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The human cytomegalovirus (HCMYV) protein US2 hijacks the
endoplasmic reticulum (ER)-associated degradation machinery
to dispose of MHC class I heavy chain (HC) at the ER. This pro-
cess requires retrotranslocation of newly synthesized HC mole-
cules from the ER membrane into the cytosol, but the mecha-
nism underlying the dislocation reaction has been elusive. Here
we establish an in vitro permeabilized cell assay that recapitu-
lates the retrotranslocation of MHC HC in US2-expressing cells.
Using this assay, we demonstrate that the dislocation process
requires ATP and ubiquitin, as expected. The retrotransloca-
tion also involves the p97 ATPase. However, the mechanism
by which p97 dislocates MHC class I HC in US2 cells is dis-
tinct from that in US11 cells: the dislocation reaction in US2
cells is independent of the p97 cofactor Ufd1-Npl4. Our
results suggest that different retrotranslocation mechanisms
can employ distinct p97 ATPase complexes to dislocate
substrates.

The endoplasmic reticulum (ER)? is a major site of protein
synthesis for secretory and membrane proteins. To ensure that
only properly folded polypeptides and correctly assembled pro-
tein complexes enter the secretory pathway to reach their final
destinations, eukaryotic cells have evolved a conserved quality
control mechanism. This quality control program selectively
retains polypeptides that fail to reach native conformation and
export them from the ER into the cytosol for degradation by the
26 S proteasome. This process was termed ER-associated pro-
tein degradation (ERAD) or retrotranslocation (1-3). Efficient
degradation of misfolded ER proteins requires concerted
actions by the p97 ATPase and the ubiquitin proteasome sys-
tem (4). Polypeptides emerging into the cytosol via one or more
protein conducting channels are polyubiquitinated by an ER
membrane-associated ubiquitin ligase (5, 6). The p97 ATPase
complex, which comprises of the AAA (ATPase associated with
various cellular activities) ATPase p97 and the dimeric adaptor
complex Ufd1-Npl4, then use a dual recognition mode to rec-
ognize both polypeptide chain and the attached polyubiquitin
conjugates, leading to the extraction of the polypeptide from
the ER membrane (7, 8). p97 subsequently delivers the sub-
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strate to the proteasome for degradation with the assistance
from a collection of shuttling factors that are capable of inter-
acting with both p97 and the proteasome (9-11).

The retrotranslocation pathway can be hijacked by viruses to
facilitate viral evasion of host immune defense. The murine
vy-herpesvirus 68 encodes a type III membrane protein named
mK3, which down-regulates newly synthesized major histo-
compatibility complex (MHC) class I heavy chain (HC) by co-
opting the ERAD mechanism (12). Two HCMV-encoded pro-
teins, US2 and US11, can each target MHC class I HC to the
ERAD pathway for degradation. In US11- or US2-expressing
cells, MHC class | HC, a type I transmembrane protein carrying
a single glycan, is rapidly moved back into the cytosol. Once
emerging into the cytosol, HC molecules are modified with
polyubiquitin chains, whereas the N-glycan is cleaved off. The
polyubiquitinated polypeptide chain is subsequently degraded
by the 26 S proteasome (13, 14). The elimination of the antigen
presenting MHC HC molecules from the ER membrane appar-
ently allows viruses to escape detection by the host immune
system.

Both US11 and US2 directly bind MHC class I HC to initiate
the retrotranslocation process, and both pathways involve
ubiquitin, the 26 S proteasome, and a translocating chain-asso-
ciated membrane protein-1 (15-19). Nonetheless, these two
processes each posses its own unique features, indicating that
these two viral proteins may use different retrotranslocation
routes to dislocate MHC class  HC from the ER membrane. For
example, on the ER lumen side, although the Hsp70 family pro-
tein BiP has been implicated in both pathways (20), the ER
chaperone protein-disulfide isomerase is required only for
US2-mediated retrotranslocation (21). The difference between
the two pathways is most drastic when the membrane compo-
nents involved are compared (Fig. 1). In the ER membrane,
US11 and US2 proteins engage almost completely different sets
of membrane proteins to accomplish the dislocation reaction.
US2 targets MHC HC to a protein complex comprised of the
signal peptide peptidase and an ER-membrane bound ubiquitin
ligase termed TRCS for subsequent export into the cytoplasm
(22, 23). US11 does not interact with these proteins. Instead, it
targets HC to a large protein complex containing Derlin-1,
VIMP, UbxD8, SEL1L, and AUP1 for retrotranslocation (24—
27) (Fig. 1). On the cytosolic side, previous studies have dem-
onstrated the involvement of the p97-Ufd1-Npl4 complex in
US11-mediatd retrotranslocation (7, 28). However, few studies
have examined the cytosolic requirement for US2-induced
retrotranslocation. In particular, it is unclear whether or not
the p97 ATPase participates in this process, and if so, how it
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FIGURE 1. US11 and US2 use distinct membrane complexes to dislocate
MHC class | heavy chain. The schemes show the known membrane compo-
nents required for the degradation of MHC class | HC in US11 and US2 cells,
respectively. TRAM1, translocating chain associated membrane protein-1;
VIMP, VCP interacting protein.

