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A deubiquitinase negatively regulates 
retro-translocation of nonubiquitinated 
substrates
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aDepartment of Cell and Developmental Biology, University of Michigan Medical School, Ann Arbor, MI 48103; 
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ABSTRACT Endoplasmic reticulum (ER) membrane–bound E3 ubiquitin ligases promote ER-
associated degradation (ERAD) by ubiquitinating a retro-translocated substrate that reaches 
the cytosol from the ER, targeting it to the proteasome for destruction. Recent findings im-
plicate ERAD-associated deubiquitinases (DUBs) as positive and negative regulators during 
ERAD, reflecting the different consequences of deubiquitinating a substrate prior to protea-
somal degradation. These observations raise the question of whether a DUB can control the 
fate of a nonubiquitinated ERAD substrate. In this study, we probed the role of the ERAD-
associated DUB, YOD1, during retro-translocation of the nonubiquitinated cholera toxin A1 
(CTA1) peptide, a critical intoxication step. Through combining knockdown, overexpression, 
and binding studies, we demonstrated that YOD1 negatively controls CTA1 retro-transloca-
tion, likely by deubiquitinating and inactivating ubiquitinated ERAD components that nor-
mally promote toxin retro-translocation. YOD1 also antagonizes the proteasomal degrada-
tion of nonglycosylated pro-α factor, a postulated nonubiquitinated yeast ERAD substrate, in 
mammalian cells. Our findings reveal that a cytosolic DUB exerts a negative function during 
retro-translocation of nonubiquitinated substrates, potentially by acting on elements of the 
ERAD machinery.

INTRODUCTION
The endoplasmic reticulum (ER) is an intracellular organelle 
endowed with robust protein-folding capacities to ensure proper 
folding of secretory and transmembrane proteins before they 
exit the ER. However, when misfolding occurs, an ER quality 
control system, known as ER-associated degradation (ERAD), 
recognizes and retro-translocates these aberrantly folded 

polypeptides to the cytosol for proteasomal degradation (Smith 
et al., 2011; Brodsky, 2012). The central component of the ERAD 
machinery is a transmembrane E3 ubiquitin ligase connected to 
multiple ER lumenal and cytosolic adaptors. Coordinated actions 
of the E3 ligases with these adaptors cause the ejection of 
the misfolded substrate to the cytosol for efficient proteasomal 
degradation.

A decisive event during ERAD is polyubiquitination of the mis-
folded substrate as it becomes exposed to the cytosol. Addition of 
this molecular tag, which is generally required to direct the substrate 
to the proteasome for degradation, is catalyzed by membrane-
bound E3 ubiquitin ligases that also function as the central compo-
nent of the ERAD machinery by connecting to multiple ER lumenal 
and cytosolic adaptors (Hirsch et al., 2009). Coordinated actions of 
the E3 ligases with these adaptors eject the misfolded substrate to 
the cytosol for efficient proteasomal degradation. To date, there are 
at least nine membrane-bound E3 ubiquitin ligases in mammals 
known to be implicated in ERAD, including Hrd1 and gp78 (Claessen 
et al., 2012), with each linked to a different combination of lumenal 
and cytosolic adaptors, presumably to serve a unique subset of mis-
folded substrates.
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between YOD1 and Hrd1. A C-terminally Myc-tagged wild-type 
(WT) Hrd1 construct (WT Hrd1-Myc) was transfected with or without 
an N-terminally FLAG-tagged WT YOD1 construct (FLAG-WT 
YOD1) in 293T cells. The resulting whole-cell lysate (WCL) was sub-
jected to immunoprecipitation using FLAG antibody–conjugated 
beads. The immunoprecipitates were subjected to SDS–PAGE 
followed by immunoblotting with the indicated antibodies. WT 
Hrd1-Myc coprecipitated with FLAG-WT YOD1 only when FLAG-
WT YOD1was expressed in cells (Figure 1A, top and second panels, 
compare lane 2 with lane 1), indicating that Hrd1 binds to YOD1. 
Hrd1 contains six transmembrane domains and a C-terminal cytoso-
lic domain that harbors the catalytically active site (Kikkert et al., 
2004). For determination of whether Hrd1’s transmembrane or cyto-
solic domains mediate interaction with YOD1, cells expressing 
FLAG-WT YOD1 were cotransfected with either WT Hrd1-Myc, a 
construct containing the cytosolic Hrd1 domain (cyt Hrd1-Myc), or 
the six transmembrane domains of Hrd1 (TM1-6 Hrd1-Myc). Both 
WT Hrd1-Myc and cyt Hrd1-Myc but not TM1-6 Hrd1-Myc copre-
cipitated with FLAG-WT YOD1 (Figure 1B, top three panels, com-
pare lanes 1 and 2 with lane 3), demonstrating that Hrd1’s cytosolic 
domain interacts with YOD1. Hrd1’s catalytic site within the cytosolic 
domain does not affect its interaction with YOD1, as a catalytically 
inactive Hrd1 mutant (C291A Hrd1-Myc) engages FLAG-WT YOD1 
with a similar efficiency as WT Hrd1-Myc (Figure 1C, top panel, com-
pare lane 3 with lane 1).

As Atx3 is another ERAD machinery–associated DUB that binds 
to Hrd1 (Wang et al., 2006), we compared the Atx3-Hrd1 and YOD1-
Hrd1 binding efficiencies. A similar WT Hrd1-Myc level was detected 
among the samples (Figure 1D, top panel, compare lane 4 with lane 
2) even though more FLAG-WT Atx3 was precipitated when com-
pared with FLAG-WT YOD1 (Figure 1D, second panel, compare 
lane 4 with lane 2), suggesting that YOD1 is at least as efficient as 
Atx3 in binding to Hrd1.

Because gp78 also facilitates CTA1 retro-translocation, we as-
sessed its interaction with YOD1. Whereas WT Hrd1-Myc was found 
in the FLAG-WT YOD1 precipitate (Figure 1E, top and second pan-
els, lane 2), WT gp78-Myc was essentially undetected (Figure 1E, 
top and second panels, lane 4). This finding indicates that gp78 
does not engage YOD1, and demonstrates specificity of the YOD1-
Hrd1 interaction.

YOD1 knockdown stimulates CTA1 retro-translocation
We next assessed whether YOD1 regulates CTA1 retro-transloca-
tion. Accordingly, cells were transfected with either a scrambled 
siRNA or two independent siRNAs directed against endogenous 
YOD1 (i.e., YOD1 #1 and #2 siRNAs). When compared with scram-
bled siRNA, YOD1 #1 and #2 siRNAs efficiently down-regulated 
YOD1 (Figure 2A, top panel, compare lanes 2 and 3 with lane 1) 
without affecting the Atx3 level (Figure 2A, second panel, compare 
lanes 2 and 3 with lane 1). No up-regulation of the ER-resident 
Hsp70 binding immunoglobulin protein (BiP) was observed under 
the knockdown conditions (Figure 2A, third panel, compare lanes 2 
and 3 with lane 1). In addition, no splicing of the XBP1 transcription 
factor mRNA was observed when YOD1 was knocked down, in con-
trast to cells treated with the well-established ER stress-inducers tu-
nicamycin and dithiothreitol (DTT; Figure 2B, compare lanes 3 and 4 
with lanes 1 and 5). These findings indicate that YOD1 can be ef-
fectively silenced without triggering significant ER stress.

