum production.

Cell Labeling, Immunoprecipitation, and
Cycloheximide Chase Analysis

GAL-CPY* Owerexpression Cells containing the GAL-CPY* gene
were grown at 30°C in synthetic media containing the appropriate
amino acids and 2% galactose to early to midlog phase before
processing. For experiments involving Airel cells, all strains were
grown in synthetic media containing 3% raffinose and 50 ug/ml
myo-inositol. To initiate induction, galactose was added to 2%. Cells
were then grown for 6 h before processing.

Metabolic pulse-chase Analysis Cell labeling and immunoprecipi-
tation were carried out as described previously (Vashist et al., 2001).
Cell labeling was performed in the presence of 0.75 mg/ml bovine
serum albumin (BSA). Where indicated, N-linked carbohydrates
were removed by treatment with 300 U endoglycosidase H (New
England Biolabs, Inc., Beverly, MA) according to the manufacturer’s
protocol.

Cycloheximide-chase Analysis Cells were grown as described
above. Cessation of protein synthesis was initiated with the addition
of 100 ug/ml cycloheximide. Equal cell numbers were collected,
and samples prepared as described (Kushnirov, 2000); 0.2 ODy, cell
equivalents were resolved by SDS-PAGE, transferred to nitrocellu-
lose, and probed using HA.11 (1:10,000 dilution). and HRP-conju-
gated secondary antibody. Proteins were visualized by enhanced
chemiluminescence (Pierce, Rockford, IL).

Measurement of General Translation Cells were grown to log phase
in synthetic complete media (SC) lacking cysteine and methionine.
Tunicamycin was added to 2.5 ug/ml for incubation with aeration
at 30°C. At specific time points after addition of the drug, equal cell
numbers were collected and pulse-labeled for 10 min with [**S]me-
thionine/cysteine. TCA was added to 10% to terminate labeling.
Equal volumes (3 ul) of detergent lysates were resolved by SDS-
PAGE and visualized by autoradiography.

Indirect Immunofluorescence Microscopy

Immunofluorescence was performed using a modified protocol
from Vashist et al. (2001) and Guthrie and Fink (1991). Yeast strains
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Table 1. Strains used in this study

Strain Genotype Source
W303a MATa, leu2-3, 112, his3-11, trp1-1, ura3-1, can1-100, ade2-1 P. Walter (UCSF)
ESY248 MATa irel::TRP1, W303 background This study
DNY419 MATa, irel::TRP1, leu2-3, 112, his3-11::HIS3-UPRE LacZ, trpl-1, ura3-1, can1-100, ade2-1 Ng et al. (2000)
ESY39 MATa, leu2-3, 112, his3-11::HIS3-UPRE LacZ, trp1-1, ura3-1, can1-100, ade2-1 This study
ESY233 MATa, leu2-3, 112:: LEU2-GAL-CPY y4,* his3-11, trp1-1, ura3-1, can1-100, ade2-1 This study
ESY234 MATa, cuel::TRP1, leu2-3, 112:: LEU2-GAL-CPY;,,* his3-11, trp1-1, ura3-1, can1-100, ade2-1 This study
ESY235 MATa, derl:: KANMX, leu2-3, 112:: LEU2-GAL-CPY 5, * his3-11, trp1-1, ura3-1, can1-100, ade2-1 This study
ESY236 MATa, hrd1:: KANMX, leu2-3, 112:: LEU2-GAL-CPY ;5,* his3-11, trp1-1, ura3-1, can1-100, ade2-1 This study
ESY237 MATa, irel::TRP1, leu2-3, 112:: LEU2-GAL-CPY y4,* his3-11, trp1-1, ura3-1, can1-100, ade2-1 This study
ESY258 MATa, pDN436, W303 background This study
ESY259 MATa, cuel::TRP1, pDN436, W303 background This study
ESY260 MATa, derl:: KANMX, pDN436, W303 background This study
ESY261 MATa, hrd1::KANMX, pDN436, W303 background This study
ESY342 MATa, pES67, W303 background This study
ESY343 MATa, cuel::TRP1, pES67, W303 background This study
ESY344 MATa, derl:: KANMX, pES67, W303 background This study
ESY345 MATa, hrd1:: KANMX, pES67, W303 background This study
ESY347 MATa, per17-1, pES67 W303 background This study
ESY349 MATa, pep4::HIS3, pES67, W303 background This study
ESY350 MATa, pES67, pGFP-ALP, W303 background This study
ESY357 MATa, pep4::HIS3, pES67, pGFP-ALP, W303 background This study
ESY386 MATa, erv29:: KANMX, pES67, W303 background This study

