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Background: Whether ubiquitination of endoplasmic reticulum-associated degradation substrate is required for disloca-
tion remains unresolved.
Results: Mutant major histocompatibility complex I (MHCI) heavy chains lacking tails or lysine residues are dislocated in a
deubiquitinating enzyme-dependent manner.
Conclusion: Ubiquitination of MHCI heavy chains is not required for dislocation as it is required for degradation.
Significance: Our data support a model that dislocation and degradation require two mechanistically distinct ubiquitination
events.

Aberrantly or excessively expressed proteins in the endoplas-
mic reticulum are identified by quality control mechanisms and
dislocated to the cytosol for proteasome-mediated, ubiquitin-
dependent degradation by a process termed endoplasmic retic-
ulum-associated degradation (ERAD). In addition to its role in
degradation, ubiquitination has also been implicated in sub-
strate dislocation, although whether direct ubiquitin conjuga-
tion of ERAD substrates is required for dislocation has been
difficult to ascertain. An obstacle in probing the mechanism of
quality control-induced ERAD is the paucity of ERAD sub-
strates being dislocated and detected at any given time. To obvi-
ate this problem, we report here the use of a sensitive biotinyla-
tion system to probe the dislocation ofmajor histocompatibility
complex I (MHCI) heavy chain substrates in the absence of
immune evasion proteins. Using this assay system the disloca-
tion of MHCI heavy chains was found not to require potential
ubiquitin conjugation sites in the cytoplasmic tail or Lys resi-
dues in the ectodomain. By contrast, dislocation ofMHCI heavy
chains did require deubiquitinating enzyme activity and rapid
proteasome-mediated degradation required Lys residues in
MHCI heavy chain ectodomain. These combined findings sup-
port the model that the endoplasmic reticulum quality control-
induced dislocation of MHCI heavy chains may not require
direct ubiquitination/deubiquitination as is required for protea-
some-mediated degradation post dislocation.

Endoplasmic reticulum-associated degradation (ERAD)3 is
the major mechanism by which cells get rid of unwanted pro-
teins that fail to pass quality controls in the secretory pathway
or are in an excess in metabolic regulation. Mechanistically the
ERAD of substrates can be divided into four steps: recognition,
retrotranslocation (dislocation), ubiquitination, and degrada-
tion. Significant progress has been made in identifying critical
components for each of these four steps of ERAD. Notably,
however, the molecular mechanism of substrate dislocation
remains largely unknown (1, 2). Of particular recent interest
has been defining the specific role substrate ubiquitination
plays in dislocation (3).
Using a highly evolutionarily conserved enzymatic cascade of

an E1 activating enzyme, an E2 conjugating enzyme, and an E3
ligase, substrates are typically coupled with ubiquitin (Ub) on a
Lys residue (4). Extending this initial Ub conjugation, a poly-
ubiquitin chain can be built by E2/E3 pairs adding sequential
Ub moieties with selected linkage. Substrates with polyubiqui-
tin chains of length greater than 4moieties typically coupled via
Lys48- or Lys11-linkage are targeted to the proteasome for deg-
radation (5, 6). Once they reach the proteasome, the Ub-tagged
proteins are first deubiquitinated by deubiquitinating enzymes
(DUBs) in or associated with the 19S regulatory particle that
releases Ub for recycling and allows the substrate to enter the
narrow pore of the 20S core for degradation (7–10). In addition
to proteasome targeting, Ub conjugation on substrate is
thought to be a prerequisite for dislocation. Of note, although
different ERAD substrates are associated with different multi-
meric dislocation protein complexes, an ER membrane-associ-
ated E3 ligase is always found as a central component of the
dislocation complex (11, 12). The major role of the E3 ligase
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within the dislocation complex is to connect the ER luminal
chaperone responsible for substrate recognition with its cog-
nate E2 enzyme for substrate ubiquitination. The cytosolic p97
(Cdc48 in yeast) ATPase is then recruited with its cofactors
Ufd1 and Npl4 to provide the pulling force for dislocation of
ubiquitinated substrates from diverse dislocation complexes
(13–16). Binding of a polyubiquitin chain via Ufd1 and Npl4 is
required for dislocation of substrate (17). The polyubiquitin
chain on the substrate therefore was speculated to serve as a
binding handle for association with the p97 complex, whereas
hydrolysis of ATP takes place.
Taken together these findings suggest that substrate ubiq-

uitinationmay be required for complete dislocation. Curiously,
however, direct ubiquitination of substrates during dislocation
has been difficult to demonstrate (18, 19). Also, it is not clear
whether ubiquitination plays the same role in dislocation of
disparate substrates that may use different molecular mecha-
nisms of dislocation. For example, it is conceptually easy to
envisage how the cytoplasmic domain of a membrane protein
can be ubiquitinated by the cytosolic ubiquitination machinery
and how thismodification could play a critical role in recruiting
the p97 complex to extract the substrate from the ER mem-
brane. However, in some cases potential Ub acceptor sites in
the cytosolic domain or even a cytoplasmic tail itself are dispen-
sable for dislocation of certain model ERAD substrates (20–
22). In these scenarios as well as for soluble substrates in the ER
lumen, an initial movement (a so-called partial dislocation)
prior to their complete extraction has been proposed to allow
ubiquitination to occur in the cytosol. In support of this partial
dislocation model, Kopito and co-workers (23) recently found
that Derlin proteins are inactive members of the rhomboid
family of intramembrane proteases.Mutations in the rhomboid
domain of Derlin1 stabilized mutant �1-antitrypsin, a soluble
model ERAD substrate, on the cytosolic face of the ER mem-
brane without interfering with p97 binding (23). These findings
suggested that a soluble substrate is first transferred from the
ER lumen to the membrane after which Derlin1 and p97 com-
bine to complete dislocation. The role of substrate ubiquitina-
tion in this model remained undefined.
Intriguingly, several recent studies suggest that a p97-associ-

