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The HRD (HMG-CoA reductase degradation) pathway is a con-
served route of endoplasmic reticulum-associated degradation
(ERAD), by which misfolded ER proteins are ubiquitinated and
degraded. ERAD substrates are ubiquitinated by the action of the
Hrd1 RING-H2 E3 ligase. Hrd1 is always present in a stoichiometric
complex with the ER membrane protein Hrd3, which is also required
for HRD-dependent degradation. Despite its conserved presence,
unequivocal study of Hrd3 function has been precluded by its central
role in Hrd1 stability. Loss of Hrd3 causes unrestricted self-degrada-
tion of Hrd1, resulting in significant loss of the core ligase.
Accordingly, the degree to which Hrd3 functions independently of
Hrd1 stabilization has remained unresolved. By capitalizing on our
studies of Usal in Hrd1 degradation, we have devised a new
approach to evaluate Hrd3 functions in ERAD. We now show that
Hrd3 has a direct and critical role in ERAD in addition to Hrd1 stabi-
lization. This direct component of Hrd3 is phenotypically as important
as Hrd1 in the native HRD complex. Hrd3 was required the E3 activity
of Hrd1, rather than substrate or E2 recruitment to Hrd1. Although
Hrd1 can function in some circumstances independent of Hrd3, these
studies show an indispensable role for Hrd3 in living cells.

HRD pathway | HRD3 | ERAD | quality control | ubiquitin

ndoplasmic reticulum-associated degradation (ERAD) is a

highly conserved quality control pathway responsible for the
degradation of both misfolded and normal proteins that limits cel-
lular stress and cytotoxicity caused by an accumulation of misfolded
ER proteins (1, 2). ERAD occurs through the ubiquitin proteasome
pathway, wherein ER-localized ubiquitin ligases covalently modify
substrates by attaching multiple copies of the protein ubiquitin, thus
tagging them for degradation by cytosolic 26S proteasome (3-5).

In Saccharomyces cerevisiae, the highly conserved HRD (HMG-
CoA' reductase degradation) pathway degrades a variety of
ERAD substrates, including misfolded luminal proteins (ERAD-L
substrates) such as CPY* and integral membrane proteins
(ERAD-M substrates) such as Hmg2 (6, 7). Briefly, ERAD-L
substrates are ubiquitinated by the HRD complex, which includes
the ubiquitin RING-H2 ligase Hrdl, complex members Hrd3,
Usal, and Derl, and luminal factors implicated in substrate se-
lection (3, 8-11). Conversely, ERAD-M substrates require only
Hrdl and Hrd3 for in vivo degradation (12, 13). Although Hrd1
functions as the core catalytic subunit of the HRD E3 ligase,
Hrd3’s function has remained enigmatic. Both Hrd1 and Hrd3 are
highly conserved, and Hrdl is rate limiting for degradation of
misfolded substrates (3, 12, 14, 15). In yeast, the steady-state levels
of Hrdl strongly depend on Hrd3. At native levels of the HRD
components, Hrd3 is required for Hrd1 stability: In a hrd3A, Hrd1l
half-life drops to less than 15 min, resulting in very low levels (12).
This concomitant loss of Hrdl is due to rapid autodegradation,
catalyzed by the RING domain of Hrd1 (16).

Because of Hrd3’s strong role in maintaining Hrd1 stability, it
has remained unclear whether Hrd3 has any other independent
ERAD functions. A “stability only” model for Hrd3 function is
supported by numerous instances in which overexpression of Hrd1l
suppresses ERAD defects observed in a Ard3A (12, 14, 15). In
contrast, a “direct effect” model for Hrd3 is implied by our early
observation that a large deletion of Hrd3 (350 amino acids) stabi-
lizes Hrd1 but does not allow Hmg2 degradation (12). Resolving
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these two models is important for understanding this highly con-
served quality control pathway.

Until now, there has been no way to study any function of Hrd3
independent of Hrd1 stabilization. Our studies of Usal have now
allowed us to address this problem. We had found that Hrd1 self-
degradation observed in the hrd3A strongly depends on Usal:
Hrd1 destabilization is absent in the complete deletion of Usal or
when the Usal protein has only its cytoplasmic ubiquitin-like
(UBL) domain deleted (Usal-AUBL) (16). However, unlike a
simple usalA, deletion of the UBL domain of Usal does not af-
fect ERAD-L or ERAD-M (16). Thus, use of the USAI-AUBL
allele in place of the native gene provides a powerful platform for
addressing the two views of Hrd3 function in ERAD.

