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Eukaryotic cells employ a variety of mechanisms to maintain protein quality control and homeostasis. Here
we provide evidence that one such mechanism in Saccharomyces cerevisiae involves the regulated release of
excess or misfolded proteins to the extracellular space. The overexpression of an epitope-tagged allele of the
glycosylphosphatidylinositol (GPI)-linked cell wall protein Utr2/Crh2p (Utr2/Crh2-green fluorescent protein
[GFP] or -hemagglutinin [HA]) causes endoplasmic reticulum (ER) stress and the secretion of Crh2-GFP/HA
into the extracellular space. Secretion is dependent on two GPI-linked aspartyl proteases (Yps1p/2p) and
components of the unfolded protein response (Ire1p and Hac1p) but is independent of ER-associated degra-
dation (ERAD) components such as Hrd1p and Doa10p. Supporting the idea that this process represents a
mechanism for protein quality control, the level of Crh2-HA is increased in strains lacking Bst1p, a protein
required for the proteasomal degradation of GPI-linked proteins. Furthermore, secretion is dependent on
Sec18p, indicating that it requires ER-to-Golgi trafficking, and accordingly, Crh2-HA accumulates in the ER
in ire1� and bst1� mutants by cycloheximide chase experiments. Since a fraction of Utr2/Crh2-GFP properly
localizes to the cell wall in an ire1� mutant, extracellular secretion appears to occur through a pathway that
is distinct from the normal GPI protein-trafficking pathway. Taken together, these data support a model in
which the unfolded protein response (UPR)/yapsin-mediated extracellular release of overexpressed Utr2/
Crh2-HA or -GFP is an alternative pathway for the removal of excess or misfolded secretory proteins
functioning in parallel with proteasome-mediated degradation in S. cerevisiae. This model provides an expla-
nation for the deleterious effects of Yps1/2p on the industrial production of some recombinant proteins in S.
cerevisiae.

The identification and processing of misfolded or mispro-
cessed proteins are crucial components of eukaryotic cell ho-
meostasis (30). In addition to their fundamental importance to
eukaryotic cell biology, the mechanisms of protein quality con-
trol are of keen interest because a variety of human diseases
are linked to the accumulation of misfolded proteins (21). The
model organism Saccharomyces cerevisiae has played an impor-
tant role in the delineation of two of the most important
mechanisms through which eukaryotic cells manage misfolded
proteins (31): endoplasmic reticulum (ER)-associated degra-
dation (ERAD) and the unfolded protein response (UPR).

Through ERAD, proteins resistant to chaperone-mediated
refolding are identified, retrotranslocated from the ER, tagged
with ubiquitin, and, ultimately, degraded by the 26S protea-
some (39). ERAD is constitutively active and, during un-
stressed vegetative growth, appears sufficient to process the
load of misfolded proteins in yeast. Our current understanding
of ERAD indicates that there are three different ERAD sub-
types based on whether the misfolded lesion is in the luminal
region of a protein (ERAD-L), the membrane region (ERAD-

M), or the cytosolic region (ERAD-C) (16). ERAD-L is me-
diated by the Hrd1p complex, while ERAD-C is mediated by
the Doa10 complex. ERAD-M is the most recently described
subtype and appears to be dependent on Hr1p and Hrd3p but
independent of other components of the Hrd1p ERAD-L com-
plex (8).

When the cell encounters conditions that increase levels of
unfolded proteins, a second mechanism, called the UPR, is
activated to compensate for elevated levels of ER stress (28).
The UPR is an ER-to-nucleus signaling pathway that is initi-
ated by ER stress and induces the transcription of a large
number of genes (36). In yeast, the UPR is triggered when
unfolded proteins are detected by the transmembrane sensor
Ire1p. Ire1p contains protein kinase and endoribonuclease ac-
tivities that are essential to its role in UPR (11, 22). Ire1p
oligomerizes in the presence of unfolded proteins and under-
goes autophosphorylation, which in turn activates its RNase
activity (34). Ire1p RNase activity is specific for the mRNA of
the transcription factor Hac1p, its only known substrate. In
yeast, HAC1u mRNA (“u” for “uninduced”) is constitutively
transcribed but is not translated due to the presence of an
inhibitory intron. Activated Ire1p removes the intron from
HAC1u, and tRNA ligase rejoins the two exons to generate
HAC1i (“i” for “induced”). HAC1i is then efficiently translated,
and the resulting Hac1p transcription factor translocates to the
nucleus, where it initiates the transcriptional program of the
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UPR (36). In higher eukaryotes, two additional pathways
(PERK and ATF) also mediate the activation of the UPR (28).

Although the UPR and ERAD represent the two best-stud-
ied processes by which cells compensate for the development
of ER stress, it is clear that more complex and specific mech-
anisms underlie these general schemes (30). For example, Fu-
jita et al. recently demonstrated that an important class of
membrane and yeast cell wall proteins, glycosylphosphatidyl-
inositol (GPI)-linked proteins, is targeted to the proteasome
through a pathway distinct from that of traditional ERAD
(13). The degradation of a misfolded form of the canonical
yeast GPI-linked protein Gas1p is dependent on the inositol-
deacetylase Bst1p but is independent of Hrd1p and Doa10p.
This alternative pathway of degradation is consistent with
the fact that the trafficking of properly folded GPI proteins
to the cell surface is also distinct from that of other secre-
tory cargo (9).

In this report, we describe experiments indicating that aber-
rant or excess GPI-linked proteins are also removed by secre-
tion to the extracellular space in a process that is dependent on
both the UPR and two members of the yapsin family of GPI-
linked aspartyl proteases, Yps1p and Yps2p (15). The yapsins
are the founding members of a family of GPI-linked yeast
aspartyl proteases that are present in many fungi, including
pathogenic yeasts such as Candida albicans (1) and Candida
glabrata (18) and industrially important yeasts such as Pichia
pastoris (41). Although the physiological roles of the yapsins
are just beginning to be understood, this family of proteases
appears to function as secretases that release membrane and
cell wall-localized proteins from the cell surface (14, 15, 20,
38). Our results are consistent with this general function and
further suggest that the yapsins play a role in protein quality
control. Taken together, the experiments described below pro-
vide evidence for a novel mechanism by which at least some
misfolded or excess GPI proteins are removed by yeast and
provide additional insights into the function of the yapsin fam-
ily of yeast aspartyl proteases.

