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SUMMARY

Misfolded proteins of the endoplasmic reticulum (ER) are retrotranslocated to the cytosol, where
they are polyubiquitinated, extracted from the membrane, and degraded by the proteasome. To
investigate how the ER-associated Degradation (ERAD) machinery can accomplish
retrotranslocation of a misfolded luminal protein domain across a lipid bilayer, we have
reconstituted retrotranslocation with purified S. cerevisiae proteins, using proteoliposomes
containing the multi-spanning ubiquitin ligase Hrd1. Retrotranslocation of the luminal domain of a
membrane-spanning substrate is triggered by autoubiquitination of Hrd1. Substrate ubiquitination
is a subsequent event, and the Cdc48 ATPase that completes substrate extraction from the
membrane is not required for retrotranslocation. Ubiquitination of lysines in Hrd1’s RING-finger
domain is required for substrate retrotranslocation /in vitro and for ERAD in vivo. Our results
suggest that Hrd1 forms a ubiquitin-gated protein-conducting channel.

INTRODUCTION

Misfolded proteins in the endoplasmic reticulum (ER) are disposed of by a process called
ER-associated protein degradation (ERAD) (for review, see (Christianson and Ye, 2014). In
Saccharomyces cerevisiae, and probably in all other eukaryotic cells, substrates are degraded
by three different ERAD pathways (ERAD-L, -M, and -C), depending on whether their
misfolded domain is localized in the ER lumen, within the membrane, or on the cytosolic
side of the ER membrane (Carvalho et al., 2006; Huyer et al., 2004; Vashist and Ng, 2004).
Most substrates of these ERAD pathways are polyubiquitinated on the cytosolic side of the
ER membrane, but they employ distinct ubiquitin ligase complexes. ERAD-L substrates use
the RING-finger ubiquitin ligase Hrd1 in complex with three other membrane proteins
(Hrd3, Usal, and Derl) and a luminal protein (Yo0s9). ERAD-M substrates also use Hrd1,
but only a subset of the other components. ERAD-C substrates require Doal0, another
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RING-finger ligase. A fourth ERAD pathway has recently been identified that disposes of
inner nuclear membrane proteins (Foresti et al., 2014; Khmelinskii et al., 2014). It uses a
RING-finger ligase that comprises three membrane proteins (Asil,2,3). All ERAD pathways
converge on the cytosolic side, where they require components of the ubiquitination
machinery and an ATPase complex consisting of Cdc48, Ufd1, and Npl4. The Cdc48
complex is thought to move polyubiquitinated substrates into the cytosol, where they are
ultimately degraded by the proteasome (Bays et al., 2001; Jarosch et al., 2002; Rabinovich et
al., 2002; Ye et al., 2001).

Many aspects of ERAD remain unclear, but arguably the most important unresolved
question is how a misfolded protein crosses the ER membrane. This question is particularly
relevant for ERAD-L substrates, which have to be inserted into the luminal side of the ER
membrane, moved through the membrane, and extracted on the cytosolic side of the ER
membrane. It seems unlikely that these ERAD substrates are moved directly through the
lipid bilayer. Rather, like in other cases of protein translocation, transport probably occurs
through a conduit or channel formed by integral membrane proteins (Collinson et al., 2015;
Park and Rapoport, 2012; Wickner and Schekman, 2005). Several multi-spanning membrane
proteins have been proposed as channel candidates. These include the Sec61 channel that is
normally involved in “forward” translocation of proteins from the cytosol into the ER (Pilon
et al., 1997; Schafer and Wolf, 2009; Wiertz et al., 1996; Willer et al., 2008), the mammalian
homologs of Derl (Derlin’s) (Lilley and Ploegh, 2004; Ye et al., 2004), and the Hrd1
ubiquitin ligase (Carvalho et al., 2010).

Hrd1 seems to be a major component of the retrotranslocation channel, as its overexpression
in S. cerevisiae bypasses the other membrane components (Hrd3, Usal, Derl) (Carvalho et
al., 2010), whereas overexpression of these proteins, does not bypass the Hrd1 requirement.
In overexpressing Hrd1 cells, the downstream cytosolic components, including the Cdc48
complex, are still needed. Hrd1 overexpression makes substrate selection less specific, but
the cells remain viable (Denic et al., 2006). Under these conditions, Hrd1 itself is
polyubiquitinated and degraded (Gardner et al., 2000). These results suggest that Hrd1 is the
only membrane component required for a basic ERAD-L process. However, since these
experiments were performed with intact cells they do not exclude the possibility that other,
unidentified membrane proteins form the retrotranslocon or cooperate with Hrd1. /n vitro
reconstitution experiments with purified components are crucial to identify the
retrotranslocation channel and elucidate the role of Hrd1.

We have recently made progress towards the goal of reconstituting ERAD with purified
components by recapitulating substrate recognition, polyubiquitination, and recruitment of
the Cdc48 complex in detergent (Stein et al., 2014). We also demonstrated Cdc48-dependent
membrane extraction of a polyubiquitinated protein. However, the proteoliposomes
contained a pre-assembled complex of Hrd1 and a soluble ERAD-L substrate in which at
least one segment of the substrate was exposed to the outside of the vesicles before addition
of Cdc48 complex. Because the misfolded substrate was not exclusively in the lumen of the
vesicles, this system was inappropriate to study the retrotranslocation of a substrate across
the membrane. Thus, the mechanism of the most important step in ERAD, the
retrotranslocation of a polypeptide, has not yet been clarified. The lack of a
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retrotranslocation assay also makes it impossible to test whether Hrd1 forms a
retrotranslocon, and if so, how it is gated.

Here, we have recapitulated Hrd1-dependent retrotranslocation using membrane-spanning
substrates. We show that autoubiquitination of Hrd1 on several lysines of its RING-finger
domain allows the misfolded luminal domain of a substrate to move across the membrane.
The Cdc48 ATPase complex is not required for retrotranslocation. Our results indicate that
Hrd1 forms a ubiquitin-gated protein-conducting channel. Other membrane-spanning
ubiquitin ligases in the ER may function in an analogous manner.

