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Yos9p and Hrd1p mediate ER retention of 
misfolded proteins for ER-associated 
degradation
Toshiaki Izawa, Hiroyuki Nagai, Toshiya Endo, and Shuh-ichi Nishikawa
Department of Chemistry, Graduate School of Science, Nagoya University, Chikusa-ku, Nagoya 464-8602, Japan

ABSTRACT The endoplasmic reticulum (ER) has an elaborate quality control system, which 
retains misfolded proteins and targets them to ER-associated protein degradation (ERAD). To 
analyze sorting between ER retention and ER exit to the secretory pathway, we constructed 
fusion proteins containing both folded carboxypeptidase Y (CPY) and misfolded mutant CPY 
(CPY*) units. Although the luminal Hsp70 chaperone BiP interacts with the fusion proteins 
containing CPY* with similar efficiency, a lectin-like ERAD factor Yos9p binds to them with 
different efficiency. Correlation between efficiency of Yos9p interactions and ERAD of these 
fusion proteins indicates that Yos9p but not BiP functions in the retention of misfolded pro-
teins for ERAD. Yos9p targets a CPY*-containing ERAD substrate to Hrd1p E3 ligase, thereby 
causing ER retention of the misfolded protein. This ER retention is independent of the glycan 
degradation signal on the misfolded protein and operates even when proteasomal degrada-
tion is inhibited. These results collectively indicate that Yos9p and Hrd1p mediate ER reten-
tion of misfolded proteins in the early stage of ERAD, which constitutes a process separable 
from the later degradation step.

INTRODUCTION
Quality control mechanisms of the endoplasmic reticulum (ER) mon-
itor the folding states of proteins and retain immature proteins in the 
ER. Terminally misfolded proteins are targeted to degradation path-
ways known as ER-associated protein degradation (ERAD; Vember 
and Brodsky, 2008). Misfolded proteins are recognized and targeted 
to the ubiquitin ligase complexes for ubiquitination, which is fol-
lowed by degradation by proteasome in the cytosol. In yeast 
Saccharomyces cerevisiae, the Hrd1p complex consisting of Hrd1p, 
Hrd3p, Usa1p, and Der1p ubiquitinates ERAD substrates with mis-
folded luminal domains or transmembrane lesions (Vashist and Ng, 
2004; Carvalho et al., 2006). Hrd1p forms an oligomer that is likely 

involved in the movement of ERAD substrate proteins across the ER 
membrane (Carvalho et al., 2010).

N-Linked glycans have been shown to function as degradation 
signals in ERAD of some misfolded glycoproteins. Yos9p is a lectin-
like ERAD factor, which is required for ERAD of misfolded glycopro-
teins (Bhamidipati et al., 2005; Kim et al., 2005; Szathmary et al., 
2005). Yos9p forms complexes with an ER luminal Hsp70, BiP, as well 
as with Hrd3p (Carvalho et al., 2006; Denic et al., 2006; Gauss et al., 
2006) and has been proposed to function in recognition of glycan 
ERAD signals formed by the mannosidase Mnl1p/Htm1p (Jakob 
et al., 2001; Nakatsukasa et al., 2001; Quan et al., 2008; Clerc et al., 
2009; Sakoh-Nakatogawa et al., 2009; Gauss et al., 2011).

Although less efficiently than correctly folded proteins, some 
misfolded proteins can leave the ER and subsequently come back to 
the ER for ERAD or move further along the secretory pathway 
(Caldwell et al., 2001; Vashist et al., 2001; Hirayama et al., 2010). 
The ER exit of misfolded proteins depends on their intrinsic ER exit 
signals because removal of exit signals results in their ER retention 
(Kawaguchi et al., 2010). Addition of a strong ER exit signal or inac-
tivation of the ERAD pathway leads to increased Golgi delivery of 
some ERAD substrates (Kincaid and Cooper, 2007). Sorting of mis-
folded proteins between ERAD and ER exit pathways is thus af-
fected by the balance between the operational activities of the two 
pathways. Nevertheless, removal of intrinsic ER exit signals does not 
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RESULTS
Carboxypeptidase Y/mutant CPY 
fusion proteins containing both folded 
and misfolded units show distinct fates
To assess the effects of alteration in the bal-
ance between the signals for ERAD and ER 
exit (or vacuolar targeting), we constructed 
a series of fusion proteins: mutants of car-
boxypeptidase Y (CPY; CPY-CPY, CPY–mu-
tant CPY [CPY*], CPY*-CPY, and CPY*-CPY*) 
consisting of properly folded vacuolar CPY 
and/or its misfolded mutant CPY* with the 
G255R mutation (Finger et al., 1993; Figure 
1A). The two CPY or CPY* domains are 
linked in tandem via a 68-residue linker seg-
ment that consists of the streptavidin-bind-
ing peptide (SBP; Keefe et al., 2001) and 
triple-hemagglutinin (3HA) epitope tag. 
Whereas the N-terminal unit contains the 
signal sequence of CPY, the C-terminal one 
lacks the signal sequence but contains the 
3×FLAG epitope tag at the C-terminus. 
These fusion proteins possess eight N-linked 
glycosylation sites and two sites for PEP4-
dependent processing in the vacuole past 
the prosequences.

Each CPY/CPY* fusion protein was ex-
pressed in the CPY-deficient yeast prc1∆ 
mutant under the regulation of the PRC1 
promoter. Trypsin digestion showed that the 
CPY and CPY* units in those fusion proteins 
were folded and misfolded, respectively 
(Supplemental Figure S1). We followed the 
fates of the newly synthesized CPY/CPY* fu-
sion proteins by pulse-chase analyses in 
vivo. CPY-CPY was detected as a 150-kDa 
ER form with a cleaved signal sequence and 
with ER glycosylation, which was then con-
verted to a 154-kDa species and subse-
quently to a 60-kDa species during 30 min 
of chase in wild-type cells (Figure 1B). The 
154-kDa species is the Golgi form of CPY-
CPY, as inhibition of the ER-to-Golgi trans-
port by the sec12-4 mutation blocked its 

generation (Supplemental Figure S2). The 60-kDa species, which 
was not generated in pep4∆ cells lacking vacuolar Pep4 protease 
(Figure 1B, pep4∆), arose from the vacuolar-processed fragments of 
CPY-CPY. The time course of the maturation process of CPY-CPY 
was similar to that of CPY (Nishikawa et al., 1994), indicating that 
CPY-CPY is transported normally to the vacuole as efficiently as 
CPY.

