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ABSTRACT During endoplasmic reticulum-associated degradation (ERAD), misfolded lume-
nal and membrane proteins in the ER are recognized by the transmembrane Hrd1 ubiquitin
ligase complex and retrotranslocated to the cytosol for ubiquitination and degradation. Al-
though substrates are believed to be delivered to the proteasome only after the ATPase
Cdc48p/p97 acts, there is limited knowledge about how the Hrd1 complex coordinates with
Cdc48p/p97 and the proteasome to orchestrate substrate recognition and degradation. Here
we provide evidence that inactivation of Cdc48p/p97 stalls retrotranslocation and triggers
formation of a complex that contains the 26S proteasome, Cdc48p/p97, ubiquitinated sub-
strates, select components of the Hrd1 complex, and the lumenal recognition factor, Yos9p.
We propose that the actions of Cdc48p/p97 and the proteasome are tightly coupled during
ERAD. Our data also support a model in which the Hrd1 complex links substrate recognition
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and degradation on opposite sides of the ER membrane.

INTRODUCTION
The endoplasmic reticulum (ER) maintains an optimized environ-
ment for the folding and maturation of secreted and membrane pro-
teins. However, the folding process may fail because of intracellular
and external stresses and genetic mutations. These insults can result
in the production of irrevocably misfolded proteins, which may trig-
ger numerous diseases such as diabetes and neurodegeneration.
Therefore ER quality control (ERQC), which detects and eliminates
faulty proteins, is crucial to maintain cellular homeostasis.

One system that regulates ERQC is the unfolded protein re-
sponse (UPR; Mori, 2009; Walter and Ron, 2011). In Saccharomyces
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cerevisiae, the accumulation of misfolded proteins elicits the UPR
by activating the transmembrane kinase/nuclease Ire1p, which initi-
ates the splicing of HACT mRNA. This leads to the production of
Hac1p, which in turn facilitates the transcription of genes that en-
able the cell to cope with and fold aberrant proteins. In contrast, an
inherent component of ERQC is a process known as ER-associated
degradation (ERAD). Here misfolded proteins in the ER are ret-
rotranslocated into the cytosol, polyubiquitinated, and degraded
by the proteasome (Vembar and Brodsky, 2008; Xie and Ng, 2010;
Bagola et al., 2011; Hampton and Sommer, 2012; Wolf and Stolz,
2012). Perhaps not surprisingly, some components of the ERAD ma-
chinery are up-regulated by the UPR, and simultaneous loss of the
UPR and ERAD compromises cell survival (Friedlander et al., 2000;
Travers et al., 2000; Jonikas et al., 2009). Together the UPR and
ERAD alleviate ER stress by their coordinated disposal of potentially
damaged proteins.

In yeast, the transmembrane Hrd1p/Der3p E3 ubiquitin ligase
forms a core oligomeric complex with Hrd3p, Usalp, and Derlp
and specifically recognizes misfolded lumenal and membrane sub-
strates for ubiquitination (Vembar and Brodsky, 2008; Xie and Ng,
2010; Bagola et al., 2011; Hampton and Sommer, 2012; Wolf and
Stolz, 2012). Evidence suggests that Hrd1p directly recognizes both
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lumenal (Carvalho et al., 2010) and membrane substrates (Sato
et al., 2009), but the precise selection of at least lumenal substrates
relies on Hrd3p’s lumenal domain, as well as on the lectin Yos9p
(Kim et al., 2005; Szathmary et al., 2005; Denic et al., 2006, Gauss
et al., 2006a) and Der1p, which associates with the Hrd1 core com-
plex via Usalp (Knop et al., 1996; Gauss et al., 2006b; Carvalho
et al., 2006; Horn et al., 2009; Stanley et al., 2011). Once recog-
nized, these ERAD substrates are retrotranslocated across the mem-
brane to the cytosol and ubiquitinated by Hrd1p with the aid of the
ubiquitin-conjugating enzyme Ubc7p (Bordallo et al., 1998; Bays
et al., 2001).

In contrast to our understanding of the early recruitment events,
later events during and after retrotranslocation are less clear. The
existence of proteinous retrotranslocation channels has been pro-
posed, and candidates include Hrd1p, Secé61p, and Derlp (Derlins
in mammals). There is limited direct evidence in support of candi-
dates (for reviews see Bagola et al., 2011; Hampton and Sommer,
2012), although studies indicate a specific interaction of lumenal
substrates with Hrd1p (Carvalho et al., 2010). After ubiquitination, it
is generally accepted that substrates are extracted and/or segre-
gated from the ER by the Ubx2p-mediated recruitment of the
Cdc48p/p97 AAA-ATPase (Ye et al., 2001; Jarosch et al., 2002;
Neuber et al., 2005; Schuberth and Buchberger, 2005; Nakatsukasa
etal., 2008; Garza et al., 2009), which, together with other ubiquitin-
binding proteins, escort substrates to the proteasome (Medicherla
et al., 2004; Richly et al., 2005).

Components of the Hrd1 core complex are transcriptionally up-
regulated by the UPR, but the consequences of the UPR on Hrd1
complex integrity have not been assessed. In addition, because of
technical obstacles to detecting the transient interactions between
the Hrd1 core complex, Cdc48p/p97, the proteasome, and ubiquit-
inated substrates, a direct analysis of how these enzyme complexes
coordinately link substrate recognition, retrotranslocation, and deg-
radation across the ER membrane is lacking. To address these is-
sues, we searched for a condition in which dynamic remodeling of
the Hrd1p complex and its interaction partners could be monitored.
We demonstrate that the oligomeric state of Hrd1p is maintained
during the UPR; however, the inactivation of Cdc48p/p97 triggers
the formation of a stalled retrotranslocation complex that contains
Cdc48p/p97, the proteasome, ubiquitinated substrates, and Hrd1p.
Because the stalled complex encapsulates Hrd3p, Usalp, and the
lumenal recognition factor, Yos9p, we propose that Hrd1p physi-
cally links substrate recognition and degradation. Moreover, our
data indicate that factors required for recognition, retrotransloca-
tion, and degradation can assemble onto an ERAD substrate in the
cytoplasm in a nonordered manner.

