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Endoplasmic reticulum-associated degradation (ERAD) disposes of aberrant proteins in the secretory
pathway. Protein substrates of ERAD are dislocated via the Sec61p translocon from the endoplasmic reticulum
to the cytosol, where they are ubiquitinated and degraded by the proteasome. Since the Sec61p channel is also
responsible for import of nascent proteins, this bidirectional passage should be coordinated, probably by
molecular chaperones. Here we implicate the cytosolic chaperone AAA-ATPase p97/Cdc48p in ERAD. We show
the association of mammalian p97 and its yeast homologue Cdc48p in complexes with two respective ERAD
substrates, secretory immunoglobulin M in B lymphocytes and 6myc-Hmg2p in yeast. The membrane 6myc-
Hmg2p as well as soluble lumenal CPY*, two short-lived ERAD substrates, are markedly stabilized in
conditional cdc48 yeast mutants. The involvement of Cdc48p in dislocation is underscored by the accumulation
of ERAD substrates in the endoplasmic reticulum when Cdc48p fails to function, as monitored by activation
of the unfolded protein response. We propose that the role of p97/Cdc48p in ERAD, provided by its potential
unfoldase activity and multiubiquitin binding capacity, is to act at the cytosolic face of the endoplasmic

reticulum and to chaperone dislocation of ERAD substrates and present them to the proteasome.

Endoplasmic  reticulum  (ER)-associated  degradation
(ERAD) is a quality control process that selectively eliminates
aberrant proteins in the secretory pathway. Protein substrates
of ERAD are dislocated from the ER to the cytosol, where
they are ubiquitinated and degraded by the proteasome (5).
The Sec61p translocon is involved both in the import of nas-
cent proteins into the ER and in dislocation of aberrant pro-
teins from the ER. These two activities of Sec61p are mecha-
nistically different because they involve distinct domains within
Sec6lp and dislocation-defective mutants of Sec6lp are still
proficient in protein import (40, 50, 56).

Since nascent and aberrant proteins pass through the same
Sec61p translocon, this bidirectional passage requires coordi-
nation. Moreover, the Sec61p translocon is a passive conduit;
thus, the driving force to move polypeptides across it should be
provided by accessory proteins. Indeed, passage through the
Sec61p translocon requires molecular chaperones, and their
contribution further illustrates that import and dislocation
must be mechanistically distinct. For example, of the two
hsp70s involved in import in yeast, BiP/Kar2p in the ER lumen
and Ssalp in the cytosol, mutants of BiP/Kar2p that are defec-
tive in dislocation are still proficient in import, and mutation in
SSAI does not affect degradation of the ERAD substrates
pro-a-factor and A1PiZ (9). Although the kar2 mutant initially
used to link BiP to CPY* dislocation and degradation was also
defective in protein import (41), the kar2 mutants that are
defective only in dislocation of pro-a-factor and A1PiZ directly
demonstrate the role of Kar2p in dislocation (9). Furthermore,
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chaperones that are required for ERAD of one protein sub-
strate are dispensable for the degradation of another and, in
particular, membrane or soluble lumenal ERAD substrates
might involve different sets of chaperones. This is illustrated by
BiP/Kar2p, which is required for degradation of soluble lume-
nal pro-a-factor, CPY* and A1PiZ, but is dispensable for the
proteolysis of membrane Pdr5* and cystic fibrosis transmem-
brane conductance regulator (CFTR) (8, 9, 55). Also, BiP/
Kar2p, as well as J domain-containing Jem1p and Scjlp, main-
tain unfolded lumenal proteins in a soluble form, but deletion
of Jemlp and Scjlp has little effect on ERAD of a membrane
protein (38).

Akin to the ratchet action of BiP during protein import,
cytosolic chaperones might play a critical role in ratcheting and
pulling ERAD substrates out from the ER. Indeed, cytosolic
hsp70 and hsp90 are associated with CFTR in mammalian cells
(34). However, Ssalp, the major cytosolic hsc70, which facili-
tates ERAD of membrane CFTR expressed in yeast, is dis-
pensable for the dislocation of the soluble lumenal pro-a-
factor and AI1PiZ (9, 55). Moreover, while blocking the
interaction of hsp90 (the most abundant cytosolic chaperone)
with the ERAD substrates apoB48 or mutant insulin receptor
results in stabilization of these proteins, it accelerates the pro-
teasomal degradation of CFTR (23, 26, 34).