were grown in SC media containing the appropriate amino acids
and 2% galactose to log phase. Formaldehyde (EM grade; Poly-
sciences, Inc., Warrington, PA) was added to 3.7% at 30°C for 1 h.
After fixation, cells were washed with 0.1 M potassium phosphate
buffer (pH 7.5). Cells were spheroplasted by incubation in sphero-
plasting buffer (1.0 mg/ml zymolyase 20T [ICN Biomedicals, Au-
rora, OH], 0.1 M potassium phosphate, pH 7.5, 0.1% 2-mercapto-
ethanol, 1.2 M sorbitol) for 30-45 min at 30°C. The cells were then
washed once with PBS, 1.2 M sorbitol. For strains not expressing
GFP-ALP (Figure 6A), 30 ul of cell suspension was applied to
poly-L-lysine-coated slides for 1 min and washed with PBS. Slides
were immersed in acetone for 5 min at —20°C and allowed to dry.
Strains expressing GFP-ALP (see Figure 6B) cells were resuspended
in 2% SDS, 1.2 M sorbitol for 2 min, washed extensively with PBS,
1.2 M sorbitol, and applied to slides. PBS-block, 30 ul (3% BSA in
PBS), was added to each well for 30 min. Primary antibodies were
incubated for 1 h, whereas secondary antibodies were incubated for 45
min, with three to five PBS-block washes after each application. Pri-
mary antibodies a-HA, a-Kar2p, or a-GFP were diluted to 1:1000,
1:5000, and 1:1000, respectively. Secondary antibodies AlexaFluor 488
goat a-rabbit and AlexaFluor 546 goat a-mouse (Molecular Probes,
Inc., Eugene, OR) were diluted 1:1000 for working concentrations.
Images were captured using a Spot 2 cooled CCD camera (Diagnostic
Instruments, Inc., Sterling Heights, MI) mounted to a Zeiss Axioplan
epifluorescence microscope (Carl Zeiss, Inc., Thornwood, NY).

RESULTS

The UPR Abrogates the Toxicity of CPY*
Overexpression

An HA-tagged version of CPY* tightly regulated by the
strong GALI promoter (GAL-CPY*) was constructed and
integrated into the genomes of wild-type and UPR-deficient
strains of the budding yeast Saccharomyces cerevisiae. As
shown in Figure 1A, wild-type cells induced for CPY* over-
expression (Galactose) grew nearly as well as control cells
not carrying the construct. By contrast, induction of CPY*
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expression was lethal to Airel cells (Figure 1A, Galactose).
The difference was not caused by the shift in carbon source
because strains lacking GAL-CPY*, but otherwise identical,
grew equally well on the same media (Figure 1A, Galactose,
compare upper sectors). Previous studies on the expression
of the heterologous protein Apro under similar conditions
had only a modest effect on Airel cells, suggesting CPY*
might be intrinsically more toxic by comparison (Umeba-
yashi et al., 1999). The expression level (greater than tenfold
higher from the GALI promoter than endogenous) is an
important consideration for our analysis because the TDH3
promoter of similar strength had the same effect whereas
CPY* expressed from the more moderate PRC1 and CUPI
promoters were better tolerated by UPR-deficient strains
(Ng et al., 2000 and unpublished results).

As IRE1 encodes a key regulator of the UPR, the data
suggest that the pathway provides a protective function
against CPY* toxicity. Consistent with this view, we ob-
served a strong UPR induction in wild-type cells overex-
pressing CPY* that was absent in Airel cells (Figure 1B). We
previously showed that the UPR is modulated according to
the physiological needs of the cell (Ng et al., 2000). Thus, the
observed level of induction reflects the extent needed for
stress resistance. For comparison, control cells treated with
the glycosylation inhibitor tunicamycin exhibit a higher re-
sponse. These data show that UPR activation to CPY* over-
expression has not reached its maximum level and provide
additional evidence that our conditions fall within the func-
tional range of the UPR.

