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Background: The Bag6-Ubl4A-Trc35 complex is localized to the ER membrane to regulate ERAD.
Results: A disordered chaperoning domain in Bag6 forms homo-oligomer. A UBL domain recruited it to the membrane via
interactions with gp78 and UbxD8.
Conclusion: Simultaneous association with ERAD factors recruits Bag6 to a retrotranslocation site to prevent protein
aggregation.
Significance: The study illustrates how a chaperone interacts with the ER membranes and misfolded proteins.

The Bag6-Ubl4A-Trc35 complex is amultifunctional chaper-
one that regulates various cellular processes. The diverse func-
tions of Bag6 are supported by its ubiquitous localization to the
cytoplasm, the nucleus, and membranes of the endoplasmic
reticulum (ER) in cells. In ER-associated degradation (ERAD)
pathways, Bag6 can interact with the membrane-associated
ubiquitin ligase gp78 via its ubiquitin-like (UBL) domain, but
the relative low affinity of this interaction does not reconcile
with the fact that a fraction of Bag6 is tightly bound to themem-
branes. Here, we demonstrate that the UBL domain of Bag6 is
required for interactionwith theERmembranes.We find that in
addition to gp78, the Bag6 UBL domain also binds a UBL-bind-
ing motif in UbxD8, an essential component of the gp78 ubiq-
uitinatingmachinery. Importantly, Bag6 contains a proline-rich
(PR) domain termed PDP (Proline rich-DUF3587-Proline rich)
that forms homo-oligomer, allowing the UBL domain to form
multivalent interactionswith gp78 andUbxD8,which are essen-
tial for recruitment of Bag6 to the ER membrane. Furthermore,
the PR domain comprises largely intrinsically disordered seg-
ments,which are sufficient for interactionwith anunfolded sub-
strate. We propose that simultaneous association with multiple
ERAD factors helps to anchor a disordered chaperone oligomer
to the site of retrotranslocation to prevent protein aggregation
in ERAD.

Elimination of misfolded proteins from the endoplasmic
reticulum (ER)2 by the ER-associated protein degradation sys-
tem (ERAD) ensures that proteins entering the secretory path-
way are correctly folded and properly assembled (1). This qual-

ity control mechanism operates in all eukaryotic cells to
alleviate proteotoxic stress in the ER and improve cell vitality (2,
3). ERAD involves a protein translocation process termed ret-
rotranslocation or dislocation, inwhichmisfolded polypeptides
are selectively exported from the ER before degradation by the
proteasome in the cytosol (4).
The precise mechanism by which misfolded proteins are

moved across the ER membrane during retrotranslocation is
unclear, but it has been proposed that a few large membrane
protein complexes, each assembled around a multiple-span-
ning transmembrane ubiquitin ligase (E3), may play crucial
roles in this process (5, 6). These enzymesmay participate in the
formation of a putative retrotranslocon(s) using their trans-
membrane segments (7, 8). Their cytosolic domains contain a
RING finger motif that acts in conjunction with a cognate con-
jugating enzyme (E2) to assemble ubiquitin chains on retro-
translocation substrates (9). Polyubiquitination serves as a piv-
otal signal that leads to the recruitment of the p97-Ufd1-Npl4
ATPase complex and the extraction of the retrotranslocation
substrates from the membranes for subsequent proteasomal
targeting (10). Moreover, the ER-associated E3 ligases can
interact directly with the retrotranslocation-driving ATPase
p97/VCP on the cytosolic side of the ER membrane and also
communicate with ER luminal chaperones (11–14), thus cou-
pling substrate recognition in the ER lumen to p97-mediated
retrotranslocation in the cytosol.
Upon dislocation, ERAD substrates need to be efficiently