ated deubiquitinating step is required for dislocation of aber-
rant soluble or membrane proteins from the ER. For example,
the newly discovered chemical inhibitor Eeyarestatin 1 (Eer1)
was found to interfere with p97-associated DUB activity (24)
and this drug could block dislocation of orphan TCR� and
US11-induced dislocation ofmajor histocompatibility complex
class I (MHCI) heavy chain (25). Additionally, enzymatically
inactive YOD1, a p97 associated DUB, stabilized truncated
ribophorin (RI332, a soluble substrate of ERAD), and TCR� in
the ER, whereas expression of a chimeric protein with the UBX
domain of YOD1 for p97 association and the DUB domain of
EBV facilitated the release of stalled RI332 and TCR� into the
cytosol. However, this chimeric protein also blocked protea-
some-mediated degradation suggesting p97-associated deubiq-
uitination is necessary for protein dislocation but premature
removal of a polyubiquitin chain from the substrate before pro-
teasome impairs proteasome-mediated degradation (26–28).
These combined observations led to the proposal that two

sequential rounds of ubiquitination may be required for ERAD
of at least a subset of substrates. The initial round of ubiquiti-
nation/deubiquitination would be required for substrate to
pass through the narrow pore of p97 to complete dislocation
and the second round of ubiquitination/deubiquitination is
required for substrate to pass through the proteasome to be
degraded (8). Although appealing, this model remains to be
experimentally proven. A key question to test in this model or
any ERADmodel is whether the substrate is the direct target of
ubiquitination and deubiquitination prior to or during
dislocation.
One of the most extensively studied substrates used to probe

the mechanisms underlining ERAD in mammals is MHCI
heavy chain (HC), a type I integral membrane protein (29, 30).
These investigations have been facilitated by viral immune eva-
sion proteins that induce rapid ERAD of HC, such as US2 and
US11 of human cytomegalovirus and mK3 of murine � herpes-
virus 68 (29, 30). Interestingly, although all three of these viral
proteins target HC for degradation by the proteasome, the
mechanisms by which HCs are recognized, ubiquitinated, and
dislocated are distinct. For example, US2-induced ERADofHC
depends on TRC8 E3 ligase and signal peptide peptidase (31,
32), whereas US11-mediated dislocation of HCs is dependent
upon SEL1L and Derlin1 (33, 34). Although associated with the
HRD1 E3 ligase complex, the functional dependence of US11
on HRD1 or any other ER-associated E3 ligase has not been
demonstrated (35–37). Furthermore, based on studies of Lys-
less HC, direct Ub conjugation on HC appears to be required
for dislocation of HC by US2 but not by US11 (18). Given that
US11 can directly interact with Derlin1 that is essential for
recruiting p97 and dislocation (23, 33, 34), US11-induced dis-
location could conceivably bypass the need for substrate ubiq-
uitination. Different from US2- and US11-induced ERAD of
HC, mK3 facilitates the Ub conjugation on the cytoplasmic tail
of HCs (38). This finding implies that mK3 induces the extrac-
tion of HC from the ER vectorially by its C-terminal tail. Thus
studies of these 3 viral proteins targeting ERAD of HC accen-
tuate current dogma that there are multiple mechanisms to
induce dislocation. But after dislocation all ERAD substrates
are thought to use a similar mechanism for degradation (1).
Interestingly, recent studies of physiologic ERAD of HC

demonstrate that it uses a mechanism distinct from that
induced by any of the above viral immune evasion proteins.
Quality control-induced ERAD of incompletely assembled HC
molecules has been studied using cells deficient in �2m, the
MHCI light chain, or cells deficient in the transporter associ-
ated with antigen processing (35, 39, 40). For example, Burr et
al. (35) recently showed that HRD1 and UBE2J1 play an essen-
tial role in the ERAD of non-�2m assembled HC. However, in
this study whether direct ubiquitination of HC is required for
dislocation was not addressed. A challenge in determining the
role substrate ubiquitination plays in dislocation versus degra-
dation results from the limited substrates undergoing ERAD at
a given time relative to the total pool of HCs. However, the
study by Burr et al. (35) clearly demonstrates that viral proteins
do not faithfully mimic early mechanisms of substrate ubiquiti-
nation and dislocation induced by physiologic ERAD.
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To selectively probe the mechanism of dislocation versus
degradation of HC under physiological conditions, we adapted
a cytosolic site-specific biotinylation system that allows the N
terminus of HC to be biotinylated once it is exposed to the
cytosol (41). Using this system, combined with pharmacologi-
cal inhibition of p97 and/or proteasome, we were able to quan-
titatively monitor the dislocation of membrane-bound, glyco-
sylated HCs to the cytosol as well as the degradation of
post-dislocated HCs in the cytosol.We found that inhibition of
DUB activity leads to an accumulation of biotinylated MHCI
molecules in the ERmembrane, however, neither the tail of HC
nor the Lys residues in the luminal site are required for the
dislocation of these HCs. Nevertheless, their ectodomain
lysines are clearly required for degradation of the HCs by the
proteasome. These findings support the model that during
quality control inducedERAD, direct ubiquitination ofHC sub-
strates is not required for dislocation, but is clearly required for
degradation.