In our search for accessory proteins that function in ERAD,
especially cytosolic chaperones, ERAD substrates were used as
bait to identify associated proteins. Here we show the pull
down of the p97/Cdc48p AAA-ATPase, an abundant chaper-
one-like cytosolic protein, that by analogy with its archaeal
homologue VAT has potential unfoldase activity (22). The
mammalian p97/VCP (39) was found in a complex with s, the
heavy chain of secretory immunoglobulin M (sIgM), a soluble
lumenal proteasomal substrate in B cells (2, 35). Likewise,
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TABLE 1. Yeast strains used in this study

Name Genotype Reference
KFY99 MATa his4-619 leu2-3,112 ura3-52 This study
KFY100 MATa his4-619 leu2-3,112 ura3-52 This study
KFY116 MATa lys2-801 leu2-3,112 ura3-52 cdc48-1¢ 19
KFY188 MATa lys2-801 leu2-3,112 ura3-52 cdc48-7% This study
KFY194 MATa lys2-801 leu2-3,112 ura3-52 cdc48-10" This study
RHY696 MATa his3A200 lys2-801 ade2-101 met2 24

hmgl::LYS2 hmg2::HIS3 trp1::hisG leu2A
ura3-52::6MYC HMG?2
RHY965 MATa his3A200 lys2-801 ade2-101 met2 24

hmgl::LYS2 hmg2::HIS3 trpl1::hisG leu2A
ura3-52::6MYC HMG2 hrdl1A::URA3

Cdc48p, the highly conserved homologue of p97 in Saccharo-
myces cerevisiae (19), was found in a complex with 6myc-
Hmg2p, a well-established membrane ERAD substrate in
yeast (24). Moreover, the membrane 6myc-Hmg2p as well as
the soluble lumenal ERAD substrate CPY* (25) were mark-
edly stabilized in yeast strains expressing Cdc48p conditional
mutants (19). These results implicate Cdc48p as a novel cyto-
solic ERAD component. The involvement of Cdc48p in dislo-
cation of proteins from the ER was indicated by the accumu-
lation of ERAD substrates in the ER and activation of the
unfolded protein response (UPR) (56) in conditional cdc48
yeast mutants.

MATERIALS AND METHODS

Plasmids and strains. Yeast strains used in this study are listed in Table 1.
Strains expressing CPY* were generated by replacing wild-type CPY with CPY*
(prcI-1 allele) by using the integrative plasmid bMK150 (generously provided by
D. Wolf). 6myc-Hmg2p was expressed from plasmid pRH244 (generously pro-
vided by R. Hampton). The UPR reporter plasmid (56) was pMCZ2, harboring
a CYCI promoter containing the K4AR2 UPR element fused to the lacZ gene
(UPRE-lacZ; generously provided by R. Schekman). Strain KFY116 cdc48-1°
carries the cold-sensitive cdc48-1 mutation (19), and strains KFY188 cdc48-7"
and KFY194 cdc48-10" are two temperature-sensitive cdc48 mutants. These
were isolated independently as spontaneous revertants of cdc48-1 cold sensitiv-
ity, which acquired temperature sensitivity. Strains KFY99 and KFY100 derived
from the same strain crosses, as the cdc48 conditional mutants express wild-type
Cdc48p. Strains RHY696 and RHY965 (a hrd1A strain [24]) express integrated
6myc-Hmg2p and wild-type Cdc48p (generously provided by R. Hampton).

Coimmunoprecipitation of cdc48p with 6myc-Hmg2p. Cdc48p was coimmu-
noprecipitated with 6myc-Hmg2p from strains KFY100 (wild-type Cdc48p),
KFY116 cdc48-1¢ (cold-sensitive cdc48-1 mutant [19]), and KFY194 cdc48-10"
(temperature-sensitive cdc48 mutant), transfected with plasmid pRH244 encod-
ing 6myc-Hmg2p. For comparison, mock-transfected cells that do not express
6myc-Hmg2p were used. Briefly, cells were grown at 30°C and transferred to
restrictive temperatures for 3 h. The cells (4 optical densities at 600 nm [ODg,])
were dissolved by 3 cycles of freeze-thaw on dry ice and vigorous vortexing in lysis
buffer consisting of phosphate-buffered saline, 1% Nonidet P-40, 1 mM phenyl-
methylsulfonyl fluoride, 100 Kallikrein inhibitor units of aprotinin/ml. 6myc-
Hmg2p was immunoprecipitated with anti-myc antibodies (clone 9E10) and then
with protein A-Sepharose, resolved by reducing sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis (SDS-PAGE), and electroblotted onto nitrocellu-
lose. Proteins were probed either with antibodies raised in rabbit against yeast
Cdc48p or with mouse anti-myc antibodies. Blots of total protein extracts were
also probed with anti-Cdc48p antibodies. The appropriate secondary antibodies,
conjugated to horseradish peroxidase (HRP), were visualized by enhanced
chemiluminescence (ECL).

