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ABSTRACT OF THE DISSERTATION

The roles of Hrd1p ubiquitin ligase complex members Usa1p and Hrd3p in
ER-associated degradation and Hrd1p regulation

by
Sarah Michelle Carroll

Doctor of Philosophy in Biology
University of California, San Diego, 2010
Professor Randolph Y. Hampton, Chair

Elimination of misfolded proteins from the endoplasmic reticulum (ER) is carried
out by the highly conserved quality control pathway ER-associated degradation (ERAD).
Misfolded proteins are targeted for destruction at the proteasome by covalent
modification with a polyubiquitin chain. Hrd1p is a key ERAD ubiquitin ligases involved
in mediating ubiquitination of misfolded proteins in S. cerevisiae. The action of Hrd1p
requires several additional cofactors, including Hrd3p, a partner protein required for the
stability of Hrd1p, and together constituting the core of the HRD complex. I investigated

xvi

the ERAD functions of both Hrd3p and the additional complex member Usa1p, in order
to better understand the mechanisms of HRD complex action in ERAD. These studies
have found that Usa1p is a bipartite regulator of Hrd1p, promoting its degradation in the
absence of Hrd3p and also affecting Hrd1p activity. The study of Usa1p has broadened
our understanding of Hrd1p self-ubiquitination, which I demonstrated to proceed through
a trans-ubiquitination mechanism. Improved understanding of Hrd1p degradation has
resulted in a yeast strain in which Hrd1p stability is genetically uncoupled from substrate
degradation in the absence of Hrd3p. This allowed explicit confirmation of the direct role
of Hrd3p in ERAD. I have also uncovered an antagonistic relationship between Usa1p
and Hrd3p, which has been suggested by their dichotomous roles in promoting Hrd1p
stability and degradation. Over-expression of Hrd1p causes an activity dependent growth
deficit in yeast, which is alleviated by over-expression of Usa1p. Addition of Hrd3p to
this system restored the growth deficit, implying that Hrd3p and Usa1p have opposing
actions in participating in or controlling Hrd1p ligase activity. These studies have
provided significant insight into the mechanisms of the HRD complex, and have unveiled
useful tools in which to further understand the Hrd3p’s direct ERAD functions and the
relationship between Hrd1p, Hrd3p, and Usa1p.
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CHAPTER 1
Introduction

1

2

Proteins are continuously synthesized within cells, and because mistakes are
inherent, there is also a continual need for monitoring these new proteins. It has been
estimated that up to 30% of newly synthesized proteins are found to be defective and
destroyed immediately following, or even during, translation (1). Some proteins may be
unable to acquire the correct fold even with the aid of molecular chaperones, are mutated,
or may become misfolded due to stresses on the cell, such as heat shock or chemical
stresses (2). These misfolded proteins can form aggregates, which are detrimental to the
health of the cell (3). Consequently, many cellular compartments including the cytoplasm
(4), nucleus (5), and endoplasmic reticulum (6-8), have quality-control pathways in place
to monitor the folding status of proteins and remove those that have become misfolded
(7). All of these quality-control pathways use the ubiquitin-proteasome system as the
primary means for disposal of misfolded proteins (9) (Fig. 1-1).
Protein quality control has been well studied in the endoplasmic reticulum (ER),
and is particularly important in this organelle. The ER is an integral part of the secretory
pathway, and proteins bound for membranes or secretion outside of the cell are cotranslationally translocated into the ER, where folding occurs (10). Proteins that fail to
fold or assemble properly are subject to removal from the ER by the quality control
pathway know as ER-associated degradation, or ERAD. Briefly, ERAD is the process by
which misfolded proteins are identified, “retro”-translocated into the cytosol,
polyubiquitinated, and ultimately degraded by the 26S proteasome. ERAD is highly
conserved from yeast to humans, underscoring its importance in maintaining cellular
protein homeostasis (7).
ERAD is closely tied to the Unfolded Protein Response (UPR), a stress response
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Figure 1-1: Overview of the Ubiquitin Proteasome System
The ubiquitin proteasome is the primary means for disposal of misfolded proteins by protein quality control
pathways, and consists of three basic steps. Misfolded proteins are identified, and then covalently modified
with a polyubiquitin chain through a series of enzymatic reactions. The polyubiquitin chain designates the
misfolded protein for destruction by the 26S proteasome.
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pathway that attempts to mitigate the burden placed on the ER by accumulation of
misfolded proteins. In yeast, neither ERAD nor the UPR are essential individually,
although compromising both of these pathways simultaneously often causes lethality.
Removal of ERAD components leads to a moderate increase in the unfolded protein
response (11,12). If misfolded proteins begin to accumulate in the ER, the UPR
upregulates chaperones and components of the ERAD pathway, in an attempt to either
fold or remove the misfolded proteins. In addition, the mammalian UPR downregulates
protein synthesis by reducing translation initiation. If left unchecked, this activation of
the UPR can lead to apoptosis (13). Thus, protein quality control is essential for
maintaining good cellular health.
Protein Quality Control and Disease
Protein quality control systems are essential for ensuring protein homeostasis, and
failures of protein quality control systems can have profound consequences for a cell or
organism (14). There are two broad ways in which protein quality control systems can
malfunction – either by failing to eliminate misfolded, mutant, or damaged proteins, or by
eliminating functional or normal proteins which should not be targets of quality control.
Failure of quality control to eliminate misfolded proteins can cause significant
stress to a cell, as discussed above in the case of the ER. If unfolded proteins accumulate
in the ER lumen, the UPR will eventually lead to apoptosis if the burden of misfolded
proteins is not eliminated (13). Many human diseases result from an inability of quality
control pathways to remove aberrant proteins, including Alzheimer’s, Huntington’s, and
Parkinson’s diseases. Although these are all neurodegenerative diseases resulting from an
accumulation of misfolded or mutant proteins, the specific proteins and mechanisms
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differ in all of these disorders. Alzheimer’s involves both intra- and extra-cellular protein
accumulation and plaque formation. Huntington’s is a poly-glutamine expansion disease,
where having a tract of glutamine residues exceeding a certain threshold ultimately
results in nuclear buildup of Huntington protein aggregates. Parkinson’s disease is
characterized by cytoplasmic inclusions of protein aggregates, as well as inactivation of a
ubiquitin ligase. In all cases, large protein aggregates are classic detectable hallmarks of
disease, although it is now thought that smaller oligomers of the affected proteins are
responsible for the cytotoxicity. The formation of large aggregates or inclusion bodies
may be the cell’s last resort in trying to eliminate these aberrant proteins once it can no
longer prevent formation of smaller cytotoxic oligomers (2,3).
Cystic fibrosis (CF) is an example of a pathology resulting from overly vigilant
quality control. The Cystic Fibrosis Transmembrane conductance Regulator, or CFTR
protein, is a plasma membrane localized protein found in the epithelial cells of the lungs
and airway. CFTR is a large transmembrane protein, and even much of the wild-type
protein is slow to fold and is eliminated by ERAD. The most common mutation resulting
in human disease is a deletion of a single amino acid, F508. CFTRF508 folds even
more slowly than wild type, although does ultimately form a functional protein.
However, since so little CFTRF508 escapes degradation due to its extremely slow
folding, the cells lack functional CFTR at the plasma membrane, ultimately leading to the
symptoms seen in cystic fibrosis (15-17).
Another example of human disease related to overactive quality control is
rheumatoid arthritis. Rheumatoid arthritis is characterized by inflammation of the joints,
leading to pain and swelling. A ubiquitin ligase involved in ERAD, called Hrd1, or
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synoviolin, is highly over-expressed in the synovial cells in the joints of people with
rheumatoid arthritis. One model for the etiology of the disease is that the high level of
synoviolin results in a much lower than normal level of unfolded proteins accumulating
in the ER, thereby decreasing ER stress and preventing apoptosis, resulting in the overefficient survival of synovial cells that contributes to the characteristic arthritis
inflammation (18,19).
Finally, in addition to the above diseases, microorganisms can hijack host quality
control pathways to serve their own needs. Evidence is mounting to suggest that several
bacterial species utilize the retrotranslocation machinery of the ERAD pathway in order
to introduce their toxins into the host cells (20). Viruses usurp host processes as well, as
exemplified by human cytomegalovirus (HCMV), which uses components of the host
ERAD machinery to down-regulate the major histocompatability class I protein (MHCI)
in an attempt to evade the host immune response (21).
Taken together, these specific examples illustrate the important role quality
control pathways play in maintaining protein homeostasis, as well as underscoring the
importance of careful regulation of these systems. Understanding the basic mechanisms
of protein quality control pathways may ultimately shed light on disease mechanisms,
and hopefully provide new therapies and drug targets in the future.
The Ubiquitin-Proteasome System
The ubiquitin-proteasome system (UPS) is the primary means by which proteins
subject to quality control are destroyed within a eukaryotic cell (22) (Fig. 1-1). This
process requires a cascade of enzymes and proteins to eventually deliver proteins to the
26S proteasome, where they are degraded. In order for a protein to be recognized by the
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proteasome as a degradation substrate, it must usually be modified with a polyubiquitin
chain (23). Ubiquitin is a small, highly conserved 8.5kD protein that is covalently
attached to proteins in order to carry out many versatile functions (24). In addition to
degradation, protein ubiquitination is involved in DNA repair, signal transduction,
endocytosis, and autophagy (25,26). Ubiquitin can be conjugated to proteins as a single
ubiquitin molecule (mono-ubiquitination), or in a chain of ubiquitin molecules linked to
each other (polyubiquitination). Ubiquitin is usually attached to a lysine residue of a
substrate protein through an isopeptide bond with its C-terminal glycine residue. Chains
of ubiquitin are often linked together through ubiquitin’s lysine 48 (K-48) or lysine 63
residues, with the resulting function of the polyubiquitin chain depending upon the
ubiquitin linkage (27). A K48-linked polyubiquitin chain of 4 or more ubiquitin
molecules marks a protein for destruction by the 26S proteasome (28).
Ubiquitin is attached to substrate proteins by a cascade of 3 enzymes: a ubiquitinactivating enzyme (E1), a ubiquitin-conjugating enzyme (E2), and a ubiquitin ligase (E3)
(24) (Fig. 1-2). The ubiquitin is first activated with a high-energy thioester bond that is
formed between the ubiquitin and the E1 in an ATP-dependent reaction. The activated
ubiquitin is then transferred to an E2, commonly referred to as a UBC. Finally, the E3
facilitates transfer of the ubiquitin from the E2 to the substrate, and it is the E3 that is
responsible for determining the specificity of the ubiquitination reaction (24). Successive
addition of ubiquitin by the E3 can create a polyubiquitin chain. However, in some cases,
an additional ubiquitin chain elongation enzyme, termed an E4, participates in extension
of the ubiquitin chain (29). There are two major classes of ubiquitin ligases, RING and
HECT ligases, and the catalytic mechanism of ubiquitin attachment differs between the
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Figure 1-2: Attachment of ubiquitin requires an enzymatic cascade.
Three enzymes are required for attachment of ubiquitin to a lysine residue on a substrate protein. An E1, or
ubiquitin-activating enzyme, forms a high-energy bond with the ubiquitin in an ATP dependent reaction.
The ubiquitin is then transferred to an E2, or ubiquitin-conjugating enzyme. Finally, an E3, or ubiquitin
ligase, facilitates transfer of the ubiquitin onto the substrate protein.
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two types. While HECT domain ligases form a transient bond with the ubiquitin, RING
domain ligases do not. RING domain ligases are thought to facilitate transfer of the
ubiquitin molecule from the E2 by bringing the substrate into the right position and
proximity with the UBC (30). In either case, it is the E3 that determines the specificity of
the ubiquitination reaction, and there are nearly one hundred ubiquitin ligases in yeast,
and several hundred in mammals, allowing for exquisite specificity and versatility in
substrate ubiquitination (24). While most ubiquitin ligases recognize only one or two
substrates, quality-control ligases have the unique need to be able to recognize and
ubiquitinate a vast array of substrates that likely do not share significant sequence
similarity. While it is thought that these ligases must recognize a characteristic feature of
misfolding, such as an exposed hydrophobic patch, it remains unclear how this might be
accomplished, and recognition of substrates likely depends at least in part on ligase
cofactors (31).
The proteasome is the ultimate destination for misfolded proteins en route to
destruction. The eukaryotic 26S proteasome recognizes these polyubiquitinated proteins,
removes the ubiquitin chains, unfolds the proteins, and finally proteolyses them. The
proteasome is therefore a multi-functional molecular machine and consists of many
different subunits. The basic structure of the proteasome is described as a central 20S
proteolytic core, with two regulatory 19S caps on either end of the core (32).
Polyubiquitinated proteins are thought to be delivered to the proteasome by
shuttling factors, such as Dsk2p and Rad23p for the ERAD substrate CPY* (32),
although proteasomes are found docked at the ER membrane, suggesting that ERAD
substrates could potentially be received directly by this pool of proteasomes (33).
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Shuttling factors such as Dsk2p and Rad23p typically contain two important domains – a
UBL, or ubiquitin-like domain, which is structurally similar to ubiquitin and mediates
interaction with the proteasome, and at least one UBA, or ubiquitin-associated domain,
which binds ubiquitin (34). Subunits in the 19S regulatory caps are responsible for
receiving the polyubiquitinated proteins, and the polyubiquitin chains are removed by
subunits in the lid of the proteasome, such as Rpn11p, or proteasome associated ubiquitin
proteases such as Ubp6p (35).
Once polyubiquitinated proteins have docked at the proteasome, it is thought that
deubiquitination occurs prior to the proteins moving into the central core chamber of the
20S proteasome. Proteins are unfolded in order to fit into the proteolytic core, which
cannot cleave folded proteins. Protein unfolding and translocation into the core are
energy intensive processes, requiring significant amounts ATP hydrolysis; the 26S
proteasome contains 6 ATPases. The proteolytic core has 3 different protease activities,
conferred by different subunits within the core particle: trypsin-like, chymotrypsin-like,
and peptidyl-glutamyl-peptide cleaving (acidic) activity (32).
Many different cellular processes are regulated or affected by the ubiquitinproteasome system, from the regulated degradation of proteins, such as cell-cycle
proteins (36) and biosynthetic enzymes (31), to quality control of misfolded proteins,
including destruction of misfolded proteins in the cytosol (4) and the endoplasmic
reticulum (7).
ER-Associated Degradation
ER-associated degradation (ERAD) is an important quality control pathway for
removing misfolded, mutated, or unassembled proteins from the endoplasmic reticulum.
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Approximately 30% of proteins synthesized in a eukaryotic cell are secreted or
membrane proteins that will transit through the ER as part of the secretory pathway (10).
Secretory proteins are co-translationally translocated into the ER through the Sec61p
translocation channel (37). Once inside the ER, these proteins fold in the more oxidizing
environment of the ER with the help of many ER-localized chaperones. In addition, many
secretory proteins require modifications such as N-linked glycosylation or disulfide bond
formation (10). Due to the significant amount of protein folding occurring in the ER, a
quality control system is important in order to remove proteins that are unable to attain
their native conformation and prevent the deleterious consequences that can result from
an accumulation of misfolded proteins.
ERAD is a highly conserved process, found in all organisms from yeast to
humans (7). Because of the ease of genetic studies, much of the ERAD process has been
elucidated using yeast. Nearly all ERAD components found in yeast have homologs or
functional analogs in mammals, although mammalian ERAD does have additional
ubiquitin ligases, possibly due to the increased complexity and expanded repertoire of
degradation substrates found in mammals (38). In the budding yeast S. cerevisiae, ERassociated degradation removes misfolded proteins from the ER through the action of two
major ubiquitin ligases, Doa10p and Hrd1p (38). Doa10p is mainly responsible for
degradation of proteins with cytoplasmic lesions, also referred to as ERAD-C, and was
originally identified as the ligase responsible for degradation of the Mat2 repressor in
yeast (39). Doa10p differs from Hrd1p in that it can catalyze ubiquitination of nuclear
and soluble substrates (such as the E2 Ubc6p) in addition to its ER substrates (39,40).
Degradation of misfolded ER lumenal proteins (ERAD-L), and degradation of misfolded
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membrane proteins (ERAD-M), is mainly carried out through the action of the ubiquitin
ligase Hrd1p (Fig. 1-3). The Doa10p and Hrd1p pathways share some components,
including the Cdc48p complex (41), but employ different E2s. Doa10p works primarily
with Ubc6p and Ubc7p (39), while Hrd1p works almost exclusively with Ubc7p and to a
minor extent with Ubc1p (42). ERAD-L, facilitated by Hrd1p, requires an additional
subset of components for degradation that are dispensable for membrane substrate
degradation (41). This is likely due to the fact that lumenal substrates must be identified
out of the milieu of proteins in the lumen and delivered to the ligase, while Hrd1p may be
able to directly identify misfolded membrane substrates through specific amino acid
residues in its transmembrane spans (43).
The ubiquitin ligase Hrd1p was discovered in a screen along with several other
HRD (Hmg-CoA Reductase Degradation) genes (6) that are involved in the degradation
of the protein Hmg2p. Hmg2p is a yeast isozyme of the cholesterol biosynthetic enzyme
3-hydroxy 3-methylglutaryl coenzyme A (HMGR in mammals) that catalyzes the
NADPH-requiring reduction of HMG-CoA to mevalonate. As this is the rate-limiting
step in cholesterol biosynthesis, HMGR is subject to numerous forms of regulation,
including feedback regulation by the mevalonate pathway (44). When flux though the
sterol pathway is high, less enzyme is needed, and Hmg2p levels are decreased by
regulated degradation. The signal for degradation is thought to be
geranylgeranylpyrophosphate (GGPP), which is derived from the sterol pathway
intermediate farnesyl pyrophosphate (FPP) (45). In order to facilitate recognition by
Hrd1p, Hmg2p adopts a misfolded conformation upon sensing the sterol signal (46). If
flux through the pathway is low, or catalytic activity of HMGR is inhibited (as with
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Figure 1-3: Overview of the HRD pathway
The HRD pathway, one of two major ERAD pathways in S. cerevisiae is illustrated. Hrd1p requires
numerous cofactors for ubiquitination and ultimate degradation of misfolded lumenal and membrane
proteins. Cartoon illustrating many of the main proteins involved in the HRD pathway.
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statins), levels of the degradation signal drop, causing Hmg2p levels to rise due to
decreased degradation by ERAD (44). The regulation of Hmg2p degradation in yeast
makes it a valuable tool in understanding the ERAD process since its degradation can be
manipulated pharmacologically.
Hrd1p is an ER-membrane localized ubiquitin ligase, with 6 transmembrane spans
anchoring it in the ER membrane, and a catalytic RING domain facing the cytoplasm
(42,47). Hrd1p is found tightly associated with its partner protein Hrd3p, both of which
are required for degradation of lumenal and membrane ERAD substrates, and which
together form the core of the HRD ligase. Hrd3p has a single transmembrane span that
appears to be dispensable for its association with Hrd1p and ERAD function, and is
missing in some organisms altogether (6,48); thus, most or all of Hrd3p’s functions can
be attributed to its large lumenal domain. In the absence of Hrd3p, Hrd1p undergoes
RING-dependent self-ubiquitination, resulting in its rapid degradation. Thus, one
important function of Hrd3p is to stabilize Hrd1p; in the absence of Hrd3p the half-life of
Hrd1p is only about 10-12 minutes, and the steady state protein level of Hrd1p is
considerably reduced (47,49). However, Hrd3p function has not yet been fully
elucidated, although evidence had suggested that Hrd3p might have a direct role in
ERAD beyond its Hrd1p stabilization function (41,47,50,51)). My studies have clearly
demonstrated that Hrd3p has a direct ERAD function and have uncovered a means to
study this function of Hrd3p.
Since the original screen identifying Hrd1p/Hrd3p as key components of protein
degradation at the ER, several other HRD ligase complex members have been identified
by proteomic approaches, many of which are depicted in Fig. 1-3 (41,50-52). Usa1p is
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one such recently identified member of the HRD complex that is required for degradation
of lumenal substrates, perhaps by linking another factor, Der1p, to the complex (41,52).
My work has revealed that the functions of Usa1p include membrane substrate
degradation, and perhaps more importantly, a major role for Usa1p in promoting Hrd1p
self-ubiquitination and regulation of its activity when Hrd1p levels are elevated beyond
those of Hrd3p. Thus, Usa1p appears to be a bipartite regulator of Hrd1p. The study of
Usa1p function in the HRD complex has also revealed significant detail about the
mechanism of Hrd1p self-ubiquitination and degradation.
Hrd3p interacts via its lumenal domain with the proteins Kar2p (BiP in
mammals), a chaperone, and Yos9p, a lectin, that likely participate in identification and
delivery of substrates to the ligase (50,51). It is thought that Yos9p may play a role in
identifying misfolded proteins based upon their glycosylation status, and together with
Hrd3p delivers these misfolded glycosylated substrates to Hrd1p for ubiquitination
(50,53). Many secretory proteins acquire N-linked glycosylation upon translocation into
the ER lumen, and trimming of this original oligosaccharide must occur for protein
maturation and egress from the ER. In mammals, misfolded or partially folded proteins
are detected by the enzyme UDP-glucose:glycoprotein glucosyltransferase (UGGT),
which reglucosylates the trimmed glycan on the misfolded protein, allowing it another
opportunity to fold properly, aided by the chaperones calnexin and calreticulin. It is
hypothesized that eventual trimming of a mannose from the glycan chain on these
proteins (which occurs more slowly than reglucosylation) results in their detection and
destruction by the ERAD machinery (54). This cannot be the mechanism for detection of
all glycosylated substrates, as yeast do not have the UGGT enzyme or homologs to both
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calnexin and calreticulin (7,54). However, detection of glycans is crucial for elimination
of some misfolded lumenal proteins by the ERAD pathway, as suggested by CPY*, a
mutant version of the vacuolar protease CPY that is a lumenal ERAD substrate (8). CPY*
is normally glycosylated and disposed of via ERAD; however, a non-glycosylated
version of this substrate, CPY*0000, interacts with the HRD complex through Yos9p and
Hrd3p, but is not degraded (51,55). Thus, although it is clear that the glycan patterns
present on misfolded lumenal proteins play a very important role in their recognition and
destruction by the ERAD pathway, the exact mechanisms for glycan signal generation
and recognition are unclear.
Because the catalytic RING domain of Hrd1p is on the cytoplasmic face of the ER
membrane, at least some portion of substrate proteins must be exposed to the cytoplasm
for ubiquitination. Ultimately, transmembrane proteins must be extracted from the
membrane, and lumenal proteins must cross the membrane in a process termed
retrotranslocation, presumably through a protein channel. Although several ER
transmembrane proteins have been put forth as candidates for the channel, including the
Sec61p translocation complex, Der1p (the Derlin proteins in mammals), or even Hrd1p
itself, the identity of the channel remains a mystery, and it is possible that different
substrates could use different methods to exit the ER (54). It is clear, however, that
removal of ERAD substrates from the ER requires the action of the Cdc48p-Ufd2p-Npl4p
complex, a large AAA-ATPase complex with diverse cellular functions (56,57). The
Cdc48p complex is recruited to Hrd1p at least in part by the HRD ligase complex
member Ubx2p (58,59); both Ubx2p and the Cdc48p complex also participate in the
Doa10p pathway (41). Many, but not all, ERAD substrates require the Cdc48p complex
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for removal from the ER (60). Finally, the polyubiquitinated substrates are delivered to
the proteasome, which requires additional factors such as Dsk2p and Rad23p in the
cytoplasm (34).
The goal of this dissertation is to further define the roles of proteins involved in
the polyubiquitination and degradation of substrate proteins subject to ERAD.
Polyubiquitination of a protein by a ubiquitin ligase marks it for destruction by the
proteasome, and this is therefore a key step in ERAD and one that must be carefully
regulated. Dissecting the functions of the ligase Hrd1p and its cofactors may provide
insight not only for the function of mammalian homologs of Hrd1p, but also for
regulation of quality control ligases in general. This work focuses on the ubiquitin ligase
Hrd1p and its cofactors Usa1p and Hrd3p, in an attempt to understand the functions of
these cofactors and the role they play in regulation of Hrd1p. Usa1p is an important
bipartite regulator of Hrd1p through control of both protein levels and influence of Hrd1p
activity. Hrd3p and Usa1p may have antagonistic functions within the HRD complex, and
this work has demonstrated that Hrd3p has a direct role in substrate degradation. Finally,
this work illustrates how Usa1p may be used as a tool to further study the function of
Hrd3p in ERAD.
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CHAPTER 2
Usa1p is Required for Optimal Function and Regulation of the
Hrd1p Endoplasmic Reticulum-associated Degradation Ubiquitin Ligase
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ABSTRACT
Usa1p 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 membraneanchored (ERAD-M) substrates. We have investigated Usa1p to understand its
importance in HRD complex action. Usa1p was required for the optimal function of the
Hrd1p E3 ubiquitin ligase; its loss caused deficient degradation of both membraneassociated and lumenal proteins. Furthermore, Usa1p 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 Usa1p, and the Ubl domain of Usa1p. We
found that Usa1p allows Hrd1p degradation by promoting trans interactions between
Hrd1p molecules. The Ubl domain of Usa1p was required specifically for Hrd1p selfubiquitination, but not for degradation of either ERAD-L or ERAD-M substrates. In
addition, Usa1p 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 stability control. Many of the described actions of Usa1p are
distinct from those of Der1p, which is recruited to the HRD complex by Usa1p. Thus,
this novel, conserved factor is broadly involved in the function and regulation of the
HRD pathway of ERAD.
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INTRODUCTION
ER-associated degradation (ERAD) is a conserved process by which eukaryotic
cells target and degrade ER-resident proteins by the ubiquitin-proteasome pathway.
ERAD pathways play a major role in the destruction of misfolded or unassembled ER
proteins, including both lumenal and integral-membrane substrates. In addition, normal
proteins are regulated 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 ubiquitinmediated 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 kD 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 transferred 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 substrate-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
ubiquitination 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).
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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, Der1p, Ubx2p, the Cdc48/Npl4/Ufd1 complex, Kar2p, Yos9p,
and Usa1p (3,4). Of these, only Usa1p was novel, and thus the most poorly characterized
of the HRD complex components.
Since the Usa1p protein is uniquely found in the HRD complex, and has
corresponding proteins in other eukaryotes, it might be expected to play a pivotal role in
HRD function, albeit one not revealed by genetic approaches. Usa1p is predicted to be a
two-transmembrane spanning protein, with a large N-terminal cytoplasmic region
containing a ubiquitin-like (Ubl) domain. Usa1p has been shown to be required for
degradation of lumenal ERAD substrates, and to link Der1p to the HRD complex (3).
These studies posited that Usa1p was uniquely required for HRD-mediated degradation
of lumenal ERAD, or ERAD-L, substrates (3). We have more fully investigated the
function of Usa1p in the HRD complex and found that it is in fact broadly involved in
ERAD function and HRD ligase regulation.
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As reported, we observed that Usa1p was required for degradation of lumenal
substrates (3). In addition, we show that Usa1p 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 in
known about the regulation of this pathway. In these studies, we have found that Usa1p
plays a multifaceted role in regulation of Hrd1p. Usa1p was absolutely required for
Hrd1p’s self-catalyzed degradation, and the Ubl domain of Usa1p uniquely functioned in
this capacity. Usa1p-dependent Hrd1p self-degradation had mechanistic features distinct
from all other ERAD substrates. In addition to governing auto-regulation, phenotypic
studies revealed that Usa1p had a separate role in modulating Hrd1p activity, limiting the
toxicity of Hrd1p while preserving its ability to degrade bone-fide ERAD substrates.
Taken together, our studies show that Usa1p 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.
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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 (HMGR) that
undergoes regulated degradation by the HRD pathway in response to changing levels of
sterol pathway signals (12). Using this ERAD-M substrate, it was reported that Usa1p
was not involved in this branch of ERAD (3). We first confirmed that active Hmg2p
underwent normal degradation in a usa1 null mutant as measured by cycloheximide
chase (Fig. 2-1A). Comparison of the degradation of 1myc-Hmg2p in wild type or usa1
cells revealed no discernable difference in half-life, as reported (3). We also tested the
related substrate 6myc-Hmg2p, which, due to an insertion of six tandem myc tags in the
transmembrane region, is constitutively 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 stability (13). In all other ways the unregulated 6myc
substrate is identical to wild type Hmg2p in its requirements for HRD pathway
degradation. In contrast to Hmg2p, 6myc-Hmg2p showed clear stabilization in the usa1
(Fig. 2-1B), implying that Usa1p did have a role in ERAD-M.
What is the cause of this difference in degradation? The normal Hmg2p in Fig. 21A was responsive to increases in sterol pathway activity provided by its own catalytic
domain, while 6myc-Hmg2p was not. Thus, one explanation for the differing response to
the usa1 null 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 usa1, while the unregulated 6myc-Hmg2p, although also
catalytically active, could not similarly respond. To test this idea, we examined the effect
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Figure 2-1: Usa1p is required for optimal degradation of ERAD-M substrates.
Log phase cultures of either wt, hrd3 or usa1 cells expressing normally regulated, catalytically
active 1myc-Hmg2p (A) or the unregulated variant 6myc-Hmg2p (B) were subjected to cycloheximide
chase for the indicated times, followed by lysis and immunoblotting to evaluate protein stability. The hrd3
strain served as a positive control that stabilizes both substrates. C. Cycloheximide chase of Hmg2p-GFP.
Log phase cultures of either wt, hrd3 or usa1 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 (square),
hrd3 (triangle), or usa1 (circle)) the experiment was run with (open symbols) or without (solid
symbols)) 10 μg/ml zaragozic acid (ZA) to evaluate the effect of elevating degradation signal on Hmg2pGFP degradation. E. Ubiquitination of Hmg2p-GFP in wt, hrd3 or usa1 strains. Log phase cultures of
the indicated strains expressing Hmg2p-GFP were incubated for 5 minutes with or without 10 μg/ml
zaragozic acid (ZA), followed by lysis, immunoprecipitation and immunoblotting for Hmg2p-GFP (bottom
row) or ubiquitin immunoreactivity. The "-" lanes indicate the ubiquitination state of Hmg2p normally
present in each strain without drug treatment. F. Hrd1p overexpression suppressed the Hmg2p-GFP
degradation defect of usa1  strains. Wild type or usa1 strains harboring either empty vector or a HRD1
overexpressing plasmid (TDH3-HRD1) were subject to cycloheximide chase for 2 hours (grey bars), and
compared to strains that were not treated with drug (black bars) by flow cytometry.
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of a usa1 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 by cycloheximide
chase with flow microfluorimetry (12,14). Like 6myc-Hmg2p, Hmg2p-GFP was
stabilized by the usa1 null when compared to wild type in a cycloheximide chase (Fig.
2-1C). In the strain used to test Hmg2p-GFP, the HMGR activity was provided by the
native HMGR genes, which produce ample activity for life, but less activity than that
from the full-length, myc-tagged Hmg2p used in Fig. 2-1A. Thus, the sterol pathwayderived degradation signals in the Hmg2p-GFP strain were lower than in the 1myc-Hmg2p strain of Fig. 2-1A, and allowed the difference between wild type and usa1 cells
to be observed. Consistent with this idea, treating the cells with the drug zaragozic acid
(ZA), which increases the cellular signal for Hmg2p degradation (12), restored wild type
degradation of Hmg2p-GFP in the usa1 strain (Fig. 2-1D). Degradation of Hmg2-GFP
was about 2-fold slower in the usa1 as compared to the wild type strain (closed
symbols). A hrd3 null strain was included as a control, showing the expected severe
block in degradation of Hmg2p-GFP, and illustrating that the usa1 defect in membrane
substrate degradation resulted in an intermediate phenotype. Treatment of either a wildtype or a usa1 strain with ZA (open symbols) resulted in equivalent Hmg2p-GFP
degradation in both the wild type and usa1 strains. Normally regulated Hmg2p was
stabilized by a usa1, 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
activity in the case of 1myc-Hmg2p, or by pharmacological elevation of the signal with
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ZA in the case of Hmg2p-GFP. Thus, a usa1 null imposes a partial defect in
degradation of ERAD-M substrates.
Because Usa1p is part of the HRD ubiquitin ligase complex, we directly tested its
role in Hrd1p-mediated Hmg2p-GFP ubiquitination by immunoprecipitation of the
substrate followed by immunoblotting for either the attached ubiquitin or the substrate
itself as indicated (Fig. 2-1F). In the usa1 strain, Hmg2p-GFP ubiquitination was
significantly decreased (compare the WT and usa1 “-” lanes, Fig. 2-1F). Addition of ZA
to increase the degradation signal greatly increased Hmg2p-GFP ubiquitination in both
the wild type and usa1 strains, consistent with the ability of increased degradation
signal to overcome the usa1 stabilizing effect on Hmg2p-GFP shown in Fig. 2-1D.
Taken together, these experiments indicated that Usa1p was required for optimal function
of Hrd1p towards ERAD-M substrates; the usa1 null does not cause a complete loss of
Hrd1p activity. We would predict that numerous ERAD-M substrates should show some
degree of stabilization in a usa1 null. Below, we show that the degradation of another
ERAD-M substrate, Sec61-2p, was also impaired in a usa1 strain (Fig. 2-7B right).
Loss of Usa1p caused a diminution in Hrd1p activity. Thus, elevation of Hrd1p
levels would be expected to suppress the degradation defect imposed by a usa1 null.
When Hrd1p was expressed from the strong TDH3 promoter, the degradation of Hmg2pGFP was hastened and comparable to that seen in a wild type strain with similarly
elevated levels of Hrd1p (Fig. 2-1F). The usa1 can thus be described as rendering
Hrd1p hypomorphic toward its ERAD-M substrates, so that increasing the efficiency of
recognition by altering degradation signals or by elevating Hrd1p overcomes the
deficiency in substrate degradation.
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The recent proteomic studies on the HRD complex indicate that Usa1p functions
to couple Der1p, the prototype member of the derlin family, to the HRD complex (3). If
this were the sole function of Usa1p, then a usa1 would be expected to phenocopy a
der1 null. We directly examined this idea by comparing der1 and usa1 null mutants,
and found they are distinct by a number of criteria.
Loss of ERAD components stimulates the unfolded protein response (UPR) in
yeast (15,16), in which a buildup of misfolded ER proteins activates a transcriptional
response mediated by the UPRE element in target genes. We used this response as a
means of comparing the effects of null mutations in USA1 or DER1. Strains with a
UPRE-driven GFP reporter were prepared with either or both nulls and compared to a
wild type strain by flow cytometry (Fig. 2-2A). Both single mutants showed a similar
activation of the UPR as measured by mean cellular fluorescence, and the usa1der1
double mutant showed no additional stimulation of the UPR, even though the range of the
UPR reporter is much greater than the two-fold induction of UPR seen in the
usa1der1 double mutant (Fig. 2-3). Thus, by this measure it would appear that the two
genes function to alleviate ER stress in a common pathway, consistent with Usa1p
mediating the action of Der1p. However, direct degradation studies showed distinct,
separable functions for these two proteins.
Der1p has been described as being required only for the degradation of lumenal
ERAD substrates, such as CPY*, with no effect on membrane-bound substrates such as
Hmg2p (17). Direct comparison confirmed that this is the case; a der1 had no effect on
the degradation of Hmg2p-GFP or 6myc-Hmg2p (Fig. 2-2B, C), but did stabilize CPY*
(Fig. 2-2E). In contrast, the usa1 null stabilized both of the ERAD-M substrates (Fig. 2-
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Figure 2-2: Usa1p and Der1p have distinct roles in ERAD.
A. Unfolded protein response (UPR) caused by usa1 or der1 null mutants. Otherwise identical
wt, usa1, der1, or usa1der1 strains harboring the 4xUPRE-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 circumstance. B. Degradation of Hmg2p-GFP in
wild type (wt), hrd3, usa1 or der1 strains, as measured by flow cytometry after addition of
cycloheximide at the indicated times. C. Degradation of 6myc-Hmg2p in the same strains as part
(B), measured by cycloheximide chase at the indicated times followed by immunoblotting for the
myc epitope tag. D. Effect of Der1p overexpression on Hmg2p-GFP levels in wild type, der1, or
usa1 strains. Each strain type with empty vector or a DER1 overexpressing plasmid (TDH3DER1) was compared in log phase for Hmg2p-GFP levels by flow cytometry. E. Effect of Der1p
overexpression on the lumenal substrate CPY*HA in wt, usa1, or der1 strains. Each strain
type with empty vector or a DER1 overexpressing plasmid was subjected to cycloheximide chase
at the indicated times and immunoblotted for the HA tag. Note that the der1 phenotype is
suppressed by the DER1 overexpressing plasmid.
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Figure 2-3: Range of the UPR reporter.
The unfolded protein response was evaluated using the 4xUPRE-GFP reporter in wild type,
usa1, der1, or usa1der1 strains. Mean GFP fluorescence of 10,000 cells per strain/condition
was obtained by flow cytometry. These values were normalized against the wild type to obtain
fold-induction of the UPR. Log-phase cultures were treated with 1mM DTT for 1 hour (black
bars) to induce the UPR. Gray bars indicate no drug treatment.
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1B, C) and CPY* (Ref. (3) and Fig. 2-2E). Furthermore, overexpression of DER1 from
the strong TDH3 promoter did not suppress the degradation defect of usa1 for either
Hmg2p-GFP (Fig. 2-2D) or CPY* (Fig. 2-2E). Thus, Usa1p has a broader role in ERAD
than Der1p, whose ERAD function is restricted to degradation of ERAD-L substrates.
We next examined if Usa1p was important in Hrd1p self-degradation. Hrd1p is
associated with and strongly stabilized by Hrd3p. In the absence of Hrd3p, Hrd1p
undergoes rapid degradation mediated by its own RING-H2 domain, with a half-life of
~10 minutes (ref. (7) and Fig. 2-4A). 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 hrd3 null strain to test the role of Usa1p in Hrd1p selfdegradation. In the hrd3 background Hrd1p showed the expected low steady state levels
and rapid degradation when compared to the HRD3 wild type strain (Fig. 2-4A, “wild
type” vs. hrd3). In contrast, a usa1 alone had no effect on Hrd1p stability. However,
the added presence of the usa1 completely inhibited Hrd1p degradation in the hrd3,
and restored the initial steady-state levels to nearly those of the control HRD3 strain in
which Hrd1p is quite stable. Thus, Usa1p was absolutely required for Hrd1p selfdestruction. We developed a ubiquitination assay to test if Usa1p was required for Hrd1p
self-ubiquitination (Fig. 2-4B). In the hrd3, 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 accumulation of ubiquitinated
Hrd1p, and then carried out immunoprecipitation with anti-Hrd1p antibodies followed by
immunoblotting for ubiquitin or Hrd1p itself. To allow the action of the proteasome
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Figure 2-4: Usa1p is required for Hrd1p self-degradation.
A. The effect of a usa1 on Hrd1p stability was evaluated in both wild type and hrd3 strains.
The indicated strains were evaluated for Hrd1p stability by cycloheximide chase followed by
Hrd1p immunoblotting. B. Effect of usa1 on Hrd1p self-ubiquitination observed in the absence
of Hrd3p. The indicated strains were treated with the proteasome inhibitor MG132 for 2.25 hours,
and subjected to lysis, immunoprecipitation of Hrd1p, and immunoblotting for Hrd1p (bottom
panel) or ubiquitin (top panel) to evaluate Hrd1p self-ubiquitination. A hrd1 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 pdr5 null mutation to
allow effective use of MG132. C. Comparison of the effect of usa1 or der1 on the hrd3dependent degradation of Hrd1p. The indicated strains were compared for Hrd1p stability by
cycloheximide chase for the indicated times. Note that the der1 still allowed significant
degradation of Hrd1p. D. Hrd1p self-ubiquitination in the indicated strains (with added pdr5).
The identical Hrd1p self-ubiquitination assay as described in part (B) was employed. E.
Degradation of TDH3-driven Hrd1p was evaluated in strains containing either empty vector or
TDH3-USA1 by cycloheximide chase followed by immunoblotting for Hrd1p. F. Degradation of
TDH3-driven RING Hrd1p-5myc was evaluated in strains containing either empty vector or
TDH3-USA1 by cycloheximide chase followed by immunoblotting for the myc epitope to detect
RING-Hrd1p.

