
The Transmembrane Segment of a Tail-anchored Protein
Determines Its Degradative Fate through Dislocation from
the Endoplasmic Reticulum*

Received for publication, March 5, 2010, and in revised form, April 29, 2010 Published, JBC Papers in Press, April 30, 2010, DOI 10.1074/jbc.M110.120766

Jasper H. L. Claessen, Britta Mueller1, Eric Spooner, Valerie L. Pivorunas2, and Hidde L. Ploegh3

From the Whitehead Institute for Biomedical Research, Department of Biology, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02142

Terminally misfolded proteins that accumulate in the en-
doplasmic reticulum (ER) are dislocated and targeted for
ubiquitin-dependent destruction by the proteasome. UBC6e is
a tail-anchored E2 ubiquitin-conjugating enzyme that is part of
a dislocation complex nucleated by the ER-resident protein
SEL1L. Little is known about the turnover of tail-anchored ER
proteins. We constructed a set of UBC6e transmembrane do-
main replacement mutants and found that the tail anchor of
UBC6e is vital for its function, its stability, and itsmode ofmem-
brane integration, the last step dependent on the ASNA1/
TRC40 chaperone. We constructed a tail-anchored UBC6e var-
iant that requires for its removal from the ER membrane not
only YOD1 and p97, two cytosolic proteins involved in the
extraction of ER transmembrane or luminal proteins, but also
UBXD8, AUP1 and members of the Derlin family. Degradation
of tail-anchored proteins thus relies on components that are
also used in other aspects of protein quality control in the ER.

Terminally misfolded proteins that accumulate in the lumen
of the endoplasmic reticulum (ER)4 are actively transported
across the ER membrane into the cytosol. As a consequence
of this dislocation (or retrotranslocation), suchmisfolded prod-
ucts are targeted for proteasomal degradation in a ubiquitin-
dependent manner (1).
The ER membrane is the main physical barrier that mis-

folded proteins must cross and is the arena where dislocation
takes place. Different suggestions have been made as to how
misfolded products may traverse the ER membrane, ranging
from the involvement of lipid droplets or their analogs (2), to a
proteinaceous channel (reviewed in (Ref. 3). It is likely that the
cell employs different methods of protein extraction, depend-

ing on the nature of the folding deficit it diagnoses (4, 5) and
the physiological state of the ER during differentiation or while
under stress.
One well studied dislocation complex is that exploited by the

viral human cytomegalovirus (HCMV) protein US11 (6). US11
is an ER-resident type I transmembrane protein that induces
rapid dislocation of newly synthesized Class I major histocom-
patibility complex (MHC) heavy chains (7, 8). US11 recruits a
dislocation complex that minimally consists of Derlin-1/2, the
ubiquitin-ligase HRD1, the adaptor protein SEL1L together
with the ubiquitin-conjugating enzyme UBC6e, and the auxil-
iaries AUP1, OS9, and UBXD8 (9–13). The dislocation path-
way employed by US11 controls more generally the degrada-
tion of aberrantly folded proteins, such as truncated ribophorin
(RI332), �1-antitrypsin null Hong Kong, and the misfolded cystic
fibrosis transmembrane conductance regulator �F508 (12, 14,
15).
Even though we now know the identity of many components

of this dislocation complex, the temporal order and spatial rela-
tionship of interactions between these proteins remain elusive.
Most of the previously mentioned players in dislocation are
anchored in the ER membrane, an important plane of interac-
tion. Misfolded secretory proteins, type I membrane proteins,
and polytopic membrane proteins have been the substrates of
choice to examine differences and commonalities in their deg-
radative fates, but how the turnover of tail-anchored proteins is
controlled remains essentially unknown.We addressed the role
of the transmembrane domain (TMD) of UBC6e in its stability
and function in an effort to address the behavior of this tail-
anchored protein.
The class of tail-anchored (TA) membrane proteins, to which