Coimmunoprecipitation of p97 with ps. p97 was coimmunoprecipitated with
ws from the murine 38C B-lymphocyte cell line. For comparison, D2 hybridoma
that expresses and secretes an abundance of the same sIgM (46) or osteosarcoma
U20S cells that do not express sIgM were used. Cells were grown and lysed, and
IgM was immunoprecipitated as previously described (1). Cells (2 X 107 to 4 X
107) were dissolved in lysis buffer (phosphate-buffered saline containing 1%
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Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride, 100 kallikrein inhibitor units
KIU of aprotinin/ml). Where indicated, the lysis buffer was supplemented with 1
mM of the cross-linking reagent disuccinimidyl suberate (DSS; Pierce). IgM, its
cross-linked complexes, and proteins associated with IgM were precipitated with
an excess of goat anti-mouse IgM antibodies followed by protein A-Sepharose.
Proteins were resolved by reducing SDS-PAGE and were electroblotted onto
nitrocellulose. Blots were probed either with mouse anti-p97 antibodies (clone
58.13.3; Progen) or with rabbit antiserum specific to ps. This anti-ps antibody,
which was raised against the s, peptide (the unique C-terminal 19 residues of
the secretory ps heavy chain), detected only ps and not wm, the heavy chain of
the membrane IgM (B. Gur and S. Bar-Nun, unpublished results). Blots of total
protein extracts were also probed with anti-p97 antibodies. The appropriate
secondary antibodies, conjugated to HRP, were visualized by ECL. The ~100-
kDa ps-containing complex (see Fig. 1) was isolated from preparative SDS gels
(2 X 108 cells) stained with Coomassie brilliant blue and subjected to enzymatic
digestion, and the resulting peptides were analyzed by matrix-assisted laser
desorption ionization (MALDI)-mass spectrometry (carried out by the Keck
Foundation Biotechnology Resource Laboratory, Yale University).

Stability of CPY* and 6myc-Hmg2p. Stability of CPY* and 6myc-Hmg2p was
measured at permissive or restrictive temperatures after preincubation for 1 to
2 h. Cycloheximide (100 ng/ml) was added and cells were collected at the
indicated time points. Cells (5 ODg,) were dissolved in 0.5 ml of 0.2N NaOH
and 36 pM B-mercaptoethanol by 20 min of incubation on ice, the pH was
adjusted to 7.0, and 100 pl of total cellular proteins was resolved by reducing
SDS-PAGE and electroblotted onto nitrocellulose. Blots were probed either
with mouse anti-CPY antibodies (clone 10A5-B5; New Biotechnology) or with
anti-myc antibodies followed by HRP-conjugated anti-mouse IgG (Jackson Im-
munoResearch Laboratories), and the HRP was visualized by ECL. Blots were
quantified by densitometry, and ¢;,, values were calculated from slopes of the
semi-logarithmic curves.

UPR induction. UPR induction was measured with the UPRE-lacZ reporter
construct (18, 56) during incubation at permissive or restrictive temperatures.
Activity of B-galactosidase was detected on 5-bromo-4-chloro-3-indolyl-B-p-ga-
lactoside (X-gal) reporter plates or directly measured in solubilized cells (1
ODy) with O-nitrophenyl-B-p-galactopyranoside (ONPG) as a substrate (28).
The maximal induction of UPR was achieved by blocking the N-linked glycosyl-
ation of glycoproteins with tunicamycin (15 pg/ml) (18, 56).

RESULTS

p97/VCP is in a complex with secretory IgM in B cells. The
secretory IgM is not an aberrant protein, but in murine B
lymphocytes it undergoes developmentally regulated degrada-
tion that is blocked by proteasome inhibitors (1, 2, 35, 43, 51),
suggesting that it is eliminated by an ERAD-like process. In
our search for proteins that interact with secretory IgM, 38C B
cells were solubilized in the presence of the cross-linking re-
agent DSS. When IgM was immunoprecipitated with anti-IgM
and probed with antibodies specific to ws (Fig. 1A; IP: anti-
IgM, IB: anti-ps), the anti-ps antibodies detected the ~80-kDa
s polypeptide (Fig. 1A, lane 1). Yet in the immunoprecipitate
from cross-linked samples these anti-ps antibodies detected an
additional ~100-kDa complex (Fig. 1A, lane 2), indicating that
ws was cross-linked to a ~20-kDa protein. When this ~100-
kDa band was isolated from preparative SDS gels and sub-
jected to enzymatic digestion, MALDI-mass spectrometry of
resulting peptides revealed the presence of p97/VCP. Clearly,
p97 comigrated with the ~100-kDa ps-containing complex.
Subsequently we confirmed that p97 was actually pulled down
with s when IgM was specifically immunoprecipitated, even in
samples that were not cross-linked. When IgM immunopre-
cipitate was probed with commercial anti-p97 antibodies (Fig.
1B, lane 1; IP: anti-IgM, IB: anti-p97), it was evident that p97
was coprecipitated via its direct or indirect association with us.
Only a small fraction of p97 cellular content coprecipitated
with IgM, as shown by probing cell extract from 38C B cells
(Fig. 1B, lane 2; cell extract [5% of amount used for IP], IB:
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FIG. 1. p97/VCP is coprecipitated with unstable s in B cells. (A)
38C B cells were lysed in the absence (—) (lane 1) or presence (+)
(lane 2) of DSS and IgM, and IgM-containing cross-linked complexes
were immunoprecipitated with goat anti-IgM antibodies (IP: anti-
IgM). Proteins were resolved by SDS-PAGE and were electroblotted
onto nitrocellulose, and the blot was probed with rabbit anti-ps fol-
lowed by HRP-conjugated anti-rabbit IgG (IB: anti-ps). The precipi-
tated ps and ~100-kDa ps complex are indicated, and the band of
~100 kDa, marked by the asterisk, was subjected to MALDI-mass
spectrometry. (B) 38C B cells were lysed, and IgM and proteins in a
complex with IgM were precipitated with goat anti-IgM antibodies.
The precipitated proteins (lane 1, IP: anti-IgM) and total cell extract,
containing 5% of the proteins subjected to immunoprecipitation (lane
2, cell extract), were resolved by SDS-PAGE and were electroblotted
onto nitrocellulose, and the blot was probed with mouse anti-p97 and
then with HRP-conjugated anti-mouse IgG (IB: anti-p97). The pulled
down p97 is indicated. (C) The ps and associated proteins were pre-
cipitated with anti-IgM antibodies (IP: anti-IgM) from 38C (lane 1),
D2 (lane 2), and U20S (lane 3) cells. Proteins were resolved by
SDS-PAGE and were electroblotted onto nitrocellulose (left panels).
For comparison, total cell extracts (10% of the proteins used for
immunoprecipitation) were resolved by SDS-PAGE and were electro-
blotted onto nitrocellulose (right panel). Upper blots were probed with
mouse anti-p97 followed by HRP-conjugated anti-mouse IgG (IB:
anti-p97), and the blot in the left panel was reprobed with rabbit
anti-ps followed by HRP-conjugated anti-rabbit IgG (IB: anti-ps).

