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Usalp is a recently discovered member of the HRD ubiquitin
ligase complex. The HRD pathway is a conserved route of
ubiquitin-dependent, endoplasmic reticulum (ER)-associated
degradation (ERAD) of numerous lumenal (ERAD-L) and mem-
brane-anchored (ERAD-M) substrates. We have investigated
Usalp to understand its importance in HRD complex action.
Usalp was required for the optimal function of the Hrd1p E3
ubiquitin ligase; its loss caused deficient degradation of both
membrane-associated and lumenal proteins. Furthermore,
Usalp functioned in regulation of Hrd1p by two mechanisms.
First, Hrd1p self-degradation, which serves to limit the levels of
uncomplexed E3, is absolutely dependent on Usalp and the
ubiquitin-like (Ubl) domain of Usalp. We found that Usalp
allows Hrdlp degradation by promoting trans interactions
between Hrdlp molecules. The Ubl domain of Usalp was
required specifically for Hrd1p self-ubiquitination but not for
degradation of either ERAD-L or ERAD-M substrates. In addi-
tion, Usalp was able to attenuate the activity-dependent toxicity of
Hrd1p without compromising substrate degradation, indicating a
separate role in ligase regulation that operates in parallel to stabil-
ity control. Many of the described actions of Usalp are distinct
from those of Derlp, which is recruited to the HRD complex by
Usalp. Thus, this novel, conserved factor is broadly involved in the
function and regulation of the HRD pathway of ERAD.

ER?-associated degradation (ERAD) is a conserved process
by which eukaryotic cells target and degrade ER-resident pro-
teins by the ubiquitin-proteasome pathway. ERAD pathways
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play a major role in the destruction of misfolded or unas-
sembled ER proteins, including both lumenal and integral-
membrane substrates. In addition, normal proteins are regu-
lated by this pathway, the most prominent case being the sterol
pathway-regulated degradation of HMG-CoA reductase in
both yeast and mammals (1, 2). Eukaryotic ERAD is brought
about by the action of multiple pathways of ubiquitin-mediated
degradation that operate at the ER surface (3, 4).

Covalent addition of ubiquitin to proteins brings about their
recognition and degradation by the cytosolic 26S proteasome.
Protein ubiquitination occurs by a cascade of enzymes that add
7.6-kDa ubiquitin to the targeted protein. The E1 ubiquitin-
activating enzyme first forms a high energy bond with ubiquitin
in an ATP-dependent reaction, and then the ubiquitin is trans-
ferred to an E2, or ubiquitin-conjugating enzyme. E2-bound
ubiquitin is next transferred from the charged E2 to the target
protein by the action of a ubiquitin ligase, or E3, that ensures
specificity of transfer to the proper degradation substrate. The
action of the E3 is iterative, causing the construction of a sub-
strate-bound multiubiquitin chain that is recognized by the 26S
proteasome (5). Several E3 ubiquitin ligases are involved in the
destruction of ER proteins. Thus, ERAD is a composite of ubiq-
uitination pathways with distinct ligases that use both separate
and common components to effect recognition, ubiquitination,
and delivery of ER substrates to the cytosolic proteasome. It
now appears that distinct complexes of proteins are responsible
for these separate ERAD pathways (3, 4).

Yeast Hrd1p is one of several highly conserved ER-localized
E3 ligases that mediate ERAD in eukaryotes (6,7). Hrd1p has an
N-terminal multispanning membrane domain that anchors it
in the ER and a C-terminal domain with a RING-H2 motif
found in many E3 ligases. At its natural levels Hrd1p exists in
complex with several other proteins. Initial studies spawned
from the genetic analysis of the HRD pathway revealed Hrd3p
as a stoichiometric binding partner (7). Hrd3p promotes Hrd1p
stability, appears to enhance Hrd1p-dependent recognition of
some substrates, and recruits factors that mediate substrate
detection and delivery to the HRD complex (8-11). More
recent proteomic studies revealed that a number of proteins
reside in the HRD complex, including Hrd1p, Hrd3p, Derlp,
Ubx2p, the Cdc48-Npl4-Ufdl complex, Kar2p, Yos9p, and
Usalp (3, 4). Of these, only Usalp was novel and was, thus, the
most poorly characterized of the HRD complex components.

Because the Usalp protein is uniquely found in the HRD
complex and has corresponding proteins in other eukaryotes, it
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might be expected to play a pivotal role in HRD function, albeit
one not revealed by genetic approaches. Usalp is predicted to
be a two-transmembrane-spanning protein, with a large N-ter-
minal cytoplasmic region containing a ubiquitin-like (Ubl)
domain. Usalp has been shown to be required for degradation
of lumenal ERAD substrates and to link Derlp to the HRD
complex (3). These studies posited that Usalp was uniquely
required for HRD-mediated degradation of lumenal ERAD, or
ERAD-L, substrates (3). We have more fully investigated the
function of Usalp in the HRD complex and found that it is in
fact broadly involved in ERAD function and HRD ligase
regulation.

As reported, we observed that Usalp was required for degra-
dation of lumenal substrates (3). In addition, we show that
Usalp is also required for optimal degradation of membrane-
bound (ERAD-M) substrates. Although many proteins are
involved in the function of the HRD complex and have been
relatively well characterized, much less is known about the reg-
ulation of this pathway. In these studies we have found that
Usalp plays a multifaceted role in regulation of Hrd1p. Usalp
was absolutely required for Hrd1p self-catalyzed degradation,
and the Ubl domain of Usalp uniquely functioned in this capac-
ity. Usalp-dependent Hrd1p self-degradation had mechanistic
features distinct from all other ERAD substrates. In addition to
governing autoregulation, phenotypic studies revealed that
Usalp had a separate role in modulating Hrd1p activity, limit-
ing the toxicity of Hrd1p while preserving its ability to degrade
bona fide ERAD substrates.

Taken together, our studies show that Usalp has a vital role
in the HRD complex at multiple levels, consistent with this
highly conserved presence in all eukaryotes. It is important for
degradation of all classes of ERAD substrates and has thus far
unique roles in the regulation of HRD ligase stability and
specificity.