Ubc6e belongs, is a special category of membrane proteins,
devoid of a canonical signal sequence to guide their target-
ing and membrane insertion. Instead, it is the TMD, or tail
anchor, located close to the C terminus of the protein, that
facilitates post-translational insertion into the target mem-
brane, either independently or through a chaperone system
(16). With its TMD so close to its C terminus, it is the principal
UBC6e domain available for interaction with other ER proteins.
Through TMD replacement, we constructed a set of UBC6e
mutants that show the TMD of UBC6e not only to determine its
function, but also its stability and mode of membrane insertion.
Furthermore,we nowdescribe an extraction pathway for unstable
TA proteins and identify not only the deubiquitinating enzyme
YOD1 and the ATPase associated with diverse cellular activities
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(AAA) p97 as active players in the removal of a TA protein from
the ER membrane, but also UBXD8, Derlins, and AUP1, other
components implicated in earlier studies, thus demonstrating
convergence with degradation of misfolded ER proteins.

EXPERIMENTAL PROCEDURES

Antibodies, Cell Lines, and Constructs—Antibodies to Class I
MHC heavy chains (HC) and UBC6e have been described (11).
Antibodies against the hemagglutinin (HA) epitope tag were
purchased from Roche (3F10), and anti-FLAG tag was pur-
chased from Sigma-Aldrich. US11-expressing cell lines have
been described (12). 293T cells were purchased fromAmerican
Type Culture Collection. Cell transduced with pLHCX (Clon-
tech)-based vectors were selected andmaintained in 125�g/ml
hygromycin B (Roche Applied Science).
The UBC6e, Derlin-1 GFP, Derlin-2 GFP, Derlin-3 GFP,

AUP1 GFP, UBXD8 GFP, YOD1, and p97 constructs used for
transfection experiments have been described (11, 13, 17). The
TMD of UBC6e was replaced by that of CD4 (T4 surface glyco-
protein precursor), cytochrome b5 (type A) or UBC6 by stan-
dard PCR-based cloning methods and verified by sequencing
(see also Fig. 1).
A cDNA clone for ASNA1 was obtained from Open Biosys-

tems (LIFESEQ1405919) and cloned into pcDNA3.1(�) (In-
vitrogen) with a C-terminal FLAG epitope tag. Site-directed
mutagenesis of ASNA1 G46R and UBC6e-B5 C91S was per-
formed with the QuikChange II Mutagenesis kit according to
the manufacturer’s instructions (Stratagene).
Transient Transfection, and Viral Transduction—293T cells

were transiently transfected using Trans-IT (TakaraMirus Bio)
according to themanufacturer’s instructions. Virus production
in 293T cells and viral transduction have been described (18).
Pulse-Chase Experiments, Immunoprecipitation, and SDS-

PAGE—Cells were detached by trypsin treatment and then
incubated with methionine- and cysteine-free Dulbecco’s modi-
fied Eagle’s medium with or without the proteasome inhibitor
ZL3VS (50 �M) for 45 min at 37 °C. Cells were labeled with 10
mCi/ml [35S]methionine/cysteine (1175 Ci/mmol; PerkinElmer
Life Sciences) at 37 °C for the indicated times and chased with
Dulbecco’s modified Eagle’s medium supplemented with non-
radiolabeled methionine (2.5 mM) and cysteine (0.5 mM) at
37 °C for the indicated times. Cells were lysed in 1% SDS.
Immunoprecipitations were performed using 30 �l of immo-
bilized rProtein A (IPA 300, Repligen) with the relevant anti-
bodies or with 10 �l anti-FLAGM2-agarose (Sigma) for 3 h at
4 °C with gentle agitation. Immune complexes were eluted
by boiling in reducing sample buffer, subjected to SDS-PAGE
(10%), and visualized by autoradiography. Densitometric quan-
tification of radioactivity was performed on a PhosphorImager
(Fujifilm BAS-2500) using Image Reader BAS-2500 V1.8
software (Fujifilm) and Multi Gauge V2.2 (Fujifilm) software
for analysis.
Anti-HA Affinity Purification and MS/MS Analysis—293T