EXPERIMENTAL PROCEDURES

Cell Lines—Murine B6/WT3 (WT3, H-2b) embryonic fibro-
blasts and triple knock-out fibroblasts (Kb�/� Db�/� �2m�/�,
3KO) were described previously (42). 293T cells (43) were used
for production of retrovirus. All cells were maintained in com-
plete RPMI 1640 or DMEM supplemented with 10% fetal calf
serum (HyClone) as described (44). Retrovirus-containing
supernatants were produced with transient transfection of
293T cells using the pVpack vector system (Stratagene).
DNA Constructs—Retroviral BirA expressing vector pMIP.cyt-

BirA was constructed by subcloning the coding sequence of an
Escherichia coli-derived BirA ligase from pDisplay.BirA ligase
(kindly provided by Dr. Mike Diamond, Washington Univer-
sity) into a pMSCV.IRES.Puro (pMIP) retroviral expression
vector (gift of Dr. L. Lybarger, University of Arizona). The ER-
BirA expression vector pMIP.ER-BirA was generated by fusing
a signal peptide from the murine Ighv14-3 gene to the N termi-
nus and a KDEL ER-retention signal to the C terminus of the
birA ligase gene in the construct pMIP.cyt-BirA. A-15 amino
acid (GLNDIFEAQKIWHE) biotin acceptor peptide (BAP) (45)
� anNheI site (encodingAS)were placed between the Ld signal
peptide and the 1st residue of the mature Ld polypeptide in the
pMIN.Ld vector described previously (44) to generate the ret-
roviral BAP-Ld expression construct. The Ld mutants includ-
ing Ld tail�K (with all 3 Lys residues on the cytoplasmic tail
replaced byArg), Ld tail�KCST (withKCST residues on the tail
mutated), Ld�tail (with tail sequence after the basic cluster
RRRRNT deleted), and Ld�K (with all 13 Lys residues on the
entire Ld molecule replaced by Arg) have been described pre-
viously (38). The correct sequences for all of the constructs
were confirmed by DNA sequencing.
Antibodies and Reagents—Rabbit antisera to the cytoplasmic

tail of Ld (Ra20873) andmAbs to the ectodomain of Ld (30-5-7
and 64-3-7) were described previously (44, 46). Antibody to Ub
(P4D1), �-actin (AC-74), and rabbit anti-calnexin (SPA-860)
were purchased from Santa Cruz, Sigma, and Enzo, respec-
tively. PR-619, DBeQ, and Eer1 were obtained from LifeSen-
sors, Sigma, and EMDMillipore, respectively.

Cell Permeabilization and Fractionation—After treatment
with proteasome or DUB inhibitors as indicated and detach-
ment by trypsin-EDTA, the cells were washed with PBS twice
and resuspended in PBS containing 20 mM iodoacetamide
(Sigma), protease inhibitors (Complete Mini, Roche Applied
Science), and 0.02% digitonin (Wako Chemicals, Richmond,
VA) at 0.5–1.0 � 107/ml and incubated on ice for 20 min. Sol-
uble cytosolic proteins in the supernatant and membrane pro-
teins in the pellet were separated by centrifugation of digitonin-
treated cells at 18,000 � g, 4 °C for 15–20 min.
Immunoprecipitation and Immunoblot—Cells or pellet frac-

tions were lysed in PBS buffer containing 1% Nonidet P-40, 20
mM iodoacetamide and protease inhibitors (Complete Mini,
Roche). Postnuclear lysates or supernatant fractions were then
incubated at 4 °C overnight with Ld mAbs and protein A-Sep-
harose (Sigma). After washing 4 times with 0.15% Nonidet
P-40/PBS/iodoacetamide, precipitates were eluted with 1�
LDS sample loading buffer (Invitrogen), and �-mercaptoetha-
nol was added to a final concentration of 5% where indicated.
Immunoblot was performed following SDS-PAGE separation
of precipitated proteins or cell lysates. Specific proteins were
visualized by standard enhanced chemiluminescenceHRP sub-
strate (ECL, Thermo) or supersensitive ECL (Immun-Star
WesternC, Bio-Rad) as indicated. For PNGase F treatment,
after washing, the immunoprecipitates were eluted in the dena-
turing buffer (0.5% SDS, 1% �-mercaptoethanol) at 95 °C for 5
min and then incubated at 37 °C for 1 h in 50mM sodium phos-
phate, pH 7.5, containing 1% Nonidet P-40 and 5 units of
PNGase F (New England Biolabs). For proteinase K treatment,
cells were incubated on ice with 5 �g/ml of proteinase K (Invit-
rogen) for 20 min. After the digestion was stopped by addition
of 1 mM PMSF the cells were lysed and subjected to immuno-
precipitation. Densitometry was done using ImageJ (NIH).

RESULTS

A Biotinylation System Enables Detection of a Small Fraction
ofHCs Subjected to ERAD—Thedislocation ofHCproteins, like
other ERAD substrates, is typically monitored by blocking pro-
teasome activity and detecting a small fraction of the total HCs
as soluble, deglycosylated forms in the cytosol by immunoblot.
Prior to deglycosylation by cytosolic N-glycanase this small
fraction of the HCs in the ER membrane cannot be distin-
guished from themajority ofHCmolecules destined for surface
expression along the secretory pathway. To directly and quan-
titatively monitor dislocation of HC, an in vivo cytosolic site-
specific biotinylation system was developed. In this system
E. coli-derived BirA biotin ligase (cyt-BirA) (47) was co-ex-
pressed in mouse embryonic fibroblast cells with the HC mol-
ecule (Ld) having a BAP (45) fused to its N terminus. Because
BirA without a signal peptide is expressed exclusively in the
cytosol, the N-terminal BAP-tagged Ld molecules (BAP-Ld)
can be biotinylated only when their N termini are exposed to
the cytosol after being dislocated (or partial dislocated) (Fig. 1A,
panels I and III). Of note the BAP tag on the Ld molecules does
not disrupt its native folding or surface expression.
To validate this system, an ER expressing BirA (ER-BirA)