EXPERIMENTAL PROCEDURES

Plasmids and DNA Methods—The following plasmids were
previously described: pRH469 (Hmg2p-GFP) (12), pRH244
(6myc-Hmg2p) (13), pRH423 (1myc-Hmg2p) (14), pRH 2038
(TDH3-Derlp) (15), pRH 808 (TDH3-Hrdlp) (6). Plasmids
expressing HA-CPY* (pRH1377) and KWW-HA (pRH1960)
were obtained from Davis Ng (16). Details about plasmids con-
structed for this study can be found in supplemental Table S1.
All plasmids were constructed with standard molecular biology
techniques as previously described (17). PCR was carried out as
previously described (17), and plasmids constructed using PCR
were sequence-verified (Eton Bioscience, Inc.).

Yeast Strains and Media—Yeast strains were grown in min-
imal medium supplemented with 20% dextrose and appropriate
amino acids at 30 °C as previously described (18). All strains
were isogenic and are tabulated in supplemental Table S2).
More information about strain construction is provided in the
supplemental Materials and Methods.

Dilution Assays—Yeast strains were grown to high density
(Agoo > 1.5). Beginning with an A, of 0.35, 5-fold serial dilu-
tions were made and spotted onto the appropriate drop-out
plates followed by incubation at the indicated temperatures for
2 days (30 and 35 °C) or 3 days (37 °C).
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Degradation Assays and Unfolded Protein Response (UPR)
Measurements—Cycloheximide chase assays were performed
by the addition of cycloheximide to log-phase cultures followed
by lysis at the indicated times, as previously described (17, 18)
and in supplemental Materials and Methods. Equal loading of
gels was confirmed by India ink staining of the nitrocellulose
membranes (18). GFP levels were analyzed in living cells
(10,000 cells per sample) by flow microfluorimetry of log-phase
cultures (12) using a FACScalibur machine (BD Biosciences)
and CellQuest software.

Immunoprecipitation—Immunoprecipitations were per-
formed as described (19, 20), with minor variations detailed in
the supplemental Materials and Methods. In vivo Hrd1p ubiq-
uitination was assayed by immunoprecipitating Hrd1p from
pdr5A null strains after treatment of log-phase cultures (A 4o <
0.25) with the proteasome inhibitor MG132 (benzyloxycar-
bonyl-Leu-Leu-aldehyde; Sigma) for 2.25 h before lysis.

Antibodies and Immunoblotting—Immunoblotting for proteins
in cellular lysates or in ubiquitination assays was performed as
described (19, 20) with variations and reagent descriptions
detailed in supplemental “Materials and Methods”.

RESULTS

The ER-resident, integral membrane protein Hmg2p is the
prototype substrate of the HRD pathway. Hmg2p is the isozyme
of yeast HMG-CoA reductase that undergoes regulated degra-
dation by the HRD pathway in response to changing levels of
sterol pathway signals (21). Using this ERAD-M substrate, it
was reported that Usalp was not involved in this branch of
ERAD (3). We first confirmed that active Hmg2p underwent
normal degradation in a usaIA null mutant as measured by
cycloheximide chase (Fig. 14). Comparison of the degradation
of Imyc-Hmg2p in wild type or usa 1A cells revealed no discern-
able difference in half-life, as reported (3). We also tested the
related substrate 6myc-Hmg2p, which because of an insertion
of six tandem myc tags in the transmembrane region, is consti-
tutively degraded by the HRD pathway. That is, the 6myc-
Hmg2p degradation rate is constant and unresponsive to
changes in the sterol pathway signals that control Hmg2p sta-
bility (13). In all other ways the unregulated 6myc substrate is
identical to wild type Hmg2p in its requirements for HRD path-
way degradation. In contrast to Hmg2p, 6myc-Hmg2p showed
clear stabilization in the usalA (Fig. 1B), implying that Usalp
did have a role in ERAD-M.

What is the cause of this difference in degradation? The nor-
mal Hmg2p in Fig. 1A was responsive to increases in sterol
pathway activity provided by its own catalytic domain, whereas
6myc-Hmg2p was not. Thus, one explanation for the differing
response to the usalA null mutant is that the normal Hmg2p
used in the original analysis had its degradation rate sufficiently
enhanced by its own catalytic activity to overcome a partial loss
of HRD pathway activity in the usa 1A, whereas the unregulated
6myc-Hmg2p, although also catalytically active, could not sim-
ilarly respond. To test this idea, we examined the effect of a
usalA on the normally regulated but catalytically inactive
Hmg2p-GFP, which has an intact Hmg2p transmembrane
domain, with the catalytic region replaced by GFP. The use of
Hmg2p-GFP allows quantitative examination of degradation
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FIGURE 1. Usa1p is required for optimal degradation of ERAD-M substrates. Log-phase cultures of either WT, hrd3A, or usalA cells expressing normally
regulated, catalytically active Tmyc-Hmg2p (A), or the unregulated variant 6myc-Hmg2p (B) were subjected to cycloheximide (CHX) chase for the indicated
times followed by lysis and immunoblotting to evaluate protein stability. The hrd3A strain served as a positive control that stabilizes both substrates.
C, cycloheximide chase of Hmg2p-GFP is shown. Log-phase cultures of either WT, hrd3A, or usalA cells expressing the normally regulated but catalytically
inactive Hmg2p-GFP were subjected to cycloheximide chase. D, degradation of Hmg2p-GFP was evaluated by flow cytometry of live cells at the indicated times
after cycloheximide addition using 10,000 cells per point in this and all subsequent flow cytometric experiments. For each strain used (WT (squares), hrd3A
(triangle), or usa1A (circles)) the experiment was run with (open symbols) or without (solid symbols)) 10 ug/ml ZA to evaluate the effect of elevating degradation
signal on Hmg2p-GFP degradation. E, shown is ubiquitination of Hmg2p-GFP in WT, hrd3A, or usalA strains. Log-phase cultures of the indicated strains
expressing Hmg2p-GFP were incubated for 5 min with or without 10 wg/ml ZA followed by lysis, immunoprecipitation (/P), and immunoblotting (WB) for
Hmg2p-GFP (bottom row) or ubiquitinimmunoreactivity. The — lanes indicate the ubiquitination state of Hmg2p normally present in each strain without drug
treatment. F, Hrd 1p overexpression suppressed the Hmg2p-GFP degradation defect of usalA strains. Wild type or usalA strains harboring either empty vector
or a HRD1-overexpressing plasmid (TDH3-HRDT) were subject to cycloheximide chase for 2 h (gray bars) and compared with strains that were not treated with

drug (black bars) by flow cytometry.