MATERIALS AND METHODS

Strains, growth conditions, and materials. Yeast strains used in this study are
listed in Table 1 and were derived from either the S288C (BY4741) or W303
(CRY1) genetic background. Single yeast mutants in the BY4741 background
were obtained from a yeast deletion collection (Invitrogen, Carlsbad, CA). Yeast
strains were grown in yeast-peptone-dextrose (YPD) or synthetic dropout me-
dium prepared according to standard recipes (6). All incubations were per-
formed at 30°C unless noted otherwise. Escherichia coli DH5� cells (Invitrogen,
Carlsbad, CA) were used for routine plasmid manipulations. All chemicals were
obtained from Sigma (St. Louis, MO) and used as received. Oligonucleotides
were synthesized by IDT (Coralville, IA).

Yeast strain construction. The IRE1 open reading frame was deleted by
standard PCR-based one-step gene replacement with a KANMX cassette gener-
ated from the deletion collection ire1�::KAN strain by using standard procedures
(17). Correct integration was determined by PCR with primers flanking the
sequence used to generate the knockout cassette. All ire1� mutants displayed the
expected hypersensitivity to 2-deoxyglucose (2). The KANMX cassette was
switched to the NATMX cassette according to a previously reported procedure
(37).

Plasmids. Multicopy plasmids containing CRH1-green fluorescent protein
(GFP) (JV89G), CRH2-GFP (pJV40G), or CRH2-hemagglutinin (HA)
(pNBC13) expressed from endogenous promoters were generously provided by
J. M. Rodriquez-Pena (7, 27). pAR213 containing the CWP1-GFP fusion was a
gift from F. Klis (24). prYPS1-lacZ contains the promoter region (665 bp up-
stream of ATG) fused to lacZ in Yep375R (20).

Microscopy. All microscopy was performed by using logarithmic-phase cul-
tures in synthetic medium. Cells were harvested and washed with fresh medium,
and an aliquot was mixed with 0.8% low-melt agar on the microscope slide to
mount. Images were obtained with a Nikon Eclipse 300 epifluorescence micro-
scope with a Cool Snap charge-coupled-device (CCD) camera and processed
with PhotoShop software. Vacuole staining was performed by using CellTracker-
Blue (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions
(26).

�-Galactosidase reporter assay. Cultures of yeast strains harboring lacZ re-
porters grown overnight were diluted to an optical density at 600 nm (OD600) of
0.1 in YPD medium and grown for 2 doublings (�3 h). The cultures were
exposed to a stressor for 5 h and harvested, and the pellets were flash-frozen in
liquid nitrogen. Cell lysates were prepared and �-galactosidase activity was
determined as described previously (6). The specific activity for the extracts is
expressed as Miller units (nmol/mg protein/min). Each reported value represents
the mean of data from at least two experiments, with independent transformants
of the strain performed in duplicate or triplicate. The error is expressed as the
standard error of the mean (SEM).

Colony immunoblotting. Cells from freshly streaked plates (2 days) were
patched onto agar plates (YPD or appropriate dropout medium), or a 10-fold
dilution series (initial OD600 of 1) of a culture grown overnight was plated onto
agar plates by using a pronging tool (VP Scientific, San Diego, CA). The plates
were allowed to dry for 30 min, and the cells were overlaid with a nitrocellulose
membrane (Amersham). After 24 h of incubation at 30°C, the membrane was
removed, washed under a stream of distilled water, and incubated in blocking
suspension (5% nonfat milk in 50 mM Tris [pH 7.5], 150 mM NaCl, and 0.05%
Tween 20 [TBST]) for 1 h with rocking. The membranes were then incubated at
room temperature for 3 h in a fresh block suspension containing anti-HA (1:
5,000) (12CA5; Roche), anti-GFP (1:5,000) (Living Colors; Clontech), or anti-
Kar2p (1:500) (Santa Clara) antibodies. The TBST-washed membranes were
then incubated with a 1:5,000 dilution of horseradish peroxidase-conjugated
anti-mouse secondary antibody (Amersham) in block suspension, washed with
TBST, and developed for chemiluminescence with an ECL-Plus detection kit
(Amersham).

Western blotting. Cultures grown overnight were diluted to an OD600 of 0.1,
grown to logarithmic phase, harvested, and flash-frozen. Medium proteins were

TABLE 1. Yeast strains

Strain Genotype Source or reference

CRY1
(W303-1A)

MATa ade2-1 can1-100 his3-11
leu2-3,112 trp1-1 ura3-1

R. Fuller Laboratory
Collection

HKY20 CRY1 yps1�::LEU2 19
HKY21 CRY1 yps2�::HIS3 19
DKY5 CRY1 yps3�::KAN 20
DKY9 CRY1 yps6�::KAN 20
DKY13 CRY1 yps7�::KAN 20
HKY24 HKY20 yps2�::HIS3 19
DKY39

(5yps�)
HKY24 yps3�::KAN

yps6�::KAN yps7�::KAN
20

DKY104 W303-1A ire1�::TRP1 35
DKY103 W303-1A leu2-3,112::LEU2-

GAL-CPY*-HA
35

DKY101 DKY103 ire1�::TRP1 35
ESY39 W303-1A his3-11::HIS3-

UPRE-lacZ
35

BY4741 MATa his3� leu2� met15�
ura3�

Research Genetics

DKY1000 BY4741 ire1�::KAN Research Genetics
DKY147 BY4741 ire1�::NAT 32
DKY1012 BY4741 hac1�::KAN Research Genetics
DKY1013 BY4741 bst1�::KAN Research Genetics
DKY1002 BY4741 hrd1�::KAN 32
DKY1003 BY4741 doa10�::KAN 32
DKY1014 BY4741 erv25�::KAN 32
DKY1015 BY4741 emp24�::KAN 32
DKY1016 BY4741 htm1�::KAN 32
DKY1017 DKY147 bst1�::KAN This study
CWS18-10 W303-1A sec18-1 R. Fuller Laboratory

Collection
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precipitated by using trichloroacetic acid. Cell extracts (25 to 50 OD600 equiva-
lents) were prepared by glass bead lysis in a lysis buffer consisting of 150 mM
NaCl, 50 mM Tris (pH 7.5), and 5 mM EDTA containing a cocktail of protease
inhibitors (Mini-Complete protease inhibitors; Roche) using a BeadBeater (7
cycles of 20 s of vortexing and 60 s of incubation on ice). Extracts were normal-
ized by the protein concentration (Bradford assay; Bio-Rad), fractionated by
SDS-PAGE (10% gel), and transferred onto nitrocellulose membranes. The
membranes were then blocked overnight at 4°C and processed as described
above for the colony immunoblotting.