Using this and other approaches, we have observed that Hrd3
was vital for Hrd1-mediated substrate degradation. At endogenous
levels of Hrd1, the absence of Hrd3 rendered stable Hrd1 inactive
toward all substrates tested. The importance of Hrd3 was also clear
at high levels of Hrd1 used to test Hrd1 autonomy in ERAD (17,
18). Hrd3 was not required for Hrd1-substrate interaction nor Hrd1
multimerization, but was required for Hrd1-mediated E2-substrate
interactions. These results unequivocally demonstrate a direct role
of Hrd3 in the activity of the HRD complex and show the impor-
tance of Hrd3 in the intrinsic functions of the HRD complex.

Results

Hrd3 Was Not Required for Hrd1 Stability in a USAT-AUBL Strain. In
this study, we used an epitope-tagged Hrdl (Hrd1-5myc). To con-
firm its normalcy, we compared the degradation rates of ERAD-M
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substrate Hmg2-GFP in a strain expressing either untagged Hrd1
or Hrdl-Smyc each from single integrants driven by the native
promoter. We quantitated Hmg2-GFP degradation by using flow
cytometry after cycloheximide addition (Chx chase). Untagged
Hrdl and Hrdl-Smyc were identically efficient in Hmg2-GFP
degradation (Fig. 14). They were also identically efficient in deg-
radation of ERAD-L substrate CPY*HA (Fig. 1B). Finally, Hrd1-
Smyc underwent the expected rapid degradation absence of Hrd3
(Fig. 1C) (16). These results showed that Hrd1-5myc behaved
identically to native untagged Hrdl.

Hrd1 self-ubiquitination in 4rd3A depends on a region of Usal
called the UBL domain (amino acids 254-353; Fig. 1D and ref.
16). A deletion of USAI caused complete loss of ERAD-L and
impacted degradation of ERAD-M substrates (ref. 16 and this
work). However, USAI with a deletion of only the UBL domain
(called USA1-AUBL) tully supported both ERAD-L and ERAD-
M but stabilized Hrd1l: Hrd1-5Smyc was rapidly degraded in a
hrd3A strain but was strongly stabilized in USAI-AUBL/hrd3A
strains (Fig. 1E). To accurately assess Hrd1 steady-state levels in
various strains, we used dilution immunoblotting (Fig. 1 F and G).
The presence of USAI-AUBL allele had no effect on steady-state
levels of Hrd1-5myc compared with isogenic wild-type strain.
Additionally, Hrd1-5myc levels were also identical between wild-
type and USAI-AUBL/hrd3A strain because of the lack of Hrdl
self-degradation. Therefore, the USAI-AUBL allele provided an
ideal genetic platform to investigate the role of Hrd3 independent
of effects on Hrdl stability.

A Direct Role for Hrd3 in ERAD-L. Hrd3 is thought to be directly
involved in degradation of ERAD-L substrates because of its
observed abilities to recruit luminal ERAD factors and to bind
misfolded substrates (19-21). Nevertheless, in the Ard3A null, the
resulting low levels of destabilized Hrd1 could explain the ERAD
defect. To test whether Hrd3 was directly required for ERAD-L,
we performed Chx chase for CPY*HA in hrd3A, usal A, and the
newly made USAI-AUBL/hrd3A strain where Hrdl levels are
identical to those in the corresponding HRD3 strain. CPY* was
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Fig. 1. Hrd1-5myc was stable and functional. (A) Flow cytometry analysis of Hmg2-
GFP degradation in hrd7A strains with indicated Hrd1 plasmids by cycloheximide
(Chx) chase. (B) Chx chase for CPY*HA with anti-HA immunoblotting in strains with
indicated Hrd1 plasmids. (C) Ubiquitination analysis of Hrd1-5myc in the indicated
strains upon immunoprecipitation (IP) with anti-Hrd1 antibody. (D) Schematic of
Usal and Usa1-AUBL (an internal deletion of 100 amino acids). (E) Indicated strains
were analyzed for Hrd1-5myc degradation by Chx chase. (F) Strains with Wt USAT
or USAT-AUBL allele were lysed and analyzed by anti-myc IB for Hrd1. (G) Dilution
IB as in Fig. 1F between USAT (W+t) or USAT-AUBL/hrd3A strains.
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rapidly degraded in a wild-type and USAI-AUBL strain (Fig. 24),
but was stable in either Aird3A or USAI-AUBL/hrd3A strains, to
the same extent as a irdI A null. A second ERAD-L substrate KWW
behaved identically in the same tests (Fig. 2B). Thus, both ERAD-L
substrates showed complete HRD3 dependence in a USAI-AUBL/
hrd3A strain where Hrd1 was stable and present at wild-type levels
(Fig. 2B, Middle). Note, in striking contrast to the USAI-AUBL
strains, the complete block in ERAD-L observed in the included
usalA, as expected from our previous studies (16). This difference
emphasizes the need for the USAI-AUBL allele in studying Hrd3
function in ERAD.