Translational Repression Is Not an Aspect of the
Yeast UPR

Tolerance of ER stress by a translational repression mecha-
nism is an important part of the mammalian UPR (Harding

Molecular Biology of the Cell
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Figure 1. Activation of the unfolded protein response is required
for the tolerance of overexpressed CPY*. (A) Wild-type and Airel
cells containing GALI-driven CPY* were streaked onto plates con-
taining YP glucose (expression off) or YP galactose (expression on)
and incubated for 2 and 3 d at 30°C, respectively. (B) Wild-type and
Airel cells containing a single copy of the UPRE-lacZ reporter were
assayed for B-galactosidase activity (Ng ef al., 2000) after induction
of CPY* for 6 h. For comparison, activity was measured from
wild-type and Airel cells not expressing CPY* and treated with
tunicamycin to monitor rate of induction under conditions of ex-
treme stress (2 ug/ml for 6 h). The data reflect three independent
experiments with the SE of the mean indicated.

et al., 1999, 2000). Although a key component of the mech-
anism, PERK, is absent in yeast, transcriptional repression of
ribosomal genes has been observed after UPR induction by
tunicamycin (Nierras and Warner, 1999). Thus, it seemed
conceivable that a similar strategy is used in yeast. We tested
this possibility by analyzing the overall protein synthesis in
wild-type cells after UPR induction with tunicamycin. As
shown in Figure 2, except for some variation of a small
number of proteins, overall protein synthesis remained uni-
form during the time course. These data show that transla-
tional repression is not part of the immediate UPR response
in yeast. Furthermore, translational repression was not ob-
served in wild-type cells constitutively expressing levels of
misfolded proteins lethal to UPR mutant strains (unpub-
lished results). Taken together, these data show that the
budding yeast UPR program does not include a translational
repression mechanism to tolerate ER stress.

The UPR Is Required to Maintain a Variety of
Cellular Functions during ER Stress

Although the genomic transcriptional program of the UPR is
known, it was unclear how it alleviates the stress caused by
misfolded proteins (Travers et al., 2000). Guided by the
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Figure 2. Translational repression is not an aspect of the S. cerevi-
size UPR. Wild-type cells were treated with the glycosylation inhib-
itor tunicamycin for the indicated times, followed by a 10-min
pulse-label with [**S]methionine/cysteine. Labeled proteins were
resolved by electrophoresis through a 10% SDS polyacrylamide gel
(top panel). To monitor the efficacy of tunicamycin treatment, en-
dogenous CPY was immunoprecipitated from lysates of each time
point and resolved by SDS-PAGE (bottom panel). An asterisk de-
notes the position of nonglycosylated pro-CPY. The positions of ER
pro-CPY (pl) and Golgi pro-CPY(p2) are indicated.

genomic data, we analyzed specific functions in wild-type
and UPR mutants challenged by CPY* synthesis. We first
analyzed its turnover because several ERAD genes are UPR
targets and moderately expressed substrates are less effi-
ciently degraded in Airel cells (Casagrande et al., 2000; Ng et
al., 2000; Travers et al., 2000). Because CPY* overexpression
is lethal to UPR mutants, experiments were performed after
induction by galactose. Metabolic pulse-chase experiments
show that CPY* is degraded efficiently in wild-type cells but
is more stable in Airel cells (Figure 3, A and B). Quantifica-
tion of the data was performed after digestion by endogly-
cosidase H (Endo H), an enzyme that specifically cleaves
N-linked carbohydrates. This was necessary because we no-
ticed a diffuse trail of CPY* radioactivity when overex-
pressed in wild-type cells but not in Airel cells (Figure 3A,
hyperglycosylated CPY*). After digestion, the pattern col-
lapsed to a single species, suggesting extensive modification
of core carbohydrates in the Golgi as previously observed
for CPY* stabilized in a strain deleted of the DERI gene
(Knop et al., 1996a). The extent of stabilization correlates well
with CPY* toxicity. CPY* expressed from its weaker endog-
enous promoter is not lethal to UPR-deficient cells. Under
that condition, CPY* degradation was decreased only mod-
estly (Ng et al., 2000; Travers et al., 2000).