36

inhibitors, a pdr5 null mutation was included in all strains (18). Hrd1p works primarily
with the E2 Ubc7p (6) and we confirmed that the ubiquitination seen in our assay is
Ubc7p dependent, shown in Fig. 2-5. Due to 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 immunoprecipitated Hrd1p in each lane (Fig. 24B). Usa1p was absolutely required for Hrd1p self-ubiquitination; there was no
detectable Hrd1p self-ubiquitination in the hrd3usa1 double null. Thus, Usa1p
mediates Hrd1p self-ubiquitination, ultimately resulting in the destruction of Hrd1p.
It has been reported that Der1p is required for Hrd1p degradation (19). We
wondered if the powerful stabilizing effect of usa1 on Hrd1p self-degradation was
caused by a loss of Usa1p-mediated interaction between Hrd1p and Der1p. We directly
compared the effect of either a usa1 or der1 on Hrd1p degradation in a hrd3 strain
(Fig. 2-4C). In the simple case of Usa1p mediating the interaction of Der1p and Hrd1p,
the phenotypes would be expected to be the same, or perhaps more severe in the der1.
In fact, the der1 had a modest stabilizing effect on Hrd1p; its phenotype was much
weaker than that caused by usa1 (Fig. 2-4C). Similarly, der1 had only a small effect
on Hrd1p ubiquitination in the hrd3, while usa1 showed complete inhibition (Fig. 24D).
In the course of doing these studies, we discovered an epitope-specific effect that
further distinguished Der1p from Usa1p. Hrd1p with a C-terminal triple-HA tag is a
reliable, functional version of Hrd1p that we have used in many studies. However, in the
usa1 background, Hrd1p-3HA shows a reproducible and dramatic mobility shift of ~12
kD by gel mobility (Fig. 2-6, arrow). This shift was highly specific for the usa1 null,
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Figure 2-5: Hrd1p self-ubiquitination detected by the in vivo assay is Ubc7p dependent.
In vivo ubiquitination of Hrd1p was evaluated by treating log-phase cultures with MG132 to
allow accumulation of Hrd1p, followed by immunoprecipitation of Hrd1p and immunoblotting
for ubiquitin and Hrd1p.
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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 (unpublished observation). In light of this ambiguous
mobility shift, unless otherwise specified, native untagged Hrd1p was used throughout
our work. While the nature of the shift remains unclear, it is nevertheless another way to
assess the degree of similarity between usa1 and der1 mutants. Direct comparison
showed that the shift of Hrd1p-3HA was not observed in the der1, but was seen in the
usa1 mutant, either with or without Hrd3p present (Fig. 2-6, arrow). Thus, by this
criterion as well, the losses of Usa1p and Der1p have distinct phenotypes.
Hrd1p self-degradation in the absence of Hrd3p is extremely rapid at native levels
(Fig. 2-2A and (7,19)). However, when overexpressed, Hrd1p 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. Since we had shown Usa1p to be required for Hrd1p self-ubiquitination and
degradation, we reasoned that Usa1p was the “missing” component preventing rapid
degradation of overexpressed Hrd1p. When we overexpressed both HRD1 and USA1
from the same strong promoter (TDH3), we observed much faster degradation of Hrd1p
(Fig. 2-4E), indicating that Usa1p 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 Hrd1p5myc), 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
addition of TDH3-driven USA1 (Fig. 2-4F), indicating that Usa1p interacts with the C-
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Figure 2-6: The usa1  -dependent mobility shift of 3HA-Hrd1p was not recapitulated by the
der1 .
Indicated strains expressing 3HA-Hrd1p from its native promoter were evaluated by HA
immunoblotting for Hrd1p levels and mobility. Only the usa1 strain showed a significant
change in HA-tagged Hrd1p mobility (arrow).
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terminal half of Hrd1p.
Usa1p contains a cytoplasmic ubiquitin-like (Ubl) domain (3). We tested the Ubl
domain for involvement in Usa1p’s ERAD functions. We made two versions of USA1
lacking this domain. One was a clean deletion of 100 amino acids (USA1UBL), while
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 (USA1UBL-myc) (Fig. 2-7A). We first
asked whether the Ubl domain was required for Hmg2p degradation. The different
versions of USA1UBL were expressed in a usa1 strain, so that the only Usa1p present
would be the mutant Usa1p. We evaluated degradation of Hmg2p-GFP in wild type,
usa1, USA1UBL, and USA1UBL-myc strains (Fig. 2-7B, left). Hmg2p-GFP
degradation was impaired in the usa1 strain as shown previously (Fig. 2-1C) but was
equivalent to wild type in the two USA1UBL strains, demonstrating that the Ubl domain
of Usa1p 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
degradation of another ERAD-M substrate, Sec61-2p, to determine if the Ubl domain is
dispensable for ERAD-M substrates in general. Sec61-2p is a mutant version of the
Sec61p translocon protein. Sec61-2p is unstable at 37˚C and is degraded by the ERAD
machinery, causing cell death since Sec61p is essential (20). If ERAD is impaired,
Sec61-2p is not degraded, and the cells can live at the high temperature. We took a sec612 usa1 strain and added back either empty vector, USA1, USA1UBL, or USA1UBLmyc and made 5-fold serial dilutions and compared growth at the permissive temperature
(30˚C) and the non-permissive temperature (37˚C) (Fig. 2-7B, right). As expected, the
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Figure 2-7: Role of the Ubl domain in ERAD and Hrd1p self-degradation.
A. Schematic of USA1 and USA1UBL. Two versions of USA1UBL were made, one with a
clean deletion of 100 amino acids (USA1UBL) and one with 5 copies of the myc epitope tag in
place of the deleted sequence (USA1UBL-myc). B. Hmg2p-GFP degradation in wild type,
usa1, USA1UBL, and USA1UBL-myc strains (left) was analyzed by flow cytometry of logphase cultures treated with cycloheximide for the indicated times. Sec61-2p degradation (right)
was analyzed by dilution assay in wild type, usa1, USA1UBL, and USA1UBL-myc strains. 5fold serial dilutions were plated and grown at the indicated temperatures. C. CPY* degradation
(left) and KWW degradation (right) in wild type, usa1, USA1UBL, and USA1UBL-myc
strains was analyzed by cycloheximide chase for the indicated time points, followed by lysis and
immunoblotting for the HA epitope tag. D. Hrd1p degradation was evaluated by cycloheximide
chase. Hrd1p degradation was compared in wild type, hrd3, USA1UBL hrd3, and
usa1hrd3 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 of the Hrd1p and immunoblotting 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), overexpressed USA1
(TDH3-USA1), and overexpressed USA1UBL (TDH3-USA1UBL) was analyzed by
cycloheximide chase followed by immunoblotting for Hrd1p. G. Degradation of overexpressed
RING Hrd1p-5myc in strains with empty vector (EV), overexpressed USA1 (TDH3-USA1), and
overexpressed USA1UBL (TDH3-USA1UBL) was analyzed by cycloheximide chase followed
by immunoblotting for the myc epitope.
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Figure 2-7, continued
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strain with full-length Usa1p (and therefore intact ERAD) was temperature-sensitive due
to Sec61-2p degradation. The empty vector strain, which has the usa1 null mutation
(and therefore impaired ERAD), was able to grow normally at 37˚C, indicating that
Usa1p is required for Sec61-2p degradation in addition to being required for Hmg2p
degradation. The two versions of Usa1pUBL were also temperature sensitive and were
undistinguishable from wild type Usa1p, demonstrating that the Ubl domain is not
required for Usa1p’s role in ERAD-M. Usa1pUBL and Usa1pUBL-myc expressed in
an otherwise wild type strain did not confer temperature sensitivity on their own (Fig. 28). Thus, Usa1p’s role 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 both CPY* (left) (21) and KWW (right) (22) was
assayed in wild type, usa1, USA1UBL, and USA1UBL-myc strains (Fig. 2-7C). As
expected, these substrates were strongly stabilized in the usa1 strain. Degradation of
both CPY* and KWW in the USA1UBL 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-ubiquitination and
degradation. Usa1pUBL was introduced as the only version of Usa1p expressed in a
hrd3 strain and subjected to cycloheximide chase to evaluate Hrd1p stability in this case
(Fig. 2-7D). Hrd1p was strongly stabilized in the USA1UBL hrd3 strain as compared
to the hrd3 alone (Fig 2-7D). As expected, this stabilization was due to a loss of Hrd1p
self-ubiquitination (Fig. 2-7E). Thus, the Ubl domain of Usa1p is necessary for Hrd1p to
undergo self-ubiquitination and degradation, allowing for control of Hrd1p levels by
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Figure 2-8: Expression of Usa1pUBL does not cause temperature sensitivity.
Dilution assays were performed by growing dense cultures of each strain (wild type, usa1, or
strains containing USA1UBL or USA1UBL-myc as the sole version of USA1) and plating 5fold serial dilutions, followed by incubation at the indicated temperatures.