can cooperate with such distinct membrane retrotransloca-
tion complexes.

In this report, we established an in vitro permeabilized cell
assay that recapitulates important features of the dislocation
reaction in intact US2-expressing cells (referred thereafter as
US2 cells). Using this system, we demonstrate that the retro-
translocation of HC induced by US2 expression requires ubiq-
uitin and the p97 ATPase. Surprisingly, the canonical adaptor
complex Ufd1-Npl4 implicated in retrotranslocation of most
ERAD substrates studied to date is dispensable for US2-in-
duced retrotranslocation. We propose that adaptor switch may
allow the p97 ATPase to cooperate with distinct retrotranslo-
cation machineries in the ER membrane to serve different
substrates.

MATERIALS AND METHODS

Constructs, Antibodies, Protein, and Chemicals—The
pLNCX2-US2 plasmid was constructed in two steps. First, a
DNA fragment comprised of the coding sequence for the sig-
naling sequence (SS) of the prolactin gene and the FLAG tag
(MDSKGSSQKGSRLLLLLVVSNLLLCQGVVSTPVDYKDD-
DDK) was amplified by PCR and inserted into the BglII and
Notl sites of the pLNCX2 vector (Clontech, Mountain View,
CA) to make pLNCX2-SS-FLAG. The US2 coding sequence
was then amplified by PCR and cloned in the Notl and Sall
sites of the pLNCX2-SS-FLAG. The sequences of all the con-
structs were confirmed by sequencing. The ON-TARGETplus
SMARTDpool siRNA targeting VCP/p97 (L-008727-00-0050)
and the control siRNA (D-001810-10-20) were purchased from
Thermo Scientific (Waltham, MA). The anti-Ufd1 siRNA were
purchased from Ambion (Austin, TX). The targeting sequence
is 5'-CCAACUCAGCCGACUUAAC. Bovine ubiquitin was
purchased from Sigma. MG132 was purchased from Calbio-
chem. DeoxyBigCHAP was purchase from Dojindo (Rockville,
MD). MHC HC and p97 antibodies were described previously
(24). The construct expressing GST-tagged p97 and the anti-
Ufd1 antibody were generously provided by Dr. Hemmo Meyer
(University of Duisburg-Essen, Germany).

Cell Lines, Transfection, and Immunoblotting—293T was pur-
chased from ATCC and maintained according to the standard
protocol. Transfection was done with the Lipofectamine2000
reagent (Invitrogen) following the protocol provided by the
manufacturer. Immunoblotting was performed according to
standard protocol. Fluorescence-labeled secondary antibodies
were used for detection. The fluorescent blots were imaged
using a LI-COR Odyssey infrared imager. Protein bands were
quantified using the Odyssey 2.1. Astrocytoma or 293T cells
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stably expressing FLAG-US2 were generated using the
pLNCX2-based retroviral system as described previously (29).
293T cell stably expressing YFP tagged T-cell receptor « chain
and astrocytoma cells stably expressing US11 were described
previously (28, 29).

Preparation of Cow Liver Cytosol—Fresh bovine liver tissue
was cut into small pieces to remove blood vessels and connec-
tive tissue. The resulting tissue (~300 g) was thoroughly rinsed
in ice-cold homogenization buffer (50 mm HEPES, pH 7.5, 80
mMm KCI, 15 mm NaCl, 3 mm MgCl,, 250 mm sucrose, 1 mm
dithiothreitol (DTT), 0.5 mM phenylmethylsulfonyl fluoride
(PMSEF)). Homogenization buffer (~300 ml) containing extra
protease inhibitors was added. The tissue was homogenized in a
Polytron blender followed by further homogenization using a
Potter homogenizer rotating at ~1000 rpm. The homogenate
was centrifuged at 9000 X g in a Beckman JA-10 rotor for 15
min. The supernatant was filtered through eight layers of
cheesecloth, re-centrifuged, and filtered through cheesecloth a
second time. The supernatant was then centrifuged in a Beck-
man Ti45 rotor at 45,000 X g for 3 h. The cytosol supernatant
was saved carefully. The protein concentration of the cytosol
was 20 —30 mg/ml, as measured with the use of the Micro BCA
Protein Assay (Pierce).