by cycloheximide chase with flow microfluorimetry (21, 22).
Like 6myc-Hmg2p, Hmg2p-GFP was stabilized by the usalA
null mutant when compared with wild type in a cycloheximide
chase (Fig. 1C). In the strain used to test Hmg2p-GFP, the
HMG-CoA reductase activity was provided by the native
HMG-CoA reductase genes, which produce ample activity for
life but less activity than that from the full-length, myc-tagged
Hmg2p used in Fig. 1A. Thus, the sterol pathway-derived deg-
radation signals in the Hmg2p-GFP strain were lower than in
the 1myc-Hmg?2p strain of Fig. 14 and allowed the difference
between wild type and usalA cells to be observed. Consistent
with this idea, treating the cells with the drug zaragozic acid
(ZA), which increases the cellular signal for Hmg2p degrada-
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tion (21), restored wild type degradation of Hmg2p-GFP in the
usalA strain (Fig. 1D). Degradation of Hmg2-GFP was about
2-fold slower in the usalA as compared with the wild type
strain (closed symbols). A hrd3A null strain was included as a
control, showing the expected severe block in degradation of
Hmg2p-GFP and illustrating that the usalA defect in mem-
brane substrate degradation resulted in an intermediate pheno-
type. Treatment of either a wild type or a usalA strain with ZA
(open symbols) resulted in equivalent Hmg2p-GFP degradation
in both the wild type and usalA strains. Normally regulated
Hmg2p was stabilized by a usalA, but the partial block to the
Hrd1p pathway can be overcome by sufficient elevation of its
sterol pathway degradation signal either by the in cis catalytic
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FIGURE 2. Usa1p and Der1p have distinct roles in ERAD. A, shown is UPR
caused by usalA or der1A null mutants. Otherwise identical WT, usalA,
der1A, or usalAderTA strains harboring the 4x UPRE-GFP unfolded protein
response reporter were compared by flow cytometry of log-phase cultures
for mean fluorescence to evaluate the level of the UPR in each genetic circum-
stance. B, shown is degradation of Hmg2p-GFP in WT, hrd3A, usalA, or der1A
strains, as measured by flow cytometry after the addition of cycloheximide at
the indicated times. C, shown is degradation of 6myc-Hmg2p in the same
strains as panel B, measured by cycloheximide (CHX) chase at the indicated
times followed by immunoblotting for the myc epitope tag. D, shown is the
effect of Der1p overexpression on Hmg2p-GFP levels in wild type, der1A, or
usalA strains. Each strain type with empty vector or a DERT-overexpressing
plasmid (TDH3-DERT) was compared in log phase for Hmg2p-GFP levels by
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activity in the case of Imyc-Hmg2p or by pharmacological ele-
vation of the signal with ZA in the case of Hmg2p-GFP. Thus, a
usalA null mutant imposes a partial defect in degradation of
ERAD-M substrates.

Because Usalp is part of the HRD ubiquitin ligase complex,
we directly tested its role in Hrdlp-mediated Hmg2p-GFP
ubiquitination by immunoprecipitation of the substrate fol-
lowed by immunoblotting for either the attached ubiquitin or
the substrate itself as indicated (Fig. 1E). In the usalA strain,
Hmg2p-GFP ubiquitination was significantly decreased (com-
pare the wild type and usalA — lanes, Fig. 1E). The addition of
ZA to increase the degradation signal greatly increased
Hmg2p-GFP ubiquitination in both the wild type and usalA
strains, consistent with the ability of increased degradation sig-
nal to overcome the usalA-stabilizing effect on Hmg2p-GFP
shown in Fig. 1D. Taken together, these experiments indicated
that Usalp was required for optimal function of Hrd1p toward
ERAD-M substrates; the usalA null mutant does not cause a
complete loss of Hrd1p activity. We would predict that numer-
ous ERAD-M substrates should show some degree of stabiliza-
tion in a usaIA null mutant. Below, we show that the degrada-
tion of another ERAD-M substrate, Sec61-2p, was also
impaired in a usalA strain (see Fig. 4B, right).

Loss of Usalp caused a diminution in Hrd1p activity. Thus, ele-
vation of Hrd1p levels would be expected to suppress the degrada-
tion defect imposed by a usalA null mutant. When Hrd1p was
expressed from the strong TDH3 promoter, the degradation of
Hmg2p-GFP was hastened and comparable with that seen in a
wild type strain with similarly elevated levels of Hrd1p (Fig. 1F).
The usalA can, thus, be described as rendering Hrd1p hypomor-
phic toward its ERAD-M substrates, so that increasing the effi-
ciency of recognition by altering degradation signals or by elevat-
ing Hrd1p overcomes the deficiency in substrate degradation.

The recent proteomic studies on the HRD complex indicate
that Usalp functions to couple Der1p, the prototype member of
the derlin family, to the HRD complex (3). If this were the sole
function of Usalp, then a usalA would be expected to pheno-
copy aderlA null. We directly examined this idea by comparing
derlA and usalA null mutants and found they are distinct by a
number of criteria.

Loss of ERAD components stimulates the UPR in yeast (23,
24), in which a buildup of misfolded ER proteins activates a
transcriptional response mediated by the unfolded protein
response element in target genes. We used this response as a
means of comparing the effects of null mutations in USA1I or
DERI. Strains with an unfolded protein response element-
driven GFP reporter were prepared with either or both nulls
and compared with a wild type strain by flow cytometry (Fig.
2A). Both single mutants showed a similar activation of the
UPR as measured by mean cellular fluorescence, and the
usalAder1A double mutant showed no additional stimulation
of the UPR even though the range of the UPR reporter is much