In contrast to CPY-CPY, CPY*-CPY* remained as the ER form 
even after 30 min of chase (Figure 1C), and its decrease was charac-
terized by a half-life of ∼40 min in longer chase experiments (Figure 
1, F–H). The ER form of CPY*-CPY* was stabilized significantly in the 
ERAD-defective yos9∆ and hrd1∆ mutants (Figure 2, A and B) as 
observed for CPY*-3HA (Supplemental Figure S3), indicating that 
CPY*-CPY* is sorted to the ERAD pathway in the ER. The fates of 
CPY-CPY and CPY*-CPY* are thus the same as those of CPY and 
CPY*, respectively, suggesting that tandem connection of the same 
CPY or CPY* units itself does not affect the fates of the resultant 
fusion proteins.

simply stimulate ERAD of misfolded proteins (Kawaguchi et al., 
2010), leaving the mechanism of ER retention of misfolded proteins 
for ERAD unclear.

In the present study, we analyzed the sorting of misfolded pro-
teins between the ERAD and secretory pathways by constructing 
new model proteins that can be sorted to both ERAD and vacuo-
lar transport pathways. We found that sorting efficiency of the 
model ERAD substrate proteins to the ER retention for ERAD is 
correlated well with their efficiency to interact with Yos9p. Inhibi-
tion of proteasomal degradation in ERAD by treating cells with a 
proteasome inhibitor did not affect the ER retention efficiency of 
misfolded proteins, suggesting that ER retention is not coupled 
with the later degradation step in ERAD. We also found that 
Hrd1p has an activity to retain misfolded proteins in the ER. Yos9p 
is required for targeting of misfolded proteins to Hrd1p for ER 
retention independent of the glycan ERAD signals. We thus pro-
pose new roles of Yos9p and Hrd1p in ER retention of misfolded 
proteins for ERAD.

FIGURE 1: CPY-CPY and CPY-CPY* are efficiently transported to the vacuole, whereas 
CPY*-CPY and CPY*-CPY* are retained in the ER. (A) Schematic representations of the fusion 
proteins used in this study. (B–E) Wild-type (wt) and pep4∆ cells expressing CPY-CPY (B), 
CPY*-CPY* (C), CPY-CPY* (D), or CPY*-CPY (E) were pulse labeled with 35S-amino acids for 
10 min and chased for the indicated times at 30°C. Fusion proteins were recovered from cell 
extracts by immunoprecipitation using anti-CPY antibodies and analyzed by SDS–PAGE and 
radioimaging. Arrows indicate the positions of the ER form (E), Golgi form (G), and vacuolar 
form (V) of the fusion proteins. The asterisk in D shows the hyperglycosylated form of CPY-CPY*. 
(F) Wild-type cells expressing CPY-CPY, CPY-CPY*, CPY*-CPY, or CPY*-CPY* were analyzed by 
pulse-chase experiments as in B. (G, H) Relative amounts of the ER (G) and the vacuolar (V) 
forms of CPY*-CPY in F were quantified by radioimaging. Error bars represent SDs from three 
independent experiments. The amount of the ER form at 0 min was set to 100%.
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substrates to maintain their solubility for ef-
ficient ERAD (Nishikawa et al., 2001). When 
we tested interactions of BiP with CPY/CPY* 
fusion proteins by coimmunoprecipitation, 
BiP bound to folded CPY-CPY only poorly 
as compared with the fusion proteins con-
taining CPY* units (Figure 3A). However, 
binding efficiency of BiP is nearly the same 
for CPY-CPY*, CPY*-CPY, and CPY*-CPY*, 
so that the observed difference in the fates 
between pulse-labeled CPY*-CPY and CPY-
CPY* cannot be ascribed to their interac-
tions with BiP.

A lectin-like protein Yos9p is known to 
recognize the glycan signals of misfolded 
ERAD substrates (Bhamidipati et al., 2005; 
Kim et al., 2005; Szathmary et al., 2005). 
When analyzed by coimmunoprecipitation, 
affinities of the CPY/CPY* fusion proteins for 
Yos9p were in the order of CPY*-CPY* > 
CPY*-CPY > CPY-CPY* > CPY-CPY (Figure 
3B), which correlated well with the order of 
sorting efficiency to the ER retention or pre-
vention from the vacuolar transport (Figure 
1, B–H). CPY*-CPY*, which interacted with 
Yos9p most efficiently, was preferentially de-

graded by ERAD (Figure 2A). On the other hand, CPY*-CPY, which 
was recognized by Yos9p less efficiently than CPY*-CPY*, was tar-
geted to both the ERAD and vacuolar transport pathways (Figure 
2C). CPY-CPY*, as well as CPY-CPY, efficiently exited the ER and 
reached the vacuole (Figure 1, F and H). Although Yos9p could co-
operate with BiP to facilitate substrate targeting to the Hrd1p com-
plex (Carvalho et al., 2006; Denic et al., 2006), the present results 
suggest that Yos9p, not BiP, plays a primary role in substrate sorting 
to the ER retention or the ERAD pathway.

We next analyzed the effects of direct inhibition of the ER exit on 
ERAD and on Yos9p binding of the CPY/CPY* fusion proteins. The 
cargo-sorting receptor Erv29p is responsible for the ER exit of CPY, 
whose depletion causes impaired vacuolar trafficking of CPY (Belden 
and Barlowe, 2001). When we suppressed the ER exit of CPY-CPY* 
by deletion of the ERV29 gene, the ER form of CPY-CPY* indeed 
underwent Hrd1p-dependent degradation (Supplemental Figure 
S6, A and B). In parallel, depletion of Erv29p slightly increased 
the interactions of Yos9p with CPY-CPY* but not with CPY*-CPY 
(Supplemental Figure S6C).

Involvement of Yos9p and Hrd1p in active retention 
of misfolded proteins in the ER
As was shown, depletion of the ERAD factor Yos9p, Hrd1p, or Hrd3p 
resulted in enhanced vacuolar transport of CPY*-CPY. We thus asked 
whether vacuolar transport of CPY*-CPY is accelerated by inactiva-
tion of ERAD in general. Although carbobenzoxyl-leucinyl-leucinyl-
leucinal (MG132) treatment, which inhibits proteasomal degrada-
tion of ERAD substrates including CPY*, stabilized CPY*-CPY in the 
ER, generation of the vacuolar form of CPY*-CPY was not affected 
(Figure 4, A–C). Therefore inhibition of proteasomal degradation, a 
later step of the ERAD pathway, does not affect sorting of CPY*-CPY 
between the ER retention and ER exit for the vacuole.