To evaluate whether CTA1’s arrival to the cytosol from the ER is 
affected by the knockdown conditions, we used a previously estab-
lished cell-based retro-translocation assay designed to examine 
toxin ER-to-cytosol membrane transport (Forster et al., 2006; 

While the importance of polyubiquitination in promoting ERAD 
is well understood, the function of deubiquitination in this process is 
less clear. For deubiquitinases (DUBs) associated with the core pro-
teasome, there is evidence that they play positive (Verma et al., 
2002; Yao and Cohen, 2002) and negative (Lam et al., 1997; Hanna 
et al., 2006) roles during the degradation process. Likewise, recent 
evidence suggests that DUBs physically linked to the central ERAD 
machinery facilitate (Wang et al., 2006; Ernst et al., 2009; Sowa 
et al., 2009) and antagonize (Zhong and Pittman, 2006; Hassink 
et al., 2009; Blount et al., 2012) proteasome-dependent degrada-
tion of the misfolded substrate. The apparent opposing functions of 
these DUBs likely reflect the different consequences of deubiquit-
ination: in principle, robust removal of the ubiquitin chain should 
divert the substrate from the degradative fate, whereas simply trim-
ming or editing the polyubiquitin chain may allow favorable interac-
tion with the proteasome or the cytosolic AAA ATPase p97 (Cdc48 
in yeast; Ernst et al., 2009) that normally extracts substrates from the 
ER membrane into the cytosol (Ye et al., 2001).

Regardless of their specific functions, these DUBs are believed to 
directly deubiquitinate the ubiquitinated misfolded substrate, rais-
ing the question of whether DUBs might regulate a nonubiquit-
inated substrate. Cholera toxin A1 peptide (CTA1) is a well-estab-
lished nonubiquitinated ERAD substrate (Rodighiero et al., 2002; 
Kothe et al., 2005). To intoxicate host cells, CT is transported in a 
retrograde manner from the plasma membrane of intestinal epithe-
lial cells to the ER, where the catalytic CTA1 subunit is generated. 
CTA1 subsequently disguises as a misfolded protein to co-opt the 
ERAD machinery and retro-translocates into the cytosol (Lencer and 
Tsai, 2003). In the cytosol, however, CTA1 escapes proteasomal de-
struction (Rodighiero et al., 2002) due to its paucity of lysine ubiquit-
ination sites (Hazes and Read, 1997). Instead, the toxin activates a 
signaling cascade, leading to massive water secretion across the 
plasma membrane that typifies cholera disease (Spangler, 1992). 
Importantly, we previously demonstrated that the catalytic activities 
of Hrd1 and gp78 support CTA1 retro-translocation (Bernardi et al., 
2010), suggesting that ubiquitination is important during ER-to-
cytosol membrane transport of the toxin. Whether specific DUBs 
associated with the ERAD machinery control CTA1 retro-transloca-
tion is unknown.

Here we combined small interfering RNA (siRNA)-mediated 
knockdown and overexpression approaches in the context of a cell-
based retro-translocation system, coupled with biochemical interac-
tion studies, to demonstrate that the ERAD-associated DUB called 
YOD1 negatively regulates CTA1 retro-translocation. Because the 
toxin is not ubiquitinated even when YOD1 activity is perturbed, the 
action of this DUB is likely toward a ubiquitinated trans-regulatory 
molecule that normally stimulates retro-translocation. YOD1 also 
acts as a negative regulator during proteasomal degradation of the 
postulated nonubiquitinated, nonglycosylated pro-α factor, a yeast 
ERAD substrate (Werner et al., 1996). The ability of an ERAD-associ-
ated DUB to control retro-translocation of nonubiquitinated sub-
strates should direct our efforts to clarify how ubiquitination and 
deubiquitination of trans-regulatory components of the ERAD ma-
chinery might impact this quality control process.

RESULTS
The YOD1 deubiquitinase binds to the Hrd1 E3 ubiquitin 
ligase
The Hrd1 and gp78 E3 ubiquitin ligases were previously shown to 
promote CTA1 retro-translocation (Bernardi et al., 2010). As YOD1 
is a DUB implicated in ERAD (Ernst et al., 2009), we asked whether 
it binds to these E3 ligases. We first tested a potential interaction 
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pellet fraction (Figure 2C, bottom panel, compare lane 2 with lane 
1), confirming the integrity of the fractionation method.

Using this semipermeabilized system, we found that YOD1 
knockdown increased the CTA1 level in the supernatant fraction 
(Figure 2D, top panel, compare lanes 2 and 3 with lane 1; quantified 
in Figure 2E), suggesting that YOD1 normally exerts a negative func-
tion during ER-to-cytosol transport of the toxin. CTA1 formation, 
which occurs in the ER, is not disrupted or enhanced by YOD1 knock-
down (Figure 2F, top panel, compare lanes 2 and 3 with lane 1), indi-
cating that YOD1 does not control toxin transport from the plasma 
membrane to the ER. YOD1 knockdown also does not affect the 
steady-state levels of Hrd1, Sel1L, and Derlin-1 (Figure 2G, second 
through fourth panels, compare lanes 2 and 3 with lane 1), 
membrane proteins previously demonstrated to regulate toxin 

Bernardi et al., 2010; Williams et al., 2013). Other laboratories have 
similarly used this assay to evaluate toxin retro-translocation (Taylor 
et al., 2010; Wernick et al., 2010; Nery et al., 2011). Briefly, intoxi-
cated cells are treated with a low digitonin concentration to per-
meabilize the plasma membrane without damaging internal mem-
branes. The samples are subjected to high-speed centrifugation to 
generate supernatant and pellet fractions. The supernatant fraction 
represents cytosolic proteins and toxin that retro-translocated from 
the ER to the cytosol, while the pellet fraction contains membranes, 
including the ER membrane and toxin that remains in the ER or 
other membranous compartments. With this protocol, the cytosolic 
marker Hsp90 is found predominantly in the supernatant fraction 
(Figure 2C, top panel, compare lane 1 with lane 2), while the ER 
marker protein disulfide isomerase (PDI) is present exclusively in the 

