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The hexameric AAA-ATPase, Cdc48p, catalyzes an array of
cellular activities, including endoplasmic reticulum (ER)-asso-
ciated degradation (ERAD), ER/Golgi membrane dynamics,
and DNA replication. Accumulating data suggest that unique
Cdc48p partners, such as Npl4p-Ufd1p and Ubx1p/Shp1p (p47
in vertebrates), target Cdc48p for these diverse functions.
Other Cdc48p-associated proteins have been identified, but
the interplay among these factors and their activities is largely
cryptic. We now report on a previously uncharacterized
Cdc48p-associated protein, Ydr049p, also known as Vms1p,
which binds Cdc48p at both the ER membrane and in the cy-
tosol under non-stressed conditions. Loss of YDR049modestly
slows the degradation of the cystic fibrosis transmembrane
conductance regulator but does not impede substrate ubiquiti-
nation, suggesting that Ydr049p acts at a postubiquitination
step in the ERAD pathway. Consistent with Ydr049p playing a
role in Cdc48p substrate release, ydr049mutant cells accumu-
late Cdc48p-bound ubiquitinated proteins at the ER mem-
brane. Moreover, YDR049 interacts with genes encoding select
UBX (ubiquitin regulatory X) and UFD (ubiquitin fusion deg-
radation) proteins, which are Cdc48p partners. Exacerbated
growth defects are apparent in some of the mutant combina-
tions, and synergistic effects on the degradation of cystic fibro-
sis transmembrane conductance regulator and CPY*, which is
a soluble ERAD substrate, are evident in specific ydr049-ufd
and -ubxmutants. These data suggest that Ydr049p acts in
parallel with Cdc48p partners to modulate ERAD and other
cellular activities.

Endoplasmic reticulum-associated degradation (ERAD)4
clears the early secretory pathway of misfolded proteins and

can be subdivided generally into distinct stages of substrate
recognition, retrotranslocation from the ER into the cyto-
plasm, ubiquitin conjugation, and degradation by the 26 S
proteasome (1–4). Given the volume of protein traffic
through the secretory pathway (5), it is not surprising that
ERAD is equipped to handle a wide variety of substrates based
on the location of the offending lesion (5, 6). For instance,
substrates within the ER lumen are recognized by a distinct
subset of molecular chaperones (e.g. BiP, also known as Kar2p
in yeast) and chaperone-like lectins and are ubiquitinated by
an E3 ubiquitin ligase, Hrd1p, concomitant with retrotranslo-
cation in a process collectively known as ERAD-lumenal, or
ERAD-L (7–10). Proteins with misfolded lesions within the
ER membrane (ERAD-M substrates) also employ Hrd1p, and
it has been proposed that this ligase directly recognizes this
type of folding lesion (11). The ERAD of proteins with cytoso-
lic lesions utilizes the ERAD-C (cytosolic) pathway and em-
ploys molecular chaperones that are localized in the cytosol as
well as a different ubiquitin ligase, Doa10p (6, 12, 13). Inter-
estingly, some terminally misfolded substrates rely on both E3
ligases when expressed in yeast, suggesting that multiple path-
ways may be required to recognize and dispose of proteins
with complex folding lesions (12, 14–16).
Irrespective of the ERAD pathway employed, the retro-

translocation of most substrates relies upon the Cdc48p com-
plex, which consists of the homohexameric Cdc48p and two
adaptor proteins, Npl4p and Ufd1p (17–23). Cdc48p, the
yeast homolog of p97/valosin-containing protein (p97/VCP),
is a multifunctional member of the AAA (ATPases associated
with various activities) family (24). In addition to a role for
Cdc48 in protein catabolism, Cdc48p is linked to cell division,
Golgi and ER membrane dynamics, autophagy, DNA replica-
tion, and cell survival (25–30). Regardless of its specific role,
Cdc48p (like other AAA proteins) is thought to couple ATP
hydrolysis with significant changes in the conformation of its
targets (31), and the specificity of Cdc48p function relies on
the cofactors to which it binds (32).
To date, many Cdc48p cofactors have been identified, but

only a few of these cofactors are functionally defined. For ex-
ample, Ubx1p, also known as Shp1p, was originally isolated as
a suppressor of phosphoprotein phosphatase 1 overexpression
but was later found to participate in vesicle fusion, the spindle
checkpoint, and ubiquitin-mediated degradation of select
substrates (33–36). Ubx1p is one member of a larger group of
generally uncharacterized UBX domain-containing proteins
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(37). The UBX domain mediates binding to Cdc48p, and its
tertiary structure resembles ubiquitin. Other members of the
UBX family, such as Ubx2p, Ubx4p, Ubx6p, and Ubx7p, have
also been linked to ubiquitin-mediated protein degradation
(34, 38–40). Some data suggest that Ubx2p may anchor the
Cdc48p-Npl4p-Ufd1p complex to the ER membrane, and
ubx2� yeast exhibit ERAD defects (34, 40–43).

Another group of Cdc48p-associated proteins were isolated
as UFD (ubiquitin fusion degradation protein) mutants (44).
As noted above, Ufd1p is a Cdc48p partner and is required for
ERAD. Ufd2p is a Cdc48p-associated ubiquitin chain assem-
bly factor, catalyzing the extension of ubiquitin chains and
increasing the rate of ERAD substrate degradation (45, 46).
Ufd3p, also known as Doa1p, is a WD40 repeat protein that
binds ubiquitin and can reside in a complex with Cdc48p (47–
49). Additionally, a deubiquitinating enzyme, known as
Otu1p, binds the Cdc48p complex, and antagonistic interac-
tions among Ufd2p and Ufd3p-Otu1p have been observed
(50). Nevertheless, it is unknown how the function of Cdc48p
during ERAD is altered by most of these partners and whether
additional, ill characterized partners of Cdc48p also impact
ERAD.
In this paper, we report on the characterization of a new

Cdc48p cofactor that is encoded by the YDR049 open reading
frame in the yeast, Saccharomyces cerevisiae. Large scale yeast
proteomic studies uncovered Ydr049p in a multiprotein com-
plex that contains Cdc48p (51). Deletion of YDR049 was also
observed to exhibit mild synthetic growth defects in yeast
compromised for the DOA (degradation of �) pathway (52),
and of note, Doa10p and Doa1p (Ufd3p) were first isolated
through the DOA screen. Moreover, yeast lacking YDR049
were reported to exhibit synthetic interactions in karmellae-
forming yeast, suggesting a role in ER membrane homeostasis
(53). Here, we show that YDR049 deletion affects the ERAD of
a model transmembrane substrate, the cystic fibrosis trans-
membrane conductance regulator (CFTR), and that YDR049
exhibits genetic interactions with select members of the UBX
and UFD protein families. In some cases, the genetic interac-
tion is evidenced by increased sensitivity to ER and oxidative
stressors, and in other cases, it is shown by synergistic ERAD
defects. Finally, we show that increased levels of ubiquitinated
species are associated with Cdc48p in ydr049� yeast.