A Direct Role for Hrd3 in ERAD-M. It was perhaps not surprising that
Hrd3 is directly involved in ERAD-L, independent of Hrdl stabil-
ity, because of its proposed roles in luminal factor recruitment and
substrate binding. However, ERAD-M does not appear to require
any luminal factors. We next used the USAI-AUBL/hrd3A strain to
study the role of Hrd3 in ERAD-M independent of effects on Hrd1
stability, starting with the eponymous substrate Hmg2-GFP. Hmg2-
GFP undergoes Hrd1-dependent degradation in wild-type cells and
is completely stable in either irdIA or hrd3A strains (12, 13, 22).
Hmg2-GFP was also completely stabilized by removal of HRD3 in
USAI-AUBL/hrd3A, although Hrdl levels were unaffected, ob-
served by Chx chase (Figs. 1G and 2C), or flow cytometry (Fig. 2D).
Again, stabilization by removal of HRD3 in a USAI-AUBL/hrd3A
background was identical to that observed in a irdIA (Fig. 2 C and
D), although Hrdl levels were unaffected (Fig. 2C, Middle).

Two other ERAD-M substrates, Pdr5* and Sec61-2, showed the
same direct Hrd3 dependence in the USAI-AUBL/hrd3A strain.
Pdr5* is a point mutant of ABC transporter Pdr5, rendering it an
ERAD-M substrate (7). Pdr5* was rapidly degraded both in the
wild-type and USAI-AUBL strains (Fig. 2E), whereas there was a
complete block in the degradation of Pdr5* when Ard3A was in-
cluded in either of the backgrounds (Fig. 2E). Stabilization of
Pdr5* in USA1-AUBL/hrd3A strain was as strong as that seen in a
hrdIA strain (Fig. 2F). Strains carrying the SEC61-2° allele,
encoding the ERAD substrate Sec61-2, are temperature sensitive
because of Hrd1-mediated degradation of essential ER membrane
protein Sec61 (23, 24). When the HRD pathway is nonfunctional,
SEC61-2" strains can grow at the normally nonpermissive tempera-
ture (37 °C). We analyzed the growth of SEC61-2" strains expressing
various combinations of USAI and HRD3 at 30 °C and 37 °C. All
strains grew at similar rates at 30 °C (Fig. 2G), whereas at 37 °C,
there were substantial differences in the growth. SEC61-2° strains
with wild-type USAI or USAI-AUBL were severely impaired for
growth at 37 °C. Conversely, strains also harboring a hrd3A showed
robust growth at 37 °C identical to that of the AirdIA (Fig. 2G). We
also directly tested Sec61-2 stability in these strains by Chx chase
and immunoblotting. The results were entirely in agreement with
the growth assays: Sec61-2 was stable in all of the strains at 30 °C.
When strains with wild-type USAI or USAI-AUBL were shifted to
37 °C, Sec61-2 was rapidly degraded, but was fully stable when
hrd3A was included in either background (Fig. 2H). Again, Sec61
stability in the USAI-AUBL/hrd3A strain was comparable to that
seen in a irdI A (Fig. 2 H and I). As with the other two ERAD-M
substrates tested, the USAI-AUBL/hrd3A strain exhibited strong
stabilization of Sec61 despite wild-type levels of Hrd1. Surprisingly,
the lone usal A null mutant allowed the SEC61-2° strain growth at
nonpermissive temperature, indicating Sec61 stabilization. Con-
versely, the USAI-AUBL strain showed poor growth because of
wild-type Hrd1 activity at nonpermissive temperatures. Chx chase
confirmed that Sec61-2 was stabilized in usalA, but not USAI-
AUBL. These results demonstrated that the usalA can have sig-
nificant effects on degradation of some ERAD-M substrates and
emphasize the importance of using the USAI-AUBL allele.

Taken together, these results for the first time, to our knowl-
edge, show a direct role for Hrd3 in both ERAD-L and ERAD-M,
such that the Hrd1 protein is nonfunctional as an E3 when Hrd3 is
absent and all other HRD complex members are at native levels.