channeled to the proteasome for degradation. At least for cer-
tain substrates, this process involves a recently identified chap-
erone complex, consisting of Bag6 and the two co-factors
Ubl4A and Trc35 (15, 16). Bag6 contains a chaperone-like
activity that prevents substrate aggregation. It can physically
interact with the ER-associated E3 ligase gp78 as well as with
the proteasome (15, 17), providing a plausible link between ret-
rotranslocated polypeptides and the proteasome. Bag6 is an
abundant cytosolic chaperone that is also involved in the bio-
genesis of tail-anchored (TA) ERmembrane proteins as well as
in quality control of mislocalized proteins and defective ribo-
somal products (18–21). It also participates in several cellular
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processes in the nucleus (22–24). These diverse functions are
supported by its ubiquitous expression that localizes it to vari-
ous subcellular compartments. Intriguingly, a significant
fraction of Bag6 is tightly bound to the ER membrane as it
requires several rounds of salt treatment to remove it (15). It
is currently unclear how Bag6 interacts with the ER mem-
brane to promote ERAD. How Bag6 recognizes unfolded
substrates is also unknown.
In this study, we find that Bag6 contains an unusual disor-

dered domain that oligomerizes to bind unfolded proteins.
Oligomerization also allows its UBL domain to interact simul-
taneously with gp78 and its functional partner UbxD8, which
localize Bag6 to the ER membrane. This ensures that protein
ubiquitination, dislocation, targeting to the proteasome take
place in a highly coordinated manner. Our study reveals how
Bag6 interacts with the ERmembrane and its substrates to pro-
mote protein homeostasis in the ER in mammalian cells.

EXPERIMENTAL PROCEDURES

Cell Lines, Plasmids, and Antibodies—The HEK293 cell line
stably expressing TCR�-YFP was described previously (25).
Plasmid expression gp78was described previously (15, 26). The
other mammalian expression plasmids were constructed by
cloning correspond ORF into pRK vector (27). The UbxD8
shRNA construct was purchased from Origene (Rockville,
MD). The targeting sequence is: CGGTTTACCTATTACA-
CGATACTTGATAT.
Antibodies to Bag6, Ubl4A, gp78, GFP were described previ-

ously (18, 26). Other antibodies used are FLAG (M2) (Sigma),
UbxD8 (Proteintech Group), p97 (Fitzgerald), and MMS1
(BIOMOL). MG132 was purchased from EMD Bioscience.
Luciferase was purchased from Sigma. Hsp70, Hdj1, HOPwere
purchased from ENZO Life Sciences.
Immunoblotting, Immunoprecipitation, and Pulldown

Assays—Cells were lysed in the Nonidet P-40 lysis buffer con-
taining 50mMTris-HCl pH 7.4, 150mM sodium chloride, 2mM

magnesium chloride, 0.5% Nonidet P-40, and a protease inhib-
itor mixture. Cell extracts were subject to centrifugation to
remove insoluble materials. For most experiments, the super-
natant fractions were analyzed. Where indicated in the figure
legends, the Nonidet P-40 insoluble pellet fractions were
resolubilized by the Laemmli buffer for immunoblotting.
Immunoblottingwas performed according to the standard pro-
tocol. Fluorescence-labeled secondary antibodies (Rockland)
were used for detection. The fluorescent bands were imaged
and quantified on a LI-COROdyssey infrared imager using the
software provided by the manufacturer. For immunoprecipita-
tion, the whole cell extract was incubated with FLAG-agarose
beads (Sigma) or protein A-Sepharose CL-4B (GE Healthcare)
bound with antibodies against specific proteins. After incubat-
ing, the beads were washed two times by Nonidet P-40 wash
buffer containing 50 mM Tris-HCl, pH 7.4, 150 mM sodium
chloride, 2 mM magnesium chloride, 0.1% Nonidet P-40. The
proteins on beads were assayed by immunoblotting.
Analytical Size Exclusion Chromatography—FLAG-tagged