EXPERIMENTAL PROCEDURES

Yeast Strains, Plasmids, and Growth Assays—Most yeast
strains employed in this study (supplemental Table 1) were in
the BY4742 background and were obtained from Open Bio-
systems (Thermo Scientific) or were made by disrupting the
gene by homologous recombination using resistance marker
cassettes amplified from the plasmid pRS400 (KanMX4) or
pFA6-His3MX (His3MX) (54, 55). Synthetic primers used to
construct linear DNA strands for gene disruption contained
50–100 bp of sequence homology as well as sequences to am-
plify the cassette. A complete list of primers used to make the
strains in this study is provided in supplemental Table 2.
Yeast harboring more than one gene deletion were made by
standard genetic techniques (56). In brief, strains were mated
on rich medium (YPD: 1% yeast extract, 2% peptone, 2% dex-

trose), and after 4–6 h at 30 °C, diploids were selected on syn-
thetic complete medium lacking both lysine and histidine.
Diploids were nitrogen-starved for 3–7 days in sporulation
medium (1% KOAc, 0.1% Bacto yeast extract, 0.05% dextrose)
prior to tetrad dissection. The resulting germinated spores
were screened on the appropriate medium, and deletions
were confirmed by PCR. To introduce the cdc48-3 allele into
the BY background, a cdc48-3 strain (MATa, his4-619, leu2,3-
112, ura3, pep4�::URA3, cdc48-3) in a S288C background
(57) was crossed against a BY strain of the opposite mating
type. The resulting cdc48-3 strain from this genetic cross was
backcrossed three additional times against the BY back-
ground. The cdc48-3 strain derived from these backcrosses
(supplemental Table 1) was then used.
The plasmids used in the study (supplemental Table 3)

were described previously or created by PCR amplification
and cloned as follows. For the construction of C-terminal
HA- or Myc-tagged Cdc48p constructs, two PCR fragments
were generated and ligated together into the desired plasmid.
The first fragment was amplified with the forward primer 5�-
TTGCGGCCGCGGTGGCCAGCCCAAGAAACGGA and
the reverse primer 5�-ACGGATCCACTATACAAATCAT-
CATCTTCC. These primers were synthesized with a NotI
restriction site in the forward primer and a BamHI restriction
site in the reverse primer (underlined). The resulting PCR
product started 437 bp upstream of the ORF and contained
the entire CDC48ORF minus the termination codon. The
second fragment was PCR-amplified in a reaction with either
the forward primer 5�-ACGGATCCTACCCATACGACGT-
CCCAGACTACGCTTAGTAGTTATATGCCAGGTATAT-
TTTTATTTTAAATCG for the HA-tagged constructs (the
HA tag sequence is in boldface type) or the forward primer
5�-ACGGATCCGAACAAAAACTCATCTCAGAAGAGG-
ATCTGTAGTAGTTATATGCCAGGTATATTTTTATTT-
TAAATCG for Myc-tagged constructs (the Myc tag sequence
is in boldface type), paired with the reverse primer 5�-AGCT-
CGAGACGACCGAGGTCCTACAGCCT. Both forward
primers contained a BamHI site, whereas the reverse primer
contained an XhoI site (underlined). The resulting PCR frag-
ments encoded either a single in-frame copy of the HA or
Myc epitope tag followed by the termination codon in dupli-
cate and 221 bp of the 3� intergenic sequence. The PCR frag-
ments were restriction-digested and gel-extracted prior to
ligation into a pRS315 plasmid that was similarly digested
with NotI and XhoI (58). Sequence-verified constructs were
used to create a library of expression vectors in the pRS316,
pRS425, and pRS426 backbones (58, 59).
To generate plasmids for the expression of an untagged

form of Cdc48p, the forward primer 5�-TTGCGGCCGCGG-
TGGCCAGCCCAAGAAACGGA and the reverse primer
5�-AGCTCGAGACGACCGAGGTCCTACAGCCT were
used in a PCR. The PCR fragment, which contained the full-
length, untagged CDC48 gene, was digested with NotI and
XhoI (underlined) and cloned into pRS315 (58). Sequence-
verified constructs were used to create a library of expression
vectors in the pRS316, pRS425, and pRS426 backbones (58,
59). A similar ligation strategy was used to clone the tagged
and untagged versions of YDR049. The first fragment was
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amplified using the forward primer 5�-CTGCGGCCGCTTC-
TTGGAGGAGTGCCACAG and the reverse primer 5�-ACG-
GATCCGTATTTCTTTTTCATCCTTTCTTCTGCG. The
forward primer contains a NotI site, whereas the reverse
primer contains a BamHI site (underlined). This PCR frag-
ment contains 341 bp upstream of the ORF and the entire
YDR049ORF except the termination codon. For the second
fragment, either the forward primer 5�-ACGGATCCTACC-
CATACGACGTCCCAGACTACGCTTGATGAGGAATA-
TCTCATATTCAAATTTTTAGG for the HA-tagged con-
struct (in boldface type) or the forward primer 5�-ACGGAT-
CCGAACAAAAACTCATCTCAGAAGAGGATCTGTGA-
TGAGGAATATCTCATATTCAAATTTTTAGG for the
Myc-tagged construct (in boldface type) was used in a PCR
with the reverse primer 5�-CGGTCGACGGCGTCATTTTC-
GCGTTGAG. Both forward primers contained BamHI sites
(underlined), whereas the reverse primer contained a SalI
restriction site (underlined). The resulting PCR fragment con-
tained the HA or Myc tag followed by a termination codon
in duplicate and 227 bp of the 3� intergenic sequence. For
untagged YDR049 constructs, the forward primer 5�-CTGC-
GGCCGCTTCTTGGAGGAGTGCCACAG and the reverse
primer 5�-CGGTCGACGGCGTCATTTTCGCGTTGAG
were paired in the PCR. The primers contained a NotI and
SalI restriction site, respectively. Cloning was done as
described for the tagged and untagged forms of CDC48.
To examine the growth of yeast under various conditions,

log phase cells grown at 26 °C were harvested and resus-
pended in sterile water to a final A600 of 1.0. 10-fold serial di-
lutions were spot-plated on the indicated medium and grown
for 2–6 days at 30 or 38 °C.
Assays for ERAD and the Degradation of Other Substrates—

To assess the rate of CFTR and Ste6p* degradation, the ap-
propriately transformed strains (supplemental Table 1) were
grown to log phase (A600 � 0.5–1.5) in selective medium at
26 °C. The cells were then harvested and resuspended to a
final A600 of 1.0. 1 ml of cells was taken as the zero time point.
Next, cycloheximide was added to a final concentration of
100–200 �g/ml, and cells were incubated at 30 °C for Ste6p*
or 40 °C for CFTR (45, 60). Aliquots were removed at the in-
dicated time points. Samples were mixed with NaN3 (final
concentration, 10 �M) and processed as described previously
(61). Data were quantified using ImageJ version 1.42q soft-
ware (62). The degradation of an HA epitope-tagged form of
CPY* (63) was also assessed by cycloheximide chase analysis,
as described above, except that the cells were incubated at
30 °C during the chase.
The pulse-chase analysis of CFTR-HA was performed as

previously described (14). Briefly, 30 ml of cells were grown
overnight to log phase, harvested, and resuspended in me-
dium lacking methionine and cysteine to a final A600 of 6/ml.
Cells were labeled for 1 h with 35S-labeled methionine
(PerkinElmer Life Sciences) at a final concentration of 100
�Ci/ml. A zero time point was then taken, and cells were
chased with cold methionine and cysteine. Cells were dis-
rupted by glass bead lysis, and the crude lysate was solubilized
in 12.5 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% SDS. The ly-
sate was then diluted with immunoprecipitation buffer (50

mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% deoxycholic acid, 1%
Triton X-100) so that the final concentration of SDS was
0.1%. CFTR-HA was immunoprecipitated from the solubi-
lized lysate with anti-HA-agarose (Roche Applied Science),
and immunoprecipitated material was separated by SDS-
PAGE and subject to autoradiography.
The degradation of a galactose-inducible version of a ubiq-

uitin-proline �-galactosidase chimera was measured by pulse-
chase analysis as described previously (64). In brief, cells were
grown to saturation, harvested, and resuspended to an A600 of
�3/ml in medium lacking methionine. Next, 35S-labeled me-
thionine (PerkinElmer Life Sciences) was added to a final con-
centration of 11 �Ci/�l, and total protein was labeled for 15
min at 30 °C. Cycloheximide was added to a final concentra-
tion of 500 �g/ml, aliquots were removed at the indicated
time points, and samples were processed. The precipitated
chimeric protein was visualized by phosphorimaging analysis
on a Fujifilm BAS-2500, and the data were quantified using
ImageJ version 1.42q software (62). The degradation of a
Deg1-�-galactosidase fusion was assessed by cycloheximide
chase analysis as described (48).
Preparation of Yeast Subcellular Fractions and Indirect Im-

munofluorescence Microscopy—Yeast cytosol was prepared by
liquid nitrogen lysis as described previously (65). In brief, 4–6
liters of cells were grown to log phase, harvested, and resus-
pended in Buffer 88 (20 mM HEPES, pH 6.8, 150 mM KOAc,
250 mM sorbitol, 5 mM MgOAc). The suspension was then
poured into liquid nitrogen and pulverized in a Waring
blender for 10 min. The resulting mixture was thawed and
clarified by centrifugation at 300,000 � g. The final concen-
tration of cytosol was �20–30 mg/ml and was stored at
�80 °C.
Yeast microsomes were prepared as described previously

(45, 66, 67) from 1–2 liters of log phase cells that were sphero-
plasted, lysed in a Potter-Elvehjem homogenizer, and isolated
by differential centrifugation. The enriched ER-derived mi-
crosomes were resuspended in Buffer 88 to a final A280 of 40
(as measured in 2% SDS) and stored at �80 °C.
The subcellular localization of Ydr049p was determined by

a previously reported method (68) in which log phase cells
were harvested, washed, and lysed with glass beads. After un-
broken cells were removed by centrifugation at 3,000 � g for
5 min, a crude membrane fraction was obtained as the pellet
after a 16,000 � g centrifugation for 15 min, and the superna-
tant constituted a crude cytosolic fraction. The crude cytoso-
lic fraction was clarified by centrifugation at 150,000 � g for
15 min. 10 �l of total lysate and each membrane and cytosol
fraction were subject to SDS-PAGE and Western blotting
with the indicated antibodies.
The subcellular residence of Ydr049p was also determined

by indirect immunofluorescence microscopy, as described
previously (69). Diploid strains lacking YDR049 and express-
ing an HA-tagged form of Ydr049p from an episomal CEN
plasmid were grown to log phase. Cells were fixed by adding a
one-tenth volume of 37% formaldehyde and incubating at
room temperature for 60 min. Cells were harvested and
washed twice with Solution A (1.2 M sorbitol, 50 mM KPO4,
pH 7.0) and were then treated with 2 �g/ml zymolyase 20T
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(MP Biomedicals) resuspended in Solution A for 30–40 min.
Following treatment, cells were pelleted and washed twice
with Solution A and resuspended in 200 �l of Solution A. A
total of 25–30 �l of cells were pipetted onto polylysine-
treated slides and allowed to adhere for 30 min at room tem-
perature. Loose cells were aspirated, and the slides were
washed once with PBS, 0.1% BSA, followed by two washes
with PBS, 0.1% BSA, 0.1% Nonidet P-40. The samples were
incubated overnight at 4 °C with primary antibodies against
yeast BiP/Kar2p (1:2000) and the HA epitope tag (1:500) that
were resuspended in PBS, 0.1% BSA. Next, the samples were
washed one time each with PBS, 0.1% BSA and PBS, 0.1%
BSA, 0.1% Nonidet P-40. Samples were then incubated with a
1:2000 dilution of AlexaFluor-conjugated secondary antibod-
ies (Invitrogen; goat anti-rabbit 594 and goat anti-mouse 488)
resuspended in PBS, 0.1% BSA for 1–2 h at room tempera-
ture. The slides were then washed once with PBS, 0.1% BSA;
twice with PBS, 0.1% BSA, 0.1% Nonidet P-40; and once with
PBS, 0.1% BSA. Anti-fade mounting medium plus DAPI (In-
vitrogen) was laid on top of each sample before applying a
coverslip that was sealed with nail polish. Images were cap-
tured by QED software using a Hamamamatsu camera at-
tached to an Olympus BX-60 microscope. Images were ana-
lyzed using ImageJ version 1.42q (62).
Measurements of Substrate Ubiquitination—In vitro ubiq-

uitination reactions were performed as described previously
(45). In brief, microsomes, cytosol, an ATP-regenerating sys-
tem, and 125I-labeled ubiquitin were mixed and incubated at
room temperature for 1 h. Yeast membranes were then solu-
bilized with detergent, and the ERAD substrate was immuno-
precipitated with a mixture of anti-HA antibody and protein
A-Sepharose (GE Healthcare). The precipitated material was
washed with 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM

EDTA, 1% Triton X-100, 0.2% SDS and then released from
the beads with SDS-PAGE sample buffer (80 mM Tris-HCl,
pH 8.0, 8 mM EDTA, 3.5% SDS, 15% glycerol, 0.08% Tris base,
0.01% bromphenol blue) containing freshly added DTT (100
mM) and heating at 37 °C for 30 min. The resulting 125I-ubiq-
uitinated material was resolved on a 6% SDS-polyacrylamide
gel and was detected by phosphorimaging analysis, as de-
scribed above. Unmodified CFTR was visualized by Western
blotting using anti-HA antibody. Data were quantified using
Image Gauge version 4.0 or ImageJ version 1.42q (62).
The immunoprecipitation and detection of in vivo ubiquiti-

nated CFTR was carried out as described previously (70). A
total of 100 ml of cells were grown overnight to log phase and
were harvested and disrupted by glass bead lysis. Unbroken
cells were sedimented by low speed centrifugation, and mem-
branes were sedimented at 18,000 � g for 20 min in a refriger-
ated table top centrifuge and resuspended in Buffer 88 to an
A280 of 40 as measured in 2% SDS. Membranes were solubi-
lized in 1% SDS at 37 °C for 30 min, and the solubilized ERAD
substrate was immunoprecipitated with anti-HA-conjugated
agarose (Roche Applied Science). The immunoprecipitated
substrate was released with SDS-PAGE sample buffer con-
taining freshly added DTT and heating at 37 °C for 30 min.
The protein was then resolved by SDS-PAGE and transferred
to nitrocellulose as in a standard Western blot except with the

following modification. After the transfer to nitrocellulose
was complete, the nitrocellulose membrane was sandwiched
between two sheets of Whatman filter paper and placed in a
boiling water bath for 45 min. The sandwiched blot was al-
lowed to cool to room temperature, and after blocking, the
ubiquitinated species were detected using anti-ubiquitin
antibody.
Immunoprecipitation of Cdc48p and Detection of Cdc48p-

