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Misfolded proteins of the secretory pathway are recognized in
the endoplasmic reticulum (ER), retrotranslocated into the
cytoplasm, and degraded by the ubiquitin-proteasome system.
Right after retrotranslocation and polyubiquitination, they are
extracted from the cytosolic side of the ERmembrane through a
complex consisting of the AAA ATPase Cdc48 (p97 in mam-
mals),Ufd1, andNpl4.This complexdeliversmisfoldedproteins
to the proteasome for final degradation. Extraction, delivery,
and processing of ERAD (ER-associated degradation) substrates
to the proteasome requires additional cofactors of Cdc48. Here
we characterize the UBX domain containing protein Ubx4
(Cui1) as a crucial factor for the degradation of polyubiquiti-
nated proteins via ERAD. Ubx4 modulates the Cdc48-Ufd1-
Npl4 complex to guarantee its correct function.Mutant variants
of Ubx4 lead to defective degradation of misfolded proteins and
accumulation of polyubiquitinated proteins bound to Cdc48.
We show the requirement of the UBX domain of Ubx4 for its
function in ERAD. The observation that Ubx2 and Ubx4 are not
found together in one complex with Cdc48 suggests several dis-
tinct steps in modulating the activity and localization of Cdc48
in ERAD.

Folding states of secretory proteins undergo proofreading
in the endoplasmic reticulum (ER).3 Misfolded proteins are
recognized, removed from the secretory process, channeled
back into the cytosol, and degraded by the ubiquitin-protea-
some system. This process is termed ER quality control and
associated degradation (1–6). Delivery of misfolded proteins
from the ER to the proteasome depends on Cdc48 (p97 in
higher eukaryotes), a member of the AAA ATPase family of
molecular chaperones (7–11), which also plays a role in
ubiquitin-mediated degradation of cytosolic proteins (12,
13). An array of cofactors regulates the activity of Cdc48 and
directs the AAA ATPase to recruitment and processing of
substrate proteins (14–16). A common function of Cdc48 is
the ATP-coupled disassembly of protein complexes and seg-
regation of proteins from their binding partners (14, 17). An

example is the extraction of misfolded polyubiquitinated
proteins from the cytosolic side of the ER membrane to
deliver them to the proteasome for degradation (ERAD) (2,
3, 6). Other processes requiring Cdc48 are the cell cycle, the
activation of transcription factors, and homotypic mem-
brane fusion events (18). Cdc48 can bind polyubiquitinated
proteins via its N-terminal domain (12, 19). More usual,
ubiquitin binding occurs together with one or more of its
many known cofactors. The heterodimeric cofactor Ufd1-
Npl4 supports Cdc48 in the recruitment of polyubiquiti-
nated proteins destined for degradation. It is involved in
several degradation pathways like the ubiquitin-fusion-deg-
radation pathway (13), the OLE pathway (19), and the ERAD
pathway (2–11). Ubiquitin binding is exerted by the zinc
finger domain of Npl4 and the N-terminal domain of Ufd1
(20). In yeast, Npl4 does not contain a zinc finger domain,
leaving Ufd1 as the ubiquitin-binding protein (21). Npl4
binds Cdc48 via a UBX-related UBD domain, whereas Ufd1
binds Cdc48 via a BS1 domain (21). Interestingly, only one
protomer of the homohexameric AAA ATPase Cdc48 is
occupied by Ufd1-Npl4 (16). Unoccupied protomers of
Cdc48 can bind additional cofactors like Ubx2, an ER mem-
brane protein facing both termini to the cytosol (22, 23).
Ubx2 contains an N-terminal UBA domain and a C-terminal
UBX domain, which recruits the Cdc48-Ufd1-Npl4 complex
to the ER membrane. Thereby it links the Cdc48 complex to
E3 ligases and misfolded substrates that appear on the cyto-
solic side of the ER membrane. The UBX domain is a general
motif that binds to the N-terminal domain of Cdc48 (24).
Shp1 (Ubx1) is another UBX protein that functions together
with Cdc48 in membrane fusion disassembling SNARE com-
plexes (25, 26). Shp1 and Ufd1-Npl4 bind to Cdc48 in a
mutually exclusive manner (18, 20). The function of the
additional five UBX domain-containing proteins in yeast
(Ubx3-Ubx7) is not well characterized. Ubx4, Ubx6, andUbx7 as
well as Shp1 (Ubx1) and Ubx2 are known to be involved in the
degradationof the artificial substrate ubiquitin-proline-�-galacto-
sidase (27, 28). Ubx4, Ubx6, andUbx7were also found to function
in meiosis (27). Here we characterize the function of the protein
Ubx4.We show thatUbx4 is required for the continuous degrada-
tion of polyubiquitinated proteins of the ERAD pathway. With
truncated forms ofUbx4we identified theUBXdomain to be cru-
cial for this degradation event. In addition, in a UBX4-deleted
strain, we found increased amounts of polyubiquitinated mis-
foldedproteins bound to theCdc48 complex in the cytoplasmand
atmembranes. Our data indicate a function ofUbx4 in the release
of polyubiquitinatedmaterial from the Cdc48 complex.
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EXPERIMENTAL PROCEDURES