Protein Purification and Biochemical Depletion Experiments—
GST-Ube2B C88S and GST-p97 proteins were purified from
Escherichia coli as previously described (30). Purified proteins
were further fractionated by size exclusion chromatography on
Superdex 200 and Superose 6 columns, respectively, in 50 mm
Tris-HCI, pH 8.0, 150 mMm potassium chloride, 5% glycerol, and
2 mM magnesium chloride. Cow liver cytosol was purified as
described previously (16). To deplete Ufd1-Npl4 from cytosol,
GST-p97 protein was immobilized on glutathione beads. The
beads were washed once with a buffer containing 50 mm Tris-
HCI, pH 7.5, and 150 mm sodium chloride. 40 mg of cow liver
cytosol was subjected to two rounds of depletion, each with
glutathione beads containing 125 ug of GST-p97 protein. The
beads were removed by centrifugation. To deplete ubiquitin
from cow liver cytosol, cow liver cytosol (40 mg) was incubated
with 3 mg of GST-Ubc2m in the presence of GST-Ubal (1 ug)
and an ATP regenerating system (16). To monitor the depletion
efficiency, fluorescein-labeled ubiquitin (0.25 ug) was included
and the reaction was incubated at 37 °C for 15 min. Ubiquitin
aldehyde was added to a final concentration of 1 um. GST-
Ubc2m-ubiquitin complex was then removed by glutathione
beads. The depletion efficiency was monitored by comparing
the fluorescence intensity prior to and after the depletion
reaction.

Permeabilized Cell Assay—Pulse-chase and permeabiliza-
tion experiments were adapted from a previously described
protocol (28, 31). US2-expressing U373-M@ astrocytoma cells
(32) were starved in a Met/Cys-free DMEM for 40 min and
incubated in a medium containing [>**S]Met/Cys for 10 min.
Where indicated, the proteasome inhibitor MG132 (20 um) was
present in the starvation and pulse labeling medium. To perme-
abilize the plasma membrane, cells were washed with PBS sup-
plemented with 0.9 mm CaCl, and then incubated at 3 X 107
cells/ml in PB buffer (25 mm HEPES, pH 7.2, 115 mM potassium
acetate, 5 mm sodium acetate, 2.5 mm MgCl,, 0.5 mm EGTA)
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FIGURE 2. A permeabilized cell assay for US2-mediated retrotranslocation. a, experimental schemes for
the permeabilized cell assay. After cells are permeabilized, they were either incubated with an ARS and ubig-
uitin (Ub) directly to initiate retrotranslocation (scheme A) or subjected to centrifugation to remove cytosol
(scheme B). In the latter case, the membrane pellet fraction was washed with salt before the addition of CLC, Ub,
and ARS. b, US2 cells were either untreated or treated with the proteasome inhibitor MG132 (20 um, 1 h),
radiolabeled, and permeabilized. Cells were then incubated in the presence of ARS for either 0 or 60 min at
37 °C. A portion of the sample (T) was directly analyzed, whereas the other was fractionated into supernatant (S)
and membrane pellet (P). The extracts were subjected to immunoprecipitation with aHC. HC+CHO, glycosy-
lated HC; HC-CHO, deglycosylated HC. ¢, MG132-treated US2 cells were radiolabeled and permeabilized. The
membrane pellet was washed with a buffer containing the indicated concentrations of salt before being
incubated with CLC or a buffer at 37 °C. Samples taken at the indicated time points were directly analyzed by
immunoprecipitation with aHC. d, the membrane fraction from radiolabeled,
salt treated and incubated with CLC either in the absence or presence of ARS before being subjected to
immunoprecipitation with «HC. The image is a representative gel from three independent experiments.