associated Ubiquitinated Proteins—To monitor the associa-
tion between Cdc48p and Ydr049p, cells lacking YDR049
were transformed with CEN plasmids containing a C-terminal
Myc-tagged version of Cdc48p and/or a C-terminal HA-
tagged version of Ydr049p (supplemental Table 3) or vectors
expressing untagged versions. The transformed cells were
grown in selective medium to log phase, harvested by low
speed centrifugation, resuspended in Buffer 88 (which was
supplemented with 1 mM PMSF, 1 �g/ml leupeptin, 0.5 �g/ml
pepstatin A, and 10 mM N-ethylmaleimide), and then dis-
rupted with glass beads by vigorous agitation on a Vortex
mixer 10 times for 30 s, followed by a 30-s incubation on ice.
The extract was removed and reserved, and the beads were
washed with an equal volume of Buffer 88, which was then
pooled with the reserved extract. Unbroken cells were re-
moved by centrifugation at 1,500 � g for 5 min at 4 °C. A por-
tion of the resulting supernatant represented the total lysate,
and the protein concentration was estimated by adjusting the
A280 in 2% SDS such that the absorbance was 40 (i.e. a protein
concentration of �10 mg/ml). To separate membrane and
cytosolic fractions, the total lysate was centrifuged at
150,000 � g for 20 min at 4 °C. The resulting membrane frac-
tion was washed one time with Buffer 88 and then resus-
pended in Buffer 88 such that the final A280 in 2% SDS was 40
(i.e. a protein concentration of �10 mg/ml). The protein con-
centration of the cytosol was estimated using the Bio-Rad
protein assay kit. To immunoprecipitate the tagged proteins,
200 �g of lysate, cytosol, and membrane proteins were treated
as follows. The total and membrane fractions were solubilized
on ice for 30 min in Buffer A (20 mM HEPES, pH 7.4, 150 mM

NaCl, 1% Triton X-100). Then an equal amount of Buffer B
(20 mM HEPES, pH 7.4, 150 mM NaCl) was added so that the
final concentration of Triton X-100 was 0.5%. For consis-
tency, the cytosolic extract was treated on ice for 30 min by
adding Triton X-100 to a final concentration of 0.5%. For each
fraction, insoluble material was removed by centrifugation at
16,000 � g for 10 min at 4 °C, and the volume was brought up
to 500 �l with Buffer C (20 mM HEPES, pH 7.4, 150 mM NaCl,
0.5% Triton X-100) prior to immunoprecipitation with anti-
HA- or anti-Myc-conjugated agarose The immunoprecipitate
was washed once with Buffer C and three times with Buffer D
(20 mM HEPES, pH 7.4, 300 mM NaCl, 0.5% Triton X-100),
and the bound proteins were released with SDS-PAGE sample
buffer, as described above.
To examine Cdc48p association with ubiquitinated pro-

teins, yeast cultures containing 100 ml of log phase cells har-
boring the Cdc48p-HA expression vector or a vector control
were either left untreated or treated with 50 �M MG132 for
1 h. Cell disruption was performed using the medium scale
preparation, as described previously (45), and all buffers, in-
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cluding SDS-PAGE sample buffer, were supplemented with 1
mM PMSF, 1 �g/ml leupeptin, 0.5 �g/ml pepstatin A, and 10
mM N-ethylmaleimide. The cells were harvested and dis-
rupted with glass beads, and following the removal of unbro-
ken cells, the crude extract was loaded onto a 1.0 M sucrose
cushion, and the mixture was centrifuged at 6,900 � g in a
Sorvall HB-6 swinging bucket rotor for 10 min at 4 °C. The
material residing above the cushion is enriched for ER-de-
rived microsomes, and this was collected by centrifugation at
20,200 � g for 10 min at 4 °C in a Sorvall SS-34 rotor. The
microsomes were washed and resuspended in Buffer 88 to a
final A280 (measured in 2% SDS) of 40. To immunoprecipitate
epitope-tagged Cdc48p, 20 �l of membranes were solubilized
with 1% Triton X-100 in Buffer A (see above) for 30 min on
ice. The solubilized material was then diluted with Buffer B
(see above) so that the final concentration of Triton X-100
was 0.5%. Insoluble material was pelleted by centrifugation at
16,000 � g for 10 min at 4 °C, and the clarified, soluble mate-
rial was brought to a final volume of 500 �l with Buffer C (see
above) prior to immunoprecipitation with anti-HA-agarose
(Roche Applied Science). The immunoprecipitate was washed
three times with Buffer C, and the bound proteins were eluted
with SDS-PAGE sample buffer, as described above. After
SDS-PAGE, the resolved proteins were transferred to a nitro-
cellulose membrane, and the membrane was treated as de-
scribed above.
Antibodies and Immunoblot Analysis—Antibodies used in

this study included anti-HA (Roche Applied Science); anti-
Myc (Santa Cruz Biotechnology, Inc., Santa Cruz, CA); anti-
ubiquitin (Santa Cruz Biotechnology, Inc.); anti-Cdc48p
(Schizosaccharomyces pombe, a kind gift from Dr. Rasmus
Hartmann-Petersen); anti-Ufd2p, -Ufd3p, -Ubx1p, and
-Ubx2p (a kind gift from Dr. Alexander Buchberger); anti-
Otu1p and -Ufd1p (a kind gift from Dr. Stefan Jentsch); and
monoclonal anti-yeast BiP/Kar2p (a generous gift from Dr.
Mark Rose). Immunoblots were decorated with the indicated
primary antibodies and appropriate HRP-conjugated anti-
mouse or anti-rabbit IgG secondary antibodies. The HRP-
chemiluminescent signal was visualized by enhanced chemi-
luminescence (Pierce). Images were captured on a Kodak
Image Station 440CF (Eastman Kodak Co.) and were analyzed
using ImageJ version 1.42q (62).

RESULTS

Ydr049p/Vms1p Resides Primarily in the Cytoplasm—Con-
comitant with the work presented here, the S. cerevisiae
YDR049 gene was implicated in maintaining the viability of
cells exposed to mitochondrial and oxidative stressors. Al-
though the protein was primarily cytoplasmic, during mito-
chondrial stress, Vms1p was found associated with the mito-
chondrial membrane (71). Additionally, it was shown that
deletion and knockdown, respectively, of the yeast and Cae-
norhabditis elegans homolog decreased life span (71). Based
on the fact that the gene product functions in the context of
Cdc48p/p97/VCP, the gene was named VMS1 (VCP-associ-
ated mitochondrial stress-responsive-1). However, because of
the attributes of Ydr049p/Vms1p, as outlined in the Introduc-
tion, we chose to explore its function as a component of the