with a signal peptide fused to the N-terminal end and a KDEL
ER-retrieval signal at the C-terminal end was engineered and
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co-expressed with BAP-Ld in murine fibroblasts lacking classi-
cal HC and �2m. Ld molecules were retrieved from the cell
lysates by precipitation with anti-Ld antibodies. Total Ld HCs
and biotinylated Ld HCs (*Ld) in the precipitates were then
determined by blotting with anti-Ld and streptavidin-HRP
conjugates (SA-HRP), respectively, and visualized by the stand-

ard enhanced chemiluminescence substrate (ECL) for HRP.
Under such conditions the BAP-Ld molecules were clearly
biotinylated by ER-BirA, but not by cyt-BirA, although they are
equally expressed (Fig. 1, A, panel II, and B). To detect the
steady-state level of HCs being removed from the ER to the
cytosol under more physiological conditions, WT3 cells with
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�2m and endogenousMHCI proteins were co-transduced with
cyt-BirA and BAP-Ld. These cells were treated with protea-
some inhibitor MG132 followed by permeabilization to sepa-
rate the cytosolic fraction in the supernatant (S) from themem-
brane fraction in the pellet (P). The lysate blots for the ER
membrane protein calnexin and the cytosolic protein �-actin
verified the fractionation (Fig. 1C, right panel). *Ld molecules
captured by immunoprecipitation of Ld from the two fractions
were blotted by SA-HRP and visualized using supersensitive
ECL. Using this approach, a band corresponding to glycosy-
lated *Ldmolecules was readily detected in themembrane frac-
tion with or without MG132 treatment (Fig. 1C, lanes 2 and 4).
These molecules likely represent HCs whose N termini have
been exposed to the cytosol, but remain membrane associated
(i.e. having undergone partial dislocation). Additionally in the
presence of proteasome inhibitor, more than half of the *Ld
molecules in the cytosol displayed a faster migration rate (Fig.
1C, lane 1); and these faster migrating *Ld molecules were
deglycosylated HCs based on their unchanged position in the
gel after PNGase F treatment (Fig. 1D, lane 4 versus lane 2).
Thus thesemolecules areHCs that have been fully dislocated to
the cytosol. Of note, some of the deglycosylated *Ld molecules
were detected in the P fraction (Fig. 1C, lane 2) as well. These
P-associated *Ldmolecules are likely residual cytosolic proteins
resulting from incomplete depletion during fractionation
because residues of typical cytosolic proteins such as �-actin
could also be observed in the P fraction (Fig. 1C, right panel).
The amount of these residual deglycosylated *Ld forms in the P
fraction varied depending on whether a wash step was con-
ducted following permeabilization and centrifugation.
To determine the fraction of HC having undergone disloca-

tion, the same samples were also blotted for Ld rather than
SA-HRP. Densitometry comparisons of Fig. 1C, lanes 5 and 6,
indicated that less than 1% of total Ld was detected as soluble
forms in the cytosol. Unfortunately, it was not possible to
estimate the percentage of membrane-bound Ld that was
biotinylated because glycosylated forms of *Ld and Ld could
not be distinguished (Fig. 1C, lanes 2 and 4 versus lanes 6 and
8). Furthermore, by treating Ld molecules with �-mercapto-
ethanol, the presence of intracellular disulfide bonds in *Ld
was determined. Although the glycosylated *Ld band shifted

up under reducing conditions (Fig. 1E, lanes 3 and 4), the
band corresponding to deglycosylated *Ld molecules
remained unchanged after �-mercaptoethanol treatment
(Fig. 1E, lane 4 versus lane 2). These findings demonstrated
that glycosylated *Ld forms remain folded, but the deglyco-
sylated *Ld species are unfolded. Thus reduction of disulfide
bonds may be a prerequisite for complete dislocation of HC
as implicated by studies by other authors (48–50).
To determine whether the glycosylated *Ld molecules have

their N termini continuously extended in the cytosol, protein-
ase K sensitivity was tested. As shown in Fig. 1F, the cytoplas-
mic tail of membrane-bound *Ld molecules was sensitive to
proteinase K treatment as evidenced by a smaller band that
could be detected by antibodies specific for the ectodomain of
Ld but not by antibodies specific for the tail of Ld (Fig. 1F, lane
4 versus lane 6). By contrast, N termini of membrane-bound
*Ld appeared to be resistant to treatment because the strength
of the SA-HRP signal for the N-terminal biotin was unchanged
(Fig. 1F, lane 2 versus 1). This result suggests that at steady-state
the majority of the membrane-bound *Ld have their N termini
in the ER lumen and the C termini in the cytosol. How these
HCs expose their N termini to the cytosol to get biotinylated by
the cyt-BirA and subsequently retrieve their type I integral
membrane protein topology is intriguing and may reflect
repeated refolding attempts during ER quality control. Alterna-
tively, the N terminus of membrane-bound *Ld may reside on
the cytosolic side of the ERmembrane, but be protected against
proteinase K cleavage by associated proteins involved in dislo-
cation. Regardless of the membrane orientation of glycosylated
*Ld, most of these molecules are fated for ERAD. This conclu-
sion is supported by steady-state data showing that more than
half of the *Ldmolecules are dislocatedwithin a short time after
blockade of proteasome function (Fig. 1C). In addition, kineti-
cally, in a cycloheximide (CHX) chase experiment, the decrease
over time in the level of membrane-bound, glycosylated *Ld
was correlated with the increase in the level of deglycosylated
*Ld in the cytosol (Fig. 1G). Thus most membrane-bound *Ld
molecules appear to be HCs sentenced to ERAD that are con-
tinuously removed from the ER.
Dislocation of BAP-Ld Is Dependent of DUB Activity—As