N-glycans function as degradation signals in ERAD of misfolded 
glycoproteins, including CPY*. We thus asked whether deletion of 
those glycan degradation signals in misfolded proteins affects their 
ER retention. Among the four N-linked glycans in CPY*, only the 

Although CPY-CPY* and CPY*-CPY contain both folded and mis-
folded units, their fates were quite different. We observed PEP4-
dependent generation of the vacuolar form of CPY-CPY* within 
30 min of chase (Figure 1D). We also observed formation of smear 
species of CPY-CPY* in the pep4∆ mutant (Figure 1D, asterisk), 
which probably arose from hyperglycosylation in the CPY* unit in 
the Golgi (Spear and Ng, 2003), as the smear species were con-
verted into a single 135-kDa form after removal of N-linked glycans 
by endoglycosidase H treatment (Supplemental Figure S4). These 
results collectively show that CPY-CPY* was efficiently transported 
to the vacuole via the Golgi. The vacuole form of CPY-CPY* was 
mainly produced from the N-terminal CPY unit, since removal of a 
N-glycosylation site from the N-terminal CPY unit but not from the 
C-terminal CPY* unit reduced the molecular weight of its vacuole 
form (Supplemental Figure S5). The misfolded CPY* unit was prob-
ably not resistant to vacuolar proteases in wild-type cells. In con-
trast, CPY*-CPY remained as the ER form after 30 min of chase 
(Figure 1E). The vacuole form of CPY*-CPY, which was mainly pro-
duced from the C-terminal CPY unit (Supplemental Figure S5), ap-
peared only after 60 min of chase and then increased to ∼20% of 
total labeled CPY*-CPY after the 120-min chase (Figure 1, F and H). 
The ER form of CPY*-CPY was moderately stabilized by deletion of 
the YOS9, HRD1, or HRD3 gene, which also made generation of the 
vacuole form more prominent (Figure 2, C–E). Therefore CPY*-CPY 
preferably stays in the ER for degradation instead of being trans-
ported to the vacuole.

CPY-CPY* and CPY*-CPY are differently 
recognized by Yos9p
The foregoing results suggest that CPY-CPY* and CPY*-CPY are dif-
ferently recognized by the ER quality control system for sorting be-
tween the ER retention for ERAD and the ER exit for vacuolar tar-
geting via the Golgi. Therefore we sought to find which ERAD 
component is responsible for the differential recognition between 
CPY-CPY* and CPY*-CPY in the ER. BiP is a molecular chaperone 
Hsp70 in the ER and binds preferentially to misfolded ERAD 

FIGURE 2: CPY*-CPY* and CPY*-CPY are degraded by ERAD. (A) Wild-type, yos9∆. or hrd1∆ 
cells expressing CPY*-CPY* were analyzed by pulse-chase experiments as in Figure 1. (B) Relative 
amounts of CPY*-CPY* were quantified by radioimaging. Error bars represent SDs from three 
independent experiments. The amount of CPY*-CPY* at 0 min was set to 100%. (C) Wild-type, 
yos9∆, hrd1∆, or hrd3∆ cells expressing CPY*-CPY were pulse chased and analyzed. Arrows 
indicate the position of the ER (E) or the vacuolar (V) forms of CPY*-CPY. (D, E) Relative amounts 
of the ER (D) and the vacuolar (E) forms of CPY*-CPY in C were quantified as in Figure 1.
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N-glycan attached to Asn-479 functions as a degradation signal, 
and CPY* variants lacking this glycan signal were degraded poorly 
as compared with CPY* with all four N-linked glycans (Kostova and 
Wolf, 2005; Spear and Ng, 2005). Removal of the glycan degrada-
tion signal in the N-terminal CPY* unit of CPY*-CPY by the N479Q 
mutation stabilized CPY*-CPY in the ER, yet it did not enhance for-
mation of its vacuolar form (Figure 4, D–F). However, the YOS9 dele-
tion accelerated formation of the vacuolar form of CPY*(N479Q)-
CPY, as in the case of CPY*-CPY (Figure 2, C–E). Coimmunoprecipitation 
analyses showed that Yos9p binds to CPY*(N479Q)-CPY with effi-
ciency similar to that of CPY*-CPY (Supplemental Figure S7A). 
Therefore ER retention of CPY*-CPY does not depend on glycan 
degradation signals but requires recognition by Yos9p.

Yos9p has a mannose 6-phosphate receptor homology (MRH) 
domain, which was suggested to mediate recognition of the glycan 
signals for ERAD (Hosokawa et al., 2010). Purified recombinant 
Yos9p has an ability to bind to the glycan degradation signals, yet 
this binding is abolished by the R200A mutation in the MRH domain 
of Yos9p (Quan et al., 2008). The isolated MRH domain of OS-9, a 
mammalian counterpart of Yos9p, was found to directly interact with 
the ERAD signal glycans (Satoh et al., 2010). To examine the roles of 
the Yos9p MRH domain in the ER retention of misfolded proteins or 
prevention from the vacuolar traffic, we expressed the R200A mu-
tant of Yos9p (Yos9p-R200A) in the yos9∆ strain. Coimmunoprecipi-
tation analyses showed that Yos9p-R200A efficiently interacted with 
CPY*-CPY (Supplemental Figure S7B), which is consistent with previ-
ous reports (Bhamidipati et al., 2005; Denic et al., 2006). However, 
expression of Yos9p-R200A did not suppress the enhanced forma-
tion of the CPY*-CPY vacuolar form in the yos9∆ mutant (Figure 4, 
G–I), indicating that the MRH domain is essential for the ER reten-
tion of CPY*-CPY. It is probable that ER retention of CPY*-CPY re-
quires the function of Yos9p other than its binding ability to ERAD 
substrates, for example, interactions with the Hrd1p complex.

To test the possibility that Hrd1p plays roles in ER retention of 
misfolded proteins, we overexpressed Hrd1p from the GAL1 pro-
moter and found that the Hrd1p overexpression significantly sup-
pressed the vacuolar delivery of CPY*-CPY (Figure 5, A–C). Because 
suppression of the vacuolar transport of CPY*-CPY was observed 
even when proteasomal degradation was inhibited by MG132 
(Figure 5, A–C), the enhanced ER retention was not due to the en-
hanced later degradation step in ERAD by Hrd1p overexpression. 
Overexpression of Hrd1p also suppressed the vacuolar delivery of 
CPY*-CPY in the yos9∆ mutant both in the presence and absence of 
MG132, indicating that Hrd1p overexpression bypassed the Yos9p 
requirement (Figure 5, D–F). These results collectively suggest that 
Hrd1p itself has an activity to retain misfolded proteins in the ER 
even in the absence of Yos9p. In contrast, overexpression of Yos9p 
did not suppress the vacuolar transport of CPY*-CPY (Figure 5, G–I), 
suggesting that the amount of Yos9p does not limit the capacity for 
ER retention of misfolded proteins.