45

Usa1p.
We also looked at the role of the Ubl domain in Usa1p-mediated degradation of
overexpressed Hrd1p. While overexpression of Usa1p restored rapid degradation of
Hrd1p (Fig. 2-4E), the overexpression of Usa1pUBL had no effect on stability of
overexpressed full-length Hrd1p (Fig. 2-7F), or the C-terminal RING domain (Fig. 27G), indicating that the Ubl domain is required for degradation of Hrd1p at all levels. In
fact, it appears that overexpressed Usa1pUBL was partially dominant negative, since it
improved the stability of overexpressed Hrd1p in these experiments.
One model for Usa1p’s critical role in Hrd1p self-degradation 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 trans. 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-terminal myc-tagged version of C399S Hrd1p, so that
we could distinguish between the C399S Hrd1p and the untagged, wild type Hrd1p. 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 trans. Overexpression of wild type Hrd1p (from the
TDH3 promoter) resulted in very slow, if any, degradation of the C399S Hrd1p (Fig. 29A). However, addition of TDH3 driven Usa1p to this same strain resulted in pronounced
degradation of the C399S Hrd1p. This strongly suggested that Hrd1p does in fact undergo
trans-ubiquitination, and supports our model that Usa1p is required for Hrd1p to undergo
trans-ubiquitination. As expected, overexpression of Usa1p alone in the absence of
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Figure 2-9: Hrd1p undergoes Usa1p-dependent self-ubiquitination in trans.
A. Degradation of C399S Hrd1p-5myc was analyzed by cycloheximide chase. Strains containing
overexpressed (TDH3) HRD1, and either empty vector, TDH3-USA1, TDH3-USA1UBL, or a
strain containing only TDH3-USA1 were subjected to cycloheximide 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 overexpressed HRD1 and USA1 was
subjected to cycloheximide chase with the addition of the proteasome inhibitor MG132. Logphase cells were pre-treated for 30 minutes with 25 g/mL MG132 (or DMSO vehicle) for 15
minutes prior to addition of cycloheximide. C. Trans-degradation of C399S requires catalytically
active Hrd1p. A C399S Hrd1p-5myc strain containing either TDH3-HRD1 or TDH3-C399S
HRD1 was subjected to cycloheximide chase for the indicated time points, followed by lysis and
immunoblotting for the myc epitope on C399S Hrd1p-5myc.

47

overexpressed Hrd1p did not cause C399S Hrd1p degradation. Importantly, the observed
C399S Hrd1p degradation was proteasome dependent since it was inhibited by MG132
(Fig. 2-9B). Moreover, this stimulated “trans-degradation” of C399S Hrd1-5myc required
addition of catalytically active Hrd1p; addition of TDH3-C399S Hrd1p did not support
trans-degradation of C399S Hrd1-myc (Fig. 2-9C). Overexpression of Usa1pUBL was
far less effective in promoting the Hrd1p-dependent degradation of C399S Hrd1p (Fig. 29A), consistent with our findings that the Ubl domain was required for Hrd1p
ubiquitination and degradation. Thus, Hrd1p self-destruction appears to be mediated by
trans-ubiquitination of Hrd1p brought about through the action of Usa1p.
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. 2-10A); this phenotype was
dependent on Hrd1p activity, since 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 Usa1p. Indeed,
the strain with both HRD1 and USA1 expressed from the TDH3 promoter exhibited
normal growth (Fig. 2-10A), which was not surprising since Usa1p-stimulated
degradation lowered the Hrd1p steady state level. We next examined if lowering Hrd1p
levels was the sole mechanism by which Usa1p protected cells from Hrd1p-mediated
toxicity by testing Usa1pUBL, which does not promote Hrd1p degradation.
Surprisingly, overexpression of Usa1pUBL also restored wild type growth in the strains
with overexpressed Hrd1p. However, as shown in Fig. 2-7F, the Hrd1p in this case is
stable, so the absence of Hrd1p-mediated toxicity cannot be attributed to simply lowering
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Figure 2-10: Usa1p abolishes toxicity of overexpressed Hrd1p.
A. Growth of strains was compared by making 5-fold serial dilutions and incubating at 30˚ or
35˚C. Wild type was compared against strains containing overexpressed Hrd1p with the addition
of empty vector (EV), overexpressed USA1, or overexpressed USA1UBL. B. Hmg2p-GFP
degradation was evaluated in strains containing overexpressed Hrd1p with the addition of empty
vector (EV), overexpressed USA1, or overexpressed USA1UBL. Log-phase cultures were treated
with cycloheximide for the indicated times and analyzed by flow cytometry. C. CPY*
degradation was evaluated in strains containing overexpressed Hrd1p and either overexpressed
USA1 or overexpressed USA1UBL, and compared to 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.
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the levels of Hrd1p. This suggested that Usa1p has a separate regulatory action on Hrd1p.
Another interpretation could be that overexpressing Usa1pUBL renders Hrd1p unable to
catalyze any ubiquitination reactions, which would explain both the stability of Hrd1p
and the lack of toxicity. However, degradation of both Hmg2p-GFP (Fig. 2-10B), and
CPY* (Fig. 2-10C) proceeded normally in strains with overexpressed Usa1pUBL, as
compared to strains with overexpressed Usa1p. This indicates that Usa1p was limiting the
toxicity of Hrd1p in a highly selective manner. Thus, Usa1p appears to function as a
regulator of Hrd1p, both through promotion of self-degradation and by direct regulation
of its activity.
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DISCUSSION
Usa1p is the newest member of the consortium of proteins comprising the HRD
complex in yeast. Its discovery in elegant proteomic studies identified Usa1p as an
ERAD factor involved in degradation of ERAD-L substrates (3), perhaps through a
structural role linking other components to Hrd1p. We have thoroughly investigated the
role of Usa1p in ERAD and within the HRD complex, and found that Usa1p 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 Usa1p. However, Usa1p was not absolutely required for
degradation of ERAD-M substrates such as Hmg2p, but increased the efficiency of
substrate degradation. Consistent with this, a usa1 null stabilized both regulated and
unregulated versions of Hmg2p, as well as Sec61-2 (Fig. 2-7B) and CD4 (T. Sommer,
pers. comm.), but not Pdr5p (Ref. (3), and data not shown) or Hmg2p in the presence of
high degradation signals. Thus, the usa1 creates a Hrd1p hypomorph that has a
decreased but not absent ability to recognize membrane substrates. There are several
potential mechanisms by which Usa1p may be increasing the efficiency of substrate
degradation by the HRD complex. One possibility is that Usa1p might assist in substrate
recognition and delivery to the Hrd1p ligase. Because we have found that Usa1p
abolishes Hrd1p-mediated toxicity, an intriguing idea is that Usa1p might help channel
substrates to the ligase, or prevent Hrd1 from accessing non-substrates. In the absence of
Usa1p, Hrd1p activity would be less efficient but also less specific.
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Usa1p may promote the formation of Hrd1p multimers, which could be more
efficient for substrate ubiquitination than a single Hrd1p molecule. Consistent with this
idea, we found that Usa1p 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 Usa1p 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 Usa1p may be influencing the activity of
Hrd1p, and clarifying these models will be an important future activity.
Usa1p has been previously shown to mediate association of Der1p to Hrd1p (3).
However, we now show that Usa1p has a direct role in the HRD pathway distinct from
Der1p recruitment. Direct comparison showed that a der1 null did not affect the
degradation of the ERAD-M substrates stabilized by loss of Usa1p, indicating an
additional role for Usa1p. If the sole function of Usa1p were to recruit Der1p,
overexpression of Der1p might be expected to suppress a usa1. High levels of Der1p
were unable to suppress the stabilization of CPY* in a usa1 null, again suggesting
separable roles for these two proteins. Although it has been reported that Der1p is
required for Hrd1p self-degradation (23), we found that the der1 only partially
stabilized Hrd1p, and still allowed self-ubiquitination, in striking contrast to the usa1.
This disparity in Hrd1p regulation is another readout of a direct action of Usa1p that is
distinct from that of Der1p. However, the non-additivity of each null's UPR is consistent
with these proteins functioning in the same lumenal ERAD pathway. Thus, the full
picture of Usa1p function is most likely a combination of mediating Der1p association
with the HRD complex, and direct actions of Usa1p on the Hrd1p ligase.
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We found that Usa1p played a crucial role in Hrd1p self-degradation. Hrd1p
undergoes rapid self-ubiquitination and degradation in the absence of Hrd3p that was
completely abolished in a usa1 null, indicating that Usa1p is required for Hrd1p selfdestruction. Previously, it was thought that a lack of Hrd3p was both necessary and
sufficient to effect degradation of Hrd1p. 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 support this idea: in
situations where Hrd1p is over expressed in the absence of Hrd3p, it is degraded slowly,
with a half-life of ~ 1-2 hours instead of the 10-minute half-life observed for native
Hrd1p in a hrd3 strain. The reason for the slow degradation of this un-partnered Hrd1p
had eluded us until now, when we realized that Usa1p might become limiting in strains
with overexpressed Hrd1p. Indeed, we observed that rapid degradation of Hrd1p was
restored by sufficient expression of Usa1p. Moreover, Usa1p promoted degradation of
Hrd1p lacking its transmembrane domain, indicating that Usa1p productively interacts
with the C-terminal half of Hrd1p. Taken together, the data from both native and
overexpressed Hrd1p indicate that a key function of Usa1p is to promote degradation of
Hrd1p in the absence of Hrd3p, allowing for stringent control of Hrd1p levels.
We have suggested a simple model for the specific role of Usa1p in Hrd1p selfubiquitination, in which Usa1p mediates an association that brokers efficient transfer of
ubiquitin from one Hrd1p molecule to another, resulting in the remarkably fast selfdegradation rate of Hrd1p 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,
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not surprisingly, stable when expressed alone or in the presence of overexpressed Hrd1p.
However, when Usa1p was also present 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, Usa1p works to eliminate un-partnered Hrd1p by mediating its
self-ubiquitination, allowing for its ultimate degradation.
Usa1p contains a ubiquitin-like domain in its N-terminal cytoplasmic region (3),
and we were interested in determining its importance in Usa1p function. Versions of
Usa1p lacking the Ubl domain supported wild type degradation of both membrane and
lumenal substrates, but ubiquitination and degradation of Hrd1p was severely impaired.
The domain itself was required for Hrd1p degradation, since replacing the Ubl domain
with 5 copies of the myc epitope tag (roughly equal in size to the deleted region) to
preserve the register of the protein also impaired Hrd1p degradation while supporting
substrate ERAD. Thus, the Ubl domain was specifically required for Hrd1p selfdegradation, but was not required for degradation of any other ERAD substrates besides
Hrd1p, allowing us to consider 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 overexpressed Hrd1p, we found that trans-ubiquitination
of Hrd1p was impaired in a strain with Usa1pUBL in place of wild type Usa1p. This
suggests that one function of the Ubl domain may be to mediate an association between
two Hrd1p molecules in order to permit efficient trans-ubiquitination. However, it has
recently been shown that the Ubl domain of Usa1p does not interact directly with Hrd1p,
and that the Ubl domain does not interact with the proteasome subunit Rpt5p (24). These
findings suggest that Usa1p’s Ubl domain likely does not have a role in additional
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downstream steps of degradation. While the mechanism of Ubl domain function remains
unclear, it is clear that the function of the Ubl domain of Usa1p is principally for
promoting Hrd1p self-ubiquitination, in a manner that appears to be distinct from that of
ERAD substrates.
Overexpression of Hrd1p causes a slow growth phenotype in yeast (Ref. (4) and
Fig. 2-10A) that is dependent upon Hrd1p activity (Ref. (4) and data not shown). In these
strains, as previously discussed, Hrd1p undergoes slow degradation. Addition of
overexpressed Usa1p restored normal kinetics of Hrd1p degradation, thus lowering its
levels. It is therefore not surprising that in these strains, the Hrd1p-mediated toxicity was
alleviated. Surprisingly, overexpression of Usa1pUBL, which does not promote Hrd1p
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 Usa1pUBL, explaining why there is neither Hrd1p degradation nor a
growth deficit. Importantly, substrate degradation proceeded normally in the presence of
Usa1pUBL, indicating that Hrd1p was functioning normally and ruling out this
possibility. The second and more intriguing interpretation suggested by the preservation
of substrate degradation is that Usa1p somehow restrains Hrd1p, preventing promiscuous
ubiquitination of inappropriate ER-localized substrates and thereby preventing Hrd1p’s
toxic effects. This could occur either by Usa1p directly regulating or activating Hrd1p or
by Usa1p playing a role in governing which substrates are presented to Hrd1p for
ubiquitination. One way in which Usa1p could control access to Hrd1p would be to alter
its localization. However, indirect immunofluorescence of overexpressed Hrd1p and
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RING Hrd1p-5myc in the presence and absence of overexpressed Usa1p showed no
obvious changes in the ER-localization of Hrd1p (unpublished observation), although we
cannot rule out the possibility of more subtle changes brought about by Usa1p.
Taken together, these studies indicate that Usa1p has an important and primary
role in the action and regulation of Hrd1p. This relationship is likely to be conserved
since the Herp protein appears to be the mammalian counterpart to Usa1p, and will even
complement some of the function of Usa1p in the yeast null mutant (3). Usa1p is needed
for optimal function of Hrd1p, and it is absolutely required for Hrd1p self-degradation.
Thus, Usa1p's effects are dichotomous: loss of Usa1p decreases Hrd1p efficiency, but
could also increase its steady-state levels in circumstances where self-degradation
modulates Hrd1p levels. Moreover, Usa1p appears to play a crucial role in regulation of
Hrd1p, preventing cellular toxicity by curbing Hrd1p’s activity when appropriate. The
importance of these Usa1-type regulators of the HRD complex will be of interest both in
normal circumstances, and in cases where the Hrd1p ligase is elevated or over-abundant,
such as in rheumatoid arthritis (25), or in cases where ER stress elevates the levels of the
HRD complex (26).
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EXPERIMENTAL PROCEDURES
Plasmids and DNA Methods- The following plasmids were previously described:
pRH469 (Hmg2p-GFP) (27); pRH244 (6Myc-Hmg2p) (13); pRH423 (1Myc-Hmg2p)
(28); pRH 2038 (TDH3-Der1p) (17); pRH 808 (TDH3-Hrd1p) (6). Plasmids expressing
HA-CPY* (pRH1377) and KWW-HA (pRH1960) were obtained from Davis Ng (29).
Details about plasmids constructed for this study can be found in Table 2-1. All plasmids
were constructed with standard molecular biology techniques as previously described
(30). PCR was carried out as previously described (30), and plasmids constructed using
PCR were sequence verified (Eton Bioscience Inc). USA1UBL mutants were generated
using PCR strand overlap extension (SOEing) (31,32) as described in table 2-1.
Yeast Strains and Media- Yeast strains were grown in minimal medium
supplemented with 20% dextrose and appropriate amino acids, at 30˚C as previously
described (33). All strains were isogenic and are tabulated in Table 2-2. All strains used
in this work were derived from our lab strain background, a derivative of S288C. RHY
2863 is a wild type strain from which most strains were derived. RHY 2814 was
previously described (34). Yeast strains were transformed with DNA or PCR fragments
using the LiOAc method (35). Null alleles were generated by using PCR to amplify a
selection marker flanked by 50 base pairs of the 5’ and 3’ regions immediately adjacent
to the coding region of the gene to be deleted (36). The selectable markers used for
making null alleles were the LEU2 gene (amplified from pRS405), or genes encoding
resistance to G418 or ClonNat/nourseothricin (Werner Bio-Agents, Jena, Germany).
After transformation, strains with drug markers were plated first onto YPD and allowed
to grow at 30˚ for 18-24 hours, before replica-plating onto YPD plates containing the
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appropriate drug (500μg/mL G418 or 200μg/mL nourseothricin). All gene deletions were
confirmed by PCR.
Dilution Assays- Yeast strains were grown to high density (OD600 > 1.5).
Beginning with an OD600 of 0.35, 5-fold serial dilutions were made and spotted onto the
appropriate drop-out plates, followed by incubation at the indicated temperatures for 2
days (30˚C and 35˚C) or 3 days (37˚C).
Degradation Assays and UPR measurements- Cycloheximide (CHX) chase assays
were performed by addition of CHX to log-phase cultures followed by lysis at indicated
times, as previously described (30,33). Briefly, log-phase cultures (OD600 0.2-0.45) were
pelleted and resuspended to an equal OD600 in a smaller volume of fresh, appropriately
supplemented minimal medium. Cycloheximide was added to a concentration of
50μg/mL and an equal volume of culture was removed at specified time points. At each
time point, the sample was pelleted by centrifugation. Lysis began with the addition of
100μL 0.5mM glass beads and 100 μL SUME (1% SDS, 8 M urea, 10 mM MOPS, pH
6.8, 10 mM EDTA) + protease inhibitors (260 μM [4-2(2-aminoethyl) benzenesulphonyl
fluoride (AEBSF), 142 μM tosylphenylalanine chloro-methyl ketone (TPCK), 100 μM
leupeptin, 76μM pepstatin A). Samples were then vortexed for three minutes, followed
by addition of 100uL 2X USB (75 mM MOPS, pH 6.8, 4% SDS, 200 mM DTT, 0.2
mg/ml bromophenol blue, 8 M urea) and 10 minute incubation at 55˚C. (For Hmg2p
substrates, samples were vortexed with 3 cycles of 1 min on, 1 min rest (denoted 3 x1),
and incubated at 50˚C to prevent aggregation). Finally, the lysates were clarified by a 5minute centrifugation before SDS-PAGE (8% Tris-Glycine gels) and immunoblotting.
Equal loading of gels was confirmed by India ink staining of the nitrocellulose
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membranes (33). GFP levels were analyzed in living cells (10,000 cells per sample) by
flow microfluorimetry of log-phase cultures (27), using a FACScalibur machine (Becton
Dickinson) and CellQuest software.
Drugs- Where indicated, cultures were treated with the squalene synthase
inhibitor zaragozic acid (ZA) at a final concentration of 10μg/ml, from a 25 mg/ml stock
solution of ZA dissolved in DMSO. ZA was generously donated by Merck & Co
(Rahway N.J.).
Immunoprecipitation- Immunoprecipitations were performed essentially as
described (37,38). Details and minor variations are described below. Log-phase cultures
(0.1<OD600<0.3) were lysed with addition of 100L glass beads and 100L SUME +
protease inhibitors (same as above) and 5mM N-ethylmaleimide. This was followed by
vortexting 3 x1 min, and lysates were then incubated for 10 minutes at 55˚C (50˚C for
Hmg2p substrates), followed by removal of the lysate and washing of the glass beads
with 650L IPB (15mM Na2HPO4, 150mM NaCl, 2% Triton X-100, 0.1% SDS, 0.5%
DOC, 10mM EDTA) + protease inhibitors (same as above) and 5mM N-ethylmaleimide.
The lysate and IPB wash were combined, and clarified by centrifugation for 5 min,
followed by addition of the antibody and 5 min incubation on ice. The samples were then
incubated 12-18 hours at 4˚C. 100uL Protein-A Sepharose CL-4B beads (10%w/v)
(Amersham) was added to each tube and incubated 2-3 hours at 4˚C. Beads were washed
once with 1mL IPB and once with 1mL wash buffer (50mM NaCl, 10mM Tris). The
beads were then aspirated to dryness, and 55L 2X USB was added, followed by
incubation at 50˚ (Hmg2p-GFP IP) or 55˚C (all other IPs) for 10 minutes. The USB was
then removed and centrifuged 5 min before loading on 8% Tris-Glycine gels. In vivo
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Hrd1p ubiquitination was assayed by immunoprecipitating Hrd1p from pdr5 null strains
after treatment of log-phase cultures (OD600<0.25) with the proteasome inhibitor
MG132 (Z-leu-leu-al; Sigma Aldrich) for 2-25 hours prior to lysis.
Antibodies and Immunoblotting- Immunoblotting for proteins in cellular lysates or
in ubiquitination assays was performed as described (37,38). Following electrophoresis
and transfer to nitrocellulose, immunoblotting was carried out using the following
antibodies. The blocking solution for all antibodies was 5% milk in TBST (10mM Tris,
pH 8.0, 150mM NaCl, 0.5% (v/v) Tween20), except for anti-ubiquitin, which requires
blocking with 20% heat-inactivated calf-serum in TBSHT (TBST with 0.45% (v/v)
Tween20). Additionally, to readily detect ubiquitin, the nitrocellulose was autoclaved
prior to blocking (30 min liquid cycle, 15 min gravity). Anti-hemagglutinin (HA) was
obtained as an ascites fluid from Covance, Inc. Monoclonal anti-Myc 9E10 antibody was
obtained as previously described (13). Monoclonal anti-GFP was obtained from
(Clontech (BD Biosciences)). Monoclonal anti-ubiquitin was obtained from Zymed. For
immunoprecipitating Hmg2p-GFP, 20 μL of polyclonal anti-GFP antiserum (obtained
from C. Zuker; University of California, San Diego) was used for each sample. For
immunoprecipitating Hrd1p, 25μL of rabbit polyclonal anti-Hrd1 antiserum was added to
each sample. Anti-Hrd1 was generated as previously described (7). For western blotting,
2-5 μL of 2-7mg/mL affinity-purified anti-Hrd1 was incubated at least 8 hours at 4˚C in
TBST with 100μL of lysate from a hrd1 strain, prior to probing the blot. Horseradish
Peroxidase (HRP)-conjugated goat anti-rabbit was obtained from Zymed. HRPconjugated goat anti-mouse was obtained from Jackson ImmunoResearch. Light-chain
specific HRP-conjugated mouse anti-rabbit was obtained from Jackson ImmunoResearch,
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and was used in the detection of Hrd1p following immunoprecipitation with polyclonal
Hrd1 antiserum.
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Table 2-1: Plasmids used in Chapter 2
Plasmid #
pRH 1316