FIGURE 1: The YOD1 deubiquitinase binds to the Hrd1 E3 ubiquitin ligase. (A) 293T cells were transfected with WT 
Hrd1-Myc alone or with FLAG-WT YOD1 and lysed in a buffer containing 1% NP-40. The resulting WCLs were incubated 
with FLAG antibody–conjugated beads, and the immunoprecipitates were subjected to SDS–PAGE followed by 
immunoblotting with the indicated antibodies. The corresponding WCLs were analyzed by SDS–PAGE and 
immunoblotting with the indicated antibodies. (B) Cells were transfected with FLAG-WT YOD1 and either WT Hrd1-
Myc, cyt Hrd1-Myc, or TM1-6 Hrd1-Myc, and processed as in (A). *, An unidentified band that cross-reacts with the Myc 
antibody. (C) Cells were transfected with FLAG-WT YOD1 and WT Hrd1-Myc, C291A Hrd1-Myc alone, or C291A 
Hrd1-Myc and FLAG-WT YOD1, and processed as in (A). (D) Cells were transfected with WT Hrd1-Myc alone or with 
FLAG-WT YOD1 or FLAG-WT Atx3, and processed as in (A). (E) Cells were transfected with WT Hrd1-Myc alone, WT 
Hrd1-Myc and FLAG-WT YOD1, WT gp78-Myc alone, or WT gp78-Myc and FLAG-WT YOD1, and processed as in (A). 
At least three independent experiments were performed in each condition.
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Knockdown of Atx3 using two different 
siRNAs (Supplemental Figure S1A, top 
panel, compare lanes 2 and 3 with lane 1) 
did not increase the CTA1 level in the super-
natant when compared with scrambled 
siRNA (Figure S1B, top panel, compare 
lanes 2 and 3 with lane 1; quantified in 
Figure S1C), in contrast to the YOD1 knock-
down (Figure S1B, top panel, compare lanes 
2 and 3 with lane 4). Similarly, knockdown of 
USP14 (Figure S1D, top panel, compare 
lane 2 with lane 1), a proteasome-associated 
DUB that negatively regulates proteasome 
activity (Lee et al., 2010), did not enhance 
the toxin level in the supernatant (Figure 
S1E, top panel, compare lane 2 with lane 1; 
quantified in Figure S1F), while YOD1 knock-
down did (Figure S1E, top panel, compare 
lane 2 with lane 3). We conclude that YOD1, 
but not Atx3 and USP14, specifically antag-
onizes CTA1 retro-translocation.

Catalytically inactive YOD1 
overexpression decreases CTA1 
retro-translocation
We next used an overexpression strategy to 
further clarify YOD1’s role during toxin retro-
translocation. Cells were transfected with 
the control construct yellow fluorescent 
protein (YFP), FLAG-WT YOD1, or a catalyti-
cally inactive form of YOD1 (FLAG-C160S 
YOD1) previously shown to block retro-
translocation of ERAD substrates (Ernst 
et al., 2009; Figure 3A, top panel, lanes 2 
and 3). Overexpressing WT or mutant YOD1 
did not alter the endogenous BiP levels 
(Figure 3A, second panel, compare lanes 2 
and 3 with lane 1), again indicating no in-
duction of severe ER stress under these con-
ditions. Whereas FLAG-WT YOD1 overex-
pression did not affect the CTA1 level in the 
supernatant fraction when compared with 
YFP expression (Figure 3B, top panel, com-
pare lane 2 with lane 1; quantified in Figure 
3C), expression of the catalytically inactive 
mutant significantly blocked appearance of 
the toxin in the supernatant fraction (Figure 
3B, top panel, compare lane 3 with lane 1; 
quantified in Figure 3C).

Because overexpressing FLAG-C160S 
YOD1 blocks retro-translocation of numer-
ous ERAD substrates (Ernst et al., 2009), the 
observed decrease in CTA1 arrival to the cy-
tosol under this condition may simply reflect 
a general disruption of flux across the ERAD 
machinery. However, this is an unlikely ex-

planation, because other conditions known to block retro-transloca-
tion of ERAD substrates, such as perturbing p97 or proteasome ac-
tivities, do not affect toxin retro-translocation (Rodighiero et al., 
2002; Kothe et al., 2005; Forster et al., 2006). Therefore we contend 
that expression of this YOD1 mutant must specifically control a criti-
cal step during toxin retro-translocation.

retro-translocation (Bernardi et al., 2008, 2010; Dixit et al., 2008; 
Williams et al., 2013). Despite not affecting Hrd1’s steady-state level, 
YOD1 knockdown enhanced Hrd1 cross-links (Figure 2H, compare 
lane 2 with lane 1), suggesting that YOD1’s absence leads to either 
preferential Hrd1 oligomerization or recruitment of cellular factors to 
Hrd1.

FIGURE 2: YOD1 knockdown stimulates CTA1 retro-translocation. (A) WCLs from 293T cells 
transfected with a scrambled, YOD1 #1, or YOD1 #2 siRNA were analyzed by SDS–PAGE and 
immunoblotting with the indicated antibodies. (B) Reverse transcription–PCR analysis of the 
unspliced (u) and spliced (s) forms of the XBP1 mRNA derived from cells transfected with a 
scrambled siRNA treated with or without tunicamycin or DTT, or from cells transfected with 
YOD1 #1 or #2 siRNA. (C) Cells were incubated with digitonin and centrifuged. The resulting 
supernatant and pellet fractions were analyzed for the presence of the cytosolic Hsp90 and 
ER-resident PDI markers. This protocol is the fractionation procedure utilized in the retro-
translocation assay. (D) Cells transfected with a scrambled, YOD1 #1, or YOD1 #2 siRNA were 
incubated with CT (10 nM) for 90 min and subjected to the retro-translocation assay as in (C). 
The pellet and supernatant fractions were subjected to SDS–PAGE and were analyzed by 
immunoblotting with the indicated antibodies. (E) The supernatant CTA1 band intensity 
generated in (D) was quantified with ImageJ. Data represent the mean of at least three 
independent experiments. Error bars: ±SD. (F) Cells transfected with a scrambled, YOD1 #1, or 
YOD1 #2 siRNA were intoxicated with CT (10 nM) for 90 min and harvested, and the resulting 
WCLs were analyzed with nonreducing SDS–PAGE followed by immunoblotting with the 
indicated antibodies. (G) WCLs derived from cells transfected with a scrambled, YOD1 #1, or 
YOD1 #2 siRNA were analyzed by immunoblotting using the indicated antibodies. (H) WCLs 
derived from cells transfected with a scrambled or YOD1 #1 siRNA and incubated with or 
without the EDAC cross-linker were analyzed by immunoblotting with the Hrd1 antibody.



Volume 24 November 15, 2013 Deubiquitination and retro-translocation | 3549 

may reveal a ubiquitinated toxin intermedi-
ate. We therefore asked whether ubiquit-
inated CTA1 might be detected when YOD1 
is down-regulated. Cells transfected with 
scrambled or YOD1 #1 siRNA were intoxi-
cated with or without CT. The proteasome 
inhibitor epoxomicin was added to cells to 
further increase the chance of trapping 
ubiquitinated CTA1. For detection of poten-
tially ubiquitinated CTA1, cells were lysed in 
a RIPA buffer; this was followed by addition 
of a CTA antibody to precipitate the toxin. 
This mild denaturing condition ensures that 
any ubiquitinated signal resulting from the 
precipitated toxin reflects ubiquitinated 
toxin and not toxin-associated ubiquitinated 
proteins. All cells in these experiments were 
transfected with green fluorescent protein–
ubiquitin (GFP-Ub), as the GFP antibody 