Coimmunoprecipitation experiments revealed the physical inter-
action between CPY*-CPY and Hrd1p, which was inhibited by ∼70% 
by deletion of the YOS9 gene (Figure 6A), and deletion of HRD1 led 
to accumulation of CPY*-CPY at the level of Yos9p (Figure 6B). 
Therefore Yos9p functions in targeting of CPY*-CPY to Hrd1p for ER 
retention. A CPY*-CPY variant containing the N479Q mutation in-
teracted with Hrd1p as efficiently as CPY*-CPY, indicating that tar-
geting of CPY*-CPY to Hrd1p by Yos9p is independent of the glycan 
degradation signal (Figure 6A). Nevertheless, the Yos9p-R200A was 
defective in the targeting of CPY*-CPY to Hrd1p (Supplemental 
Figure S7C). Coimmunoprecipitation experiments also showed the 
interaction between Hrd3p and Yos9p. Consistent with the previous 

FIGURE 3: BiP binds equally to CPY-CPY* and CPY*-CPY, whereas 
Yos9p binds to CPY*-CPY more efficiently than CPY-CPY*. Cell extracts 
were prepared from wild-type cells transformed with an empty vector 
or a vector expressing CPY-CPY, CPY-CPY*, CPY*-CPY, or CPY*-CPY* 
as indicated and subjected to immunoprecipitation with anti-FLAG 
agarose. (A) Cell lysates (Input) and immunoprecipitated materials (IP: 
FLAG) were analyzed by SDS–PAGE and immunoblotting with 
anti-CPY (IB: αCPY) and anti-BiP (IB: αBiP) antibodies. Relative amounts 
of BiP coprecipitated with the fusion proteins were quantified. Error 
bars represent SDs from three independent experiments. The amount 
of BiP coprecipitated with CPY*-CPY* was set to 100%. (B) Cell lysates 
(Input) and immunoprecipitated materials (IP: FLAG) were analyzed by 
SDS–PAGE and immunoblotting with anti-CPY (IB: αCPY) and 
anti-Yos9p (IB: αYos9p) antibodies. Relative amounts of Yos9p 
coprecipitated with the fusion proteins were quantified. The amount of 
Yos9p coprecipitated with CPY*-CPY* was set to 100%.
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family in the yeast ER with ∼30% similarity to 
BiP, which functions as a nucleotide ex-
change factor for BiP (Steel et al., 2004). We 
previously showed that depletion of Lhs1p 
does not affect ERAD of CPY* (Nishikawa 
et al., 2001). Again, depletion of Lhs1p did 
not affect stability or vacuolar transport of 
CPY*-CPY (Supplemental Figure S8, A–C).

Protein disulfide isomerase (PDI) is an 
oxidoreductase in the ER, which functions 
in formation and rearrangement of disul-
fide bonds of its substrate proteins (Gilbert 
1997). PDI also has a chaperone-like func-
tion and is involved in ERAD of misfolded 
proteins, including CPY* (Gillece et al., 
1999). To test the possible involvement of 
PDI in ER retention of CPY*-CPY, we over-
expressed PDI from a multicopy plasmid 
(approximate sevenfold overproduction 
as judged from immunoblotting) and 
found that the vacuolar delivery of CPY*-
CPY was significantly suppressed (Figure 
8, A and C). In contrast, overexpression of 
PDI∆252-277, a PDI mutant defective in 
the peptide-binding activity (Gillece et al., 
1999), did not inhibit vacuolar transport of 
CPY*-CPY. We also found that overexpres-
sion of PDI but not PDI∆252-277 signifi-
cantly stabilized the ER form of CPY*-CPY 
(Figure 8, A and B), which was accompa-
nied by the reduced interaction of Hrd1p 
with CPY*-CPY (Figure 8D). Interaction be-
tween PDI and CPY*-CPY was increased 
approximately threefold, suggesting that 
overexpressed PDI trapped CPY*-CPY 
through its chaperone-like activity, thereby 
sequestering it from both ERAD and vacu-
olar transport pathways.

DISCUSSION
Accumulated evidence suggests that the ERAD and ER exits of mis-
folded proteins compete with each other. However, the mechanism 
of ER retention of ERAD substrates remained unclear because ER 
retention and later steps in the ERAD process are usually coupled 
with each other. In the present study, we assessed ER retention of 
misfolded CPY/CPY* fusion proteins, especially CPY*-CPY, by moni-
toring their vacuolar traffic, which competes with ER retention, inde-
pendent of the later steps in ERAD. We thus found that the two 
ERAD factors Yos9p and Hrd1p play essential roles in ER retention 
of misfolded proteins. The ER retention depends on Yos9p and 
Hrd1p and correlates well with the interactions of Yos9p, but not BiP, 
with substrate proteins. The interaction between CPY*-CPY and 
Hrd1p, as well as ER retention of CPY*-CPY, is impaired in yeast cells 
lacking Yos9p (Figures 4, G–I, and 6A). However in the absence of 
Yos9p, overexpression of Hrd1p can still recover the ER retention of 
CPY*-CPY (Figure 5F), suggesting that Hrd1p itself has an activity to 
interact with misfolded proteins and retain them in the ER. There-
fore, efficient ER retention of misfolded proteins requires the recog-
nition of misfolded proteins and their delivery to Hrd1p by Yos9p 
(Figure 9), although Yos9p is not essential but increases efficiency of 
this process mediated by Hrd1p. Because inhibition of degradation 
in ERAD in general does not increase vacuolar traffic of CPY*-CPY, 

reports that Hrd3p interacts with ERAD substrates upstream of 
Yos9p (Gauss et al., 2006; Denic et al., 2006; Stanley et al., 2011), 
the interaction between CPY*-CPY and Hrd3p was hardly affected 
by deletion of the YOS9 gene (Figure 6A). It should be noted that 
deletion of YOS9 affected the amount of Hrd1p but not Hrd3p co-
precipitated with CPY*-CPY, although the yos9 mutation does not 
affect the interaction between Hrd1p and Hrd3p (Carvalho et al., 
2006; Denic et al., 2006; Gauss et al., 2006). This probably reflects 
the possibility that most of Hrd3p was dissociated from Hrd1p in our 
solubilization condition (unpublished data). In contrast, depletion of 
HRD3 did not decrease the amount of Yos9p coprecipitated with 
CPY*-CPY (Figure 6B). Overexpression of Hrd3p from the GAL1 
promoter suppressed the vacuolar transport of CPY*-CPY (Figure 7, 
A–C), which was accompanied by the increased interaction of CPY*-
CPY with Hrd1p (Figure 7D). We also observed increased interaction 
between Yos9p and CPY*-CPY by overexpression of Hrd3p, sug-
gesting that Hrd3p acts upstream of Yos9p to target misfolded pro-
teins to Hrd1p.