mentioned in the Introduction, DUB function has been impli-

FIGURE 1. A cytosolic site-specific biotinylation system allows detection of limited MHCI HCs subject to ERAD. A, schematic depiction of site-specific
biotinylation of N-terminal BAP-tagged Ld HC in cells: panel I, a type I transmembrane protein, BAP-Ld, cannot be biotinylated by cytosolic expressed BirA ligase
(cyt-BirA); panel II, BAP-Ld can be biotinylated by ER expressed BirA (ER-BirA); panel III, only partially or completely dislocated BAP-Ld can be biotinylated by
cyt-BirA. B, mouse 3KO cells were first transduced with the BAP-Ld then co-transduced with either cyt-BirA or ER-BirA. BAP-Ld molecules were immunopre-
cipitated (IP) using mAb 30-5-7 and 64-3-7. The precipitates were separated by SDS-PAGE and blotted to detect biotinylated BAP-Ld (*Ld) by HRP-conjugated
streptavidin (SA-HRP) or total BAP-Lds by rabbit anti-Ld (Ra20873). C, mouse WT3 (H-2b) cells co-transduced with cyt-BirA and BAP-Ld were treated with
dimethyl sulfoxide or 60 �M MG132 for 2 h before permeabilization and fractionation. Left panel, *Ld molecules were recovered by anti-Ld mAbs from the
supernatant fraction (S) or the pellet fraction (P), and visualized in the gel by SA-HRP and supersensitive chemiluminescence HRP substrate (sp-ECL). Middle
panel, total BAP-Ld including *Ld in the supernatant and pellet fractions was detected by blotting with anti-Ld mAb 64-3-7 and visualized by standard
chemiluminescence HRP substrate (std-ECL). Right panel, lysates from the supernatant or pellet fractions were blotted for ER membrane protein calnexin or for
cytosolic protein �-actin that served as a control for fractionation. D, WT3 cells, expressing cyt-BirA and BAP-Ld and treated with or without MG132, were lysed
in Nonidet P-40 and immunoprecipitated (IP) for Ld. An aliquot of the precipitates was treated by PNGase F before blotting for *Ld and total BAP-Ld as
described in C. The total Ld blot here serves as a control for PNGase F treatment. E, cells treated with or without MG132 as in C and D were immunoprecipitated
for Ld. An aliquot of the precipitates of each treatment was reduced by 5% �-mercaptoethanol before SDS-PAGE along with the non-reduced aliquots. F, cells
used in D were permeabilized and fractionated. The resuspended pellet fraction was incubated on ice with 5 �g/ml of proteinase K for 20 min before
immunoprecipitation of Ld. *Ld and total Ld molecules in the precipitates were detected by blotting with SA-HRP or anti-Ld antibodies (64-3-7 to the
ectodomain of Ld or Ra20873 to the tail). The total Ld blots served as a control for proteinase K cleavage. G, WT3 cells expressing cyt-BirA and BAP-Ld (wild type
or �K mutant) were incubated with 60 �M MG132 and 100 �M CHX for the indicated time before permeabilization, fractionation, and immunoprecipitation of
Ld. Levels of glycosylated *Ld (*Ld�gly) in the membrane (pellet) and dislocated deglycosylated *Ld (*Ld�gly) in the cytosol (sup) at different time points were
detected. Quantification of the bands is shown in the chart as relative intensity of time 0 of *Ld�gly in the upper gel or as relative intensity of 2 h of *Ld�gly in
the lower gel. Similar findings were observed in at least one additional independent experiment. IB, immunoblot; IP, immunoprecipitation.
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cated in the dislocation of several ERAD substrates including
US11-induced dislocation of HC. However, whether DUB
activity is required for dislocation of HC by quality control
induced ERAD remains undetermined. To address this ques-
tionhereweused twodifferentDUB inhibitors to probe the role
of deubiquitination in dislocation of HC not induced by viral
immune evasion proteins.
Eer1 is a newly discovered small molecule inhibitor that

blocks dislocation of certain ERAD substrates, but does not
prevent proteasome-mediated degradation. More specifically,
Eer1 has been proposed to block p97-associated DUB activity
(24). To test whether Eer1 can impair dislocation of *Ld, cells
co-expressing cyt-BirA and BAP-Ld were treated with Eer1 or
MG132 before being permeabilized and fractionated. *Ld mol-
ecules in the supernatant or pellet fractions were recovered
with anti-Ld and blotted with SA-HRP. As expected, when the
cells were treated with MG132, deglycosylated *Ld HCs accu-
mulated in the cytosol (Fig. 2A, left upper panel, lane 5). In
contrast, when the cells were treated with Eer1, *Ld molecules
were only detected in the membrane fraction in glycosylated
forms (Fig. 2A, left upper panel, lane 4). This latter finding dem-
onstrates that Eer1 blocks HC dislocation. This conclusion was
further supported by treatment with both Eer1 and MG132.
When co-treated with both metabolic inhibitors, the majority

of *Ld molecules remained glycosylated in the membrane with
fewer deglycosylated forms appearing in the cytosol compared
with MG132 only treatment (Fig. 2A, left upper panel, lanes 7
and 8 versus lanes 5 and 6).
Knowing the proposed targets of Eer1 is p97-associated