Cycloheximide chase experiments. Logarithmic-phase cultures were treated
with cycloheximide (50 �g/ml, final concentration), and samples (10 OD600

equivalents) were removed at 0, 30, 60, and 90 min (35). The cells were har-
vested, flash-frozen, and analyzed by Western blotting as described above. Deg-
radation rates were quantified by densitometry using time point zero as 100%.
The means for each time point are based on data from three independent
experiments, and error bars are standard deviations.

RESULTS

Utr2/Crh2-GFP is mislocalized in yapsin mutants. Recently,
three substrates have been identified for the S. cerevisiae as-
partyl protease Yps1: Msb2p, a signaling mucin (38); Pir4p, a
cell wall-linked structural protein (14); and Gas1p, a GPI-
linked protein involved in glucan remodeling (14). Since the
yapsins play an important, but incompletely understood, role in
maintaining yeast cell wall integrity (14, 15, 20), we were in-
terested in determining if they process other cell wall-related
GPI proteins. Toward that end, we examined the localization
of GFP fusion constructs of the cell wall-related GPI proteins
Cwp1p (24), Crh1p (27), and Utr2/Crh2p (27) in the quintuple
yapsin mutant 5yps� using alleles expressed from multicopy
plasmids under the control of its endogenous promoter. The
localization of Cwp1p (Fig. 1A) and Crh1p (Fig. 1B) was un-
affected by the deletion of the yapsins and corresponded to
previously reported localization patterns (24, 27). Crh2p, on
the other hand, clearly accumulated within the cell in a com-
partment that is distinct from the vacuole (Fig. 1C), with a
significant portion of the signal distributed throughout the
cytosol (although UTR2 is the Saccharomyces Genome Data-
base [SGD] preferred name for this gene, Crh2p has been

more commonly used in recent literature, and we will use this
designation for the remainder of the manuscript). The concen-
trated signal does not colocalize with the nucleus (data not
shown) and is suggestive of the class E compartment of endo-
cytosis mutants (25). However, we have not further character-
ized the specific nature of this body.

Of the five yapsin single mutants, only yps2� showed intra-
cellular accumulation, while the remaining mutants displayed a
localization indistinguishable from that of wild-type (wt) cells
(Fig. 2A and data not shown). The punctate structures marked
by Crh2-GFP resemble those described previously for the
Golgi apparatus (12); however, we have not further character-
ized the intracellular compartment represented by these struc-
tures, and thus, the identity of these structures remains spec-
ulative. Consistent with this result, Western blot analysis

FIG. 1. Crh2-GFP is mislocalized in the 5yps� quintuple yapsin
mutant. wt and 5yps� cells expressing the indicated GFP fusion pro-
teins from multicopy plasmids under endogenous promoters were
grown to logarithmic phase in synthetic dextrose medium lacking ura-
cil, harvested, and analyzed by fluorescence microscopy as described in
Materials and Methods. (A) CWP1-GFP. (B) CRH1-GFP. (C) CRH2-
GFP. In C, the cells were also stained with the vacuolar marker Cell-
Tracker Blue (Invitrogen) (26). Arrows indicate areas where the GFP
and vacuolar stainings do not colocalize.

FIG. 2. Yps1p and Yps2p mediate extracellular secretion of Crh2-
GFP/HA. (A) Deletion of YPS2 is sufficient to cause intracellular
accumulation of Crh2-GFP. (B) The indicated strains expressing Crh2-
GFP were grown to logarithmic phase, harvested, and analyzed by
immunoblotting as described in Materials and Methods. A high-mo-
lecular-mass protein (�250 kDa) accumulates in yps2� and, to a lesser
extent, yps1� and yps6� mutants. (C) Crh2-GFP is secreted to the
extracellular medium in a Yps2p-dependent fashion. The indicated
strains were patched on agar plates, overlain with a nitrocellulose
membrane, and incubated overnight at 30°C. The washed membrane
was then probed with anti-GFP antibodies as described in Materials
and Methods. (D) Crh2-HA secretion is dependent on both Yps1p and
Yps2p.
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showed increased amounts of intracellular Crh2-GFP in the
yps2� mutant compared to the wild type (Fig. 2B).

Since the yapsins were shown previously to mediate the
release of cell surface proteins (14, 38), we hypothesized that
the intracellular accumulation of Crh2p in yps2� mutants may
be due to a decreased extracellular release. To test this hy-
pothesis, we used a colony immunoblot assay to determine if
Crh2-GFP was secreted to the extracellular space and to assess
the effect of the yapsins on secretion. As shown in Fig. 2C,
Crh2-GFP is released to the extracellular space. In addition, a
null mutation of YPS2 blocks this secretion, supporting our
hypothesis that the accumulation of Crh2-GFP in a yps2�
mutant is due to decreased extracellular secretion. Interest-
ingly, neither Cwp1-GFP nor Crh1-GFP was secreted to the
extracellular space in either wild-type cells or yapsin mutants
(L. DiDone and D. J. Krysan, unpublished data), suggesting
that the yapsins may not process all GPI-linked proteins.

Although the secretion of Crh2-GFP into the growth me-
dium could be part of its normal turnover, there are a number
of caveats that must be considered when interpreting this re-
sult. First, cell wall proteins are thought to turn over relatively
slowly, and the extent of the secretion seems inconsistent with
that notion. Second, the Crh2-GFP fusion used in these exper-
iments necessarily contains the GFP moiety within the coding
region of the protein because the N and C termini of GPI-
linked proteins are removed during processing. This raises the
possibility that the processing or folding of the protein could be
altered by the presence of the GFP moiety. Indeed, Cabib et al.
reported previously that Crh2-GFP appears to be unstable at
37°C (7; DiDone and Krysan, unpublished). To further char-
acterize the secretion of Crh2-GFP, we next examined the
secretion of a CRH2 allele containing the smaller HA epitope
tag in the same position (7). As shown in Fig. 2D, Crh2-HA
was still secreted into the medium, but its secretion was now
dependent on both Yps1p and Yps2p. We also examined the
level of secretion of the protein expressed from centromeric
plasmids and found it to be dramatically reduced for both GFP
and HA alleles (data not shown). This finding suggests that the
secretion could be due to the fact that the overexpression of
CRH2-HA/GFP saturates the capacity of the trafficking path-
way; however, we could barely detect the protein in cellular
extracts and therefore cannot rule out the possibility that small
amounts of CRH2-HA/GFP are secreted from low-copy-num-
ber plasmids as well.