RESULTS

Polyubiquitination of integral membrane ERAD substrates by Hrd1

Our previous experiments employed a well-established soluble ERAD-L substrate,
misfolded carboxypeptidase Y (CPY*), which differs from the native protein by a single
point mutation (Finger et al., 1993). However, this substrate is difficult to use in
retrotranslocation assays, as it needs to be exclusively located inside proteoliposomes at the
beginning of the reaction. This is technically demanding, none the least because the
reconstituted vesicles have a small internal volume. To circumvent this problem, we used a
membrane-spanning substrate. CPY* was fused to a C-terminal transmembrane (TM)
segment derived from the multi-spanning protein Pdr5, followed by a short tail (CPY*-TM,;
Figure 1A)(Taxis et al., 2003). In contrast to CPY*, CPY*-TM can be reconstituted with
high efficiency into proteoliposomes because the TM segment preferentially partitions into
the lipid bilayer. The protein is expected to sit in the lipid bilayer in both orientations (Figure
1B). These proteoliposomes can be used to establish a retrotranslocation assay in which the
movement of the CPY* domain from the lumen to the outside of the vesicles can be
observed (see scheme in Figure 1B).

We first characterized CPY*-TM /n vivo. A variant of CPY*-TM with lysines in the
cytosolic tail has been reported to be an ERAD-M substrate, as its degradation in S.
cerevisiae was found to be dependent on Hrd1, but not Derl (Taxis et al., 2003).

Degradation of our CPY*-TM substrate was dependent on Hrd1 and partially on Derl, as
shown by cycloheximide-chase experiments (Figure 1C; representative blot in Figure S1A).
Deletion of DOA10had no effect. Soluble CPY* and membrane-bound KWW were tested
in parallel and, as reported (Knop et al., 1996; Vashist and Ng, 2004), behaved as pure
ERAD-L substrates, since they were completely dependent on both Hrd1 and Derl (data not
shown). Thus, it seems that CPY*-TM can use both ERAD-L and —M pathways. We
reasoned that CPY*-TM might be converted into a pure ERAD-L substrate by replacing the
TM segment of the multi-spanning integral membrane protein Pdr5 with the TM segment of
the single-spanning Spt23 protein. Indeed, this substrate (CPY*-TM2) became completely
dependent on Hrd1 and Der1 (Figure 1D; representative blot in Figure S1B). These results
support the idea that ERAD-L substrates are misfolded in luminal domains, whereas ERAD-
M substrates have unfavorable sequence features inside the membrane (Carvalho et al.,
2006). It should be noted that the TMs and C-terminal tails of CPY*-TM and CPY*-TM2 do
not contain lysines to which ubiquitin chains could be attached (Figure S1C). CPY*-TM, but
not CPY*-TM2, has a single serine in the tail, which could serve as an alternative
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modification site. Thus, most or all ubiquitination occurs in the CPY* domain of the
substrates.

We tested whether purified CPY*-TM and CPY*-TM2 interact with purified Hrd1, as
observed previously for CPY* (Stein et al., 2014). The proteins were labeled with a
fluorescent dye at the C-terminus using sortase (Popp et al., 2007; Stein et al., 2014) and
incubated with increasing concentrations of Hrd1 immobilized on beads. CPY*-TM and
CPY*-TM2 bound to Hrd1 with an apparent affinity in the nanomolar range, although not as
strongly as CPY* (Figure 1E). In contrast, CPY-TM and CPY-TM2 (a fusion of wild-type
CPY to the same C-terminal domains as in CPY*-TM and CPY*-TM2) did not bind as
efficiently (Figure 1E). These results confirm that Hrd1 has a higher affinity for misfolded
proteins (Stein et al., 2014), and indicate that Hrd1 primarily recognizes the luminal CPY*
domain. Next, Hrd1 was incubated with the substrates in the presence of purified
ubiquitination machinery, i.e. ubiquitin activating enzyme Ubal (E1), ubiquitin conjugating
enzyme Ubc7 (E2), its activator Cuel, ubiquitin, and ATP. Polyubiquitination was observed
with CPY*-TM and CPY*-TM2, but not with CPY-TM or CPY-TM2 (Figure 1F, G),
indicating that the discrimination between unfolded and folded proteins is more pronounced
in the ubiquitination reaction than in the binding assay.

To examine the Hrd1-substrate interaction in a membrane context, we reconstituted
fluorescently labeled CPY*-TM (red, DyLight680) and Hrd1 (blue, DyLight800) into
proteoliposomes (Figure 2A). CPY*-TM was added to a mixture of phosphatidylcholine and
Triton X-100, the detergent was removed with Bio-Beads, and the vesicles floated in a
glycerol gradient. They were then incubated with Hrd1 at a low concentration of the
detergent decyl maltose neopentyl glycol (DMNG), such that the liposomes were only
partially solubilized and Hrd1 reconstituted into them in a unidirectional manner (see
scheme in Figure 2A). The detergent was removed and the vesicles were floated again in a
glycerol gradient. Both the labeled substrate and Hrd1 floated to the same position in the
gradient (Figure 2B). Essentially all Hrd1 molecules were oriented with their C-terminus on
the outside of the vesicles, as demonstrated by the accessibility of a unique TEV protease
recognition motif in the cytosolic domain; cleavage was observed regardless of whether the
vesicles were intact or solubilized with detergent (Figure 2C). The orientation of Hrd1 is
equivalent to that in ER membranes, with the outside of vesicles corresponding to the
cytosol.

Incubation of the proteoliposomes with the ubiquitination machinery resulted in the
polyubiquitination of both CPY*-TM and Hrd1 (Figure 2D). As observed previously in
detergent, autoubiquitination was faster and more complete than substrate ubiquitination
(see also Stein et al., 2014). In the absence of any one of the components of the
ubiquitination machinery, the modification reaction was abolished or, in the case of Cuel,
reduced. The rate of Hrd1p autoubiquitination was about the same in the presence or
absence of substrate (Figure S2A). Similar results were obtained with proteoliposomes
containing labeled CPY*-TM2 and Hrd1 (Figure S2B). The efficiency of polyubiquitination
was slightly lower (50% modified for CPY*-TM2 versus 60% for CPY*-TM, respectively),
but the ratio of the two membrane topologies, determined by protease protection, was about
the same for both constructs (Figure S2C). CPY*-TM was used in the initial characterization
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of the /n vitro system described below, but most experiments were also performed with
CPY*-TM2.

Substrate and Hrd1 have to be located in the same vesicle for substrate ubiquitination to
occur, as no modification was observed when CPY*-TM and Hrd1 were reconstituted into
separate vesicles (Figure 2E). Moreover, when proteoliposomes containing CPY*-TM were
incubated with soluble CPY*, only the membrane-bound substrate was modified (Figure
2F). These results show that substrate is only polyubiquitinated when it interacts with Hrd1
in the same membrane.