Growth Conditions, Yeast Strains, and Plasmids—Genetic
andmolecular biology techniqueswere carried out using stand-
ard methods (29–31). Cells were grown at 30 °C in synthetic
complete media. Saccharomyces cerevisiae strains are based on
the genetic background of strain W303 prc1-1 (MAT� ade2-
1ocre can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 prc1-1). All
mutations and tags were integrated into the cell genome. Gene
deletion and epitope tagging was generated via homologous
recombination (32–34) or strain crossing and subsequent tet-
rad dissection (29). Yeast strains used in this study are depicted
in Table 1. The strains YSA10 and YSA12 were obtained by
transformation ofW303 prc1-1with a kanMX deletionmodule.
StrainsYSA18, YSA21, YCR1, YCR2, andYCR4were created by
transformation of a his5� deletion module (32). Crossing of
YSA10 and YCR1 and subsequent tetrad dissection generated
strain YCR11. Epitope tagging of YSA14, YCR14, YSA27,
YSA28, and YSA29 with Myc9 or HA3 tags was done as
described (33, 34). YSA31 was prepared by transformation of
YSA10 with an HA3 tagging module (34). Deletion of parts of
9xMyc-UBX4 in YSA25 and YSA30 was done using YSA14 as a
parent strain and transformation with a LEU2 deletion cassette
(32). Tagging of the N terminus and simultaneous loss of the
N-terminal amino acids 1–170 of Ubx4 resulted in strain
YSA26 (33). Plasmids pRS316 expressingCTL* under theGAL4
promotor and plasmid pSM1911 expressing Ste6*-HA under
the PGK1 promotor have been described (35, 36).
Growth Tests—Single colonies were inoculated into 2 ml of

selection medium (�Leu �Ura) and incubated at 30 °C until
stationary phase was reached. Cells were then diluted to 1
OD600 in the same medium, and dilution series of each culture
(1:10) was prepared in a 96-well plate. 4 �l of cell culture were
then spotted onto plates with a 48-prong replica-plating device.
Plates were incubated for 2–4 days at 30 °C or as indicated.
Antibodies—For precipitation of CPY* in pulse-chase analy-

sis, polyclonal anti-CPY antibody (Rockland Immunochemi-
cals, Inc.) was used, and for immunodetectionmonoclonal CPY
antibody (Molecular Probes) was used. c-Myc was detected
using specific antibody (clone 9E10, Santa Cruz Biotechnol-
ogy). Ubiquitin and HA epitopes were detected using specific

antibodies (clone P4G7 and clone 16B12, Covance). Antibody
against Pgk1 was from Molecular Probes. Der3/Hrd1 was
detected using a polyclonal antibody, which was described (37).
Sec61 and Cdc48 antibody were gifts from T. Sommer.
Protein Degradation Assays—Pulse-chase experiments of

CPY* and Ste6*-HA were carried out essentially as described
(36, 38). Diagrams represent data of up to five independent
experiments, and the error bars indicate the respective S.E. The
procedure to perform cycloheximide chase experiments was
described previously (36). SDS-PAGE and immunoblot analysis
were performed according to standard protocols (29).
Membrane Extraction Experiment—60 OD cells (OD600 �

1.0) were spheroblasted in sorbitol buffer (1 M sorbitol, 50 mM
sodium phosphate, pH 7.4) with 20 �l of Oxalyticase (stock, 5
mg/ml) for 30min at 30 °C. Spheroblasted cells were then lysed
in lysis buffer (0.8 M sorbitol, 10mMPipes, 1mMEDTA, pH 7.2)
in aWheaton homogenizer. After preclearing at 1,500� g for 5
min, the cell extract was incubated with lysis buffer or lysis
buffer containing 0.6 M KOAc, 2 M urea, 1% Triton X-100 or
0.5% SDS, respectively. After incubation for 30min on ice, sam-
ples were centrifuged at 100,000 � g for 1 h to separate them
into a pellet (P) and a soluble (S) fraction. Samples were ana-
lyzed by SDS-PAGE and immunodetection (29).
Immunoprecipitation Experiments—Immunoprecipitation

experiments were essentially performed as described (23, 39)
except for the following treatments. For cell lysis 150 OD of
cells were taken. The lysates of the digitonin-solubilized mem-
branes of the washed pellet fractions were cleared by centrifu-
gation at 100,000 � g for 30min prior to immunoprecipitation.
Standard methods for SDS-PAGE, Western blotting, and
immunodecoration were used (29).

RESULTS

Growth Assays Indicate a Participation of Ubx4 in Protein
Degradation—Cdc48 has functions in a variety of different cel-
lular processes like cell cycle regulation, activation of transcrip-
tion factors, and homotypicmembrane fusion. As Cdc48 is also
a central component of the ERAD machinery, we were inter-
ested whether additional Ubx proteins other than Ubx2 play a
role in the ERAD pathway. We constructed yeast strains in the
W303 prc1-1 background expressing CPY* and deleted for
UBX1 to UBX7, respectively. In these strains we looked for
sensitivity toward different stress situations. Shp1 (Ubx1) is
required for growth of cells at elevated temperature (28). As
shown for Shp1, a strain deleted in UBX4 also exhibits a sensi-
tivity toward elevated temperature (Fig. 1A). Furthermore, we
observed hypersensitivity of the�ubx4 strain toward cyclohex-
imide and dithiothreitol (DTT) that was even stronger than for
the �shp1 strain (Fig. 1A). Only when exposed to heat stress at
37 °C was the growth of the �shp1 strain more disturbed than
for the �ubx4 strain. These data indicate a strong link ofUBX4
to stress tolerance and proteasomal degradation. In particular,
the sensitivity of the �ubx4 strain to the reducing agent DTT
points to a disturbed degradation of misfolded proteins of the
ER.Amultitude of newly synthesized secretory proteins receive
disulfide bonds in the ER and are therefore structurally highly
sensitive to reducing agents such as DTT. Indeed, the hyper-
sensitivity of strains deleted in UBX2 for DTT (Fig. 1A) under-

TABLE 1
Yeast strains used in this study

Name Genotype Ref.

W303 prc1-1 MAT� ade2-1ocre can1-100 his3-11,15 leu2-3,112
trp1-1 ura3-1 prc1-1

45

YJB009 W303 prc1-1 der3::HIS3 37
YSA10 W303 prc1-1 ubx4::kanMX This study
YSA12 W303 prc1-1 ubx7::kanMX This study
YSA14 W303 prc1-1 9xMyc-UBX4 This study
YSA18 W303 prc1-1 ubx3::his5� This study
YSA21 W303 prc1-1 ubx1::his5� This study
YCR1 W303 prc1-1 ubx2::his5� This study
YCR2 W303 prc1-1 ubx5::his5� This study
YCR4 W303 prc1-1 ubx6::his5� This study
YCR11 W303 prc1-1 ubx2::his5� ubx4::kanMX This study
YCR14 W303 prc1-1 UBX2-3xHA-His3MX6 This study
YSA25 W303 prc1-1 9xMyc-ubx4-�268-416::LEU2 This study
YSA26 W303 prc1-1 9xMyc-ubx4-�1-170 This study
YSA27 W303 prc1-1 9xMyc-UBX4 UBX2-3xHA-His3MX6 This study
YSA28 W303 prc1-1 9xMyc-UBX4 NPL4-3xHA-His3MX6 This study
YSA29 W303 prc1-1 NPL4-3xHA-His3MX6 This study
YSA30 W303 prc1-1 9xMyc-ubx4-�171-416::LEU2 This study
YSA31 W303 prc1-1 ubx4::kanMX UBX2-3xHA-His3MX6 This study
YSA33 W303 prc1-1 9xMyc-ubx4-�268-416::his5� This study
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lines the discovered function of Ubx2 in the degradation of
misfolded proteins of the ER (ERAD) (22, 23). Thus, the
observed DTT sensitivity of �ubx4 mutants also points to a
participation of Ubx4 in ERAD (Fig. 1A). A double deletion
mutant defective inUBX2 andUBX4 shows a somewhat stron-
ger growth phenotype on all media tested. For analysis of which
of the Ubx-cofactor proteins of Cdc48 has a function in the
degradation of ERAD substrates, we employed the previously
elaborated growth test of cells for detection of amalfunctioning
ERAD (36, 38). We expressed the membrane-anchored ERAD