flow cytometry. E, shown is the effect of Der1p overexpression on the lumenal
substrate CPY*HA in WT, usalA, or der1A strains. Each strain type with empty
vector or a DERT-overexpressing plasmid was subjected to cycloheximide
chase at the indicated times and immunoblotted for the HA tag. Note that the
der1A phenotype is suppressed by the DERT-overexpressing plasmid.
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FIGURE 3. Usa1p is required for Hrd1p self-degradation. A, the effect of a usalA on Hrd1p stability was evaluated in both wild type and hrd3A strains. The
indicated strains were evaluated for Hrd 1p stability by cycloheximide (CHX) chase followed by Hrd 1p immunoblotting. B, shown is the effect of usa7A on Hrd 1p
self-ubiquitination observed in the absence of Hrd3p. The indicated strains were treated with the proteasome inhibitor MG132 for 2.25 h and subjected to lysis,
immunoprecipitation (IP) of Hrd1p, and immunoblotting (/B) for Hrd1p (bottom panel) or ubiquitin (top panel) to evaluate Hrd1p self-ubiquitination. A hrdTA
null strain (left lane) was included as a specificity control. Equal amounts of Hrd1p were loaded in all other lanes to allow direct comparison of ubiquitination
state. All strains harbored the pdr5A null mutation to allow the effective use of MG132. C, comparison of the effect of usalA or der1A on the hrd3A-dependent
degradation of Hrd1p is shown. The indicated strains were compared for Hrd1p stability by cycloheximide chase for the indicated times. Note that the der7A
still allowed significant degradation of Hrd1p. D, Hrd1p self-ubiquitination in the indicated strains (with added pdr5A) is shown. The identical Hrd1p self-
ubiquitination assay as described in panel B was employed. E, degradation of TDH3-driven Hrd1p was evaluated in strains containing either empty vector or
TDH3-USAT by cycloheximide chase followed by immunoblotting for Hrd1p. F, degradation of TDH3-driven RING Hrd1p-5myc was evaluated in strains

N — RING Hrd1p-5myc

- -

containing either empty vector or TDH3-USAT1 by cycloheximide chase followed by immunoblotting for the myc epitope to detect RING-Hrd1p.

greater than the 2-fold induction of UPR seen in the usalAder1A
double mutant (supplemental Fig. S1). Thus, by this measure it
would appear that the two genes function to alleviate ER stress in a
common pathway, consistent with Usalp mediating the action of
Derlp. However, direct degradation studies showed distinct, sep-
arable functions for these two proteins.

Derlp has been described as being required only for the deg-
radation of lumenal ERAD substrates, such as CPY*, with no
effect on membrane-bound substrates such as Hmg2p (15).
Direct comparison confirmed that this is the case; a derlA had
no effect on the degradation of Hmg2p-GFP or 6myc-Hmg2p
(Fig. 2, Band C) but did stabilize CPY* (Fig. 2E). In contrast, the
usalA null mutant stabilized both of the ERAD-M substrates
(Fig. 1, B and C) and CPY* (Ref. 3 and Fig. 2E). Furthermore,
overexpression of DERI from the strong TDH3 promoter did
not suppress the degradation defect of usalA for either
Hmg2p-GFP (Fig. 2D) or CPY* (Fig. 2E). Thus, Usalp has a
broader role in ERAD than Derlp, whose ERAD function is
restricted to degradation of ERAD-L substrates.

We next examined if Usalp was important in Hrd1p self-
degradation. Hrd1p is associated with and strongly stabilized by
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Hrd3p. In the absence of Hrd3p, Hrd1p undergoes rapid deg-
radation mediated by its own RING-H2 domain, with a half-life
of ~10 min (Ref. 7 and Fig. 3A). This self-degradation indicates
regulatory communication between the lumenal Hrd3p and the
cytosolic RING domain and has been posited to protect the cell
from levels of Hrd1p that exceed the modulatory influence of
Hrd3p (4, 7). We prepared a ird3A null strain to test the role of
Usalp in Hrdlp self-degradation. In the hrd3A background,
Hrd1lp showed the expected low steady-state levels and rapid
degradation when compared with the HRD3 wild type strain
(Fig. 3a, wild type versus hrd3A). In contrast, a usalA alone had
no effect on Hrd1p stability. However, the added presence of
the usalA completely inhibited Hrdlp degradation in the
hrd3A and restored the initial steady-state levels to nearly those
of the control HRD3 strain in which Hrd1p is quite stable. Thus,
Usalp was absolutely required for Hrd1p self-destruction. We
developed a ubiquitination assay to test if Usalp was required
for Hrdlp self-ubiquitination (Fig. 3B). In the hrd3A, the
steady-state levels of Hrd1p are quite low, making the detection
of ubiquitinated Hrd1p difficult. Accordingly, we treated
strains with the proteasome inhibitor MG132 to allow accu-

VOLUME 285-NUMBER 8+-FEBRUARY 19, 2010


http://www.jbc.org/cgi/content/full/M109.067876/DC1

mulation of ubiquitinated Hrd1p and then carried out immu-
noprecipitation with anti-Hrd1p antibodies followed by immu-
noblotting for ubiquitin or Hrd1p itself. To allow the action of
the proteasome inhibitors, a pdrSA null mutation was included
in all strains (25). Hrd1p works primarily with the E2 Ubc7p (6),
and we confirmed that the ubiquitination seen in our assay is
Ubc7p dependent, shown in supplemental Fig. S2. Because of
its rapid degradation, Hrd1p levels differ from strain to strain.
We directly compared the ubiquitination state of Hrd1p in the
strains tested by loading the same amount of immunoprecipi-
tated Hrdlp in each lane (Fig. 3B). Usalp was absolutely
required for Hrd1p self-ubiquitination; there was no detectable
Hrdlp self-ubiquitination in the hrd3AusalA double null.
Thus, Usalp mediates Hrd1lp self-ubiquitination, ultimately
resulting in the destruction of Hrd1p.

It has been reported that Derlp is required for Hrd1p degra-
dation (26). We wondered if the powerful stabilizing effect of
usalA on Hrdlp self-degradation was caused by a loss of
Usalp-mediated interaction between Hrd1lp and Derlp. We
directly compared the effect of either a usalA or derlA on
Hrd1p degradation in a hrd3A strain (Fig. 3C). In the simple
case of Usalp mediating the interaction of Derlp and Hrd1p,
the phenotypes would be expected to be the same or perhaps
more severe in the derIA. In fact, the derIA had a modest sta-
bilizing effect on Hrd1p; its phenotype was much weaker than
that caused by usaIA (Fig. 3C). Similarly, der1A had only a small
effect on Hrd1p ubiquitination in the hrd3A, whereas usalA
showed complete inhibition (Fig. 3D).