Hrd1 allows retrotranslocation of a substrate domain

We used reconstituted proteoliposomes containing membrane-bound substrate and Hrd1 to
test whether the CPY* domain moves from the inside to the outside of the vesicles, i.e.
retrotranslocates through the membrane (see scheme in Figure 1B). We first prepared
vesicles with C-terminally sortase-labeled CPY*-TM in both orientations (blue,

DyL ight800; see scheme in Figure 3A). After reconstitution, the vesicles were incubated
again with sortase and a peptide coupled to DyLight680, so that the color was switched in all
CPY*-TM molecules that had their C-terminus on the outside (red; Figure 3A). Finally,
Hrd1 was incorporated into the liposomes as before. This procedure generates Hrd1-
containing proteoliposomes in which the two differently oriented substrate populations carry
distinct labels. The labeled substrate molecules were in the same vesicles as SBP-tagged
Hrd1, as both the blue and red CPY*-TM molecules were quantitatively captured by
streptavidin beads (Figure S3A). Co-reconstitution was also tested in the converse
experiment, in which the vesicles were captured through interaction with substrate (Figure
S3B). To this end, CPY*-TM molecules with their C-terminus on the outside were color-
switched from DyLight800 to Alexa488 (green) using sortase. After incorporation of
DyLight680-labeled Hrd1, the vesicles were incubated with antibodies to Alexa488 and
protein G beads. Labeled substrate and Hrd1 were quantitatively bound to the beads (Figure
S3B), confirming that they were in the same vesicles.

Next, we verified that the two labeled substrate populations had the expected opposite
orientations. We first used the accessibility of cysteines to a membrane-impermeable
modification reagent (Maleimide-PEG%9%0, Mal-PEG). All cysteines are located in the CPY*
domain and their modification results in a size increase of the substrate. As expected, the
CPY* domain of the red molecules remained inaccessible to Mal-PEG, unless detergent was
added (Figure 3B). In contrast, the blue molecules were modified regardless of whether the
vesicles were intact or solubilized in detergent.

A second test for the orientation of the labeled substrate populations employed the ubiquitin
ligase Rsp5 (Wang et al., 1999). CPY*-TM contains several Rsp5 recognition motifs in the
misfolded domain. Hrd1 lacks Rsp5-recognition motifs. To prevent substrate modification
by Hrd1, these experiments were performed with proteoliposomes containing a purified
inactive Hrd1 mutant (C399S) (Bordallo and Wolf, 1999). The results showed that the red
CPY*-TM molecules were labeled by Rsp5 only after addition of detergent, whereas the
blue molecules were labeled even in intact vesicles (Figure 3C). Taken together, these
experiments show that the CPY* domain of red molecules is located inside the vesicles,
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separated from the surrounding environment by the lipid bilayer. In contrast, the blue
molecules have their CPY* domain on the outside of the reconstituted vesicles.

When the reconstituted proteoliposomes containing CPY*-TM and wild-type Hrd1 were
incubated with the ubiquitination machinery, substrate molecules of both orientations were
efficiently polyubiquitinated, regardless of whether the vesicles were intact or solubilized in
detergent (Figure 3D). While the CPY* domain of the blue molecules was located on the
outside before the start of the ubiquitination reaction and could therefore be modified by
Hrd1 directly, the CPY* domain of the red molecules was previously inside the vesicles and
some segment must have moved across the membrane to become accessible to Hrd1. Thus,
Hrd1 can mediate retrotranslocation of a misfolded protein.

Next, we tested whether the entire membrane-spanning domain of Hrd1 is required. To this
end, we used a Hrd1 variant in which TMs 3-6 were deleted (mini-Hrd1); mini-Hrd1
interacts with all other components of the Hrd1 complex (Carvalho et al., 2010). When
purified mini-Hrd1 was reconstituted into proteoliposomes, it was still capable of
polyubiquitinating substrate molecules that had their CPY* domain on the outside (Figure
3E). However, mini-Hrd1 did not modify molecules of the opposite orientation, unless
detergent was added. These experiments suggest that the membrane-spanning domain of
Hrd1 forms a conduit for substrate movement through the membrane.

To validate retrotranslocation of the CPY* domain, we generated Hrd1-containing
proteoliposomes containing blue and red CPY*-TM molecules in opposite orientations. In
addition, lysines in the CPY* domains of both populations were labeled with Alexa488
before reconstitution (to an average of 1.5 dye molecules per substrate molecule; indicated
in green, Figure 3F). The vesicles were floated in the presence of an antibody to Alexa488,
which quenches the Alexa488 fluorescence of all substrate molecules that have their CPY*
domain accessible (Figure 3F, indicated in grey). The remaining green fluorescence should
originate from molecules that have their CPY* domain in the lumen, inaccessible to the
antibodies. Indeed, when Alexa488 antibodies were added to the isolated vesicles (together
with ubiquitination machinery, but without ATP), the fluorescence showed an immediate
small decrease, but remained constant thereafter (Figure 3G; black trace). The immediate
drop was variable between different experiments and may have been caused by some
proteoliposome rupture. When antibodies and detergent were added together, the
fluorescence immediately dropped to a low level (Figure 3G; green trace). Importantly, when
ubiquitination machinery and ATP were added together with Alexa488 antibodies, the
fluorescence gradually decreased over a period of ~40 min. Parallel analysis by SDS-PAGE
showed that both the blue and red CPY*-TM molecules were polyubiquitinated during this
period (Figure S3C). These experiments indicate that polyubiquitination allowed the
movement of the CPY* domain across the membrane, where it became accessible to the
quenching antibody. Consistent with this conclusion, an enzymatically inactive Hrd1 mutant
(Hrd1 C399S) did not allow retrotranslocation (Figure 3H), ruling out the possibility that the
presence of active ubiquitin machinery alone was sufficient.