substrate CTL* from a plasmid in
the yeast strains of theW303 prc1-1
background deleted for UBX1 to
UBX7, respectively, containing a
leucine auxotrophy (Fig. 1B) (36,
38). CTL* consists of misfolded ER-
luminal CPY*, a transmembrane
domain and the Leu2 domain
located in the cytosol. In wild type
cells the misfolded CPY* domain
induces complete degradation of
CTL*. Because of a defective leucine
biosynthetic pathway, these cells
cannot grow on medium lacking
leucine. In contrast, cells with a
defect in a gene essential for ERAD
such as DER3/HRD1 are unable to
degrade CTL*, therefore allowing
growth due to the presence of the
Leu2 protein (Fig. 1C). When test-
ing the different UBX deletion
strains in this growth assay, we
observed growth of the�ubx2 strain
and, interestingly, of the �ubx4
strain (Fig. 1C). This indicates that
Ubx4 influences degradation of
misfolded substrates of the ER. No
growth was observed for the
�shp1 (�ubx1), �ubx3, �ubx5,
�ubx6, and �ubx7 strains, indicat-
ing the presence of a wild type
ERAD system in these mutant
cells. The �ubx2�ubx4 double
deletion strain exhibits a some-
what stronger growth indicating an
increased half-life of CTL* (Fig. 1C).
Ubx4 Is Required for Degradation

of Misfolded Secretory Proteins—To
confirm a possible function of Ubx4
in elimination of substrates of the
ERAD pathway, we tested the deg-
radation of two well known ERAD
substrates, luminal CPY* (1) and the
polytopic transmembrane protein
Ste6*-HA (35) by pulse-chase anal-
ysis. CPY* is defined as an ERAD-L
substrate carrying a misfolded
domain localized in the ER lumen,

which is polyubiquitinated via the Der3/Hrd1 ligase. Ste6*-HA,
on the other hand, is defined as an ERAD-C substrate carrying
a C-terminal truncation in the cytoplasm. This misfolded pro-
tein is mainly polyubiquitinated via the ubiquitin ligase Doa10
(35, 40). Degradation of the two misfolded ERAD substrates is
significantly disturbed in a �ubx4 strain (Fig. 2, A and B). Cells
deleted in UBX2 show a similar disturbance of CPY* degrada-
tion as known from the literature (Fig. 2C) (22, 23). In contrast,
a UBX6-deleted strain does not show a disturbed degradation
of CPY* (Fig. 2C) or Ste6*-HA (data not shown). Obviously, the
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FIGURE 1. Growth assays indicate a participation of Ubx4 in protein degradation. A, growth assays to
analyze �ubx strains for sensitivity toward heat, cycloheximide (CHX), and dithiothreitol (DTT). 10-Fold serial
dilutions of the indicated strains were spotted onto plates containing YPD, YPD plus cycloheximide, or YPD
plus DTT and grown for 2– 4 days at 30 °C or as indicated before being photographed. B, schematic represen-
tation of the ERAD substrate CTL*. C, growth test of yeast strains transformed with a plasmid expressing CTL*
under the control of the GAL4 promotor. 10-Fold serial dilutions of the indicated strains were spotted onto
plates containing selective media without or, as a control, with leucine and grown for 2–3 days at 30 °C before
being photographed. The W303 prc1-1 wild type (WT) strain defective in the LEU2 gene fails to grow on
medium lacking leucine, whereas strains defective in ERAD are able to grow due to complementation of the
leucine deficiency by CTL*. The strain lacking the E3 ligase Der3/Hrd1 serves as a control. Two of the seven
screened �ubx deletion strains, �ubx2 and �ubx4, complement the leucine auxotrophy.
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function of Ubx4 is required for the elimination of misfolded
proteins of both ERAD pathways, ERAD-L and ERAD-C.
Ubx4 and Cdc48 Are Membrane-associated—Cdc48 and