containing 0.028% digitonin (Calbiochem, Gibbstown, NH)
and a protease inhibitor mixture comprised of leupeptin (10
png/ml), chymestatin (5 ug/ml), elastatinal (3 ug/ml), and pep-
statin (1 pg/ml) at 4 °C for 5 min. For some experiments, an
ATP regenerating system (ARS) containing 1 mm ATP, 7.8
mg/ml of phosphocretine (Sigma), and 0.5 mg/ml of creatine
kinase (Roche Applied Science) was added to permeabilized
US2 cells together with bovine ubiquitin (10 um) and perme-
abilized cells were then incubated at 37 °C to initiate retrotrans-
location. Alternatively, permeabilized US2 cells were first sub-
jected to centrifugation at 20,000 X g for 5 min to remove the
supernatant cytosol fraction. The membrane pellet was washed
twice with PB buffer containing 270 mm NaCl. The salt-treated
membrane pellet was resuspended in cow liver cytosol contain-
ing 10 uM bovine ubiquitin and ARS. The reaction mixture was
then incubated at 37 °C. Samples taken at different time points
were either analyzed directly by immunoprecipitation in a
buffer containing 0.5% Nonidet P-40 (11), or first fractionated
into a supernatant and a pellet fraction. These fractions were
extracted by the Nonidet P-40 lysis buffer and then subjected to
immunoprecipitation with an anti-HC antibody.
Co-immunoprecipitation — Experiment—US2-expressing
U373-MG astrocytoma cells were starved in a Met/Cys-free
medium containing 20 um MG132 for 1 h and incubated in
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p97 antibody. 75% of the precipi-
tated material from control and
anti-p97 immunoprecipitations
were resuspended in 2% SDS, 5 mm
DTT and heated at 90 °C for 5 min.
The eluted material was diluted
with the Nonidet P-40 lysis buffer,
and subjected to a second immu-
noprecipitation with an anti-HC

antibody.
MG132-treated US2 cells were

RESULTS

An in Vitro Assay for US2-medi-

ated Retrotranslocation—To study

the mechanism of US2-mediated retrotranslocation, we set up
a permeabilized cell system. A similar assay was previously
established to dissect the mechanism of US11-dependent ret-
rotranslocation of MHC class I HC (31). To this end, astrocy-
toma cells stably expressing US2 protein were labeled with
[**S]methionine and permeabilized with a buffer containing a
low concentration of the detergent digitonin. Digitonin-perme-
abilized cells were incubated with an ATP regenerating system
to initiate retrotranslocation (Fig. 24, scheme A). Samples taken
at different time points were either analyzed directly by solubi-
lization in a Nonidet P-40-containing extraction buffer fol-
lowed by immunoprecipitation with an anti-HC antibody or
first fractionated into pellet (containing the ER membrane) and
supernatant (containing the cytosol) fractions before immuno-
precipitation analysis. Incubation of permeabilized US2 cells
with an ARS decreased the level of MHC class I HC due to
retrotranslocation and proteasomal degradation (Fig. 2b, lane 1
versus 2). When US2 cells were treated with a proteasome
inhibitor MG132 for 1 h prior to pulse labeling, the degradation
of HC was inhibited, leading to the accumulation of a fraction of
retrotranslocated MHC class I HC during the labeling process,
which had the N-glycan cleaved off by a cytosolic N-glycanase
(Fig. 2b, lane 5) (33). The majority of retrotranslocated HC also
had the polyubiquitin chains removed, which was likely due to
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FIGURE 3. Ubiquitin is required for US2-mediated retrotranslocation. g, a small amount of FITC-labeled
ubiquitin was added to CLC to monitor the depletion efficiency. Fluorescence intensity in CLC was measured
before (BD) and after (AD) depletion. b, MG132-treated US11-expressing cells were radiolabeled, permeabi-
lized. The membrane pellet fraction was salt treated and incubated with either control (ctrl.) cytosol or ubig-
uitin-depleted CLC. Where indicated, bovine ubiquitin was added back to ubiquitin-depleted CLC. Samples
taken at the indicated time points were analyzed directly by immunoprecipitation with aHC. ¢, as in b, except
that US2 cells were used and samples taken at the indicated time points were fractionated into membrane
pellet (P) and supernatant (S) fractions before immunoprecipitation analyses. The image shows a representa-

tive gel from two independent experiments.

deubiquitination by cellular deubiquitinating enzymes, as
reported for USll-mediated retrotranslocation and other
ERAD substrates (11, 31, 34, 35). After incubation, we observed
that the amount of dislocated HC product was increased with a
concurrent reduction in glycosylated retrotranslocation pre-
cursor (Fig. 2b, lane 5 versus 6). Fractionation experiments
showed that the majority of deglycosylated HC was indeed
present in the cytosol fraction, whereas the glycosylated form
was mostly associated with the membrane (Fig. 20, lane 8 versus
7), consistent with previous studies using intact US2 cells. Thus,
our in vitro assay recapitulates a key feature of the in vivo reac-
tion that is the release of HC into the cytosol in a deglycosylated
form upon inhibition of the proteasome.