Cdc48p complex and during ERAD. We also wished to ex-
plore whether VMS1 interacted with genes encoding other
Cdc48p-associated factors. For simplicity, we will refer here-
after to the protein/gene as Vms1p/VMS1.
To probe the localization of Vms1p in yeast during normal

cell growth, we constructed a C-terminal, HA epitope-tagged
version of Vms1p. The protein’s expression was controlled by
the endogenous promoter, and the gene was maintained on a
single copy CEN plasmid. By taking advantage of the fact that
yeasts lacking VMS1 are cycloheximide-sensitive (72), we es-
tablished that Vms1p-HA was functional because it rescued
the growth of vms1� cells in the presence of cycloheximide
(supplemental Fig. S1A). Next, we used differential centrifu-
gation to assess the localization of Vms1p. As shown in Fig.
1A, Vms1p appears to reside in both membrane-associated
and soluble fractions but is predominantly a cytosolic protein.
In this experiment, we also monitored the localization of
Sec61p, which is an ER membrane protein (73), and Sse1p,

FIGURE 1. VMS1 encodes a cytosolic protein with limited membrane
association. Yeasts deleted for VMS1 were transformed with a low copy
VMS1-HA expression vector whose expression is under the control of the
endogenous promoter (see “Results” for details). A, yeast cells were dis-
rupted, and lysates were processed for SDS-PAGE and immunoblot analysis
as described under “Experimental Procedures.” The ER membrane protein,
Sec61p, and the cytosolic chaperone, Sse1p, served as controls. T, total ly-
sate; P1, membrane pellet after a 16,000 � g centrifugation; S1, supernatant
after 16,000 � g centrifugation; P2, membrane pellet derived from S1 after
150,000 � g centrifugation; S2, supernatant derived from S1 after the
150,000 � g spin. A total of 10 �l of each fraction was analyzed. B, yeast
cells were fixed and decorated with anti-HA antibody to detect Vms1p and
anti-BiP (Kar2p), an ER-resident protein, and the appropriate secondary
fluorescence-conjugated antibodies. DAPI staining was used to detect nu-
clear and mitochondrial DNA.
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which like Vms1p is primarily a cytosolic protein but exhibits
partial membrane residence (74). To further analyze the resi-
dence of Vms1p, we performed indirect immunofluorescence
microscopy. As seen in Fig. 1B, Vms1p-associated fluores-
cence was primarily cytoplasmic and in some cases enriched
in large intracellular punctae. In some cells, these bodies ap-
peared to reside just at the periphery of the ER, as evidenced
by the signal corresponding to yeast BiP, Kar2p. These bodies
did not colocalize with mitochondria-derived DAPI staining
(Fig. 1B, bottom). As assessed by indirect immunofluores-
cence, the localization of Cdc48p is also primarily cytosolic,
except in late G1, and can also be visualized in large bodies
that reside peripherally to the ER in some cells (75).
Vms1p Is Associated with Cdc48p in both Cytosol and Mem-

brane Fractions—Large scale proteomic studies identified
Vms1p as a component of a multiprotein complex that in-
cluded Cdc48p (51). Because a large number of false-positives
can arise from proteomic analyses, we next wished to confirm
that Vms1p and Cdc48p can be co-precipitated. We therefore
performed reciprocal co-immunoprecipitations with a C-ter-
minal Myc-tagged version of Cdc48p and the HA-tagged form
of Vms1p. Expression of the tagged version of Cdc48p res-
cued the growth of cdc48-3 yeast at a non-permissive temper-
ature (supplemental Fig. S1B), indicating that Cdc48p-Myc is
active. We then isolated cytosolic and membrane fractions
from cells grown in the absence of stress to determine
whether Cdc48p and Vms1p co-precipitate. As shown in Fig.
2, Vms1p and Cdc48p can be co-precipitated when a total
yeast lysate is examined (T) and when both membrane (M)
and cytosolic (C) fractions are examined. As controls for this
experiment, co-precipitation was absent when cells expressed
untagged versions of either protein. We also noted that signif-
icantly more Cdc48p resided in the cytosol than at the mem-
brane and that the amount of Vms1p associated with Cdc48p
reflected this distribution (Fig. 2A). In contrast, when Vms1p
was precipitated (Fig. 2B), approximately equal amounts of
the protein resided at the membrane and in the cytosol, but in

both cases again Cdc48p co-precipitated with Vms1p. Further
evidence for the functional significance of Vms1p-Cdc48p
interaction is provided by a synthetic growth phenotype in
vms1� yeast that simultaneously harbors a temperature-sen-
sitive allele of CDC48 (supplemental Fig. S1C). Given that
Vms1p can localize and associate with the Cdc48p complex at
the mitochondrial membrane in the presence of mitochon-
drial and oxidative stressors (71), we also tested directly
whether Vms1p associates with the Cdc48p complex at the
ER membrane. To this end, Vms1p-HA was immunoprecipi-
tated from highly enriched ER fractions, and the resulting
precipitate was blotted for Cdc48p. As shown in supplemental
Fig. S1D, Cdc48p was coimmunoprecipitated with
Vms1p-HA from ER-enriched fractions but not from strains
that contained an untagged version of Vms1p. Because
Vms1p contains a VCP/p97-interacting motif domain (71),
which is known to mediate direct interactions with VCP/p97,
it is likely that Vms1p and Cdc48p directly associate. We also
observed reproducible interactions between Vms1p-HA and
Ubx2p and Ufd3p (supplemental Fig. S2). Together, these
data indicate that Vms1p is a component of a Cdc48p com-
plex that exists both in the cytosol and at the ER membrane.
Yeast Lacking VMS1 Exhibit Slowed Degradation of CFTR,

an Integral Membrane ERAD Substrate—As described in the
Introduction, Cdc48p plays a well defined role during ERAD.
To test if Vms1p function is also important for ERAD, we per-
formed degradation assays with a panel of well established
ERAD substrates. We found first that CFTR degradation was
modestly slowed in vms1� yeast (Fig. 3, compare filled versus
unfilled squares) and that the CFTR degradation defect was
fully recoverable when an extrachromosomal copy of VMS1

FIGURE 2. Vms1p and Cdc48p co-precipitate. VMS1-deleted cells were
transformed with a plasmid engineered for the expression of a functional,
Myc-tagged version of Cdc48p and/or with the HA-tagged version of
Vms1p. As controls, untagged versions of each protein were introduced
into each strain. The resulting transformants were disrupted, and portions
of the total lysate (T), the membrane fraction (M), and the cytosolic fraction
(C) were subject to immunoprecipitation (IP) with anti-Myc (A) or anti-HA (B)
antibodies and were processed as described under “Experimental Proce-
dures.” The immunoprecipitated proteins were resolved by SDS-PAGE and
subjected to immunoblot analysis with the indicated antibodies.