cells were transiently transfected with C-terminally HA-tagged
UBC6e. The cells were lysed in 2% digitonin, and the lysate was
incubated with anti-HA-agarose beads (clone 3F10; Roche
Applied Bioscience). Immune complexes were eluted and sep-
arated by SDS-PAGE (10%). Polypeptides were revealed by sil-

ver staining, excised, and treated with trypsin. Peptides were
sequenced by liquid chromatography (11).
Immunoblotting—For immunoblot analysis, cell lysates were

prepared by solubilizing cell pellets in 1% SDS. Protein concen-
trations of the lysates were determined by using the BCA assay
(Pierce), and equivalent amounts of total cellular protein were
used for immunoblotting.
Fractionation—For subcellular fractionation assays, cells

were homogenized by passage through a 23-gauge needle
in hypotonic buffer (20 mM HEPES, pH 7.5, 5 mM KCl, 5 mM

MgCl2, 1 mM dithiothreitol, supplemented with a protease
inhibitor mixture (Roche Applied Science)). The particulate
and soluble fractions were separated by centrifugation at
128,000� g in a BeckmanTLA 100 centrifuge. All samples were
adjusted to 0.5% SDS and analyzed by SDS-PAGE (10%).
Peptide N-Glycanase F (PNGase F) and Phosphatase Treat-

ment—PNGase F digestion or phosphatase treatment (10 units)
of radiolabeled UBC6e variants was performed after immuno-
precipitation according to the recommendations of the manu-
facturer (New England Biolabs and Fermentas, respectively).
Phosphatase inhibitor mixture was acquired from Roche Ap-
plied Science and used according to their instructions.

RESULTS

TMD of UBC6e Is Important for Its Role in Dislocation—
UBC6e is a tail-anchored membrane protein. To understand
the contribution of the TMD of UBC6e to its membrane inser-
tion and stability, wemade a set ofmutant proteins in which we
replaced the TMD of UBC6e with that of CD4 (a type I mem-
brane protein), cytochrome b5 (a TA protein), UBC6 (a TA
protein), as well as a version of UBC6ewithout its TMD (Fig. 1).
We identified UBC6e as part of a protein complex in-

volved in dislocation of Class I MHC products in cells that
express the HCMV immunoevasin US11 (11). Overexpres-
sion of UBC6e impairs dislocation of Class I MHC HC by
US11. To characterize the mutant versions of UBC6e, we
introduced them into U373 astrocytoma cells that stably
express US11 and examined dislocation of Class I MHC HC
in a pulse-chase experiment. In control cells transduced with
the empty pLHCX vector, the labeled HC population is dis-
located from the ER to the cytoplasm over the 30-min chase
period. We added the proteasome inhibitor ZL3VS to stabi-
lize the dislocated HC, which accumulates as a diagnostic
deglycosylated intermediate due to the action of the cytoso-
lic enzyme PNGase (7, 8). Like the WT enzyme, overexpres-
sion of UBC6e-CD4 impaired dislocation of the HC, but
none of the other UBC6e mutants produced this effect (Fig.
2). We conclude that the identity of the TMD appended to
UBC6e determines its role in dislocation.
TMD of UBC6e Determines Its Stability—Why do some

of the newly crafted tail-anchored versions of UBC6e fail to
inhibit dislocation? We assessed the stability of the various
UBC6e mutants in pulse-chase experiments. Whereas WT
UBC6e, �TMD and UBC6e-CD4 are stable over a chase
period of 3h, both UBC6e-B5 and UBC6e-6 are rapidly
degraded (Fig. 3A). In fact, no Ubc6e-B5 or UBC6e-6 could
be detected at steady-state levels by immunoblotting (Fig. 3B).
Both unstable mutants are degraded with different but surpris-
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ingly rapid kinetics. In U373 cells, UBC6e-B5 is no longer
detectable 180 min after its synthesis, and UBC6e-6 is elimi-
nated within 90 min.