We next tested whether the dislocation of HC in permeabi-
lized US2 cells requires any cytosolic proteins. We introduced a
centrifugation step following the permeabilization of cells,
which removed cytosolic factors (31). The resulting membrane
pellets were washed with a buffer containing 115 mwm salt before
being incubated with either buffer or cow liver cytosol (CLC)
(Fig. 2a, scheme B). Interestingly, retrotranslocation of HC
occurred even in the absence of cytosol. The addition of cytosol
did not improve the dislocation efficiency (Fig. 2c, top panel).
However, when membranes from permeabilized US2 cells were
treated with a buffer containing 385 mm salt, the dislocation
reaction became dependent on the addition of cytosol (Fig. 2c,
bottom panel). These results suggest that US2-dependent dis-
location likely involves a factor that is present both in the
cytosol and on the ER membrane. This is in contrast to the
dislocation reaction in US11 cells, which requires few cytosolic
proteins (36). Most of the factors involved in US11-induced
retrotranslocation are exclusively associated with the ER
membrane either as anchored or peripheral proteins. These
observations further consolidate the notion that the two viral
proteins induce MHC class  HC degradation via distinct mech-
anisms. As expected, the dislocation of MHC class I HC in per-
meabilized US2 cells also required ATP as its omission com-
pletely blocked the appearance of the deglycosylated HC (Fig.
2d, lane 2 versus 4).

Ubiquitin Is Required for US2-dependent Retrotranslocation—
We tested whether retrotranslocation of MHC class I HC in
permeabilized US2 cells requires ubiquitin. We used a previ-
ously established method to deplete ubiquitin from cytosol
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E2-Ub thioester complex. The GST-
tagged E2-Ub complex could then
be removed using glutathione beads
(see “Materials and Methods”). This
approach allowed us to reproduc-
ibly deplete >90% of ubiquitin from
the cytosol, as indicated by efficient
removal of a fluorescence labeled
ubiquitin tracer (Fig. 3a4). Consistent with previous results,
cytosol depleted of ubiquitin did not support US11-dependent
dislocation (Fig. 3b, lane 2 versus 4) and addition of purified
bovine ubiquitin to ubiquitin-depleted CLC restored the dislo-
cation activity, as a fraction of glycosylated HC was converted
to dislocated deglycosylated species (Fig. 3b, lane 6). When the
membranes from permeabilized US2 cells were incubated with
either mock-depleted or ubiquitin-depleted CLC, dislocation
of MHC class I HC was observed in the presence of control
CLC, but not with ubiquitin-depleted CLC (Fig. 3¢, lanes 5 and
6 versus lanes 3 and 4). Like US11 cells, re-introducing ubiq-
uitin to ubiquitin-depleted cytosol restored the dislocation
activity, causing the accumulation of deglycosylated HC in the
cytosol fraction (Fig. 3¢, lane 8). Together, these observations
suggest that dislocation of MHC class I HC in permeabilized
US2 cells also involves ubiquitination in agreement with previ-
ous studies in intact cells, which showed that polyubiquitinated
MHC class I HC is present in US2 cells treated with a proteasome
inhibitor (17), and that removal of potential ubiquitin conjugation
sites in MHC class I HC abolished its dislocation (18).

The Differential Effect of p97 Inhibitors on US11- and US2-
induced Dislocation—Previous studies show that polyubiquitin
acts as arecognition signal to engage a p97 ATPase complex (8),
which utilizes the energy generated by ATP hydrolysis to dislo-
cate polypeptides from the ER membrane (28). We therefore
tested whether US2-induced retrotranslocation involves p97.
Because a significant fraction of p97 is tightly associated with
the ER membrane, which is resistant to high salt treatment (28),
we used a protein termed SVIP to inhibit the p97 function. SVIP
is a small polypeptide containing a p97 interaction motif. Over-
expression of SVIP inhibits p97-dependent protein degradation
at the ER membrane (37). Addition of SVIP protein to perme-
abilized US11 cells inhibits US11-dependent retrotranslocation
(Fig. 4a). In a parallel experiment, we also treated permeabilized
US2 cells with the same dose of SVIP. However, we found that
SVIP only had a marginal effect on US2-mediated retrotransloca-
tion, leading to a small but reproducible reduction in the level of
dislocated deglycosylated HC and a corresponding increase in the
membrane-associated glycosylated HC precursors (Fig. 4b).