anti-p97). Actually, the anti-IgM antibodies used for precipi-
tation of ps from 38C cells (Fig. 1C, lane 1; IB: anti-ws), which
evidently coprecipitated p97 (Fig. 1C, lane 1; IB: anti-p97),
hardly coprecipitated p97 from the D2 hybridoma (Fig. 1C,
lane 2; IB: anti-p97), although plenty of the same ws was
precipitated from these cells (Fig. 1C, lane 2; IB: anti-ps).
Moreover, this anti-IgM antibody did not precipitate any p97
from U20S cells that do not express sIgM (Fig. 1C, lane 3).
The amounts of coprecipitated p97 did not reflect different
levels of this protein in the various cell lines (Fig. 1C, cell
extract; IB: anti-p97). Taken together these results establish
that p97 interacts with s, directly or indirectly, only in cells
where sIgM is unstable and subjected to an ERAD-like deg-
radation. Conversely, p97 interacts poorly with the same sIgM
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in cells where this molecule is highly expressed but is stable and
efficiently secreted.

Cdc48p is in a complex with the ERAD substrate 6myc-
Hmg2p. To extend our results and to examine the possible
general role of p97/VCP in ERAD, we turned to study the
interaction of Cdc48p with ERAD substrates in the yeast S.
cerevisiae, in which conditional mutants of Cdc48p are avail-
able (19). The results shown in Fig. 2 demonstrate that Cdc48p
is found in a complex with 6myc-Hmg2p, a well-established
ERAD substrate (24). Immunoprecipitation of 6myc-Hmg2p
with anti-myc antibodies (Fig. 2, panels A, B, and D) pulled
down Cdc48p, as confirmed by positive staining of the blotted
precipitates with anti-Cdc48p antibodies (Fig. 2, panels A and
D). This coprecipitation was specific, and Cdc48p was pulled
down via the 6myc-Hmg2p, since the anti-myc antibodies did
not precipitate Cdc48p directly from cells that did not express
6myc-Hmg2p (mock; Fig. 2A and B, lanes 3 and 6; D, lanes 1
and 2). Interestingly, compared to that of the wild-type strain
the amounts of Cdc48p that coprecipitated with 6myc-Hmg2p
were higher in strains harboring the conditional mutations
(Fig. 2A, compare lanes 4 and 5 with lanes 1 and 2; D, compare
lanes 3 and 4 with lane 5), and even higher levels were pulled
down at the nonpermissive temperatures (Fig. 2A, compare
lane 5 with lane 4; D, compare lane 4 with lane 3). Importantly,
the total amount of Cdc48p was affected neither by the muta-
tions nor by the temperature or expression of 6myc-Hmg2p
(Fig. 2C, lanes 1 to 5). These results may suggest that the
interaction of mutant Cdc48p with 6myc-Hmg?2p is tighter than
that of the wild-type Cdc48p. Alternatively, the larger amounts
of pulled down Cdc48p in the mutants may merely reflect
higher steady-state levels of 6myc-Hmg2p in the mutant
strains. Indeed, when the blot in Fig. 2A was reprobed with the
anti-myc antibody, higher steady-state levels of 6myc-Hmg2p
were detected in the cdc48 mutants (Fig. 2B, compare lanes 1
and 2 with lanes 4 and 5).