RESULTS

The oligomeric state of Hrd1p is maintained

upon UPR induction

To identify a condition in which the oligomeric state and/or the in-
teraction partners of the Hrd1 complex could be monitored, we re-
solved digitonin-solubilized membranes by sucrose density gradi-
ent centrifugation and analyzed the distribution pattern of the Hrd1
core complex by SDS-PAGE and Western blotting (Figure 1, A-D,
wt). Consistent with previous studies (Carvalho et al., 2006; Horn
et al., 2009), Hrd1p, Hrd3p, Usalp, and Derlp comigrated in frac-
tions 9 and 10, which correspond to the oligomeric Hrd1 core com-
plex. The Secé1p translocation channel showed a different distribu-
tion pattern (Figure 1E). When Hrd3p was absent, the Hrd1p peak
shifted to a lighter fraction (fraction 7), suggesting the stoichiometric
interaction between Hrd1p and Hrd3p (Gardner et al., 2000). Under
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this condition, Usalp and Derlp also appeared in significantly
lighter fractions (fractions 5 and 6). This most likely arises from de-
pleted amounts of Hrd1p due to its degradation in hrd3A cells
(Gardner et al., 2000), which in turn liberates Usa1p and Der1p from
Hrd1p. In addition, when Usa1p was depleted, the Hrd1p and Hrd3p
peak shifted to a lighter fraction (fraction 7), and Der1p no longer
associated with Hrd1p, as the protein was now most abundant in
fraction 5. These results are consistent with data indicating that
Usa1p facilitates the oligomerization of Hrd1p and recruits Der1p to
the Hrd1 core complex (Carvalho et al., 2006; Horn et al., 2009).

When cells were exposed to ER stress by dithiothreitol (DTT),
which prevents disulfide bond formation, the migration of oligo-
meric Hrd1p was barely changed (Figure 1A). However, the levels of
Usalp and Derlp were up-regulated twofold to threefold in a
Hac1p- dependent manner (Figure 2, A and B), indicating that up-
regulation occurs downstream of UPR signaling. In addition, these
proteins were most abundant in fractions 5-7 (Figure 1, C and D),
suggesting that excess Usalp and Derlp were not incorporated
into the Hrd1 core complex. Further, the level of Hrd3p was moder-
ately decreased (~0.8-fold; Figure 2A), and nearly 60% of Hrd3p
distributed in higher-molecular weight fractions (Figure 1B, frac-
tions 11-17 and asterisk), whereas a portion of Hrd3p remained in
the core complex. These data suggest that at least a part of Hrd3p
was inactive. A similar distribution pattern of the core complex was
observed when ER stress was induced by tunicamycin, which inhibits
N-linked glycosylation. Such imbalanced and altered distribution
patterns most likely occur because the damaged Hrd3p species in-
efficiently binds to and stabilizes Hrd1p (Supplemental Figure S1).
Pleiotropic effects caused by these compounds might also generally
affect the architecture of the Hrd1 complex, which could arise from
misfolding of other lumenal and membrane proteins, a change of
the redox status of membrane lipids (especially by DTT), and/or
UPR-independent membrane expansion (Schuck et al., 2009).

To more directly analyze the consequence of the UPR on
complex integrity, we activated the UPR by overexpressing a consti-
tutively active form of Hac1p (designated here as Hac1(i). In this
case, there was controlled up-regulation and maintenance of the
oligomeric Hrd1 core complex (Figure 1, A-D, Hac1(i)). In addition,
we found that the levels of each component increased: 1.6-fold
(Hrd1p), 1.8-fold (Hrd3p), 1.8-fold (Usalp), and 4.1-fold (Derlp)
(Figure 2C). Therefore the UPR induces the expression of each of
the components that constitute the Hrd1 core complex and pre-
serves its functional oligomeric state. In contrast, chemical pertur-
bation of lumenal protein homeostasis and possible damage to the
degradation machinery cause defects in core complex formation.

The Hrd1 complex is remodeled when retrotranslocation
stalls
We next asked whether the Hrd1 core complex was remodeled
when degradation was blocked. On thermal inactivation of a Cdc48p
mutant (cdc48-3 allele), the Hrd1p peak shifted slightly but repro-
ducibly to higher—molecular weight fractions (Figure 1A, cdc48-3,
fractions 10 and 11). The Hrd3p, Usalp, and Derlp peaks also
shifted to higher—molecular weight fractions (Figure 1, B-D, cdc48-3,
fractions 10 and 11). A similar result was obtained when solubilized
membranes from ubx2A cells were resolved (Figure 1, A-D, ubx2A).
In contrast, when the activity of the proteasome was blocked, no
significant change was observed in the distribution patterns of the
Hrd1 core complex (MG132). These results indicate that the Hrd1
core complex may be remodeled when Cdc48p is inactivated.
Sucrose gradient analysis is a relatively harsh method by which
weakly and/or transiently associated proteins might be dissociated.
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Sucrose density gradient analysis of the Hrd1 core complex in retrotranslocation-defective cells.
(A-E) Membrane fractions were solubilized with 1% digitonin and subjected to sucrose density gradient analysis.
Fractions were collected and analyzed by Western blotting with anti-Hrd1p (A), -Hrd3p (B), -Usa1p (C), -Der1p (D), and
-Sec61p (E) antibodies. Cells were cultured at 30°C, except that cdc48-3 cells were cultured at 25°C and shifted to 37°C
for 1 h. Where indicated, cells were treated with 5 mM DTT or 2 pg/ml tunicamycin for 1 h. The proteasome was
inactivated by treatment with 50 pM of MG132 for 1 h. The expression of an active form of Hac1p (Hac1(i)) was induced
under the control of the GAL1 promoter from a low-copy plasmid for 4 h in galactose-containing media. Distribution
patterns of the Hrd1 core complex and Sec61p were unchanged when wild-type cells were treated with dimethyl
sulfoxide (the solvent for MG132), when wild-type cells with an empty vector were cultured in galactose-containing media
for 4 h (vector only control for Hac1(i)) or when wild-type cells were shifted to 37°C for 1 h (as a control for cdc48-3 cells;
data not shown). Dashed lines depict fractions that correspond to the oligomeric Hrd1 core complex, and arrows denote
the migrations of components mentioned in the text. The asterisk in B indicates unglycosylated Hrd3p that was
generated by the treatment of cells with tunicamycin. The migrations of molecular mass markers are also indicated.