DUB, an Ub blot of lysates from the supernatant or pellet frac-
tionswas used as a positive control for drug effect. Indeed, upon
Eer1 treatment ubiquitinated proteins accumulated in both the
supernatant and pellet lysates (Fig. 2A, right panel), which is in
agreement with p97-associated DUB inhibition given that only
a fraction of p97 molecules are membrane-bound (51, 52).
To further implicate DUBs in the dislocation of HC under

physiological conditions, we tested the effect of PR-619, a non-
selective, reversible DUB inhibitor (53), on the dislocation of
*Ld. As a control for DUB inhibition, the amount of ubiquiti-
nated proteins in both the supernatant and pellet fractions of
the cells treated with PR-619 was augmented (Fig. 2B, right
panel). To avoid a secondary effect of depletion of free Ub by
prolonged inhibition of DUB activity, treatment was kept short
for only 1 h.As shown in Fig. 2B, incubation of cellswith PR-619
led to a stall of glycosylated *Ld in the pellet fraction. Thus,
although it is known to also block proteasome degradation, the
effect of PR-619 on ERADof *Ldwas strikingly similar to that of
Eer1 and not MG132 that resulted in accumulation of deglyco-
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FIGURE 2. Inhibition of DUB activity by Eer1 or PR-619 impairs dislocation of *Ld. A, left panel: WT3 cells co-expressing cyt-BirA and BAP-Ld were incubated
with Eer1 (10 �M), MG132 (15 �M), or a combination of the two for 5.5 h before collection, permeabilization, and fractionation. *Ld and total Ld from the
supernatant (S) and pellet (P) fractions of each treatment were detected by IP of Ld followed by blotting with SA-HRP/sp-ECL or Ld mAb 64-3-7/std-ECL. Right
panel, lysates from the supernatant or pellet fractions before immunoprecipitation (IP) were blotted (IB) for ubiquitinated proteins to show the effect of DUB
or proteasome inhibition. B, cells used in A were incubated with 40 �M MG132 or PR-619, or a combination of the two for 1 h before being subjected to
permeabilization and fractionation. The subsequent detections were the same as in A. Similar findings were observed in at least one additional independent
experiment.
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sylated *Ld primarily in the cytosol. The mechanistic implica-
tions of these findings are that Eer1 and PR-619 both affect
dislocation by inhibiting DUB activity, implying a deubiquiti-
nation step is required for dislocation of HC in the absence of
viral evasins.
Ubiquitination on the Tail of Ld Is Not Required for Its

Dislocation—Wenext used Ldmutants to address the question
of whether direct ubiquitination of substrate is required for
dislocation. To this end, a set of N-terminal BAP-tagged Ld
mutants that lackUb conjugation sites were generated (Fig. 3A)
and transduced into WT3 cells expressing cyt-BirA. To deter-
mine whether dislocation requires conventional Ub coupling
on Lys residues in the cytoplasmic tail, a mutant BAP-Ld with a
Lys-less tail (Ld tail�K) was tested. In addition, to test whether
dislocation might also require unconventional Ub coupling on
hydroxyl- or thiol-containing amino acids, a mutant BAP-Ld
with aKCST-less tail (Ld tail�KCST)was also tested. Following
treatmentwithMG132, likewhat was observedwithwt *Ld, the
majority of *Ld forms of both mutants were deglycosylated and
detected in the cytosol (Fig. 3B, lanes 5 and 7 versus lane 3). This

data suggests that ubiquitination on the tail is not required for
HC dislocation. However, it remained possible that tail ubiq-
uitination could promote dislocation efficiency perhaps by
strengthening p97 association as suggested by studies of US11-
induced dislocation of HC (17). To test the rates of dislocation,
cells co-expressing cyt-BirA with Ld tail�K, Ld tail�KCST, or
wt Ld molecules were treated with CHX and MG132 to stop
protein synthesis and proteasome degradation for 0 to 3 h.
Increases in the amounts of soluble, deglycosylated forms of
*Ld tail�K, *Ld tail�KCST, or wt *Ld detected in the cytosol
were monitored over 3 h to compare the relative rates of dislo-
cation. Similar to what was seen in steady-state comparisons,
none of the mutants displayed obviously altered rates of sub-
strate dislocation (Fig. 3C). This data demonstrates that direct
tail ubiquitination does not contribute to the dislocation effi-
ciency. Although tail Ub modification was not required, it
remained possible that a tail was still required for dislocation.
Indeed this is the case with US11-induced dislocation that
requires a tail, but not where tail Lys resides (18). To test
whether a tail was required for HC dislocation, a BAP-Ld
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fractionation, and immunoprecipitation (IP) of Ld. *Ld molecules in the gel were detected as indicated. The total Ld blot shown in the lower panel served as a
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mutant lacking a tail (Ld�tail) was also tested. As shown in Fig.
3D, the Ld�tail was still dislocated into the cytosol with similar
kinetics as wt Ld. Thus, neither tail ubiquitination nor a tail
itself is required for complete dislocation of HC substrates.
Ubiquitination of Lys Resides on the Ectodomain of Ld Is Not