Bag6was purified by affinity chromatography using FLAG-aga-
rose beads (Sigma) as described previously. To analyze purified
Bag6 by size exclusion chromatography, the protein was

applied on a Superdex 200 10/300 GL size exclusion column
(GE Healthcare) pre-equilibrated with the PB buffer and
resolved at a flow rate of 0.4 ml/min on an AKTA (GE Health-
care) automated liquid chromatography system. To analyze
endogenous Bag6, 293T cells were collected from an 80% con-
fluent 15-cm dish and lysed in 600 �l of Nonidet P-40 lysis
buffer containing a protease inhibitor mixture. The whole cell
extract (WCE)was filtered through a 0.22-�mfilter and applied
onto a Superose 6 10/300 GL size exclusion column (GE
Healthcare) pre-equilibrated with the PB buffer. Fractions of
0.4 ml were collected and analyzed by immunoblotting.
Gene Knockdown and ERAD Assay—To knock down UbxD8

and SGTA, 0.5 � 106 293T cells were seeded on Day 0 and
transfected with shRNA constructs using Lipofectamine 2000
on Day 1 and Day 2. 72h post the first transfection, cells were
harvested in a buffer containing 50 mM Tris-HCl, pH 7.4, 150
mM sodium chloride, 2 mMmagnesium chloride, 0.5% Nonidet
P-40, and a protease inhibitor mixture. SDS and DTT were
added to 1% and 5 mM, respectively and the samples were
heated at 65 °C for 15min before being diluted 10-fold with the
lysis buffer. TCR�-YFP was immunoprecipitated using a GFP
antibody followed by immunoblotting.
Membrane Binding Assays—To analyze Bag6 membrane

interaction, purified Bag6 (1.5 �g) was incubated at 4 °C with
purified cow livermicrosomes (CLM) thatwere pretreatedwith
buffer F (50 mM HEPES 7.3, 1.15 M potassium acetate, 10 mM

magnesium acetate, 1mMDTT) containing a protease inhibitor
mixture. The reaction was layered on top of 1 M sucrose in the
same buffer (180 �l). The samples were subject to centrifuga-
tion at 35,000rpm (43,000 � g) in a Beckman TLA100.1 rotor
for 15min. Themembrane pellet and the supernatant fractions
were analyzed by immunoblotting. To make gp78- or UbxD8-
depleted proteolipisomes, salt-treated CLMs were solubilized
in a lysis buffer containing 1%DeoxyBigCHAP, 30 mMTris 7.4,
150 mM potassium acetate, 4 mM magnesium acetate, 1 mM

DTT and a protease inhibitor mixture. The extracts were then
incubated with protein A beads immobilized with either
UbxD8 or gp78 antibodies. After two rounds of depletion, the
extracts (750�l) were incubatedwith 180mgBio-Beads SM2 at
4 °C overnight with gentle shaking. The samples were centri-
fuged at 3,000 � g for 2 min to remove the beads. The superna-
tant fractions containing the reformed proteolipisome vesicles
were then incubated with purified Bag6 to examine its mem-
brane association as mentioned above. As a negative control,
lysis buffer treated with Bio-Beads was incubated with Bag6 to
monitor background binding to residual Bio-Beads in the
reactions.

RESULTS

The UBL Domain Is Required for Membrane and Substrate
Binding—To test whether the Bag6 UBL domain is required for
membrane association, we developed an in vitro membrane
binding assay. We incubated purified Bag6 or a Bag6 variant
lacking the UBL domain with ER-enriched CLM that had been
pre-treated with a high salt-containing buffer. The sample was
layered on top of a sucrose cushion and subjected to centrifu-
gation. The high salt treatment removed most endogenous
Bag6 from the membrane, vacating the binding sites for exog-
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enously added Bag6. The association of recombinant Bag6,
which contains a FLAG tagwas then examined by immunoblot-
ting using FLAG antibodies. The results showed that wild type
Bag6 efficiently bound the ER membranes whereas the
Bag6�UBL mutant bound the membranes much more weakly
(Fig. 1A). Thus, the UBL domain of Bag6 promotes its recruit-
ment to the ER membrane.
Since substrates undertaking retrotranslocation are often

ubiquitinated, we asked whether the association of Bag6 with
ubiquitinated proteins required UBL. We expressed wild type
Bag6 or Bag6�UBL in HEK293 cells and subjected the cell
lysates to immunoprecipitation by FLAG antibodies. Immuno-
blotting showed that in control as well as Bag6�UBL-express-
ing cells, few ubiquitinated proteins could be precipitated by