To exclude that the antibody moved across the membrane or that the vesicles were disrupted,
we generated proteoliposomes containing CPY*-TM molecules labeled with Alexa488 only
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at the C-terminus (Figure S3D; green). CPY*-TM molecules that had their C-terminus
outside were color-switched as before (Figure S3D; red). Importantly, the green CPY*-TM
molecules that had their C-terminus inside the vesicles remained inaccessible to the
quenching Alexa488-antibodies, unless detergent was added (Figure S3D). Again, parallel
SDS-PAGE analysis showed that the red CPY*-TM molecules were polyubiquitinated
(Figure S3E). Thus, the vesicles remain intact during retrotranslocation of the CPY*
domain. Similar results were obtained using reconstituted CPY*-TM2 (Figures S3F and
S3G). Taken together, these results suggest that polyubiquitination by Hrd1 is sufficient to
mediate the retrotranslocation of a misfolded substrate segment. Because of the low labeling
density of the substrate with fluorescent dyes, it seemed possible that only a small part of the
substrate moved through the membrane. However, we obtained similarly high quenching
efficiencies with CPY*-TMZ2 that contained an average of 8 fluorophores (Figure S3H),
indicating that a substantial portion of the polypeptide chain must have crossed the
membrane.

Substrate polyubiquitination is not essential for retrotranslocation

To test whether substrate- or Hrd1- ubiquitination is essential for retrotranslocation, we
generated CPY* and CPY*-TM variants that lack all lysines (CPY*-noK and CPY*-TM-
noK). Both substrates were degraded in S. cerevisiae cells with similar kinetics as the
original CPY* and CPY*-TM proteins, as shown by cycloheximide-chase experiments
(Figure 4A; and Figures 4B versus 1C, representative blots in Figures S4A and S4B).
Lysine-free substrates showed the same dependence on ERAD components as their lysine-
containing counterparts. These results suggest that ERAD does not require the modification
of substrate, at least not on lysine residues, consistent with previous observations (Bernardi
et al.; Hassink et al., 2006; Wang et al., 2013; Yu and Kopito, 1999).

We purified the lysine-free substrate CPY*-TM-noK and tested its polyubiquitination /n
vitrowith purified components. Substrate modification was drastically reduced, although not
completely abolished (Figure 4C; Figure S4C). Most of the residual modification was
reversed when the samples were treated with a reducing reagent before SDS-PAGE, and
polyubiquitination was further diminished after blocking cysteines by pre-treatment of the
substrate with N-ethylmaleimide (NEM). These results suggest that the lysine-free substrate
is modified by Hrd1 on cysteines, as observed in other cases (Cadwell and Coscoy, 2005;
Shimizu et al., 2010). In addition, there may be some even lower degree of modification of
the N-terminal amino group or of hydroxyl groups in serines or threonines (Wang et al.,
2007). Modification on residues other than lysines might explain why the substrates can still
be degraded /n vivo.

Next, we determined whether the drastically reduced level of substrate ubiquitination of
CPY*-TM-noK affects retrotranslocation in vitro. We generated Hrd1-containing
proteoliposomes containing blue and red CPY*-TM-noK molecules in opposite orientations.
In addition, the N-termini of substrate molecules were labeled with Alexa488 before
reconstitution. The vesicles were isolated in the presence of Alexa488-antibodies to quench
the fluorescence of all substrate molecules that have their N-termini on the outside of the
vesicles. Further addition of Alexa488-antibodies in the presence of ubiquitination
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machinery, but absence of ATP, led to only a small decrease in fluorescence (Figure 4D;
black trace). In contrast, in the presence of ATP, the fluorescence decreased gradually over
time (Figure 4D; red trace). The fluorescence reached a final level of ~30% after subtraction
of the background seen in the presence of detergent, implying that ~70% of all substrate
molecules were retrotranslocated (green trace; Figure S3I explains the quantification).
Importantly, SDS-PAGE showed that the majority of substrate molecules of both
orientations remained unmodified (>75%; Figures 4E and 4F). Thus, many unmodified
substrate molecules were translocated across the membrane. These results indicate that
Hrd1-, but not substrate-, modification is essential for retrotranslocation.

Autoubiquitination of Hrd1 allows retrotranslocation

Consistent with the assumption that autoubiquitination activates Hrd1 for retrotranslocation,
we found that polyubiquitinated Hrd1 had a higher affinity for substrate than unmodified
Hrd1 (Figure 5A). When polyubiquitinated Hrd1 was treated with a de-ubiquitinating
enzyme prior to the binding assay, its affinity for substrate was reduced to the original level.
The affinity of Hrd1 for CPY*-TM gradually increased with the length of ubiquitin chains
attached to it (Figure 5B), although even the attachment of tetra-ubiquitin did not fully
convert Hrd1 into the high-affinity state. The oligomeric state of Hrd1 modified with mono-,
di-, or tetra-ubiquitin did not appear to change, as assessed by gel filtration experiments
(Figure S5).

Based on the affinity change of Hrd1, we tested if a specific Hrd1 domain must be
polyubiquitinated to cause the observed change in substrate affinity. We used purified Hrd1
variants with lysine to arginine substitutions in either the N-terminal transmembrane region
(RKK), the RING-finger domain (KRK), or the C-terminal tail (KKR) (Stein et al., 2014).
Prior to autoubiquitination, all Hrd1 variants had a similar affinity for CPY*-TM (Figure
5C). However, after the polyubiquitination reaction, only the KRK variant failed to adopt a
high-affinity state. It should be noted that all variants are active in autoubiquitination and
substrate ubiquitination in detergent (Stein et al., 2014). Thus, modification of the RING-
finger domain appears to be important for Hrd1’s increased substrate affinity.

To test the role of the RING-finger modification in retrotranslocation, we reconstituted the
Hrd1 variants into proteoliposomes containing CPY*-TM in both orientations. All three
Hrd1 variants were capable of ubiquitinating substrate molecules that had their CPY*
domain on the outside (Figure 5D; 5E). The RKK and KKR variants also allowed
retrotranslocation of the CPY* domain of the oppositely oriented substrate molecules. In
contrast, the RING domain variant (KRK) was defective in retrotranslocation; it modified
the CPY* domain efficiently only after solubilization of the membrane in detergent (Figure
5F). The KRK variant was also defective in the fluorescence-quenching retrotranslocation
assay (Figure 5G). In contrast, a variant that contains lysines only in the RING domain
(RKR) allowed retrotranslocation of a fluorescent substrate, albeit with somewhat lower
efficiency than wild-type Hrd1 (Figure 5H).

The KRK variant was also defective in CPY* degradation /n vivo (Figure 6A) although the
purified protein has only a slightly reduced ubiquitination activity /7 vitro (Stein et al.,
2014). In contrast, the RKK, KKR, and RKR variants showed undiminished CPY*

Cell. Author manuscript; available in PMC 2017 July 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Baldridge and Rapoport Page 9

degradation activity /n vivo (Figure 6A, S6A). Although most of the Hrd1 lysine to arginine
variants were functional, the steady-state levels were somewhat reduced and the RKR
mutant was less stable (Figure S6B).