PNAS | May 24,2016 | vol. 113 | no.21 | 5935
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Fig. 2. Hrd3 dependence of ERAD substrate degradation. (A) Chx chase of CPY*HA in the indicated strains. Incubation time following Chx addition is indicated in minutes. Anti-
PGK1 is included as a loading control in all experiments. (B) KWW-3HA degradation by Chx chase. (C) Hmg2-GFP degradation by Chx chase. (D) Hmg2-GFP degradation measured
by flow cytometry. Mean fluorescence of 10,000 cells at the 0-h point was taken as 100%. Error bars represent + SEM. (E) Pdr5*HA degradation by Chx chase. (F) Pdr5*HA blots
from three different experiments as in Fig. 2E were quantified by Typhoon 9400 and ImageQuant 5.2 where t = 0 was taken as 100%. Error bars represent + SEM. (G) Indicated
strains were spotted at fivefold dilutions on plates and grown at 30 °C or 37 °C for 3 d. (H) Sec61-2 degradation as in A. Cultures were preincubated at 37 °C for 15 min before Chx
addition. (/) Sec61 degradation blots from three different experiments were quantified and represented as described in Fig. 2F. Error bars represent + SEM.

Hrd1-Substrate Interactions Were Not Affected by Deletion of Hrd3.
We next explored how Hrd3 affects the action of the HRD com-
plex. We first tested the role of Hrd3 in Hrd1-substrate interaction,
using the USAI-AUBL approach to investigate these Hrd3 effects.
The classic ERAD-L substrate CPY* was immunoprecipitated
from lysates of various strains coexpressing Hrd1-5myc in presence
or absence of Hrd3, followed by SDS/PAGE and immunoblotting
for Hrd1-5myc and CPY*HA (Fig. 34). A control strain containing
an empty vector (instead of Hrdl plasmid) was included in each
experiment. Binding of CPY* to Hrd1 was clear, and unaffected by
the presence or absence of Hrd3 or Usal, indicating that Hrd3 or
Usal are not essential for binding of ERAD-L substrates to Hrd1.
Even when Hrdl1 protein levels were low in Ard3A the CPY*-Hrd1
interaction was detected (Fig. 34). As a specificity control, we
tested Hrd1 binding to ER luminal protein KGFP (25) that is not a
HRD substrate and found no detectable association (Fig. S14).
We similarly tested the role of Hrd3 in Hrdl interaction with
ERAD-M substrate Hmg2. Hmg2-GFP was immunoprecipitated
with anti-GFP antibodies from lysates coexpressing Hrd1-5myc
in presence or absence of Hrd3, followed by Hrd1-5myc or Hmg2-
GFP immunoblotting (Fig. 3B). Again, an empty vector control
was included in each experiment. Hrd1-5myc was similarly bound
to Hmg?2 in wild-type and Ard3A strains, indicating that Hrd3 is
not required for ERAD-M substrate binding to Hrdl. The non-
HRD ERAD-M substrate Ste6-166-GFP was included as a spec-
ificity control and was unable to bind Hrd1-Smyc (Fig. S1B).
These results indicated that Hrd3 does not alter Hrd1-ERAD
substrate interactions. Thus, it appeared that the direct Hrd3
ERAD effects were not due to altering E3-substrate interactions.

Hrd3 Was Required for Hrd1 Ubiquitination Activity. We next tested
the effect of Hrd3 on Hrd1 E3 ligase activity, using two different
ERAD-M substrates. We first carried out in vivo ubiquitination
assays for Hmg2-GFP in the indicated strains by immunopre-
cipitation followed by ubiquitin or GFP blotting. In either a ird1A
or hrd3A strain, there was a severe block in Hmg2-GFP ubig-

5936 | www.pnas.org/cgi/doi/10.1073/pnas.1603079113

uitination. We observed the same profound block in Hmg2-GFP
ubiquitination in USAI-AUBL/hrd3A with normal levels of Hrdl
(Fig. 4A4). A similar effect was seen with ERAD-M substrate Pdr5*
(Fig. 4B). These results indicated that Hrd3 is directly required for
Hrd1 activity at native levels of the RING protein. Importantly, in
both cases, the defect in substrate ubiquitination brought about by
the Ard3A in the USAI-AUBL background is as profound as a
hrdIA. Tt is interesting to note (and see below) that the activation
of Hrdl by Hrd3 was also observed in the simple usalA strain for
both of these ERAD substrates.