The complex banding pattern observed for UBC6e is due
to phosphorylation of UBC6e, as shown by treatment with
alkaline phosphatase, which eliminates this heterogeneity

(Fig. 4) (19).
The short lived UBC6e-B5 and

UBC6e-6 mutants were both stabi-
lized in the course of the chase by
inclusion of the proteasome inhibi-
tor ZL3VS (Fig. 3C). We conclude
that UBC6e-B5 and UBC6–6 are
destroyed by proteasomal degrada-
tion. This made us wonder whether
these unstable UBC6e forms are
actually inserted into the ER mem-
brane at all or whether they are
immediately targeted for proteaso-
mal degradation upon post-transla-
tional release from the ribosome.
All TMD Mutants Are Inserted

into the ER Membrane—We ex-
plored whether the different ver-
sions of UBC6e, regardless of the
TMD installed, insert themselves
into the ER membrane. To this
end, we equipped these variants of
UBC6e with a C-terminal bovine op-
sin tag, a 13-residue sequence that
contains an N-linked glycosylation
motif (Fig. 1) (20). Successful inser-
tion into the ER allowsN-linked gly-
cosylation of the luminally exposed

FIGURE 1. Sequence of UBC6e and the different TMD variants. A, sequence of UBC6e TMD underlined. The
sequence of the TMD replacements is given and named as indicated. B, schematic representation of the
different TMD mutants. A 13-amino acid bovine opsin tag was appended to the C terminus of each construct,
introducing an N-linked glycosylation motif.

FIGURE 2. UBC6e and UBC6e-CD4 impair US11-mediated dislocation equally well. A, US11-expressing cells were transduced with either empty vector
(pLHCX), UBC6e WT,�TMD, UBC6e-CD4, UBC6e-B5, or UBC6e-6. The six cell lines were treated with 50 �M ZL3VS, pulse-labeled for 10 min with 35S, chased for indicated
time points, and lysed in 1% SDS; the lysates were then immunoprecipitated with anti-HC serum. The eluates were separated by 10% SDS-PAGE and visualized by
autoradiography. CHO, N-linked glycan. B, densitometric quantitation of the relative amount of glycosylated HC is shown. Error bars represent S.D. (n � 3).
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opsin tag to proceed and so reports on the efficiency of the
event. The opsin-tagged constructs were transiently trans-
fected into 293T cells, whichwere then pulse-labeled for 10min
and chased for 20 min to examine membrane insertion, as
inferred from the acquisition of an N-linked glycan. All but
�TMD were glycosylated, indicating successful insertion into
the ER membrane (Fig. 3D). To verify that N-linked glycosyla-

tion had occurred, we used treat-
ment with PNGase, which produces
a size shift if indeed anN-linked gly-
can is present. The slight differences
in glycosylation levels between the
different UBC6e TMDmutants hint
at different insertion efficiency, as
measured at the 20-min chase time.
We conclude that those forms of
UBC6e that have a TMD are in-
serted into the ER membrane. The
short lived tail-anchored versions of
UBC6e must be extracted from the
ER membrane, but how, and how
are they destroyed?
Dislocation of UBC6e-B5 Depends

on the ER Dislocation Machinery—
Both UBC6e-B5 and UBC6e-6 are
novel and unique examples of un-
stable TAproteins. Because they are
targeted to the ER, as inferred from
N-linked glycosylation, yet are
destroyed rapidly, we askedwhether
any of the known components in-
volved in dislocation plays a role in
the turnover of these two species.
Many of the proteins involved in
substrate recognition and disloca-
tion face the ER lumen and are
therefore unlikely to be involved in
the active removal of UBC6e-B5 or
UBC6e-6. We chose to focus on
YOD1, a cytosolic deubiquitinating
enzyme required for the removal of
misfolded species from the ER (17).
To assess the role of YOD1 in the