Further defects were observed in the processing of CPY*
in Airel cells. We previously observed impairment of ER
protein translocation in Airel cells caused by CPY* expres-
sion and limiting translocation factors (Ng et al., 2000). The
defect is even more severe with CPY* overexpression (Fig-
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Figure 3. CPY* overexpression causes the loss of multiple functions in Airel cells. (A) Wild-type and Airel cells overexpressing CPY* were
pulse-labeled for 10 min with [3*S]methionine/cysteine followed by a cold chase as indicated. CPY* was immunoprecipitated from detergent
lysates and resolved by SDS-PAGE. The positions of untranslocated CPY* (preproCPY* and asterisk), underglycosylated CPY* (-1, -2, -3, -4),
CPY*, and hyperglycoslyated CPY* are indicated. (B) CPY* was deglycosylated using Endo H but otherwise prepared and analyzed as
described in A. Quantification of CPY* decay was performed by phosphorimager analysis (bottom panel). (C) Wild-type and Airel cells
nonexpressing or overexpressing CPY* were pulse-labeled for 10 min with [**S]methionine/ cysteine followed by a cold chase at the indicated
times. Endogenous Gaslp, PrA, and CPS were immunoprecipitated from detergent lysates, separated by SDS-PAGE, and visualized by
autoradiography. For CPS and PrA, carbohydrates were removed using Endo H to unambiguously identify the relevant species. The
underglycosylation defect of Airel cells increased the complexity of some forms. Positions of untranslocated (pre-), ER, Golgi/plasma
membrane (Golgi/PM), and mature forms (mCPS and mPrA) of each protein are indicated. (D) CPY* stability was monitored using
cycloheximide chase analysis. Equal cell numbers of wild-type or Airel strains overexpressing CPY* were collected at the indicated times after
the addition of cycloheximide. Proteins from cell lysates were separated by SDS-PAGE and analyzed by immunoblotting. Positions of CPY*
and underglycosylated CPY* are indicated (CPY* and ugCPY*).

ure 3A, lane 5, preproCPY*). The defect is not restricted to
CPY* as we also observed impaired translocation of the
endogenous proteins Gaslp and PrA (Figure 3C, right pan-
els). The kinetics of CPY* degradation was also unusual.
After the pulse, a fraction was degraded rapidly in Airel
cells. After 60 min of chase, the remainder was highly stable
(Figure 3, A and B, right panels). The bimodal behavior
could be explained by distinct CPY* populations, one in the
lumen of the ER and the other, the untranslocated cytosolic
precursor (Figure 3A, preproCPY*). Because a portion of
newly synthesized CPY* mislocalizes to the cytosol, we hy-
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pothesized that this population is degraded, whereas the
fraction entering the lumen remains stable. We tested this
notion by measuring the turnover of CPY* using the “cyclo-
heximide chase” method (Gardner et al., 1998). By contrast to
a metabolic pulse-chase, this experiment analyzes the fate of
total CPY* after a block in synthesis. Under these conditions,
preproCPY* would represent only a minor fraction of the
total because its appearance is transient during the pulse-
chase experiment (Figure 3A, lanes 5-8). As shown in Figure
3D, total CPY* is turned over in control cells but highly
stable in Airel cells. This experiment confirms that the lumi-
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nal form of CPY* (with a substantial fraction underglycosy-
lated; see below) accumulates stably in Airel cells.

In addition to the precursor, we also noticed other fast
migrating forms of CPY* from Airel cells not present in
wild-type (Figure 3A, labeled -1, -2, -3, -4). These species
were not observed previously when CPY* was expressed
moderately in this strain (Ng ef al., 2000). This is reminiscent
of the characteristic CPY underglycosylation pattern in mu-
tants defective for N-linked glycosylation (te Heesen et al.,
1992). CPY* underglycosylation was confirmed after treat-
ment with Endo H. As shown in Figure 3B, the bands
collapsed to a single species equal to the deglycosylated
CPY* control. The defect is not confined to CPY* because we
also observe underglycosylation of endogenous proteins
(Figure 3C, Gaslp). Because glycosylation is normal in wild-
type cells under the same conditions (Figure 3A), these data
show that the impairment caused by the stress of misfolded
proteins is alleviated by the UPR. Indeed, many genes in-
volved in the synthesis (e.g.,, DPM1, RFT1), and transfer
(OST2, OST3) of oligosaccharide moieties to secretory pro-
teins are induced after UPR activation (Ng et al., 2000;
Travers et al., 2000).

We recently reported that the degradation of CPY* by the
ERAD pathway requires its transport and retrieval from the
Golgi (Vashist et al., 2001). Thus, we wondered whether its
stabilization is due, in part, to a defect in vesicular traffick-
ing. For this, we examined the transport of the well-charac-
terized cargo proteins Gaslp (plasma membrane), car-
boxypeptidase S (CPS, vacuole), and proteinase A (PrA,
vacuole) (Klionsky et al., 1988; Nuoffer et al., 1991; Spormann
et al., 1992). As shown in Figure 3C, overexpression of CPY*
in wild-type cells had only a slight effect on the transport of
these proteins. In Airel cells, however, a severe block in
Gaslp transport was observed as indicated by the accumu-
lation of the ER form (Figure 3C, Gaslp panel). This is likely
a general transport block since the maturation of both CPS
and PrA was also completely defective (Figure 3C, CPS and
PrA panels).