To analyze which of the nine lysines in the RING-finger domain are important for ERAD,
we systematically altered these lysines to arginines and tested the variants for CPY*
degradation. The simultaneous mutation of three lysines (positions 373, 387, and 407; see
Figure S6C) abolished all degradation activity (Figure 6B). Individually, these substitutions
had no effect, indicating redundancy of the lysines. The lysine substitutions had a similar
effect on the degradation of CPY*-TM and CPY*-TM2 (Figure S6D and S6E).

To assess whether Hrd1 is autoubiquitinated in S. cerevisiae cells containing all ERAD
components, i.e. under conditions where Hrd1 is stable, we expressed a functional His-
tagged version in Ard1A cells from a single-copy plasmid under its endogenous promoter
(Figure S6F). Hrd1-His was purified under denaturing conditions and subjected to SDS-
PAGE, followed by immunoblotting with ubiquitin and Hrd1 antibodies (Figure 6C).
Polyubiquitinated Hrd1 was seen not only with the wild-type and KRK proteins, but also
with the variant that contained lysines only in the RING-finger domain (RKR), although the
levels of this protein were lower due to its reduced stability (Figure S6B). Ubiquitination
was caused by Hrd1 itself, because no modification was observed with the ubiquitination-
defective mutant Hrd1 C399S (Figure 6C). These results indicate that Hrd1 is
autoubiquitinated in its RING domain /n vivo.

Finally, we tested whether mutation of the lysines in the RING domain would generally
affect the degradation of ERAD substrates /n vivo. Indeed, the KRK variant was defective in
the degradation of two established ERAD-L substrates (KHN and KWW; (Vashist et al.,
2001; Vashist and Ng, 2004)), whereas the other lysine mutants had little effect (Figure 6D;
Figure S6G, S6H, and S61). Taken together, these results suggest that autoubiquitination of
Hrd1 is required for the retrotranslocation of ERAD substrates.

DISCUSSION

In this study we provide direct evidence that Hrd1 mediates the retrotranslocation of a
polypeptide across a membrane. Using reconstituted proteoliposomes containing Hrd1 and a
membrane-bound substrate, we show that a luminal misfolded protein domain can cross the
membrane. Because translocation requires an intact transmembrane domain of Hrd1, we
propose that Hrd1 forms a conduit or channel for the polypeptide through the membrane.
Polyubiquitination of Hrd1, rather than substrate modification, is necessary for
retrotranslocation. Our /n vivo data support the idea that autoubiquitination of Hrd1 in its
RING-finger domain is the essential modification that allows retrotranslocation of ERAD
substrates.

Taken together, these results lead to the following model for retrotranslocation across the ER
membrane (Figure 7). The Hrd1 channel is initially closed (stage 1). Next, it interacts with a
luminal segment of the substrate (stage 2). Upon autoubiquitination of Hrd1, a polypeptide
segment moves to the cytosolic side of the membrane (stage 3). The polypeptide chain can
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probably slide in either direction through the open Hrd1 channel. Polyubiquitination of the
substrate is not required for the initial emergence of a polypeptide segment on the cytosolic
side of the membrane, but it could serve as a ratcheting mechanism to bias the movement of
substrate towards the cytosol. The bulky polyubiquitin chain could directly prevent back-
sliding of the polypeptide chain into the ER lumen (stage 4). In addition, the polyubiquitin
chains could recruit the Cdc48 complex on the cytosolic side of the membrane, which would
augment the ratcheting mechanism. The Cdc48 complex is not essential for initiation of
retrotranslocation, but is required for the subsequent membrane extraction step (stage 5).
The fundamental point in our model is that Hrd1 forms a ubiquitin-gated protein-conducting
channel.

The proposal that Hrd1 forms a channel is consistent with the fact that the overexpression of
Hrd1 in S. cerevisiae makes the other components of the Hrd1 complex dispensable, while
all downstream cytosolic components, including the Cdc48 complex, are still required
(Carvalho et al., 2010). The cells probably remain viable because Hrd1 alone can
discriminate between folded and misfolded polypeptides (Stein et al., 2014), although other
components increase the efficiency of substrate selection (Denic et al., 2006). The role for
Hrd1 as a channel is supported by crosslinking experiments in S, cerevisiae, which showed
that a retrotranslocating substrate interacts with Hrd1 inside the ER membrane (Carvalho et
al., 2010). Hrd1 forms homo-oligomers (Carvalho et al., 2010; Horn et al., 2009; Bernardi et
al., 2010), and could form a membrane path from at least 12 TM segments (each Hrdl
molecule has 6 TMs). Our data now show that Hrd1 alone can mediate the retrotranslocation
of a polypeptide, providing the strongest evidence for it forming a retrotranslocon. However,
this does not exclude the possibility that other membrane proteins, specifically Der1,
contribute to the polypeptide conduit across the membrane (Mehnert et al., 2014).

Auto-modification of a ubiquitin ligase is often considered to be an /in7 vitro artifact or a
signal for degradation (for review, see (de Bie and Ciechanover, 2011)), although in the case
of the RING1B ligase, autoubiquitination has been reported to enhance its activity (Ben-
Saadon et al., 2006). In our system, autoubiquitination of Hrd1 serves to open the
retrotranslocation channel. The best evidence for this model comes from our /n vitro
experiments, particularly from the demonstration that a misfolded protein domain in the
lumen of reconstituted proteoliposomes cannot be modified by the soluble ubiquitin ligase
Rsp5, but becomes accessible to modification by Hrd1 after Hrd1 autoubiquitination.
Because only Hrd1 itself is available for modification at the beginning of the reaction,
autoubiquitination is likely responsible for the initial movement of the misfolded domain
across the membrane. Consistent with this conclusion, we show that preventing lysine
polyubiquitination in the RING-finger domain abolishes Hrd1 function in vitroand /n vivo,
even though it remains active in ubiquitination. Hrd1 is polyubiquitinated in wild-type yeast
cells, despite the fact that it is stable, further arguing that the modification is not just a signal
for degradation.

Our model implies that autoubiquitination causes a conformational change in Hrd1. We
found that ubiquitinated Hrd1 binds substrate with higher affinity than the unmodified
ligase. The affinity change appears to be caused by the attachment of ubiquitin chains to one
of three lysines in the RING-finger domain. Our results show that these lysines, only one of
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which is highly conserved, have redundant functions. Thus, perhaps it only matters that a
bulky ubiquitin chain is attached to a certain region of the RING-finger.