was more specific than the pan-ubiquitin antibody in revealing ubiq-
uitination of immunoprecipitated proteins. Using this approach, no 
GFP-positive signal above the nonintoxicated samples was detected 
when the toxin was precipitated from cells transfected with either 
scrambled or YOD1 #1 siRNA (Figure 4A, top panel, compare lanes 
3 and 4 with lanes 1 and 2), indicating the absence of CTA1 ubiquit-

ination. In contrast, polyubiquitination of 
the canonical ERAD substrate, C-terminally 
hemagglutinin-tagged T-cell receptor α 
(TCRα−HA), was detected when the protea-
some was inhibited with epoxomicin (Figure 
4A, top panel, compare lane 5 with lane 6). 
Similarly, when His-ubiquitin (His-Ub) was 
used instead of GFP-Ub, no His-Ub–positive 
signal above the nonintoxicated samples 
was detected when CTA was immunopre-
cipitated from cells transfected with either 
scrambled or YOD1 #1 siRNA (Figure S2, 
top panel, compare lanes 3 and 4 with lanes 
1 and 2), although more background signal 
was readily observed using this modified 
ubiquitin construct. In the overexpression 
studies, no GFP-positive signal above the 
nonintoxicated samples was detected when 
the toxin was precipitated under the same 
denaturing condition from cells transfected 
with either FLAG-WT YOD1 or FLAG-C160S 
YOD1 (Figure 4B, top panel, compare lanes 
3 and 4 with lanes 1 and 2), whereas polyu-
biquitination of TCRα-HA was detected 
(Figure 4B, top panel, lane 5). We conclude 
that disrupting YOD1 activity does not pro-
mote CTA1 ubiquitination, and we propose 
the mechanism by which YOD1 controls 
CTA1 retro-translocation is through deubiq-
uitinating factors other than the toxin.

Perturbing YOD1 increases cellular 
K11-, K48-, and K63-linked 
polyubiquitinated proteins
If YOD1 functions as a DUB in cells, its down-
regulation should increase total cellular 
polyubiquitinated proteins. To this end, 

Disrupting YOD1 activity does not promote cholera toxin 
polyubiquitination
Although CTA1 is a nonubiquitinated retro-translocation substrate 
(Rodighiero et al., 2002; Kothe et al., 2005), it is possible that rapid 
and robust deubiquitination accounts for why ubiquitinated CTA1 
has not been isolated. If so, blocking the deubiquitination reaction 

FIGURE 3: Catalytically inactive YOD1 overexpression decreases CTA1 retro-translocation. 
(A) Cells were transfected with YFP, FLAG-WT YOD1, or catalytically inactive FLAG-C160S 
YOD1. The resulting WCLs were subjected to SDS–PAGE followed by immunoblotting with the 
indicated antibodies. (B) Cells transfected with YFP, FLAG-WT YOD1, and FLAG-C160S YOD1 
were incubated with CT (10 nM) for 90 min and subjected to the retro-translocation assay as in 
Figure 2C. (C) The supernatant CTA1 band intensity in (B) was analyzed as in Figure 2D. Mean of 
at least three independent experiments. Error bars: ±SD.

FIGURE 4: Disrupting YOD1 activity does not promote CT polyubiquitination. (A) Cells 
transfected with scrambled siRNA, YOD1 #1 siRNA, or TCRα-HA were intoxicated with or 
without CT (10 nM) for 90 min and lysed in a RIPA buffer containing 0.1% SDS. The resulting 
WCLs were incubated with a CTA antibody (lanes 1–4) or HA antibody–conjugated beads (lanes 
5–6). The immunoprecipitates were subjected to reducing SDS–PAGE followed by 
immunoblotting with the indicated antibodies. WCLs were also analyzed by immunoblotting 
with the appropriate antibodies. All cells were transfected with GFP-Ub and incubated with 
epoxomicin. (B) As in (A), except cells were transfected with FLAG-WT YOD1 or FLAG-C160S 
YOD1 instead of the siRNAs.
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attribute accumulation of these polyubiquit-
inated proteins to failure of C160S YOD1 to 
properly deubiquitinate cellular ubiquit-
inated proteins.

Catalytically inactive YOD1 traps 
polyubiquitinated proteins
We hypothesize that polyubiquitinated 
proteins are trapped on C160S YOD1, 
because they are not deubiquitinated. 
Accordingly, FLAG-WT or C160S YOD1 
was precipitated under a native condition 
using FLAG antibody–conjugated beads, 
and the isolated proteins were eluted with 
a FLAG peptide. The eluted material 
was subjected to SDS–PAGE followed by 
Coomassie staining (Figure 6A, top panel) 
or immunoblotting with either a FLAG 
(Figure 6A, second panel) or pan-ubiquitin 
antibody (Figure 6A, third panel). An HMW 
signal corresponding to polyubiquitinated 
proteins was detected in purified C160S 
but not in WT YOD1 (Figure 6A, third panel, 
compare lane 3 with lane 1). Importantly, 
this HMW signal was absent when FLAG-
C160S YOD1 was purified under a denatur-
ing condition (i.e., 1% SDS; Figure 6, third 
panel, compare lane 4 with lane 3), indicat-
ing that the HMW signal is due to polyu-
biquitinated proteins noncovalently associ-
ated with YOD1 and not polyubiquitination 
of YOD1. Thus the catalytically inactive 
YOD1 binds to and traps polyubiquitinated 
cellular proteins.

As Hrd1, gp78, Derlin-1, and Sel1L are 
membrane components of the ERAD ma-
chinery shown to promote CTA1 retro-trans-
location (Bernardi et al., 2008, 2010; Dixit 
et al., 2008; Williams et al., 2013), we as-
sessed whether mutant YOD1 preferentially 
traps these factors. When FLAG-WT and 

C160S YOD1 were precipitated from cells under a native condition 
and the precipitated material probed with antibodies against these 
membrane proteins, endogenous Hrd1 consistently bound to C160S 
YOD1 with higher affinity than WT YOD1 (Figure 6B, first panel, 
compare lane 6 with lane 5; quantified in graph on right). Derlin-1 
bound to mutant and WT YOD1 with a similar affinity (Figure 6B, 
third panel, compare lane 6 with lane 5), whereas gp78, Sel1L, and 
Derlin-2 (another ERAD membrane component) did not interact 
with either WT or mutant YOD1 (Figure 6B, second, fourth, and fifth 
panels, lanes 5 and 6). C160S YOD1 thus appears to trap Hrd1.