Overexpression of protein disulfide isomerase–inhibited 
ERAD and vacuolar delivery of CPY*-CPY
We also analyzed involvement of other ER-resident chaperones in 
ER retention of CPY*-CPY. Lhs1p is another member of the Hsp70 

FIGURE 4: Yos9p is required for ER retention of CPY*-CPY. (A) Wild-type cells expressing 
CPY*-CPY were analyzed by pulse-chase experiments in the presence (+) or the absence (−) of 
100 μM MG132 as in Figure 1. Arrows indicate the position of the ER (E) or the vacuolar (V) 
forms of CPY*-CPY. (B, C) Relative amounts of the ER (B) and the vacuolar (C) forms of CPY*-
CPY in A are shown as in Figure 1. (D) Wild-type cells expressing CPY*-CPY or CPY*(N479Q)-
CPY and yos9∆ cells expressing CPY*(N479Q)–CPY were analyzed by pulse-chase experiments. 
(E, F) Relative amounts of the ER (E) and the vacuolar (F) forms of the fusion proteins in D. 
(G) yos9∆ cells expressing CPY*-CPY were transformed with an empty vector or a vector 
expressing Yos9p or Yos9p-R200A and analyzed by pulse-chase experiments. (H, I) Relative 
amounts of the ER (H) and the vacuolar (I) forms of CPY*-CPY in G.
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Although BiP is required for ERAD and 
can interact with proteins with misfolded 
domains (Nishikawa et al., 2001), BiP bind-
ing is not sufficient for sorting of proteins to 
degradation by ERAD. Only proteins effi-
ciently interacting with Yos9p are efficiently 
retained in the ER and degraded by ERAD. 
Because BiP contributes to maintaining sol-
ubility of misfolded proteins in the ER 
(Nishikawa et al., 2001), misfolded proteins 
interacting with both BiP and Yos9p are 
likely sorted to the ERAD pathway. Deple-
tion of Lhs1p, a nucleotide exchange factor 
for BiP, did not affect the fate of CPY*-CPY 
(Supplemental Figure S8), which also sup-
ports the interpretation that BiP does not 
function in the sorting process.

PDI is another ER-resident chaperone re-
quired for ERAD of misfolded proteins, in-
cluding CPY*. However, overexpression of 
PDI but not PDI∆252-277 inhibited both 
ERAD and vacuolar transport of CPY*-CPY, 
which was accompanied by significant in-
crease in the interaction of CPY*-CPY with 
PDI (Figure 8). Preferential binding of chap-
erone PDI to CPY*-CPY could simply render 
it unavailable for further sorting to ERAD or 
ER exit pathway. Because PDI functions in 
oxidative protein folding, interaction be-
tween PDI and CPY*-CPY might take place 
in the early step of the ER quality control. 
CPY*-CPY trapped by PDI was probably re-
tained in the ER by the action of the C-ter-
minal ER retention signal of PDI.

Recent cross-link experiments suggested 
that Hrd3p functions upstream of Yos9p 
(Stanley et al., 2011). Consistent with this, 
we found that overexpression of Hrd3p sup-
pressed vacuolar transport of CPY*-CPY by 
enhancing interaction of CPY*-CPY with 
Yos9p and Hrd1p (Figure 7). However, de-
pletion of Hrd3p did not decrease the 
amount of Yos9p coprecipitated with CPY*-
CPY (Figure 6B). Because depletion of 
Hrd3p causes decrease in the Hrd1p level as 

well (Plemper et al., 1999; Gardner et al., 2000; Gauss et al., 2006; 
unpublished data), the observed enhancement of the vacuolar 
transport of CPY*-CPY in the hrd3∆ mutant could have merely arisen 
from decreased Hrd1p (Figure 2, C and E). Perhaps the decreased 
interaction between CPY*-CPY and Yos9p caused by Hrd3p deple-
tion may be compensated by the opposite effect due to decrease in 
the Hrd1p level.

It was unexpected that, although the N-linked glycan attached 
to Asn479 of CPY*-CPY (Figure 4E) functions as a degradation sig-
nal as in the case of CPY* (Kostova and Wolf, 2005; Spear and Ng, 
2005), efficient ER retention of CPY*-CPY did not require this deg-
radation signal (Figure 4F). Coimmunoprecipitation experiments 
showed that CPY*(N479Q)-CPY interacted with both Yos9p and 
Hrd1p as efficiently as CPY*-CPY (Figure 6A and Supplemental 
Figure S7A). How can we reconcile those divergent results on the 
role of the degradation signal in ER retention and ERAD? Perhaps, 
whereas Yos9p can target CPY*-CPY to Hrd1p for ER retention in a 

degradation and ER retention of misfolded proteins are separable 
processes, and ER retention becomes irreversible past a certain step 
in ERAD. ER retention is likely committed by Yos9p recognition and 
delivery of misfolded proteins to Hrd1p.

Although CPY*-CPY was preferentially sorted to the ERAD 
pathway, CPY-CPY* was transported to the vacuole as efficiently as 
CPY-CPY in spite of the presence of the misfolded CPY* unit. Yos9p 
recognizes CPY-CPY* less efficiently than CPY*-CPY, indicating 
that not only the presence of a misfolded domain, but also the 
position of the misfolded domain is important for recognition by 
Yos9p. In the present case, the N-terminally placed misfolded 
CPY* unit was recognized by Yos9p more efficiently than the C-
terminally placed one. This may perhaps connected with the fact 
that secretory proteins enter the ER lumen from their N-termini. In 
this scenario, recognition of misfolded domains starts as early as 
the protein translocation process. Further study will be needed to 
test this possibility.