Polyubiquitination of Hrd1 is probably tightly controlled in wild-type yeast cells to activate
Hrd1 only when substrate arrives and to prevent untimely degradation of the ligase. Indeed,
overexpression of Hrd1 or deletion of HRD3lead to excessive autoubiquitination of Hrd1,
which in turn causes degradation of the ligase (Gardner et al., 2000). In wild-type cells,
Hrd3 binding to Hrd1 might serve as a “brake”, preventing autoubiquitination until substrate
is bound to Hrd3 or Hrd1. Based on the stability of Hrd1, one probably has to invoke the
function of a deubiquitinating enzyme that removes polyubiquitin chains from Hrd1. The
interaction of Hrd1 with its binding partners in the membrane might also prevent the
membrane extraction of transiently polyubiquitinated Hrd1 by the Cdc48 complex.

Although we indicate in the scheme in Figure 7 that substrate binds to Hrd1 before
autoubiquitination, the order of events is currently unclear. In detergent, unmodified Hrd1
can bind substrate, although more weakly than after autoubiquitination. However, it is
uncertain whether these results apply to the interaction in intact membranes. In any case, we
consider it likely that the substrate inserts as a loop into the Hrd1 channel (Figure 7, stages 2
and 3). Although we cannot exclude that the N-terminus of our substrate inserts head on into
Hrd1, loop insertion seems more plausible, because there are probably many more internal
segments that can interact with the TM domain of Hrd1. A similar loop insertion model
could apply to soluble, luminal ERAD substrates and is analogous to that established for the
initial insertion of a secretory protein into the Sec61/SecY channel during translocation in
the opposite direction (Shaw et al., 1988).

In our /n vitro assay, a substantial segment of the substrate crossed the membrane. However,
it remains unclear whether the entire luminal substrate domain moved to the outside of the
vesicles. Even the retrotranslocation of smaller segments might require the substrate to be
unfolded or loosely folded. In our system, such a state may have been achieved by the
treatment of substrates with urea and harsh detergent. /n vivo, luminal chaperones are likely
required to keep the substrate in a retrotranslocation-competent state (Nishikawa et al.,
2001).

While directionality of translocation might normally be provided by a polyubiquitin-
mediated ratcheting mechanism, likely enhanced by cytosolic binding factors, such as the
Cdc48 complex (Bays et al., 2001; Jarosch et al., 2002; Rabinovich et al., 2002; Ye et al.,
2001) and possibly the proteasome (Morris et al., 2014), substrate ubiquitination does not
seem to be essential. In several cases, including the ERAD substrate used in this study, all
lysines can be deleted without preventing degradation, while ubiquitination machinery is
still required (Hassink et al., 2006; Wang et al., 2013; Yu and Kopito, 1999). Some of these
lysine-free proteins are ubiquitinated at other amino acids. However, there are substrates,
such as cholera toxin, that are not ubiquitinated (Rodighiero et al., 2002), providing strong
evidence that the critical modification occurs on another component. In this case,
directionality may be provided by polypeptide folding in the cytosol. In other cases, an
unmodified substrate might interact with cytosolic factors, or be prevented from back-sliding
by other mechanisms.
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Although our data show that Hrd1 alone can mediate retrotranslocation of ERAD substrates,
other components of the Hrd1 complex play an important role /n vivo. Yos9 and Hrd3 are
involved in substrate selection in the ER lumen and act upstream of Hrd1 (Denic et al., 2006;
Gauss et al., 2006). Derl probably helps to insert luminal substrates into the Hrd1 channel
(Carvalho et al., 2010; Mehnert et al., 2014). Usal serves as a scaffold, providing a link
between Hrd1 and Derl and facilitating the oligomerization of Hrd1 (Carvalho et al., 2010;
Horn et al., 2009). Specific details for how these proteins contribute to retrotranslocation
remain to be clarified.

We suggest that other multi-spanning ubiquitin ligases of the ER function similarly to Hrd1.
In both S. cerevisiae and mammals, several RING-finger ligases are known that are involved
in the ubiquitination and degradation of different substrates (Table S1). All of these ligases
contain several TMs and may form oligomers. We propose that they all form ubiquitin-gated
protein-conducting channels.

EXPERIMENTAL PROCEDURES

Details of experimental procedures and protein purification are described in the Extended
Experimental Procedures.

Yeast strains and plasmids

All deletion strains used in this study were purchased from GE Dharmacon and are
derivatives of BY4741 (MATa his3A41 leuZA0 met15A0 ura3A0). Plasmids were constructed
using standard restriction cloning and Gibson assembly.

Protein purification and labeling

CPY*-TM, CPY*-TM2, CPY-TM, CPY-TM2 and Hrd1 were C-terminally labeled using a
GGGC-coupled fluorophore (DyLight680, DyLight800, or Alexa488) and sortase (Popp et
al., 2007; Stein et al., 2014). Where indicated, substrates were labeled with Alexa488-
tetrafluoropheny! ester or DyLight800-N-hydroxysuccinimide ester on amines. The labeled
proteins were purified by size-exclusion chromatography.

ERAD-substrate degradation

Cycloheximide chases were performed as described (Gardner et al., 1998), with variations
described in the supplemental information.

Binding assays

Hrd1 binding assays were performed as described (Stein et al., 2014), with variations
described in the supplemental information.

Ubiquitination assays

Ubiquitination assays were performed as described (Stein et al., 2014), with variations
described in the supplemental information.
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Reconstitution into proteoliposomes

1,2-dioleayl-sn-glycero-3-phosphocholine (DOPC) (Avanti Polar Lipids) and CPY*-TM
substrate were completely solubilized in Triton X-100 (Anatrace) and the detergent was
removed with Bio-Beads SM2 (Bio-Rad). Decyl maltose neopenty! glycol (DMNG) was
added to partially solublize the liposomes before addition of Hrd1. After Hrd1 incorporation,
DMNG was removed using detergent-removal spin columns (Pierce). For color switching
assays, prior to Hrd1 incorporation the proteoliposomes were incubated with sortase and
GGGC-coupled-fluorophore. The vesicles were purified by flotation in a glycerol gradient.