turnover of UBC6e-B5 or UBC6e-
6, we transiently transfected 293T
cells with either of the dislocation
substrates and co-transfected YOD1
WT or catalytically inactive YOD1,
its active site cysteine mutated to a
serine. Expression of YOD1WT did
not affect degradation of UBC6e-
B5, whereas YOD1C160S stabilized
it (Fig. 5, A and C). No effect on
dislocation was observed in cells
transfected with UBC6e-6 (data
not shown).
Because YOD1 is a deubiquitinat-

ing enzyme, stabilization of UBC6e-
B5 by overexpression of YOD1 C160S should lead to the accu-
mulation of polyubiquitinated species. Does the stabilized
substrate accumulate as a soluble intermediate regardless of its
ubiquitination status, or is it a product that remains associated
with themembrane?We transfected 293T cells withUBC6e-B5
together with HA-tagged ubiquitin and either WT or inactive
YOD1.We lysed cells mechanically and subjected them to sub-

FIGURE 3. UBC6eanditsmutantsareinsertedintotheERmembrane,butonlyUBC6e-B5andUBC6e-6arerapidly
degraded.A,thecelllinesdescribedinFig.2Awerepulse-labeledfor10minwith35S,chasedforindicatedtimepoints,and
lysedin1%SDS;thelysatewasthenimmunoprecipitated(IP)withanti-UBC6eserum.Theeluateswereseparatedby10%
SDS-PAGE and visualized by autoradiography. B, the cell lines described in Fig. 2A were lysed in 1% SDS; the lysate was
separated by 10% SDS-PAGE and subjected to immunoblotting (IB) with anti-UBC6e serum. C, the experiment described
in A was repeated in the presence of 50 �M ZL3VS. D, 293T cells were transiently transfected with the indicated opsin-
tagged UBC6e TMD variants. The cells were pulse-labeled for 10 min with 35S, chased for 20 min to allow for membrane
insertion, and lysed in 1% SDS. The lysate was immunoprecipitated with anti-UBC6e serum. Where indicated, the eluate
was treated with PNGase F for 2 h at 37 °C, separated on 10% SDS-PAGE, and visualized by autoradiography.

FIGURE 4. All UBC6e mutants are phosphorylated when expressed in mammalian cells. 293T cells were
transiently transfected with the indicated UBC6e TMD mutants. Twenty-four hours after transfection, the cells
were pulse-labeled for 10 min with 35S and chased for 20 min to allow for membrane insertion. The cells were
lysed in 1% SDS, and the lysate was immunoprecipitated (IP) with anti-UBC6e serum. The immunoprecipitates
were treated with alkaline phosphatase (10 units) in the presence or absence of phosphatase inhibitor. The
eluate was separated by 10% SDS-PAGE and visualized by autoradiography.
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cellular fractionation to separate the particulate from the solu-
ble fraction. We performed immunoprecipitation with anti-
UBC6e serum on each of the fractions in the presence of
detergent and visualized the ubiquitinated species by immuno-

blotting with an HA-antibody. As
expected, co-expression of UBC6e-
B5 and YOD1 C160S caused ac-
cumulation of polyubiquitinated
UBC6e-B5 species predominantly
in the membrane fraction (Fig. 5E).
Correct separation of the fractions
was ensured by immunoblotting for
UBC6e andYOD1, respectively (Fig.
5E). The presence of inactive YOD1
thus stalls dislocation of UBC6e-B5
at the ER membrane.
UBC6e is an E2 enzyme with a

catalytic cysteine residue at position
91. To exclude the possibility that
the observed polyubiquitin chain is
built on the active site cysteine of
UBC6e, we repeated the experiment
with a form of UBC6e-B5 in which
the active site cysteine was mutated
to a serine (Fig. 5E, right panel). No
differences in ubiquitination pat-
terns were observed, showing that
UBC6e-B5 indeed accumulates as a
polyubiquitinated degradation inter-
mediate when co-expressed with
YOD1 C160S.
The AAA ATPase p97 helps re-