The ERAD Pathway Is Not Essential for the
Tolerance of CPY* Overexpression

The extent of luminal CPY* stabilization suggested that the
ERAD pathway is strongly impaired in Airel cells. Consis-
tent with this notion, genes of the ERAD pathway (e.g.,
DER1, HRD1/DER3, HRD3, UBC7, and SEC61) are upregu-
lated by the UPR upon ER stress (Travers et al., 2000). By
extension, we wondered whether the toxicity of CPY* in
Airel cells is due to the inability to eliminate it through the
ERAD pathway. To address the question, we tested cell
viability of several ERAD defective strains challenged by
CPY* overexpression. Contrary to our expectations, strains
deleted of the CUE1, DER1, and HRD1/DER3 genes grew no
worse than the wild-type control under these conditions,
indicating that the ERAD pathway is not essential for the
tolerance of misfolded proteins (Figure 4A).

The result was surprising because we expected that the
inability to clear an ER overloaded of misfolded proteins
would be deleterious. It suggested that the accumulation of
misfolded proteins is either benign in these strains or alter-
native pathways exist to remove them. To distinguish be-
tween these possibilities, we monitored the degradation of
CPY* in wild-type and ERAD mutant strains by metabolic
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Figure 4. ERAD mutants tolerate the stress of CPY* overexpres-
sion and efficiently degrades the protein by an alternative pathway.
(A) Wild-type, Acuel, Aderl, and Ahrdl/der3 strains with an inte-
grated GAL-CPY* gene streaked on media containing YP glucose
(Glucose) to repress expression or YP galactose to induce expression
(Galactose). Plates were incubated at 30°C for 2 and 3 d, respec-
tively. (B) Wild-type and ERAD mutant strains containing plasmid
pDN436 (moderate CPY* expression controlled by its native pro-
moter) were analyzed by pulse-chase analysis. CPY* was immuno-
precipitated, treated with Endo H to remove N-linked carbohy-
drates, and analyzed by SDS-PAGE. (C) Wild-type and ERAD
mutants transformed with plasmid pES67 (CPY* under the control
of the strong GAL1 promoter) were analyzed as described for strains
in B. Quantitative analysis was performed using a phosphorimager
and plotted to the right of autoradiograms.

pulse-chase analysis. First, we confirmed the efficacy of the
mutations in these strains by observing CPY* stabilization
under moderate expression levels (Figure 4B). On overex-
pression, CPY* is degraded in the mutants nearly as rapidly
as wild-type (Figure 4C). Because CPY* is synthesized more
than tenfold higher under these conditions (unpublished
results), we conclude that a robust alternative pathway is
activated to rid misfolded proteins when ERAD is saturated
or absent.

An ER-to-Vacuole Pathway Functions to Degrade
Excess CPY*

A direct route to the vacuole has been observed for some
abnormal proteins not subject to ERAD (Hong et al., 1996;
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Figure 5. Vacuolar proteases degrade excess CPY*. (A) Wild-type
and Apep4 cells containing plasmid pES67 (CPY* controlled by the
GAL1 promoter) were analyzed by pulse-chase analysis as de-
scribed for Figure 3. (B) Wild-type and Apep4 cells overexpressing
CPY* (plasmid pES67) were analyzed by cycloheximide chase anal-
ysis as described in Figure 3D.

Holkeri and Makarow, 1998). Therefore, we envisioned the
possibility that excess CPY* might be diverted to the vacuole
(a compartment analogous to metazoan lysosomes) for deg-
radation. This seemed reasonable because genes required for
the transport of proteins from the ER to the vacuole are
upregulated upon ER stress as well as those encoding sev-
eral vacuolar proteases (Travers et al., 2000). In addition,
GALI-regulated CPY* is stabilized in the ER-to-Golgi trans-
port mutants sec18-1 and sec12-4 (unpublished results). We
tested our hypothesis by measuring the turnover of overex-
pressed CPY* by metabolic pulse-chase and cycloheximide
chase assays with a strain deleted of the PEP4 gene. PEP4 is
required for the activation of most vacuolar proteases
thereby making Apep4 vacuoles deficient in proteolytic ac-
tivity (Ammerer et al., 1986). In this strain, CPY* was stabi-
lized compared with wild-type, suggesting that some deg-
radation requires proteolytic enzymes dependent on PEP4
(Figure 5A). Because the ERAD pathway is fully functional
in Apep4 cells (Knop et al., 1996b), the partial stabilization
reflects the fraction of CPY* that cannot be degraded by
ERAD. Indeed, the cycloheximide chase experiment shows
the inability to clear excess protein when vacuolar function
is compromised (Figure 5B). This aspect of ER quality con-
trol may have eluded detection previously because PEP4
dependence was only revealed by CPY* expression levels
sufficient to saturate the ERAD pathway.