Overexpression of CRH2-HA/GFP induces ER stress. To
further explore the possibility that the secretion of Crh2-HA/
GFP may be a result of misfolding or saturation of the GPI-
trafficking capacity of the cell, we introduced the constructs
into a strain containing a UPR reporter in the form of the UPR
response element (UPRE) fused to the lacZ gene at the HIS3
locus (35). As shown in Fig. 3A, the expression of both GFP-
and HA-tagged alleles activates the UPR reporter compared
to the reporter strain containing an empty vector; somewhat
surprisingly, the HA allele induced 2-fold-more activity than
did the GFP allele. As a comparison, the extensively charac-
terized misfolded allele of carboxypeptidase Y (CPY*) induces
a similar level of UPR reporter activity when expressed from
its endogenous promoter on a multicopy plasmid (33).

Another consequence of ER stress is the secretion of the
ER-resident protein Kar2p (3) into the growth medium.

Therefore, we tested whether CRH2-HA expression induced
Kar2p secretion. Indeed, Kar2p is released into the growth
medium, as determined by colony immunoblotting (Fig. 3B).
To assess whether the presence of the epitope tag alone was
responsible for the ER stress generated by the construct, we
also expressed the untagged allele in the same vector. Since
Kar2p secretion was induced by the overexpression of both
tagged and untagged alleles of CRH2, it appears that a signif-
icant portion of the ER stress generated by these constructs is
due to increased levels of CRH2 expression through the mul-
ticopy vector; however, we cannot rule out the possibility that
the presence of the tag contributes additional stress by induc-
ing a fraction of the protein to be misfolded.

ER-stress-induced Kar2p secretion is dependent upon an
intact UPR in yeast (3), and if CRH2-HA-induced Kar2p se-
cretion was the result of ER stress, it should be blocked in a
UPR mutant. To test this hypothesis, we expressed CRH2-HA
in a hac1� mutant and compared Kar2p secretion with that of
the wild type. Indeed, Kar2p secretion was reduced in the

FIG. 3. Crh2-GFP/HA induces ER stress. (A) CRH2-GFP, CRH2-
HA, and the empty vector were expressed in a strain containing a
chromosomally integrated fusion of the unfolded response element
(UPRE) with the lacZ reporter. Extracts were prepared from logarith-
mic-phase cells cultivated at 30°C and assayed for �-galactosidase
activity as described in Materials and Methods. Graph bars represent
the mean Miller units (nmol/mg protein/min) from three independent
experiments performed in duplicate, and the error bars indicate the
standard errors of the means. (B) A 10-fold dilution series of wild-type
cells harboring the indicated plasmids was spotted onto agar plates,
incubated overnight, and assayed by colony immunoblotting using anti-
Kar2p antibodies as described in Materials and Methods. (C) WT and
hac1� cells containing the CRH2-HA plasmid were assayed for Kar2p
secretion as described in B.
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hac1� mutant compared to the wild type (Fig. 3C). This ob-
servation further supports the idea that CRH2 expression from
a multicopy plasmid induces ER stress. Finally, it is important
to note that since the CRH2-HA constructs complement crh2�
mutants (7) and CRH2-GFP displays proper localization pat-
terns in wild-type cells (27), there appears to be a significant
portion of the protein that is functional.

Secretion of Crh2-HA is dependent on Sec18p. To charac-
terize the intracellular processing of Crh2-HA, we examined
cellular extracts from wild-type cells harboring CRH2-HA by
Western blotting (Fig. 4A). The presence of multiple molecu-
lar species in these blots suggests either that Crh2-HA is un-
dergoing degradation or that immature, partially processed
intermediates of Crh2-HA are accumulating. The high-molec-

ular-mass species corresponds to the typical size of a fully
mature GPI protein (13). The intermediate-mass band (�110
kDa) is also larger than the mass predicted from the peptide
sequence of Crh2p (50 kDa) and may be a partially processed
immature form. The lower-molecular-mass band, on the other
hand, is smaller than the mass corresponding to the amino acid
sequence and therefore is likely to be a degradation product.

To further characterize the multiple molecular species ob-
served in the immunoblot, CRH2-HA was expressed in the
sec18-1 strain, a strain containing a temperature-sensitive al-
lele of the ER AAA-ATPase SEC18, and analyzed by immu-
noblotting. Sec18p is required for ER-to-Golgi transport, and
a shift of this strain to the restrictive temperature causes a
block in secretory trafficking at the ER (4). As shown in Fig.
4A, the intermediate-molecular-weight species accumulates in
the cell, while the higher- and lower-molecular-weight species
are depleted. This strongly suggests that the intermediate-mo-
lecular-weight species represents the partially processed “ER
form” of Crh2-HA and that secretion may be dependent on
ER-to-Golgi transport. Consistent with this notion, decreased
amounts of Crh2-HA are secreted from sec18-1 cells incubated
at the permissive temperature (Fig. 4B). Since the ER forms of
GPI proteins are typically not observed at steady state or are
present at very low levels (13), the prominence of the ER form
of Crh2p in wild-type cells (Fig. 4A) suggests that its overex-
pression may saturate the GPI protein-trafficking capacity of
the cell and thereby cause ER stress.

Finally, the secretory block induced by the loss of Sec18p
function also prevents the formation of the lower-molecular-
weight species detected in wild-type cells. Since Yps1p and
Yps2p are involved in the secretion of Crh2-HA, it seemed
likely that this low-molecular-weight species is a yapsin-derived
cleavage product. Consistent with this hypothesis, the lower-
molecular-weight band is absent when CRH2-HA is expressed
in the yps1� yps2� yapsin double mutant (Fig. 4C). This ob-
servation also indicates that the yapsin-mediated processing of
secreted Crh2-HA occurs after transport from the ER and is
consistent with previous results suggesting that yapsin process-
ing occurs at the cell surface (14, 19, 38).

The HA tag is between residues 383 and 384, near the C
terminus. The cleavage fragment is approximately 40 to 45 kb.
Based on previous work characterizing the cleavage sites of
Yps1p and Yps2p (14, 15), two likely cleavage sites are present
in the C-terminal region of Crh2p and are indicated in Fig. 4D.
Processing at both sites would lead to the small fragment, while
cleavage only at the pair of lysines in the S/T region could
account for the larger fragments. These sites correspond
closely to the position of Yps1 cleavage sites in Gas1p and
Yps1p itself, identified previously by Gagnon-Arsenault et al.
(14). There are many other basic residues N terminal to the tag
that could also represent sites of cleavage but that would not
be apparent, since they would not retain the epitope tag.
Therefore, we cannot rule out that other cleavage products are
also generated.