Fluorescence-quenching retrotranslocation assay

Proteoliposomes were generated with unlabeled Hrd1 and amine-coupled Alexa488 CPY*-
TM. In the proteoliposomes, CPY*-TM was in two orientations; each population was
labeled with different dyes at the C-terminus (DyLight680 and DyLight800). The vesicles
were incubated with Alexa488-antibodies, floated in a glycerol gradient, and incubated with
ubiquitination machinery in the absence of ATP. After addition of ATP, the fluorescence of
Alexa488 coupled to CPY*-TM was followed in a plate reader.

Denaturing pull-downs

Hrd1-His10 was expressed from the HRD1 endogenous promoter on a centromeric plasmid.
Cells were collected in mid-log phase and Hrd1 was purified on His-tag Dynabeads (Life
Technologies).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Membrane-bound ERAD substrates of the Hrd1 ubiquitin ligase
(A) Scheme of CPY*-TM, a fusion of the misfolded ER luminal substrate CPY* (blue) with

a transmembrane (TM) segment derived from the multi-spanning membrane protein Pdr5
(purple).

(B) CPY*-TM is reconstituted into proteoliposomes in both orientations. Retrotranslocation
is defined as the movement of a segment of the luminal domain from the inside to the
outside of the vesicles (arrow).

(C) The degradation of CPY*-TM with a C-terminal HA tag was tested after addition of
cycloheximide to wild-type S. cerevisiae cells or strains lacking the indicated ERAD
components. At each time point, proteins were analyzed by SDS-PAGE and immunaoblotting
with HA antibodies. Full-length protein and a degradation product were observed (Figure
S1A). The quantification shows the sum of the intensity of both bands. Data are represented
as mean +/— SEM from at least three experiments.

(D) As in (C), but with CPY*-TM2, which contains the TM segment from the single-
spanning membrane protein Spt23 (see also Figure S1B).
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(E) Purified, DyLight800-labeled CPY*-TM, CPY*-TM2, or CPY* (each 100 nM) was
incubated with different concentrations of purified Hrd1-SBP immobilized on streptavidin
beads. The bound material was analyzed by SDS-PAGE and fluorescence scanning. For
comparison, the binding of fusions of wild-type CPY with TM or TM2 (CPY-TM and CPY-
TM2, respectively) was tested (dotted lines). The apparent affinities for CPY*, CPY*-TM,
CPY*-TM2, CPY-TM, and CPY-TM2 were estimated to be 20 nM, 40 nM, 30 nM, 120 nM,
and 110 nM, respectively.

(F) The indicated DyLight800-labeled proteins were incubated with Hrd1 and ubiquitination
machinery in detergent. Controls were performed in the absence of ATP. The samples were
analyzed by SDS-PAGE and fluorescence scanning.

(G) Quantification of the experiments in (F).

See also Figure S1.
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Figure 2. Hrd1 polyubiquitinates CPY*-TM in reconstituted proteoliposomes

(A) Scheme of the reconstitution protocol. CPY*-TM (red) was mixed with phospholipids
totally solubilized in Triton X-100 and the detergent was removed. Then, the vesicles were
partially solubilized in the detergent DMNG, Hrd1 (blue) was added, and the detergent was

removed.

(B) Reconstituted proteoliposomes (PLsomes) containing fluorescently labeled CPY*-TM
(red; DyLight680) and Hrd1 (blue; DyLight800) were subjected to flotation in a glycerol
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gradient. Fractions were analyzed by SDS-PAGE and fluorescence scanning (bottom (B) is
fraction 1 and top (T) is fraction 6).

(C) PLsomes containing amine-labeled Hrd1 (DyLight800) with a unique TEV-cleavage site
near its C-terminus were incubated with TEV protease in the presence or absence of Triton
X-100 (X100). Controls were performed with 3C protease, a related protease that should not
cleave Hrd1. The samples were analyzed by SDS-PAGE and fluorescence scanning. Note
that all Hrd1 molecules have their C-terminus on the outside of the vesicles.

(D) PLsomes as in (B) were incubated with ubiquitination machinery for different time
periods. Controls were performed in the absence of the indicated components. The samples
were analyzed by SDS-PAGE and fluorescence scanning at two different wavelengths.

(E) PLsomes containing fluorescently labeled CPY*-TM (blue; DyLight800) and unlabeled
Hrd1 were mixed with PLsomes containing labeled CPY*-TM (red; DyLight680), but
lacking Hrd1. Ubiquitination machinery was added for different time periods, with a control
lacking ATP. Note that substrate is modified only if co-reconstituted with Hrd1.

(F) PLsomes containing Hrd1 and DyL ight800-labeled CPY*-TM were incubated with
CPY™* and ubiquitination machinery for different time periods. Note that CPY* remains
unmodified.

See also Figure S2.
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Figure 3. Hrd1 retrotranslocates the misfolded CPY* domain of CPY*-TM

(A) Specific labeling of differently oriented substrate molecules. CPY*-TM was labeled by
sortase with a fluorescent probe (blue; DyLight800) at the C-terminus, and incorporated into
proteoliposomes (PLsomes) in both orientations. The vesicles were then incubated with
sortase and peptide coupled to another fluorescent dye (red; DyLight680), switching the
color of substrate molecules that have their C-terminus accessible. Finally, Hrd1 was

incorporated into the vesicles.
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(B) The orientation of substrate molecules in reconstituted PLsomes was tested by addition
of different concentrations of the cysteine-modifying reagent Mal-PEG. Controls were
performed in the presence of detergent. The samples were analyzed by SDS-PAGE and
fluorescence scanning. Note that the CPY* domain of the red molecules can be modified
only after addition of detergent.

(C) The orientation of substrate molecules was tested in PLsomes containing inactive Hrd1
ligase (Hrd1 C399S). Substrate lysine ubiquitination by the ligase Rsp5 was followed over
time. Controls were performed in the presence of detergent. Note that the CPY* domain of
the red molecules is modified by Rsp5 only after addition of detergent.

(D) PLsomes containing wild-type Hrd1 and CPY*-TM in both orientations were incubated
with ubiquitination machinery for different time periods in the presence or absence of
detergent. Note that the CPY* domain of the red molecules is modified even in the absence
of detergent.

(E) As in (D), but with PLsomes containing either wild-type Hrd1 or a mutant that lacks
TMs 3-6 (mini-Hrd1). Note that mini-Hrd1 is active in polyubigitination, but does not
support modification of the CPY* domain of the red molecules unless detergent is added.
(F) Scheme of the fluorescence quenching retrotranslocation assay. PLsomes were generated
as in (D), but CPY*-TM also contained an additional lysine-attached fluorescent dye on the
CPY™* domain (Alexa488; indicated by green domain) to which a quenching antibody
(shown in gray) is available. The antibody quenched the fluorescence of substrate molecules
that had their CPY* domain on the outside of the vesicles (gray domains). Substrate
molecules of the opposite orientation can only be quenched after retrotranslocation of their
CPY* domain.