FLAG antibodies. By contrast, an interaction between ubiquiti-
nated proteins and wild type Bag6 was readily detected (Fig.
1B). Collectively, we conclude that the UBL domain of Bag6
recruits it to the ER membrane for interaction with ubiquiti-
nated proteins.
Bag6 Interacts with UbxD8 through a UBL-UBA Interaction—

The Bag6 UBL domain binds the CUE domain of gp78 with a
relatively low affinity with fast off-rate (Kd � �5 �M).3 This
weak interaction cannot be the only link that recruits Bag6 to
the ER membrane. We therefore suspected that the Bag6 com-
plex might bind other factors in the gp78 complex as well. To
identify the additional Bag6 interactor(s), we expressed each
component of the Bag6 complex in HEK293 cells as a FLAG-
tagged protein and purified them from cell extracts under high
salt conditions. Coomassie staining showed that a protein of
�53kD was readily co-purified with Bag6 despite high salt
treatment, and to a lesser extent with Trc35, but not with
Ubl4A (Fig. 2A).Mass spectrometry and immunoblotting iden-
tified it as UbxD8 (Fig. 2B and data not shown), an ER mem-
brane-bound protein previously known to interact with gp78
and p97 (28). The levels of UbxD8 in the purified samples cor-
related with Bag6, suggesting that Bag6 might directly interact
with UbxD8. Reciprocal immunoprecipitation showed that
overexpressed UbxD8 also bound the endogenous Bag6 com-
plex in addition to its known interactors gp78, Derlin-1, and
p97 (Fig. 2C). An interaction between the endogenous Bag6
complex and UbxD8 could also be detected when UbxD8
immunoprecipitated from an extract of untransfected cells was
subject to immunoblotting by antibodies to either Bag6 or
Ubl4A (Fig. 2D). These results identify UbxD8 as a new inter-
acting partner of the Bag6 complex.
To seewhether the interaction of Bag6withUbxD8or gp78 is

responsible for membrane recruitment of Bag6, we depleted
UbxD8 and gp78 from solubilized cow liver ER membranes
using either UbxD8 or gp78 antibodies. Depletion of UbxD8 or
gp78 led to great reduction of the other protein in the extract,
suggesting thatmost of these proteins are in complex with each
other in the membranes. The control or UbxD8- and gp78-
depleted extracts were then treated with Bio-Beads SM2 to
remove detergent. This procedure allows reformation of vesi-
cles with or without the UbxD8-gp78 complex. The samples
were then incubated with purified Bag6 followed by centrifuga-
tion. The levels of Bag6 co-sedimented with the proteolipi-
somes were determined by quantitative immunoblotting. The
results showed that Bag6 bound to gp78-UbxD8-containing
vesicles more efficiently than those without the complex (Figs.
2, E and F). The results suggest that interactions between Bag6
UBL and the gp78-UbxD8 complex are required for ER associ-
ation of Bag6.
We next determined the domain in Bag6 required for UbxD8

binding. In addition to the UBL domain, Bag6 contains two
proline-rich (PR) segments flanking a domain of unknown
function (DUF3587), a C-terminal BAG domain, and a zinc
finger domain (Fig. 3A) (15).We expressed full-length Bag6 and
three truncation mutants in HEK293 cells (Fig. 3A). Immuno-

