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Abstract
Approximately one-third of newly synthesized eukaryotic proteins are targeted to the secretory
pathway, which is composed of an organellar network that houses the enzymes and maintains the
chemical environment required for the maturation of secreted and membrane proteins. Nevertheless,
this diverse group of proteins may fail to achieve their native states and are consequently selected
for ER associated degradation (ERAD). Over the past few years, significant effort has been made to
dissect the components of the core ERAD machinery that is responsible for the destruction of most
ERAD substrates. Interestingly, however, some ERAD substrates associate with dedicated
chaperone-like proteins that target them for proteolysis or protect them from destruction. Other
substrates fold and function normally but can be selected for ERAD by protein adaptors that identify
and transmit regulatory cues.

Introduction
A significant percentage of eukaryotic proteins are destined for the extracellular space or the
plasma membrane. Many other proteins ultimately reside within intracellular organelles, such
as the endoplasmic reticulum (ER), the Golgi apparatus, and the lysosome/vacuole. Nearly all
of the proteins in these compartments are synthesized on ER-bound ribosomes and enter the
ER lumen and/or membrane during or soon after their synthesis [1]. Perhaps not surprisingly,
enzymes reside within the ER that facilitate protein folding and post-translational modification
[2,3]. Among these enzymes are protein disulfide isomerase (PDI), which catalyzes the
oxidation of disulfide bonds, the signal peptidase, which cleaves the N-terminal signal peptide,
and the oligosaccharyl transferase, which appends a core, N-linked glycan onto secreted
proteins that contain an Asn-X-Ser/Thr recognition motif. Other prominent ER residents that
facilitate protein maturation are molecular chaperones. There are several classes of molecular
chaperones that reside in the ER, but all have the potential to prevent the accumulation of off-
pathway folding intermediates and help retain newly synthesized proteins in solution. The
activities of some chaperones, such as Hsp70 and Hsp90, are coupled to the binding and
hydrolysis of ATP. Protein folding in the ER is also enhanced by the maintenance of a unique
chemical environment. For example, the ER is more oxidizing than the cytoplasm and is
calcium-rich. These attributes, respectively, favor the formation of disulfide bonds and are
necessary for the function of calcium-binding chaperones. The native conformation of a protein
is thermodynamically more stable that the unfolded state. Nevertheless, the protein-folding
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pathway contains energy “hills”, which represent thermodynamic folding barriers, and lower-
energy “valleys”, which represent folding intermediates [4]. Thus, polypeptides that enter the
ER transiently populate partially folded conformations. Such conformers, if present at high
concentrations, may illegitimately associate with other, functional proteins, and exert dominant
negative effects on ER homeostasis. In addition, the ER may have to contend with a temporary
loss of ER calcium, thermal stress, energy depletion, or the synthesis of mutant proteins. Each
of these events may similarly result in the accumulation of toxic folding intermediates.
Furthermore, unfolded proteins may arise within the ER due to stochastic errors during
transcription and/or translation. To correct folding mistakes and dispose of damaged
polypeptides, an ER quality control (ERQC) system has evolved. The synthesis of components
of the ERQC machinery, which includes molecular chaperones and enzymes such as PDI, is
induced via the Unfolded Protein Response (UPR) [5], and aberrant secreted and membrane
proteins can be destroyed via a process termed ER associated degradation (ERAD) [6,7].
Genetic evidence supports the notion that the UPR and ERAD serve as complementary
pathways to maintain ERQC.

The degradation of ERAD substrates requires a multi-catalytic, ~2.5Mda, 26S protease, known
as the proteasome, which resides in the cytoplasm and nucleus and on the cytoplasmic face of
the ER membrane, but not within the ER lumen. The proteasome acts complementarily to the
lysosome/vacuole to mediate the destruction of most proteins in eukaryotic cells, and consists
of a 19S “cap” (PA700) and a 20S “core” particle [8,9]. The 19S particle contains factors that
bind and remove polyubiquitin tags that become attached to proteasome-targeted substrates, a
modification that aids in targeting substrates to the proteasome. The 19S particle also contains
a ring of AAA-ATPase proteins that helps funnel proteins into the 20S core. The 20S core
contains duplicated sets of proteases that possess chymotryptic, tryptic, and peptidyl-glutamyl-
like activity.