To better probe for the presence of other components as well as for
ubiquitinated proteins, we immunoprecipitated a functional tagged
form of Hrd1p-3FLAG (Supplemental Figure S2) from digitonin or
Triton X-100-solubilized membranes. In Cdc48p-defective cells,
ubiquitinated proteins coprecipitated with Hrd1p-3FLAG (Figure 3,
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A, lanes 10 and 24; B, lanes 6 and 12) in a Ubc7p-dependent man-
ner (Figure 3A, lanes 12 and 26). Of importance, nearly quantitative
dissociation of ubiquitinated proteins was observed under denatur-
ing conditions (i.e., solubilization with SDS/urea; Figure 3B, lane 18).
Therefore most but not all ubiquitinated proteins coprecipitated
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FIGURE 2: Balanced vs. imbalanced up-regulation of the Hrd1
complex upon UPR activation. (A, B) Wild-type or hacTA cells
were treated with 0, 2, or 5 mM DTT for 1 h at 30°C. The levels
of components in the Hrd1 core complex were assessed by
Western blotting. Pgk1p, a cytosolic protein, served as a loading
control. (C) Overexpression of Hac1(i) up-regulates the Hrd1 core
complex. The expression of Hac1(i) was induced as described. The
levels of components in the Hrd1 core complex were assessed by
Western blotting. Kar2p (BiP) and Tim23p served as a positive
and a loading control, respectively. Note that DTT treatment
causes a portion of Hrd3 to aggregate (Figure 1) and is thus
unable to enter the gel; thus the amount of this protein does

not increase in A.

with Hrd1p represent ubiquitinated substrates. When Usalp was
absent, the binding of ubiquitinated proteins to the Hrd1 core com-
plex was maintained in digitonin-solubilized lysate (Figure 3A, lane
14), but this interaction was Triton X-100 sensitive (lane 28). Thus
Usalp may help to maintain ubiquitinated substrates on the Hrd1
core complex.

The amount of Usalp and Derlp coprecipitated with Hrd1p-
3FLAG was unaltered by Cdc48p inactivation, irrespective of the
detergent. However, we observed an ~2-fold increase in the amount
of Hrd3p and Yos9p that coprecipitated with Hrd1p-3FLAG in
Triton X-100-solubilized lysates (Figure 3, A, compare lanes 23 and
24; B, lanes 11 and 12). Increased association was Ubc7p (Figure
3A, lane 26) and Usalp (Figure 3A, lane 28) independent. The
nature of this phenomenon is unclear, but it implies Cdc48p-
dependent remodeling between Hrd1p and the Hrd3p-Yos9p
surveillance complex. Cdc48p-dependent but Usalp-independent
remodeling of the Hrd1 core complex was also suggested by
sucrose density gradient analysis when the integrity of the Hrd1
core complex was examined in cdc48-3, usalA, and cdc48-3usalA
cells (Supplemental Figure S3). Of interest, the mutant form of
Cdc48p (Cdc48-3p) interacted more avidly with Hrd1p (Figure 3,
A, lanes 10 and 24; B, lanes 6 and 12). This was probably because
Cdc48-3p, which has two point mutations in the first AAA ATPase
domain (P257L and R387K; Verma et al., 2011; see also Materials
and Methods), failed to dissociate completely from the Hrd1 core
complex and/or from ubiquitinated substrates. Overall, a block in
retrotranslocation rearranged Hrd1 core complex interactions and
led to the accumulation of ubiquitinated substrates on the com-
plex. As a consequence of these multiple events, the Hrd1 core
complex was remolded so that it migrated at an apparent greater
molecular mass.
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Ubiquitinated substrates on the Hrd1 core complex bridge
interaction with Ubx2p

The fact that Hrd1p associated with ubiquitinated proteins in
cdc48-3 yeast implied that incompletely extracted and ubiquit-
inated substrates also associated with downstream components.
One candidate for a downstream component was Ubx2p, which
helps recruit Cdc48p to the Hrd1 core complex (Neuber et al., 2005;
Schuberth and Buchberger, 2005). To test this hypothesis, we im-
munoprecipitated a functional tagged form of Ubx2p (Supplemen-
tal Figure S2) from cdc48-3 cells. As shown in Figure 4A, a significant
amount of ubiquitinated proteins coimmunoprecipitated with Ubx2p
from cdc48-3 cells in a Ubc7p-dependent manner (lanes 8 and 10).
Moreover, when Cdc48p was inactivated, more Ubx2p was recov-
ered from denser fractions in the sucrose gradient (Figure 4B, top,
fractions 11-17), and ubiquitinated proteins bound to Ubx2p were
preferentially recovered (bottom). Note that Ubx2p itself was not
ubiquitinated because the majority of the ubiquitinated species that
coprecipitated with Ubx2p dissociated under denaturing condi-
tions; moreover, Ubx2p is a relatively stable protein (Supplemental
Figure S4).

We next analyzed the interaction of Ubx2p with the Hrd1 core
complex in cdc48-3 cells. As anticipated, 1.5- to 2.0-fold more
Hrd1p, Usalp, Hrd3p, and Der1p coprecipitated with Ubx2p from
Cdc48p-defective yeast than from wild-type cells in the presence of
digitonin (Figure 4C, compare lanes 7 and 8). The interaction be-
tween Ubx2p and the Hrd1 core complex in cdc48-3 cells was main-
tained regardless of whether digitonin or Triton X-100 was used
(lanes 17 and 18). When Ubc7p was depleted from cdc48-3 cells,
the binding of Ubx2p to the Hrd1 core complex was also maintained
in digitonin-solubilized lysate (lane 10); however the interaction was
Triton X-100 sensitive (lane 20). These data suggest that the interac-
tion between Ubx2p and the Hrd1 core complex is weaker in the
absence of ubiquitinated proteins.

To test this hypothesis, we uncoupled Ubx2p binding from
Cdc48p by deleting the UBX domain at its C-terminus. As a result,
more ubiquitinated proteins and 2.0- to 2.4-fold more Hrd1p,
Usalp, Hrd3p, and Der1p bound to Ubx2pAUBX (Figure 5A, lane
9). However, the added deletion of the UBA domain, which is
located at the N-terminus and may bind to ubiquitin, reduced the
extent of the interaction between Ubx2pAUBXAUBA and the com-
plex (lane 10). Note that the deletion of UBA domain of Ubx2p did
not slow the degradation of CPY*, a soluble ERAD substrate (Wang
and Lee, 2012; also see Supplemental Figure S5); in contrast, inser-
tion of an epitope tag at the N-terminus of Ubx2p inhibits ERAD
(Neuber et al., 2005). Although the precise role of the N-terminal
UBA domain of Ubx2p during ERAD is unknown, ubiquitinated
substrates may be recognized redundantly by several UBA-contain-
ing proteins and can be delivered to other pathway(s) en route to
the proteasome when Ubx2p’s UBA domain is deleted. To confirm
the specific nature of the identified interactions, we also demon-
strated that polyubiquitin chain cleavage on microsomal proteins
decreased interaction of Ubx2p with Hrd1p, even when Cdc48p
was inactivated (Figure 5B, lane 7 vs. lane 8). Therefore Cdc48p
inactivation leads to the accumulation of ubiquitinated proteins,
which bridge the interaction between Ubx2p and the Hrd1 core
complex (Figure 5C).