ERAD is impaired in yeast cdc48 mutants. The observed
increased levels of 6myc-Hmg2p (Fig. 2B, lanes 4 and 5) sug-
gested that this ERAD substrate was stabilized in cdc48 mu-
tants. Indeed, both membrane 6myc-Hmg2p and soluble lume-
nal CPY*, another short-lived protein that is eliminated by
ERAD (25), were markedly stabilized in the cdc48 mutants.
Employing the cycloheximide-chase assays, the half-lives of
6myc-Hmg2p (Fig. 3) and CPY* (Fig. 4) were compared in
strains expressing wild-type Cdc48p and strains carrying the
cold-sensitive cdc48-1 allele (19) or the temperature-sensitive
mutations cdc48-7" and cdc48-10”. As shown in Fig. 3 and 4
and as summarized in Table 2, 6myc-Hmg2p and CPY* were
rapidly degraded at all temperatures in strains expressing wild-
type Cdc48p (t;,, of 50 to 76 min and 22 to 24 min, respective-
ly). In contrast, even at the permissive temperature (30°C) the
degradation of 6myc-Hmg2p was somewhat slower in the cold-
sensitive cdc48 mutant (¢,,, of 89 min) and prolonged to a ¢,
value of 2.6 to 5.2 h in the temperature-sensitive cdc48 mu-
tants. A similar phenomenon was previously reported for the
degradation of a cytosolic model substrate of the ubiquitin-
dependent ubiquitin fusion degradation (UFD) pathway (27),
which was impaired by the cold-sensitive cdc48-1 mutation
(21). At the restrictive temperatures, the conditional cdc48
mutants exhibited a much more severe phenotype with both
substrates. In the cdc48-1¢ cells, the degradation of CPY* and
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FIG. 2. Cdc48p is coprecipitated with 6myc-Hmg2p in yeast. The indicated yeast strains KFY100 (wild-type CDC48) and KFY194 (cdc48-10°
mutation), transformed with plasmid pRH244 encoding 6myc-Hmg2p (panels A and B, lanes 1 and 2 and lanes 4 and 5; panel C, lanes 1 to 4; panel
D, lanes 3 to 5) or mock-transformed (mock) (panels A and B, lanes 3 and 6; panel C, lane 5; panel D, lanes 1 and 2), were grown for 3 h at the
indicated temperatures. The 6myc-Hmg2p and associated proteins were precipitated with anti-myc antibodies (IP: anti-myc). Proteins were
resolved by SDS-PAGE and were electroblotted onto nitrocellulose. For comparison, total cell extracts (1% of the proteins used for immuno-
precipitation) (panel C, lanes 1 to 5) were resolved by SDS-PAGE and were electroblotted onto nitrocellulose. Blots in panels A, C, and D were
probed with rabbit anti-Cdc48p followed by HRP-conjugated anti-rabbit IgG (IB: anti-Cdc48p). (B) The blot in panel A was reprobed with mouse
anti-myc antibody followed by HRP-conjugated anti-mouse IgG (IB: anti-myc).

6myc-Hmg2p was approximately threefold slower when cells
were shifted from 30 to 20°C; the half-life of CPY™* was ex-
tended from 23 to 99 min, and the half-life of 6myc-Hmg2p was
prolonged from 89 min to 4.1 h. Similarly, in cdc48-7* and
cdc48-10" cells 6myc-Hmg2p was degraded at 30°C, with ¢,,,
values of 5.2 and 2.6 h, respectively, and these turnover rates
were extended to 17.0 and 10.4 h, respectively, at 37°C. The
half-life of CPY* was also extended from 22 to 83 min when
cdc48-10" cells were shifted from 30 to 37°C. The involvement
of Cdc48p in disposing of ERAD substrates was further un-
derscored when we observed a similar degree of stabilization
for 6myc-Hmg2p in the cdc48 mutants and the bona fide
ERAD mutant hrdl/der3 (strain RHY965 [24]). In the hrdl/
der3 mutant 6myc-Hmg2p was degraded, with ¢, ,, values of 7.2
to 7.6 h either at 30 or 37°C, and a ¢,,, value of >10 h was
measured at 20°C (Fig. 3 and Table 2). The RING-H2-con-
taining Hrd1p/Der3p forms a complex with Hrd3p to function
in ERAD as an ER membrane-anchored ubiquitin ligase that

collaborates with Ubc7p or Ubclp (3, 7, 14, 20). Although
Hrd1p/Der3p is not essential for degradation of every ERAD
substrate (49, 55), it was specifically selected for defective
ERAD of 6myc-Hmg2p (24) and is known to be required for
ERAD of CPY* (6, 30).

The UPR is activated in yeast cdc48 mutants. One plausible
role for p97/Cdc48p in ERAD, which is supported by the
known in vitro unfoldase activity of VAT (22), the archaeal
homologue of p97/Cdc48p, is in the dislocation of ERAD sub-
strates. A hallmark phenotype in dislocation-specific mutants
of Sec61p is the activation of the UPR as a consequence of
accumulation of unfolded proteins in the ER (56). Using the
UPRE-lacZ-reporter construct (56), we showed that the UPR
was markedly activated in the cdc48-10" mutant compared to
that of the wild-type strains (Fig. 5). Blue color was developed
on X-gal plates by the cdc48-10 strain even at the permissive
temperature (30°C) and more evidently at the restrictive 37°C,
while wild-type cells remained relatively white at both temper-
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FIG. 3. The ERAD of 6myc-Hmg2p is impaired in yeast cdc48 mutants. The stability of 6myc-Hmg2p was measured in strains KFY100
(wild-type CDC48), KFY116 (cdc48-1¢ mutation), and KFY194 (cdc48-10" mutation) expressing 6myc-Hmg2p from plasmid pRH244. Strains
RHY696 and RHY965 express integrated 6myc-Hmg2p and carry wild-type CDC48, and strain RHY965 is also hrd1A. Following preincubation
for 2 h at the indicated permissive or restrictive temperatures, cycloheximide (100 wg/ml) was added and cells were collected at the indicated time
points. Cells were dissolved and total cellular proteins were resolved by reducing SDS-PAGE and were electroblotted onto nitrocellulose. Blots
were probed with mouse anti-myc antibodies followed by HRP-conjugated anti-mouse IgG, and HRP was visualized by ECL. The blots were
quantified, and the semi-logarithmic plots represent the decay of 6myc-Hmg2p. The remaining 6myc-Hmg2p was calculated as the percentage of
its level at the time of cycloheximide addition (100%). Upper panels, cdc48-1¢ (left) and wild-type CDC48 (right) at 20°C (A) or 30°C (H). Lower
panels, cdc48-10” (left) and wild-type CDC48 (right) at 37°C (@) or 30°C (H).