FIGURE 5: Hrd1p has an activity to retain misfolded proteins in the ER. (A) Wild-type cells 
expressing CPY*-CPY transformed with an empty vector or a vector expressing Hrd1p from the 
GAL1 promoter (↑HRD1) were grown in media containing 2% galactose and analyzed by 
pulse-chase experiments in the presence (+) or the absence (−) of 100 μM MG132 as in Figure 1. 
Arrows indicate the position of the ER (E) or the vacuolar (V) forms of CPY*-CPY. (B, C) Relative 
amounts of the ER (B) and the vacuolar (C) forms of CPY*-CPY in A were quantified as in 
Figure 1. (D) yos9∆ cells expressing CPY*-CPY transformed with an empty vector or a vector 
expressing Hrd1p from the GAL1 promoter (↑HRD1) were grown in media containing 2% 
galactose and analyzed by pulse-chase experiments in the presence (+) or the absence (−) of 
100 μM MG132. (E, F) Relative amounts of the ER (E) and the vacuolar (F) forms of the fusion 
proteins in D)were quantified as in Figure 1. (G) Wild-type cells expressing CPY*-CPY 
transformed with an empty vector or a vector expressing Yos9p from a multicopy plasmid 
(↑YOS9) were analyzed by pulse-chase experiments. (H, I) Relative amounts of the ER (H) and 
the vacuolar (I) forms of CPY*-CPY in G were quantified as in Figure 1.
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this process (Figure 4I). Yos9p-R200A efficiently interacted with 
CPY*-CPY (Supplemental Figure S7B), but the interaction between 
CPY*-CPY and Hrd1p was significantly impaired in the yos9-R200A 
mutant cells (Supplemental Figure S7C). The MRH domain of Yos9p 
may be required for targeting of misfolded proteins to Hrd1p by, for 
example, interacting with components of the Hrd1p complex.

OS-9 is a mammalian orthologue of Yos9p, and involvement of 
OS-9 variants OS-9.1 and OS-9.2 in ER retention of misfolded pro-
teins was reported (Bernasconi et al., 2008). However, mechanisms 
of Yos9p and the OS-9 variants functioning in the ER retention of 
misfolded protein seem to be different. Whereas overexpression of 
OS-9 variants enhances ER retention of misfolded proteins 
(Bernasconi et al., 2008), overproduction of Yos9p itself does not 
increase retention efficiency of CPY*-CPY in the ER (Figure 5I). The 
MRH domain of the OS-9 variants but not of Yos9p is dispensable 
for the ER retention of misfolded proteins. It will be interesting to 
ask whether Hrd1p orthologues are involved in the OS-9 variants–
mediated ER retention process in mammalian cells.

In summary, by using CPY* fusion proteins as new model ERAD 
substrates, we dissected the process mediated by Yos9p in ERAD 
and revealed a novel role of Yos9p in the early steps of ERAD, that 
is, ER retention of misfolded proteins by delivering them to Hrd1p. 
Revealing the precise role of Yos9p in the later step of ERAD, most 
likely in cooperation with the Hrd1p complex, is open to future 
studies.

MATERIALS AND METHODS
Yeast strains
Yeast strains used in this study are SEY6210 (MATα ura3 leu2 trp1 
his3 lys2 suc2; Robinson et al., 1988) and SNY1062 (MATα 
pep4::TRP1 ura3 leu2 trp1 his3 lys2 suc2; Nishikawa et al., 2008). 
Gene disruption using Candida glabrata HIS3 (CgHIS3), TRP1 
(CgTRP1; Kitada et al., 1995), or kanMX4 (Wach et al., 1994) was 
performed as described by Sakumoto et al. (1999). The erv29::LEU2 
allele was constructed using the LEU2 gene of pJJ283 (Jones and 
Prakash, 1990). The sec12-4 mutant gene was cloned by PCR using 
the genomic DNA of MBY10-7AD (MATa/MATα secl2-4/secl2-4 
ura3/ura3 trpl/trpl his3/his3 his4/his4 leu2/leu2; Nishikawa et al., 
1994) as a template. The amplified DNA was introduced into the 
polylinker site of pRS306 (Sikorski and Hieter, 1989). The resulting 
plasmid was used to introduce the sec12-4 allele as described be-
fore (Nishikawa et al., 2001). The constructed strains were as follows: 
HNY2 (MATα prc1::CgHIS3 ura3 leu2 trp1 his3 lys2 suc2), HNY9 
(MATα prc1::CgHIS3 pep4::TRP1 ura3 leu2 trp1 his3 lys2 suc2), 
HNY20 (MATα prc1::CgHIS3 hrd1::CgTRP1 ura3 leu2 trp1 his3 lys2 
suc2), HNY22 (MATα prc1::CgHIS3 yos9::CgTRP1 ura3 leu2 trp1 
his3 lys2 suc2), HNY23 (MATα prc1::CgHIS3 erv29::LEU2 ura3 leu2 
trp1 his3 lys2 suc2), HNY24 (MATα prc1::CgHIS3 sec12-4 ura3 leu2 
trp1 his3 lys2 suc2), HNY101 (MATα prc1::CgHIS3 hrd3::kanMX4 
ura3 leu2 trp1 his3 lys2 suc2), HNY116 (MATα prc1::CgHIS3 
lhs1::kanMX4 ura3 leu2 trp1 his3 lys2 suc2), and INY25 (MATα 
prc1::CgHIS3 erv29::LEU2 hrd1::kanMX4 ura3 leu2 trp1 his3 lys2 
suc2).

Plasmid construction
Construction of a series of fusion genes expressing CPY and/or 
CPY* fused in tandem via a linker sequence was performed as fol-
lows. A 0.1-kb DNA fragment encoding SBP (Keefe et al., 2001) was 
amplified from pRCCHJ SBP-1 (Kida et al., 2007) by PCR and in-
serted into the KpnI site of pSK-3HA (Sato and Wada, 1997) to gen-
erate pHN6. A 0.25-kb DNA fragment encoding the SBP fused to 
three copies of the HA epitope (SBP-3HA) was amplified by PCR. A 

glycan ERAD signal–independent manner, Yos9p may be also in-
volved in the later step at the level of the Hrd1p complex for decod-
ing the glycan signal for degradation. Although the glycan degra-
dation signal is dispensable for ER retention of CPY*-CPY, 
Yos9p-R200A containing a mutation in the MRH domain, which was 
suggested to mediate the glycan signal recognition, is defective in 