3 Y. Xu, unpublished results.

FIGURE 1. The Bag6 UBL domain is required for membrane interaction.
A, purified Bag6 or the Bag6�UBL mutant was incubated with salt-treated
cow liver microsome membranes (CLM). The samples were layered on top of
1 M sucrose cushion and subject to centrifugation at 100,000 � g for 20 min. A
fraction of the purified proteins and the proteins bound to the membrane
were analyzed by immunoblotting (IB). Note that a small amount of Bag6 was
present in the pellet fraction in the absent of CLM, likely due to oligomeriza-
tion as described below. B, UBL domain is required for association with ubiq-
uitinated proteins in cells. Cells transfected with the indicated DNA were lysed
in a Nonidet P-40-containing buffer. A fraction of the extracts were analyzed
directly by immunoblotting (input). The remaining samples were subject to
immunoprecipitation with anti-FLAG antibodies. Bag6 and associated pro-
teins were analyzed by immunoblotting.
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precipitation experiments showed that a Bag6 mutant lacking
the C-terminal BAG domain had reduced affinity to Trc35 and
Ubl4A, but its interaction with UbxD8wasmaintained (Fig. 3B,

lane 8 versus 7). This further suggested that the interaction of
Bag6 with UbxD8 is independent of Ubl4A and Trc35. By con-
trast, removal of the UBL domain from Bag6 significantly

FIGURE 2. Bag6 associates with the ER membrane via binding the UbxD8-gp78 complex. A, purification of Bag6, Trc35, or Ubl4A was performed using
HEK293 cells expressing the indicated FLAG-tagged proteins. As a negative control, cells transfected with a control empty vector were used. The purified
complexes were analyzed by SDS-PAGE and Coomassie Blue staining. B, immunoblotting confirms the interaction of Bag6 with UbxD8. Cells transfected with
the indicated plasmids were lysed, and proteins immunoprecipitated with FLAG beads were analyzed by immunoblotting. LE, long exposure; S.E., short
exposure. C, as in B, except that cells expressing FLAG-tagged UbxD8 were used. D, interaction of the endogenous Bag6 complex with UbxD8. Whole cell
extracts were subject to immunoprecipitation by the indicated antibodies. The asterisk indicates IgG. E and F, UbxD8-gp78 complex is required for membrane
association of Bag6. E, CLM extracts were treated with protein A beads containing either control IgG or the indicated antibodies. After depletion, proteolipisomes
were re-formed and used in binding experiments with purified Bag6. Proteins bound to the membrane pellet fractions were analyzed by immunoblotting. Where
indicated, a buffer control was included to assess the levels of background binding to residual Bio-Beads present in the samples. The numbers indicate band intensity.
LE, long exposure. F, graph shows the quantification of the experiment in E. Error bar indicates the mean of the two independent experiments.
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impaired its binding to UbxD8, but not to Trc35 or Ubl4A
(lanes 9, 10 versus lane 7).
To further characterize the UbxD8-Bag6 interaction, we

purified a series of truncationmutants of UbxD8 fromHEK293
cells (Fig. 4). Immunoprecipitation showed that theN-terminal
89 amino acids of UbxD8, which contain a ubiquitin-binding
UBA domain, were required for interaction with Bag6. In com-
parison, the interaction of UbxD8 with p97 depended on the
C-terminal UBX domain, as previously demonstrated (28),
whereas the interaction of UbxD8 with gp78 relied on a TM-
containing segment comprising residues 90 to 139. The inter-
action of UbxD8 with gp78 is highly specific as other UBX
domain containing proteins did not bind gp78 with the excep-
tion ofUfd1 (Fig. 5A). These results unambiguously establish an
interaction between UbxD8 and Bag6 that is independent of
other ERAD factors such as gp78 and p97. Instead, it requires a
canonical UBL-UBA interaction (29). In addition, these results
also reveal UbxD8 as a key ERAD scaffolding coordinator as it
can use distinct regions to communicate with different ERAD
machinery proteins.
UbxD8 Is an Integral Component of the gp78 Ligase Complex—

Given its tight connection with gp78, we asked whether UbxD8
is required for the ubiquitination of the model ERAD substrate
TCR�, whose degradationwas strongly dependent on gp78 and
Bag6 (15). Indeed, depletion of UbxD8 by shRNA-mediated
gene silencing reduced the level of retrotranslocated deglyco-
sylated TCR�. Importantly, TCR� ubiquitination was almost
completely abolished (Fig. 5B, lane 4 versus 3). These results
suggest that UbxD8 is an essential component of the gp78-
containing E3 complex required for ubiquitination and retro-
translocation of ERAD substrates.
A Bag6 Oligomer Binds gp78 and UbxD8 Simultaneously—