atures (Fig. 5A). Treatment with tunicamycin at 30°C resulted
in B-galactosidase activities that were higher in the cdc48-10"
strain than in the wild-type cells (Fig. 5B). Similar phenome-
non was previously reported for other ERAD-defective strains,
including Aubc6, Aubc7, and Acuel cells (56). However, even
in the absence of tunicamycin, markedly increased B-galacto-
sidase activity was measured in cdc48-10” at the restrictive
temperature 37°C, whereas strains expressing wild-type CDC48
exhibited similar activity at either 30 or 37°C (Fig. 5B). Thus,
when Cdc48p failed to function, ERAD protein substrates
accumulated in the ER and consequently activated the UPR.

DISCUSSION

In this work we provide genetic evidence from yeast that
implicates the cytosolic chaperone Cdc48p in the ERAD of
two well-established substrates, the soluble lumenal CPY* and
the membrane 6myc-Hmg2p. We also present biochemical ev-
idence that p97/Cdc48p is in a complex with ERAD substrates;
p97 is coprecipitated with the soluble lumenal ws in B cells and
Cdc48p is coprecipitated with the membrane 6myc-Hmg2p in
yeast. Our data are of particular interest in light of several
recent reports that link p97/Cdc48 to ubiquitin-dependent pro-
cesses (12, 13, 21, 31, 37, 54). In those reports, however, the
role of p97/Cdc48p in degradation was demonstrated only for
cytosolic or nuclear substrates. For the Ufd3p-Cdc48p com-
plex, elimination of a cytosolic UFD model substrate was
equally impaired by either the UFD3 mutation or the cold-

sensitive cdc48-1 mutation (21). Likewise, multiubiquitinated
proteins, including nuclear cyclins and cyclin-box-containing
proteins, accumulated at 14°C in the cold-sensitive cdc4S-1
mutant in vivo or stabilized upon p97/VCP depletion in vitro
(13). Thus, one could argue that the involvement of p97/
Cdc48p in ERAD is at a distal step common to every ubiquitin-
and proteasome-dependent degradation process, merely re-
flecting the requirement for Cdc48p in the degradation of a
general population of ubiquitinated substrates. Yet the gener-
ality of this phenomenon does not appear to hold in light of the
findings that the ubiquitin- and proteasome-dependent degra-
dation of N-end rule substrates is hardly affected in the cdc48
cold-sensitive mutant (21). Nevertheless, recent findings dem-
onstrate that p97/VCP is a multiubiquitin binding protein (13).
Moreover, p97/Cdc48p exhibits significant sequence similari-
ties of up to six distinct ATPase subunits of the mammalian
and yeast 26S proteasome, including the mammalian S7 sub-
unit (16) and yeast Suglp/Rpt6p (21, 45). Taken together,
these observations may suggest that p97/Cdc48p is the factor
that targets multiubiquitinated proteins to the proteasome.
Physical interaction of p97/Cdc48p with ubiquitinated pro-
teins or with factors of the UFD pathway has been shown in
several studies. The interaction with Ufd2 implies a role for
Cdc48p in proteasomal proteolysis subsequent to the multi-
ubiquitination step, since Ufd2p/E4 is a multiubiquitin chain
assembly factor (31). The isolation of the mammalian homo-
logues of Ufd2 and of the Ufd1/Npl4 binary complex as p97
binding proteins in rat liver cytosol connects protein ubiquiti-
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FIG. 4. The ERAD of CPY* is impaired in yeast cdc48 mutants. Stability of CPY* was measured for integrated CPY* expressed in strains
KFY100 (wild-type CDC48), KFY116 (cdc48-1°° mutation), and KFY194 (cdc48-10” mutation). Following preincubation for 2 h at the indicated
permissive or restrictive temperatures, cycloheximide (100 pg/ml) was added and cells were collected at the indicated time points. Cells were
dissolved and total cellular proteins were resolved by reducing SDS-PAGE and were electroblotted onto nitrocellulose. Blots were probed with
mouse anti-CPY antibodies followed by HRP-conjugated anti-mouse IgG, and the HRP was visualized by ECL. The blots were quantified, and the
semi-logarithmic plots represent the decay of CPY*. The remaining CPY* was calculated as the percentage of its level at the time of cycloheximide
addition (100%). Upper panels, cdc48-1¢ (left) and wild-type CDC48 (right) at 20°C (A) or 30°C (H). Lower panels, cdc48-10" (left) and wild-type
CDC48 (right) at 37°C (@) or 30°C (H).