In the course these studies, we discovered an epitope-specific
effect that further distinguished Der1p from Usalp. Hrd1p with
a C-terminal triple-HA tag is a reliable, functional version of
Hrdlp that we have used in many studies. However, in the
usalA background, Hrd1p-3HA shows a reproducible and dra-
matic mobility shift of ~12 kDa by gel mobility (supplemental
Fig. S3, arrow). This shift was highly specific for the usa1A null
mutant and for the HA-tagged Hrd1p; it was not observed with
native Hrd1p in the previous experiments or with GFP-tagged
Hrd1p. The HA-dependent shift was not affected by ubiquitin
proteases or N-glycanases.” In light of this ambiguous mobility
shift, unless otherwise specified, native untagged Hrd1lp was
used throughout our work. Whereas the nature of the shift
remains unclear, it is nevertheless another way to assess the
degree of similarity between usalA and derl1A mutants. Direct
comparison showed that the shift of Hrdl1p-3HA was not
observed in the derlA but was seen in the usaIA mutant either
with or without Hrd3p present (supplemental Fig. S3, arrow).
Thus, by this criterion as well, the losses of Usalp and Derlp
have distinct phenotypes.

Hrd1p self-degradation in the absence of Hrd3p is extremely
rapid at native levels (Fig. 24 and Refs. 7 and 26). However,
when overexpressed, Hrdlp is degraded sluggishly despite
being in great excess of Hrd3p. If Hrd1p self-degradation were
autonomous, we would expect all Hrd1p not in complex with
Hrd3p to be degraded rapidly at any level of expression.
Because we had shown Usalp to be required for Hrd1p self-

4S. M. Carroll and R. Y. Hampton, unpublished observation.
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ubiquitination and degradation, we reasoned that Usalp was
the “missing” component preventing rapid degradation of over-
expressed Hrdlp. When we overexpressed both HRDI and
USA1I from the same strong promoter (TDH3), we observed
much faster degradation of Hrdlp (Fig. 3E), indicating that
Usalp is directly required for Hrd1p self-degradation. We also
investigated degradation of a TDH3-driven version of Hrd1p
that lacks the transmembrane domain and includes only the
C-terminal half of Hrd1p (RING Hrdlp-5myc), which is the
half of Hrd1p that contains the catalytically active RING-H2
domain (7). Like the full-length Hrd1p, degradation of RING
Hrd1p-5myc was increased by the addition of TDH3-driven
USA1 (Fig. 3F), indicating that Usalp interacts with the C-ter-
minal half of Hrd1p.

Usalp contains a cytoplasmic Ubl domain (3). We tested the
Ubl domain for involvement in the Usalp ERAD functions. We
made two versions of UUSAI lacking this domain. One was a
clean deletion of 100 amino acids (LISA1AUBL), whereas the
other had 5 copies of the myc epitope tag in place of the deleted
sequence in order to preserve the register and spacing of the
protein (USAIAUBL-myc) (Fig. 4A). We first asked whether
the Ubl domain was required for Hmg2p degradation. The dif-
ferent versions of USA1AUBL were expressed in a usaIA strain
so that the only Usalp present would be the mutant Usalp. We
evaluated degradation of Hmg2p-GFP in wild type, usalA,
USAIAUBL, and USAIAUBL-myc strains (Fig. 4B, left).
Hmg2p-GFP degradation was impaired in the usalA strain as
shown previously (Fig. 1C) but was equivalent to wild type in
the two USA1AUBL strains, demonstrating that the Ubl domain
of Usalp is not required for Hmg2p-GFP degradation. The
unregulated 6myc-Hmg2p substrate was also unaffected by
loss of the Ubl domain (data not shown). We evaluated degra-
dation of another ERAD-M substrate, Sec61-2p, to determine
whether the Ubl domain is dispensable for ERAD-M substrates
in general. Sec61-2p is a mutant version of the Sec61p translo-
con protein. Sec61-2p is unstable at 37 °C and is degraded by
the ERAD machinery, causing cell death, because Sec61p is
essential (27). If ERAD is impaired, Sec61-2p is not degraded,
and the cells can live at the high temperature. We took a sec61-2
usalA strain and added back either empty vector, USAI,
USAIAUBL, or USAIAUBL-myc and made 5-fold serial dilu-
tions and compared growth at the permissive temperature
(30 °C) and the non-permissive temperature (37 °C) (Fig. 4B,
right). As expected, the strain with full-length Usalp (and,
therefore, intact ERAD) was temperature-sensitive due to
Sec61-2p degradation. The empty vector strain, which has the
usalA null mutation (and, therefore, impaired ERAD), was able
to grow normally at 37 °C, indicating that Usalp is required for
Sec61-2p degradation in addition to being required for Hmg2p
degradation. The two versions of Usal pAUBL were also tempera-
ture-sensitive and were undistinguishable from wild type Usalp,
demonstrating that the Ubl domain is not required for the Usalp
role in ERAD-M. UsalpAUBL and UsalpAUBL-myc expressed in
an otherwise wild type strain did not confer temperature sensitiv-
ity on their own (supplemental Fig. S4). Thus, the role of Usalp in
ERAD-M does not depend on the Ubl domain.