A significant percentage of cellular proteasomes are found at the cytoplasmic face of the ER
[10], which likely facilitates the efficient destruction of ERAD substrates. In principle, ER-
bound proteasomes can directly interact with cytoplasmic domains in integral membrane
ERAD substrates. It is less clear how integral membrane and ER luminal segments of these
proteins are subsequently destroyed, although some integral membrane proteins have been
observed to be completely liberated from the ER membrane prior to degradation [11,12]. ER-
resident, soluble substrates that are selected for destruction must also be transported to the
cytoplasm to engage the proteasome. These “retro-translocation” or “dislocation” events most
likely require a proteinaceous channel in the ER, but the identity of this channel remains
contentious. What is clear is that the delivery of almost all soluble and integral membrane
ERAD substrates to the cytoplasm and their engagement by the proteasome requires another
AAA, ATP-hydrolyzing protein complex that resides in the cytoplasm and on the cytoplasmic
face of the ER membrane [13]. The energy-requiring component of this complex is Cdc48 (in
yeast) or p97 (in mammals). Other ERAD substrates appear to be retro-translocated from the
ER directly by the proteasome [14,15].

During retro-translocation most ERAD substrates are ubiquitinylated, which facilitates ER
extraction by the Cdc48/p97 complex. Thus, ER-resident E3 ubiquitin ligases, which append
ubiquitin onto ERAD substrates, play key roles during degradation. Two conserved ubiquitin
ligases, known as Doa10 and Hrd1, have been found to facilitate the degradation of every
ubiquitinylated substrate in yeast [16-18]. Because these proteins possess multiple
transmembrane-spanning segments, it has also been suggested that they moonlight as the long-
sought retro-translocation channel, or comprise a component of the channel [19]. They also
may directly contribute to the recognition of some ERAD substrates. A similar, but more
complex, situation appears to exist in mammals, where two Hrd1p homologues (Hrd1 and
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gp78) and a putative Doa10 homologue (TEB4), coexist with several additional ER membrane-
located ligases, possibly with more specialized roles (e.g. RMA1/RNF5 and Kf-1) [20,21].

Because approximately one-third of all proteins encounter the secretory pathway, and because
each of these proteins can potentially misfold or fail to acquire the proper post-translational
modifications, there has been significant effort to understand how ERAD substrates are
selected. As noted above, molecular chaperones aid in the folding of nascent polypeptides.
Some of these same chaperones may also target misfolded proteins for ERAD. In addition,
glycan-binding lectins in the ER act as critical mediators during the selection of some ERAD
substrates [22]. Recent evidence indicates that there is a sequential interaction between distinct
lectins prior to retro-translocation [23,24].

As the number of ERAD substrates has grown, it has become possible to classify them into
distinct groups based on the site of the mis-folding lesion; thus, proteins with lesions in the
lumenal space are referred to as “ERAD-L” substrates, proteins with lesions within the ER
membrane are referred to as ERAD-M” substrates, and proteins with lesions in the cytoplasm
are referred to as “ERAD-C” substrates (Fig. 1). Based on studies in yeast, these classes can
also be distinguished by the specific E3 ubiquitin ligase that is required during degradation
[25], and to some extent by the requirement for specific chaperones and lectins [16,17,26].

The increase in the number of known ERAD substrates has also led to the discovery that some
substrates engage proteins that seem to be devoted to either enhancing or preventing their
degradation. In the following sections, we will briefly describe how these substrate-specific
factors were identified and function.