Proteasome accumulation on the Hrd1 complex upon
Cdc48p inactivation

The widely accepted view of Cdc48p/p97's function is that it
actively extracts (and/or segregates) ubiquitinated substrates
from an upstream macromolecular component and recruits
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FIGURE 3: Ubiquitinated substrates associate with the Hrd1 core complex upon Cdc48p
inactivation. (A, B) Digitonin (1%)- or Triton X-100 (0.75%)-solubilized membranes were prepared
from the indicated strains, and 3xFLAG-tagged Hrd1p was immunoprecipitated with anti-FLAG

antibody. Coprecipitated proteins were analyzed by Western blotting with specific antibodies. Cells
were cultured at 25°C and shifted to 37°C for 1 h to inactivate Cdc48-3p before membrane fractions

were prepared. Where indicated, membranes were solubilized with SDS (1%)/urea (4 M). The
concentration of SDS/urea was diluted 10-fold with 1% Triton X-100 before immunoprecipitation.
The asterisk shows a nonspecific band that cross-reacted with anti-Secé1p antibody.
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processing factors such as deubiquitinat-
ing enzymes and peptide N-glycanase to
substrates  before  proteasome  entry
(Elsasser and Finley, 2005; Richly et al.,
2005). Based on this model, extraction and
targeting to the proteasome occur in a se-
quential order, but one can imagine that
the proteasome might be excluded from
the observed Hrd1p-containing stalled
complex that is generated upon Cdc48p
inactivation. Alternatively, it is possible that
the proteasome accesses the Hrd1 core
complex, possibly via ubiquitinated sub-
strates, before Cdc48p-mediated extrac-
tion is completed. In this case, degradation
could start during extraction or after ex-
traction is completed. A related mecha-
nism was proposed for the Cdc48p-depen-
dent degradation of Rpb1, the largest RNA
pol Il subunit, after ultraviolet irradiation
(Verma et al., 2011).

To test this model, we analyzed the
interaction of Rpt5p, which resides in the
19S regulatory particle of the proteasome,
with the Hrd1 core complex. Because of
the transient nature of interactions among
the proteasome, the Hrd1/E3 ligase
complex, and ubiquitinated substrates,
we developed a liquid nitrogen lysis—
cross-linking method (see Materials and
Methods). After lysis, the extract was im-
mediately treated with a chemical cross-
linker (dithio-bis(succinimidyl propionate)
[DSP)) to fix protein interactions, and Rpt5-
3FLAG was immunoprecipitated. Next the
bound proteins were detected by immu-
noblot analysis. As shown in Figure 6A,
Rpt5p coprecipitated with the 20S protea-
some and Cdc48p from both wild-type
and cdc48-3 cells. The 26S proteasome
integrity was previously shown to remain
intact upon Cdc48p inactivation (Verma
etal., 2011), and our results are consistent
with this observation. However, signifi-
cantly more Hrd1p, Usalp, Hrd3p, and
even the lumenal recognition factor Yos9p
coprecipitated with Rpt5p from cdc48-3
cells. In contrast, Der1p and Secé1p were
barely detected in the immunoprecipi-
tates. The faint amount of Derlp in the
Rpt5p-immunocomplex is consistent with
the observation that Derlp is a peripher-
ally associated protein that can be dissoci-
ated from the Hrd1p immunocomplex by
a strong nonionic detergent (Figure 3).
When the gene encoding Usalp was de-
leted in cdc48-3 cells, we observed a de-
crease in Hrd1p-Rpt5p association, consis-
tent with a suggested role for Usalp in
maintaining ubiquitinated substrates at
the Hrd1 core complex (Figures 6B, lane 8,
and 3A). Depletion of Ubc7p from cdc48-3
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FIGURE 4: Ubx2p-associated ubiquitinated substrates bridge Ubx2p to the Hrd1 core complex.
(A) Digitonin-solubilized membrane fractions were prepared from the indicated cells, and
Ubx2p-3FLAG was immunoprecipitated with anti-FLAG antibody. Ubiquitinated proteins that
coprecipitated with Ubx2p-3FLAG were detected with anti-ubiquitin antibody. (B) After sucrose
density gradient ultracentrifugation, performed as in Figure 1, Ubx2p-3FLAG was
immunoprecipitated with anti-FLAG antibody under native conditions. Ubiquitinated proteins
were detected as in A. Top, arrow indicates the Ubx2p-3FLAG peak in the gradient. Bottom,
arrow indicates ubiquitinated proteins that coprecipitated with Ubx2p-3FLAG from cdc48-3
cells. Note that a 4% step gradient (4-32%) was used instead of a 5% step gradient to facilitate
the immunoprecipitation of Ubx2p-3FLAG, particularly from denser sucrose fractions. Under this
condition, the peak of Hrd1p appeared in fractions 14 and 16 for the CDC48 and cdc48-3
lysates, respectively. (C) Digitonin (1%)- or Triton X-100 (0.75%)-solubilized membrane fractions
were prepared from the indicated strains. Ubx2p-3FLAG was immunoprecipitated with
anti-FLAG antibody, and coprecipitated proteins were analyzed with specific antibodies. The
amount of the Hrd1 core complex that coprecipitated with Ubx2p was quantified based on

quantification of immunoprecipitated Ubx2p.

cells reduced binding of Hrd1p to Rpt5p (Figure 6B, lane 5).
Taken together, these results strongly suggest that ubiquitinated
substrates bound to Hrd1p facilitate proteasome-Hrd1p interac-
tion and that the proteasome and Cdc48p bind these species
noncompetitively.
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DISCUSSION
In this study, we analyzed the architecture of
the Hrd1 core complex under a variety of
conditions and by using a combination of
genetic and biochemical tools. We found
that a stalled retrotranslocation complex
contains Cdc48p/p97, the proteasome,
ubiquitinated substrates, and Hrd1p (Figure
6A). Because the proteasome gains access
to Hrd1p—possibly via ubiquitinated sub-
strates even in the absence of active
Cdc48p—our results indicate that the ac-
tions of Cdc48p and the proteasome are
tightly coupled rather than sequential.
Moreover, because the stalled complex con-
tains select components of the Hrd1 core
complex (Hrd1p, Hrd3p, and Usalp) and
the lumenal recognition factor, Yos9p, we
suggest that Hrd1p links substrate recogni-
tion and proteasomal degradation on oppo-
site sides of the ER membrane (Figure 6C).
Normally, Cdc48p prevents the accumula-
tion of this stalled complex by repeated
cycles of extraction and/or disassembly of
ubiquitinated substrates from the Hrd1 core
complex, thereby facilitating ERAD.
Although previous studies indicated
that Cdc48p provides the energy for ret-
rotranslocation, its precise point of action
has not been definitively established.
During ERAD, Cdc48p might actively pull
substrates through a putative retrotran-
slocon and/or extract hydrophobic trans-
membrane region of polytopic substrates
(Rouiller et al., 2000; Ye et al., 2004; Zhong
et al., 2004). Alternatively, Cdc48p might
segregate ubiquitinated substrates that
have already been retrotranslocated and
remain bound to membrane-associated
components (Rape et al., 2001). In some
cases, retrotranslocation might instead
require the ATPase activity of the 19S
proteasome cap, thus subverting the
Cdc48p requirement (Mayer et al., 1998;
Lee et al., 2004; Kothe et al., 2005; Carlson
et al., 2006; Wahlman et al., 2007; Lipson
et al., 2008). Moreover, it has been sug-
gested that p97/Cdc48p-associated deu-
biquitination activity is a prerequisite for
retrotranslocation in  mammalian cells
(Ernst et al., 2009, 2011). These diverse
models have been illustrated through the
use of model substrates and by analyzing
degradation mediated by the activities of
enzymes in the ubiquitin-proteasome sys-
tem. In the present study, we assessed the
interactions of relevant macromolecular