Gene
PTDH3-HRD1

pRH 2501

USA1

pRH 2502

PTDH3-USA1

pRH 2503

USA1UBL

pRH 2504

PTDH3-USA1

pRH 2505

PTDH3-USA1UBL

pRH 2510

RING HRD1-5myc

pRH 2512

PTDH3-USA1UBL

pRH 2514

C399S HRD15myc

pRH 2536

USA1UBL-5myc

Construction Details
PTDH3-HRD1 from pRH 808 (6) was subcloned into a
LEU2 (pRS405) backbone
Wild-type USA1 + 850 bp 5’ and 600 bp 3’ to ORF
was amplified from our lab strain background using
oligos oRH3997 and oRH3398. This was cut/ligated
into pRS404 with Xho1 and Sac1.
The TDH3 promoter was amplified using
oRH4001/oRH4017; the N-terminal region of USA1
was amplified using oRH3999/oRH4000. The two
fragments were joined together using PCR SOEing
with oRH3999/oRH4017 and digested/ligated into
pRH 2501 with XhoI/NcoI.
A region of USA1 lacking the UBL domain was
created by PCR SOEing using oligos
oRH4014/oRH3905 and oRH3906/oRH3518. The two
fragments were joined together with
oRH3518/oRH4014 The insert was digested/ligated
into pRH2501 with NcoI/PstI.
PTDH3-USA1 was cut out of pRH2502 and ligated into
pRH313 (pRS406) with XhoI/SalI.
The TDH3 promoter/USA1 N-terminal region from
pRH2502 was cut with Xho1/Nco1 and ligated into
pRH2503 to create TDH3-driven USA1UBL.
HRD1 with a 5x myc tag was amplified from pTX301
(generously obtained from E. Jarosch and T. Sommer)
using oRH4058/oRH4059. This was digested with
XhoI/NotI and ligated into pRH311 (pRS404) to
obtain pRH2513. The C-terminal region of HRD15myc was cut out of pRH2513 with BglII/SpeI and
ligated into pRH1227 (7).
PTDH3-USA1UBL was cut out of pRH2505 with
XhoI/SalI and ligated into pRH 313 (pRS406).
A region of HRD1 containing the C399S mutation was
cut out of pRH1245 (7) using NcoI/BglII and ligated
into pRH2513 (described above).
USA1UBL-5myc was creating using a 3-way PCR
SOEing. The 5’ side of USA1 was amplified from
pRH2501 with oligos oRH4014/oRH4132. The 3’ side
of USA1 was amplified from pRH2501 with oligos
oRH3518/oRH4133. The myc filler sequence was
amplified from pRH2513 with oligos
oRH4126/oRH4127. These three products were
combined in a single reaction with oligos
oRH4014/oRH3518. This product was digested with
NcoI/PstI and ligated back into pRH 2501 digested
with the same enzymes.
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Table 2-2: Yeast Strains used in Chapter 2
RHY#

Genotype

Figures

2048

MAT ade2-101 met2 lys2-801
ura3-52::URA3::4XUPRE::GFP TRP1 leu2 his3200
MATa ade2-101 met2 lys2-801 ura3-52 trp1::hisG
leu2 his3200
MATa ade2-101 met2 lys2-801 ura3-52
trp1::hisG::TRP1::HRD1-3HA leu2 his3200
MATa ade2-101 met2 lys2-801
ura3-52::URA3::pTDH3-HMG2-GFP
trp1::hisG leu2 his3200
MATa ade2-101 met2 lys2-801 ura3-52
trp1::hisG::TRP1::HRD1-3HA leu2 his3200
usa1::KanMX
MATa ade2-101 met2 lys2-801 ura3-52
trp1::hisG::TRP1::HRD1-3HA leu2 his3200
usa1::KanMX hrd3::LEU2
MATa ade2-101 met2 lys2-801 ura352::URA3::pTDH3-HMG2-GFP
trp1::hisG::TRP1::HRD1-3HA leu2 his3200
der1::CloNAT
MATa ade2-101 met2 lys2-801 ura3-52 trp1::hisG
leu2 his3200 hrd3::KanMX
MATa ade2-101 met2 lys2-801 ura3-52
trp1::hisG::TRP1::HRD1-3HA leu2 his3200
hrd3::KanMX
MATa ade2-101 met2 lys2-801
ura3-52::URA3::pTDH3-HMG2-GFP
trp1::hisG leu2 his3200 hrd3::KanMX
MATa ade2-101 met2 lys2-801
ura3-52::URA3::pTDH3-HMG2-GFP
trp1::hisG leu2 his3200 usa1::CloNAT
MATa ade2-101 met2 lys2-801 ura3-52 trp1::hisG
leu2 his3200 usa1::KanMX
MATa ade2-101 met2 lys2-801 ura3-52 trp1::hisG
leu2 his3200 hrd3::KanMX usa1::CloNAT
MATa ade2-101 met2 lys2-801 ura3-52 trp1::hisG
leu2 his3200 hrd3::KanMX der1::CloNAT
MAT ade2-101 met2 lys2-801
ura3-52::URA3::4XUPRE::GFP TRP1 leu2 his3200
der1::CloNAT
MAT ade2-101met2 lys2-801
ura3-52::URA3::4XUPRE::GFP TRP1 leu2
his3200 usa1::KanMX
MAT ade2-101 met2 lys2-801
ura3-52::URA3::4XUPRE::GFP TRP1 leu2 his3200
der1::CloNAT usa1::KanMX

2-2A

2863
5280
5290

5412

5461

6202

6219
6444

6732

6733

7378
7379
7381
7382

7383

7384

2-4A, 2-4C
2-8
2-1C, 2-1D, 2-1E,
2-1F, 2-2B, 2-2D, 2-7B
2-8

2-8

2-8

2-4A, 2-4C
2-8

2-1C, 2-1D, 2-1E, 2-2B

2-1C, 2-1D, 2-1E,
2-1F, 2-2B, 2-2D, 2-7B
2-4A
2-4A, 2-4C
2-4C
2-2A, 2-3

2-2A, 2-3

2-2A, 2-3
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Table 2-2, continued
7385
7386

7387

7389

7396

7398

7399

7400

7404
7405
7406
7407

7408
7409
7410

7411

7413

MATa ade2-101 met2 lys2-801
ura3-52::URA3::6MYC HMG2 trp1::hisG leu2 his320
MATa ade2-101 met2 lys2-801
ura3-52::URA3::6MYC-HMG2 trp1::hisG leu2
his3200 hrd3::KanMX
MATa ade2-101 met2 lys2-801
ura3-52::URA3::6MYC-HMG2 trp1::hisG
leu2 his3200 usa1::CloNAT
MATa ade2-101 met2 lys2-801
ura3-52::URA3::6MYC-HMG2 trp1::hisG
leu2 his3200 der1::CloNAT
MATa ade2-101 met2 lys2-801
ura3-52::URA3::pTDH3-HMG2-GFP
trp1::hisG leu2 his3200 der1::CloNAT
MATa ade2-101 met2 lys2-801
ura3-52::URA3::1MYC-HMG2 trp1::hisG
leu2 his3200
MATa ade2-101 met2 lys2-801
ura3-52::URA3::1MYC-HMG2 trp1::hisG
leu2 his3200 hrd3::KanMX
MATa ade2-101 met2 lys2-801
ura3-52::URA3::1MYC-HMG2 trp1::hisG
leu2 his3200 usa1::CloNAT
MATa ade2-101 met2 lys2-801 ura3-52 trp1::hisG
leu2 his3200 pdr5::LEU2
MATa ade2-101 met2 lys2-801 ura3-52 trp1::hisG
leu2 his3200 pdr5::LEU2 hrd3::KanMX
MATa ade2-101 met2 lys2-801 ura3-52 trp1::hisG
leu2 his3200 pdr5::LEU2 usa1::CloNAT
MATa ade2-101 met2 lys2-801 ura3-52 trp1::hisG
leu2 his3200 pdr5::LEU2 hrd3::KanMX
usa1::CloNAT
MATa ade2-101 met2 lys2-801 ura3-52 trp1::hisG leu2
his3200 pdr5::LEU2 der1::KanMX
MATa ade2-101 met2 lys2-801 ura3-52 trp1::hisG leu2
his3200 pdr5::LEU2 hrd3::KanMX der1::CloNAT
MAT ade2-101 met2 lys2-801
ura3-52::URA3::HMG2cd::HMG2-GFP
trp1::hisG leu2 his3200 hrd1::KanMX pdr5::LEU2
MATa ade2-101 met2 lys2-801
ura3-52::URA3::pTDH3-HMG2-GFP
trp1::hisG leu2 his3200 2μ::LEU2::pTDH3-DER1
MATa ade2-101 met2 lys2-801
ura3-52::URA3::pTDH3-HMG2-GFP trp1::hisG leu2
his3200 usa1::CloNAT 2 μ::LEU2::pTDH3-DER1

2-1B, 2-2C
2-1B, 2-2C

2-1B, 2-2C

2-2C

2-2B

2-1A

2-1A

2-1A

2-4B, 2-4D, 2-7D,
2-7E, 2-5
2-4B, 2-4D, 2-7D,
2-7E, 2-5
2-4B, 2-4D
2-4B, 2-4D

2-4D
2-4D
2-4B, 2-4D, 2-7D,
2-7E, 2-5
2-2D

2-2D
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Table 2-2, continued
7415

7417

7419

7420
7422
7424
7464

7465

7466

7726
7743

7746

7757

8054
8058

8062

MATa ade2-101 met2 lys2-801
ura3-52::URA3::pTDH3-HMG2-GFP trp1::hisG leu2
his3200 der1::CloNAT 2μ::LEU2::pTDH3-DER1
MATa ade2-101 met2 lys2-801
ura3-52::URA::pTDH3-HMG2-GFP
trp1::hisG::TRP1::pTDH3-HRD1 leu2 his3200
MATa ade2-101 met2 lys2-801 ura3-52::URA::pTDH3HMG2-GFP trp1::hisG::TRP1::pTDH3-HRD1 leu2
his3200 usa1::CloNAT
MATa ade2-101 met2 lys2-801 ura3-52 trp1::hisG leu2
his3200 CEN::URA3::pCPY*-HA
MATa ade2-101 met2 lys2-801 ura3-52 trp1::hisG leu2
his3200 usa1::CloNAT CEN::URA3::pCPY*-HA
MATa ade2-101 met2 lys2-801 ura3-52 trp1::hisG leu2
his3200 der1::CloNAT CEN::URA3::pCPY*-HA
MATa ade2-101 met2 lys2-801 ura3-52 trp1::hisG leu2
his3200 CEN::URA3::pCPY*-HA
2μ::LEU2::pTDH3-DER1
MATa ade2-101 met2 lys2-801 ura3-52 trp1::hisG leu2
his3200 usa1::CloNAT CEN::URA3::pCPY*-HA
2μ::LEU2::pTDH3-DER1
MATa ade2-101 met2 lys2-801 ura3-52 trp1::hisG leu2
his3200 der1::CloNAT CEN::URA3::pCPY*-HA
2μ::LEU2::pTDH3-DER1
MATa ade2-101 met2 lys2-801 ura3-52 trp1::hisG leu2
his3200 hrd3::ClonNat pdr5::KanMX ubc7::LEU2
MATa ade2-101 met2 lys2-801 ura3-52::URA3::pTDH3HMG2-GFP trp1::hisG::TRP1::pTDH3-USA1
leu20::LEU2::pTDH3-HRD1 his3200
MATa ade2-101 met2 lys2-801
ura3-52::URA3::pTDH3-HMG2-GFP trp1::hisG::TRP1
leu20::LEU2::pTDH3-HRD1 his3200
MATa ade2-101::ADE2::pTDH3-HMG2-GFP met2
lys2-801 ura3-52 trp1::hisG::TRP1::USA1UBL leu2
his3200 pdr5::LEU2 usa1::ClonNat
MATa ade2-101 met2 lys2-801 ura3-52 trp1::hisG::TRP1
leu2LEU2 his3200 CEN::URA3
MATa ade2-101 met2 lys2-801
ura3-52::URA3::pTDH3-USA1
trp1::hisG::TRP1::pTDH3-HRD1 leu2LEU2 his3200
MATa ade2-101 met2 lys2-801
ura3-52::URA3::pTDH3-HMG2-GFP
trp1::hisG::TRP1::pTDH3-USA1UBL
leu2:::LEU2::pTDH3-HRD1 his3200

2-1F

2-1F

2-2E
2-2E, 2-7C
2-2E

2-2E

2-2E

2-5
2-4E, 2-7F, 2-10B

2-4E, 2-7F, 2-10B

2-6

2-10A
2-10A

2-7F, 2-10B
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Table 2-2, continued
8071

8072

8155
8168

8216

8217

8219

8255

8339
8340
8341

8349

8378

8384

MATa ade2-101 met2 lys2-801 ura3-52::URA3
trp1::hisG::TRP1::pTDH3-RING-HRD1-5myc leu2
his3200
MATa ade2-101 met2 lys2-801
ura3-52::URA3::pTDH3-USA1
trp1::hisG::TRP1::pTDH3-RING HRD1-5myc
leu2 his3200
MATa ade2-101 met2 lys2-801 ura3-52
trp1::hisG::TRP1leu2 his3200
MATa ade2-101 met2 lys2-801
ura3-52::URA3::pTDH3-USA1UBL
trp1::hisG::TRP1::pTDH3-RING HRD1-5myc
leu2 his3200
MATa ade2-101 met2 lys2-801
ura3-52::URA3::pTDH3-USA1
trp1::hisG:TRP1::C399S HRD1-5myc leu2::LEU2
his3200 pdr5::KanMX
MATa ade2-101 met2 lys2-801
ura3-52::URA3::pTDH3-USA1
trp1::hisG:TRP1::C399S HRD1-5myc
leu2::LEU2::pTDH3-HRD1 his3200 pdr5::KanMX
MATa ade2-101 met2 lys2-801
ura3-52::URA3::pTDH3-USA1UBL
trp1::hisG::TRP1::pTDH3-HRD1 leu2LEU2 his3200
pdr5::KanMX
MATa ade2-101 met2 lys2-801
ura3-52::URA3::pTDH3-USA1UBL
trp1::hisG:TRP1::C399S HRD1-5myc
leu2::LEU2::pTDH3-HRD1 his3200 pdr5::KanMX
MAT ade2-101 LYS2 ura3-52 trp1::hisG::TRP1
leu2-3,112 HIS3 sec61-2 usa1::KanMX
MAT ade1-101 LYS2 ura3-52 trp1::hisG::TRP1::USA1
leu2-3,112 HIS3 sec61-2 usa1::KanMX
MAT ade2-101 LYS2 ura3-52
trp1::hisG::TRP1::USA1UBL
leu2-3,112 HIS3 sec61-2 usa1::KanMX
MATa ade2::ADE2::pTDH3-HMG2-GFP met2 lys2-801
ura3-52 trp1::hisG::TRP1 leu2::LEU2 his3200
CEN::URA3::pCPY*-HA
MATa ade2-101 met2 lys2-801 ura3-52
trp1::hisG::TRP1::USA1UBL-5myc leu2 his3200
pdr5::leu2 usa1::ClonNat
MATa ade2-101 met2 lys2-801 ura3-52
trp1:hisG::TRP1::USA1UBL-5myc leu2 his3200
usa1::ClonNat CEN::URA3::pCPY*-HA

2-4F, 2-7G

2-4F, 2-7G

2-6
2-7G

2-9A

2-9A, 2-9B, 2-9C

2-10A

2-9A

2-7B
2-7B
2-7B

2-7C

2-7D, 2-7E, 2-6

2-7C
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Table 2-2, continued
8387

8390

8398

8408
8409

8410

8411

8414

8421
8422

8424
8513

8515

MAT ade2-101LYS2 ura3-52
trp1::hisG::TRP1::USA1UBL-5myc
leu2-3,112 HIS3 sec61-2 usa1::KanMX
MATa ade2-101 MET2 lys2-801
ura3-52::URA3::pTDH3-HMG2-GFP
trp1::hisG::TRP1::pTDH3-USA1UBL-5myc leu2
his3200 usa1::CloNAT
MATa ade2-101 met2 lys2-801 ura3-52
trp1:hisG::TRP1::USA1UBL leu2 his3200
usa1::ClonNat pdr5::leu2 CEN::URA3::pCPY*-HA
MATa ade2-101 met2 lys2-801 ura3-52 trp1::hisG leu2
his3200 pdr5::leu2 CEN::URA3::3HA-KWW
MATa ade2-101 met2 lys2-801 ura3-52 trp1::hisG leu2
his3200 pdr5::leu2 usa1::ClonNat
CEN::URA3::3HA-KWW
MATa ade2-101::ADE2::pTDH3-HMG2-GFP met2
lys2-801 ura3-52 trp1::hisG::TRP1::USA1UBL leu2
his3200 pdr5::leu2 usa1::ClonNat
CEN::URA3::3HA-KWW
MATa ade2-101 met2 lys2-801 ura3-52
trp1::hisG::TRP1::USA1UBL-5myc leu2 his3200
usa1::KanMX
MATa ade2-101 met2 lys2-801
ura3-52::URA3::4xUPRE::GFP trp1::hisG leu2
his3200
MATa ade2-101 met2 lys2-801 ura3-52 trp1::hisG::TRP1
leu2 his3200 usa1::KanMX
MATa ade2-101 met2 lys2-801
ura3-52::URA3::pTDH3-HMG2-GFP
trp1::hisG::TRP1::pTDH3-USA1UBL leu2 his3200
usa1::CloNAT
MATa ade2-101 met2 lys2-801 ura3-52::URA3
trp1::hisG::TRP1::pTDH3-HRD1 leu2LEU2 his3200
MATa ade2-101 met2 lys2-801
ura3-52::URA3::pTDH3-USA1
trp1::hisG:TRP1::C399S HRD1-5myc
leu2::LEU2::pTDH3-C399S HRD1 his3200
pdr5::KanMX
MATa ade2-101 met2 lys2-801 ura3-52::URA3
trp1::hisG:TRP1::C399S HRD1-5myc
leu2::LEU2::pTDH3-HRD1 his3200 pdr5::KanMX