Substrate-Specific Mediators of ERAD
Model substrates in yeast

Yeast contain an essential plasma membrane H+-ATPase, known as Pma1, which spans the
membrane 12 times and oligomerizes and folds within the ER. Perhaps because of its essential
function and complex folding pathway, the ERAD of some Pma1 mutants utilizes a committed
chaperone [27]. This chaperone, known as Eps1, is one of five PDIs in the yeast ER [28], and
thus far it appears that the Pmal mutant protein is the only ERAD substrate that requires Eps1.
In contrast to Eps1, which is “pro-degradative”, the folding of amino acid permeases in the ER
in yeast require a factor known as Shr3 [29]. In the absence of Shr3, the permeases begin to
aggregate in the ER and are targeted for ERAD. Interestingly, the amino acid permeases possess
12 transmembrane segments, and Shr3—which is also a membrane protein—retains the first
five segments in a folding-competent conformation. Thus, Shr3 exhibits bona fide chaperone
activity for a specific class of proteins.

The regulation of lipid metabolism: ApoB and HMG CoA reductase
Apolipoprotein B (ApoB) is a large, ~550 kD protein that binds to cholesterol, cholesterol
esters, and phospholipids as it translocates into the ER in the liver and small intestine. This
process is required for the biogenesis and secretion of low- and very low-density lipoproteins,
and ApoB is the most abundant protein in these cholesterol-carrying particles. If, however, the
ER is cholesterol- or lipid-poor then ApoB only partially enters the ER and is retro-translocated
and co-translationally targeted for ERAD [30]. Therefore, lipids and cholesterol prevent ApoB
ERAD. In turn, the loading of these metabolites onto ApoB requires a committed chaperone,
known as the microsomal triglyceride transfer protein (MTP) [31,32]. MTP is a dimer of PDI
and a 97 kDa “M” subunit. If MTP is absent or is inactivated ApoB is targeted for ERAD
regardless of whether the synthesis and secretion of LDLs and VLDLs are needed. In fact,
reduced levels of circulating cholesterol and triglycerides are evident in individuals who lack
MTP activity [33]. This condition, known as abetalipoproteinemia, leads to a defect in the
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utilization of fat-soluble vitamins and profound developmental defects. In contrast, a more
modest reduction in MTP activity through the administration of an inhibitor, known as
BMS-201038, has been shown to reduce circulating cholesterol levels [34]. Consequently, this
substrate-specific ERAD regulator has emerged as a promising therapeutic target.

Another ERAD substrate linked to lipid metabolism and whose stability is modulated by a
committed chaperone-like molecule is the multi-spanning transmembrane protein hydroxy-
methylglutaryl (HMG)-coenzyme A (CoA) reductase, which has been the topic of investigation
for several decades. Because HMG-CoA reductase catalyzes the rate-limiting step in
cholesterol synthesis (HMG-CoA conversion to mevalonate), this enzyme is highly regulated.
One mode of control is accelerated ERAD that occurs when sterols or mevalonate metabolites
(e.g., farnesol) are in excess. This occurs in both mammalian and yeast cells and has been
examined in detail in both systems [35,36]. In mammalian cells, sterols cause the binding of
INSIG1 or INSIG2 to the reductase, which in turn appears to recruit an ER membrane E3
ubiquitin ligase, gp78, to initiate ERAD [37]. INSIGs are ER membrane proteins that interact
with the transmembrane domains of the reductase and other ER membrane proteins in a sterol-
sensitive manner and are adaptors that effect regulation of those proteins. Interestingly, the
yeast homologs of INSIGs (NSGs) play a different role; these proteins interact with and
stabilize yeast HMG-CoA reductase [38]. In yeast, the reductase appears to be marked for
ERAD by a farnesol-induced structural transition [39] that allows for recognition by the Hrd1-
containing complex that mediates ERAD-M. Recent data indicate that this interaction
represents a rate-limiting step for the Cdc48-dependent retro-translocation of the enzyme to
the cytosol [40].