Although the genetic analysis suggested degradation in
the vacuole, we sought to determine whether CPY* is trans-
ported there using indirect immunofluorescence. In both
wild-type and Apep4 strains, CPY* was found in the ER as
shown by colocalization with the ER marker Kar2p (Figure
6, compare Aa and Ae to panels antibody and Af, respec-
tively). In Apep4 cells, CPY* was also found at sites distinct
from the ER and nuclear envelope (Figure 6, Ae and Ag,
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arrows). We determined these to be vacuoles because the
non-ER CPY* colocalizes with the vacuolar marker, GFP-
tagged alkaline phosphatase (Figure 6, Ba—Bc). Because little
CPY* can be detected in vacuoles of wild-type cells, these
data indicate that degradation is rapid after its delivery to
the vacuole.

Stress-Tolerance Mutants Are Defective in the
ER-to-Golgi Trafficking of CPY*

Our data suggest that the trafficking and turnover of mis-
folded proteins might play important roles in the stress
tolerance of overexpressed CPY*. Interestingly, recent re-
ports showed that strains with mutations in the PER17/BST1
and ERV29 genes seem to be defective in the transport and
degradation of misfolded proteins (Caldwell et al., 2001;
Vashist et al., 2001). Thus, we wondered whether such de-
fects, in turn, would compromise tolerance of misfolded
secretory proteins. We addressed the question by challeng-
ing per17/bst1 and Aerv29 cells with CPY* overexpression as
performed with the UPR and ERAD deficient strains. As
shown in Figure 7, both strains grow similarly to wild-type
(Glucose) but the mutants grew poorly when CPY* expres-
sion was induced (Galactose). We next measured the turn-
over and transport of CPY* in these strains. Pulse-chase
analysis showed that CPY* was partially stabilized in per17/
bst1 cells (Figure 8, A and B) and strongly stabilized in
Aerv29 cells (Figure 8, C and D). CPY* transport was mea-
sured by analyzing the acquisition of a-1,6 mannose, a car-
bohydrate modification that occurs in the Golgi apparatus
(Herscovics and Orlean, 1993). This was performed by using
anti-a-1,6 mannose antibodies as a second step in a sequen-
tial immunoprecipitation to measure the fraction of modi-
fied CPY*. As shown in Figure 8, B and D, modification of
CPY* by a-1,6 mannose is sharply reduced in the mutants
compared with wild-type. Thus, we conclude that CPY* is
stabilized in the per17/bst1 and Aerv29 cells, and its transport
from the ER-to-Golgi is also severely compromised. Impor-
tantly, the observed tolerance defect is not a consequence of
a compromised UPR because these strains can activate the
UPR to the same level as wild-type when treated with tuni-
camycin (unpublished results).

DISCUSSION

Countering the effects of aberrant proteins is an important
aspect of cellular homeostasis because as much as 30% of all
nascent polypeptides misfold as a normal course of synthe-
sis (Schubert et al., 2000; Turner and Varshavsky, 2000).
These proteins can be restored by folding factors or removed
altogether by degradative pathways. In the ER, the UPR is a
key part of the process. Although recognized nearly a quar-
ter century ago, recent advances have provided a detailed
understanding of the pathway. In metazoans, there are at
least three ER sensors that comprise the UPR. The first,
Irelp, is conserved among all eukaryotes and functions to
splice messages of UPR regulatory factors (Cox and Walter,
1996; Kawahara et al., 1997; Shen et al., 2001; Yoshida et al.,
2001; Calfon et al., 2002). The second, an ER-bound UPR-
specific transcription factor termed ATF6 (with « and B
isoforms) is released by intramembrane proteolysis upon
activation (Haze et al., 1999; Ye et al., 2000). A third sensor,
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Figure 6. On saturation of ERAD, excess CPY* is transported to the vacuole for degradatlon (A) Wild-type (ESY342) and Apep4 (ESY349)
were grown at 30°C in media containing 2% galactose to induce CPY* expression. Cells fixed and permeabilized on glass slides were
decorated with mouse anti-HA mAb (CPY*) and anti-Kar2p antiserum (Kar2p). Antibody complexes were bound with Alexa Fluor 546 goat
a-mouse and Alexa Fluor 488 goat a-rabbit antibodies for visualization (CPY* in the red channel; Kar2p in the green channel). (B) ESY357
cells (Apep4, pGFP-ALP, pES67) grown as in A were probed using anti-HA (CPY*) and anti-GFP (GFP-ALP) followed by Alexa Fluor 546 goat
a-mouse and Alexa Fluor 488 goat a-rabbit secondary antibodies (CPY* in the red channel; GFP-ALP in the green channel). Staining with