2-7B

2-7B

2-7C

2-7C
2-7C

2-7C

2-7C

2-3

2-6
2-7B

2-10A
2-9B

2-9A
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CHAPTER 3
Characterization of the functions of Hrd3p in ERAD:
Hrd3p participates in regulation of the ubiquitin ligase Hrd1p and has a
direct role in degradation of misfolded membrane proteins
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ABSTRACT
ERAD is a conserved quality control pathway that eliminates misfolded or mutant
proteins through the ubiquitin-proteasome system. In yeast, misfolded proteins are polyubiquitinated at the ER by one of two major ubiquitin ligase complexes. The HRD ligase
complex contains the RING-H2 ubiquitin ligase Hrd1p, as well as numerous cofactors,
including Hrd3p and Usa1p. We have found that Hrd3p and Usa1p play opposing roles in
the HRD complex, in order to effect regulation of Hrd1p protein levels and activity.
Hrd3p stabilizes Hrd1p while Usa1p promotes Hrd1p degradation in the absence of
Hrd3p. Control of Hrd1p levels appears to be determined solely by the actions of Hrd3p
and Usa1p and not by any of the other numerous HRD complex members. Additionally,
we have clearly shown that Hrd3p has a direct role in the degradation of lumenal ERAD
(ERAD-L) substrates, as expected and in agreement with published work. We have
further found that Hrd3p has a direct role in the degradation of misfolded membrane
substrates (ERAD-M), including Hmg2p, the yeast homolog of the sterol biosynthesis
enzyme HMGR. The role for Hrd3p in degradation of membrane substrates did not
depend upon Yos9p, a lectin involved in degradation of glycosylated lumenal substrates,
indicating that Hrd3p has distinct and direct actions in ERAD-L and ERAD-M. A limited
mutational analysis of Hrd3p suggested that different regions of the Hrd3p lumenal
domain may be involved in its different ERAD functions. Thus, this study has expanded
the role for Hrd3p, inviting more mechanistic studies in the future to fully understand not
only the direct role of Hrd3p in substrate degradation, but to define the apparently
antagonistic relationship between Usa1p and Hrd3p.
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INTRODUCTION
ER-associated degradation (ERAD) is a highly conserved process responsible for
eliminating misfolded or mutant proteins from the ER (1). This quality control pathway is
important for preventing the cellular stress and cytotoxicity that can occur when
misfolded proteins accumulate (2-5). ER-localized ubiquitin ligases covalently modify
misfolded proteins by attaching a polyubiquitin chain, targeting them for destruction by
the 26S proteasome. ERAD is also involved in the disposal of normal proteins, as in the
case of HMG-CoA reductase, a highly regulated enzyme that catalyzes the rate-limiting
step of sterol synthesis (6).
Polyubiquitination of proteins requires a well-characterized cascade of enzymatic
reactions. First, a ubiquitin-activating enzyme (E1) forms a high-energy thioester bond
with ubiquitin, in an ATP-dependent reaction. The activated ubiquitin is then transferred
to a ubiquitin-conjugating enzyme (E2, UBC). Finally, a ubiquitin ligase (E3) facilitates
transfer of the ubiquitin molecule from the E2 onto a lysine residue of the substrate
protein. Successive addition of ubiquitin molecules onto the first substrate-bound
ubiquitin results in a polyubiquitin chain that targets the substrate protein to the 26S
proteasome where it undergoes degradation (7,8).
ERAD is a highly conserved process (1), illustrating the importance of this quality
control pathway in maintaining cellular health. Many of the ERAD processes have been
worked out in S. cerevisiae. In yeast, Hrd1p is one of two key ubiquitin ligases, and was
discovered in a screen looking for components involved in the regulated degradation of
the sterol biosynthesis enzyme Hmg2p (9), and is required for the degradation of many
other ERAD substrates (1,10-13). Hrd1p is a 6-transmembrane spanning ER membrane
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protein, with a C-terminal catalytic RING-H2 domain facing the cytoplasm (14,15).
Quality control ligases must, by nature, be able to recognize a wide variety of protein
substrates, and do so in part through the action of cofactors, and Hrd1p functions in a
complex with a number of other proteins.
Hrd3p is a key partner protein for Hrd1p – in the absence of Hrd3p, Hrd1p is
rapidly degraded with a 10-12 minute half-life (15,16). Hrd3p was identified in the same
screen as Hrd1p, as a protein required for degradation of Hmg2p (9). Hrd1p and Hrd3p
associate very tightly, and together are constitute the core of the HRD complex. Hrd3p
has a large lumenal domain, and is tethered to the ER membrane with a single
transmembrane span (15,16), although the transmembrane span appears to be dispensable
for Hrd3p function and is not found in all Hrd3p homologs (9,17). Hrd3p’s role in
stabilizing Hrd1p has been well documented (15,16), and our studies with truncated
Hrd3p implied it may have a more direct role in ERAD (15).
Additional studies have identified a number of HRD complex members, including
Der1p, Ubx2p, the Cdc48-Npl4-Ufd1 complex, Kar2p, Yos9p, and Usa1p (18-20). While
all of these proteins are involved in the degradation of ERAD substrates, we previously
demonstrated that Usa1p has a particularly important role in regulation of Hrd1p, both by
controlling its protein level as well as a more direct role in managing the activity of
Hrd1p (21). Usa1p promotes the degradation of Hrd1p, which seems to oppose the action
of Hrd3p. We now have additional evidence for an antagonistic relationship between
Usa1p and Hrd3p, suggesting that they both work to regulate Hrd1p in order to achieve
proper substrate ubiquitination.
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We have also further investigated the function of Hrd3p itself in the degradation
of substrates. We have now clearly demonstrated that Hrd3p has a direct role in
degradation of both membrane substrates (ERAD-M) and lumenal substrates (ERAD-L).
This direct function for Hrd3p is distinct from its Hrd1p stabilization function, which we
were able to differentiate by using a strain background in which active Hrd1p is stable in
the absence of Hrd3p. Several groups have found that Hrd3p participates in interactions
with other HRD complex members, including Yos9p and Kar2p, in order to deliver
lumenal glycosylated substrates to Hrd1p (18-20). These factors were dispensable for
Hrd3p’s direct role in membrane substrate degradation, suggesting a separate action for
Hrd3p in the degradation of these two types of substrates. Importantly, independent
stabilization of Hrd1p allowed us to directly investigate the function of Hrd3p without
instead observing phenotypes due to a lack of Hrd1p.
A better understanding of the direct ERAD function of Hrd3p should inform our
understanding of the relationship between Usa1p and Hrd3p, and to this end we have
begun a mutational analysis of Hrd3p. Hrd3p is a versatile protein, participating in
conjunction with Usa1p in the regulation of Hrd1p, in the recruitment of lumenal ERAD
factors to the HRD complex, and is now known to be directly involved in the degradation
of misfolded membrane substrates.
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RESULTS
Hrd3p and Usa1p have opposing functions in the HRD complex. As we have
previously demonstrated, Hrd3p and Usa1p appear to have opposing functions with
regards to Hrd1p stability. In the absence of Hrd3p, Hrd1p is rapidly degraded with a
short half-life of approximately 10-12 minutes (15). Thus, Hrd3p is required for Hrd1p
stability. In contrast, Usa1p was shown to be required for degradation of Hrd1p by
promoting its self-ubiquitination, leading to degradation by the ERAD machinery (21)
(Fig. 3-1A). Hrd1p self-ubiquitination was dependent upon the UBL domain of Usa1p,
and Hrd1p was stabilized in the absence of Hrd3p in a strain expressing Usa1pUBL
(21), shown in Fig. 3-1B. It appears that Hrd3p prevents the ability of Usa1p to promote
Hrd1p self-degradation. To further understand this relationship between the members of
the HRD complex, we used an over-expression approach, which allowed us to investigate
the components of interest, in this case Hrd1p, Hrd3p, and Usa1p, in relative isolation
from the other, genomically expressed ERAD pathway components. We expressed
Hrd1p, Hrd3p, and Usa1p from the strong TDH3 promoter, which results in at least 10fold more protein than the native promoters (data not shown). We believe that expressing
these proteins from the same strong promoter likely gives a similar 1:1 stoichiometry of
the complex members, as seen with the native proteins (19). While addition of overexpressed Usa1p to a strain with over-expressed Hrd1p significantly increased the
degradation rate of Hrd1p as previously described (21), further addition of overexpressed Hrd3p prevented the degradation of Hrd1p (Fig. 3-1C). This over-expression
result suggested that Hrd3p works on its own to prevent the Usa1p-dependent
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Figure 3-1: Hrd3p is required for Hrd1p stability while Usa1p is required for Hrd1p
degradation.
A. Log-phase cultures of WT, hrd3, usa1, or usa1hrd3 strains were analyzed for Hrd1p degradation
by cycloheximide (CHX) chase, followed by lysis and immunoblotting for Hrd1p. B. Log-phase cultures of
WT, hrd3, usa1hrd3, or USA1UBLhrd3 strains were analyzed for Hrd1p degradation as in part (A).
C. Stability of over-expressed (TDH3-driven) Hrd1p was analyzed by CHX chase in strains containing
empty vector, TDH3-USA1, TDH3-USA1UBL, TDH3-HRD3, or TDH3-USA1 and TDH3-HRD3 as in
parts (A) and (B).
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degradation of Hrd1p. Taken together, the phenotypes from both over-expressed and
native promoter-driven HRD complex components suggest that Hrd3p and Usa1p play
opposing roles within the HRD complex in regards to Hrd1p dynamics. Although at least
some of the mechanism for how Usa1p is able to promote the degradation of Hrd1p has
been elucidated (21), it remains unclear how Hrd3p stabilizes Hrd1p.
Hrd3p antagonizes the protective effects of Usa1p against Hrd1p-mediated
toxicity. We previously showed that over-expression of Usa1p prevents the Hrd1pmediated toxicity that results from elevated levels of Hrd1p (21). Over-expression of
Hrd3p alone in addition to Hrd1p did not affect the degree of Hrd1p-mediated toxicity
(Fig. 3-2A, compare rows 2 and 6), suggesting that Usa1p is solely responsible for its
protective effects. Interestingly, although Usa1p clearly exerted a protective effect on
cells over-expressing Hrd1p, even when Hrd1p levels remained high (21), further
addition of over-expressed Hrd3p to these strains completely abolished the protective
effect of Usa1p, and restored the growth deficit seen in strains over-expressing Hrd1p
alone (Fig. 3-2A). This further suggested that Hrd3p and Usa1p have opposing roles
within the HRD complex, and lends support to the idea that Hrd3p may be promoting or
unleashing the ubiquitin ligase activity of Hrd1p. However, much work remains to be
done to further characterize and define this antagonistic relationship between Hrd3p and
Usa1p. Interestingly, when over-expressed Hrd3p was added back to a strain overexpressing both Hrd1p and Usa1pUBL, we did not observe any growth deficit due to
Hrd1p-mediated toxicity (Fig. 3-2B). This indicates that the UBL domain of Usa1p may
be involved in the mechanism of Hrd3p antagonism of Usa1p function.
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Figure 3-2: Hrd3p function opposes that of Usa1p.
A. Growth of the indicated strains was compared by making 5-fold serial dilutions of strains overexpressing the indicated HRD complex members. Plates were incubated at either 30˚C or 35˚C, as
indicated. The arrow () indicates expression from the TDH3 promoter. B. Growth of strains was
compared as in part (A). C. Degradation of CPY*0000, a nonglycosylated version of the ERAD substrate
CPY*, was analyzed by cycloheximide (CHX) chase. Degradation of CPY*0000 was measured in logphase cultures in strains containing over-expressed HRD1, and either empty vector (EV), over-expressed
USA1 (TDH3-USA1), or over-expressed USA1UBL (TDH3-USA1UBL), and compared to a wild type
and hrd1 null strain. Cultures were treated with CHX for the indicated times.
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In order to test whether over-expression of Hrd1p causes toxicity by promiscuous
ubiquitination of non-substrates, we evaluated degradation of CPY*0000, a
nonglycosylated mutant version of CPY*. CPY*0000 is not normally ubiquitinated and
degraded by the ERAD pathway, but does undergo some degradation when Hrd1p is at
high levels (18,22). We also observed CPY*0000 degradation in the presence of overexpressed Hrd1p (Fig. 3-2C). Over-expression of Usa1p protects cells from Hrd1pmediated toxicity; if it does so by limiting non-specific ubiquitination, then we might
expect over-expression of Usa1p to prevent degradation of CPY*0000 when Hrd1p is
over-expressed. However, we found the opposite to be true – over-expression of Usa1p in
addition to Hrd1p did not prevent degradation of CPY*0000, and may have even
improved it slightly (Fig. 3-2C). However, this was only a test of one specific protein,
and we cannot rule out the hypothesis that Usa1p prevents Hrd1p-mediated toxicity by
disallowing non-specific ubiquitination of ER-localized proteins. In fact, CPY*0000
might actually be a poor choice of test substrate for this scenario, since in recent work,
Usa1p was found to be required for degradation of nonglycosylated lumenal ERAD
substrates (13). Usa1p’s proposed counterpart in mammals, HERP, has also been shown
to be important for degradation of nonglycosylated ERAD substrates (23). Thus, Usa1p
may have a normal role in promoting degradation of nonglycosylated proteins, and may
therefore recognize CPY*0000 as a valid substrate for ubiquitination.
Hrd3p improves substrate ubiquitination in vitro and substrate degradation
in vivo. The mechanisms behind Hrd3p stabilization of Hrd1p and its potential
antagonistic relationship with Usa1p are currently unknown. Perhaps Hrd3p is unleashing
Hrd1p’s ligase activity, thus antagonizing Usa1p, or maybe Hrd3p channels Hrd1p’s
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ligase activity toward other proteins as means to stabilize Hrd1p. With the aim of
beginning to investigate these ideas, we made use of an in vitro assay for ERAD (24,25).
The in vitro assay consists of combining microsome fragments of ER membranes derived
from one strain with cytosol derived from another strain. Neither the microsome strains
nor the cytosol strains contain all of the components required for ubiquitination of ERAD
substrates. When the microsomes and cytosol are combined, and ATP is added,
ubiquitination of substrates present in the microsome strains can occur. Typically, the in
vitro assay requires over-expressed Hrd1p in order to achieve sufficient substrate
ubiquitination for detection. When microsome preparations were made from a strain
containing both over-expressed Hrd3p and Hrd1p, ubiquitination of Hmg2p-GFP was
increased significantly (4-5 fold) compared to a microsome strain over-expressing Hrd1p
alone (Fig.3-3A). This observation suggests that Hrd3p may be activating or increasing
the activity of Hrd1p, but could also mean that that Hrd3p plays an important, direct role
in degradation of ERAD substrates. Although over-expression of Hrd1p is sufficient for
degradation of substrates such as Hmg2p-GFP in vivo, and can suppress a hrd3 null
mutant (15), further addition of over-expressed Hrd3p was able to slightly increase the
efficiency of Hmg2p-GFP degradation in vivo (Fig. 3-3B).
Usa1p has been shown to improve Hrd1p-dependent degradation of membrane
substrates such as Hmg2p (21). Hrd3p was able to further increase the degradation of
Hmg2p-GFP in vivo in a strain containing over-expressed Hrd1p as well as overexpressed Usa1p (Fig. 3-3C), again suggesting that Hrd3p has an important role to play in
the function of the HRD ligase complex, perhaps by improving recruitment of the
substrates to the ligase.

82

Figure 3-3: Hrd3p increases ubiquitination activity of Hrd1p.
A. Hmg2p-GFP ubiquitination was evaluated using an in vitro assay. Microsomes made from strains with
over-expressed Hrd1p alone or over-expressed Hrd1p and over-expressed Hrd3p were combined with
cytosol prepared from a strain containing the E1, E2, and ubiquitin. The reaction mixtures were incubated
for 1 hour, either with (+) or without (-) ATP, followed by immunoprecipitation of Hmg2p-GFP and
immunoblotting for Hmg2p-GFP or the attached ubiquitin. B. Degradation of Hmg2p-GFP was evaluated
by flow cytometry after cycloheximide (CHX) addition using 10,000 cells per point. Log-phase cultures
with over-expressed HRD1 and either empty vector (left) or over-expressed HRD3 (right) were treated with
CHX for 2 hours (gray bars), or with no drug (black bars). The mean fluorescence is shown for each
strain/condition. C. Degradation of Hmg2p-GFP was evaluated by flow cytometry as in part (B). Cells
were treated with CHX for the indicated times, in strains with both over-expressed HRD1 and overexpressed USA1, and addition of either empty vector (square) or over-expressed HRD3 (circle). The
percent Hmg2p-GFP remaining was calculated for each time point.
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Hrd3p has a direct role in the degradation of membrane substrates. Previous work
(15) suggested that Hrd3p had a direct role in ERAD that was separable from its role in
Hrd1p stabilization; however, this data did not conclusively show that Hrd3p has a direct
ERAD function. Because the absence of Hrd3p causes rapid degradation of Hrd1p,
lowering its levels dramatically within the cell, it has been difficult to study Hrd3p
function directly, since any phenotypes observed could be due instead to the lack of
Hrd1p. We were able to genetically uncouple Hrd3p’s Hrd1p stabilization function from
its other roles in ERAD, allowing us to demonstrate clearly that Hrd3p has a direct role in
degradation of ERAD-M substrates.
To show that Hrd3p has a direct role in the degradation of ERAD substrates, we
took advantage of a mutant version of Usa1p, Usa1pUBL, which does not support
degradation of Hrd1p in the absence of Hrd3p (21). Importantly, Usa1pUBL is able to
support wild-type degradation of both ERAD-M and ERAD-L substrates (21); thus,
USA1UBL allowed us to genetically uncouple the stability of Hrd1p from substrate
degradation. We analyzed degradation of ERAD-M substrates in a strain with
Usa1pUBL, either with or without Hrd3p. Degradation of Hmg2p-GFP proceeded with
wild type kinetics in the USA1UBL HRD3 strain, as expected, but was completely
abolished in the USA1UBL hrd3 strain (Fig. 3-4A). This demonstrated that Hrd3p has
a direct ERAD function for Hmg2p-GFP degradation.
Although Hrd1p is stabilized in a USA1UBL hrd3 strain as compared to the
rapid degradation seen in a hrd3 strain, the steady state level of Hrd1p is 2-3 fold lower
than in a wild type strain. The reason for the decreased steady state level of Hrd1p is not
yet clear, although it appears that any perturbation to HRD complex components results
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Figure 3-4: Hrd3p has a direct ERAD function.
A. Degradation of Hmg2p-GFP was analyzed in strains expressing USA1UBL, either with or without
HRD3 as indicated. Degradation of Hmg2p-GFP was evaluated by flow cytometry after cycloheximide
(CHX) addition to log-phase cultures using 10,000 cells per point. B. The levels of Hrd1p in wild type,
USA1UBL, USA1UBL hrd3, and USA1UBL hrd3 + HRD1 were evaluated by immunoblotting for
Hrd1p. C, Degradation of Sec61-2 was analyzed by a dilution assay. Sec61-2 strains with the additional
indicated genotypes were serially diluted 5-fold, and plates were incubated at either 30˚C or 37˚C. D.
Degradation of Hmg2p-GFP was analyzed by flow cytometry as in part (A). Hmg2p-GFP degradation was
compared in wild type, yos9, usa1, yos9usa1, or yos9 USA1UBL strains. E. CPY*HA degradation
was analyzed by CHX chase in wild type, USA1UBL, hrd3USA1UBL, or usa1 strains. Log-phase
cultures were treated with CHX for the indicated times, followed by lysis and immunoblotting for the HA
epitope.
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in a lower steady state level of Hrd1p, even if these components do not affect the rate of
degradation of Hrd1p (Fig. 3-7C and 3-8B). Thus, to ensure that the lower levels of
Hrd1p were not the cause of the block in Hmg2p-GFP degradation, we added an
additional copy of HRD1 on a plasmid, restoring levels of Hrd1p to those of wild type
(Fig. 3-4B). Direct comparison of Hmg2p-GFP degradation in a USA1UBL hrd3 strain
either with or without an extra copy of HRD1 showed no difference between the two
strains. However, we used the strains with an extra copy of HRD1 wherever possible to
ensure that our strains were as close to wild type as possible.
To determine whether this direct role for Hrd3p was general for membrane
substrates, rather than specific for the regulated degradation of Hmg2p, we investigated
another ERAD-M substrate, the unstable protein Sec61-2 (12). Sec61-2 is a mutant allele
of the essential translocation channel protein Sec61p, and is unstable at high temperature
and degraded by the ERAD pathway (12). Thus, if ERAD is functioning normally, at
higher temperature the unstable Sec61-2 is degraded and the cells die. If ERAD is
impaired, strains with Sec61-2 are able to live at the higher temperature because Sec61-2
is stabilized. We evaluated Sec61-2 and found that while growth of the USA1UBL strain
was equivalent to that of wild type, (Fig. 3-4C and (21)), growth in the USA1UBL
hrd3 strain was severely impaired (Fig. 3-4C), indicating a block in ERAD that
stabilized Sec61-2. Thus, it appears that Hrd3p has a direct role of in the degradation of
misfolded membrane substrates
Hrd3p has been shown to be involved in the degradation of ERAD-L substrates,
in large part due to its interaction with lumenal ERAD factors such as Yos9p (18-20).
Importantly, deletion of YOS9 did not impair Hmg2p-GFP degradation in a USA1UBL

86

strain background (Fig. 3-4D), indicating that the role Hrd3p plays in degradation of
ERAD-M substrates is independent of Yos9p.
We also investigated Hrd3p’s role in the degradation of lumenal substrates. As
previously discussed, Hrd3p interacts with lumenal ERAD factors including Yos9p and
Kar2p, and it is through these interactions that Hrd3p may have a direct role in ERAD-L.
We again used the USA1UBL strain, which has an intact HRD ligase complex capable
of degrading CPY* in normal conditions (21), and stable Hrd1p in the absence of Hrd3p
(Fig. 3-1B and (21). In the USA1UBL hrd3 strain, CPY* was completely stabilized
(Fig. 3-4E), showing that Hrd3p has a direct role in the degradation of lumenal substrates.
This is not surprising considering that numerous ERAD-L factors have been shown to
interact with Hrd3p’s large lumenal domain, but is the first definitive demonstration of
the ERAD-L requirement for Hrd3p.
Thus, Hrd3p has an important and direct role in the degradation of both misfolded
membrane and lumenal ERAD substrates that is distinct from its Hrd1p stabilization
function. Use of the USA1UBL hrd3 strain will allow us to carefully investigate this
direct role for Hrd3p in future studies.
Mutational analysis of HRD3. Now that we have a useful strain background in which to
investigate the direct ERAD function of Hrd3p, a mutational analysis of HRD3 can be
carried out. Hrd3p has a single transmembrane span and a short cytoplasmic region that
appears to be dispensable for Hrd3p function (15). Hrd3p’s functions are therefore likely
to be carried out through its large lumenal domain, which is broken down into two
general regions, termed “A” and “B” (15,18). The lumenal domain of Hrd3p contains
several tetratricopeptide (TPR) repeats (26), as well as 5 glycosylation sites (16) (Fig. 3-
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Figure 3-5: Mutational analysis of HRD3.
A. A schematic of the HRD3 mutants analyzed. Full-length HRD3 is shown with the location of TPR repeat
triplets marked. The transmembrane span is indicated by the black bar, while the gray bar near the Nterminus represents the HA epitope tag. Four HRD3 deletion mutants are depicted beneath the full-length
HRD3, with the thin line representing the deleted sections. All of these HRD3 mutants are driven by the
strong TDH3 promoter. The table to the right summarizes the findings for each truncation mutant. B.
Degradation of Hmg2p-GFP was evaluated by flow cytometry in hrd3 null strains with the indicated
HRD3 mutant (or wild-type) added back. Log-phase cultures were treated with cycloheximide (CHX) for 2
hours, and percent Hmg2p-GFP remaining following CHX treatment was calculated for each strain. C.
Ubiquitination of Hmg2p-GFP in the same strains as in part (B) was evaluated by immunoprecipitating
Hmg2p-GFP from log-phase cultures, followed by SDS-PAGE and immunoblotting for either Hmg2p-GFP
or the attached poly-ubiquitin, as indicated. D. Hrd1p stability was measured in the same strains as in (B)
and (C). Hrd1p-3HA degradation was evaluated by CHX chase for the indicated times, followed by lysis
and immunoblotting for the HA epitope. The arrow on the right indicates the position of Hrd1p-3HA. The
HRD3 mutants also have the HA epitope tag, and are indicated by the arrows to the left.
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Figure 3-5, continued
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5A). The TPR repeat is an alpha-helical motif that mediates protein-protein interactions,
and is found in proteins involved in diverse processes, including cell cycle control, cochaperones, protein transport, and other functions (27). Thus, the TPR repeats could be
contributing to Hrd3p’s direct ERAD functions. Within the HRD3 lumenal domain, there
are 3 triplets of TPR repeats, for a total of 9 TPR repeats (26). Each triplet is represented
as a single, solid block in Fig. 3-5A.
The original truncation suggesting that Hrd3p may have a direct ERAD-M
function was driven by the strong TDH3 promoter (15). We constructed several
truncation mutants of HRD3 also driven by the same TDH3 promoter. These truncations
were analyzed for their ability to stabilize Hrd1p and for their ability to promote
ubiquitination and degradation of Hmg2p-GFP, and were compared to the original
truncation mutant. The various mutants are depicted in Figure 3-5A. Only the first HRD3
mutant, HRD324-131, was able to support degradation of Hmg2p-GFP (Fig. 3-5B), and
was also the only truncation to support ubiquitination of Hmg2p-GFP (Fig. 3-5C).
Because HRD324-131 is missing the first TPR repeat of the first triplet, and is still
functional, we suggest that this TPR repeat is not involved in Hmg2p-GFP degradation.
However, the truncation mutant HRD324-270 is missing the second two repeats of the first
TPR triplet, and is unable to promote degradation of Hmg2p-GFP, suggesting that
perhaps these second two TPR repeats are involved in Hmg2p-GFP degradation.
All of the truncation mutants appeared to promote Hrd1p stability. HRD324-131
and HRD324-567 clearly were able to stabilize Hrd1p (Fig. 3-5D). Because HRD324-270
migrated as the same size as Hrd1p-3HA during SDS-PAGE, we were unable to