The regulation of calcium release from the ER
Inositol trisphosphate (IP3) receptors are polytopic ER membrane proteins that tetramerize to
form channels that govern the release of Ca2+ stored within the ER lumen of mammalian cells
[41]. Channel opening occurs in response to the binding of IP3 and Ca2+, via an as-yet undefined
conformational change. Activation also leads to proteasome-mediated degradation of IP3
receptors [42]. This suggests that the conformational change associated with channel opening
exposes motifs, perhaps hydrophobic patches, which allow for the recognition of IP3 receptors
as ERAD substrates [43]. Interestingly, a large (~1MDa) ring-shaped complex composed of
the ER membrane proteins SPFH1 and SPFH2 has recently been shown to associate with IP3
receptors immediately after their activation. These proteins, in turn, mediate the ubiquitination
of the IP3 receptors [44,45]. The SPFH1/2 complex also associates with other proteins that
undergo ERAD, e.g. the α1D-adrenergic receptor [46], but has a more modest effect on the
stability of model ERAD substrates [44]. Thus, while the SPFH1/2 complex appears to be a
selective recognition factor for IP3 receptor ERAD (Fig. 2), it may also play a role in the
degradation of other ERAD substrates.

ERAD mediators produced by pathogens
Some substrate-specific mediators of degradation are produced by pathogens, which augments
pathogen replication or immune system evasion in the host. For example, the US2 and US11
human cytomegalovirus gene products interact with class I major histocompatibility complex
heavy chains (MHC-I HCs) in infected host cells. The interaction between US2 and US11 with
MHC-I HCs facilitates the p97-dependent retrotranslocation and degradation of this
component, which is normally required for the presentation of peptides to the immune system
[47-50]. Interestingly, US11 also recruits a factor that anchors p97 at the ER membrane and
associates with the “derlins”, conserved proteins that have been suggested to act as retro-
translocation channels. In addition, US11 functions with TRAM1, which is thought to facilitate
the insertion of transmembrane proteins into the lipid bilayer during synthesis [51]. Thus, US11
might re-engineer TRAM1 activity to catalyze MHC-I HC retro-translocation.
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And the list continues to grow: Variations on a theme
Some modifiers may act on unique sub-classes of ERAD substrates. For example, a Cdc48/
p97- and Hrd1-interacting factor known as Herp was recently found to enhance the ERAD of
only non-glycosylated proteins, and may help transfer these substrates to the proteasome
[52]. Also, interestingly, one ERAD substrate contains a built-in chaperone-like domain. Pca1,
which is a yeast cadmium transporter, is only targeted for ERAD in the absence of cadmium.
In the presence of cadmium, a metal-binding domain imparts a conformational change in the
protein that prevents substrate ubiquitinylation and degradation [53]. It is likely that other
proteins are regulated in a similar manner.

Conclusions
The existence of substrate-specific ERAD mediators that appear to affect the stability of distinct
substrates or distinct classes of substrates has only just begun to be appreciated, and this most
likely reflects the fact that the number of known ERAD substrates has grown substantially over
the past few years. Thus, it is likely that members of this “new” family will continued to grow.
It is also vital that additional work is undertaken to define the molecular mechanisms by which
these mediators act. In particular, the key challenges now are to define the structural basis for
the interactions between ERAD mediators and their specific substrates, and to establish how
lumenal ER proteins and complex polytopic proteins are extracted from the ER and delivered
to the proteasome.
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Fig. 1. Degradation of ERAD-L, -M, and —C substrates
Soluble and integral membrane proteins with mis-folding lesions in the lumen, and integral
membrane proteins with mis-folding lesions within the membrane and in the cytoplasmic space
are depicted. In nearly all cases, substrates are delivered to the proteasome for degradation in
a process that requires the p97 complex (also known as the Cdc48 complex in yeast).
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Fig. 2. Model of SPFH1/2 complex-mediated ERAD of activated IP3 receptors
Upon binding of the co-agonists IP3 and Ca2+, IP3 receptor tetramers undergo a conformational
change that both opens the Ca2+ channel to allow for the release of ER Ca2+ stores, and triggers
association of the SPFH1/2 complex. The SPFH1/2 complex targets activated IP3 receptors
for ERAD, perhaps by recruiting the E2 and E3 that catalyze IP3 receptor polyubiquitination.
Polyubiquitinated IP3 receptors are then extracted from the ER membrane through the action
of the p97-Ufd1-Npl4 complex, and are delivered to the proteasome for degradation.
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