(G) PLsomes as in (F) were incubated with antibody and ubiquitination machinery in the
absence of ATP. The sample was placed in a fluorescence plate reader, ATP was added (open
arrow), and the decrease in fluorescence was followed over time. A control was performed
by addition of Triton X-100 (X100) before the reaction (open arrow). Each sample received
Triton X-100 after the reaction (closed arrow).

(H) PLsomes were generated with catalytically inactive Hrd1 (C399S) and CPY*-TM that
was labeled at the C-terminus with Dylight 800 (blue) and at lysines in the CPY* domain
with Alexa488 (green). Retrotranslocation was assayed as in (G).

See also Figure S3.
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Figure 4. Hrd1 retrotranslocates a lysine-free substrate in vitro and in vivo
(A) The degradation of lysine-free CPY* was tested after addition of cycloheximide in wild-

type S. cerevisiae cells and strains lacking the indicated ERAD components. At each time
point, proteins were analyzed by SDS-PAGE and immunoblotting with HA antibodies (see
also Figure S4A). Data are represented as mean +/— SEM from at least three experiments.
(B) As in (A), but with lysine-free CPY*-TM. Full-length protein and a C-terminal
degradation product were observed (Figure S4B). The quantification shows the sum of both.
(C) Lysine-free CPY*-TM (noK) was incubated with Hrd1 and ubiquitination machinery for
different time periods. Where indicated, the substrate was pre-modified with the cysteine-
modifying reagent N-ethylmaleimide (NEM). The samples were analyzed by non-reducing
(Non-Red) or reducing (Red) SDS-PAGE. Shown is the quantification of non-ubiquitinated
Hrd1 and substrate (see also Figure S4C).

(D) The retrotranslocation of CPY*-TM (no K) was tested with the fluorescence quenching
assay as in Figure 3F. Note that the lysine-free CPY* domain gradually becomes accessible
to the quenching antibodies.

(E) The samples in (D) were analyzed for substrate polyubiquitination by SDS-PAGE and
fluorescence scanning.

(F) The fraction of retrotranslocated CPY* domain (black line), as assessed by fluorescence
quenching in (D), is compared with the fraction that remains non-ubiquitinated (red line) in
the same reaction (E). The blue line shows the fraction of unmodified substrate molecules
that have their CPY* domain on the outside of the vesicles.

See also Figure S4.
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Figure 5. Autoubiquitination of Hrd1 is required for retrotranslocation
(A) DyLight800-labeled CPY*-TM was incubated with different concentrations of

unmodified Hrd1, pre-polyubiquitinated Hrd1 (poly-Ub), or polyubiquitinated Hrd1 treated
with the de-ubiquitinating enzyme Usp2 (de-Ub). After incubation with streptavidin beads,
the amount of bound material was analyzed by SDS-PAGE and fluorescence scanning. Note

that modified Hrd1 has a higher affinity for substrate.
(B) As in (A), but Hrd1 was also pre-modified with mono-, di- or tetra-ubiquitin.
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(C) Asin (A), but Hrd1 variants were used, which contained lysine-to-arginine substitutions
in either the transmembrane domain (RKK), the RING-finger domain (KRK), or the C-
terminal tail (KKR). In each case, Hrd1 was tested with and without polyubiquitination.
Note that the ubiquitination-mediated increase of substrate affinity is blunted for the KRK
mutant.

(D) Proteoliposomes containing substrate in both orientations and one of the Hrd1 mutants
described in (C) were incubated with ubiquitination machinery for different time periods in
the presence or absence of detergent. The samples were analyzed by SDS-PAGE and
fluorescence scanning. Note that the CPY* domain of the red molecules is not efficiently
retrotranslocated by the KRK mutant.

(E) Quantification of the fluorescence at 800 nm in (D).

(F) Quantification of the fluorescence at 680 nm in (D).

(G) Retrotranslocation of CPY*-TM was tested with the fluorescence quenching assay as in
Figure 3H, but with Hrd1 carrying lysine to arginine substitutions in the RING domain
(KRK mutant).

(H) As in (G), but with Hrd1 containing lysines only in the RING domain (Hrd1 RKR).

See also Figure Sb.
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Figure 6. Hrd1 autoubiquitination affects ERAD
(A) The degradation of CPY* was followed in S. cerevisiae cells lacking Hrd1 (/rd14),

which contained either an empty vector or expressed Hrd1 mutants with lysine-to-arginine
mutations from a single-copy plasmid. At each time point after cycloheximide addition,
proteins were analyzed by SDS-PAGE and immunoblotting with HA antibodies (see also
Figure S6A). Data are represented as mean +/— SEM from at least three experiments. Note
that CPY* is not degraded in the KRK mutant.

(B) Asin (A), but with Hrd1 mutants carrying the indicated lysine to arginine substitutions
in the RING-finger domain. Note that a Hrd1 mutant carrying mutations in three lysines
(373, 387, 407) is inactive in ERAD of CPY™*.

(C) Wild-type Hrd1 or the indicated Hrd1 mutants with a His10-tag at their C-termini were
expressed in Ard1A cells from a single-copy plasmid. The proteins were purified with IMAC
beads under denaturing conditions, separated by SDS-PAGE, and subjected to
immunoblotting with Hrd1 and ubiquitin antibodies. Note that the RKR mutant is
polyubiquitinated.

(D) As in (A), but with the ERAD-L substrate KHN. (See also Figure S6G)

See also Figure S6.
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Figure 7. A model for Hrd1-mediated retrotranslocation
The scheme shows different stages of basic ERAD. Stage 1 shows the ubiquitin ligase Hrd1

and a single-spanning ERAD substrate containing a misfolded luminal domain. In stage 2, a
segment of the misfolded domain interacts with the Hrd1 ligase. In stage 3, Hrd1 is
autoubiquitinated, the substrate is inserted as a loop, and can slide back and forth inside the
Hrd1 channel. In stage 4, the substrate is polyubiquitinated, which prevents back-sliding of
the polypeptide into the ER lumen. In stage 5, the Cdc48 ATPase complex extracts the
polyubiquitinated substrate from the ER membrane.

See also Table S1.
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