Required for Dislocation but Is Required for Rapid Degradation
by the Proteasome—An alternative hypothesis to tail-mediated
dislocation of type I integral membrane protein is a partial dis-
locationmodel. In a partial dislocationmodel, ERAD substrates
could expose Lys residues on the lumen portion of the substrate
to the ubiquitination machinery in the cytosol. If this mecha-
nism is used by physiological ERAD of MHCI molecules, then
the Lys residues in their ectodomains would be important for
complete dislocation. To test this possibility, a CHX chase
experiment (as above) was conducted with cells co-expressing

cyt-BirA and a BAP-Ld mutant having all 13 Lys residues
mutated to Arg (Ld�K). By monitoring the disappearance of
glycosylated *Ld species during the chase without MG132
treatment, glycosylated *Ld�Kmutants were found to decay at
a similar rate as the glycosylated wt *Ld and *Ld�tail molecules
(Fig. 4A). This result implies that Lys resides in the ectodomain
of HC are not required for dislocation. However, accumulation
of deglycosylated forms was only seen with *Ld�K molecules
(Fig. 4A). Of note, deglycosylated ERAD substrates are typically
only found in the cytosol of cells treatedwith proteasome inhib-
itors and this experiment was carried out in the absence of
MG132. Thus the unique detection of deglycosylated forms of
*Ld�K was likely attributed to poor degradation. To confirm
this conclusion, cells were treated with the reversible protea-
some inhibitor MG132 for 3 h to allow accumulation of post-
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dislocated deglycosylated *Ld. These cells were then chased
with Eer1 to prevent continuous dislocation while monitoring
the disappearance of the deglycosylated *Ld forms in the cyto-
sol. The results in Fig. 4B show that deglycosylated wt *Ld and
*Ld�tail have comparable turnover rates, with half-lives of 90
min. By contrast, deglycosylated *Ld�K molecules were
remarkably stable during the chase. These findings thus dem-
onstrate that direct ubiquitination on lysines of the ectodomain
of HC is not required for dislocation but is critical for protea-
some-mediated degradation. In support of this conclusion, the
post-dislocated wt *Ld molecules in the cytosol, but not *L�K,
were heavily ubiquitinated (Fig. 4C, right panel), whereas the
membrane-bound *Ld molecules with or without ectodomain
lysines had no detectable Ub conjugation (Fig. 4C, left panel).
The above findings were unexpected in light of our previous

evidence that DUB activity is required for BAP-Ld dislocation.
Indeed, we found that the DUB inhibitor PR-619 blocked the
dislocation of *Ld mutants with no Lys residues in the entire
molecule (Fig. 5A), although like a typical ERAD process, dislo-
cation of *Ld�K depends on p97 function (Fig. 5B). Thus, these
results demonstrate that direct ubiquitination/deubiquitina-
tion of Lys residues on HCs is not required for HC dislocation.
In total our findings support the model that the processes of
ubiquitination/deubiquitination required for dislocation and
degradation of HC are distinct events and only the latter occurs
directly on HC substrates during ERAD.

DISCUSSION

In this study we report using a sensitive site-specific biotiny-
lation system to probe the dislocation of HC substrates sub-
jected to ERAD in the absence of immune evasion proteins.
Using this assay systemevidence is presented that dislocation of
HCs does not require potential Ub sites in its cytoplasmic tail,
or Lys residues in its ectodomain. However, dislocation of HC
does require DUB activity, and rapid degradation of HC post-
dislocation requires Lys resides in the HC ectodomain. Our
combined findings support the model that physiologic disloca-
tion and degradation during ERAD of HC require two separate
and mechanistically distinct ubiquitination/deubiquitination
events.
Much progress has been made in understanding how differ-

ent ERAD substrates are dislocated. However, two remaining
questions are when an ERAD substrate gets ubiquitinated and
what specific role ubiquitination plays in dislocation? Past
dogma has been that ubiquitination of substrates is required for
proteasome-mediated degradation and occurs prior to the
complete substrate extraction. In this model, Ub conjugates on
substrates were proposed to function as either a handle or
ratchet for p97-mediated extraction. However, the fact that the
enzymatic domains of the ERAD-associated E2/E3 complexes
are located in the cytosol raises the question of how soluble
ERAD substrates ormembrane substrates with no cytosolic Lys
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blot. B, cells used in A were incubated with 20 �M MG132, 20 �M DBeQ, or a
combination of the two for 2 h before permeabilization and fractionation. *Ld
and total Ld in the lysates of the cells were determined as in A. DBeQ is a
selective p97 inhibitor known to impair ERAD of orphan TCR� by ATP com-
petition (66). Relative intensity of the bands of glycosylated and deglycosy-
lated *Ld�K is shown in below.
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residues are initially dislocated for exposure of their ectodo-
main to the ubiquitination machinery. A partial dislocation
model is a potential solution and it is supported by the obser-
vation that ubiquitinated soluble substrates are sometimes
caught on the ERmembrane after blocking p97 activity (13, 15).
However, some ERAD substrates stall inside of the ER in a non-
ubiquitinated formunder comparable conditions (14, 54).Most
surprisingly, Ub conjugation prior to complete dislocation has
been difficult to detect even for transmembrane proteins that
have potential cytoplasmic Ub acceptor sites (18, 28).
Adding to the mystery of how ERAD substrates get ubiquiti-