Ubx4 have been shown tomainly localize to the cytosol and the
nucleus, whereas a considerable fraction is also found at mem-
branes of the ER and the nuclear envelope (22, 23, 27, 41). For
analysis of Ubx4 via immunological detection, we generated an
N-terminal Myc9-tagged version of the protein. This fusion
protein is fully functional regarding degradation of CPY* (Fig.
2D). As shown in Fig. 2E, Myc9-Ubx4 and Cdc48 are partly
associated with the membrane fraction, most likely the ER
membrane. This association can be completely abolished by the

treatment with 2 M urea, indicating
that both proteins are not mem-
brane-integrated but might associ-
ate via a linker molecule in the
membrane.
UBX Domain of Ubx4 Is Neces-

sary for Degradation of Misfolded
Proteins—The putative mammalian
orthologue ofUbx4TUG (ASPCR1/
UBXD9) contains a UBL domain
near the N terminus and a UBX
domain located close to theC termi-
nus (15). The UBX domain of Ubx4
in yeast was already published (28).
In an alignment we compared the
UBL domains of different yeast pro-
teins with the N terminus of Ubx4
(supplemental Fig. 1). In most yeast
proteins the UBL domain is usually
about 80 amino acids long. One
exception is the UBL domain of
Usa1, which consists of about 60
amino acids. Interestingly, Ubx4
contains a longer variant of the UBL
domain of about 108 amino acids
(supplemental Fig. 1). As Ubx4 con-
tains both domains, a UBL and a
UBXdomain, it is unique among the
Ubx proteins in yeast. Both domains
share high similarity to ubiquitin
(24). We tested if both domains are
required for degradation of ERAD
substrates. Therefore, N-terminally
Myc9-tagged truncations of Ubx4
were created (Fig. 3A). As can be
seen fromFig. 3,B andC, deletion of
the UBX domain of UBX4 (amino
acids 269–416 or 171–416) leads to
similar growth phenotypes as found
for the �ubx4 deletion strain. The
corresponding degradation assays
of the UBX domain deleted UBX4
strains resulted in a comparable
delay of CPY* degradation as found
for the UBX4 deletion (Fig. 3D).
Interestingly, a deletion of the UBL

domain has no effect on CPY* elimination (Fig. 3D). Immuno-
precipitation of soluble Myc9-Ubx4 (S) and membrane solubi-
lized Myc9-Ubx4 (P) showed clearly that the deletion of the
UBX domain abrogates the interaction of Ubx4 with Cdc48
(Fig. 3E). This indicates that only the UBX domain is required
for Ubx4 cofactor interaction with the AAA ATPase Cdc48.
The complex of Cdc48-Ubx4 exists in both fractions. One is
found in the soluble, cytoplasmic fraction (S), the other one is
membrane-associated (P) (Fig. 3E). The amount of Cdc48 at the
ER membrane is identical in wild type and mutant cells,
whereas the amount of Cdc48 in the supernatant of �ubx4
mutant cells is always somewhat lower than in the wild type

FIGURE 2. Pulse-chase experiments and membrane extraction assays. A–C, pulse-chase analysis of CPY*
and Ste6*-HA degradation. Wild type (WT) and �ubx4 (A and B) and wild type, �ubx2, �ubx4, and �ubx6 mutant
cells (C) were grown and radiolabeled. Extracts were prepared, and the substrates were immunoprecipitated
with specific antibodies at the indicated time points. Samples were separated via SDS-PAGE, and proteins were
detected using a PhosphorImager system. D, cycloheximide chase experiment to analyze if Myc9-Ubx4 is
functional regarding degradation of CPY* compared with wild type (WT). Pgk1 served as a loading control.
Immunoblotting was done using specific antibodies. E, analysis of Ubx4 distribution in soluble and membrane
fractions. Membrane extraction assay was performed in wild type cells expressing Myc9-Ubx4. Spheroblasted
cells were homogenized and treated with different agents. Subsequently, the samples were separated by high
speed centrifugation into supernatant (S) and pellet (P) fractions and analyzed via immunodetection with Myc,
Cdc48, and as a control, Sec61 antibodies.
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(Fig. 3, E and F). Therefore, we tested if Ubx4 has a role in the
degradation of Cdc48. In a cycloheximide chase experiment, no
difference in the degradation of Cdc48 between a �ubx4 strain
and a wild type strain could be
observed (data not shown).
Ubx4 Is in Complex with the Sub-