nation to nuclear membrane integrity and transport (37). The
copurification of p97/VCP with ubiquitinated IkBa and 26S
proteasome and the identification of p97/VCP as a multiubiq-
uitin binding protein suggest that p97 links IkBa ubiquitina-
tion to its final degradation by the proteasome (12, 13). Also,
the association of cytokine-dependent tyrosine-phosphorylated
p97 with complexes of engaged cytokine receptors suggests

that p97 may target the ubiquitinated receptors to the protea-
some for degradation (54).

p97/Cdc48p, members of the diverse family of AAA-
ATPases, are implicated in a variety of cellular processes, in-
cluding cell cycle regulation, vesicular transport, organelle bio-
genesis, homotypic membrane fusion, and proteasome-medi-
ated degradation (39, 48). If the pleiotropic performance of

TABLE 2. Calculated half-lives of 6myc-Hmg2p and CPY*¢

Strain Temp (°C) 6myc-Hmg2p CPY* (min) Remark

KFY99 (WT CDC48) 30 70 min ND 6myc-Hmg2p on plasmid pRH244
37 50 min

KFY100 (WT CDC48) 30 65 = 10 min 23x12 Integrated CPY* (plasmid bMK150) 6myc-Hmg2p on plasmid pRH244
20 69 * 4 min 22+14
37 76 * 6 min 24 + 1.6

KFY116 cdc48-1¢ 30 89 = 6 min 23+1.2 Integrated CPY* (plasmid bMK150) 6myc-Hmg2p on plasmid pRH244
20 41*=1h 99 + 6.9

KFY194 cdc48-10" 30 26 £0.6h 22+ 1.6 Integrated CPY* (plasmid bMK150) 6myc-Hmg2p on plasmid pRH244
37 104 = 1.1h 83 +53

KFY188 cdc48-7° 30 52h ND 6myc-Hmg2p on plasmid pRH244
37 17.0 h

RHY696 (WT CDC48) 30 40 min ND Integrated 6myc-Hmg2p
20 75 min

RHY965 (hrd1A) 30 72h ND Integrated 6myc-Hmg2p
37 7.6 h
20 >10.0h

“The stability of CPY* and 6myc-Hmg2p was measured by cycloheximide-chase assays in strains expressing integrated CPY* or 6myc-Hmg2p (RHY696 and
RHY965) or nonintegrated 6myc-Hmg2p on plasmid pRH244. Strains KFY99, KFY100, RHY696, and RHY965 express wild-type (WT) Cdc48p, strain KFY116 carries
the cold-sensitive cdc48-1 mutation, and strains KFY188 and KFY194 are two temperature-sensitive cdc48 mutants. Strain RHY965 is hrd1A. Blots, represented in Fig.
3 and 4, were quantified by densitometry, and values of 7.2 were calculated from slopes of semi-logarithmic curves, also represented in Fig. 3 and 4. Values are the
means * standard deviations of eight independent experiments. ND, not done.
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FIG. 5. The UPR is activated in yeast cdc48 mutants. UPR induction was measured in strains KFY99 and KFY100 carrying wild-type CDC48
or in strain KFY194 carrying the cdc48-10" mutation. (A) Activity of B-galactosidase (3-gal) was detected on X-gal reporter plates after a 17-h
incubation at the permissive (30°C) or restrictive (37°C) temperatures. (B) B-Galactosidase activity was measured in solubilized cells with ONPG
as a substrate after 2.5 to 6 h of incubation at the permissive 30°C (open bars) or restrictive 37°C (lightly shaded bars) temperature. For comparison,
cells were incubated at 30°C with tunicamycin (15 pwg/ml) (heavily shaded bars). Activity (units) was normalized to the ODy, units of cells used
for the assay. The results (means =+ standard deviations of 12 independent experiments) are collective data from strains KFY99 and KFY100

(CDC48) or from strain KFY194 (cdc48-10").

p97/Cdc48p results from one basic activity in protein unfolding
or disassembly (19, 22, 39, 48), specificity may be achieved by
dedicated adapters or partners (37). For instance, in the ho-
motypic fusion of mitotic Golgi fragments, p97, which unfolds
t-SNARE syntaxin 5, is linked to its substrate by p47 (32, 44).
By analogy, p97 may be directed to ubiquitin-related processes
by association with an alternative partner(s) such as the binary
complex Ufd1/Npl4, which has been shown to compete with
p47 for binding to p97 (37).