Perturbing YOD1 activity disrupts ERAD of the 
nonubiquitinated yeast pro-α factor
We next examined whether YOD1 might influence the retro-trans-
location of another nonubiquitinated ERAD substrate. Using an in 
vitro system, a previous study demonstrated that functional E2 
ubiquitin conjugation enzymes associated with the ERAD machin-
ery are not required during proteasome-dependent degradation 
of the yeast ERAD substrate, mutant nonglycosylated pro-α factor 
(Werner et al., 1996). This finding suggests that nonglycosylated 
pro-α factor may not be ubiquitinated during ERAD in yeast. 

lysates derived from cells transfected with scrambled and YOD1 #1 
siRNA were subjected to SDS–PAGE followed by immunoblotting 
with an antibody that recognizes pan-ubiquitin linkages. Indeed, 
when compared with control lysates, an increase in the overall signal 
of high-molecular-weight (HMW) species corresponding to polyu-
biquitinated proteins was observed in lysates derived from YOD1 
knockdown cells (Figure 5A, top panel, compare lane 2 with lane 1). 
A similar increase in the level of HMW species was found when 
these same lysates were probed with K11-, K48-, and K63-specific 
ubiquitin antibodies (Figure 5A, second through fourth panels, com-
pare lane 2 with lane 1). These findings establish that YOD1 acts as 
a DUB in cells and does not discriminate between different ubiquitin 
linkages. Notably, YOD1 was shown previously to deubiquitinate 
artificial K48- and K63-linked ubiquitin chains in vitro (Ernst et al., 
2009).

Confirming previous reports (Ernst et al., 2009, 2011), overex-
pressing C160S but not WT YOD1 increased the level of HMW 
polyubiquitinated proteins in cells (Figure 5B, top panel, compare 
lane 2 with lane 1). This increased HMW signal can also be detected 
using the K11-, K48-, and K63-specific ubiquitin antibodies (Figure 
5B, second through fourth panels, compare lane 2 with lane 1). We 

FIGURE 5: Perturbing YOD1 increases cellular K11-, K48-, and K63-linked polyubiquitinated 
proteins. (A) WCLs derived from cells transfected with scrambled or YOD1 #1 siRNA were 
subjected to SDS–PAGE and analyzed by immunoblotting using the indicated antibodies. (B) As 
in (A), except cells were untransfected or transfected with either FLAG-WT YOD1 or FLAG-
C160S YOD1.
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find any evidence that FLAG-pαF is 
polyubiquitinated under either the control 
or knockdown condition (Figure 7D, top 
panel, compare lane 4 with lane 3), whereas 
TCRα-HA polyubiquitination was detected 
under the control condition (Figure 7D, top 
panel, lane 5). Thus, similar to toxin retro-
translocation, YOD1 antagonizes pαF retro-
translocation. By contrast, the FLAG-pαF 
steady-state level increased markedly only 
when FLAG-C160S YOD1 but not FLAG-
WT YOD1 was overexpressed (Figure 7E, 
top panel, compare lane 3 with lanes 1 and 
2; quantified in Figure 7F). Again, these 
findings are consistent with the toxin retro-
translocation data, demonstrating that this 
YOD1 mutant disrupts an important step 
during pαF retro-translocation. No detect-
able level of FLAG-pαF polyubiquitination 
was seen when C160S YOD1 was overex-
pressed (unpublished data). These results 
suggest that YOD1 likely acts on ERAD 
components to negatively control retro-
translocation of unglycosylated pαF.

Disrupting YOD1 activity affects 
TCRα degradation without altering 
its ubiquitination level
To determine whether YOD1 exerts a neg-
ative role during ERAD of ubiquitinated 
substrates, we further examined its func-
tion for the ubiquitinated substrate TCRα. 
A cycloheximide chase experiment re-
vealed that overexpression of C160S but 
not WT YOD1 markedly stabilized TCRα 
(Figure 8A, compare lanes 7–9 with lanes 
1–3 and 4–6), consistent with a previous re-
port (Ernst et al., 2009). However, in cells 
treated with epoxomicin, immunoprecipi-
tation of this receptor under a denaturing 
condition revealed that its ubiquitination 
level was largely unaffected when mutant 
YOD1 was overexpressed (Figure 8B, top 
panel, compare lane 4 with lane 2). This 

finding demonstrates that YOD1 unlikely affects TCRα’s turnover 
by regulating its ubiquitination state. When YOD1 is down-regu-
lated, degradation of TCRα is modestly enhanced (Figure 8C, 
compare lanes 4–6 with lanes 1–3; quantified in Figure 8D). The 
increased degradation implicates YOD1 as a negative regulator of 
TCRα retro-translocation, consistent with YOD1’s posited function 
during ER-to-cytosol transport of CTA1 and pαF. Moreover, under 
this knockdown condition, TCRα polyubiquitination was not af-
fected (Figure 8E, top panel, compare lane 4 with lane 2), further 
supporting the notion that YOD1 deubiquitinates elements of the 
ERAD machinery (and not the substrate) to regulate retro-translo-
cation. Notably, not all ubiquitinated substrates are regulated by 
YOD1, as no significant difference in the degradation rate of the 
ubiquitinated ERAD substrate HA-tagged α1-antitrypsin null Hong 
Kong (NHK-HA) was observed when YOD1 was knocked down 
(Figure 8F, compare lanes 4–6 with lanes 1–3). While further ex-
periments are necessary to clarify why YOD1 down-regulation 
does not affect degradation of NHK-HA, an Hrd1-dependent 

Another study demonstrated that even WT glycosylated pro-α fac-
tor can be degraded in a pre-Golgi compartment when it is ex-
pressed in mammalian cells (Su et al., 1993). These data raise the 
possibility that nonglycosylated pro-α factor may undergo ubiq-
uitin-independent ERAD in mammalian cells, providing an oppor-
tunity to test whether YOD1 might influence this transport process. 
A FLAG tag was appended after the signal sequence of nonglyco-
sylated pro-α factor, and the resulting construct was inserted into 
a mammalian expression vector to generate FLAG-pαF. When the 
proteasome in cells was inhibited by epoxomicin for 2 h, the 
steady-state level of FLAG-pαF increased (Figure 7A, top panel, 
compare lane 4 with lane 2), implicating this yeast mutant protein 
as an ERAD substrate in mammalian cells. Importantly, when YOD1 
was knocked down (Figure 7B, second panel, compare lane 2 with 
lane 1), FLAG-pαF steady-state level decreased (Figure 7B, top 
panel, compare lane 2 with lane 1; quantified in Figure 7C), indi-
cating enhanced proteasomal degradation under this condition. In 
the presence of the proteasome inhibitor epoxomicin, we did not 