We next investigated if the Ubl domain was required for
ERAD-L by looking at two different substrates. Degradation of
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FIGURE 4. Role of the Ubl domain in ERAD and Hrd1p self-degradation. A, shown is a schematic of USAT and USATAUBL. Two versions of USATAUBL were
made, one with a clean deletion of 100 amino acids (USATAUBL) and one with 5 copies of the myc epitope tag in place of the deleted sequence (USATAUBL-
myc). B, Hmg2p-GFP degradation in wild type, usalA, USATAUBL, and USATAUBL-myc strains (left) was analyzed by flow cytometry of log-phase cultures
treated with cycloheximide for the indicated times. Sec61-2p degradation (right) was analyzed by dilution assay in wild type, usa1A, USATAUBL, and USATAUBL-
myc strains. 5-Fold serial dilutions were plated and grown at the indicated temperatures. C, CPY* degradation (left) and KWW degradation (right) in wild type,
usalA, USATAUBL, and USATAUBL-myc strains was analyzed by cycloheximide (CHX) chase for the indicated time points followed by lysis and immunoblotting
for the HA epitope tag. D, Hrd 1p degradation was evaluated by cycloheximide chase. Hrd1p degradation was compared in wild type, hrd3A, USATAUBL hrd3A,
and usalAhrd3A strains. E, Hrd1p self-ubiquitination was evaluated in the same strains as in D. Log-phase cultures were treated with MG132 to allow
ubiquitinated Hrd1p to accumulate followed by immunoprecipitation (/P) of the Hrd1p and immunoblotting (WB) for ubiquitin or Hrd1p. Equal amounts of
Hrd1p were loaded to directly compare ubiquitination levels. F, degradation of overexpressed Hrd1p (TDH3-Hrd1p) in strains with empty vector (EV), overex-
pressed USAT (TDH3-USAT), and overexpressed USATAUBL (TDH3-USATAUBL) was analyzed by cycloheximide chase followed by immunoblotting for Hrd1p.
G, degradation of overexpressed RING Hrd1p-5myc in strains with empty vector, overexpressed USAT (TDH3-USAT), and overexpressed USATAUBL (TDH3-
USATAUBL) was analyzed by cycloheximide chase followed by immunoblotting for the myc epitope.
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both CPY* (left) (28) and KWW (right) (29) was assayed in wild
type, usalA, USAIAUBL, and USAIAUBL-myc strains (Fig.
4C). As expected, these substrates were strongly stabilized in
the usalA strain. Degradation of both CPY* and KWW in the
USAIAUBL strains was very similar to that in the wild type
strains. Thus, the Ubl domain is not needed for ERAD of either
membrane or lumenal substrates.

We evaluated the role of the Ubl domain in Hrd1p self-ubiq-
uitination and degradation. UsalpAUBL was introduced as the
only version of Usalp expressed in a hird3A strain and subjected
to cycloheximide chase to evaluate Hrd1p stability in this case
(Fig. 4D). Hrd1lp was strongly stabilized in the USAIAUBL
hrd3A strain as compared with the 4rd3A alone (Fig. 4D). As
expected, this stabilization was due to a loss of Hrd1p self-ubiq-
uitination (Fig. 4E). Thus, the Ubl domain of Usalp is necessary
for Hrdlp to undergo self-ubiquitination and degradation,
allowing for control of Hrd1p levels by Usalp.

We also looked at the role of the Ubl domain in Usal p-mediated
degradation of overexpressed Hrd1p. Whereas overexpression of
Usalp restored rapid degradation of Hrd1p (Fig. 3E), the overex-
pression of Usal pAUBL had no effect on stability of overexpressed
full-length Hrd1p (Fig. 4F) or the C-terminal RING domain (Fig.
4@), indicating that the Ubl domain is required for degradation of
Hrdlp at all levels. In fact, it appears that overexpressed
UsalpAUBL was partially dominant negative, as it improved the
stability of overexpressed Hrd1p in these experiments.

One model for the critical role of Usalp in Hrd1p self-degrada-
tion is that it brings two different Hrd1p molecules together so that
each Hrd1p can catalyze ubiquitination of the other in trans. To
test this idea, we first determined if Hrd1p is ubiquitinated in trawus.
We devised an assay to test this model using the C399S mutant of
Hrd1p that cannot function as an E3 ligase (6). We made a C-ter-
minal myc-tagged version of C399S Hrd1p, so that we could dis-
tinguish between the C399S Hrd1p and the untagged, wild type
Hrdlp. We then performed a cycloheximide chase to evaluate
degradation of the C399S Hrd1p. The only way this mutant Hrd1p
could undergo HRD-dependent degradation is if another, wild
type Hrd1p ubiquitinated it in zrans. Overexpression of wild type
Hrdlp (from the TDH3 promoter) resulted in very slow, if any,
degradation of the C399S Hrd1p (Fig. 54). However, the addition
of TDH3-driven Usalp to this same strain resulted in pronounced
degradation of the C399S Hrdlp. This strongly suggested that
Hrd1p does in fact undergo trans-ubiquitination and supports our
model that Usalp is required for Hrd1p to undergo trans-ubiquiti-
nation. As expected, overexpression of Usalp alone in the absence
of overexpressed Hrd1p did not cause C399S Hrd1p degradation.
Importantly, the observed C399S Hrdlp degradation was pro-
teasome-dependent as it was inhibited by MG132 (Fig. 5B). More-
over, this stimulated “trans-degradation” of C399S Hrd1p-5myc
required the addition of catalytically active Hrd1p; the addition of
TDH3-C399S Hrd1p did not support trans-degradation of C399S
Hrd1p-5myc (Fig. 5C). Overexpression of UsalpAUBL was far
less effective in promoting the Hrd1p-dependent degradation
of C399S Hrd1p (Fig. 5A), consistent with our findings that the
Ubl domain was required for Hrd1p ubiquitination and degra-
dation. Thus, Hrd1p self-destruction appears to be mediated by
trans-ubiquitination of Hrdlp brought about through the
action of Usalp.
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FIGURE 5. Hrd1p undergoes Usalp-dependent self-ubiquitination in
trans. A, degradation of C399S Hrd1p-5myc was analyzed by cycloheximide
chase. Strains containing overexpressed (TDH3) HRD1 and either empty vec-
tor (EV), TDH3-USA1, TDH3-USATAUBL, or a strain containing only TDH3-USA1
were subjected to cycloheximide (CHX) chase and immunoblotting for the
myc epitope tag on C399S Hrd1p. B, trans-degradation of C399S Hrd1p is
proteasome-dependent. A C399S Hrd1p-5myc strain containing overex-
pressed HRDT and USAT was subjected to cycloheximide chase with the addi-
tion of the proteasome inhibitor MG132. Log-phase cells were pretreated for
30 min with 25 ug/ml MG132 (or DMSO vehicle) for 15 min before addition of
cycloheximide. C, trans-degradation of C399S requires catalytically active
Hrd1p. A C399S Hrd1p-5myc strain containing either TDH3-HRD1 or TDH3-
(€399S HRD1 was subjected to cycloheximide chase for the indicated time
points followed by lysis and immunoblotting for the myc epitope on C399S
Hrd1p-5myc.