move misfolded substrates from the
ER (21, 22). As YOD1 interacts with
p97 through its UBX domain (17),
we also tested the involvement of
p97 in the degradation of UBC6e-
B5. 293T cells were co-transfected
with UBC6e-B5 and either p97 WT
or inactive p97 QQ (21). As ex-
pected, co-expression with inactive
p97 impaired the degradation of
UBC6e-B5, implicating p97 in the
dislocation of a TA protein (Fig. 5, B
and D). We performed additional
experiments that involved the use
of dominant negative versions of
Derlin-1, -2, and -3, expressed as
GFP fusion proteins (13), as well as
UBXD8-GFP and AUP1-GFP, all of
which have previously been impli-
cated in the removal of misfolded
proteins from the ER (9–11, 14).
With the exception of Derlin-2 GFP,
all of these constructs impaired deg-
radation of Ubc6e-B5 (Fig. 6). Degra-
dation ofUBC6e-B5 thus involves at
least part of the dislocationmachin-

ery involved in protein quality control in the ER.
ASNA1 Targets UBC6e to the ERMembrane—Tail-anchored

membrane proteins are characterized by post-translational
membrane insertion, which occurs either in a manner assisted

FIGURE 5. YOD1 and p97 contribute to dislocation of UBC6e-B5. A and B, 293T cells were co-transfected with
UBC6e-B5 and empty vector, YOD1 WT or YOD1 C160S (A). Twenty-four hours after transfection, the cells were
pulse-labeled for 10 min with 35S, chased for indicated time points, and lysed in 1% SDS; the lysate was then
immunoprecipitated with anti-UBC6e serum. The eluates were separated by 10% SDS-PAGE and visualized by
autoradiography. This was repeated for p97 WT and p97QQ (B). C and D, densitometric quantitation of the
relative amount of UBC6e-B5 in the presence of YOD1 variants (C) or p97 variants (D). Error bars represent S.D.
(n � 3). E, 293T cells were co-transfected with HA-ubiquitin, UBC6e-B5 WT or C91S and either YOD1 WT or YOD1
C160S. The cells were lysed mechanically in a hypotonic buffer. The membrane and soluble fractions were
separated by high speed centrifugation. The individual fractions were lysed in 0.5% SDS and immunoprecipi-
tated (IP) with anti-UBC6e serum. Ubiquitinated UBC6e-B5 was visualized with anti-HA antibody. Correct sep-
aration of the membrane and soluble fractions was assessed by immunoblotting (IB) with anti-UBC6e (mem-
brane fraction) and anti-FLAG for YOD1 (soluble fraction). The asterisk indicates nonspecifically detected
polypeptides.
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by, or independent of, a chaperone system, the composition and
function of which are only now being unraveled. Inmammalian
cells, the client tail-anchored protein can be inserted through
ASNA1 (TRC40), heat shock protein 40/heat shock cognate 70,
signal recognition particle, or independent of chaperone assis-
tance, depending on the hydrophobicity of the transmembrane
segment (16). We identified ASNA1 byMS/MS (47% sequence
coverage, 10 unique peptides) as an interaction partner of
UBC6e in a large scale immunopurification. In this experiment,
C-terminally HA-tagged UBC6e was transduced into 293T
cells. UBC6e was isolated by immunoprecipitation from digito-
nin extracts and the eluate subjected to SDS/PAGE, followed by
MS/MS analysis of the individual polypeptides recovered in a
complex with Ubc6e. Having recovered ASNA1 as a strong hit,
we therefore set out to examinewhethermembrane insertion of
UBC6e is in fact dependent on ASNA1.
ASNA1 is an ATPase involved in posttranslational targeting