FIGURE 3. Loss of VMS1 results in compromised ERAD efficiency. The
degradation of CFTR was assessed by cycloheximide chase assay, as de-
scribed under “Experimental Procedures.” Each cell type was transformed
with a CFTR-HA expression plasmid and was co-transformed with either an
empty vector or a plasmid containing VMS1 driven by its endogenous pro-
moter. Wild-type cells containing the empty vector control are represented
by black squares, vms1� cells containing an empty vector are represented
by white squares, and vms1� yeasts containing the extrachromosomal copy
of VMS1 are represented by gray squares. Data represent the means of six
independent determinations � S.D. (error bars); p � 0.01 for the 120 min
time point, and p � 0.05 for the 60 min time point, when comparing the
extent of degradation in the wild type and the vms1� strains. Representative
images corresponding to this experiment are shown in the bottom panels.
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was introduced (Fig. 3, gray squares). The CFTR degradation
defect caused by VMS1 loss was reproducible by pulse-chase
analysis (supplemental Fig. S3). Interestingly, vms1� yeast
proficiently degraded several other ERAD substrates, includ-
ing Ste6p* and CPY* (supplemental Fig. S4, A and B). More-
over, the degradation of an N-end rule substrate, the ubiq-
uitin-proline �-galactosidase chimera, and the DOA pathway
substrate, Deg1-�-galactosidase, were unaffected (data not
shown). Based on these results, we conclude that loss of
Vms1p modestly affects the ERAD of select substrates.
Cdc48p was recently linked to autophagy (27, 76, 77). To

rule out the possibility that the degradation defects were a
result of other catabolic mechanisms, such as autophagy, we
looked at the processing of Ape1p/Lap4p as a measure of cy-
toplasmic to vacuole transport/autophagic induction under
optimal and nitrogen-starved conditions (78). As seen in sup-
plemental Fig. S5, Ape1p/Lap4p processing was apparent in
both wild-type and vms1� cells and under both optimal
growth and nitrogen-starved conditions. As anticipated, pro-
cessing was absent in a strain lacking ATG8. Thus, it appears
that the induction of autophagy is not affected by the loss of
VMS1.
VMS1 Genetically Interacts with Members of the UBX and

UFD Gene Families during ERAD—Cdc48p is a multifunc-
tional protein that physically interacts with a large number of
cofactors. It is unlikely that all of these cofactors are bound
simultaneously to Cdc48p (37). Indeed, evidence indicates
competition between distinct cofactors (50, 79). However, the
many complex genetic interactions between Cdc48p partners
have not been fully explored.
Based on the data presented above, we hypothesized that

Vms1p might act in parallel and/or complementary with es-
tablished Cdc48p partners during ERAD and in the presence
of specific stress-inducing agents. Therefore, we performed
genetic crosses between vms1� yeast and strains lacking the
genes encoding select Cdc48p cofactors (Table 1). We focused
on UBX domain-containing proteins because yeasts lacking
the genes encoding some members of the UBX family (UBX1
and UBX4) share phenotypes with vms1� (e.g. cycloheximide
and rapamycin sensitivity) and because most of the UBX and
UFD proteins have not been examined for their roles during
ERAD. Therefore, the resulting tetratype progeny were first
screened for growth on tunicamycin- and cadmium-contain-
ing media, which induce ER and heavy metal stress, respec-
tively. Under each condition, an exaggerated requirement for

the protein quality control machinery is evident. In these as-
says, yeasts deleted for IRE1, which is required to induce the
unfolded protein response (80), were used as a positive con-
trol for sensitivity on tunicamycin, and yeasts deleted for
RPN4, which is required for the induction of genes encoding
proteasome subunits (81), were used as a positive control for
sensitivity on cadmium. Consistent with previous data, we
observed that yeast deleted for UBX1 were sensitive to tunica-
mycin (72), but we also noted that deletion of VMS1 exacer-
bated the growth defect (see Table 1 (growth defects are de-
noted by a plus sign, and a heightened defect is denoted by a
double plus sign); also see Fig. 4 for select examples of syner-
gistic growth defects). This result suggests that Ubx1p, which
is the yeast homolog of the p97 partner, p47, may contribute
to ER homeostasis (see below). In addition, we discovered that
VMS1 interacted genetically with other genes encoding
Cdc48p cofactors, including UBX2, UBX3, UBX4, and UFD3,
when growth was assessed in the presence of cadmium. These
data suggest that Vms1p functions in parallel with several
Cdc48p-associated proteins and helps mitigate the toxic ef-
fects of oxidative stress.
Because loss of VMS1 led to a substrate-specific ERAD de-

fect (see above), we reasoned that the simultaneous deletion
of VMS1 and other Cdc48p partners would result in synthetic
effects on ERAD. To date, the coordinated action of Cdc48p
partners during ERAD has not been examined. Therefore, the
degradation of CFTR, as a representative misfolded mem-
brane protein was examined, and the turnover of CPY*, a
model misfolded soluble ERAD substrate, was assessed in
each of the tetratype progeny. The most striking example of a
synergistic ERAD defect was observed when VMS1 and UFD2
were simultaneously deleted. Specifically, we found that
CFTR was significantly stabilized when UFD2 was disrupted
in vms1� cells (Fig. 5A, open triangles). This strong effect is

TABLE 1
Genetic crosses between vms1� yeast and strains lacking genes
encoding select Cdc48p cofactors

Strain
Tunicamycin Cadmium

Single �vms1� Single �vms1�

ubx1� 	 		 	 	
ubx2� � � � 	
ubx3� � � � 	
ubx4� � � � 	
ubx5� � � � �
ubx6� � � � �
ubx7� � � � �
ufd2� � � � �
ufd3� � � � 	

FIGURE 4. VMS1 interacts with genes encoding several Cdc48p partners.
Yeast cells with the indicated genotypes were grown to log phase and har-
vested. The cells were then serially diluted and spot-plated on medium con-
taining either tunicamycin (tuni; A) or cadmium (CdCl2; B). Plates lacking
stressors and on rich medium (YPD) were grown for 2–3 days, plates con-
taining tunicamycin were grown for 2–3 days, and plates containing cad-
mium were grown for 4 – 6 days. All plates were incubated at 30 °C. The im-
ages are representative of several independent experiments.
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comparable with the CFTR degradation defect observed when
Cdc48p function is disabled or when the Hrd1p and Doa10p
ubiquitin ligases are both absent (14). Furthermore, we found
that ufd2� yeasts exhibit a modest delay during the CFTR
degradation time course (Fig. 5A, compare closed triangles
and closed squares), which is reminiscent of the ufd2� defect
when Ste6p* degradation was assessed (45). Finally, we dis-
covered that vms1�ufd2� yeast proficiently degraded CPY*,
and robust growth was noted on stress-inducing media (data
not shown and Table 1). One explanation for these data is
that the ERAD defect in this mutant strain is confined to
ERAD-C substrates. Consequently, the UPR is not induced

under normal growth conditions, and tunicamycin has no
impact on cell growth.
That Vms1p contributes to the ERAD pathway in a sub-

strate-specific manner was also evident in vms1�ubx4� yeast.
Although CPY* degradation proceeded maximally when
VMS1 and UBX4 were individually deleted, the proteolysis of
CPY* was slowed in the double mutant (Fig. 5B). In other
cases, we observed that ERAD defects were notable in mu-
tants lacking a single Cdc48p cofactor, but the absence of
VMS1 had no further effect on ERAD efficiency. For example,
the degradation of CPY* is significantly attenuated in ubx2�
yeast (43), but the magnitude of the defect was not exacer-
bated in vms1�ubx2� yeast (supplemental Fig. S6). This phe-
nomenon was also apparent when the degradation of CFTR
and CPY* were examined in ubx1� and ubx1�vms1� yeast
(supplemental Fig. S7, A and B). Both ERAD substrates were
stabilized in yeast lacking UBX1, regardless of whether VMS1
was present. An ERAD defect in ubx1� yeast has not, to our
knowledge, previously been reported, and the effect on the
degradation of an ERAD-C and ERAD-L substrate in the
ubx1� strain is consistent with the tunicamycin-sensitive
growth phenotype observed in this strain (Table 1 and Fig.
4A). The data in supplemental Figs. S6 and S7 represent the
strongest effects observed, but a variety of other vms1� com-
bined mutants were also examined. A summary of the degra-
dation assays for the ERAD substrates Ste6p* and CPY* (sup-
plemental Fig. S8, A and B) and the N-end rule substrate,
Ub-Pro �-galactosidase (supplemental Fig. S9), in these
strains is provided in the supplemental materials. In brief, we
confirmed first that the deletion of UFD2 slows the degrada-
tion of Ste6p* (45), and we found that the loss of VMS1 in the
strain had no further effect on degradation. Second, we dis-
covered that the loss of both UBX1 and VMS1 slowed the
degradation of Ste6p* (supplemental Fig. S8A). Finally, as an-
ticipated, loss of UBX1, UBX2, or UFD2 slowed degradation
of Ub-Pro �-galactosidase and the results indicated that the
deletion of VMS1 in these backgrounds was without an added
effect on degradation (supplemental Fig. S9).
Substrate Ubiquitination Is Proficient in Yeast Deleted for