FIGURE 6: Catalytically inactive YOD1 traps polyubiquitinated proteins. (A) For purification of 
YOD1, cells transfected with either FLAG-WT YOD1 or FLAG-C160S YOD1 were lysed in a 
buffer containing 1% NP-40 with or without 1% SDS. The resulting WCLs were diluted 10-fold 
and incubated with FLAG antibody–conjugated beads; the precipitated material was eluted with 
a FLAG peptide and subjected to SDS–PAGE followed by Coomassie staining or 
immunoblotting with the indicated antibodies. (B) Transfected FLAG-WT YOD1 or FLAG-C160S 
YOD1 were precipitated, and the samples were immunoblotted with the indicated antibodies. 
Quantification of the Hrd1 band intensity is as in Figure 2E. Data represent the mean of three 
independent experiments. Error bars: ±SD.
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The motivation for this study stems from 
our observation that the catalytic activities 
of the Hrd1 and gp78 E3 ubiquitin ligases 
promote CTA1 retro-translocation (Bernardi 
et al., 2010). Because CTA1 is not a ubiquit-
inated substrate, we hypothesize that ubiq-
uitination of cellular components regulates 
toxin retro-translocation. An extension of 
this hypothesis is that cytosolic DUBs act in 
opposition to these E3 ligases to negatively 
regulate toxin retro-translocation. To iden-
tify a DUB that functions in this capacity, we 
reasoned that it should be in physical prox-
imity to the E3 ligases. Accordingly, we first 
asked whether YOD1 binds to Hrd1 and 
gp78, as this DUB was shown to regulate 
the ERAD process (Ernst et al., 2009). In 
conjunction, we assessed whether Atx3 also 
impacts toxin retro-translocation, because 
this DUB binds to Hrd1 and controls ERAD 
(Wang et al., 2006; Zhong and Pittman, 
2006). Our coimmunoprecipitation experi-
ments revealed that YOD1 binds to Hrd1 via 
Hrd1’s cytosolic domain. By contrast, we 
failed to detect any YOD1-gp78 interaction. 
Whether the YOD1-Hrd1 interaction reflects 
a direct interaction or an interaction medi-
ated by Hrd1 adaptors is unknown. As YOD1 
contains three distinct domains, an N-termi-
nal ubiquitin regulatory X (UBX) domain 
(that mediates p97 binding), a central otu-
bain domain, and a C-terminal C2H2 zinc 
finger domain, any of these domains acting 
alone or in combination with the others may 
support interaction with Hrd1. At present, 
we do not know whether YOD1 engages 
other membrane-bound E3 ligases impli-
cated in ERAD (Claessen et al., 2012).

To assess whether YOD1 plays a physi-
ological role during CTA1 retro-transloca-
tion, we used the siRNA-mediated knock-
down approach to down-regulate YOD1. 
Our results revealed that CTA1 ER-to-cyto-
sol transport is significantly enhanced when 
YOD1 is knocked down, whereas knock-
down of Atx3 or the proteasome-associ-
ated DUB USP14 does not affect CTA1 
retro-translocation. The simplest interpre-
tation of these findings is that YOD1 spe-
cifically and negatively regulates CTA1 
ER-to-cytosol transport, consistent with our 
hypothesis that a Hrd1-associated DUB an-

tagonizes CTA1 retro-translocation. Because YOD1 knockdown 
did not promote CTA1 ubiquitination, despite increasing total cel-
lular polyubiquitinated proteins, we propose that YOD1 imposes 
its negative role by deubiquitinating components of the ERAD ma-
chinery that normally promote retro-translocation when ubiquit-
inated (Figure 9A). Supporting this idea, we found that YOD1 
knockdown increases Hrd1 cross-links. If the cross-links represent 
Hrd1 oligomers, it is tempting to speculate that ubiquitination of 
Hrd1 favors its oligomerization; deubiquitination of Hrd1 by YOD1 
would therefore prevent Hrd1 oligomerization. And because Hrd1 

substrate (Christianson et al., 2008), this finding nevertheless dem-
onstrates that YOD1 knockdown does not globally and nonspecifi-
cally affect all ERAD-dependent processes.

DISCUSSION
In summary, using a cell-based semipermeabilized membrane trans-
port assay, we identify the YOD1 DUB as a negative regulator of 
CTA1 retro-translocation. Because CTA1 is not ubiquitinated even 
when YOD1 activity is disrupted, YOD1 likely acts on ubiquitinated 
cellular factors to control toxin retro-translocation.

FIGURE 7: Perturbing YOD1 activity disrupts ERAD of the nonubiquitinated yeast pro-α factor. 
(A) Cells pretreated with or without epoxomicin were transfected with a pcDNA3.1(−) vector or 
FLAG-pαF. The resulting WCLs were subjected to SDS–PAGE and immunoblotting with the 
indicated antibodies. (B) WCLs derived from cells transfected with FLAG-pαF and either 
scrambled siRNA or YOD1 #1 siRNA were immunoblotted with the indicated antibodies. 
(C) The FLAG-pαF band intensity in (B) was quantified as in Figure 2D. Mean of at least three 
independent experiments. Error bars: ±SD. (D) Cells transfected with scrambled siRNA, YOD1 
#1 siRNA, FLAG-pαF, and/or TCRα-HA were lysed in a RIPA buffer containing 0.1% SDS. The 
resulting WCLs were incubated with a FLAG antibody (lanes 1–4) or HA antibody–conjugated 
beads (lanes 5–6). The immunoprecipitates were subjected to reducing SDS–PAGE followed by 
immunoblotting with the indicated antibodies. WCLs were also analyzed by immunoblotting 
with the appropriate antibodies. All cells were transfected with GFP-Ub and incubated with 
epoxomicin. (E) As in (B), except cells were transfected with YFP, FLAG-WT YOD1, or FLAG-
C160S YOD1. (F) The FLAG-pαF band intensity in (E) was quantified as in Figure 2D. Mean of at 
least three independent experiments. Error bars: ±SD.



Volume 24 November 15, 2013 Deubiquitination and retro-translocation | 3553 

also serves as a negative regulator during 
ERAD of this postulated, nonubiquitinated, 
misfolded yeast substrate. Thus YOD1 may 
function as a general negative regulator 
during ERAD of nonubiquitinated sub-
strates. By contrast, Atx3 knockdown did 
not affect CTA1 retro-translocation, despite 
the fact that it binds to Hrd1. This finding 
indicates that physical proximity to an E3 
ligase is insufficient for a DUB to exert a 
functional impact. Two reports implicated 
the DUBs USP19 and USP25 as negative 
regulators of ERAD by deubiquitinating 
misfolded substrates (Hassink et al., 2009; 
Blount et al., 2012). Whether they antago-
nize CTA1 retro-translocation is unknown.

Interestingly, using cycloheximide chase 
experiments, we found that YOD1 knock-
down also modestly increased TCRα retro-
translocation without affecting its ubiquit-
ination level. These findings suggest that 
YOD1 may even negatively control ER-
to-cytosol transport of ubiquitinated sub-
strates via a mechanism that involves deu-
biquitination of ERAD components rather 
than substrates. This scenario is consistent 
with the postulated mechanism by which 
YOD1 regulates retro-translocation of the 
nonubiquitinated substrates CTA1 and 
pro-α factor. Of note, the concept that 
ubiquitinated trans regulators of the ERAD 
machinery influence TCRα retro-transloca-
tion has been previously proposed (Yu and 
Kopito, 1999). In contrast to our finding, a 
prior report found that the steady-state 
level of TCRα-GFP was unaffected by YOD1 
knockdown (Sowa et al., 2009). Factors that 
may account for this discrepancy are the 
different assays used to examine ERAD of 
TCRα and potential variations in the YOD1 
knockdown efficiency. YOD1 is unlikely 
to counter retro-translocation of all Hrd1-
dependent substrates, because we find that 
retro-translocation of NHK, an established 
Hrd1-dependent substrate (Christianson 
et al., 2008), is unaffected when YOD1 is 
down-regulated. This result is consistent 
with a recent paper demonstrating that, 
while retro-translocation of Shiga-like A 

chain in yeast requires catalytically active Hrd1, the closest yeast 
YOD1 homologue, Otu1, played no evident role (Li et al., 2012).