FIGURE 6: Yos9p is required for targeting of CPY*-CPY to Hrd1p. 
(A) Cell lysates were prepared from wild-type or yos9∆ cells 
transformed with a vector alone, a vector expressing CPY*-CPY, or a 
vector expressing CPY*(N479Q)-CPY and subjected to 
immunoprecipitation with anti-FLAG agarose. Cell lysates (Input) and 
immunoprecipitated materials (IP: FLAG) were analyzed by SDS–PAGE 
and immunoblotting with anti-CPY (IB: αCPY), anti-Hrd3p (IB: 
αHrd3p), and anti-Hrd1p (IB: αHrd1p) antibodies. Relative amounts of 
Hrd3p or Hrd1p coprecipitated with the fusion proteins were 
quantified. Error bars represent SDs from three independent 
experiments. The amount of Hrd3p or Hrd1p coprecipitated with 
CPY*-CPY in wild-type lysate was set to 100%. (B) Cell lysates were 
prepared from wild-type cells transformed with a vector alone or 
wild-type, hrd1∆, or hrd3∆ cells transformed with a vector expressing 
CPY*-CPY and subjected to immunoprecipitation as in Figure 3B.
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DNA fragment corresponding to nucle-
otides −666–1596 of the PRC1 gene was 
amplified by PCR from pTSY1000 (Stevens 
et al., 1986). The resulting two PCR products 
were mixed and used as templates to am-
plify a 2.5-kb DNA fragment encoding CPY-
SBP-3HA by PCR, which was subsequently 
cloned into pRS316 (Sikorski and Hieter, 
1989) to generate pHN23. The plasmid 
pHN24, which contains a DNA fragment en-
coding CPY*-SBP-3HA, was constructed as 
described using pJJ244prc1-1 (Nishikawa 
et al., 2001) instead of pTSY1000. A DNA 
fragment corresponding to nucleotides 61–
2090 of the PRC1 gene was amplified from 
pTSY1000 by PCR and cloned into pBlue-
scriptII SK(+). A DNA fragment encoding 
the 3×FLAG tag was introduced between 
nucleotides 1596 and 1597 of the PRC1 
gene, and the resulting plasmid containing 
encoding CPY-3×FLAG was named pHN27. 
A DNA fragment encoding CPY*-3×FLAG 
was constructed as described, using pJJ-
244prc1-1, and the resulting plasmid was 
named pHN28. A DNA fragment of pHN27 
encoding CPY-3×FLAG was inserted into 
pHN23 or pHN24 to generate pHN31 or 
pHN33, respectively. A DNA fragment of 
pHN28 encoding CPY*-3×FLAG was in-
serted into pHN23 or pHN24 to generate 
pHN32 or pHN34, respectively. The con-
structed pHN31, pHN32, pHN33, or pHN34 
was used to express CPY-CPY, CPY-CPY*, 
CPY*-CPY, or CPY*-CPY*, respectively, in 
yeast cells. The N479Q mutation was intro-
duced into pHN23 or pHN24 by PCR muta-
genesis, generating plasmid pHN23(N479Q) 
or pHN24(N479Q), respectively. The 
N1059Q mutation was introduced into 
pHN27 or pHN28 by PCR mutagenesis, 
generating plasmid pHN27(N1059Q) or 
pHN28(N1059Q), respectively. A DNA 
fragment of pHN27(N1059Q) encoding 
CPY(N1059Q)-3×FLAG was inserted into 
pHN24 to generate pHN39, which ex-
presses CPY*-CPY(N1059Q) in yeast cells. A 
DNA fragment of pHN27 encoding CPY-
3×FLAG was inserted into pHN24(N479Q) 
to generate pHN40, which expresses 
CPY*(N479Q)-CPY in yeast cells. A DNA 
fragment of pHN28(N1059Q) encoding 
CPY*(N1059Q)-3×FLAG was inserted into 
pHN23 to generate pHN101, which ex-
presses CPY-CPY*(N1059Q) in yeast cells. A 

FIGURE 8: Overexpression of PDI inhibited both ERAD and vacuolar transport of CPY*-CPY. 
(A) Wild-type cells expressing CPY*-CPY transformed with an empty vector or a multicopy 
vector expressing PDI (↑PDI) or PDI∆252-277 (↑∆252-277) were analyzed by pulse-chase 
experiments as in Figure 1. Arrows indicate the position of the ER (E) or the vacuolar (V) forms 
of CPY*-CPY. (B, C) Relative amounts of the ER (B) and the vacuolar (C) forms of CPY*-CPY in A 
were quantified as in Figure 1. (D) Cell lysates were prepared from wild-type cells or cells 
overexpressing PDI from a multicopy plasmid (↑PDI), which were transformed with an empty 
vector or a vector expressing CPY*-CPY, and subjected to immunoprecipitation with anti-FLAG 
agarose. Cell lysates (Input) and immunoprecipitated materials (IP: FLAG) were analyzed by 
SDS–PAGE and immunoblotting with anti-CPY (IB: αCPY), anti-Hrd1p (IB: αHrd1p), and anti-PDI 
(IB: αPDI) antibodies. Relative amounts of Hrd1p and PDI coprecipitated with the fusion proteins 

FIGURE 7: Effect of overexpression of Hrd3p on ER retention of CPY*-CPY. (A) Wild-type cells 
expressing CPY*-CPY transformed with an empty vector or a vector expressing Hrd3p from the 
GAL1 promoter (↑HRD3) were grown in media containing 2% galactose and analyzed by 
pulse-chase experiments as in Figure 1. Arrows indicate the position of the ER (E) or the vacuolar 
(V) forms of CPY*-CPY. (B, C) Relative amounts of the ER (B) and the vacuolar (C) forms of 
CPY*-CPY in A were quantified as in Figure 1. (D) Cell lysates were prepared from wild-type cells 
or cells overexpressing Hrd3p from the GAL1 promoter (↑HRD3), which were transformed with an 
empty vector or a vector expressing CPY*-CPY, and subjected to immunoprecipitation with 
anti-FLAG agarose. Cell lysates (Input) and immunoprecipitated materials (IP: FLAG) were analyzed 
by SDS–PAGE and immunoblotting with anti-CPY (IB: αCPY), anti-Hrd1p (IB: αHrd1p), and 
anti-Yos9p (IB: αYos9p) antibodies. Relative amounts of Hrd1p and Yos9p coprecipitated with the 
fusion proteins were quantified. Error bars represent SDs from three independent experiments. 
The amount of Hrd1p or Yos9p coprecipitated with CPY*-CPY in wild-type lysate was set to 100%.

were quantified. Error bars represent SDs 
from three independent experiments. The 
amount of Hrd1p and PDI coprecipitated 
with CPY*-CPY* in wild-type lysate was set to 
100%. Relative amount of PDI in cell lysates 
was also quantified.
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A 2.5-kb DNA fragment containing the YOS9 ORF with 500–base 
pair upstream and 400–base pair downstream regions was amplified 
by PCR and cloned into pRS315 and pYO325 (Qadota et al., 1992) 
to generate pRS315-YOS9 and pYO325-YOS9, respectively. The 
R200A mutation was introduced into the YOS9 ORF by PCR muta-
genesis, and the resulting plasmid was named pRS315-YOS9R200A. 
A 2.2-kb DNA fragment containing the HRD1 ORF with 560–base 
pair downstream region or a 3.0-kb DNA fragment containing the 
HRD3 ORF with 500–base pair downstream region was amplified by 
PCR and cloned into p414GAL1 (Mumberg et al., 1994) to generate 
p414GAL1-HRD1 or p414GAL-HRD3, respectively. A 2.6-kb DNA 
fragment containing the PDI ORF with 500–base pair upstream and 
500–base pair downstream regions was amplified by PCR and 
cloned into pYO324 (Qadota et al., 1992) to generate pYO324-PDI. 
The PDI∆252-277 mutation was introduced by PCR mutagenesis, 
resulting in the plasmid pYO324-PDI∆252-277.