complexes and found that the catalytic cycle of Cdc48p regu-
lates the spatial recruitment of the proteasome to the cytosolic
surface of the Hrd1 complex. Moreover, the architecture within
the complex (e.g., the Hrd1p-Hrd3p interaction) appeared to be
altered when defects in Cdc48p function led to the formation of
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FIGURE 5: The interaction between Ubx2p and the Hrd1 complex in cdc48-3 cells is ubiquitin
chain dependent. (A) Digitonin (1%)-solubilized membranes were prepared from ubx2A cells
expressing 3xFLAG-tagged Ubx2p or the indicated mutants lacking the UBA and/or UBX
domains from low-copy plasmids under the control of the endogenous promoter. Proteins were
immunoprecipitated with anti-FLAG antibody, and bound proteins were analyzed by Western
blotting with specific antibodies. Note that ubiquitinated proteins bound to wild-type Ubx2p
(lane 7) were more abundant than those bound to chromosomally expressed Ubx2p (e.g., Figure
4A, lane 7). This was probably due to different levels of Ubx2p expression from the plasmid (this
figure) compared with the chromosome-integrated gene in Figure 4A. The asterisks show
nonspecific bands that cross-reacted with anti-FLAG antibody (aFLAG) and anti-Sec61p
antibody (0Sec61), respectively. (B) Membranes were prepared from CDC48 and cdc48-3 cells
expressing chromosomally integrated Ubx2p-3FLAG that were shifted to 37°C for 1 h. The
membranes were then incubated with His6-USP2CD (UBP41 catalytic domain; DUB +) or an
identical amount of BSA (DUB -) at 37°C for 1 h. After the reaction was quenched with 10 mM
NEM, the membranes were solubilized with 1% digitonin and subjected to immunoprecipitation
with anti-FLAG antibody as in A. Note that 10 mM NEM, which prevents the nonspecific
degradation of ubiquitin chains by deubiquitinating enzymes, was omitted in this experiment.
Therefore the extent of the polyubiquitin chains in lysates and Ubx2p-3FLAG
immunoprecipitates was less than that in Figure 4A. (C) Cdc48p inactivation leads to the
accumulation of ubiquitinated proteins, which bridge the interaction between Ubx2p and the
Hrd1 core complex. Note that only a portion of the ubiquitinated protein substrate is drawn as a
dotted line, because it may loosely associate with Hrd1p.

a stalled complex. Therefore we propose that the assembly of
the Hrd1 complex is regulated by Cdc48p, a hypothesis that is
being investigated in our laboratories.

On the basis of our model, we propose that the extraction of
ERAD substrates from the ER membrane and their targeting to
the proteasome are coupled and may not necessarily take place
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in a fixed order. Because extraction/segre-
gation is likely to be much slower than tar-
geting, we envision that the proteasome
and Cdc48p simultaneously bind to
emerging ubiquitinated substrates on
Hrd1p; the proteasome then stands by for
the completion of Cdc48p-mediated ex-
traction/segregation of substrates. This
state is probably transient under normal
conditions. However, in Cdc48p-defective
cells, the Hrd1p-proteasome association is
maintained because the rate of extraction/
segregation of ubiquitinated substrates
slows. It is this state that we detected by
chemical cross-linking.

Our data support the idea that ubiquit-
inated substrates associating with Hrd1p
bridge the proteasome-Hrd1p interaction,
because the majority of ubiquitinated pro-
teins that were in complex with Hrd1p dis-
sociated upon treatment with SDS/urea
(Figure 3B). However, we do not rule out
the possibility that other factors also facili-
tate this bridge. One such factor may be
the polyubiquitin chain on Hrd1p that
arises from autoubiquitination, which is
known to occur in the absence of Hrd3p
(Bays et al., 2001). Another possibility is
that ubiquitin-binding proteins such as
Ufd1p bridge the interaction between
ubiquitinated substrates, Cdc48p, and the
proteasome (see also Supplemental Figure
Sé). A detailed description of the interac-
tions within the stalled complex awaits
future studies.

Although the importance of the trans-
membrane domain of Hrd1p as a channel
component remains to be established, es-
pecially for polytopic, integral membrane
substrates (Garza et al., 2009), Hrd1p is con-
sidered a prime retrotranslocon candidate
for lumenal substrates (Gauss et al., 2006b;
Carvalho et al.,, 2010). Our study is in line
with but significantly extends this notion.
First, we discovered that the proteasome-—
Hrd1p complex also harbors a lumenal rec-
ognition factor; therefore substrates in the
ER lumen are recognized and may be trans-
ferred to the proteasome through the Hrd1
core complex. Second, we found that other
retrotranslocon candidates, including Der1p
and Secé61p, were barely detectable in pro-
teasome-containing  immunoprecipitates
(Figure 6A). Derlp in yeast supports the
degradation of only lumenal soluble sub-
strates (ERAD-L; Carvalho et al., 2006).