AsBag6 interacted directly with both gp78 andUbxD8 through
its UBL domain, we asked whether Bag6 could bind to these

ERAD factors simultaneously. To test this possibility, we first
immunoprecipitated gp78 and subjected the eluate to another
round of immunoprecipitation using a Bag6 antibody, or IgG as
a negative control. The result showed that UbxD8 and gp78
were simultaneously present in a Bag6-containing complex
(Fig. 6A, lane 8). This observationwould only be possible if Bag6
forms an oligomer that simultaneously interacts with these fac-
tors (Fig. 6B).
We therefore performed a series of experiments to deter-

mine the oligomeric state of Bag6. We first analyzed purified
Bag6 by size exclusion chromatography. The result indicated
that Bag6 forms a large homo-oligomeric complex of�1mega-
dalton (Fig. 7A). Similar analysis using a whole cell extract
showed that endogenous Bag6 was present in a complex larger
than the 600kDp97ATPase complex (Fig. 7B). To further char-
acterize the Bag6 oligomer, we expressed a series of FLAG-
tagged Bag6 mutants in HEK293 cells (Fig. 7C). Immunopre-
cipitation with FLAG antibody showed that a Bag6 variant
lacking the N-terminal UBL domain could be co-precipitated
with endogenous Bag6 (lane 8). Deletion of the C-terminal 423
residues had no effect on Bag6 oligomerization (lane 9), but
further removal of a proline-rich (PR) segment dramatically
diminished the interaction (lane 10). Collectively, the data sug-
gest that Bag6 form a homo-oligomer, and a PR domain is crit-
ical for this activity. This provides a molecular base for simul-
taneous association with multiple UBL-binding proteins in a

FIGURE 3. The UBL domain of Bag6 is required for interaction with UbxD8.
A, the domain structure of Bag6. B, cells were transfected with plasmids
expressing the indicated Bag6 variants. The interactions of these Bag6 vari-
ants with Trc35, Ubl4A, and UbxD8 were analyzed by immunoprecipitation
and immunoblotting.

FIGURE 4. The UBA domain of UbxD8 interacts with Bag6. A, schematic
representation of the UbxD8 constructs used in the interaction studies. The
table summarizes the co-IP results. N.A., data not available due to a protein
stability issue. B, cells expressing the indicated UbxD8 variants were lysed in
the Nonidet P-40 lysis buffer. Immunoprecipitation was performed using
FLAG beads.
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core ERADmachinery complex, which increases the affinity of
Bag6 to the ER membrane.
A Disordered Domain in Bag6 Is Involved in Binding

Unfolded Protein—To see whether oligomerization of Bag6 is
important for its function, we tested the interaction of a trun-
catedBag6 variant that contained residues 195 to 703with heat-
denatured luciferase. Sequence analyses predicted the presence
of a domain of unknown function (DUF3587) that is sand-
wiched by two PR domains. We therefore named this module
PDP. This Bag6 mutant was still able to form an oligomer as
judged by size exclusion analyses (data not shown). We previ-
ously showed that when incubated with luciferase at 42 °C, wild
type Bag6 bound denatured luciferase to stabilize it in a soluble
fraction (15). Similar activity was observed with the Bag6 PDP
mutant (Fig. 8A). As expected, Bag6 PDP bound heat-dena-
tured luciferase with similar efficiency as wild type Bag6 (Fig.
8B). Interestingly, the Bag6 1–389 mutant that lacks the
oligomerization-driving PR region appeared to bind dena-
tured luciferase (Fig. 8B), but it failed to maintain the solu-

bility of denatured luciferase, suggesting that oligomeriza-
tion is required for the holdase function of Bag6. Moreover,
secondary structural prediction suggests that the PDP domain
of Bag6 comprises mostly disordered segments (Fig. 8C). These
results establish Bag6 as a novel chaperone that may use a dis-
ordered chaperoning module in order to oligomerize and bind
substrates.