To further dissect YOD1’s role in CTA1 retro-translocation, we 
found that overexpression of the catalytically inactive C160S YOD1 
but not WT YOD1 markedly decreased CTA1 arrival to the cytosol. 
Despite an increase in total cellular polyubiquitinated proteins when 
this YOD1 mutant is expressed, we found no evidence that CTA1 is 
ubiquitinated under this condition. A similar result was observed for 
pro-α factor: C160S YOD1 decreased retro-translocation of this 
yeast ERAD substrate without promoting its ubiquitination. Thus 
C160S YOD1 is likely affecting cellular components to perturb toxin 
and pro-α factor retro-translocation. In the case of TCRα, we found 
that C160S YOD1 expression significantly blocked this receptor’s 

oligomerization was previously proposed to be crucial for its retro-
translocation activity in yeast (Carvalho et al., 2010), this scenario 
would explain why YOD1 down-regulation enhances retro-translo-
cation. Alternatively, if the Hrd1 cross-links represent cellular com-
ponents recruited to Hrd1 in YOD1’s absence, the ubiquitination 
state of these cellular components may control their ability to bind 
to and regulate Hrd1’s function. Further experiments are required 
to clarify these possibilities. It should be noted that nonproteolytic 
roles of ubiquitination have been well documented, including con-
trol of protein–protein interactions, protein activities, and protein 
localization (Komander and Rape, 2012).

Our analyses of the steady-state nonglycosylated pro-α factor 
level under the YOD1 knockdown condition suggests that YOD1 

FIGURE 8: Disrupting YOD1 activity affects TCRα degradation without altering its 
ubiquitination level. (A) Cells transfected with TCRα-HA and cotransfected with YFP, FLAG-WT 
YOD1, or FLAG-C160S YOD1 were incubated with cycloheximide for the indicated time. The 
resulting WCLs were immunoblotted with an HA antibody. (B) As in Figure 5B. (C) As in (A), 
except cells were transfected with scrambled siRNA or YOD1 #1 siRNA. (D) The TCRα-HA band 
intensity in (C) was quantified as in Figure 2C. Mean of at least three independent experiments. 
Error bars: ±SD. (E) As in (B), except cells were transfected with scrambled siRNA or YOD1 #1 
siRNA. (F) As in (C), except cells were transfected with NHK-HA.
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crucial during ERAD in yeast (Xu et al., 2009). 
Although we assume that YOD1 deubiquit-
inates ubiquitin attached to a protein, it is 
also possible that YOD1 deubiquitinates un-
anchored ubiquitin chains, which have been 
shown to mediate protein interactions in 
cells (Xia et al., 2009).

In conclusion, we report the identifica-
tion of a cellular DUB that antagonizes retro-
translocation of the toxic CTA1 subunit of 
CT. This membrane-translocation event rep-
resents a decisive step during toxin host-cell 
entry. Because all ERAD machinery-associ-
ated DUBs identified so far are thought to 
deubiquitinate misfolded substrates to in-
fluence various steps of retro-translocation, 
we took advantage of the fact that CTA1 is a 
nonubiquitinated ERAD substrate and in-
vestigated whether a DUB might impact its 
retro-translocation and found that it did. 
This finding implicates the presence of 
ERAD components whose activity is con-
trolled by ubiquitination/deubiquitination. 
As a recent report further supports this 

model (Wang et al., 2013), the focus now should be to pinpoint 
these ERAD components and clarify how their ubiquitination state 
regulates retro-translocation.

MATERIALS AND METHODS
Materials
Monoclonal and polyclonal FLAG, and polyclonal Myc antibodies, as 
well as FLAG antibody–conjugated beads (M2 affinity gel), were pur-
chased from Sigma-Aldrich (St. Louis, MO). Polyclonal YOD1 anti-
body was purchased from Abgent (San Diego, CA), polyclonal Atx3 
and Hrd1 and monoclonal GFP antibodies from Protein Tech Group 
(Chicago, IL), monoclonal BiP antibody from BD Biosciences (San 
Jose, CA), polyclonal Hsp90 and PDI antibodies from Santa Cruz 
Biotechnology (Santa Cruz, CA), polyclonal Sel1L antibody from 
Enzo Life Sciences (Farmingdale, NY), monoclonal pan-ubiquitin an-
tibody and protein A and G agarose from Invitrogen (Carlsbad, CA), 
polyclonal K11 ubiquitin antibody from Genentech (San Francisco, 
CA), polyclonal K48 and K63 ubiquitin antibodies from Cell Signaling 
Technology (Danvers, MA), and monoclonal HA antibody from Cova-
nce (Princeton, NJ). Polyclonal CTA antibody was produced against 
denatured CTA purchased from EMD Biosciences (San Diego, CA). 
Monoclonal Myc (9E10) was a gift from Kristen Verhey (University of 
Michigan), and polyclonal Derlin-1 antibody was a gift from Tom 
Rapoport (Harvard Medical School). Purified CT was purchased from 
EMD Biosciences, epoxomicin from EMD Millipore (Darmstadt, 
Germany), and cycloheximide from Amresco (Solon, OH).

Constructs
Constructs were gifts from the following: WT, C291A, cyt, and 
TM1-6 Hrd1-Myc: Emmanuel Wiertz (University Medical Center 
Utrecht, Netherlands); FLAG-WT and C160S YOD1: Christian 
Schlieker (Yale University); WT Atx3-FLAG: Yihong Ye (National 
Institutes of Health [NIH]); WT gp78-Myc: Kazuhiro Nagata (Kyoto 
University); TCRα-HA: Cezary Wojcik (Indiana University); NHK-HA: 
John Christianson (University of Oxford); a yeast expression 
construct containing nonglycosylated pro-α factor: Jeff Brodsky 
(University of Pittsburgh); peYFP-N1: Kristen Verhey (University 
of Michigan); and GFP-Ub: Walther Mothes (Yale University). To 

retro-translocation without changing its ubiquitination level. While 
the C160S YOD1–induced block in TCRα turnover was previously 
observed (Ernst et al., 2009), its ubiquitination level under this con-
dition was not reported. C160S YOD1 overexpression also stabi-
lized the turnover of another ERAD substrate, RI332 (Ernst et al., 
2009). However, although polyubiquitin chains were found to accu-
mulate on immunoprecipitated RI332 when C160S YOD1 was over-
expressed (Ernst et al., 2009; Sanyal et al., 2012), it is unclear whether 
the accumulated polyubiquitin chains reflect increased ubiquitina-
tion of RI332 or polyubiquitinated proteins associated with RI332 
due to the immunoprecipitation condition. Thus, while YOD1 may 
directly deubiquitinate an ubiquitinated ERAD substrate, this possi-
bility has yet to be convincingly demonstrated. Regardless, the find-
ings that C160S YOD1 perturbs ERAD of nonubiquitinated sub-
strates suggest that this YOD1 mutant engages ubiquitinated 
cellular factors to control retro-translocation, similar to our explana-
tion for the YOD1 knockdown results.