Moreover, the binding of Der1p to Hrd1p is believed to be periph-
eral and is mediated by Usalp (Carvalho et al., 2006; Horn et al.,
2009). Indeed, a small amount of Der1p could be recovered in the
Hrd1 immunocomplex when membranes were solubilized with a
nonionic detergent Triton X-100 (Figure 3) or NP-40 (Gauss et al.,
2006b), whereas a greater amount could be recovered in the

1771

A stalled retrotranslocation complex |



A Lysate IP: FLAG C
~ )
233 339
8% 888
003 003
Rpt5p-3FLAG - + + -+ o+
Rptsp + - - + - -

GFLAG[ s | [ wme],

aHrd1p | e |
ocUsa1p|.d |

aHrd3p| S| | |
aYosop| MNENER| [ - |

aCdcasp|ammmem| | =]
aSec61p | amm—| | |
lanes 1 2 3 4 5 6

B Lysate IP: FLAG

EEEE

2 % 9 %

S S S S

MMM M MMM O™

DD DMK ®

S33IF IIII

TTTT VT T T

© 0 0 O 0O 0 0 O

Rpt5p-3FLAG + - + + + - + +

Rptsp - + - - - + - -

oFLAG [ ] [

«20 [l w] (= o]

aHrd1p (e | ‘A._I
lanes 1 2 3 4 56 7 8
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ubiquitinated protein is drawn as a dotted line, because it may loosely associate with Hrd1p.

presence of a milder detergent, digitonin (Figure 3). In contrast,
Derlin-1 in mammals supports the degradation of many substrates
that reside both in the ER lumen and membrane and is a central
component of the membrane-associated retrotranslocation com-
plex (Lilley and Ploegh, 2004; Ye et al., 2004). Therefore we suggest
that Der1p may have an ancillary function or act upstream during
the transfer of substrates from Hrd1p to the proteasome in yeast,
whereas Derlin-1 in mammals is a key member of the ERAD machin-
ery that facilitates retrotranslocation (Greenblatt et al., 2011).

Finally, our methods may be applicable to resolving the dynamic
interactions within cellular quality control compartments, such as the
juxtanuclear quality control compartment, which concentrates dis-
aggregating chaperones and 26S proteasomes (Kaganovich et al.,
2008). The residence and participation of the Hrd1 core complex in
a specific compartment are unknown, but the methods developed
in this study can be used to better characterize this and perhaps
related complexes.
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MATERIALS AND METHODS

Strains

Strains used in this study are listed in Sup-
plemental Table S1. The gene insertion or
disruption cassettes were amplified by PCR
from the following plasmids: pFAéa-3FLAG-
KanMX (a generous gift from Y. Tamura
and H. Sesaki, Johns Hopkins University,
Baltimore, MD) and pRS305, pUC18-
CgTRP1, and pUC19-CgHIS3 (provided by
the National Bio-Resource Project of the
Ministry of Education, Culture, Sports,
Science and Technology of Japan). The
pdr5::HPH cassette was a generous gift
from S. Mimura (Osaka University, Osaka,
Japan). The pep4:LEU2 cassette was
amplified by PCR from pRS305 using prim-
ers OKN113 (5-ATG TTC AGC TTG AAA
GCA TTA TTG CCA TTG GCC TTG TTG
TTG GTC AGC GCA GAT TGT ACT GAG
AGT GCA C-3') and OKN114 (5"-TCA AAT
TGC TTT GGC CAA ACC AAC CGC ATT
GTT GCC CAA ATC GTA AAT AGC TGT
GCG GTATTT CAC ACC G-3). The result-
ing cassettes were introduced into yeast
cells, and correct integration was confirmed
by PCR.

KNY208 (cdc48-3) was constructed as
follows. We first amplified and sequenced
the cdc48-3 open reading frame (ORF) by
PCR from genomic DNA of RSY1181 (a
generous gift from R. Schekman, Univer-
sity of California, Berkeley, CA). We found
that this mutant allele has two mutations,
P257L (CCT>CTT) and R387K (AGA>AAA).
The same mutation points in the cdc48-3
allele were reported in a recent article
(Verma et al., 2011). Subsequently, a part
of the cdc48-3 ORF that contains two mu-
tations and its 3’-untranslated region was
amplified from RSY1181 using 5’-phos-
phorylated primers OKN144 (5-ATG GGT
GAA GAA CAT AAA CCA CTT TTG GAC-
3’) and OKN145 (5-TAA TAC CGA GTA
ACG TTT ATG GTA TAG AGA-3'). The re-
sulting fragment was blunt ligated into the Pvull site in pRS306,
which was then cut with Pvull (located inside the cdc48-3 ORF but
downstream of the two mutations). The yeast strain KNY140 was
transformed with this linearized plasmid, and the temperature-
sensitive clones were selected after 5-fluoroorotic acid selection.
The cdc48-3 allele was again amplified by PCR from the resulting
clone and was confirmed to have the P257L and R387K
mutations.

KNY269 strain expressing USA1 under the control of the GPD
promoter was constructed as follows. HIS3MX6-Pgpp cassette was
amplified by PCR from a plasmid pKN41 using primers OKN466
(5"-CTT AAG CGG CTA TAT AAA GTG TCA TAT ACA CCC TTC
ACC AAATAC GCA ACA CAG CTATGA CCATGATTA CGC C-3))
and OKN467 (5’-CTT GAC CAT ATA GTA AAT TTG CAG GGC GTC
TGA GCT AGA TAT TCA GAC ATA TCC GTC GAA ACT AAG TTC
TGG T-3'). The resulting fragment was introduced into KNY140 to
give KNY269.

Ub Up
=S [Cdc48p

’

Cdc48p,
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Construction of plasmids
Plasmids used in this study are listed in Supplemental Table S2.
pKN41 encoding the HIS3MX6-Pgpp cassette was constructed as
follows. The GPD promoter was removed from p426GPD with
Sacl/EcoRl and ligated into the same sites of pUC119 to give pKN40.
HIS3MX6 was amplified by PCR from pFA6a-PA-GFP-His3MXé us-
ing primers OKN111 (5-GCG AAG CTT AGA TCT GTT TAG CTT
GCCT-3")and OKN112 (5"-GCG GAG CTC TCG TTT AAA CTG GAT
GGC-3'). The resulting fragment was cut with Hindlll/Sacl and
ligated into the same sites of pKN40 to give pKN41.

pKN107 encoding Pgar1-HACT(i)-Teycq was constructed as fol-
lows. The ORF of HAC1(j) was amplified from pTYE493 (a generous
gift from T. Yoshihisa, Nagoya University, Nagoya, Japan) using
primers OKN474 (5-GCG TCT AGA ATG GAA ATG ACT GAT TTT
GAA CTA ACT-3') and OKNA475 (5-GCG AAG CTT TCA TCA TGA
AGT GAT GAA GAA ATC ATT C-3'). The resulting fragment was cut
with Xbal and Hindlll and inserted into the Spel-Hindlll sites of
pKN16. pKN16 is a pRS316-based plasmid with Pga 1 at the Sacl-
Xbal sites and Teycy is at the Xhol-Kpnl sites in pRS316.