strate Recruiting Cofactor Ufd1-
Npl4—We wanted to know whether
the Ubx4-containing Cdc48 com-
plex also binds the heterodimeric
cofactor Ufd1-Npl4. The binding of
Ufd1 to Cdc48 is necessary and a
prerequisite for the interaction of
Cdc48 with Npl4 (21). We tagged
Npl4 at the C terminus with an HA3
epitope and immunoprecipitated
cytosolic Myc9-Ubx4 (S) and mem-
brane-associatedMyc9-Ubx4 (P) via
their Myc tags. Myc9-Ubx4 coim-
munoprecipitates with Cdc48 and
Npl4-HA3 of both, the cytosolic and
the membrane bound complex,
indicating that Ubx4 is indeed a
component of the Cdc48-Ufd1-
Npl4 complex (Fig. 4A).
Cdc48-Ubx2 Complex Formation

Does Not Depend on Ubx4—To get
more insight into the function of
Ubx4, we tested whether the
absence of Ubx4 has any influence
on the binding of Cdc48 to the ER
membrane via the known recruit-
ing cofactor Ubx2. When immu-
noprecipitating membrane-solu-
bilized Ubx2-HA3 isolated from
wild type cells and the �ubx4 dele-
tion strain, we observed equal
amounts of Cdc48 coprecipitated
with Ubx2-HA3 (Fig. 4B (P)). As
expected, no Cdc48-Ubx2-HA3
complex was found in the frac-
tions (S) containing soluble pro-
teins because Ubx2 is a membrane
protein. This shows that the
absence of Ubx4 has no influence
on the Cdc48-Ubx2 interaction.
Ubx4 Is Not in Complex with

Ubx2—A part of Ubx4 is localized
together with the Cdc48 complex at
membranes (Fig. 4A). Therefore, we
analyzed whether this Cdc48-Ubx4
complex is also linked via Ubx2 to
the ER membrane. For this purpose
we precipitated soluble and
membrane-solubilized Myc9-Ubx4.
Astonishingly, no Ubx2-HA3 pro-
tein was found in themembrane-as-
sociated Cdc48-Ubx4 complex (Fig.

4C). This indicates that binding of Ubx4 to the Cdc48-Ufd1-
Npl4 complex excludes concomitant binding of Ubx2. Pulse-
chase experiments in the deletion mutants of UBX2, UBX4, or
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both showed a delayed degradation
of CPY* compared with wild type
cells. The degradation kinetics are
similar in all three mutant strains
(Fig. 4D) andmay suggest that Ubx2
and Ubx4 act in the same pathway.
Increased Amounts of CPY* and

Polyubiquitinated Proteins Copre-
cipitate with Cdc48 in a �ubx4
Strain—It has been shown that the
function of the Cdc48 complex in
the ERAD pathway resides in its
capacity to remove polyubiquiti-
nated misfolded proteins from the
ER and deliver them to the protea-
some (7–11). Considering this, the
delayed degradation of ERAD sub-
strates in a �ubx4 strain may be due
to the inability of the Cdc48-Ufd1-
Npl4 complex to deliver polyubiq-
uitinated substrates properly to pro-
teasomal proteolysis. To address
this question, we analyzed the
amount of the misfolded substrate
CPY* bound to the Cdc48 complex
(Fig. 5). Immunoprecipitation with
Cdc48 antibodies resulted in a con-
siderable increased amount of CPY*
bound to the Cdc48 complex in a
�ubx4 strain compared with wild
type in both the soluble (S) and
membrane-solubilized (P) fractions
(Fig. 5). In addition, the total
amount of coimmunoprecipitated
polyubiquitinated proteins bound
to the Cdc48 complex is remarkably
increased in a �ubx4 deletion strain
as compared with wild type. This
difference was especially striking in
the precipitates isolated frommem-
brane-solubilized proteins of�ubx4
cells (Fig. 5). The amount of the
ubiquitin ligase Der3/Hrd1 copre-
cipitated with the Cdc48 complex is
enhanced in the �ubx4 deletion
strain (Fig. 5). Obviously, in the