Consistent with the colony immunoblot shown in Fig. 2D,
there is some Crh2-HA that is secreted into the medium in the
yps1� yps2� mutant, indicating that the results of the immu-
noblot assay correlate well with Western blotting. In addition,
these results suggests that although Yps1 and Yps2p are the
predominant proteases involved in the release of Crh2-HA,

FIG. 4. Identification of the Chr2-HA ER form and yapsin cleav-
age products. (A) Western blot analysis of intracellular extracts of WT
cells incubated at 30°C and sec18-1 cells after shift to the restrictive
temperature of 37°C. (B) Colony immunoblot analysis of Crh2-HA
secretion in wt and sec18-1 cells incubated at 30°C and processed as
described in the legend of Fig. 1C. (C) wt and yps1� yps2� cells
harboring CRH2-HA were grown to logarithmic phase in synthetic
medium. The cells were harvested, and total cell extracts (C) were
prepared. Medium proteins (M) were precipitated with trichloroacetic
acid-deoxycholate. Samples were analyzed by Western blotting as de-
scribed in Materials and Methods. Medium proteins corresponding to
equivalent numbers of cells were loaded into each lane. Cellular pro-
teins were normalized by protein concentration. (D) Schematic repre-
sentation of Crh2-HA with the sequences of Yps1/2p cleavage sites
that are consistent with the 40- to 50-kDa Western blot band are
indicated. The arrows indicate the residue where cleavage is predicted.
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other members of the yapsins may participate; alternatively, we
cannot rule out that some protein is also released nonproteo-
lytically. These observations are consistent with the fact that
Gagnon-Arsenault et al. also observed a Yps1p-independent
release of yapsin substrates (14).

Secretion of Crh2-HA/GFP is dependent on UPR and inde-
pendent of ERAD. To test the hypothesis that the secretion of
Crh2-HA/GFP is a manifestation of a protein quality control
process, we expressed CRH2-HA in a strain lacking IRE1, the
master regulator of UPR in yeast. As shown in Fig. 5A, secre-
tion was dramatically decreased in the ire1� strain compared
to an isogenic wild-type strain. To further characterize the
genetic requirements for Crh2-HA secretion, we next ex-
pressed CRH2-HA in a set of mutants involved in UPR,
ERAD, and GPI protein trafficking and examined the effect on
secretion by colony immunoblotting (Fig. 5B). Consistent with
the result displayed in Fig. 5A, secretion was also dependent
on HAC1, the transcription factor for UPR. Secretion was
affected little by the deletion of either Emp24p or Erv25p, two
proteins involved in both the trafficking of GPI proteins (9)
and the Bst1p-mediated degradation of Gas1p (13). Similarly,
strains lacking components of ERAD secreted Crh2-HA to the
same extent as the wild type. Interestingly, the deletion of

BST1 significantly increased the amount of secreted Crh2-HA.
Since Bst1p is required for the proteasomal degradation of
misfolded Gas1p (13), the increase in Crh2-HA secretion upon
its deletion strongly supports our hypothesis that secretion may
be an alternative pathway for the removal of GPI proteins
when the Bst1p pathway is saturated or absent.

The expression of misfolded proteins in UPR and ERAD
mutants unable to properly process such species frequently
causes growth defects (35). We therefore expressed CRH2-HA
in the wt and an ire1� mutant and examined their growths at
30°C. Consistent with our hypothesis, the overexpression of
CRH2-HA in the ire1� mutant caused a mild growth defect
(Fig. 5C). The overexpression of CRH1-HA, which does not
lead to secretion, does not affect the growth of an ire1� mu-
tant, indicating that UPR-mediated secretion allows the cell to
compensate for the toxicity of CRH2-HA.

Since Crh2-HA/GFP secretion is dependent on UPR and is
increased in mutants lacking components of the pathway re-
sponsible for the degradation of misfolded GPI proteins (e.g.,
Bst1p), it could represent an alternative pathway by which
misfolded GPI proteins are cleared from the cell. If that is the
case, then blocking secretion should not affect the localization
of that portion of the total cellular Crh2-GFP that is properly

FIG. 5. Crh2-HA secretion is dependent on the unfolded protein response and independent of ERAD components. (A) The indicated strains
expressing CRH2-HA were analyzed by colony immunoblotting as described in the legend of Fig. 2. (B) CRH2-HA was expressed in strains with
mutations in the UPR (hac1�), GPI trafficking (emp24� and erv25�), and ERAD (htm1�, doa10�, and hrd1�) and analyzed by colony
immunoblotting. (C) The indicated strains were spotted onto plates of synthetic dextrose medium lacking uracil as a 10-fold dilution series and
incubated for 2 days at 30°C. (D) The localization of Crh2-GFP in wt and ire1� cells was analyzed as described in the legend of Fig. 1. The arrows
indicate the expected budneck/septum localization in both strains (24).

1674 MILLER ET AL. EUKARYOT. CELL



folded because secretion and cell wall localization would occur
through separate pathways. To test this possibility, we exam-
ined the localization of Crh2-GFP in the ire1� mutant (Fig.
5D), a strain that does not secrete Crh2-HA. Consistent with
our hypothesis, Crh2-GFP localized to the septum of large-
budded cells, as observed for wild-type cells (27). These data
indicate that a fraction of the Crh2-HA/GFP is properly folded
and is trafficked to its appropriate location in the cell wall. A
separate fraction of misfolded or excess protein appears to be
secreted from the cell through a distinct, UPR-dependent traf-
ficking pathway.

The ER form of Crh2-HA is stabilized in ire1� and bst1�
mutants. Since protein quality control mechanisms function
primarily in the ER, impaired processing of misfolded proteins
leads to an accumulation of the ER forms of those proteins (1).
We therefore performed cycloheximide chase experiments to
characterize the effects of ire1� and bst1� mutants on the
trafficking of overexpressed Crh2-HA. As shown in Fig. 6A, the
decay of the ER form of Crh2-HA is significantly delayed in
both bst1� and ire1� mutants as well as in an ire1� bst1�
mutant. Quantification of these data further emphasizes the

delayed disappearance of the ER form of the protein in these
mutants (Fig. 6B). Although the rate of turnover for the ER
forms of Crh2-HA in the ire1� bst1� double mutant was sim-
ilar to that shown by either single mutant, the double mutant
showed an increased ratio of the ER to mature forms, suggest-
ing that they both contribute to independent mechanisms for
the removal of misfolded GPI proteins (data not shown) and
corroborating the synthetic growth defect of the ire1� bst1�
mutant in the presence of overexpressed CRH2-HA (Fig. 5C).