nated prior to dislocation, recent studies suggest that two
rounds of ubiquitination/deubiquitination may be required, at
least for a subset of ERAD substrates such as soluble protein
RI331, as well as membrane proteins TCR� and MHCI HC (in
the presence of US11) (26–28). The first round of ubiquitina-
tion/deubiquitination was hypothesized to be required for
binding p97, after which Ub moieties have to be removed for
substrates to pass through the narrow pore of p97 during dis-
location. Analogously, the second round of ubiquitination/deu-
biquitination is required for proteasome association, after
which Ub moieties are known to be removed prior to protein
degradation (8). Our data reported here support the require-
ment for deubiquitination for dislocation of HC in the absence
of immune evasins. However, the target of this deubiquitina-
tion appears not to be HC itself. Multiple viral proteins are
known to target HC for ERAD via different strategies (29, 30).
Although more efficient, evidence by others (35) and here sug-
gest that ERAD induced by these viral proteins bypasses some
of the critical steps of physiological pathway. More specifically,
in the absence of viral proteins, we found less than 1% of the
total HC pool is being dislocated and degraded. This observa-
tion likely reflects rate-limiting quality control mechanisms of
substrate recognition that are bypassed by immune evasion
proteins. Detection of the ubiquitination status on such aminor
fraction of substrates is beyond the sensitivity range of the Ub
blot. To circumvent this impediment, we adapted a cytosolic
site-specific biotinylation system to quantitatively monitor the
dislocation of wt HC and mutants lacking Ub acceptor sites.
Indeed, by pharmacologically inhibiting dislocation or protea-
some, this assay system allowed us to clearly identify and quan-
tify the ER membrane-bound HCs destined for dislocation as
well as the post-dislocated HCs destined for proteasome deg-
radation. Surprisingly, we found that dislocation of the HC
required neither a cytosolic tail nor ectodomain Lys residues.
Nevertheless, the degradation of post-dislocated Lys-less HC
was kinetically much slower than wt HCs suggesting that ubiq-
uitination via its ectodomain Lys residues is important for the
degradation of HCs by the proteasome. These findings also
suggest that direct Ub conjugation of HC is not required for
dislocation; and even if it is required, it occurs by a different
mechanism than the Ub conjugation required for proteasome-
mediated degradation of HC.
The likelihood that HCs are modified via non-Lys ubiquiti-

nation is low, but it is difficult to definitively rule out this pos-
sibility. For example, it has been reported that Ub conjugation
of substrate could occur on an �-NH2 group of the N terminus
(55). However, the degron for N-terminal conjugation is

thought to be located on theN termini of the substrates because
the conjugation is often disrupted by insertion of anN-terminal
tag (56). In our study, the N terminus of the HC was fused with
a 15-amino acid biotin acceptor peptide that could potentially
interfere with N-terminal ubiquitination. In addition, to the
best of our knowledge there have been no reports of N termi-
nally Ub-modified ERAD substrates. Alternatively, non-Lys
residues such as Ser, Thr, or Cys on the substrate may serve as
Ub acceptor sites (57). Evidence reported by us and other
groups suggest that this type of non-canonical ubiquitination
can occur on selected ERAD substrates and is potentiated by
viral E3 ligase mK3 or cellular E3 ligase Hrd1 (38, 58, 59). How-
ever, in these studies whether the ubiquitination occurs prior to
the dislocation was not addressed.
Indeed an attractive model for ERAD of HC initiated by cel-

lular quality control is an indirect (trans) ubiquitination model
in which an accessory protein associated with substrate rather
than substrate itself is ubiquitinated. This indirect ubiquitina-
tion model was first proposed by Kopito and co-workers (60)
when they unexpectedly found that Lys-less TRC� molecules
could be efficiently degraded by the proteasome. Lack of evi-
dence of direct ubiquitination on the substrate during disloca-
tion was also observed in US11-induced ERAD of HC. Wiertz
and co-workers (18) demonstrated that Lys residues on the HC
are dispensable in US11-induced HC dislocation although a
functional ubiquitination system was required for the disloca-
tion to occur. In the current study, substrates undergoing
ERADwere specifically detected and tracked during dislocation
versus degradation. In contrast to inhibition of proteasome,
which resulted in accumulation of deglycosylated HCs in the
cytosol, incubation of cells with a non-selective DUB inhibitor
led to stabilization of K-less *Ld molecules primarily in the
membrane. This is similar to what we saw with Eer1 treatment,
which is known to block p97 by probably interfering with p97-
associated DUB (24). These combined observations indicate
that a deubiquitination step is required for substrate dislocation
prior to proteasome degradation. The target of this deubiquiti-
nation, however, is not likely the substrate itself based on our
mutagenesis data. Taken together, these data thus support a
model in which an indirect ubiquitination is required by sub-
strate dislocation and direct ubiquitination is needed by protea-
some degradation.
Based on these accumulating findings by us and others, we

speculate that dislocation of ER membrane-bound HC is facil-
itated by ubiquitination/deubiquitination of a component of
the dislocation complex. Consistent with this model published
reports have shown that p97-associated DUBs interact with the
components of dislocation machinery and can regulate activity
of ERAD-associated E3 ligase (26, 61–63). These findings sug-
gest that the ubiquitination status of the components of the
dislocation complexmay be critical for its assembly or function
(64). In addition, Derlins and UBAC2, a newly identified UBA-
domain containing ERAD component interacting with gp78
and p97 recruiter UBXD8, were recently shown to be members
of the rhomboid pseudoprotease family that may function sim-
ilarly to rhomboid protease (23, 65). These authors proposed
that Derlin might facilitate dislocation by unfolding a subset of
ERAD substrates. If true, this conclusion also raises the possi-
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bility that direct substrate ubiquitination may not be required
for their extraction. Thus these published finding of others and
our substrate mutagenesis data reported here support a role of
non-substrate ubiquitination/deubiquitination in dislocation.
An attractiveness of thismodel is that it would explainwhy only
a few E3 ligases out of more than 600 are located in the ER yet
are potentially responsible for ubiquitination of 1/3 of synthe-
sized proteins.
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of the manuscript.
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