of membrane proteins (20, 23). The crystal structure of Get3,
the yeast homolog of ASNA1, provides insight into the binding
of a tail-anchored substrate and its regulated release under the
control of ATP hydrolysis (24, 25). Accordingly, we made an
ATPase-deficient G46R mutant of ASNA1.
To test whether UBC6e is dependent on ASNA1 for mem-

brane targeting and insertion, we examined membrane inser-
tion in the presence of either ASNA1 WT or ASNA1 G46R,
using N-linked glycosylation as a readout for insertion of the
opsin-tagged TA UBC6e variants into the ER membrane. A

short pulse of 5 min allowed us to
follow the fate of the newly synthe-
sized population of UBC6e. Within
30 min of chase, virtually all of
the newly synthesized UBC6e was
inserted into the ER membrane in
control cells (Fig. 7). Expression
of ASNA1 WT did not impair ER
membrane integration. However, ex-
pression of ASNA1 G46R reduced
membrane integration of UBC6e.
We performed a similar experiment
with UBC6e-CD4 and UBC6e-
B5. Again, UBC6e-CD4 behaved as
UBC6e WT and required ASNA1
for membrane integration. In con-
trast, expression of ASNA1 G46R
did not affect insertion of UBC6e-B5
(Fig. 7). We conclude that UBC6e is
a TA protein targeted to the ER
membrane by ASNA1.

DISCUSSION

The TMD of UBC6e determines
its function and its stability. We
crafted different mutants of UBC6e
in which we replaced its TMD with
that of other membrane proteins,
including TA and type I membrane
proteins. A comparison of different
TMD mutants of UBC6e showed

that the identity of the TMD determines its role in US11-me-
diated dislocation of MHC Class I HC products and markedly
affects the stability of that version of UBC6e itself.
Expression of either active or inactive UBC6e disturbs the

function of the dislocation complex nucleated by SEL1L, pre-
sumably by disrupting the proper stoichiometry of the multi-
protein complex that serves as (part of) the dislocon (11). Our
data show that the TMD of UBC6e is crucial for this property.
Deprived of its TMD,UBC6e is no longer targeted to the ER and
therefore fails to engage other components of the complex.
This is in line with our hypothesis that UBC6e engages its inter-
action partners within the ER membrane (11). When we sub-
stituted the TMD of UBC6e with that of other transmembrane
proteins, the nature of the replacement TMD affected both
function and stability of the resultant product. Irrespective of
the nature of the TMD, all forms of UBC6e were inserted suc-
cessfully into the ER membrane. It is unclear whether UBC6e
interacts directly with other members of the HRD1-SEL1L dis-
location complex orwhether it does so via an as yet unidentified
scaffold protein, as proposed for the yeast Hrd1/Hrd3-ubiq-
uitin ligase (26). The nature of the TMD could affect either one
of these interactions. The physicochemical properties of the
TMD may also affect location and trafficking of its bearer
within the plane of the membrane (27).
A UBC6e mutant with the TMD of CD4 mimics the WT

enzyme in both function and stability.WTUBC6e and UBC6e-
CD4 are TA proteins targeted to the ER by ASNA1.

FIGURE 6. Dislocation of UBC6e-B5 depends on Derlin-1, Derlin-3, UBXD8, and AUP1. A, 293T cells were
transiently co-transfected with UBC6e-B5 and either an empty vector control, Derlin-1 GFP, Derlin-2 GFP, or
Derlin-3 GFP. The experiment was performed as in Fig. 5A. The asterisks indicate nonspecifically bound
polypeptides. IP, immunoprecipitate. B, 293T cells were transiently co-transfected with UBC6e-B5 and either an
empty vector control, AUP1 GFP, or UBXD8 GFP. The experiment was performed as in Fig. 5A. C and D, densi-
tometric quantitation of the relative amount of UBC6e-B5 in the presence of Derlin family variants (C) or AUP1
GFP and UBXD8 GFP (D) is shown. Error bars represent S.D. (n � 3).
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Replacement of the TMD of UBC6e with that of CytB5 or
UBC6 results in highly unstable proteins that fail to engage the
dislocation complex, as inferred from their inability to affect
US11-dependent dislocation of Class I MHC products. After
insertion, UBC6e-B5 and UBC6e-6 are rapidly removed from
the ER and targeted for proteasomal degradation. Furthermore,
UBC6e-B5 does not utilize the ASNA1-dependent pathway for
membrane insertion. This unique trait allowed us to use these
proteins as substrates to study quality control and active
removal of TA proteins.
Both YOD1 and p97 are required for the dislocation of