To reconcile our model that YOD1 plays a negative role during 
CTA1 retro-translocation (Figure 9A) with the finding that C160S 
overexpression blocks toxin retro-translocation, we propose that the 
catalytically inactive YOD1 mutant binds to and traps ubiquitinated 
ERAD components critical for retro-translocation (Figure 9B). This 
reaction renders the ubiquitinated ERAD factor inactive, despite be-
ing ubiquitinated, because it remains bound to YOD1 and cannot 
exert its normal function. In fact, our data indicate that a potential 
candidate for this factor is Hrd1 itself, as Hrd1 appears to be trapped 
on mutant YOD1. Trapping could conceivably perturb Hrd1’s retro-
translocation activity in several ways, such as blocking Hrd1 oli-
gomerization crucial for its “channel” function or preventing the re-
cruitment of additional host components required for Hrd1 activity.

At present, we do not know whether YOD1 mediates mono- or 
polydeubiquitination. While there is evidence that monoubiquitina-
tion is sufficient to recruit proteins (Hoege et al., 2002), K63-linked 
polyubiquitin chains can also facilitate protein–protein interactions 
(Komander and Rape, 2012). Because perturbing YOD1 activity in-
creased cellular K11-, K48-, and K63-linked polyubiquitinated pro-
teins, YOD1 is likely to deubiquitinate any of these linkages. Inter-
estingly, in this regard, K11 linkages were found to be particularly 

FIGURE 9: A model of how YOD1 negatively regulates retro-translocation of nonubiquitinated 
substrates. (A) YOD1 deubiquitinates and inactivates a ubiquitinated component of the ERAD 
machinery normally important for promoting retro-translocation. Hence, YOD1 down-regulation 
results in accumulation of the ubiquitinated ERAD component and consequently enhances 
retro-translocation. (B) By contrast, the catalytically inactive C160S YOD1 mutant binds to and 
traps the ubiquitinated ERAD component. Trapping effectively inactivates the function of the 
ubiquitinated ERAD factor, leading to a block in retro-translocation. A potential candidate for 
the ERAD component trapped by mutant YOD1 is Hrd1 itself.
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(250 mM), MgCl2 (2 mM), NEM (10 mM), and protease inhibitors 
with 1% NP-40 with or without 1% SDS for 30 min at 4°C. Samples 
were centrifuged at 16,000 × g for 10 min, and the resulting super-
natant was diluted 10-fold with buffer (without detergent) and incu-
bated with FLAG antibody–conjugated beads. The precipitated 
material was washed, and the bound protein was eluted with a 
FLAG peptide (0.5 mg/ml). Eluted proteins were subjected to SDS–
PAGE followed by Coomassie staining or immunoblotting with ei-
ther FLAG or pan-ubiquitin antibodies.

XBP1 splicing
XBP1 splicing was as described previously by Bernardi et al. (2010).

Chemical cross-linking
Cells transfected with scrambled or YOD1 #1 siRNA were incubated 
with 1 mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride (EDAC; Sigma-Aldrich) for 30 min at 37°C and quenched 
with 50 mM Tris HCl (pH 7.5), and the resulting WCL was subjected 
to immunoblotting.

generate a construct containing yeast nonglycosylated pro-α fac-
tor in a mammalian expression vector, the N-terminal signal se-
quence from human BiP was fused to the nonglycosylated pro-α 
factor coding sequence. The FLAG sequence was then inserted 
between the signal sequence and the nonglycosylated pro-α fac-
tor coding sequence using overlapping PCR. The resulting PCR 
product was inserted into pCDNA3.1(−) using standard cloning 
methods to generate FLAG-pαF.

Retro-translocation assay
The retro-translocation assay was as described previously by 
Williams et al. (2013).

Cell transfection
The 293T cells were grown to 30% confluency on a 10-cm dish prior 
to transfection with the Effectene system (Qiagen, Chatsworth, CA). 
Cells were grown for an additional 24 h prior to experimentation.

siRNA knockdown of YOD1, Atx3, and USP14
Cells were grown to 20–30% confluency on a 10-cm dish prior to a 
48-h transfection with the Lipofectamine RNAiMAX reagent (Invitro-
gen, Carlsbad, CA). The sequences of the siRNAs used in this study 
were YOD1 #1 siRNA (5′-GGGAGGAGCAAUAGAGAUAUU-3′; In-
vitrogen), YOD1 #2 siRNA (5′-AGUAAGAAUUGAUCGUUUUU-3′; 
Invitrogen), Atx3 #1 siRNA (5′-GGACCUAUCAGGACAGAGUUU-3′; 
Invitrogen), Atx3 #2 siRNA: (5′-GGACAGAGUUCACAUCCAUUU-3′, 
Dharmacon), USP14 siRNA: (5′-GAAACAAGAUGAAUGGAUUUU 
-3′, Dharmacon). Duplex siRNA (20 nM) was transfected into 
293T cells according to the manufacturer’s protocol. The control 
siRNA was scrambled medium GC Stealth RNAi siRNA (Invitrogen).

Coimmunoprecipitation
For detection of FLAG-YOD1 and Hrd1-Myc interaction, 293T cells 
were transfected with the indicated constructs and lysed in a buffer 
containing HEPES (pH 7.5, 50 mM), NaCl (150 mM), sucrose (250 mM), 
MgCl2 (2 mM), NEM (10 mM), and protease inhibitors with 1% NP-40 
for 10 min at 4°C. Samples were centrifuged at 16,000 × g for 10 min 
to generate WCLs used for immunoprecipitation experiments. Where 
indicated, FLAG antibody–conjugated beads were added to the 
WCL and incubated at 4°C for 2–4 h. The immune complex was sedi-
mented, washed, and subjected to SDS–PAGE; this was followed by 
immunoblotting with the appropriate antibodies. For assessment of 
polyubiquitination of immunoprecipitated proteins, cells were lysed 
in RIPA buffer containing 0.1% SDS, and the samples were incubated 
with CTA or FLAG antibodies, or with HA antibody–conjugated 
beads. The immune complex was processed as above.

Cycloheximide chase experiments
Cells transfected with scrambled, YOD1 #1 siRNA, FLAG-WT YOD1, 
or FLAG-C160S YOD1 were cotransfected with either TCRα-HA or 
NHK-HA. During the chase, cells were treated with 100 μg/ml cyclo-
heximide for 0, 1, or 2 h in DMEM/fetal calf serum media. Cells were 
harvested at the indicated time points and lysed in a buffer contain-
ing Tris (pH 7.4, 30 mM), KOAc (150 mM), MgCl2 (4 mM), NEM 
(10 mM), 1% NP-40, and protease inhibitors for 30 min at 4°C. Cells 
were centrifuged at 16,000 × g for 15 min, and the resulting super-
natant was analyzed by reducing SDS–PAGE followed by immuno-
blotting with a monoclonal HA antibody.

Purification of WT and C160S YOD1-FLAG
Cells expressing FLAG-WT and C160S YOD1 were lysed in a buffer 
containing HEPES (pH 7.5, 50 mM), NaCl (150 mM), sucrose 
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