FIGURE 3. Function of the UBL and UBX domain of Ubx4 in ERAD. A, schematic representation of the Ubx4 domain structure and the deletions generated as
well as their molecular masses determined by SDS-PAGE, subsequent Western blotting, and immunodetection using Myc antibodies. B, cells expressing
Myc9-tagged Ubx4, Myc9-tagged fragments of Ubx4 deleted in the UBX or the UBL domain, as well as cells deleted in UBX4 were grown on different media as
described in legend to Fig. 1A. C, growth test of cells expressing Myc9-tagged Ubx4, Myc9-tagged fragments of Ubx4 deleted in the UBX or the UBL domain, as
well as cells deleted in UBX4, and for control, wild type and DER3 deleted cells were transformed with a plasmid expressing CTL* under control of the GAL4
promotor. The test was done as described in legend to Fig. 1C. D, cycloheximide chase experiments of CPY* degradation in different UBX4 deletion mutants.
Detection of Myc signals served as control for expression and stability of Ubx4 and its fragments. Pgk1 (3-phosphoglycerate kinase) protein was used as a
loading control. Immunoblotting was done using the respective specific antibodies. E, interaction of N-terminal Myc9-tagged Ubx4 and its truncated variants
carrying deletions of the UBX or the UBL domain with Cdc48. Cells expressing Myc9-Ubx4, its Myc9-tagged truncated variants, and as a control wild type Ubx4
were lysed and separated into soluble (S) and membrane (P) proteins. Membrane proteins (P) were solubilized by digitonin treatment. Interaction of the
Myc9-Ubx4 and mutant proteins with Cdc48 was followed by immunoprecipitation (IP) using Myc-specific antibodies. After SDS-PAGE and Western blotting,
proteins were detected using specific antibodies. Pgk1 was used as a loading control. F, amount of Cdc48 in wild type (WT) cells compared with �ubx4 cells after
fractionation of cell lysates by high speed centrifugation. Loading control was done using Pgk1 antibody.

FIGURE 4. Binding of cofactors to the Cdc48 complex. A, interaction of the Cdc48-Ubx4 complex with Npl4-
HA3. Cells expressing Myc9-Ubx4 and Npl4-HA3 and, as a control, cells only expressing Npl4-HA3 were lysed and
separated into soluble (S) and membrane (P) proteins. Membrane proteins (P) were solubilized by digitonin
treatment. Immunoprecipitation (IP) of Myc9-Ubx4 (right panel) was done using monoclonal Myc antibody.
Npl4-HA3 was detected using monoclonal HA antibody. 1% yeast extract (left panel) was immunoblotted for
control. B, Cdc48-Ubx2 interaction is not affected in a �ubx4 strain. Ubx2-HA3 was expressed in wild type and
�ubx4 cells and coprecipitated Cdc48. In the control strain Ubx2-HA3 was not expressed. Cell lysis and prepa-
ration of soluble and membrane proteins were done as described in A. Pgk1 was used as loading control. C,
binding of Ubx4 excludes Ubx2 from the Cdc48 complex. Cells expressing Myc9-Ubx4 and Ubx2-HA3 and, as a
control, cells only expressing Ubx2-HA3 were lysed and separated into soluble (S) and membrane (P) proteins.
Cell lysis and preparation of soluble and membrane proteins were done as in A. Coimmunoprecipitation
experiments were done using monoclonal Myc antibodies. Proteins were separated on SDS-PAGE and
detected on immunoblots using Myc, Cdc48, or HA antibodies. D, pulse-chase analysis of CPY* degradation in
wild type (WT), �ubx2, �ubx4, and �ubx2�ubx4 mutants. Cells were grown and radiolabeled; extracts were
prepared, and the substrate was immunoprecipitated with specific CPY antibodies at the indicated time points.
Samples were separated via SDS-PAGE, and the protein was detected using a PhosphorImager system.
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absence of Ubx4 theCdc48 complex binds stronger or longer to
membrane components of the ER and accumulates misfolded
CPY* and polyubiquitinated material. This indicates a disturb-
ance in the release of misfolded proteins from Cdc48 when
Ubx4 is missing.