To further examine the role of p97 in US2-mediated disloca-
tion, we incubated permeabilized US2 cells with a p97 mutant
lacking the second ATPase domain (AD2). This mutant was
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FIGURE 4. Differential effects of p97 inhibitors on US2- and US11-mediated retrotranslocation. a, MG132-treated US11 cells were radiolabeled, perme-
abilized, and incubated as shown in the scheme A in Fig. 1a. Where indicated, recombinant SVIP protein (4 um) was included in the chase reaction. Samples
taken at the indicated time points were either analyzed directly (T) by immunoprecipitation with aHC or fractionated into a pellet (P) and supernatant (S)
fraction before immunoprecipitation. b, as in g, except that US2 cells were used. Graph shows the quantification of results from two independent experiments.
¢, as in a, except that a dominant-negative form of p97 (p97AD2, 2 um) was added to the reaction mixture before chase. d, as in ¢, except that US2 cells were

used. The graph shows the quantification of the experiment.

shown to block retrotranslocation of MHC class I HC in US11
cells (7) (Fig. 4c). Interestingly, addition of this mutant to per-
meabilized US2 cells had no significant impact on HC disloca-
tion under the same condition (Fig. 4d). Together, these results
suggest that US2-induced retrotranslocation either does not
require p97 or employs a p97 complex that is different from the
one used in US11 cells, so it cannot be efficiently inhibited by
these inhibitory proteins.

Interaction of p97 with a Retrotranslocation Intermediate in
US2 Cells—To gain more insights on the role of p97 in US2-
mediated retrotranslocation, we examined the potential inter-
action of p97 with MHC class I HC undergoing retrotrans-
location in US2 cells. Because the retrotranslocation and
degradation of MHC class T HC in US2 cells occurs rapidly (¢, < 5
min), the interaction between p97 and the substrate HC, if
existing, must be transient in nature. To capture this transient
complex, we treated cells with a proteasome inhibitor for 1 h
before labeling cells with [**S]methionine. Cell extracts were
prepared using either the mild detergent DeoxyBigCHAP or a
stronger detergent (Nonidet P-40). p97 was immunoprecipi-
tated from cell extract (Fig. 5, bottom panel) and the associated
proteins were subjected to a second round of immunoprecipi-
tation with an anti-MHC HC antibody (Fig. 5, upper panels).
The result showed that a fraction of MHC class  HC molecules
associated with p97 only when DeoxyBigCHAP was used to
prepare cell extract, consistent with our hypothesis that the
p97-MHC class I HC interaction is unstable. Interestingly,
unlike US11 cells in which p97 associated with both the glyco-
sylated retrotranslocation precursor and the dislocated degly-
cosylated MHC molecules (38), p97 preferentially associated
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FIGURE 5. Interaction of p97 with a heavy chain retrotranslocation
intermediate in US2 cells. MG132-treated US2 cells were radiolabeled.
Cells were lysed in buffers containing either 1% DeoxyBigCHAP (DBC) or
0.5% Nonidet P-40. Cell extracts were subjected to immunoprecipitation
with either control IgG or ap97. A portion of the precipitated material was
directly analyzed by SDS-PAGE and autoradiography (bottom panel). The
remaining material was subjected to a second round of immunoprecipi-
tation with aHC. Where indicated, a fraction of cell extract was subjected
to immunoprecipitation with aHC antibody. Shown is a representative gel
from two independent experiments.