UBC6e-B5 (Fig. 5). In addition, we implicate Derlin-1 and
Derlin-3, as well as UBXD8 and AUP1 (Fig. 6), all of which
contribute to dislocation (11, 13, 14), in the rapid turnover of
UBC6e-B5. This places several known players involved in ER
dislocation in a pathway for TA protein degradation (17, 21).

The involvement of YOD1, p97, and other proteins that par-
ticipate in dislocation suggests that the degradation pathway
of TA proteins converges with the currently known mecha-
nisms of disposal of misfolded proteins from the ER lumen:
ubiquitination triggers active removal of the substrate, which
is then targeted to the proteasome. The observed convergence
of quality control pathways for ER luminal proteins and for TA
proteins must occur downstream of the initial decision to
remove the protein from the membrane compartment. The
nature of TA proteins places their functional domain on the
cytosolic side of the ER membrane. We hypothesize that
the initial triage of inserted TA proteins must occur through
the action of proteins with a similar cytosolic orientation com-
pared with the ER membrane, or within the plane of the ER
itself. The latter possibility would be entirely consistent with
the involvement of the Derlins and AUP1 in particular. It is

FIGURE 7. UBC6e and UBC6e-CD4 are targeted to the ER membrane by ASNA1. A, 293T cells were co-transfected with the indicated opsin-tagged UBC6e
TMD variants and empty vector, ASNA1 WT, or ASNA1 G46R. Twenty-four hours after transfection, the cells were pulse-labeled for 5 min with 35S, chased for
indicated time points, and lysed in 1% SDS; the lysate was then immunoprecipitated (IP) with anti-UBC6e serum. The precipitated protein was treated for 1 h
with alkaline phosphatase at 37 °C to reduce the complexity of the banding pattern. The eluates were separated by 10% SDS-PAGE and visualized by
autoradiography. ASNA1 expression was assessed through immunoprecipitation with anti-FLAG antibody. B, densitometric quantitation of the amount of
nonglycosylated UBC6e variant relative to total protein is shown. Error bars represent S.D. (n � 3).
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difficult to envision involvement of the typical ER-resident
luminal chaperones such as PDI, OS9, BiP, calreticulin, cal-
nexin, and possibly others.
Both UBC6e-B5 and UBC6e-6 are degraded with rapid but

different kinetics. It is unclear why these proteins are dysfunc-
tional and removed, unlike their UBC6e-CD4 counterpart. One
possibility is that these TMDs no longer allow interactions with
other components of the dislocation complex, triggering an as
yet unidentified intramembrane quality control mechanism.
Another possibility is that these proteins are mistargeted to the
wrong ER membrane subdomains as they no longer engage
ASNA1, which targets the tail-anchored UBC6e to the ER
membrane, presumably the location where specific receptors
for ASNA1 are present. The notion that specific subdomains of
the ERmay be relegated to quality control and turnover of mis-
folded proteins is supported by data on the degradation of
mutant forms of the polytopic protein Ste6 in yeast (28). By
strict analogy with the GET system in yeast (29), membrane
receptors could facilitate not only the specific targeting of TA
proteins to organelles, but also to unique membrane domains
within those organelles. Mistargeting would then result in
active removal of the protein. The involvement of YOD1 and
p97 in the removal of UBC6e-B5 but not UBC6e-6may account
for the different kinetics for removal and degradation.
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