YPS1 expression is regulated by Ire1p during ER stress, and
the yps2� mutant genetically interacts with the ire1� mutant.
Previously reported results from our laboratory as well as from
others indicate that yapsins process at least three types of cell
surface-localized proteins (14, 38). Therefore, it is unlikely that
Yps1p and Yps2p function only to remove excess or misfolded
proteins. However, the yapsins could process proteins from the
cell surface within the context of a variety of secretory and
protein-trafficking pathways. To further explore the role of the
yapsins in protein quality control, we examined the genetic
interactions between YPS1/2 and IRE1 by constructing a cor-
responding set of double mutants and comparing their growth
to the growth of single strains under ER stress. The growth of
each strain depicted in Fig. 7A was similar to that of the wild
type at 30°C on rich medium, and each single mutant grew
similarly to the wild type at the indicated concentrations of
2-deoxyglucose (data not shown), a well-characterized inducer
of ER stress (2). At concentrations of 2-deoxyglucose mini-
mally toxic to the ire1� mutant, the yps2� ire1� mutant showed
a clear synthetic defect (Fig. 7A), while the growth of the yps1�

FIG. 6. Decay of the ER form of Crh2-HA is delayed in ire1� and
bst1� mutants. (A) The indicated strains were grown to logarithmic
phase and treated with 50 �g/ml cycloheximide, and 10 OD600 cell
equivalents were harvested and frozen at the indicated time points.
Extracts of each sample were analyzed by Western blotting. (B) West-
ern blots generated from three independent cycloheximide chase ex-
periments for each strain were analyzed by densitometry to determine
the amount of ER Crh2-HA remaining at each time point. The data
were normalized by using time zero as 100%. Error bars indicate
standard deviations.

FIG. 7. Genetic interactions of YPS1 and YPS2 with the unfolded
protein response. (A) The indicated strains were streaked onto plates
containing YPD and YPD plus 2-deoxyglucose (DG) and incubated at
30°C for 2 days. (B) WT, ire1�, GAL-CPY*, and ire1� GAL-CPY*
strains harboring a plasmid with the promoter of YPS1 fused to lacZ
were grown to the logarithmic phase and treated with tunicamycin to
induce ER stress or galactose to induce the expression of the misfolded
protein CPY*. After 5 h of exposure to the stress condition, the cells
were harvested, and the �-galactosidase activity of cellular extracts was
assayed as described in the legend of Fig. 3.

VOL. 9, 2010 UPR-DEPENDENT SECRETION OF GPI-LINKED Crh2p 1675



ire1� mutant was identical to that of the wild type at this as well
as at higher concentrations of 2-deoxyglucose (data not
shown). These data suggest that YPS2 may function in parallel
with IRE1, while the epistatic relationship of IRE1 with YPS1
indicates that these two genes may function in the same path-
way. Indeed, transcriptional profiling of UPR has shown that
YPS1 expression is induced by ER stress, while YPS2 expres-
sion changed little (35).

To confirm this observation and test the hypothesis that
Ire1p regulates YPS1 expression, we utilized our previously
developed YPS1-lacZ reporter (20) and asked if ER stress
induces YPS1 expression. Indeed, treatment with tunicamycin,
a glycosylation inhibitor that causes severe ER stress (2), in-
creased YPS1 expression 15-fold (Fig. 7B). Similarly, galactose-
induced expression of CPY*, an extensively characterized mis-
folded protein that induces UPR activation (35), induced
�100-fold-higher levels of expression of YPS1. Under both sets
of ER stress conditions, the increase in YPS1 expression was
completely abolished by the deletion of IRE1. Taken together,
these data support the idea that the yapsins play a role in the
UPR and further support a model by which yapsin proteolysis
represents a novel means by which some misfolded or excess
GPI proteins are removed from the cell.

DISCUSSION

Crh2p is a cell wall-localized GPI-linked protein that is in-
volved in the cross-linking of chitin to 1,6-�-glucan (7). The
laboratories of Arroyo and Cabib have extensively studied this
protein (7, 27) and, in the course of that work, utilized two
fusion alleles derived from Crh2p containing HA and GFP
fused within the C-terminal region of the protein. While both
HA and GFP show identical localizations to the cell wall of the
budneck (25), the Crh2-HA fusion is stable at 38°C, whereas
the Crh2-GFP construct is not (7). Consistent with the insta-
bility of the GFP construct, it failed to complement a crh2�
mutant, while the overexpression of the HA allele did comple-
ment the strain (7). Therefore, it appears that the insertion of
the GFP moiety within this region affects both the stability and
the function of Crh2p, possibly by interfering with folding or
processing. However, note that at least a fraction of the total
protein produced by this construct is functional, since both the
GFP and HA alleles show similar localizations, and the over-
expression of the HA-tagged allele complements a crh2� mu-
tant.

Based on those previously reported observations, it is there-
fore not surprising that the overexpression of Crh2-HA/GFP
induces ER stress, as our data clearly indicate. However, the
ER stress generated by these constructs is not entirely the
result of the internal epitope tags, because the overexpression
of an untagged allele also induces ER stress (Fig. 3B). The tag
plays a role in the amount of ER stress, since the HA allele
triggers 2-fold-higher levels of UPR activation than does the
GFP allele (Fig. 3A). It is, however, somewhat counterintuitive
that the apparently less stable GFP-tagged allele generates less
ER stress than does the more stable HA allele. The Western
blots of the GFP allele show extensive degradation at the
steady state in wild-type cells, and many more bands are
present than those observed with the corresponding HA con-
struct (D. J. Krysan, unpublished results). Therefore, we sus-

pect that the intrinsic instability of Crh2-GFP may result in a
more rapid clearance of the protein from the ER and, there-
fore, less activation of the UPR. The more stable Crh2-HA
protein, on the other hand, may require a more extensive
activation of the UPR to efficiently remove it from the ER.

Although overexpressed Crh2-HA/GFP certainly leads to
ER stress, it is important to consider whether these constructs
represent an appropriate model substrate for the study of
mechanisms of GPI-linked protein quality control. Prior to this
study, only one other putatively misfolded GPI-linked protein
has been studied: a point mutant of Gas1p (13). Gas1p is a
GPI-linked protein that is mainly plasma membrane localized
and, like Crh2p, is thought to be involved in the remodeling of
cell wall polysaccharides. Fujita et al. previously constructed a
point mutant of Gas1p that shows an accumulation of the ER
form at steady state and undergoes proteasome-mediated deg-
radation (13). Their studies of the processing of misfolded
Gas1p revealed that its proteasome-mediated degradation was
independent of the key ERAD proteins Hrd1p and Doa10p
and dependent on the inositol deacetylase Bst1p.