Hrd3 Strongly Activated Overexpressed Hrd1. The above studies
using USA1-AUBL showed that Hrd3 has a direct role in Hrd1l
activity: Removal of HRD3 caused an ERAD deficiency as severe
as a hrdIA null, and it appeared to operate on substrate ubig-
uitination rather than substrate recruitment. By all measures,
USAI-AUBL supported normal ERAD-L and ERAD-M. Never-
theless, it was important to examine this direct role of Hrd3 in-
dependent of the USAI-AUBL allele to allay concerns that this
USAI variant had some spurious involvement.

To independently test Hrd3 effects, we used strains over-
expressing Hrd1. This approach is particularly relevant because
Hrdl overexpression has long been observed to suppress the
hrd3A null, implying that Hrdl might function independently of
Hrd3 at high levels (12, 14, 15). If Hrd3 is a direct activator of
Hrdl, we posited that addition of Hrd3 would increase HRD
activity even at high levels of Hrdl. We first assessed this over-
expression approach for ERAD-L because elevated Hrd1 is suffi-
cient to drive this branch (15, 19). We directly compared various
combinations of Hrdl and Hrd3 expression for degradation of
CPY*. In the wild-type strain, degradation of CPY* is very brisk and,
as expected, loss of either Hrd3 or Hrdl showed complete stabili-
zation of the substrate. Additionally, overexpression of Hrd3 alone
also causes stabilization of CPY* (Fig. 54), perhaps because excess
Hrd3 sequesters Hrdl or other ERAD components (15). Simple
overexpression of Hrdl in a Ard3A partially restored degradation of

Vashistha et al.
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presence of Hrd1-5myc. The output ratios were calculated by fluorChemE and
alphaviewQ from three different experiments. (B) Interaction between Hmg2-
GFP and Hrd1-5myc as in Fig. 3A.

CPY* with a half-life of approximately 45 min compared with a
hrd3A alone (Fig. 54 vs. Fig. 5B) (19). However, addition of a ge-
nomic copy of Hrd3 significantly enhanced the effects of overex-
pressed Hrdl, but increasing Hrd3 above genomic levels had no
additional effect (Fig. 5B, Left vs. Right). This effect may also be due
to the more complex role of Hrd3 itself as an organizer of a variety of
rate-limiting factors needed for ERAD-L, or perhaps to a different
stoichiometry of Hrdl used in ERAD-L and ERAD-M.

We next tested effect of Hrd3 addition to overexpressed Hrd1
on ERAD-M. First, we compared the steady-state levels of ERAD-M
substrate Hmg2-GFP in various strains (Fig. 5C). As expected,
Hmg? is significantly lower when Hrdl is overexpressed in a wild-
type strain or in a Ard3A (3, 12, 19) (Fig. 5 C and D). However,
expressing Hrd3 from the same strong promoter as that driving
Hrdl caused ~fivefold lower steady-state levels of Hmg2-GFP
compared with Hrdl alone (Fig. 5C, lane 4 vs. 5). We also saw
~fivefold increased Hmg2-GFP ubiquitination when Hrd3 was
cooverexpressed with Hrdl. The ERAD-M substrate PdrS*HA
behaved in a similar manner: Its steady-state levels were also
substantially lowered by increasing Hrd3 along with Hrd1 (Fig. 5E),
and Pdr5* ubiquitination was ~fivefold greater when Hrd3 and
Hrd1 were cooverexpressed (Fig. 5F). We confirmed that, as in the
native expression case, Hmg2-Hrdl was not enhanced by in-
creasing Hrd3 (Fig. S2). These results indicated that Hrd3 directly
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and significantly stimulated the E3 activity of Hrd1 toward ERAD-M
substrates. Furthermore, although Hrdl is clearly rate limiting
for substrate degradation and ubiquitination in both wild-type and
hrd3A strains, the combination of the two proteins at similar levels
caused a profound increase in Hmg2 ubiquitination.

To test whether Hrd3-dependant activation of Hrd1 was due to a
general activation of Hrdl E3 activity, we examined Hrd1 self-ubig-
uitination in the overexpression strains. Despite the strong effects on
ERAD-M substrate ubiquitination, addition of Hrd3 caused no change
in Hrdl self-ubiquitination (Fig. 5G). These results indicated that the
Hrd3-dependent activation of Hrd1l was specific for ubiquitin transfer
to ERAD substrates. We tested the effect of Hrd3 on Hrd1 E3 activity
in vitro (13, 17). The assay involves a microsome donor strain with
overexpressed Hmg2-GFP and Hrdl in a ubc7A strain and a cytosol
strain overexpressing Ubc7 in a ArdIA strain. As predicted from the
in vivo studies, in vitro Hmg2-GFP ubiquitination was strikingly ele-
vated (~sevenfold) when Hrd3 was overexpressed along with Hrdl
(Fig. 5H). As in the in vivo studies, Hrd1 self-ubiquitination was un-
affected by the presence or absence overexpressed Hrd3 (Fig. 51).