DAPI (Ad, Ah, and Bd) indicates the positions of nuclei.

PERK, attenuates general translation to reduce the biosyn-
thetic load on the organelle (Shi et al., 1998; Harding et al.,
1999). This activity has been shown to play an important role
in stress-tolerance in higher eukaryotes (Harding et al., 2000;
Shen et al., 2001). Interestingly, BiP seems to play a role in
the regulation of all three sensors (Bertolotti et al., 2000;
Okamura et al., 2000; Shen et al., 2002). In yeast, the UPR
appears to be less complex with only the Irelp/Rlglp/
Haclp circuit required. Indeed, we observed that a transla-
tional attenuation mechanism is not part of the yeast pro-
gram (Figure 2). As a model system, yeast offers a tractable
means to study this aspect of the pathway in the absence of
other UPR outputs.

Previously, because of the small number of known target
genes, the UPR was widely viewed as a pathway regulating
secretory protein folding capacity by adjusting levels of ER
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Galactose

Glucose

Figure 7. The PER17/BST1 and ERV29 genes are required for the
stress-tolerance of overexpressed CPY*. Wild-type (ESY342), per17/
bst1l (ESY347) and Aerv29 (ESY386) cells transformed with pES67
(GAL-CPY™) were streaked onto glucose (expression off) or galactose
plates (expression on) and incubated at 30°C for 2 and 3 d, respec-
tively.
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Figure 8. The PER17/BST1 and ERV29 genes are required for the degradation and transport of overexpressed CPY*. (A) and (B) Wild-type
(ESY342) and per17/bst1 (ESY347) cells overexpressing CPY* were subjected to pulse-chase analysis. CPY* was immunoprecipitated from
detergent lysates and divided into two aliquots. From one CPY* was released from protein A resin and immunoprecipitated using anti-o
1,6-mannose antibodies. Immunoprecipitated proteins were treated with Endo H, and resolved by SDS-PAGE. Quantitative analysis was
performed using a phosphorimager and plotted in B. The fraction of CPY* gaining « 1,6-mannose addition was determined by quantifying
the ratio of CPY* immunoprecipitated with anti-« 1,6 antibody vs. the CPY* immunoprecipitated using anti-HA antibody. (C) and (D)
Wild-type (ESY342) and Aerv29 (ESY386) cells overexpressing CPY* were subjected to pulse-chase analysis as in A and B.

chaperones and folding factors. Genome-wide expression
analysis revealed the transcriptional program to be far more
complex (Travers et al., 2000). From yeast, at least 381 up-
regulated genes covering a wide variety of functions were
identified under conditions of severe ER stress. Among tar-
gets not directly related to folding, genes involved in ERAD
are strongly induced. This was appealing because it sug-
gested that the pathway regulates a means of ridding irre-
versibly damaged proteins. Direct analysis showed that UPR
mutants are indeed partially impaired in degrading ERAD
substrates (Casagrande et al., 2000; Ng et al., 2000; Travers et
al., 2000). Interestingly, many UPR targets function in the
secretory pathway beyond the ER. This would seem appropri-
ate when the cell needs to increase its load of normal secretory
proteins. However, it was unclear how membrane trafficking
activities including vacuolar transport would serve to reduce
the cytotoxicity of misfolded proteins in the ER.