with deglycosylated MHC class I HC in US2 cells (Fig. 5). This
observation indicates that p97 is still involved in US2-mediated
retrotranslocation, but it appears to operate by a mechanism
distinct from that used in US11 cells.
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FIGURE 6. US2-mediated retrotranslocation is independent of the Ufd1-
Npl4 complex in vitro. a, the membrane fraction from digitonin-permeabi-
lized astrocytoma cells was either untreated or treated with a buffer contain-
ing 350 mm salt. The membrane was then extracted with the Nonidet P-40
lysis buffer and the protein extract was analyzed by immunoblotting with the
indicated antibodies. b, control CLC or Ufd1-Npl4-depleted CLC were ana-
lyzed by immunoblotting (/B) with the indicated antibodies. c, MG132-treated
US11 cells were radiolabeled and permeabilized. The membrane pellet frac-
tion was either untreated or salt treated and then incubated with the indi-
cated CLCs. Samples taken at the indicated time points were analyzed by
immunoprecipitation with aHC antibody. ctrl., control. d, MG132-treated US2
cells were radiolabeled and permeabilized. The membrane pellet fraction was
incubated with the indicated CLCs to initiate retrotranslocation. Samples
taken at the indicated time points were either analyzed directly by immuno-
precipitation with aHC (T) or fractionated into membrane pellet (P) and
supernatant (S) fractions before immunoprecipitation analysis. Shown is a
representative gel from two independent experiments. The graph shows the
quantification of the results. Error bars indicate the mean of two independent
experiments.

Ufd1 Is Dispensable for US2-mediated Retrotranslocation—
We then tested whether the retrotranslocation of MHC class
I HC in US2 cells requires the Ufd1-Npl4 cofactor complex.
Ufd1 and Npl4 are present in cells solely as a dimeric complex
(39) and depletion of one subunit always causes the simultane-
ous loss of the other, as reported in several studies (40, 41). The
Ufd1-Npl4 complex is mostly in the cytosol, but a fraction of
the complex is also associated with the ER membrane. How-
ever, the interaction of the Ufd1-Npl4 complex with the mem-
brane can be disrupted by salt (350 mwm) (Fig. 6a). Because our in
vitro assay includes a washing step with a buffer containing
~400 mM salt, the only source of Ufd1-Npl4 in the in vitro
retrotranslocation reactions is the cytosol. We therefore
depleted the Ufd1-Npl4 complex from the cytosol using re-
combinant GST-p97. Consistent with previous studies, this
approach efficiently removed the cofactor complex from the
cytosol, as confirmed by immunoblotting with an anti-Ufd1l
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antibody (Fig. 6b). We first tested the effect of Ufd1 depletion
on US11-mediated dislocation. When US11 cells were perme-
abilized and washed with salt, retrotranslocation of HC was
partially inhibited, as indicated by the reduced level of deglyco-
sylated HC during the chase period (Fig. 6¢, lanes 5 and 6 versus
2and 3). This was at least in part due to the removal of the Ufd1
complex from the membrane as depletion of Ufd1 from CLC
further impaired HC retrotranslocation (Fig. 6¢, lanes 8 and 9).
In contrast, when US2-induced dislocation assay was per-
formed using either the cofactor-depleted cytosol or a mock
depleted cytosol, we observed no difference in their ability to
support the retrotranslocation of HC (Fig. 6d). Thus, we con-
clude that unlike US11 cells, US2-mediated retrotranslocation
likely does not require Ufd1-Npl4.

We finally confirmed our findings using intact 293T cells
stably expressing US2. We knocked down both p97 and Ufd1
using a siRNA approach. The depletion of these proteins from
cells could be verified by immunoblotting (Fig. 7a). The deple-
tion of either p97 or Ufdl significantly impaired the ERAD
pathway, as indicated by the increased stability of the classical
ERAD substrate TCR« (Fig. 7a, lanes 1-3). Interestingly, in
US2-expressing 293T cells, depletion of p97 stabilized endoge-
nous MHC class I HC, whereas knockdown of Ufd1l had no
effect on the degradation of MHC class I HC (Fig. 7a, lanes 4-6,
and b). These results confirm that US2-induced retrotransloca-
tion proceeds via a p97-dependent but Ufdl-independent
mechanism.

DISCUSSION

The HCMV protein US2 hijacks the ERAD pathway to dis-
pose of newly synthesized MHC class I HC. It has been shown
previously that in US2-expressing cells, MHC class I HC mole-
cules undergo polyubiquitination and are dislocated into the
cytosol prior to proteasomal degradation (13). Removal of ubiq-
uitination sites on MHC class I HC inhibits its retrotransloca-
tion and degradation (18). To dissect the mechanism of US2-
induced retrotranslocation of MHC class I HC, we establish an
in vitro permeabilized cell assay that recapitulates key features
of this reaction. In our in vitro assay, ubiquitin depletion com-
pletely abolishes US2-induced retrotranslocation, consistent
with a previous report that US2-mediated retrotranslocation
requires ubiquitination. In addition, the dislocation reaction
requires ATP.