Hrd3 Did Not Affect Hrd1 Multimerization. Hrd1 forms Usal-
dependent multimers, and this feature of the Hrdl has been
posited to be important in ERAD (20). We wondered whether the
profound activation of Hrd1 by Hrd3 was due to effects on Hrdl
self-association. To address this concern, we expressed two dif-
ferently tagged Hrdls (Hrd1-5myc and Hrd1-flag) and examined
multimerization by coimmunoprecipitation. Specifically, Hrd1-5myc
was immunoprecipitated from the lysates and immunoblotted for
flag and myc (Fig. 64). For each experiment, an empty vector, no-
Hrdl-flag control was included. We confirmed that Hrdl multi-
merization, as indicated by coprecipitation, was completely absent
in the usal A background (Fig. 64). However, Hrd1 multimerization
was equal to wild type in the USAI-AUBL strain. Furthermore,
hrd3A had no effect on Hrdl multimerization in the USA1-AUBL
where Hrd1 levels remain identical to wild type. These results in-
dicated Hrd3 did not affect Hrd1 multimerization.

In the course of these studies, we made a separate observation
concerning the role of multimerization in the HRD pathway. In
many of the in vivo experiments above, we included usal A strain to
contrast them to the more subtle USAI-AUBL allele extensively
used above. Accordingly, the effect of presence or absence of Hrd3
in these simple usalA nulls can be viewed as a test of Hrd3’s action
when Hrd1 multimerization is not permitted. In the ubiquitination
studies of ERAD-M substrates Hmg2 and Pdr5* (Fig. 4 4 and B),
loss of Hrd3 in the usalA strain caused a loss of ubiquitination as
strong as that seen in the Ard1A, indicating that the activating ef-
fects of Hrd3 do not require the presence of Usal. Thus, Hrd3 can
strongly activate Hrd1 to ubiquitinate several ERAD substrates in
the apparent absence of Hrd1 multimerization.

Hrd3 Was Required for E2-Substrate Interaction. The Hrd1l RING
ligase catalyzes ubiquitin transfer from Ubc7 (the principal E2) to
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Fig. 4. Hrd3 dependence of ERAD substrate ubiquitination. (A) Hmg2-GFP ubiquitination was assayed in the indicated strains by IP. The percentage intensities (R1%)
were quantified by fluorChemE and alphaviewQ from three different experiments. (B) Prd5* ubiquitination was assayed as described in Fig. 4A by using anti-HA IP.
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Fig. 5. Hrd3 requirement of overexpressed Hrd1. (A) CPY*HA degradation
was analyzed by Chx chase. Arrows indicate expression from strong TDH3
promoter for the respective genes. (B) CPY*HA degradation in the indicated
strains as in Fig. 5A. (C) Steady-state levels of Hmg2-GFP in the indicated strains.
The RI% were calculated as in Fig. 4A. (D) Hmg2-GFP ubiquitination was assayed
as described in Fig. 4A. (E) Steady-state levels of Prd5*-HA in the indicated
strains. (F) Ubiquitination of Prd5* was assayed as in Fig. 4B. (G) Ubiquitination
of Hrd1-5myc was assayed as in Fig. 1C. (H) In vitro Hmg2-GFP ubiquitination
was assayed. (/) In vitro ubiquitination of Hrd1-5myc was assayed.

ERAD substrates. We used an in vivo cross-linking assay to directly
study association of Ubc7 with ERAD-M substrate Hmg2 and Hrd1
(12). We expressed 2HA-tagged Ubc7 in a variety of strains
expressing Hmg2-GFP. Briefly, cells were spheroplasted followed by
treatment with the membrane-permeable bifunctional cross-linking
reagent DSP. Hmg2 was immunoprecipitated from various strains
and immunoblotted for the presence of cross-linked and, thus,
coprecipitated Ubc7-2HA. As previously published, Ubc7 was cross-
linked to Hmg2 in a Hrd1- and DSP-dependent manner (Fig. 6B).
The lack of Hrd3 completely abrogated Hmg2-GFP/Ubc7 in-
teraction, even in the USAI-AUBL/hrd3A strain where Hrd1 levels
are identical to wild type (Fig. 6C). Consistent with the other assays,
the presence of Hrd3 was as important as Hrdl itself: The effect of
hrd3A was as strong as that seen in the negative control ArdIA de-
spite there being wild-type levels of Hrd1 in the USAI-AUBL/hrd3A
strain. These results establish that Hrd3 is necessary for Hrdl-
dependent interaction of E2 and Hmg2 at native levels of Hrdl.
Ubc7-Hrd1 cross-linking (Fig. 6C) was unaffected by the presence or
absence of Hrd3, as expected from the other results above.