Our previous efforts to understand ER quality control
mechanisms provided a physiological basis for the necessity
to upregulate transport functions to and from the Golgi
apparatus. We showed that although some misfolded pro-
teins are retained statically in the ER, others are transported
to the Golgi and retrieved for degradation by ERAD (Vashist
et al., 2001). Thus, a signaling pathway that monitors the
level of misfolded proteins play an important role in ridding
them. In the present study, we show that the ERAD pathway
is saturable and excess substrate is transported to the vacu-
ole for degradation. This transport does not require the CPY
sorting factor VpslOp (Marcusson et al., 1994). Strains de-
leted of VPS10 degrade overexpressed CPY* as efficiently as
wild-type without additional secretion into the media (un-
published results). The importance of removing excess mis-

2764

folded protein from the ER was demonstrated by the growth
sensitivity of the per17/bst1 and erv29 mutants (Figure 7). In
these mutants, excess CPY* is poorly degraded while failing
to traffic from the ER (Figure 8). Interestingly, the site, rather
than the extent, of accumulation is more important for the
manifestation of CPY* toxicity. Although pep4 cells accumu-
lated similar amounts of excess CPY* as the per17/bst1 and
Aerv29 mutants, they are not sensitive to CPY* overexpres-
sion, presumably because the accumulation occurs in the
vacuole instead of the ER. Taken together, our data support
the notion that stress tolerance of misfolded proteins re-
quires their removal from the ER by any means available.
In previous studies, the expression of the mutant heterol-
ogous protein, Apro, was also observed to be toxic to UPR-
compromised cells (Umebayashi et al., 1999). Although some
cellular functions were observed to be impaired, some ef-
fects of Apro are different from CPY*. First, much higher
levels of Apro seem to be needed to elicit ER stress. Expres-
sion of Apro from the GAL1 promoter at low copy as we
performed with CPY* did not compromise the growth of a
UPR mutant (Umebayashi et al., 1999). Even at the further
elevated levels of Apro expression needed to elicit stress,
protein glycosylation was unaffected and its effect on ERAD
function is not known. In addition, overexpression of the
UPR target BiP was sufficient to abrogate Apro toxicity,
suggesting it as the limiting factor. By contrast, we found
that BiP overexpression at various levels failed to suppress
the lethality of Airel cells challenged with CPY* (unpub-
lished results). This is consistent with the view that multiple
functions of the UPR program are required to alleviate CPY*
toxicity. The differences between these studies could be ex-
plained by a recent report showing that Apro is not a sub-
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strate of ERAD (Umebayashi et al., 2001). Therefore, it is
likely to cause toxicity through a different mechanism, pos-
sibly by exhausting the available pool of BiP.

In a recent report that assessed the fate of increased CPY*
expression, excess CPY* was degraded efficiently. Their
studies revealed a new role for Rsp5p, an E3 ubiquitin ligase
not previously known to be involved in ERAD (Haynes et
al., 2002). We consider it likely that a portion of the CPY*
expressed in our system utilizes the alternative E3 ligase. In
the current study, CPY* was expressed to the extent that the
ERAD ubiquitin/proteasomal pathway became saturated.
This differs from the previous study where saturation of
DERI1/HRD1-dependent degradation was observed but sat-
uration of ERAD was not. The difference is likely due to
distinct approaches to CPY* overexpression. In the previous
study, increased expression was accomplished using a
CPY*-bearing multicopy 2-um plasmid. Under that condi-
tion, expression levels vary according to plasmid copy num-
ber, which is stochastically distributed within cell popula-
tions (Haynes et al., 2002). In addition, expression levels
would be limited to the tolerance level of the host, making it
difficult to analyze strains sensitive to misfolded proteins. By
using the strong regulated GAL1 promoter at low copy, it
was possible to overcome these limitations by more uniform
overexpression of CPY*. Indeed this approach allowed the
observation of the ER-to-vacuole degradative pathway and
the stress-sensitivity of IRE1, PER17/BST1, and ERV29 mu-
tant strains.

Using information gleaned from this and other studies on
the UPR’s role in stress tolerance, we propose the following
model. Accumulation of misfolded proteins promotes the
widespread loss of ER function—possibly by tying up es-
sential factors. Induction of the UPR alleviates this stress by
increasing the synthesis of limiting factors. These would
include factors involved in protein translocation, folding,
and glycosylation, many of which are known transcriptional
targets (Ng et al., 2000; Travers et al., 2000). To rid the cell of
the offending proteins, the UPR expands quality control
functions including ERAD and vesicle trafficking. Under
more severe stress, when ERAD is saturable, an alternative
pathway to the vacuole is utilized to degrade excess sub-
strate. Among higher eukaryotes, a similar mechanism has
not yet been described. However, for them, the need to
upregulate trafficking and lysosomal functions might be less
important. The translational repression mechanism might
sufficiently limit the load of newly synthesized proteins so
the regulation of ER functions alone would suffice to restore
homeostasis.
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