pKN72 encoding Pygx2-UBX2-3FLAG was constructed as fol-
lows. The promoter and ORF of UBX2 gene (Pypgx,-UBX2) were am-
plified by PCR from genomic DNA using primers OKN412 (5’-GCG
CTC GAG GGT GAT CAG GCACGT TCT ATC GAA-3") and OKN413
(5-AAG GAA AAA AGC GGC CGC TTG TTC TTC ATT TTC CTC
ATC TTC TTC ATC TT-3). The resulting fragment was cut with
Xhol/Notl and ligated into the same sites of pSM293 (a pRS314-
based plasmid with a 3xFLAG tag and a stop codon between the
Notl-Sacl sites, a generous gift from S. Mimura) to give pKN72.

pKN73 encoding Pygxz-UBX2 (UBAA)-3FLAG (lacking amino ac-
ids [aa] 9-61) was constructed as follows. Two overlapping frag-
ments of Pygx-UBX2 (UBAA) were amplified by PCR from genomic
DNA using primers OKN412/OKN415 (5-CCA TCT GGT CTG GTT
CGC CTT TAT CCT CAT GAT TGA CTA CTG GCAT-3’) and OKN416
(5"-ATG CCA GTA GTC AAT CAT GAG GAT AAA GGC GAA CCA
GAC CAG ATG G-3')/OKN413. Using these two fragments as tem-
plates, we amplified full-length Pygxo-UBX2 (UBAA) by PCR using
OKN412 and OKN413. The resulting fragment was ligated into
pPSM293 as before to give pKN73.

pKN75 encoding Pygx-UBX2 (UBAAUBXA)-3FLAG (lacking both
aa 9-61 and 421-584) was constructed as follows. Pygx,-UBX2
(UBAAUBXA) was amplified by PCR from pKN73 using primers
OKN412 and OKN414 (5-AAG GAA AAA AGC GGC CGC ATC
GAT GCA AGC CTT TAA CCA TTT TAA TT-3'). The resulting frag-
ment was ligated into pSM293 as before to give pKN75.

pKNB81 encoding Pygx,-UBX2 (UBXA)-3FLAG (lacking aa 418-
584) was constructed as follows. Pypgx,-UBX2 (UBXA) was amplified
by PCR from pKN72 using OKN412 and OKN419 (5-AAG GAA
AAA AGC GGC CGC AGC CTT TAACCATTT TAATTG CCG A-3).
The resulting fragment was ligated into pSM293 as before to give
pKN81.

Antibodies and immunoblotting

Anti-Usalp antiserum was a generous gift from P. Carvalho and T.
Rapoport (Harvard Medical School, Boston, MA). In some experi-
ments, anti-Usalp antiserum that was raised by our laboratory in
rabbits against KLH-conjugated CTATGAQPHLYIPDED peptide was
used. Anti-Hrd3p antiserum was a generous gift from T. Sommer
and J. Ernst (Max-Delbrlick-Center for Molecular Medicine, Berlin,
Germany). Anti-Hrd1p antiserum and anti-Der1p antiserum were
raised in rabbits against histidine-tagged fragments of Hrd1p (amino
acids 348-551) and Der1p (amino acids 112-211) expressed from
PRSET-B (Invitrogen, Carlsbad, CA) in Escherichia coli. Anti-Yos9p
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and anti-Tim23p antibodies were generous gifts from T. Endo
(Nagoya University). Anti-Cdc48p antibody was a generous gift from
M. Esaki (Kumamoto University, Kumamoto, Japan). Anti-Kar2p an-
tibody was a generous gift from R. Schekman. Anti-Ufd1p antibody
was a generous gift from C. Moore (Tufts University, Medford, MA;
del Olmo et al., 1997). Anti-FLAG (M2) monoclonal antibody and
anti-FLAG M2 affinity gel were purchased from Sigma-Aldrich (St.
Louis, MO). Anti-Sec61p polyclonal antiserum was raised in rabbits
against a C-terminal peptide. One lot of anti-Secé1p antiserum
cross-reacts with a higher—molecular weight cytosolic protein, which
is indicated by asterisks in some figures. Anti-20S proteasome anti-
bodies were purchased from Enzo. Anti-mouse immunoglobulin G
(I9G)-horseradish peroxidase (HRP) and anti-rabbit IgG-HRP (Sigma-
Aldrich) were used as secondary antibodies. The extent of the poly-
ubiquitin chains was detected as described previously (Nakatsukasa
et al., 2008), with minor modifications. In brief, proteins were sepa-
rated by SDS-PAGE and transferred to a polyvinylidene fluoride
membrane, which was then incubated with monoubiquitinated and
polyubiquitinated conjugated/mouse monoclonal antibody HRP
conjugate (FK2H; PW0150; Biomol International, Enzo Life Sciences,
Plymouth, PA) in Tris-buffered saline (TBS)~Tween 20.

Sucrose density gradient centrifugation

Cells were grown to log phase (ODgpp < 1.0), and 30-50 ODgo
equivalents of cells were harvested, washed with ice-cold distilled
water, and stored at —80°C. Temperature-sensitive strains and their
isogenic wild-type strains were shifted to 37°C for 1 h before cells
were collected. To overexpress Hac1p()) under the control of the
GAL1 promoter, cells were first grown in a synthetic complete me-
dium with 2% glucose and appropriate amino acids, washed with
yeast extract/peptone (YP)-galactose twice, and grown in YP-galac-
tose for 4 h. The frozen cells were disrupted with glass beads in lysis
buffer (20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
[HEPES], pH 7.4, 50 mM KOAc, 2 mM EDTA, 0.1 M sorbitol, T mM
DTT, 20 uyM MG132, and complete protease inhibitor cocktail
[Roche, Indianapolis, IN]) by agitation on a Vortex mixer eight times
for 30 s with 30-s intervals on ice between each cycle. The homoge-
nate was collected and pooled with rinses of the beads with buffer
88, pH 7.4 (20 mM HEPES, pH 7.4, 150 mM KOAc, 250 mM sorbitol,
5 mM MgOAQ). After unbroken cells were removed by centrifuga-
tion at 300 x g for 5 min at 4°C, the supernatant was centrifuged at
20,000 x g for 20 min at 4°C. The pelleted membranes were solubi-
lized in solubilization buffer (30 mM Tris-Cl, pH 7.6, 150 mM NaCl,
2 mM MgCly, 5% glycerol, and complete protease inhibitor cocktail)
plus 1% digitonin (Wako, Osaka, Japan) on ice for 30 min. The
lysates were cleared by centrifugation at 20,000 x g for 10 min at
4°C. The supernatant (420 pl) was layered onto a 5-40% sucrose
step gradient (420 pl of 5, 10, 15, 20, 25, 30, 35, 40% sucrose in
solubilization buffer containing 0.5% digitonin). Centrifugation was
performed at 45,000 rpm for 3.5 h at 4°C in an SWé6QTi rotor
(Beckman Coulter, Brea, CA). Fractions (210 pl) were collected from
the top. Proteins were precipitated with trichloroacetic acid (TCA),
washed with ice-cold acetone, and dissolved in KN sample buffer
(80 mM Tris, pH 8.0, 8 mM EDTA, 0.5 M DTT, 3.5% SDS, 15% glyc-
erol, 0.08% Tris-base, and 0.01% bromophenol blue) by incubation
at 42°C, followed by SDS-PAGE and immunoblotting.