Taken together, these studies indicated that Hrd3 activates Hrd1
for ERAD, causing ubiquitination and degradation rates far in ex-
cess of what is observed by elevated Hrd1 alone, and far in excess of
the rates observed when all of the components are present at native
levels. In fact, at genomic levels of Hrdl, Hrd3 is absolutely re-
quired for either branch of ERAD, in addition to its long-standing
role in preserving Hrd1 stability.

Discussion

Although Hrd3 was one of the first discovered ERAD factors,
the details of its function have remained cryptic because of its
role in stabilizing Hrd1 (12, 16). Here, we showed a direct and
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strong role of Hrd3 in both branches of ERAD-independent
Hrdl1 stabilization. To uncouple the two functions, we used a
strain harboring the USAI-AUBL allele; in the USAI-AUBL
background, Hrdl1 is stable in the presence of a ird3A null and so
has levels identical to those found in wild-type strains. Using this
approach, we showed that loss of Hrd3, even when Hrd1 was stable
(Fig. 1E), still drastically compromised both branches of HRD-
dependent ERAD (Fig. 2). In fact, a Ard3A strain was as ERAD
deficient as a ArdIA strain, indicating that Hrd3 has a role in the
HRD complex as important as the core E3 subunit Hrdl. This
unifying feature of Hrd3 being directly important in both branches of
the HRD pathway is consistent with the broadly conserved presence
of both Hrd1 and Hrd3 in all organisms with the HRD pathway.
Hrd3 has been proposed to serve as an “interaction scaffold”
for mediating substrate-HRD complex association. Neverthe-
less, we could not discern an effect of Hrd3 on a specific asso-
ciation between either ERAD-M or ERAD-L substrates and
Hrd1. This observation could mean that the primary direct role
of Hrd3 is distinct from mediating Hrd1-substrate interactions.
This idea is perhaps consistent with the observation that Hrdl
alone can specifically recognize CPY* with an apparent K, in
the low nanomolar range (18). In ERAD-M as well, substrate
ubiquitination was fully Hrd3-dependent at endogenous levels of
Hrd1 despite any effects on Hrd1-substrate interaction (Fig. 4).
The USAI-AUBL allele of the USA1 gene appears to function
entirely normally for each ERAD substrate tested. Nevertheless,
we tested for a role of Hrd3 independent of the presence of this
useful variant. We thus examined the effect of increasing Hrd3
when Hrd1l was overexpressed in otherwise normal strains. In-
deed, an addition of sufficient Hrd3 to strains overexpressing
Hrdl had an impressive effect on Hrd1-dependent degradation
and ubiquitination of several substrates (Fig. 5 C and D). This
result was especially poignant because overexpression of Hrdl
has been one of the ways that we and others have surmised that
Hrd3 might be dispensable for the HRD pathway. The presence
of a genomic copy of Hrd3 enhanced the effects of overexpressed
Hrdl for ERAD-L, but increasing Hrd3 higher than genomic
levels had no additional effect (Fig. 5B). Use of this same

A & e
i I\
% Qv \)\, Q@
G AP AP Q\@ AD AP AP
o *° S F S ‘° & Fo
|Bmyc|—— —— ——--—l--—-- 72
IB Flag| —_—— = ——  ——  ——]
Normalized Output Flag/Output myc Q 09 08 0 10 11 55
5% Input Anti-myc IP
B USA1AUBL/
Wild type hrd3A hrd3A hrdiA

DSP(ug/ml) 0 50 200 0 50 200 O 50 200 0
Hmg 2-G F P| e mm-—|| . m—

50 200 kDa
30

Ubc7-2HA ILA A ‘ BB
17
C USA1AUBL/
Wild type hrd34A hrd34A hrd1A
DSP(ug/ml} o 50 200 0 50 200 0 50 200 0 50 200 kDa
Hrd1-5myc| = == w— — — 72
Ubc7-2HA| = e = | P = ,_| =