DISCUSSION

Ubiquitin-like modifiers often form conjugates that encode
signals distinct fromubiquitin. By contrast,manyUBLdomains
in cells are recognized by ubiquitin binding domains (UBDs)
similarly as ubiquitin (30, 31). Accordingly,manyUBL domains
are utilized by cells to mediate protein-protein interaction
required for proteasomal degradation. A well-documented
example is the proteasome adaptor Rad23 that uses a UBL
domain to communicate with the proteasome, facilitating the
capture of substrates by the proteasome (31). Here, we demon-
strate that the UBL domain in Bag6 is required to recruit the

FIGURE 5. UbxD8 is an essential co-factor of gp78. A, cells transfected with
plasmids expressing the indicated UBX-containing proteins were lysed in the
Nonidet P-40 lysis buffer. The UBX-containing proteins were immunopurified
with FLAG beads. The purified proteins complexes were analyzed by immu-
noblotting with the indicated antibodies. B, cells stably expressing TCR�-YFP
were transfected with either control or UbxD8-specific shRNA plasmid
together with a construct expressing hemagglutinin (HA)-tagged ubiquitin.
The cells were treated with either DMSO as control or with the proteasome
inhibitor MG132 (10 �M, 12 h). TCR� was immunoprecipitated from the cell
extracts under a denaturing condition for analysis by immunoblotting. WCE,
whole cell extract.

FIGURE 6. Bag6 binds gp78 and UbxD8 simultaneously. A, cells expressing
Bag6, UbxD8 in the presence or absence of gp78-FLAG were lysed in the
Nonidet P-40 lysis buffer. The lysates were first subject to immunoprecipita-
tion with FLAG beads to pull down gp78-FLAG. The bound materials eluted
with FLAG peptide were divided into two equal portions. One potion was
incubated with control IgG whereas the other portion was incubated with
anti-Bag6 antibodies to purify Bag6 and its associated proteins. The precipi-
tated materials and a fraction of the inputs were analyzed by immunoblot-
ting. B, diagram illustrating interactions between Bag6 and various ERAD fac-
tors. Solid arrows indicate direct interactions whereas dashed lines indicate
association that may be mediated by an adaptor.
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Bag6 complex to the ER membrane. We show that the UBL
domain of the Bag6 complex interacts with the CUE domain of
gp78 as well as the UBA domain in the gp78 partner UbxD8.
The formation of a large Bag6 oligomer enables the UBL
domain to form multivalent interactions with the gp78-con-
taining ERAD complex, which is required for the association of
Bag6 with ER membrane (Fig. 6B).
gp78 is a key component of a multi-subunit complex that

mediates the degradation of many misfolded ER proteins (32).
Our results establish UbxD8 as an essential co-factor required

for the retrotranslocation and ubiquitination functions of gp78.
In vitro, purified UbxD8 does not promote gp78-mediated
polyubiquitination (data not shown), but it remains to be seen
whether UbxD8 may stimulate the ubiquitin ligase activity of
gp78 or promote its interaction with substrates when other
factors of the gp78 complex are present. Importantly, gp78 and
UbxD8 each carry a p97 binding motif. Thus, these molecules
can certainly provide a link between the Bag6 complex and p97,
enable these factors to act in a concerted manner to guide
ERAD substrates from the site of retrotranslocation to the pro-
teasome (16).
Intriguingly, the Bag6 cofactor Ubl4A also contains a UBL

domain that is structurally homologous to that of Bag6. None-
theless, it does not bind either gp78 or UbxD8. Instead, it inter-
acts with another Bag6 cofactor named SGTA. Thus, UBL
domains containing distinct structural features can be differen-
tially recognized by different UBL-binding domains in cells.
The UBL domain in Bag6 appears to be a canonical UBL
domain as it interacts with the ubiquitin binding CUE or UBA
domain whereas the Ubl4A UBL is unique in a way that it uti-
lizes many charged residues to bind its partner SGTA (29, 33).
The Bag6 complex is a multi-functional chaperone that can