The involvement of p97 in sIgM degradation, as indicated by
their physical interaction (Fig. 1), could have been due to its
role in homotypic membrane fusion rather than in ubiquitin-
related processes. This argument may be based on our previ-
ous findings that the ERAD-like proteasomal degradation of
light-chain-assembled ws requires vesicular transport (2, 43,
51). Also, requirement for vesicular transport for the degrada-
tion of soluble lumenal, but not membrane spanning, classical
ERAD substrates has been recently shown in yeast (10). We
and others (35, 51) have shown that free unassembled . chains
are also degraded by the proteasome. Yet, unlike the degra-
dation of light-chain-assembled ps, we clearly demonstrated
that the proteasomal degradation of unassembled p chains
does not require vesicular transport (43, 51), like most classical
ERAD substrates in mammalian cells. However, three lines of
evidence argue against homotypic fusion as the mechanism
that underlies the involvement of p97/Cdc48p in ERAD. First,
p97 is coprecipitated with light-chain-assembled ws (Fig. 1) as
well as with free unassembled ps, which is degraded indepen-
dently of vesicular transport (Elkabetz et al., manuscript in
preparation). Formally, p97 could have contributed in different
ways, i.e., to the degradation of assembled ps as a factor in
homotypic fusion and to the degradation of unassembled w as
a factor in dislocation. However, our data indicate that both
processes merge subsequent to the vesicular transport, and
both substrates are eliminated by a common mechanism

(Kerem et al., manuscript in preparation). Second, the recently
described dependence of ERAD on vesicular transport applies
only to lumenal proteins, while membrane-spanning ERAD
substrates do not exhibit this requirement (10). This genetic
evidence in yeast is in agreement with many biochemical stud-
ies in mammalian cells, showing that ERAD of membrane
proteins, including 3-hydroxy-3-methylglutaryl-coenzyme A
reductase (11), is brefeldin A insensitive. Nevertheless, here
we show the stabilization of lumenal CPY™ as well as of mem-
brane 6myc-Hmg2p. Again, formally the pleiotropic Cdc48p
could have contributed in different ways, i.e., to the degrada-
tion of lumenal CPY* as a factor in homotypic fusion and to
the degradation of membrane 6myc-Hmg2p as a factor in dis-
location. Yet a simpler interpretation is that Cdc48p plays a
common role in ERAD in the dislocation of both lumenal and
membrane substrates. An even more general role for p97/
Cdc48p in targeting multiubiquitinated cytosolic, nuclear, and
ERAD substrates to the proteasome is discussed below. Lastly,
a screen for novel HRD mutants has revealed that Npl4 is
Hrd4, showing that degradation of Hmg2p requires an active
Npl4 (3a). This strongly supports our conclusion that p97/
Cdc48p operates in ERAD by its interaction with the ubig-
uitin-related binary complex Ufd1/Npl4 rather than by associ-
ation with p47, its homotypic fusion-related partner.

One cellular process unique to ERAD, which may involve
p97/Cdc48p as a cytosolic molecular chaperone, is the disloca-
tion of ERAD substrates from the ER back to the cytosol. As
demonstrated when this process is directly obstructed in dislo-
cation-specific mutants of Sec61p, the UPRE-lacZ construct
faithfully reports UPR activation as a consequence of accumu-
lation of ERAD protein substrates in the ER (56). The similar
activation of the UPR reported here, when Cdc48p fails to
function, suggests that the involvement of Cdc48p in ERAD is
at the dislocation step. The activation of UPR upon disruption
of ERAD at distal cytosolic events, including ubiquitin conju-
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gation (18, 56), does not necessarily negate the possibility that
Cdc48p is involved in dislocation, because dislocation, ubig-
uitination, and degradation are often coupled. For instance,
dislocation of CPY* in yeast (4, 6) and of soluble truncated
ribophorin I in mammalian cells (15) requires ubiquitination.
Likewise, active proteasomes play a role in membrane extrac-
tion of several membrane ERAD substrates (36, 42, 52, 53).
Finally, recent reports showing that multiubiquitination is re-
quired for dislocating major histocompatibility class I heavy
chain from the ER into cytosol implicate multiubiquitin, alone
or in conjunction with a multiubiquitin-binding protein, in a
ratcheting mechanism or in active pulling out of ERAD sub-
strates from the ER membrane (29, 47).

Taken together with our data and that of Dai and Li, iden-
tifying p97/Cdc48p as a multiubiquitin-binding protein (13), we
propose a unifying model in which p97/Cdc48p recognizes mul-
tiubiquitin moieties on many proteins, including ERAD sub-
strates, and targets them to the proteasome for degradation. In
this regard it is interesting that 26S proteasomes are found in
yeast in association with the ER membrane (17) and that
mammalian p97 can be recruited to membranes in a phosphor-
ylation- and/or dephosphorylation-dependent reversible fash-
ion (33). The potential unfoldase activity (22), together with its
ability to bind multiubiquitinated proteins (13), position the
AAA-ATPase p97/Cdc48p as an attractive key player that acts
at the cytosolic face of the ER in ratcheting and/or active
pulling out of soluble lumenal and membrane ERAD sub-
strates from the ER to the cytosol. As such, Cdc48p couples
the ERAD-specific dislocation event to the distal, common
recognition of multiubiquitinated proteins and their targeting
to the proteasome.
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