If overexpressed Crh2-HA/GFP is an appropriate model
substrate for studies of the processing of aberrant or excess
GPI proteins, then its processing should share features with
those observed for misfolded Gas1p. Similarly to misfolded
Gas1p (13), overexpressed Crh2-HA leads to high levels of its
ER form, and the deletion of Bst1p significantly delays the
decay of the ER form of Crh2-HA in cycloheximide chase
experiments. Taken together, the observations that overex-
pressed Crh2-HA/GFP induces ER stress and is processed in
part by pathways previously shown to be involved in the pro-
cessing of misfolded GPI proteins strongly suggest that this
represents an informative system for the study of GPI protein
quality control.

In addition to being processed through the Bst1p-dependent
proteasome-mediated degradative pathway, we observed that
significant amounts of both Crh2-HA and Crh2-GFP are se-
creted to the extracellular space. The secretion of Crh2-HA/
GFP is dependent on the UPR and is increased in strains
lacking Bst1p, an inositol deacetylase involved in the protea-
some-mediated degradation of GPI proteins (13). Based on
these and other observations described above, we propose that
the secretion of Crh2-HA/GFP represents a previously unrec-
ognized pathway by which excess or aberrant secretory pro-
teins are removed from the cell when other degradative path-
ways are saturated or inoperative. It is important that the
overexpression of the extensively studied ERAD and UPR
substrate CPY* does not lead to secretion (D. Ng, personal
communication), suggesting that only some ER-stress-inducing
secretory proteins are processed through this process.

To our knowledge, the ER-stress-induced release of secre-
tory pathway proteins to the extracellular space has been de-
scribed only once previously. Specifically, Belden and Barlowe
showed that ER stress induced either by the mutation of pro-
teins in the p24 family of ER transport proteins or by the
treatment of cells with the reducing agent �-mercaptoethanol
causes the release of the ER-resident chaperone Kar2p/BiP to
the extracellular medium (3). This release is completely
blocked when the UPR is disabled through the deletion of
IRE1, leading those authors to propose that Kar2p secretion is
a “hallmark of UPR” (3). Our results indicate that the high-
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level expression of a GPI-linked cargo protein that induces
UPR activation leads to both Kar2p secretion and secretion of
the cargo protein, suggesting that this UPR-mediated secretory
pathway may not represent simply a nonspecific release of
secretory pathway proteins to the extracellular space.

At this point, we cannot completely exclude the possibility
that the release of Kar2p/Crh2p is due to stress-induced ER
and secretory pathway dysfunction. However, a number of
observations from this work and from the work of Belden and
Barlowe (3) support the notion that this secretory pathway is
not an indirect consequence of ER dysfunction. First, we have
shown that the secretion of Crh2-HA is dependent on ER-to-
Golgi transport via Sec18p, indicating that components of the
trafficking machinery are required for the process. Second,
Belden and Barlowe found previously that under conditions in
which Kar2p is released, there is very little change in the
pattern or quantity of proteins secreted into the growth me-
dium compared to wild-type cells (3). This finding suggests that
Kar2p secretion is not due to generalized defects in secretory
pathway function leading to a nonspecific release of proteins
into the extracellular space. Third, the UPR is an important
mechanism by which ER and secretory pathway function is
maintained (23, 36). Therefore, if the release of Crh2-HA was
the result of ER-stress-mediated secretory pathway dysfunc-
tion, then the additional ER stress generated by the loss of the
UPR through the deletion of Ire1p would be expected to
increase secretion. Hence, the decrease in Crh2-HA and Kar2p
secretion observed for ire1� mutants is inconsistent with a
nonspecific breakdown in secretory pathway function but is
consistent with the idea that secretion represents a UPR-me-
diated pathway by which aberrant proteins are removed by
secretion to the extracellular space.

Although more work will be required to fully characterize
the secretory pathway proteins involved in the delivery of
Crh2-HA/GFP to the extracellular space, our initial results
suggest that this pathway is distinct from the pathway by which
normal GPI proteins are delivered to the cell surface. First,
ire1� mutants, which do not secrete Crh2-HA/GFP, still local-
ize a significant portion of the protein to the cell wall, indicat-
ing that secretion is not required for appropriate localization
and supporting the idea that secretion is distinct from normal
GPI protein trafficking. Second, the deletion of two proteins
involved in GPI protein trafficking, Emp24p and Erv25p, does
not block secretion; indeed, the deletion of either protein leads
to Kar2p secretion (3), suggesting that the loss of these pro-
teins may actually trigger the pathway. Third, Western blots of
strains with decreased secretion show amounts of fully mature
Crh2-HA that are similar to those in wild-type cells (Fig. 4C).
The pathway does, however, require Sec18p, a protein re-
quired for ER-to-Golgi transport. Thus, the pathway by which
Crh2-GFP/HA is secreted to the extracellular space must uti-
lize at least some components of the machinery involved in the
trafficking of normal proteins. Since mutants that affect the
proteasome-mediated processing of aberrant GPI proteins in-
crease Crh2-HA secretion, we suspect that this pathway rep-
resents a mechanism that is operative mainly when the stan-
dard, proteasome-mediated pathway is saturated by severe ER
stress.

An important question regarding the yapsins is, where do
they cleave their substrates? Recently, Gagnon-Arsenault et al.

reported an elegant study that strongly suggested that yapsin
proteolysis occurs at the cell surface and is regulated by the pH
of the compartment (14). This finding is consistent with the
results of Komano et al. showing that the yapsin-specific cleav-
age of fluorescent model substrates occurs at the surface of
intact cells (19). Yps1p and Yps2p have both been shown to
have optimal activity at a low pH, which is present in the
extracellular/periplasmic space in yeast. Since the early com-
partments of the secretory pathway are more basic than those
that lead to efficient yapsin proteolysis, cleavage is unlikely to
occur within early portions of the pathway, such as the ER
(14); indeed, our results show that the trapping of Crh2-HA in
the ER blocks proteolysis (Fig. 4C). It is, however, possible
that some portion of the proteolysis occurs within the Golgi
apparatus. Sievi et al. showed previously the Yps1p-mediated
degradation of a mammalian sialyltransferase ectodomain fu-
sion protein (STE6Ne) in the Golgi apparatus of a strain with
a temperature-sensitive block in Golgi transport; Yps2p had no
effect on the processing of this substrate (33).