Fig. 6. Hrd3 requirement in multimerization and E2 recruitment. (A) Hrd1-Flag
and Hrd1-5myc interaction was tested by co-IP. The IP was analyzed for presence
of Hrd1-Flag. The output ratios were calculated by fluorChemE and alphaviewQ
from three different experiments. (B) Analysis of cross-linking between Hmg2-
GFP and Ubc7-2HA. Spheroplasts were harvested from DSP-treated isogenic
strains and subjected to an anti-GFP IP, followed by IB for GFP and HA. (C) The
cross-linking between Hrd1-5myc and Ubc7-2HA was tested as in Fig. 6B.
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approach revealed a striking, direct effect of Hrd3 on Hrd1 li-
gase activity in ERAD-M (Fig. 5 D and F). Although overex-
pressed Hrdl can enhance ERAD-M as expected, its efficiency
in both degradation and ubiquitination of these substrates was
increased ~fivefold in the presence of similarly overexpressed
Hrd3 both in vivo and in vitro (Fig. 5 D, F, and H). In contrast,
Hrdl1 self-ubiquitination was unaffected by overexpressing Hrd3
from a strong promoter (Fig. 5 G and [).

We further used the USAI-AUBL allele to explore the nature
of Hrd3’s role in Hrd1 action. We found that Hrd3 had no effect
on Hrdl multimerization (Fig. 64). As expected, we confirmed
the absence of Hrd1 multimerization in a usalA strain (Fig. 64).
Of note, Hrd3-depenedent activation of Hrdl was still observ-
able in the usalA strain where multimerization does not occur,
with or without Hrd3. Accordingly, at least by this criterion,
multimerization cannot be a sine qua non for Hrdl action or
Hrd3 enhancement of Hrd1. Using a cross-linking assay to query
E2-substrate interaction, we found that Ubc7 was not able to
interact with an ERAD-M substrate in the absence of Hrd3 even
when Hrd1 levels were identical to wild type (Fig. 6B). Here also,
the effect of the Ard3A was identical to that of a hrdIA, again
indicating the key role of Hrd3 in the HRD complex activity. In
contrast, Ubc7 cross-linking to Hrdl itself was independent of
Hrd3 (Fig. 6C), consistent with the lack of effect of Hrd3 on
Hrd1 self-ubiquitination both in vivo and in vitro (Fig. 5 G and I).
These results highlight the selective and strong importance of
Hrd3 for Hrd1-mediated E2/substrate interaction.

Taken together, the direct role of Hrd3 is clearly evident, and
Hrd3 is indispensable at endogenous levels of Hrd1l. At the same
time, it is clear that sufficient Hrdl will allow some degree of
ERAD in the absence of Hrd3. What is not clear is the extent to
which Hrd1 action is the same in the presence or absence of Hrd3.
Is Hrd3 simply enhancing the same catalytic process, or is it al-
tering the enzymology of Hrd1? This question is particularly rel-
evant because many studies including our own have capitalized on
the dispensability of Hrd3 for examination of Hrd1 in microsomes
or reconstituted systems (15, 17). Certainly these approaches are
useful in studying aspects of the HRD pathway although caution
must be exerted in marginalization of Hrd3 in the light of its
unveiled importance in Hrdl action. Because the Hrd3 homolog
SEL1-L similarly stabilizes Hrd1 in mammalian cells (26), these
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studies of the dual roles of Hrd3 as a stabilizer and an activator
will have interesting connections to the larger eukaryotes; we
anticipate SEL1-L will be similarly involved in both ensuring Hrd1
levels and activity in the mammalian context as well.

In conclusion, the present study adds a new dimension to our
understanding of Hrd3 action in ERAD. We have demonstrated
an indispensable role of Hrd3 in the E3 activity of HRD complex
at endogenous levels. This activation occurred over a wide range
of Hrd1 expression and can be observed both in vivo and in vitro.
Hrd3 appeared to enhance the efficacy of ubiquitin transfer to
substrates, but not the general activity of Hrdl nor the associa-
tion of substrates with Hrd1. Hrd3 thus should be considered an
integral component in the normal function of this widely con-
served quality control ERAD complex.

Materials and Methods

Plasmid Construction, Yeast, and Bacterial Strains. A complete table of the
plasmids and yeast strains used in this study is provided in Tables S1 and S2.

Degradation Assays. Cycloheximide chase assays were performed by the
addition of cycloheximide to log-phase cultures followed by lysis at the in-
dicated times. A more detailed description is provided in S/ Materials
and Methods.

Ubiquitination Assay. Ubiquitination of Hmg2p-GFP or Pdr5*HA was performed
as described (13). A more detailed description is provided in S/ Materials
and Methods.

In Vivo Cross-Linking. The in vivo cross-linking assay was essentially done as
described by ref. 12. A more detailed description is provided in SI Materials
and Methods.
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