Coimmunoprecipitation

Membrane fractions were isolated as described, and the lysates
were prepared in solubilization buffer supplemented with 1% digi-
tonin or 0.75% Triton X-100. In experiments in which the extent of
the polyubiquitin chains was assessed, 10 mM N-ethylmaleimide
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(NEM) was included in all buffers throughout the procedure. Next
the lysate was clarified by centrifugation at 20,000 x g for 10 min at
4°C. For an input control, a 100-pl aliquot was removed, precipi-
tated with TCA, washed with ice-cold acetone, and solubilized in KN
sample buffer at 42°C for 20 min. The remaining supernatant was
added to anti-FLAG antibody-conjugated Dynabeads Protein G
(Invitrogen) or anti-FLAG M2 affinity gel (Sigma-Aldrich). When digi-
tonin was used, its concentration was lowered to 0.66% before anti-
body addition. After nutating at 4°C for 2-4 h, the beads were
washed four times with the solubilization buffer supplemented with
0.5% digitonin or 0.5% Triton X-100 before proteins were eluted
with KN sample buffer.

For the denaturing immunoprecipitation performed in Figure 3,
membranes were solubilized in denaturing solubilization buffer (1%
SDS, 4 M urea, 10 mM NEM, 10 mM EDTA in 1x TBS) with a com-
plete protease inhibitor cocktail by heating at 42°C for 30 min. The
lysate was cleared by centrifugation at 13,000 rpm for 2 min at room
temperature. The resulting supernatant was diluted with a 10-fold
volume of TTS buffer (1% Triton X-100, 0.1% SDS, complete pro-
tease inhibitor cocktail in 1x TBS). For the input control, a 100-pl
aliquot was removed, precipitated with TCA, washed with ice-cold
acetone, and solubilized in KN sample buffer at 42°C for 20 min.
The remaining supernatant was added to anti-FLAG M2 affinity gel
and nutated as before. The agarose was washed four times with TTS
buffer supplemented with 10 mM NEM before proteins were eluted
with KN sample buffer.

The interaction between the Hrd1 complex and the proteasome
is analyzed in Figure 6 by the liquid nitrogen lysis-DSP cross-linking
method developed in this study. Cells were grown to log phase, and
400 ODggg equivalents of cells were harvested. Temperature-sensi-
tive strains and their isogenic wild-type strains were shifted to 37°C
for 1 h before harvesting. Subsequently, cells were washed with dis-
tilled water and resuspended in 1 ml of buffer 88, pH 7.4, plus 15%
glycerol. The cell slurry was frozen by dribbling a thin stream into
liquid nitrogen. The frozen “popcorn”-like cells were stored at—80°C.
The frozen cells were then broken with a coffee mill (MK-61M-G
Panasonic, Osaka, Japan) for 2 min by adding a small amount of lig-
uid nitrogen every 15-20 s. The resulting fine “flour”-like powder
was stored at —80°C or immediately thawed by adding 2 ml of PM
buffer (buffer 88, pH 7.4, supplemented with 15% glycerol, 5 mM
ATP, and 50 uM MG132) for 1-2 min. Unbroken cells were removed
by centrifugation at 500 x g for 5 min at 4°C, and the supernatant
was centrifuged again at 400 x g for 5 min at 4°C. The supernatant
(2 ml) containing cytosol and membranes was immediately added to
200 pg/ml of DSP cross-linker (Pierce, Rockford, IL) and incubated at
4°C for 90 min. Membranes were collected by centrifugation at
20,000 x g for 15 min at 4°C, washed in 900 pl of PM buffer supple-
mented with 100 pl of 1 M Tris-Cl, pH 7.5, to quench the reaction,
and incubated in 1 ml of the same buffer for 15 min at 4°C. Mem-
branes were reisolated, rinsed quickly with 1 ml of ice-cold 1x TBS,
and solubilized in 1100 pl of TTS buffer supplemented with 50 pM
MG132 by nutating at 4°C for 30 min. The lysate was cleared by
centrifugation at 20,000 x g for 10 min at 4°C. For the input control,
100 pl was removed, TCA precipitated, washed with ice-cold ace-
tone, and solubilized in KN sample buffer-2 (80 mM Tris, pH 8.0,
8 mM EDTA, 8 M urea, 4% SDS, 15% glycerol, 0.08% Tris-base, and
0.01% bromophenol blue) supplemented with 200 mM DTT at 42°C
for 20 min. The remaining supernatant was incubated with 40 pl of
60% (vol/vol) 1x TBS-equilibrated anti-FLAG M2 affinity gel at 4°C
for 90 min to precipitate 3xFLAG-tagged RptSp. The agarose
was washed four times with 1 ml of TTS buffer, and proteins
were eluted with KN sample buffer-2 at 42°C for 20 min, followed by
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addition of 200 mM DTT and incubation at 42°C for 30 min to cleave
the cross-linker.

In vitro deubiquitination

Membrane fractions were prepared by the same method described
for sucrose density gradients. Membranes (prepared from ~30 ODggg
equivalent of cells) were resuspended in 100 pl of 50 mM Tris-Cl
(pH 7.5), 150 mM NaCl, 1 mM EDTA, 2 mM DTT, and 0.2 M sorbitol.
To digest polyubiquitin chains attached to the membrane-associ-
ated proteins, 10 pg of hexahistidine-USP2CD (UBP41 catalytic do-
main; Boston Biochem, Cambridge, MA) was mixed with the mem-
branes and incubated at 37°C for 1 h. The addition of the same
amount of bovine serum albumin (BSA) served as a negative control.
The reaction was quenched by adding 1 ml of buffer 88 (20 mM
HEPES, pH 6.8, 150 mM KOAc, 250 mM sorbitol, and 5 mM MgOAc)
supplemented with 10 mM NEM. Membranes were collected by
centrifugation, solubilized with 1% digitonin, and subjected to the
immunoprecipitation protocol described earlier.
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