VMS1—The results presented above implicate Vms1p as a
contributing factor during the ERAD of specific substrates
and highlight the complex functional interplay among
Cdc48p-associated factors. One mechanism by which Vms1p
might inhibit ERAD is by impeding substrate ubiquitination.
However, because Cdc48p acts after ERAD substrates have
been ubiquitinated, we instead predicted that the loss of
Vms1p would have no effect on substrate ubiquitination; nor
would the loss of VMS1 lead to synergistic effects on ubiquiti-
nation in mutant strains with known defects in the ubiquitin
pathway.
To test this hypothesis, we assessed the extent of CFTR

ubiquitination in the ufd2�vms1� strain due to the significant
stabilization of this substrate in the double mutant (Fig. 5A).
We also wished to investigate whether the extent of CFTR
ubiquitination decreased in ufd2� yeast because Ufd2p is re-
quired for ubiquitin chain extension, and the loss of UFD2
results in reduced Ste6p* ubiquitination (45). To this end,
CFTR was immunoprecipitated from wild type cells and from

FIGURE 5. ERAD defects are exacerbated in yeast lacking VMS1 and
UFD2 or UBX4. The stability of the indicated ERAD substrate was examined
by cycloheximide chase analysis as described under “Experimental Proce-
dures” at either 40 (A) or 30 °C (B). Anti-HA antibody was used to detect
each epitope-tagged ERAD substrate, and Sec61p served as a loading con-
trol. Data represent the means of three independent experiments � S.D.
(error bars). For the graphs in A and B, wild type cells are represented by
black squares, and vms1� yeast is represented by white squares. Black trian-
gles represent ufd2� in A and ubx4� in B, whereas white triangles represent
vms1�ufd2� in A and vms1�ubx4� in B. Shown at the bottom of each panel
are representative immunoblots that were used to obtain the data in each
graph.
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vms1�, ufd2�, and ufd2�vms1� yeast (Fig. 6A). As a positive
control for this experiment, the amount of ubiquitinated
CFTR in doa10�hrd1� yeast was also measured. As antici-
pated, we first noted that CFTR ubiquitination decreased in
the doa10�hrd1� strain compared with wild type cells (com-
pare lanes 1 and 3) and that a signal corresponding to ubiq-
uitinated CFTR was absent when immunoprecipitations in
the absence of anti-HA antibody were performed (Mock, lane
2). In addition, we noted that the amount of polyubiquitinated
CFTR decreased by �30%, and there appeared to be a shift to
lower molecular weight ubiquitinated species when CFTR was

examined in ufd2�-derived lysates. As predicted, the loss of
VMS1 did not decrease the extent of CFTR ubiquitination,
consistent with Vms1p acting in the ERAD pathway after sub-
strate ubiquitination. In fact, the loss of VMS1 led to a small
but reproducible increase in the amount of ubiquitinated
CFTR, in either the presence (compare lanes 3 and 4) or ab-
sence (compare lanes 5 and 6) of Ufd2p. Similar results were
obtained when the ubiquitination of Ste6p* was monitored in
these strains and in an in vitro ubiquitination assay (data not
shown) (45). Together, these data are consistent with the no-
tion that Vms1p acts in the ERAD pathway after substrate
ubiquitination.
Polyubiquitinated Species Associated with Cdc48p Increase

in vms1� Yeast—Based on the data presented in Fig. 6A and
because Vms1p associates with the Cdc48p complex (Fig. 2),
we next asked whether Vms1p regulates the ability of the
Cdc48p complex to bind ubiquitinated substrates or the abil-
ity of the complex to release substrates. If Vms1p is required
for the association of ubiquitinated substrates with the
Cdc48p complex, then decreased amounts of these substrates
should be associated with the Cdc48p complex in the vms1�
mutant. In contrast, if Vms1p aids in the transfer of substrates
to the proteasome, then increased levels of ubiquitinated pro-
teins should associate with the Cdc48p complex in vms1�
yeast.
To differentiate between these models, we immunoprecipi-

tated Cdc48p under native conditions from ER-enriched
membranes. We then performed an anti-ubiquitin immuno-
blot to detect Cdc48p-associated ubiquitinated species. This
protocol was conducted in a wild type and vms1� strain, and
to minimize the potential for artifacts, expression vectors that
overexpress ubiquitin were not employed. In addition, to bias
the analysis toward the spectrum of proteasome-targeted,
Cdc48p substrates, the wild type and vms1� strains also
lacked the gene encoding the multidrug resistance pump,
PDR5, which sensitizes yeast to proteasome inhibitors (82). In
a control experiment, a signal corresponding to ubiquitinated
proteins was absent when an anti-HA immunoprecipitate
from lysates containing an untagged version of Cdc48p was
examined (Fig. 6B, lanes 1 and 2). Also, as expected, the addi-
tion of MG132 resulted in increased association of ubiquiti-
nated species with the Cdc48p complex (compare lanes 3 and
4). Most striking, we observed an increase in the amount of
ubiquitinated species in association with Cdc48p when solu-
bilized ER membranes from vms1� yeast were examined
(compare lanes 3 and 5), an effect that was significantly en-
hanced when proteasome-mediated degradation was blocked
with MG132 (compare lanes 4 and 6). When the immunopre-
cipitation was performed in the presence of SDS, no ubiquitin
signal was detected (data not shown), indicating that the
ubiquitin profile was not attributable to ubiquitin-modified
Cdc48p. We also found that the levels of free, unconjugated
ubiquitin were constant, regardless of the strain that was used
in this experiment (data not shown). We therefore conclude
that Vms1p plays a role in regulating the population of pro-
teasome-targeted, ubiquitinated species in association with
Cdc48p.