act in both protein biogenesis and turnover pathways (15,
18–20). In the biogenesis of ER TA proteins, the Bag6 complex
associates with the ribosome, recognizes TA proteins emerging
from the ribosome exiting tunnel, and escorts them to the ER
membrane for insertion. In the ERADpathways, the same com-
plex is associated with the gp78-containing retrotranslocation
machinery in the ER membrane, captures retrotranslocation
substrates containing aggregation prone motifs, and targets
them to the proteasome for degradation. A fraction of Bag6 is
also found in the nucleus where it regulates post-translational
modification of histones to influence DNA-associated events
such as gene expression or DNA damage responses (22, 23, 34).
The partition of the Bag6 complex between different cellular
processes is likely regulated by its subcellular localization. A
fraction of Bag6 is localized in the nucleus owing to a nuclear
localization sequence present in its C terminus, but the inter-
action of Bag6 with its partner Trc35 masks this signal, retain-
ing themajority of Bag6 in the cytoplasm (15). Our studies now
establish the Bag6 UBL domain as an essential regulator of its
membrane interaction. Further studies will be required to elu-
cidate the factor(s) that mediates the interaction of the Bag6
complex with the ribosome.
Finally, our study reveals a novel chaperoning module that is

formed primarily by disordered segments in Bag6. This is rem-
iniscent of the substrate binding domain in a recently identified
quantity control chaperone/ubiquitin ligase named San1 in
budding yeast. San1 contains two largely disordered segments
that form the substrate binding site(s). It was proposed that the
disordered feature may confer plasticity, allowing San1 to
accommodate substrates of various sizes and shapes (35).
Mammalian cells do not contain any San1 homologues, but
Bag6may be a functional substituent for San1 in certain quality
control processes. Intriguingly, in addition to binding unfolded
proteins, San1 also contains ubiquitin ligase activity that pro-
motes ubiquitination and turnover of the bound substrates.
Bag6 itself does not have any ubiquitin ligase activity, but it

FIGURE 7. Bag6 forms a large oligomer. A, size exclusion chromatography
analysis of purified Bag6. The Coomassie Blue-stained gel shows the purified
protein. B, size exclusion chromatography analysis of whole cell extract. The
fractions were analyzed by immunoblotting. C, a proline-rich (PR) domain is
required for Bag6 oligomerization. The scheme shows the Bag6 constructs
used in the interaction studies. Cells expressing the indicated Bag6 variants
were lysed in Nonidet P-40 lysis buffer. Bag6 immunoprecipitated with the
FLAG beads was analyzed by immunoblotting.

UBL Domain Mediates Bag6 Membrane Association

18074 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 25 • JUNE 21, 2013



FIGURE 8. Bag6 employs a disordered domain to bind an unfolded protein. A, the PDP domain can prevent luciferase aggregation. Luciferase was
incubated with excess amount of the indicated Bag6 variants at 42 °C for 20 min. A fraction of the samples were analyzed directly by immunoblotting (total
input) whereas the remaining samples were subject to centrifugation to remove insoluble materials. A fraction of the soluble fractions were analyzed by
immunoblotting. B, remaining samples of the soluble fractions were subject to immunoprecipitation with FLAG antibodies. The bound proteins were analyzed
by immunoblotting. C, substrate binding domain of Bag6 is formed largely by disordered segments. The amino acid sequences of the Bag6 PDP domain were
analyzed by the following secondary structure prediction programs, PONDR (top panel), IUPred (middle panel), and PONN (bottom panel).
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associates with several ubiquitin ligases in cells including gp78,
RNF126 and a cullin-containing ligase (24). Thus, to coordinate
substrate selection and ubiquitination in quality control, yeast
cells employ a simple strategy that incorporates a chaperoning
activity and a ligase function in a single polypeptide. Higher
eukaryotic cells appear to assign these functions to distinct
polypeptides, which corporate in large protein complexes to
execute a similar function.
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