Pulse-chase experiments
For metabolic labeling, yeast cells were grown in sulfate-free mini-
mal medium containing 0.1 mM (NH4)2SO4 and 0.5% casamino ac-
ids to an early log phase. A total of 5 × 107 cells was harvested, 
washed once with distilled water, and suspended in 2.5 ml of sul-
fate-free minimal medium (Nishikawa and Nakano, 1991). After in-
cubation at 30°C for 1 h, cells were labeled with 2 MBq of Ex-
pre35S35S Protein Labeling Mix (PerkinElmer, Waltham, MA) for 
10 min. Chase was initiated by addition of an equal volume of mini-
mal medium containing 0.5% casamino acids, 2 mM (NH4)2SO4, 
0.5 mM cysteine, and 0.54 mM methionine. At each time point, 1 ml 
of cell suspension was taken and mixed with 1 ml of ice-cold NaN3 
to terminate metabolic labeling. Preparation of cell extracts and im-
munoprecipitation with anti-CPY antiserum were performed as de-
scribed previously (Nishikawa et al., 1990). A 5-μl amount of anti-
CPY antiserum was added to the cell extracts, equivalent to 1×107 
cells. When indicated, MG132 (Peptide Institute, Osaka, Japan) was 
added to the labeling medium at 100 μM for 60 min prior to the la-
beling. For endoglycosidase H treatment, immunoprecipitated ma-
terials were treated with 8.3 U/μl endoglycosidase H (New England 
BioLabs, Ipswich, MA) for 5 h at 37°C according to the manufactur-
er’s instruction. The samples were analyzed by SDS–PAGE and ra-
dioimaging with a Typhoon 9200 image analyzer and ImageQuant 
software (GE Healthcare, Piscataway, NJ).

Vacuolar transport efficiency of the fusion proteins was calcu-
lated based on the numbers of methionine and cysteine residues in 
their ER and vacuole forms and ratio of 35S-labeled methionine and 
cysteine in Expre35S35S Protein Labeling Mix (Met:Cys = 77:23). The 
ER form of each fusion protein contains 13 methionine and 22 
cysteine residues. The vacuolar-processed form of each CPY unit 
contains 5 methionine and 11cysteine residues. Because the vacu-
olar form of CPY-CPY was produced from both CPY units, it contains 
10 methionine and 22 cysteine residues. In contrast, the vacuolar 
forms of CPY-CPY* and CPY*-CPY were produced mostly from the 
CPY unit but not from the CPY* unit (Supplemental Figure S5). We 
calculated their vacuolar transport efficiencies based on the as-
sumption that they contain 5 methionine and 11 cysteine residues.

For protease digestion of labeled proteins, 35S-labeled cells were 
disrupted by agitation with glass beads in 50 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES)–KOH, pH 7.4, and 50 mM 
NaCl. Proteins were extracted by incubating the cell lysates in 
50 mM HEPES-KOH, pH 7.4, 50 mM NaCl, and 2% Triton X-100 for 
20 min on ice, which was followed by centrifugation at 22,000 × g 
for 10 min at 4°C. The cleared extracts were treated with 25 μg/ml 
trypsin (Sigma-Aldrich, St. Louis, MO) for 15 min on ice. The reaction 

DNA fragment of pHN28 encoding CPY*-3×FLAG was inserted into 
pHN23(N479Q) to generate pHN102, which expresses CPY(N479Q)-
CPY* in yeast cells. To construct a plasmid for expression of CPY*-
3HA in yeast cells, a DNA fragment corresponding to residues 28–
532 of CPY* open reading frame (ORF) was amplified by PCR and 
inserted into the polylinker sites of p416GPD (Mumberg et al., 
1995), and then a DNA fragment for 3HA tag followed by a stop 
codon was inserted just after the 532nd codon of CPY* ORF. A DNA 
fragment corresponding to residues 465–532 of CPY* ORF, 3HA 
tag, and the CYC1terminator was amplified by PCR and inserted 
into the NcoI and XhoI sites of pHN24 to generate pZL4.

FIGURE 9: A model for ER retention of CPY*-CPY by ERAD factors. 
(A) Yos9p likely functions in the committed step of ER retention of 
CPY*-CPY in addition to its role in the glycan-dependent degradation 
step. (B) CPY*-CPY is missorted to ER exit in the absence of Yos9p.
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was terminated by addition of soybean trypsin inhibitor (Sigma-Al-
drich) to 250 μg/ml, and proteins were recovered by precipitation 
using trichloroacetic acid. Proteins in the pellet were solubilized in 
20 mM Tris-HCl, pH 7.4, 150 mM NaCl, and 1% SDS and subjected 
to immunoprecipitation with anti-CPY antibodies or anti–FLAG M2 
agarose beads (Sigma-Aldrich). Proteins that were not recovered 
with anti-FLAG agarose beads were subjected to the second round 
of immunoprecipitation with anti-CPY antibodies. Immunoprecipi-
tated materials were analyzed as described.

Coimmunoprecipitation analysis
Yeast cells grown to a mid-log phase were harvested by centrifuga-
tion, washed with 10 mM NaN3, and suspended in 50 mM HEPES-
KOH, pH 6.8, 150 mM potassium acetate, 2 mM magnesium acetate, 
1 mM CaCl2, and protease inhibitor cocktail. Cells were disrupted by 
agitation with glass beads, followed by addition of Triton X-100 at 
1%. Insoluble materials were removed by centrifugation at 22,000 × g 
for 10 min at 4°C. The resulting protein extracts were incubated with 
anti–FLAG M2 agarose for 2 h at 4°C. Proteins recovered with 
agarose beads were analyzed by SDS–PAGE and immunoblotting 
using anti-CPY, anti-Yos9p (a gift from D. Ng, National University 
of Singapore, Singapore), anti-Hrd3p (a gift from T. Sommer, 
Max-Delbrück-Center for Molecular Medicine, Berlin, Germany), anti-
Hrd1p, or anti-BiP antibodies. Cy5-Labeled anti-rabbit immunoglob-
ulin G antibody (GE Healthcare) was used as the secondary antibody. 
Proteins were visualized and quantified with a Storm 860 or a 
Typhoon 9200 image analyzer and ImageQuant software (GE Health-
care). To calculate coimmunoprecipitation efficiency, the amounts of 
coprecipitated proteins were normalized to the amounts of precipi-
tated CPY/CPY* fusion proteins.
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