FIGURE 6. Increased levels of ubiquitinated proteins are associated with
the Cdc48p complex in yeast lacking Vms1p. A, the indicated yeast
strains expressing CFTR were grown to log phase, collected, and processed
for an anti-ubiquitin (Ub; top) and anti-HA (CFTR; bottom) immunoprecipita-
tion as described under “Experimental Procedures.” Note that polyubiquiti-
nated CFTR resolves by SDS-PAGE as a smear �140 kDa, which is the ap-
proximate molecular mass of CFTR. B, WT and vms1� cells in which the
PDR5 locus was also disrupted were transformed with either an untagged or
HA-tagged version of Cdc48p. After treatment of each indicated cell type
with MG132 or an equal volume of DMSO for 1 h, ER fractions were isolated,
and the Cdc48p complex was immunoprecipitated (IP) with anti-HA-aga-
rose from Triton X-100-solubilized fractions. The isolated proteins were re-
solved by SDS-PAGE and processed for immunoblot analysis (WB) as de-
scribed under “Experimental Procedures.” The top panel depicts the results
of the immunoblot with anti-ubiquitin antibody, and the bottom panel de-
picts the results of the immunoblot with anti-HA antibodies.
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DISCUSSION

A large and increasing number of Cdc48p-associated part-
ners in yeast have been identified, and with few exceptions,
the activities of most of these partners are not clear. Notable
partners with established activities include Otu1p, a deubiq-
uitinating enzyme; Ufd2p, a ubiquitin extension enzyme (also
referred to as an E4); and Ufd3p, which competes with Ufd2p
and can consequently rescue ubiquitinated proteins from be-
ing destroyed (50, 83). Ubx2p has been reported to help an-
chor the Cdc48p complex to the ER membrane, although the
magnitude of Cdc48p release from the membrane in ubx2�
yeast is variable (40, 43). The Cdc48p complex has also been
found in association with multiprotein membrane complexes
that include Hrd1p and Doa10p (9, 10), and Ufd1p-Npl4p,
which compete with Ubx1p/p47, aid in the binding of ubiq-
uitinated substrates and designate Cdc48p function for
ERAD. In contrast, the functions of most other Cdc48p part-
ners are ill defined, and the list of Cdc48p/p97 partners is
more complex in higher eukaryotes.
In this study, we report on the characterization of a new

Cdc48p partner, the product of the YDR049 gene, which was
recently termed Vms1p (71). Vms1p is a conserved, soluble,
cytosolic protein that exhibits limited residence on mem-
branes in non-stressed cells and is found in the Cdc48p-con-
taining complex. Although the loss of VMS1 leads to a modest
ERAD defect, this phenotype is significantly enhanced when
another Cdc48p partner, UFD2, is deleted. Based on the
growth phenotypes of the vms1� allele in the context of mu-
tations in the genes encoding diverse Cdc48p partners (i.e.
UBX1, UBX2, UBX3, UBX4, and UFD3), we suggest that
Vms1p participates in other quality control and stress relief
pathways in yeast besides ERAD. Indeed, the recent discovery
of Vms1p as a contributor to Cdc48p-associated mitochon-
drial protection under conditions of mitochondrial stress (71)
is consistent with this hypothesis. Of note, an increasing body
of data indicates that cellular quality control processes that
operate under both stressed and unstressed conditions affect
life span (84).
By developing new genetic and biochemical tools, we have

also obtained data consistent with a role for Vms1p as a
Cdc48p substrate release factor in unstressed cells. Namely,
we find that there is an increase in the amount and possibly
the population of ubiquitinated Cdc48p-associated proteins in
vms1� cells. Other factors that may contribute to this critical
step are Rad23p and Dsk2p, which contain both ubiquitin-like
domains and ubiquitin-binding domains (79), and help link
the Cdc48p complex and the proteasome. Future efforts may
indicate whether Vms1p functions in tandem with Rad23p-
Dsk2p to affect the release of ubiquitinated substrates from
the Cdc48p complex. In addition, future efforts may identify
the spectrum of substrates that are enriched in complex with
Cdc48p when the proteasome is disabled and Vms1p function
is ablated (Fig. 6B). We suspect that ERAD substrates as well
as cytoplasmic substrates en route to the proteasome will be
present in association with the Cdc48p complex under these
conditions. An identification of these substrates could lead to
the designation of unique classes of Cdc48p-associated part-

ners and/or substrates: those that require Vms1p function for
release and those that rely on other factors. Alternatively, the
loss of VMS1might lead to the absence of the bona fide re-
lease factor(s). Given the synthetic interactions between
VMS1 and some of the UBX proteins, it is even possible that
Vms1p and the UBX proteins function in parallel at this step
in the ubiquitin-proteasome pathway.
In accordance with this proposal, one UBX protein that was

recently shown to contribute to Cdc48p function and to alter
ERAD efficiency is Ubx4p. Wolf and co-workers (39) recently
reported that ubx4� yeast exhibit a defect in the degradation
of CPY* and Ste6p*, and (as observed in our experiments with
the vms1� allele) loss of UBX4 results in a build-up of ubiq-
uitinated proteins on Cdc48p. Thus, Ubx4p may cooperate
with Vms1p as a release factor. Notably, we observed a ge-
netic interaction between VMS1 and UBX4, and a CPY* deg-
radation defect was enhanced in the double mutant. However,
we failed to observe an ERAD defect for CPY* or CFTR in the
ubx4� mutant (Table 1), possibly because of the unique strain
backgrounds used in our study and in the previously pub-
lished report. The importance of strain background in analyz-
ing the phenotypes in strains deleted for Cdc48p partners is
highlighted by the fact UBX1 is an essential gene in the W303
strain (85), but the knock-out is viable in the BY background,
as employed in this study. Additionally, the single deletion of
UBX2 is not sensitive to cadmium in the BY background but
is sensitive in another genetic background (34).
In our hands, the strongest effect on ERAD was apparent in

the vms1�ufd2� strain. The loss of VMS1 did not exacerbate
the decrease in ubiquitinated proteins or alter the profile of
ubiquitinated proteins observed in the ufd2� strain. However,
the synergistic effect may best be explained by positing that
Ufd2p and Vms1p regulate unique steps in the ERAD path-
way. For example, Ufd2p is required for ubiquitin chain elon-
gation, and consistent with its role as a processivity factor, the
absence of this enzyme does not alter the extent of ubiquiti-
nation but only the rate at which polyubiquitination is
achieved; therefore, ERAD is initially delayed in the ufd2�
strain, but over time, the amount of degradation catches up
with that observed in wild type yeast (Fig. 5) (45). If Vms1p
also catalyzes a relatively slow but non-essential step in the
ERAD pathway, then the combined effect of deleting VMS1
and UFD2may result in synergism. It is also formally possible
that the loss of Vms1p reduces the cellular levels of Ufd2p or
that its absence prevents Ufd2p association with the Cdc48p
complex. We tested these hypotheses but observed wild type
levels of Ufd2p in vms1� yeast and in the Cdc48p complex
(data not shown).
In sum, we provide genetic evidence that a previously un-

characterized Cdc48p partner performs an important house-
keeping function during ER and cellular homeostasis. Con-
sistent with our genetic data that suggest a role for VMS1 in
the ubiquitin-proteasome system, Boone and colleagues (86)
showed that VMS1, UBX1, UBX4, and UFD2 negatively inter-
act with genes that encode non-essential components of the
19 S proteasome particle and PRE9, the only nonessential
component of the 20 S core. These data suggested that
Vms1p, Ubx1p, Ubx4p, and Ufd2p may play a role in sub-

ER-associated Degradation-modifying Genes

FEBRUARY 18, 2011 • VOLUME 286 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 5753



strate recognition, transfer of substrate to the proteasome,
and/or deubiquitination. Considering this proposal in combi-
nation with our genetic and biochemical data, we favor the
view that Vms1p is a regulator of an important but poorly
defined step in the ubiquitin-proteasome pathway, substrate
release from Cdc48p.
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