Overexpression of Hrd1p has been shown to cause a slow-
growth phenotype in yeast in an activity-dependent manner (4).
We confirmed the observation that overexpression of Hrd1p
results in slow growth (Fig. 6A); this phenotype was dependent
on Hrd1p activity, as overexpression of C399S Hrd1p did not
cause slow growth (data not shown and Ref. 4). We reasoned
that the slow growth due to having too much Hrd1p should be
alleviated in the strains also overexpressing Usalp. Indeed, the
strain with both HRD1 and USA1 expressed from the TDH3
promoter exhibited normal growth (Fig. 6A4), which was not
surprising as Usalp-stimulated degradation lowered the Hrd1p
steady-state level. We next examined if lowering Hrd1p levels
was the sole mechanism by which Usalp protected cells from
Hrd1p-mediated toxicity by testing UsalpAUBL, which does
not promote Hrd1p degradation. Surprisingly, overexpression
of UsalpAUBL also restored wild type growth in the strains
with overexpressed Hrd1p. However, as shown in Fig. 4F, the
Hrd1p in this case is stable, so the absence of Hrd1p-mediated
toxicity cannot be attributed to simply lowering the levels of
Hrd1p. This suggested that Usalp has a separate regulatory
action on Hrd1p. Another interpretation could be that overex-
pressing UsalpAUBL renders Hrd1lp unable to catalyze any
ubiquitination reactions, which would explain both the stability of
Hrdlp and the lack of toxicity. However, degradation of both
Hmg2p-GFP (Fig. 6B) and CPY* (Fig. 6C) proceeded normally in
strains with overexpressed UsalpAUBL as compared with strains
with overexpressed Usalp. This indicates that Usalp limited the
toxicity of Hrdlp in a highly selective manner. Thus, Usalp
appears to function as a regulator of Hrd1p both through promo-
tion of self-degradation and by direct regulation of its activity.

DISCUSSION

Usalp is the newest member of the consortium of proteins
comprising the HRD complex in yeast. Its discovery in elegant
proteomic studies identified Usalp as an ERAD factor involved
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FIGURE 6. Usa1p abolishes toxicity of overexpressed Hrd1p. A, growth of
strains was compared by making 5-fold serial dilutions and incubating at the
indicated temperatures. Wild type was compared against strains containing
overexpressed Hrd1p with the addition of either empty vector (EV), overex-
pressed USAT, or overexpressed USATAUBL. B, Hmg2p-GFP degradation was
evaluated in strains containing overexpressed Hrd1p with the addition of
empty vector, overexpressed USAT, or overexpressed USATAUBL. Log-phase
cultures were treated with cycloheximide for the indicated times and ana-
lyzed by flow cytometry. C, CPY* degradation was evaluated in strains con-
taining overexpressed Hrd1p and either overexpressed USAT or overex-
pressed USATAUBL and compared with a wild type strain. Log-phase cultures
were treated with cycloheximide for the indicated times followed by lysis and
immunoblotting for the HA epitope on CPY*HA.

in degradation of ERAD-L substrates (3), perhaps through a
structural role linking other components to Hrd1p. We have
thoroughly investigated the role of Usalp in ERAD and within
the HRD complex and found that Usalp has a significant role in
ERAD and is involved in both substrate degradation and in
regulation of Hrd1p.

The action of Hrd1p on membrane-bound substrates such as
Hmg2p was less efficient in the absence of Usalp. However, Usalp
was not absolutely required for degradation of ERAD-M sub-
strates such as Hmg2p but increased the efficiency of substrate
degradation. Consistent with this, a #saIA null mutant stabilized
both regulated and unregulated versions of Hmg2p as well as
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Sec61-2 (Fig. 4B) and CD4,” but not Pdr5p (Ref. 3 and data not
shown) or Hmg2p in the presence of high degradation signals.
Thus, the usaIA creates a Hrd1p hypomorph that has a decreased
but not absent ability to recognize membrane substrates. There
are several potential mechanisms by which Usalp may increase
the efficiency of substrate degradation by the HRD complex. One
possibility is that Usalp might assist in substrate recognition and
delivery to the Hrd1p ligase. Because we have found that Usalp
abolishes Hrd1lp-mediated toxicity, an intriguing idea is that
Usalp might help channel substrates to the ligase or prevent
Hrdlp from accessing non-substrates. In the absence of Usalp,
Hrd1p activity would be less efficient but also less specific.

Usalp may promote the formation of Hrdlp multimers,
which could be more efficient for substrate ubiquitination than
a single Hrd1p molecule. Consistent with this idea, we found
that Usalp promotes ubiquitination of one Hrd1p molecule by
another, suggesting the formation of a Hrd1p dimer at least in
the case of self-ubiquitination. Hrd1p complexed to Usalp may
exist primarily in dimer or multimer form, maximally efficient
for substrate degradation and poised for self-ubiquitination if
Hrd3p becomes limiting. Clearly, there are multiple ways that
Usalp may influence the activity of Hrd1p, and clarifying these
models will be an important future activity.

Usalp has been previously shown to mediate the association
of Derlp to Hrd1p (3). However, we now show that Usalp has a
direct role in the HRD pathway distinct from Derlp recruit-
ment. Direct comparison showed that a derIA null did not
affect the degradation of the ERAD-M substrates stabilized by
loss of Usalp, indicating an additional role for Usalp. If the sole
function of Usalp were to recruit Derlp, overexpression of
Derlp might be expected to suppress a usalA. High levels of
Derlp were unable to suppress the stabilization of CPY* in a
usalA null mutant, again suggesting separable roles for these
two proteins. Although it has been reported that Derlp is
required for Hrd1p self-degradation (30), we found that the
derIA only partially stabilized Hrd1lp and still allowed self-
ubiquitination, in striking contrast to the usaA. This disparity
in Hrd1lp regulation is another readout of a direct action of
Usalp that is distinct from that of Derlp. However, the non-
additivity of each null UPR is consistent with these proteins
functioning in the same lumenal ERAD pathway. Thus, the full
picture of Usalp function is most likely a combination of medi-
ating Derlp association with the HRD complex and direct
actions of Usalp on the Hrd1p ligase.

We found that Usalp played a crucial role in Hrd1p self-
degradation. Hrd1p undergoes rapid self-ubiquitination and
degradation in the absence of Hrd3p that was completely abol-
ished in a usalA null mutant, indicating that Usalp is required
for Hrd1p self-destruction. Previously, it was thought that a
lack of Hrd3p was both necessary and sufficient to effect deg-
radation of Hrd1lp. However, our findings now indicate that
Hrd1p free of Hrd3p is unable to autonomously ubiquitinate
itself and is subject to additional modes of regulation.