DISCUSSION

We identified Ubx4, a UBX domain containing cofactor of
Cdc48, as a novel member influencing the ERAD pathway in
yeast. First hints for an influence of Ubx4 on protein degrada-
tion came from a study by Decottignies et al. (27). The authors
showed that a �ubx4�ubx6�ubx7 triple knock-out strain sta-
bilizes Ub-P-�Gal, suggesting a redundant role of the proteins
Ubx4, Ubx6, and Ubx7 on the degradation of cytosolic sub-
strates. Additional hints link Ubx4 to proteasomal degradation
and showed that the deletion of UBX4 and RPN4, a transcrip-
tion factor for proteasomal genes, leads to synthetic lethality
(42). A link to the ERAD pathway came from the study of
Travers et al. (43). The authors found that the expression of
Ubx4 is up-regulated during the unfolded protein response
(43). This up-regulation is comparable with the ones found for
the known ERAD components Der1, Ubx2, and Hrd3. The
hypersensitivity toward DTT and the disturbed degradation of
the ERAD substrate CTL* show for the first time that the ERAD
pathway is affected in a �ubx4 knock-out strain (Fig. 1, A and
C). Furthermore, our pulse-chase experiments with mutants
deleted in UBX4 show a defective degradation of a luminal
(ERAD-L) and a polytopic membrane (ERAD-C) substrate,
CPY* and Ste6*-HA, respectively (Fig. 2). Only one of the two
domains of Ubx4, the UBX domain, is required for binding to

Cdc48 and subsequently for ERAD (Fig. 3). Deletion of the UBL
domain of Ubx4 does not affect binding to Cdc48 nor degrada-
tion of CPY*. Up to now the function of the UBL domain of
Ubx4 remains unknown.
We show that Ubx4 binds to the Cdc48-Ufd1-Npl4 complex

(Fig. 4A), which is the molecular unit pulling polyubiquitinated
proteins away from the ER membrane (9, 19). Binding of these
two cofactors, Ubx4 and Ufd1-Npl4, to Cdc48 at the same time
is not mutually exclusive, in contrast to the well established
exclusive binding of either Ufd1-Npl4 or Shp1 to Cdc48 (44).
For proper ERAD function the Cdc48-Ufd1-Npl4 complex is
bound to the ER membrane via the UBX domain containing
protein Ubx2 (22, 23). This interaction is not disturbed in a
�ubx4 strain (Fig. 4B). Interestingly, the membrane linker
Ubx2 seems to be excluded from the membrane-associated
Cdc48-Ubx4 complex (Fig. 4C). These data indicate the exist-
ence of a Ubx2-independent Cdc48-Ubx4 complex and of fur-
ther unknown factors for Cdc48-Ufd1-Npl4 recruitment to the
ER membrane. Such an unknown membrane-recruiting factor
has also been suggested by Neuber et al. (23). The authors
reported that cells lacking Ubx2 exhibit no major reduction in
the amount of membrane-bound Cdc48 (23). Our data show
that the Cdc48-Ufd1-Npl4 complex exists in different physio-
logical states. The Cdc48-Ufd1-Npl4 complex bound to Ubx2
at the ER membrane defines one state, the Cdc48-Ufd1-Npl4
complex bound to Ubx4 at the membrane and in the cytosol
define novel additional states. Our data indicate that these dif-
ferent states of Cdc48 complexes exert a function affecting the
ER-associated degradation pathway.
In the absence of Ubx4, the membrane-bound Cdc48 com-

plex as well as the soluble Cdc48 complex carrymoremisfolded
CPY* and polyubiquitinated proteins, indicating that they are
unable to release and deliver them properly to the downstream
components (Fig. 5). We suggest that both fractions of this
complex, one bound to the membrane and the other located in
the cytosol, are involved in the delivery of the polyubiquitinated
misfolded proteins to the downstream components and to the
proteasome. Absence of Ubx4 might also affect other proteo-
lytic pathways that depend on the pulling function of the Cdc48
complex. The altered growth of a UBX4-deleted strain under
stress conditions of higher temperature or of toxic agents like
cycloheximide and dithiothreitol might underline this conclu-
sion. Increased levels of misfolded polyubiquitinated proteins
at Cdc48 in the absence of Ubx4 could also affect different cel-
lular processes that require a functional Cdc48 system.
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