90

conclusively determine whether this mutant also stabilized Hrd1p. However, because
truncations both larger and smaller than this one did support Hrd1p stability, it seems
likely that HRD324-270 also stabilized Hrd1p. This mutational analysis suggested that
very little of Hrd3p is required to support Hrd1p stability, and that these mutants are able
to form functional proteins even though a large amount of the protein sequence is
missing. The region of Hrd3p required for Hrd1p stabilization appears to reside within
the last 260 amino acids. Published work showed that Hrd3p missing the last 170 amino
acids was unable to associate with Hrd1p (28). Hrd3p missing the cytoplasmic and
transmembrane regions behaves like wild type (15); all of these observations taken
together suggests that the region of Hrd3p necessary for Hrd1p stability lies between
amino acids 663-768. The mechanism for stabilization of Hrd1p by Hrd3p is still unclear.
However, the most C-terminal TPR repeat in the lumenal domain is immediately adjacent
to the region shown in (28) to be required for Hrd1p/Hrd3p interaction; thus, this TPR
repeat could be mediating this interaction.
An additional set of HRD3 mutants driven by the native HRD3 promoter were
made, and focused on deletion of some of the TPR repeats (Fig. 3-6A). Based upon the
results from the over-expressed truncation mutants shown above, we hypothesized that a
deletion of the first TPR repeat would not affect Hmg2p-GFP degradation, while deletion
of the second and third TPR repeats would prevent Hmg2p-GFP degradation. However,
deletion of the first TPR repeat (HRD3103-139) resulted in a very low level of Hrd3p
expression, likely indicating that this mutant Hrd3p is unstable (data not shown). It is
therefore not surprising that this TPR deleted Hrd3p did not support degradation of
Hmg2p (Fig. 3-6B). The second TPR deletion mutant, HRD3143-186, also did not support
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Figure 3-6: Deletion of TPR repeats in HRD3.
A. Represents full-length HRD3 with the location of TPR triplets marked. The deletions that were analyzed
are indicated above, with the region deleted encompassed between the carats. B. Degradation of Hmg2pGFP in strains was analyzed by flow cytometry. Log-phase cultures were treated with cycloheximide
(CHX) for 1.5 hours. The percent Hmg2p-GFP remaining was calculated for wild type, USA1UBL,
USA1UBL hrd3, USA1UBL HRD3103-139, and USA1UBL HRD3143-186 strains. C. Hmg2p-GFP
degradation was evaluated as in part (B), except CHX treatment was for 2 hours. The percent Hmg2p-GFP
remaining was calculated for wild type, hrd3, USA1UBL, USA1UBL hrd3, USA1UBL HRD3174-223,
and USA1UBL HRD3374-423 strains.
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Hmg2p-GFP degradation, despite being expressed at near wild-type levels, which agrees
with our prediction that the second TPR repeat is required for Hmg2p-GFP degradation.
The mutants HRD3174-223 and HRD3374-423 were expressed at wild-type levels (data not
shown), and did not support Hmg2p-GFP degradation (Fig. 3-6C). Taken together, this
suggests that the TPR repeats are crucial for Hrd3p’s functions. However, an alternative
interpretation is that removal of these regions results in a non-functional protein due to
serious structural alterations or instability.
While these native promoter-driven HRD3 mutants suggested that the TPR
repeats are important for the degradation of Hmg2p-GFP, there are still several
unresolved issues. First is the assumption that these truncations mutants support Hrd1p
stability – this is based on the over-expressed truncations, which supported Hrd1p
stability despite having far more protein sequence missing. Second, it will be important to
resolve the discrepancy between the two truncations mutants that are missing the same
TPR repeat. The over-expressed truncation HRD324-131 stabilized Hrd1p and supported
ubiquitination and degradation of Hmg2p-GFP, while the native promoter-driven
HRD3103-136 was expressed at very low levels and did not support Hmg2p-GFP
degradation. It is unclear why the smaller deletion would have less function than the
larger deletion, and these two mutants will need to be compared directly using the same
promoters. A better strategy for future study of the role of the TPR repeats in Hrd3p
function may be to mutate these domains rather than delete them entirely. Although the
TPR motif is relatively degenerate, there are some conserved residues that could be good
initial targets for directed mutagenesis (26,27).
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Figure 3-7: Yos9p is not involved in control of Hrd1p protein levels.
A. Degradation of CPY*HA was compared in a wild type and yos9 strain. Log-phase cultures were
treated with cycloheximide (CHX) for the indicated times, followed by lysis and immunoblotting for the
HA epitope. B. Degradation of Hmg2p was evaluated by flow cytometry in a wild type, yos9, and hrd3
strain. Log-phase cultures were treated with CHX for 4 hours, and the percent Hmg2p-GFP remaining was
calculated for each strain. C. Stability of Hrd1p was evaluated by CHX chase in wild type, hrd3, yos9,
or hrd3yos9 strains as in part (A). Hrd1p-3HA was detected by immunoblotting for the HA epitope.
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Hrd3p and Usa1p manage Hrd1p levels independently of other HRD
complex members. Proteomics studies identified additional components of the HRD
complex, including Usa1p, Yos9p, and Ubx2p (18,19). Usa1p was found to have an
important role in substrate degradation in these studies(19), and was later found to be
important in the regulation of Hrd1p (21). Yos9p has been identified as a lectin that is
involved in recognition of glycosylated ERAD substrates (18,29-31). Ubx2p is thought to
be an adaptor protein involved in recruitment of the Cdc48p complex to the ER
membrane for its functions in retrotranslocation (32,33). We investigated whether either
Yos9p or Ubx2p were required for Hrd1p degradation, as is the case for Usa1p.
As expected, we observed that Yos9p was required for degradation of CPY*, a
glycosylated lumenal ERAD substrate (Fig. 3-7A and (29-31)). Also in agreement with
published work, we found no role for Yos9p in the degradation of membrane substrates,
as demonstrated in Fig. 3-7B; degradation of Hmg2p-GFP in a yos9 null strain was
equivalent to that in a wild-type strain. We investigated the role of Yos9p in the stability
of Hrd1p, and found that the rapid degradation of Hrd1p in the absence of Hrd3p was not
altered by the removal of Yos9p (Fig. 3-7C). Although the steady-state level of Hrd1p
was decreased slightly in the absence of Yos9p, it appears that Yos9p has no role in the
regulation of Hrd1p protein levels.
We also investigated the role of Ubx2p in Hrd1p dynamics. The deletion of
Ubx2p caused a partial defect in degradation of Hmg2p-GFP, as expected from other
work ((33,34)) and Fig. 3-8A). Deletion of Ubx2p from a hrd3 null strain did not
stabilize the rapidly degraded Hrd1p (Fig. 3-8B), indicating that Ubx2p does not play a
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Figure 3-8: Ubx2p is dispensable for Hrd1p degradation.
A. Degradation of Hmg2p-GFP was evaluated by flow cytometry after cycloheximide (CHX) addition
using 10,000 cells per point. Log-phase cultures of wild type, ubx2, or hrd3 strains were treated with
CHX for 2 hours (gray bars), or with no drug (black bars). The mean fluorescence is shown for each
strain/condition. B. Stability of Hrd1p-3HA was evaluated in wild type, hrd3, ubx2, or hrd3ubx2
strains. Log-phase cultures were treated with CHX for the indicated times, followed by lysis and
immunoblotting for the HA epitope.
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role in control of Hrd1p levels. However, previous work from our laboratory showed that
Ubx2p was required for the in vitro retrotranslocation of Hrd1p (34). The Cdc48p
complex is required for retrotranslocation of ERAD substrates into the cytosol (35-37),
and Ubx2p is the adaptor that recruits Cdc48p to the ER membrane (32,33,38). However,
since Hrd1p was not stabilized in the absence of Ubx2p in vivo, Cdc48p must have
another way to be recruited to the membrane; in fact, Hrd1p has been shown to interact
with the Cdc48p complex, in an interaction dependent upon its catalytic activity
(19,28). Thus, although an absence of Ubx2p caused a defect in Hrd1p retrotranslocation
in vitro, there was no role in vivo for Ubx2p in the control of Hrd1p levels.
Hrd1p is found in a complex with several other proteins involved in ERAD.
While Usa1p and Hrd3p are clearly involved in regulation of Hrd1p by controlling its
levels and potentially its ligase activity, other complex members including Der1p (21),
Ubx2p, and Yos9p are not engaged in the regulation of Hrd1p.
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DISCUSSION
Hrd1p is a ubiquitin ligase involved in ER-associated degradation of misfolded
proteins, and is tightly associated with its partner protein Hrd3p. In the absence of Hrd3p,
Hrd1p undergoes rapid self-ubiquitination and degradation in a Usa1p-dependent manner
(21). Thus, Usa1p and Hrd3p have opposing roles with respect to Hrd1p stability. Hrd3p
is required to keep levels of Hrd1p high enough so that it can catalyze ubiquitination of
substrates, while Usa1p appears to prevent unpartnered Hrd1p from causing deleterious
effects to the cell by lowering Hrd1p levels.
When over-expressed, Hrd1p causes RING-dependent toxicity in yeast, which can
be alleviated by over-expression of Usa1p. Previous work showed that Usa1p lowered the
levels of Hrd1p by promoting its degradation; Usa1p was also able to exert a more direct
effect and prevent Hrd1p-mediated toxicity even when Hrd1p levels remained high (21).
Interestingly, further addition of over-expressed Hrd3p to these strains restored the
Hrd1p-mediated toxicity. Thus, despite the presence of Usa1p, which has been shown to
be protective, addition of Hrd3p appeared to antagonize this effect. One simple
explanation would be that addition of Hrd3p causes degradation of Usa1p. However, at
native levels, Usa1p is unaffected by the presence or absence of Hrd3p (S. Carroll,
unpublished observation). One interpretation of the Hrd1p-mediated toxicity data is that
over-expression of Hrd1p causes degradation of one specific protein that is essential, and
this leads to the observed growth deficits. However, it seems unlikely that a protein
would be degraded when Hrd1p is over-expressed alone, be stabilized by addition of
over-expression of Usa1p, and then have degradation restored by addition of Hrd3p.
Moreover, Hrd1p-mediated toxicity is not specific to yeast – a human homologue of

98

Hrd1p, synoviolin, is over-expressed in the synovial cells of rheumatoid arthritis patients,
where “hyper-ERAD” contributes to disease pathogenesis (39). Therefore, it is not
unreasonable to suggest that over-expression of Hrd1p has broad effects within the cell,
resulting in the observed toxicity phenotype.
One model for Hrd1p-mediated toxicity is that Hrd1p, when over-expressed, loses
specificity and catalyzes ubiquitination of proteins that are not supposed to be ERAD
substrates (18). Quality control ligases must strike a careful balance between adequate
detection and ubiquitination of misfolded or mutant proteins and avoidance of normal
proteins proceeding down the proper folding pathway. In excess of its complex members,
Hrd1p may be missing the ability to distinguish misfolded substrates from normal
proteins transiting through the ER. It seems that Usa1p and Hrd3p might work in a pushpull relationship to tilt Hrd1p one way or the other depending upon the state of the cell.
Hrd3p would thus have a dual role – to stabilize Hrd1p by preventing it from undergoing
self-ubiquitination, and to enhance Hrd1p’s activity toward other proteins. Usa1p could
be viewed as a moderator of Hrd1p’s activity, either ensuring it stays on target or
dampening its activity, and promoting Hrd1p’s degradation when its levels get too high.
However, these ideas remain speculative, and it will be an intriguing line of future
research to try to understand the careful regulation of this quality control ubiquitin ligase.
The in vitro assay for substrate ubiquitination has typically used over-expressed
Hrd1p, as well as over-expressed substrate, to achieve detectable levels of ubiquitination,
while most other ERAD components, such as Hrd3p, were present at native levels
(24,34). Use of over-expressed Hrd3p in an in vitro assay dramatically increased
ubiquitination of Hmg2p-GFP by 4-5 fold over an assay using Hrd1p alone, supporting
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the notion that Hrd3p may be enhancing or improving Hrd1p’s ubiquitination activity.
However, the addition of Hrd3p to the in vitro assay may be contributing to increased
substrate ubiquitination in other ways, including improving substrate delivery to Hrd1p.
While addition of over-expressed Hrd3p to the in vitro assay resulted in a marked
increase in substrate ubiquitination, addition of over-expressed Hrd3p had a modest effect
on substrate degradation in vivo. This may be due to limiting amounts of other ERAD
components in vivo, such as retrotranslocation and proteasome delivery factors. This in
vitro assay will be a powerful tool for trying to understand the relationship between
Usa1p and Hrd3p in the future. For example, if Usa1p really does restrain Hrd1p ligase
activity, it may reduce the dramatic increase in substrate ubiquitination caused by overexpressed Hrd3p in vitro.
Although Hrd3p’s Hrd1p stabilization function had been well characterized
(15,16), its other roles in ERAD have been less well defined. Hrd3p was originally
identified as being required for degradation of Hmg2p (9), and was also shown to be
required for degradation of lumenal substrates (16). However, the mechanism for Hrd3p
function has not been fully elucidated. In recent years, an important role for Hrd3p in
ERAD-L has emerged from work by numerous labs (18-20,28). Degradation of
misfolded lumenal proteins first requires the identification and delivery of these
misfolded, and usually glycosylated, proteins to the HRD ligase complex. The lumenal
ERAD factors Yos9p, a lectin, and Kar2p (BiP), a chaperone, interact with the lumenal
domain of Hrd3p, and have been proposed to deliver glycosylated substrates to Hrd1p
(18,19). Hrd3p itself has also been shown to interact directly with lumenal substrates,
such as CPY*, as well as CPY*0000, which is not normally degraded by ERAD,
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suggesting that Hrd3p may be involved in distinguishing substrates from other proteins in
the lumen (18). Thus, it appears that Hrd3p has a direct role in ERAD-L, although it is
not clear if Hrd3p is acting as a scaffold or has a more active role in substrate
identification.
Despite having some good evidence (15), it remained to be clearly demonstrated
that Hrd3p had a direct role in ERAD, particularly for degradation of membrane
substrates. In fact, recent work showed that specific residues in the transmembrane of
Hrd1p are required for degradation of specific membrane substrates (40). This suggests
that Hrd1p might detect membrane substrates directly through its own transmembrane
spans, without involvement of Hrd3p, especially taking into account that over-expression
of Hrd1p suppresses a hrd3 null phenotype (15). However, using a strain expressing
USA1UBL, which uncouples Hrd1p stability from substrate degradation, we have now
clearly demonstrated that Hrd3p has a direct role in degradation of both membrane and
lumenal substrates. Importantly, the role for Hrd3p in ERAD-M did not require Yos9p,
strongly implying that Hrd3p has distinct roles in both ERAD-L and ERAD-M. Yos9p
has been shown to interact with Hrd3p through the ‘B’ region, or more C-terminal half of
Hrd3p’s lumenal domain (18,20), whereas this study found that the ‘A’ region, or more
N-terminal part of Hrd3p’s lumenal domain, appears to be the region required for
degradation of Hmg2p. Perhaps these two distinct regions of Hrd3p define Hrd3p’s
ability to participate in the distinct ERAD-M and ERAD-L pathways.
What is the ERAD-M function of Hrd3p? In vitro, Hrd3p was able to increase
ubiquitination of Hmg2p-GFP, suggesting that Hrd3p may be involved in this step of
ERAD. Although Hrd3p involvement in retrotranslocation cannot be ruled out, it seems
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likely that Hrd3p is involved in recruiting membrane substrates to the ligase, as it does
(either directly or indirectly) for lumenal ERAD substrates. Indeed, prior work using a
truncated version of Hrd3p (so that Hrd1p was stable) showed an inability of Hrd1p to
crosslink to the substrate Hmg2p, whereas Hrd1p and Hmg2p were able to crosslink in
the presence of full-length Hrd3p (41). A thorough characterization of Hrd3p direct
ERAD function using the USA1UBL strain, so that Hrd1p stability is uncoupled from
substrate degradation, will properly address this question. Alternatively, Hrd3p may have
little or no role in delivering membrane substrates to Hrd1p. Hrd3p may instead be
involved in activation of Hrd1p ligase activity, or may be involved in distinguishing
substrates from non-substrates that have already arrived at the ligase complex.
Our limited mutational analysis suggested that the N-terminal region of Hrd3p is
required for Hmg2p-GFP degradation, but that the N-terminal TPR repeat is likely
dispensable for degradation of Hmg2p-GFP. Several questions have arisen from these
observations. First, are the TPR repeats functionally required for Hrd3p’s action, or did
deletion of these regions result in an unstable or highly abnormal form of Hrd3p? Do
Hrd3p’s TPR repeats function in recruitment of substrates to the ubiquitin ligase, which
seems likely given their role in other proteins (27), or do they function in a downstream
step of ERAD? Could degradation of different substrates be mediated by the action of
different TPR repeats, akin to specific Hrd1p residues mediating degradation of specific
substrates (40)? Do the C-terminal TPR repeats play a role in stabilizing Hrd1p, and if so,
what is the mechanism for Hrd1p stabilization? Much work remains to be done in order
to resolve the complete picture of Hrd3p in HRD complex function.
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Careful regulation of quality control ligases is particularly important, as there are
drastic consequences for cells and organisms when quality control pathways fail.
Accumulation of unfolded proteins in the ER causes activation of the unfolded protein
response (UPR), which can ultimately lead to apoptosis if the burden of unfolded proteins
is not eliminated (42). Additionally, there are several examples of human diseases that
involve aggregation of misfolded proteins, such as Parkinson’s and Huntington’s diseases
(3,43). On the other hand, Rheumatoid arthritis is due in part to over-expression of the
Hrd1p homolog synoviolin, and has been termed a “hyper”-ERAD disease (39,44). These
examples illustrate that careful regulation of quality control ligases is vital for
maintaining cellular homeostasis.
We have shown that both Hrd1p levels and activity are controlled by the action of
two additional complex members – its partner protein Hrd3p and Usa1p. However, it
appears that other HRD ligase factors, including Der1p, Yos9p, and Ubx2p, are not
involved in the regulation of Hrd1p levels or activity. Hrd3p and Usa1p appear to have
opposing functions within the HRD ligase complex – Hrd3p stabilizes and may activate
or promote Hrd1p activity, while Usa1p serves to lower Hrd1p levels if it is unpartnered
with Hrd3p, and may dampen or channel Hrd1p’s ligase activity. However, the complete
picture for the complex relationship and between Hrd1p, Hrd3p, and Usa1p has yet to be
unraveled, and there are subtleties still to be teased out. Further work to understand the
direct ERAD function of Hrd3p, and use of the in vitro assay, will allow continued
mechanistic insight into the regulation of Hrd1p.
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EXPERIMENTAL PROCEDURES
Plasmids and DNA Methods – Standard cloning and molecular biology techniques were
performed as described in Chapter 2 and in (21). Plasmids used in this study are tabulated
in Table 3-1. Plasmids constructed with PCR were sequence verified (Eton Bioscience).
Yeast Strains and Media – Yeast strains were grown in minimal medium supplemented
with 20% dextrose and appropriate amino acids, at 30˚C as previously described (45). All
strains were isogenic and are tabulated in Table 3-2. Yeast gene deletions and plasmid
transformations were performed as described in Chapter 2 and (21).
Degradation Assays: Cycloheximide (CHX) chase assays were performed by addition of
CHX to log-phase cultures followed by lysis at indicated times, as previously described
(21,45,46). Briefly, log-phase cultures (A600 0.2-0.45) were pelleted and resuspended to
an equal A600 in a smaller volume of fresh, appropriately supplemented minimal medium.
Cycloheximide was added to a concentration of 50μg/mL and an equal volume of culture
was removed at specified time points. Samples were lysed and processed as described in
Chapter 2 and (21). Equal loading of poly-acrylamide gels was verified by India ink
staining of the nitrocellulose membranes (45). GFP levels were analyzed in living cells
(10,000 cells per sample) by flow microfluorimetry of log-phase cultures as described
previously (47) using a FACScalibur machine (BD Biosciences) and CellQuest software.
Immunoprecipitations – Immunoprecipitations of Hmg2p and Hrd1p were carried out as
described previously, in Chapter 2 and (21).
In Vitro Assay – In vitro ubiquitination of Hmg2p was carried out by combining
microsome fragments of ER membranes and cytosol in reactions as previously described
(24,34).
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Dilution Assays – Yeast strains were grown to high density (A600 >1.5). Beginning with
an A600 of 0.35, 5-fold serial dilutions were made and spotted onto the appropriate dropout plates, followed by incubation at either 30˚C or 35˚C as indicated for 2 days.
Antibodies and immunoblotting – Immunoblotting for proteins in cellular lysates or in
ubiquitination assays was performed as described (37,41). Following electrophoresis and
transfer to nitrocellulose, immunoblotting was carried out using the following antibodies.
The blocking solution for all antibodies was 2-5% milk in TBST (10mM Tris, pH 8.0,
150mM NaCl, 0.5% (v/v) Tween20), except for anti-ubiquitin, which requires blocking
with 20% heat-inactivated calf-serum in TBSHT (TBST with 0.45% (v/v) Tween20).
Additionally, to readily detect ubiquitin, the nitrocellulose was autoclaved prior to
blocking (30 min liquid cycle, 15 min gravity). Anti-hemagglutinin (HA) was obtained as
an ascites fluid from Covance, Inc. Monoclonal anti-GFP was obtained from (Clontech
(BD Biosciences)). Monoclonal anti-ubiquitin was obtained from Zymed. For
immunoprecipitating Hmg2p-GFP, 20 μL of polyclonal anti-GFP antiserum (obtained
from C. Zuker; University of California, San Diego) was used for each sample. For
western blotting, 2-5 μL of 2-7mg/mL affinity-purified anti-Hrd1 was incubated at least 8
hours at 4˚C in TBST with 100μL of lysate from a hrd1 strain, prior to probing the blot.
Anti-Hrd1 was generated as previously described (15). Horseradish Peroxidase (HRP)conjugated goat anti-rabbit was obtained from Zymed. HRP-conjugated goat anti-mouse
was obtained from Jackson ImmunoResearch.
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Table 3-1: Plasmids used in Chapter 3
Plasmid #
pRH 373
pRH 469
pRH 614