Seivi et al. also showed that Yps1p is mislocalized from the
plasma membrane to the vacuole in erg6� mutants and pro-
cesses STE6Ne in that acidic compartment (33). Although the
cleavage of Crh2-HA could occur in this compartment, the fact
that we did not observed an accumulation of uncleaved Crh2-
GFP in the vacuole of yapsin mutants (Fig. 1C) argues against
this possibility. However, since Crh2-GFP processing and
Crh2-HA processing are not identical, we cannot rule out the
vacuole as a site of Crh2-HA processing. This model, however,
requires that the cleavage products then be transported from
the vacuole to the cell surface, a process that is unprecedented
to our knowledge.

In addition to the vacuolar targeting model, our observa-
tions are consistent with at least three other scenarios for the
events leading to the yapsin-mediated release of misfolded/
excess proteins such as Crh2-HA. First, the substrates and
proteases could traffic in the same vesicles as normal proteins
to the cell surface and then undergo proteolysis. In this model,
selection between folded and misfolded proteins could result
from differential rates between further processing and prote-
olysis. For example, a cell wall-targeted GPI protein must be
cleaved from its anchor and incorporated into the cell wall. If
a protein is misfolded or excess protein has saturated the
capacity of this process, then its delay may then allow prote-
olysis to compete, leading to the release of the misfolded, or
excess, GPI protein. Second, a similar series of events may
occur but within specific vesicles that contain misfolded pro-
teins. An indirect precedence for the packaging of misfolded
cargo proteins into distinct vesicles is based on the fact that
excess misfolded protein can be trafficked directly to the vac-
uole when ERAD is saturated, a process that is likely to in-
volve vesicles distinct from those destined for the plasma mem-
brane (35). Last, yapsin cleavage could occur in the Golgi
apparatus, as suggested by the results described previously by
Seivi et al. (33). Recent work has also revealed that protein
quality control surveillance is operative within the Golgi appa-
ratus (40), and thus, it is possible that discrimination between
abnormal and normal proteins is made at the Golgi apparatus.
After proteolysis, the fragments could then be transported to
the surface via either normal vesicles or, alternatively, specific
vesicles containing misfolded proteins. The small punctate
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structures to which Crh2-GFP localizes in the yps2� mutant
could represent the Golgi apparatus (Fig. 2A) and therefore
would provide support for this model. It must be stressed
that these models are rather speculative at this point and
that additional work will be required to identify the path-
ways that are involved in the UPR/yapsin-dependent secre-
tion of excess/misfolded proteins.

Although the yapsin family of GPI-linked aspartyl proteases
was identified over 15 years ago (15), an understanding of their
physiological function is only recently beginning to emerge (1,
14, 15, 18, 20, 38). To date, S. cerevisiae yapsins have been
shown to play a role in yeast cell wall integrity (20), the pro-
cessing of the signaling mucin Msb2p during the transition to
filamentous growth (38), and the release of both Gas1p and
Pir4p from the cell surface (14). In this work, we have found
evidence supporting a role for both Yps1p and Yps2p in pro-
tein quality control. YPS1 expression is increased by ER stress
in an Ire1p-dependent fashion, a finding that is consistent with
data from previously reported transcriptional profiling exper-
iments (36) and is further supported by the epistatic relation-
ship between ire1� and yps1� mutants during ER stress (Fig.
7A). Yps2p also appears to play a role in protein quality con-
trol based on the fact that yps2� and ire1� mutants display a
synthetic genetic interaction during ER stress.

Unlike YPS1, YPS2 expression does not appear to vary sig-
nificantly during cellular stress (15), and its genetic interaction
with Ire1p suggests that its function is independent of the
UPR. Furthermore, the surface yapsin activity is dependent
almost exclusively on Yps2p under nonstress conditions, while
Yps1p is undetectable at the surface unless the cells are ex-
posed to stresses known to increase YPS1 expression levels (15,
19, 20, 33). We therefore propose that Yps2p is constitutively
active during unstressed growth and is sufficient to process the
basal levels of misfolded or excess protein within the secretory
pathway. During ER stress, the UPR is activated and induces
YPS1 expression to increase the processing capacity. This
model provides a possible explanation for the observation that
Yps2p is the only yapsin required for Crh2-GFP processing
while both Yps1p and Yps2p process Crh2-HA. Crh2-GFP
does not activate the UPR as intensely, as Crh2-HA presum-
ably leads to relatively low levels of Yps1p, and thus, Yps2p
carries out the bulk of the processing. Crh2-HA induces the
UPR more strongly, and consequently, Yps1p is available to
process Crh2-HA. Taken together with previous studies of
yapsin function (14, 38) in S. cerevisiae as well as in the closely
related pathogenic yeast C. glabrata (18), the yapsins appear to
mediate the release of proteins from the surface of yeast cells
during a variety of cellular process, including cell wall remod-
eling, cell surface-initiated signaling, and protein quality con-
trol.

A number of groups have found that the presence of yapsins
and their homologues adversely affects the production of het-
erologously expressed, recombinant proteins in S. cerevisiae
and Pichia pastoris (5, 10, 29, 41) by causing a large amount of
degraded protein. Our data implicating yapsins in secretory
pathway quality control provide a compelling physiological ex-
planation for these observations. Yps1p has been found to be
particularly deleterious to recombinant protein production,
and its presence leads to the degradation of a variety of re-
combinant proteins (5, 10). The regulation of YPS1 expression

by the UPR suggests that heterologous or high-level expression
could activate the UPR, leading to increased expression levels
of YPS1 and, ultimately, to an increased degradation of the
secreted protein. Recent results indicating that Yps2p also
contributes to the degradation of some recombinant proteins
(10) are also consistent with our findings that Yps1p and
Yps2p both have a role in secretory pathway homeostasis.

In summary, we have provided evidence for a previously
unrecognized, UPR-mediated pathway by which an ER-stress-
inducing GPI-linked protein is secreted from the cell. We
propose that this pathway represents a mechanism by which
the cell removes excess or aberrant proteins from the cell when
other pathways for degradation are saturated or inoperative. In
addition, we have identified a new substrate for the yapsins and
provided evidence supporting a role for this family of proteins
in protein quality control. Studies designed to further charac-
terize the types of proteins secreted to the extracellular space
by this pathway as well as the components of the secretory
pathway that mediate this secretion are in progress and will be
reported in due course.
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