The effects observed for overexpressed Hrd1p further sup-
port this idea; in situations where Hrd1p is overexpressed in the

>T.Sommer, personal communication.
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absence of Hrd3p, it is degraded slowly, with a half-life of ~1-2
h instead of the 10-min half-life observed for native Hrd1p in a
hrd3A strain. The reason for the slow degradation of this un-
partnered Hrd1lp had eluded us until now, when we realized
that Usalp might become limiting in strains with overex-
pressed Hrd1p. Indeed, we observed that rapid degradation of
Hrd1p was restored by sufficient expression of Usalp. More-
over, Usalp promoted degradation of Hrd1p lacking its trans-
membrane domain, indicating that Usalp productively inter-
acts with the C-terminal half of Hrd1p. Taken together, the data
from both native and overexpressed Hrd1p indicate that a key
function of Usalp is to promote degradation of Hrd1p in the
absence of Hrd3p, allowing for stringent control of Hrdlp
levels.

We have suggested a simple model for the specific role of
Usalp in Hrd1p self-ubiquitination, in which Usalp mediates
an association that brokers efficient transfer of ubiquitin from
one Hrd1p molecule to another, resulting in the remarkably fast
self-degradation rate of Hrdlp when not associated with
Hrd3p. This model was arrived at by co-expression of active
and inactive Hrd1p. The inactive C399S mutant of Hrd1p was,
not surprisingly, stable when expressed alone or in the presence
of overexpressed Hrd1p. However, when Usalp was also pres-
ent at high levels, the C399S version of Hrd1p underwent rapid
degradation but only when co-expressed with active Hrd1p.
Thus, in the absence of Hrd3p, Usalp works to eliminate un-
partnered Hrd1p by mediating its self-ubiquitination, allowing
for its ultimate degradation.

Usalp contains a ubiquitin-like domain in its N-terminal
cytoplasmic region (3), and we were interested in determining
itsimportance in Usalp function. Versions of Usalp lacking the
Ubl domain supported wild type degradation of both mem-
brane and lumenal substrates, but ubiquitination and degrada-
tion of Hrd1p was severely impaired. The domain itself was
required for Hrd1lp degradation, because replacing the Ubl
domain with five copies of the myc epitope tag (roughly equal in
size to the deleted region) to preserve the register of the protein
also impaired Hrd1lp degradation while supporting substrate
ERAD. Thus, the Ubl domain was specifically required for
Hrd1p self-degradation but was not required for degradation of
any other ERAD substrates besides Hrd1p, allowing us to con-
sider the degradation of Hrd1p to be distinct from that of other
ERAD substrates. As we predicted from our observation that
the Ubl domain inhibits degradation of both native and overex-
pressed Hrd1lp, we found that trans-ubiquitination of Hrd1p
was impaired in a strain with UsalpAUBL in place of wild type
Usalp. This suggests that one function of the Ubl domain may
be to mediate an association between two Hrd1p molecules to
permit efficient trans-ubiquitination. However, it has recently
been shown that the Ubl domain of Usalp does not interact
directly with Hrd1p and that the Ubl domain does not interact
with the proteasome subunit Rpt5p (31). These findings suggest
that the Usalp Ubl domain likely does not have a role in addi-
tional downstream steps of degradation. Whereas the mecha-
nism of Ubl domain function remains unclear, it is clear that the
function of the Ubl domain of Usalp is principally for promot-
ing Hrd1p self-ubiquitination in a manner that appears to be
distinct from that of ERAD substrates.
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Overexpression of Hrd1p causes a slow growth phenotype in
yeast (Ref. 4 and Fig. 6A4) that is dependent upon Hrd1p activity
(Ref. 4 and data not shown). In these strains, as previously dis-
cussed, Hrd1p undergoes slow degradation. The addition of
overexpressed Usalp restored normal kinetics of Hrd1p degra-
dation, thus lowering its levels. It is, therefore, not surprising
that in these strains the Hrd1p-mediated toxicity was alleviated.
Surprisingly, overexpression of UsalpAUBL, which does not
promote Hrdlp degradation, also abolished the toxicity of
overexpressed Hrd1p. Even though levels of Hrd1p are high in
this case, there was no overall detriment to these strains,
immediately suggesting two possibilities. One is that Hrd1p is
rendered non-functional by the overexpressed UsalpAUBL,
explaining why there is neither Hrdlp degradation nor a
growth deficit. Importantly, substrate degradation proceeded
normally in the presence of UsalpAUBL, indicating that Hrd1p
functions normally and ruling out this possibility. The second
and more intriguing interpretation suggested by the preserva-
tion of substrate degradation is that Usalp somehow restrains
Hrdlp, preventing promiscuous ubiquitination of inappropri-
ate ER-localized substrates and thereby preventing Hrd1p toxic
effects. This could occur either by Usalp directly regulating or
activating Hrd1p or by Usalp playing a role in governing which
substrates are presented to Hrd1p for ubiquitination. One way
in which Usalp could control access to Hrd1p would be to alter
its localization. However, indirect immunofluorescence of
overexpressed Hrd1p and RING Hrd1p-5myc in the presence
and absence of overexpressed Usalp showed no obvious
changes in the ER-localization of Hrd1p,* although we cannot
rule out the possibility of more subtle changes brought about by
Usalp.

Taken together these studies indicate that Usalp has an
important and primary role in the action and regulation of
Hrd1p. This relationship is likely to be conserved as the Herp
protein appears to be the mammalian counterpart to Usalp and
will even complement some of the function of Usalp in the
yeast null mutant (3). Usalp is needed for optimal function of
Hrd1p, and it is absolutely required for Hrd1p self-degradation.
Thus, Usalp effects are dichotomous; loss of Usalp decreases
Hrd1p efficiency but could also increase its steady-state levels
in circumstances where self-degradation modulates Hrd1p levels.
Moreover, Usalp appears to play a crucial role in regulation of
Hrdlp, preventing cellular toxicity by curbing Hrdlp activity
when appropriate. The importance of these Usal-type regulators
of the HRD complex will be of interest both in normal circum-
stances and in cases where the Hrd1p ligase is elevated or over-
abundant, such as in rheumatoid arthritis (32), or in cases where
ER stress elevates the levels of the HRD complex (33).
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