Gene
PTDH3-2HA-UBC7
HMG2-GFP
HMG2-GFP

pRH 730
pRH 741
pRH 808
pRH 1048
pRH 1316
pRH 1600

PTDH3-HRD1-3HA
3HA-HRD3
PTDH3-HRD1
PTDH3-3HA-HRD3
PTDH3-HRD1
3HA-HRD1

pRH 1769

PTDH3-3HA-HRD3

pRH 1975

CPY*HA

pRH 2172

HRD324-131

pRH 2173

HRD324-270

pRH 2174

HRD324-567

pRH 2186

HRD324-348

pRH 2204

CPY*0000

Reference/Construction Details
(41)
(9)
ADE2 version of pRH469; sub-cloned from
pRH469 into pRS402.
(15)
Is a LEU2 version of pRH1263, described in (15).
(14)
(15)
(21)
AflIII digest of pRH730 followed by partial digest
with NcoI and reclosure of compatible cohesive
ends. Makes NcoI in HRD1 unique and removes
TDH3 promoter without losing any Hrd1p ORF
sequence. Generates plasmid to tag HRD1 at the
genomic locus.
ADE2 version of pRH1048; subcloned from
pRH1048 into pRS402.
ADE2 version of a CPY*HA plasmid obtained
from Ng lab (48); sub-cloned into pRS402.
A fragment of HRD3 containing the deletion was
generated by PCR SOEing using oligos
oRH1449/1450 and oRH1451/oRH1454. PCR
fragment was digested and ligated into pRH1048
using NsiI and Xho1.
A fragment of HRD3 containing the deletion was
generated by PCR SOEing using oligos
oRH1449/1450 and oRH1452/oRH1454. PCR
fragment was digested and ligated into pRH1048
using NsiI and Xho1.
A fragment of HRD3 containing the deletion was
generated by PCR SOEing using oligos
oRH1449/1450 and oRH1453/oRH1454. PCR
fragment was digested and ligated into pRH1048
using NsiI and Xho1.
A fragment of HRD3 containing the deletion was
generated by PCR SOEing using oligos
oRH1449/1450 and oRH3103/oRH1454. PCR
fragment was digested and ligated into pRH1048
using NsiI and Xho1.
(18)
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Table 3-1, continued
pRH 2441

3HA-HRD3

pRH 2448

3HA-HRD3174-223

pRH 2449

3HA-HRD3374-423

pRH 2501
pRH 2502
pRH 2503
pRH 2504
pRH 2505
pRH 2512
pRH 2513
pRH 2536

USA1
PTDH3-USA1
USA1UBL
PTDH3-USA1
PTDH3-USA1UBL
PTDH3-USA1UBL
HRD1-5myc
Usa1UBL254-3535myc

An NruI site was added to HRD3 just past the HA
tag. A HRD3 fragment containing the silent
mutation was generated using PCR SOEing, using
the oligos oRH3655/oRH3656 and
oRH3651/oRH3658. These two products were
combined in a reaction with oRH3655/oRH3658 to
create the HRD3 fragment. This fragment was
digested with BspE1 and Bsu361 and ligated into
pRH741. The resulting HRD3 containing the new
NruI site was subcloned into pRS415 with the
enzymes SacII and ApaI.
This plasmid was made by PCR SOEing two
fragments on either side of the deletion, using
oligos oRH3655/oRH3780 and
oRH3781/oRH3731. Final SOEing fragment was
generated using oRH3655/oRH3671. The resulting
PCR product was transformed into yeast along
with pRH2441 digested with NruI, allowing for
homologous recombination to create an intact
plasmid, which was then retrieved from yeast and
sequence-verified.
This plasmid was made by PCR SOEing two
fragments on either side of the deletion, using
oligos oRH3655/oRH3788 and
oRH3789/oRH3731. Final SOEing fragment was
generated using oRH3655/oRH3731. The resulting
PCR product was transformed into yeast along
with pRH2441 digested with NruI, allowing for
homologous recombination to create an intact
plasmid, which was then retrieved from yeast and
sequence-verified.
(21)
(21)
(21)
(21)
(21)
(21)
(21)
(21)
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Table 3-1, continued
pRH 2538

USA1UBL

pRH 2539

USA1UBL254-3535myc

pRH 2556

HRD1

pRH 2558

3HA-HRD3103-139

pRH 2559

3HA-HRD3143-186

The UBL deletion was created using PCR SOEing.
The 5’ side of USA1 was amplified from pRH
2501 with oligos o4014/o4122. The 3’ side of
Usa1 was amplified from pRH 2501 w/oligos
o3518/o4123. These two products were combined
in a reaction with oligos o4014/o3518. This
product was digested with NcoI and PstI and
ligated into pRH 2501 digested with the same
enzymes.
USA1UBL254-353-5myc was cut from pRH 2536
and ligated into pRH2512 using SexAI and MscI
to cut both vector and insert.
HRD1 from pRH507 (9) was digested with NotI
and XhoI and ligated into pRS413.
This plasmid was made by PCR SOEing two
fragments on either side of the deletion, using
oligos oRH4166/oRH4168 and
oRH4167/oRH3732. Final SOEing fragment was
digested with BspEI and SalI and ligated into
pRH741.
This plasmid was made by PCR SOEing two
fragments on either side of the deletion, using
oligos oRH4166/oRH4170 and
oRH4169/oRH3732. Final SOEing fragment was
digested with BspEI and SalI and ligated into
pRH741.
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Table 3-2: Strains used in Chapter 3
Strain

Genotype

Figures

RHY 853

MAT ade2-101 met2 lys2-801
ura3-52::URA3::HMGcd::HMG2-GFP
hmg1::LYS2 hmg2::HIS3 trp1::hisG leu2
his3200
MAT ade2-101 met2 lys2-801
ura3-52::URA3::HMGcd::HMG2-GFP
hmg1::LYS2 hmg2::HIS3 trp1::hisG leu2
his3200 hrd1::KanMX
MATa ade2-101 met2 lys2-801 ura3-52 trp1::hisG
leu2 his3200
MATa ade2-101 met2 lys2-801 ura352::URA3::HMG2-GFP HMG1 hmg2::1mycHMG2 trp1::hisG::TRP1::pTDH3-HRD1-3HA
leu2 his3200 pep4::HIS3 ubc7::LEU2
MATa ade2-101 met2 lys2-801 ura3-52
hmg2::1myc-HMG2 trp1::hisG::pTDH3-UBC72HA leu2 his3200 pep4::HIS3 ubc7::LEU2
MAT ade2-101 met2 lys2-801
ura3-52::URA3::HMGcd::HMG2-GFP
hmg1::LYS2 hmg2::HIS3 trp1::hisG leu2
his3200 ubx2::CloNAT
MAT ade2-101::ADE2::CPY*HA met2 lys2-801
ura3-52::HMG2cd hmg1::LYS2 hmg2::HIS3
trp1::hisG leu2 his3200
MATa ade2-101::ADE2::CPY*HA met2 lys2-801
ura3-52 trp1::hisG leu2 his3200 yos9::CloNAT
MATa ade2-101 met2 lys2-801 ura3-52
trp1::hisG::TRP1::HRD1-3HA leu2 his3200
MATa ade2-101 met2 lys2-801 ura3-52
trp1::hisG::TRP1::HRD1-3HA leu2 his3200
yos9::CloNAT
MATa ade2-101 met2 lys2-801 ura3-52
trp1::hisG::TRP1::HRD1-3HA leu2 his3200
hrd3::KanMX
MATa ade2-101 met2 lys2-801 ura3-52
trp1::hisG::TRP1::HRD1-3HA leu2 his3200
yos9::CloNAT hrd3::KanMX
MATa ade2-101 met2 lys2-801
ura3-52::URA3::pTDH3-HMG2-GFP
trp1::hisG leu2 his3200
MATa ade2-101 met2 lys2-801
ura3-52::URA3::pTDH3-HMG2-GFP
trp1::hisG leu2 his3200 yos9::KanMX

3-8A

RHY 2814

RHY 2863
RHY 2923

RHY 4295

RHY 5035

RHY 5072

RHY 5083
RHY 5280
RHY 5281

RHY 5282

RHY 5283

RHY 5290

RHY 5291

3-1A

3-1A
3-3A

3-3A

3-8A

3-7A

3-7A
3-7C
3-7C

3-7C

3-7C

3-4A, 3-4B, 3-4D,
3-6B, 3-6C, 3-7B
3-4D, 3-7B
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Table 3-2, continued
RHY 5296

RHY 5459

RHY 5858

RHY 5860

RHY 5861

RHY 5862

RHY 5863

RHY 5864

RHY 5865

MATa ade2-101 met2 lys2-801
ura3-52::URA3::pTDH3-HMG2-GFP
trp1::hisG leu2 his3200 hrd3::KanMX
MAT ade2-101 met2 lys2-801
ura3-52::URA3::HMGcd::HMG2-GFP
hmg1::LYS2 hmg2::HIS3 trp1::hisG leu2
his3200 hrd3::KanMX
MATa ade2-101 met2 lys2-801
ura3-52::URA3::HMG2cd::HMG2-GFP
hmg1::lys2 hmg2::his3
trp1::hisG::TRP1::HRD1-3HA
leu2::LEU2::3HA-HRD3 his3::200
hrd3::KanMX
MATa ade2-101 met2 lys2-801
ura3-52::URA3::HMG2cd::HMG2-GFP
hmg1::lys2 hmg2::his3
trp1::hisG::TRP1::HRD1-3HA
leu2::LEU2::pTDH3-3HA-HRD324-131
his3::200 hrd3::KanMX
MATa ade2-101 met2 lys2-801
ura3-52::URA3::HMG2cd::HMG2-GFP
hmg1::lys2 hmg2::his3
trp1::hisG::TRP1::HRD1-3HA
leu2::LEU2::pTDH3-3HA-HRD324-270
his3::200 hrd3::KanMX
MATa ade2-101 met2 lys2-801
ura3-52::URA3::HMG2cd::HMG2-GFP
hmg1::lys2 hmg2::his3
trp1::hisG::TRP1::HRD1-3HA
leu2::LEU2::pTDH3-3HA-HRD324-567
his3::200 hrd3::KanMX
MATa ade2-101 met2 lys2-801
ura3-52::URA3::HMG2cd::HMG2-GFP
hmg1::lys2 hmg2::his3
trp1::hisG::TRP1::HRD1-3HA
leu2::LEU2::pTDH3-3HA-HRD324-358
his3::200 hrd3::KanMX
MATa ade2-101 met2 lys2-801
ura3-52::URA3::HMG2cd::HMG2-GFP
hmg1::lys2 hmg2::his3
trp1::hisG::TRP1::HRD1-3HA leu2::LEU2
his3::200 hrd3::KanMX
MATa ade2-101 met2 lys2-801
ura3-52::URA3::HMG2cd::HMG2-GFP
hmg1::lys2 hmg2::his3 trp1::hisG
leu2::LEU2::3HA-HRD3 his3::200
hrd3::KanMX

3-7B

3-8A

3-5B, 3-5C, 3-5D

3-5D

3-5D

3-5D

3-5D

3-5D

3-5B, 3-5C
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Table 3-2, continued
RHY 5867

RHY 5868

RHY 5869

RHY 5870

RHY 5871

RHY 6219
RHY 6443
RHY 6444

RHY 6445

RHY 6446

RHY 6732

RHY 6733

RHY 7378
RHY 7379

MATa ade2-101 met2 lys2-801
ura3-52::URA3::HMG2cd::HMG2-GFP
hmg1::lys2 hmg2::his3 trp1::hisG
leu2::LEU2::pTDH3-3HA-HRD324-131
his3::200 hrd3::KanMX
MATa ade2-101 met2 lys2-801
ura3-52::URA3::HMG2cd::HMG2-GFP
hmg1::lys2 hmg2::his3 trp1::hisG
leu2::LEU2::pTDH3-3HA-HRD324-270
his3::200 hrd3::KanMX
MATa ade2-101 met2 lys2-801
ura3-52::URA3::HMG2cd::HMG2-GFP
hmg1::lys2 hmg2::his3 trp1::hisG
leu2::LEU2::pTDH3-3HA-HRD324-567
his3::200 hrd3::KanMX
MATa ade2-101 met2 lys2-801
ura3-52::URA3::HMG2cd::HMG2-GFP
hmg1::lys2 hmg2::his3 trp1::hisG
leu2::LEU2::pTDH3-3HA-HRD324-358
his3::200 hrd3::KanMX
MATa ade2-101 met2 lys2-801
ura3-52::URA3::HMG2cd::HMG2-GFP
hmg1::lys2 hmg2::his3 trp1::hisG
leu2::LEU2 his3::200 hrd3::KanMX
MATa ade2-101 met2 lys2-801 ura3-52 trp1::hisG
leu2 his3200 hrd3::KanMX
MATa ade2-101 met2 lys2-801 ura3-52
trp1::hisG::TRP1::HRD1-3HA leu2 his3200
MATa ade2-101 met2 lys2-801 ura3-52
trp1::hisG::TRP1::HRD1-3HA leu2 his3200
hrd3::KanMX
MATa ade2-101 met2 lys2-801 ura3-52
trp1::hisG::TRP1::HRD1-3HA leu2 his3200
ubx2::CloNat
MATa ade2-101 met2 lys2-801 ura3-52
trp1::hisG::TRP1::HRD1-3HA leu2 his3200
hrd3::KanMX ubx2CloNat
MATa ade2-101 met2 lys2-801
ura3-52::URA3::pTDH3-HMG2-GFP
trp1::hisG leu2 his3200 hrd3::KanMX
MATa ade2-101 met2 lys2-801
ura3-52::URA3::pTDH3-HMG2-GFP
trp1::hisG leu2 his3200 usa1::CloNAT
MATa ade2-101 met2 lys2-801 ura3-52 trp1::hisG
leu2 his3200 usa1::KanMX
MATa ade2-101 met2 lys2-801 ura3-52 trp1::hisG
leu2 his3200 hrd3::KanMX usa1::CloNAT

3-5B, 3-5C

3-5B, 3-5C

3-5B, 3-5C

3-5B, 3-5C

3-5B, 3-5C

3-1A
3-8B
3-8B

3-8B

3-8B

3-6B

3-4D

3-1A
3-1A
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Table 3-2, continued
RHY 7404
RHY 7405
RHY 7407

RHY 7746

RHY 8058

RHY 8059

RHY 8060

RHY 8062

RHY 8064

RHY 8274

RHY 8339
RHY 8340

RHY 8341

MATa ade2-101 met2 lys2-801 ura3-52 trp1::hisG
leu2 his3200 pdr5::LEU2
MATa ade2-101 met2 lys2-801 ura3-52 trp1::hisG
leu2 his3200 pdr5::LEU2 hrd3::KanMX
MATa ade2-101 met2 lys2-801 ura3-52 trp1::hisG
leu2 his3200 pdr5::LEU2 hrd3::KanMX
usa1::CloNAT
MATa ade2-101 met2 lys2-801
ura3-52::URA3::pTDH3-HMG2-GFP
trp1::hisG::TRP1 leu20::LEU2::pTDH3-HRD1
his3200
MATa ade2-101 met2 lys2-801
ura3-52::URA3::pTDH3-USA1
trp1::hisG::TRP1::pTDH3-HRD1 leu2LEU2
his3200
MATa ade2-101 met2 lys2-801 ura352::URA3::pTDH3-USA1 trp1::hisG::TRP1
leu20::LEU2::pTDH3-3HA-HRD3 his3200
MATa ade2-101 met2 lys2-801 ura352::URA3::pTDH3-USA1
trp1::hisG::TRP1::pTDH3-HRD1
leu20::LEU2::pTDH3-3HA-HRD3 his3200
MATa ade2-101 met2 lys2-801
ura3-52::URA3::pTDH3-HMG2-GFP
trp1::hisG::TRP1::pTDH3-USA1UBL
leu2::LEU2::pTDH3-HRD1 his3200
MAT ade2-101 met2 lys2-801
ura3-52::URA3::HMG2cd::HMG2-GFP
hmg1::lys2 hmg2::his3
trp1::hisG::TRP1::pTDH3-HRD1
leu2::LEU2::pTDH3-HRD3 his3200
MATa ade2-101::ADE2::pTDH3 3HA-HRD3
met2 lys2-801 ura3-52::URA3::HMG2-GFP
HMG1 hmg2::1myc-HMG2
trp1::hisG::TRP1::pTDH3 HRD1-3HA leu2
his3200 pep4::HIS3 ubc7::LEU2
MAT ade2-101 LYS2 ura3-52 trp1::hisG::TRP1
leu2-3,112 HIS3 sec61-2 usa1::KanMX
MAT ade1-101 LYS2 ura3-52
trp1::hisG::TRP1::USA1
leu2-3,112 HIS3 sec61-2 usa1::KanMX
MAT ade2-101 LYS2 ura3-52
trp1::hisG::TRP1::USA1UBL
leu2-3,112 HIS3 sec61-2 usa1::KanMX

3-1B
3-1B
3-1B

3-1C, 3-2A

3-1C, 3-2A

3-2A

3-1C, 3-2A

3-1C, 3-2A

3-1C, 3-2A

3-3A

3-4C
3-4C

3-4C
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Table 3-2, continued
RHY 8354

RHY 8355

RHY 8357

RHY 8358

RHY 8379

RHY 8422

RHY 8423
RHY 8510

RHY 8544

RHY 8552

RHY 8558

RHY 8570

MATa ade2-101 met2 lys2-801 ura3-52
trp1::hisG::TRP1 leu2::LEU2 his3200
CEN::URA3::CPY*0000-HA
MAT ade2-101 met2 lys2-801
ura3-52::URA3::HMGcd::HMG2-GFP
hmg1::LYS2 hmg2::HIS3 trp1::hisG::TRP1
leu2::LEU2 his3200 hrd1::KanMX
CEN::URA3::CPY*0000-HA
MATa ade2-101 met2 lys2-801 ura3-52
trp1::hisG::TRP1::pTDH3-USA1
leu20::LEU2::pTDH3-HRD1 his3200
CEN::URA3::CPY*0000-HA
MATa ade2-101 met2 lys2-801 ura3-52
trp1::hisG::TRP1::pTDH3-USA1UBL
leu20::LEU2::pTDH3-HRD1 his3200
CEN::URA3::CPY*0000-HA
MATa ade2-101 met2 lys2-801 ura3-52
trp1::hisG::USA1UBL leu2 his3200
pdr5::LEU2 hrd3::KanMX
MATa ade2-101 met2 lys2-801
ura3-52::URA3::pTDH3-HMG2-GFP
trp1::hisG::TRP1::pTDH3-USA1UBL leu2
his3200 usa1::CloNAT
MATa ade2-101 met2 lys2-801 ura3-52::URA3
trp1::hisG::TRP1 leu2::LEU2 his3200
MATa ade2-101 met2 lys2-801 ura3-52
trp1::hisG::TRP1 leu20::LEU2::pTDH3-HRD1
his3200 CEN::URA3::CPY*0000-HA
MATa ade2-101::ADE2::pTDH3-HMG2-GFP
met2 lys2-801 ura3-52::URA3
trp1::hisG::TRP1::pTDH3-HRD1 leu2::LEU2
his3200
MATa ade2-101::ADE2::pTDH3-HMG2-GFP
met2 lys2-801 ura3-52::URA3::pTDH3-USA1
trp1::hisG::TRP1::pTDH3-HRD1
leu2::LEU2::pTDH3-3HA-HRD3 his3200
hrd3::KanMX usa1::CloNAT
MATa ade2-101::ADE2::pTDH3-HMG2-GFP
met2 lys2-801 ura3-52::URA3::pTDH3-USA1
trp1::hisG::TRP1::pTDH3-HRD1 leu2::LEU2
his3200 hrd3::KanMX usa1::CloNAT
MATa ade2-101::ADE2::pTDH3-HMG2-GFP
met2 lys2-801 ura3-52::URA3::pTDH3-USA1UBL
trp1::hisG::TRP1::pTDH3-HRD1
leu2::LEU2::pTDH3-3HA-HRD3 his3200
hrd3::KanMX usa1::CloNAT

3-2C

3-2C

3-2C

3-2C

3-1B

3-4A, 3-4B, 3-6B,
3-6C

3-2A
3-2C

3-3B

3-2B, 3-3C

3-2B, 3-3C

3-2B
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Table 3-2, continued
RHY 8596

RHY 8659

RHY 8664

RHY 8697

RHY 8698

RHY 8699

RHY 8700

RHY 8701

RHY 8702

RHY 8703

RHY 8705

MATa ade2-101::ADE2::pTDH3-HMG2-GFP
met2 lys2-801 ura3-52::URA3::pTDH3-USA1
trp1::hisG::TRP1::pTDH3-HRD1
leu2::LEU2::3HA-HRD3 his3200
hrd3::KanMX usa1::CloNAT
MATa ade2-101 met2 lys2-801
ura3-52::URA3::pTDH3-HMG2-GFP
trp1::hisG::TRP1:USA1UBL leu2 his3200
hrd3::KanMX usa1::CloNAT
MATa ade2-101 met2 lys2-801
ura3-52::URA3::pTDH3-HMG2-GFP
trp1::hisG::TRP1:USA1UBL leu2 his3200
hrd3::KanMX usa1::CloNAT
CEN::HIS3::HRD1
MAT ade2-101 LYS2 ura3-52 trp1::hisG::TRP1
leu2-3,112 HIS3 sec61-2 usa1::KanMX
hrd3::CloNAT
MAT ade1-101 LYS2 ura3-52
trp1::hisG::TRP1::USA1
leu2-3,112 HIS3 sec61-2 usa1::KanMX
hrd3::CloNAT
MAT ade2-101 LYS2 ura3-52
trp1::hisG::TRP1::USA1UBL
leu2-3,112 HIS3 sec61-2 usa1::KanMX
hrd3::CloNAT
MATa ade2-101::ADE2::CPY*HA met2 lys2-801
ura3-52::URA3::pTDH3-HMG2-GFP
trp1::hisG leu2 his3200
MATa ade2-101::ADE2::CPY*HA met2 lys2-801
ura3-52::URA3::pTDH3-HMG2-GFP
trp1::hisG leu2 his3200 usa1::CloNAT
MATa ade2-101::ADE2::CPY*HA met2 lys2-801
ura3-52::URA3::pTDH3-HMG2-GFP
trp1::hisG::TRP1::USA1UBL leu2 his3200
usa1::CloNAT
MATa ade2-101::ADE2::CPY*HA met2 lys2-801
ura3-52::URA3::pTDH3-HMG2-GFP
trp1::hisG::TRP1::USA1UBL leu2 his3200
usa1::CloNAT hrd3
MATa ade2-101 met2 lys2-801
ura3-52::URA3::pTDH3-HMG2-GFP
trp1::hisG leu2 his3200 yos9::KanMX
usa1::CloNAT