We show that in addition to ubiquitin, US2-dependent ret-
rotranslocation also involves the p97 ATPase. At first glance,
this appears to resemble US11-induced retrotranslocation.
However, a thorough comparison of the two reactions indicates
that the two HCMYV proteins use distinct retrotranslocation
complexes to down-regulate MHC class I HC. For ubiquitina-
tion, the US2 protein uses the TRC8 ubiquitin ligase to conju-
gate polyubiquitin chains on one or more lysine residues in HC
and removal of ubiquitin acceptors in HC inhibits its retro-
translocation (23). By contrast, TRC8 is not involved in US11-
induced retrotranslocation and lysine residues in HC molecules
are dispensable for retrotranslocation (18, 23). Because MHC
class I HC is polyubiquitinated in US11 cells and blocking this
modification by either depletion of ubiquitin from the cytosol
orinactivationoftheubiquitinactivatingenzymeabolishesUS11-
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FIGURE 7. US2-mediated retrotranslocation is independent of Ufd1.
a, 293T cells stably expressing TCRa or US2 were transfected with either con-
trol siRNA or siRNA targeting p97 or Ufd1. Whole cell extracts were analyzed
by immunoblotting with antibodies against the indicated proteins. The num-
ber indicates the relative intensity of the Ufd1 band. Note that the GFP anti-
body also detects a nonspecific protein in US2 cell extract, which migrates at
the same position as TCRa-YFP. b, shown are normalized HC levels in US2 cells
transfected with the indicated siRNAs from three independent experiments.
Error bars represent S.E. (n = 3).

dependent retrotranslocation (15, 16, 31), we assumed that
ubiquitin chains may be conjugated to one or more non-lysine
residues in HC, as demonstrated recently (42). For the disloca-
tion reaction, although both reactions appear to use the p97
ATPase, the mode of p97 action in these reactions is different.
In US11-expressing cells, p97 interacts with both glycosylated
retrotranslocation precursor as well as deglycosylated retro-
translocated product (38). In US2 cells, p97 primarily interacts
with the deglycosylated species. This distinction suggests that
US2 and US11 may employ different p97 complexes to dislocate
MHC class | HC, a notion further supported by our finding that
US2-mediated retrotranslocation does not require the cofactor
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complex Ufd1-Npl4. This model would explain why several p97
inhibitory proteins efficiently inhibit the dislocation of HC in
permeabilized US11 cells but not in US2 cells. Perhaps, differ-
ent p97 complexes may have differential accessibility to these
inhibitory proteins.

The use of different p97 complexes by the two HCMYV pro-
tein-induced retrotranslocation processes might be due to the
different mechanisms by which these viral proteins recognize
and target HC molecules for retrotranslocation. US11 uses its
transmembrane domain to recognize both MHC class |HC and
Derlin-1. The latter is a multispanning membrane protein
implicated in retrotranslocation of some misfolded ER proteins
(24, 25, 43). By serving as an adaptor that links MHC class | HC
to Derlin-1, US11 targets HC to a retrotranslocation complex
comprising Derlin-1, one or more membrane-bound ubiquitin
ligases, and the AAA ATPase p97 (38, 44). In contrast, Derlin
family members are dispensable for US2-mediated retrotrans-
location. Instead, US2 uses its ER luminal domain to interact
with HC and its cytosolic tail to bind the signal peptide pepti-
dase (22). Signal peptide peptidase is in complex with the TRC8
E3 ubiquitin ligase, which appears to mediate the transfer of
MHC class I HC across the ER membrane in US2 cells (23).
Whether or not TRCS also mediates retrotranslocation of mis-
folded ER proteins is currently unknown. Nonetheless, it
becomes apparent that distinct retrotranslocation complexes
exist in the ER membrane in both yeast and higher eukaryotes,
which serve different cohorts of ERAD substrates. Because
almost all retrotranslocation mechanisms studied to date use
the p97 ATPase for substrate dislocation, the difference in the
membrane machinery underscore the importance of tailoring
p97 complex by affiliating it with different co-factors, which
would allow the same enzyme to cooperate with different mem-
brane-bound retrotranslocation complexes. In agreement with
this idea, a recent study shows that the p97 adaptor UbxDS8, a
Ubx-domain-containing protein is only involved in retrotrans-
location of HC molecules in US11 cells but not in US2 cells (27).
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