3-3B

3-4A, 3-4B

3-4A

3-4C

3-4C

3-4C

3-4E

3-4E

3-4E

3-4E

3-4D
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Table 3-2, continued
RHY 8706

RHY 8710

RHY 8712

RHY 8713

RHY 8714

RHY 8715

MATa ade2-101 met2 lys2-801
ura3-52::URA3::pTDH3-HMG2-GFP
trp1::hisG leu2 his3200 yos9::KanMX
usa1::CloNAT
MATa ade2-101 met2 lys2-801
ura3-52::URA3::pTDH3-HMG2-GFP
trp1::hisG::TRP1::USA1UBL leu2 his3200
yos9::KanMX usa1::CloNAT
MATa ade2-101 met2 lys2-801
ura3-52::URA3::pTDH3-HMG2-GFP
trp1::hisG::TRP1:USA1UBL leu2 his3200
hrd3::KanMX usa1::CloNAT
CEN::LEU2::HRD3174-223
MATa ade2-101 met2 lys2-801
ura3-52::URA3::pTDH3-HMG2-GFP
trp1::hisG::TRP1:USA1UBL leu2 his3200
hrd3::KanMX usa1::CloNAT
CEN::LEU2::HRD3374-423
MATa ade2-101 met2 lys2-801
ura3-52::URA3::pTDH3-HMG2-GFP
trp1::hisG::TRP1:USA1UBL leu2::LEU2::
HRD3103-139 his3200 hrd3::KanMX
usa1::CloNAT
MATa ade2-101 met2 lys2-801
ura3-52::URA3::pTDH3-HMG2-GFP
trp1::hisG::TRP1:USA1UBL leu2::LEU2::
HRD3143-186 his3200 hrd3::KanMX
usa1::CloNAT

3-4D

3-4B, 3-6B, 3-6C

3-6B

3-6B

3-6C

3-6C
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Conclusions and Future Directions
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Unraveling the regulation and functions of protein quality control ligases such as
Hrd1p is central to fully understanding protein quality control pathways. As ubiquitin
ligases are the proteins ultimately and directly responsible for sending misfolded proteins
to their destruction, it follows that these ligases should be highly regulated, so as to
prevent non-specific and deleterious ubiquitination of normal proteins. It seems that at
least part of the onus of identifying misfolded substrates should fall to the cofactors of
quality control ubiquitin ligases; indeed, many quality control ligases are normally found
in complexes with a number of other proteins (1). Therefore, it is essential to fully
characterize the functions of such cofactors.
In this work, I have established a key role for Usa1p in the regulation and function
of the ubiquitin ligase Hrd1p, significantly furthering our knowledge of Hrd1p function.
The studies of Usa1p were fortuitous in generating useful tools for further investigation
into other complex members. I also demonstrated unambiguously that Hrd3p has a direct
role in the degradation of both lumenal and membrane-bound ERAD substrates. Taken
together, this work has provided significant mechanistic insight into the functioning of
the HRD ligase complex.
In order to better understand ERAD and HRD complex function, I wanted to
determine if Hrd1p’s partner protein, Hrd3p, did have a direct role in ERAD, as had been
suggested (2), or whether the observed hrd3 null phenotypes were instead a readout of a
lack of Hrd1p. The initial approach taken was to investigate the roles of additional, newly
identified HRD complex members, including Yos9p, Ubx2p, and Usa1p (3,4), to
determine if they participated in the direct ERAD function of Hrd3p or in Hrd1p
dynamics.
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Investigation of Yos9p showed the expected deficit in ERAD-L as reported by
numerous other labs (3,5-7), but revealed no role for Yos9p in governing Hrd1p protein
levels. Because Yos9p appears to be required solely for elimination of lumenal
glycoproteins, we were not surprised to find no role for Yos9p in this aspect of HRD
ligase function. Analysis of Ubx2p revealed the expected defect in Hmg2p degradation in
the absence of Ubx2p (8). As in the case of Yos9p, I found no role for Ubx2p in the
degradation of Hrd1p, suggesting that Ubx2p is not involved in regulation of Hrd1p
protein levels. However, this contradicts other work from our laboratory, which found
that in vitro, Ubx2p was strongly required for retrotranslocation of Hrd1p. Although it
seems more likely that the in vivo data for Ubx2p describes the physiological mechanism
of Hrd1p degradation, an alternate interpretation is that other proteins are able to
compensate for the lack of Ubx2p in vivo, but are missing from the in vitro assay. There
are several UBX domain-containing proteins in S. cerevisiae that could be potential
candidates for compensation of Ubx2p function (9). Another characteristic feature of a
ubx2 null is the very highly upregulated unfolded protein response (UPR) (10), which
could in turn enable compensation for the lack of Ubx2p in vivo.
Interestingly, although the single null mutants for each Yos9p, Ubx2p, and Usa1p
had normal stability of Hrd1p in the absence of Hrd3p, the steady state level of Hrd1p
was diminished roughly 2-fold in all cases. Although only Usa1p has an important role to
play in the specific management of Hrd1p levels, it could be that any perturbation in
HRD ligase complex stoichiometry results in bulk reduction in the amount of HRD
complex present. Although this has not been studied in detail, levels of both Yos9p (11)
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and Der1p (12) are diminished in the absence of Hrd3p, suggesting the HRD complex is
highly sensitive to perturbations in protein levels of individual components.
For many years, it had been thought that Hrd1p degradation was autonomous in
the absence of Hrd3p, and that a lack of Hrd3p was both necessary and sufficient to
ensure degradation of Hrd1p. However, my investigation of Usa1p showed that this was
not the case. A lack of Hrd3p is necessary for Hrd1p degradation, but Usa1p (and
specifically its UBL domain) is absolutely required to promote Hrd1p self-ubiquitination
and degradation. This facet of Usa1p function has proved to be useful not only in
understanding the interesting and diverse functions of Usa1p itself, but ultimately
allowed us to demonstrate that Hrd3p has a direct ERAD function, and provided a useful
means to study this function of Hrd3p.
Exploration of Usa1p function has greatly enhanced our mechanistic knowledge
of Hrd1p self-ubiquitination. I was able to demonstrate that Hrd1p undergoes selfubiquitination and degradation in the absence of Hrd3p in a Usa1p-dependent manner.
Prior to this work, little was known about the mechanism of Hrd1p ubiquitination. It was
clear that Hrd1p self-ubiquitination required its active RING domain (13), and although
the specific lysine residue modified by the polyubiquitin chain has not been discerned to
date, it had been demonstrated that the C-terminal half of Hrd1p was able to undergo selfdegradation (2). One unanswered question about Hrd1p self-ubiquitination was whether
or not an individual Hrd1p molecule catalyzed its own ubiquitination in cis, or whether
one Hrd1p molecule catalyzed ubiquitination of another Hrd1p molecule in trans. Based
upon the data showing that Usa1p is required for Hrd1p self-ubiquitination, we
hypothesized that Usa1p promoted Hrd1p self-ubiquitination and degradation by bridging
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an interaction between two molecules of Hrd1p to allow for self-ubiquitination in trans
(Fig. 4-1). This is in keeping with the proposed mechanism for catalysis of ubiquitin
conjugation by an E3, in which the E3 positions a substrate (in this case another Hrd1p
molecule) with the correct proximity and orientation to the E2 in order to allow ubiquitin
transfer (14). This model was supported by data from another laboratory, which showed
that Hrd1p was able to form oligomers in a Usa1p-dependent manner (12). We also found
that the UBL, or ubiquitin-like, domain in Usa1p’s cytoplasmic region was required for
Hrd1p self-ubiquitination and degradation. Thus, Usa1p promotes degradation of Hrd1p
in the absence of Hrd3p by allowing trans-ubiquitination of Hrd1p in a UBL-dependent
manner. Interestingly, no other role for the UBL domain was found for degradation of
either lumenal or membrane ERAD substrates, and based upon this observation, Hrd1p
appears to form its own class of ERAD substrate.
Many questions about Hrd1p self-degradation and Usa1p remain to be answered.
First, although I was able to observe trans-degradation of Hrd1p in support of our model,
I was never able to detect the actual polyubiquitination of the mutant Hrd1p. Hrd1p transdegradation was dependent upon the catalytic activity of the Hrd1p RING domain, as
well as the proteasome, strongly implying the trans-ubiquitination of Hrd1p. It will
nevertheless be important to directly demonstrate the polyubiquitination of mutant Hrd1p
in further validation of the model.
Although we have good evidence that Usa1p-dependent multimers are required
for Hrd1p degradation, the exact molecular mechanisms for how Usa1p accomplishes this
are as yet undefined. The multimers of Hrd1p that form might be poised so that in the
absence of Hrd3p a conformational change in Hrd1p occurs, perhaps allowing the
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Figure 4-1: Model for Hrd1p self-ubiquitination in trans
Usa1p promotes formation of HRD complex multimers (top). When multimerized, Hrd1p is able to
catalyze Ubc7p-dependent trans-ubiquitination in the absence of Hrd3p (bottom). If Usa1p is missing, one
Hrd1p molecule cannot interact with another Hrd1p molecule to promote ubiquitination in the absence of
Hrd3p, resulting in the stabilization of Hrd1p seen in a usa1hrd3 double null mutant.
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RING domain to achieve the proper positioning for Hrd1p substrate recognition.
Removal of Hrd3p might also unmask the lysine residue that undergoes modification; this
would have to be due to conformational change, rather than simple exposure of the lysine
upon Hrd3p removal, since a C-terminal version of Hrd1p undergoes ubiquitination and
degradation indicating that the lysine ubiquitinated on Hrd1p is found in the cytoplasmic
region (2). Moreover, a lumenal version of Hrd3p lacking a transmembrane span or
cytoplasmic tail is perfectly capable of stabilizing Hrd1p, implying that Hrd3p exerts its
effects across the membrane (2). In order to test these ideas, one could take advantage of
a strain expressing USA1UBL, in which Hrd1p is stabilized regardless of Hrd3p
presence. If the absence of Hrd3p does cause a conformational change, this might be
detected by a limited proteolysis assay (15). Use of the USA1UBL strain would ensure
detectable levels of Hrd1p. Additionally, identification of the lysine residue of Hrd1p that
is conjugated to ubiquitin would prove helpful in trying to understand the mechanism of
Hrd1p stability, as would obtaining a crystal structure of Hrd1p itself or the HRD
complex as a whole.
At present, the role of the UBL domain in Hrd1p self-ubiquitination is not clear,
and further investigation into this domain will be required. One suggested function for
Usa1p’s UBL domain is the recruitment of downstream ERAD factors. UBL domains in
other proteins are involved in mediating interactions with proteasome subunits, but this
has not been demonstrated for Usa1p (16), and interactions with the proteasome or other
proteins and complexes cannot be ruled out at this point. My data clearly showed that
ubiquitination of Hrd1p is abolished in the absence of the UBL domain, and it is possible
that additional factors, such as the Cdc48p complex, could be involved in the
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ubiquitination of Hrd1p. One highly speculative, but testable, hypothesis is that the UBL
domain mediates recruitment of the Cdc48p cofactor Ufd2p, an E4 polyubiquitination
enzyme, (17,18) to the HRD ligase complex, and that this is required for formation of
polyubiquitin chains following the initial trans-ubiquitination step of one Hrd1p molecule
by another. One report was unable to demonstrate an interaction between Ufd2p and
Usa1p (16); however, inability to co-immunoprecipitate two proteins is not sufficient
evidence to rule out an interaction. Ufd2p is not essential in yeast, and thus its effect on
Hrd1p degradation could be easily tested by creating a ufd2 null. Additionally, a careful
analysis of Usa1p UBL domain interactions may prove useful. The UBL domain is the
only conserved region between yeast Usa1p and HERP, the proposed mammalian
counterpart to Usa1p (4), and it is reasonable to suggest that the UBL domain has a
conserved function as well. The UBL domain may provide a means for interaction with
other ubiquitin pathway proteins, or play a previously unknown role in regulation of
Hrd1p activity. Thus far, the UBL domain has only been shown to be involved in Hrd1p
dynamics; however, this conserved domain may have distinct functions yet to be
discovered.
While lumenal substrate degradation absolutely requires Usa1p, most likely
through its recruitment of Der1p (4), membrane substrate degradation is weakened but
not abolished in the absence of Usa1p. The extent to which Usa1p is required for
membrane substrate degradation varies depending upon the substrate (12,19). One
hypothesis to explain this feature of Usa1p is that the Usa1p-dependent multimers of
Hrd1p are maximally effective for membrane substrate degradation, while single HRD
complexes are still capable of carrying out membrane substrate degradation, albeit less
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efficiently. The degree to which a membrane substrate requires Usa1p for its degradation
might be indicative of the extent of misfolding; a highly misfolded substrate may be more
easily recognized by a single HRD complex than a less misfolded protein. There are
several ways multimers could boost substrate degradation, such as improving substrate
recruitment to the ligase complex, by increasing the catalytic activity of the Hrd1p RING
domain, or by facilitating recruitment and interaction with downstream ERAD factors
involved in retrotranslocation or proteasome delivery.
In addition to promoting degradation of Hrd1p in the absence of Hrd3p, Usa1p
also appears to directly influence Hrd1p activity. This regulatory function for Usa1p was
revealed through analysis of the growth deficit in yeast caused by over-expression of
catalytically active Hrd1p. The growth deficit resulting from over-expression of Hrd1p
was alleviated by additional over-expression of Usa1p. This was true even when
USA1UBL was over-expressed, preserving the high levels of Hrd1p. Thus, Usa1p
appears to be a bipartite regulator of Hrd1p, lowering its levels when it exceeds the levels
of Hrd3p, but also modulating the activity of Hrd1p when its levels are too high.
However, the mechanism for how Usa1p might be regulating the activity of Hrd1p
remains unexplored. Perhaps Usa1p is a specificity factor, helping the ligase complex to
distinguish substrates from non-substrates, although how Usa1p might do this isn’t
obvious. The UBL domain, which only seems to be required for Hrd1p self-degradation,
may play a role in regulation of Hrd1p activity, although the UBL domain was not
required for Usa1p to be able to abrogate Hrd1p-mediated toxicity. Another possibility is
that Usa1p may have a mechanism for directly affecting the catalytic activity of Hrd1p.
Further study of the function of Usa1p in Hrd1p regulation in yeast will likely be broadly
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applicable to understanding not only how the mammalian homologs of these proteins
might function, but also in understanding the general principles governing ubiquitin
ligase regulation.
Intriguingly, addition of over-expressed Hrd3p to strains over-expressing both
Hrd1p and Usa1p restored the growth deficit resulting from Hrd1p-mediated toxicity,
suggesting that Usa1p and Hrd3p might antagonize or oppose one another in the control
of Hrd1p activity. This parallels the opposing functions these two proteins have with
regards to Hrd1p stability. Hrd3p restoration of Hrd1p-mediated toxicity in the overexpression strains suggests that Hrd3p might activate Hrd1p’s ligase activity, and this
idea is supported by the large increase in substrates ubiquitination found in vitro.
One study showed that over-expression of Hrd1p in the absence of Hrd3p resulted
in degradation of CPY*0000, which is normally not degraded by ERAD (3). This
contrasts with CPY*, the fully glycosylated version of this misfolded protein which
undergoes HRD dependent degradation (3). I also observed degradation of CPY*0000 in
a strain over-expressing Hrd1p, although in my experiments the genomic HRD3 was still
present. However, over-expressed Hrd1p is at least 10-fold higher than normal, so the
vast majority of the Hrd1p in this case would be unassociated with Hrd3p. We tested
whether or not CPY*0000 would still be degraded in the presence of Usa1p, predicting
that if Usa1p is a specificity factor or decreases ligase activity then CPY*0000
degradation should be prevented. However, we observed degradation of this substrate in a
strain over-expressing Hrd1p and either Usa1p or Usa1pUBL. If Hrd3p has a role in
substrate selection, then over-expression of Hrd3p should prevent degradation of this
non-substrate. On the other hand, if Hrd3p unleashes Hrd1p activity, there might perhaps
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even be an increase in degradation of CPY*0000. It would also be interesting to test
whether or not an increase in protein misfolding, such as results from tunicamycin or
DTT treatment, would prevent degradation of CPY*0000. This large excess of misfolded
proteins might be able to out compete CPY*0000 for Hrd1p’s attention. Interestingly,
over-expression of Hrd3p does not appear to increase the growth deficits resulting from
elevated Hrd1p levels, suggesting that Hrd1p on its own is maximally active. This lends
support to the idea that Usa1p and Hrd3p are both required to modulate the activity of the
ligase. It remains unclear, however, why over-expression of all three complex members,
Usa1p, Hrd1p, and Hrd3p, results in a growth deficit even though all complex members
are most likely in a stoichiometric ratio. Future work will hopefully address this question,
as well as clarify how Hrd3p is able to abrogate Usa1p’s protective role against Hrd1pmediated toxicity.
One confounding observation we have made through analysis of Hrd1p-mediated
toxicity is that the UBL domain of Usa1p appears to be required. In a strain overexpressing Hrd1p and Usa1UBLp, addition of over-expressed Hrd3p had no effect on
growth rate, whereas addition of over-expressed Hrd3p to a strain over-expressing fulllength Usa1p restored Hrd1p-mediated toxicity. There are a few ways to explain this
observation. One is that the UBL domain is required for some aspect of the Hrd1pmediated toxicity, which isn’t a satisfying explanation since over-expression of Hrd1p is
toxic even in a complete usa1 null (data not shown). Another possibility is that overexpressed Usa1pUBL is dominant negative in some way. Although this version of
USA1 supported degradation of both CPY* and Hmg2p-GFP, and is thus a functional
protein for normal substrate degradation, Hrd1p appeared more stable in the presence of
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Usa1UBLp than in a comparable strain over-expressing Hrd1p alone, suggesting that
the Usa1pUBL might be dominant negative in a manner specific for Hrd1p degradation.
However, Usa1pUBL could also be dominant negative in other ways. For example, if
Hrd1p-mediated toxicity results from degradation of a specific protein(s), it is
conceivable that a dominant negative Usa1pUBL might prevent this degradation, thus
precluding the growth defects.
Undoubtedly, understanding the complex relationship between Usa1p, Hrd3p, and
Hrd1p will be important future work, and in addition to basic mechanisms, there are
surely subtleties we are not yet aware of. Careful regulation and balance of Hrd1p
activity is likely to be an example of a universal theme among quality control ligases,
which might live on the edge, able to be pushed one way or another to become more or
less stringent in ubiquitination of protein substrates depending upon the needs of the cell
and its population of folding proteins.
These studies of Usa1p have not only led to improved understanding of this HRD
complex member and its effects on Hrd1p regulation, but have been especially
advantageous in understanding the role of Hrd3p. As discussed above, investigation into
Hrd1p-mediated toxicity has revealed an antagonistic relationship between Hrd3p and
Usa1p. In addition, the USA1UBL mutant has provided a particularly convenient way to
genetically uncouple Hrd3p’s Hrd1p stabilization function from its more direct roles in
substrate degradation. Trying to understand the suggested direct ERAD function of
Hrd3p had previously been confounded by the fact that in the absence of Hrd3p, Hrd1p
levels are very low (2,20). Thus, any observed ERAD defects in a hrd3 null could be
attributed to the lack of Hrd1p, rather than any direct action of Hrd3p. However, Hrd1p is
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stable in a USA1UBL strain regardless of the presence of Hrd3p, making this an ideal
strain background for demonstrating that Hrd3p has a direct ERAD function, as shown in
Chapter 3, but also for dissecting this function of Hrd3p.
Work from multiple groups has shown that Hrd3p participates in numerous
interactions with other lumenal ERAD factors as well as with substrates (3,4,11);
however, the nature of these interactions has yet to be determined. It seems highly likely
that the TPR repeats within Hrd3p’s lumenal domain mediate Hrd3p’s interactions with
these lumenal factors, given that TPR repeats often mediate protein-protein interactions
(21); in agreement with this notion, the region of Hrd3p that appears to interact with
Yos9p contains TPR repeats. In addition to mediating interactions between Hrd1p and
other ERAD factors, Hrd3p might play a more active role in distinguishing which
proteins are substrates. Hrd3p interacts with both CPY* and CPY*0000, and appears to
bind more CPY*0000 than CPY* (11). Hrd3p’s ability to interact with a both substrate
and non-substrate version of the same protein strongly implies that it may be involved in
substrate selection. One hypothesis put forward in the literature is that Yos9p performs an
initial selection of proteins based upon their glycosylation status, following which Hrd3p
decides whether to pass them off for polyubiquitination (3). Perhaps Hrd3p binds
CPY*0000 more tightly in order to prevent handoff to Hrd1p for ubiquitination, and has a
weaker association to properly folded proteins. This type of interaction could be brought
about by Hrd3p’s TPR motifs.
Very little is known about the direct ERAD function of Hrd3p in membrane
substrate degradation, and this is the first study to conclusively establish such a role for
Hrd3p. Earlier work had shown that a Hrd3p truncation mutant that did not support
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degradation of Hmg2p-GFP, but did promote Hrd1p stability, abolished interaction
between Hrd1p and Hmg2p (22). This cross-linking experiment strongly implied that
Hrd3p might be important in recruitment of Hmg2p to the ubiquitin ligase. However,
over-expression of Hrd1p can suppress the Hmg2p degradation defect in a hrd3 null,
demonstrating that Hrd1p can recognize substrates independently of Hrd3p (2). One
hypothesis for Hrd3p’s direct ERAD-M function is that it increases recruitment of
substrates to the ligase either by a direct interaction with the substrate, or by improving
Hrd1p’s innate ability to recognize misfolded membrane proteins. Hrd3p may begin the
initial substrate selection, recruiting potential misfolded proteins to the complex,
following which Hrd1p makes the final decision based upon specific residues in its
transmembrane domain (23). One experimental approach that could be taken in addition
to directly cross-linking or co-immunoprecipitating Hrd1p with a substrate would be to
create a substrate tethered to Hrd1p. If Hrd3p is required for recruitment of substrate,
then addition of Hrd3p should result in no improvement in this tethered substrate
ubiquitination. If, on the other hand, Hrd3p increases Hrd1p ligase activity, ubiquitination
of the substrate might increase. Hrd3p might do this by participating in recruitment of the
E2. Fortunately, we now have the tools to thoroughly characterize the role of Hrd3p in
the degradation of Hmg2p and other substrates. A thorough mutational analysis of Hrd3p
combined with the USA1UBL strain to uncouple Hrd1p stability from the analysis
should allow significant future progress toward obtaining a mechanistic understanding of
Hrd3p’s direct ERAD function in degradation of both lumenal and membrane substrates.
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