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Abstract

The eukaryotic endoplasmic reticulum (ER) maintains protein homeostasis by eliminating 

unwanted proteins through the evolutionarily conserved ER-associated degradation (ERAD) 

pathway. During ERAD, maturation-defective and surplus polypeptides are evicted from the ER 

lumen and/or lipid bilayer through the process of retrotranslocation and ultimately degraded by 

the proteasome. An integral facet of the ERAD mechanism is the ubiquitin system, composed of 

the ubiquitin modifier and the factors for assembling, processing and binding ubiquitin chains on 

conjugated substrates. Beyond simply marking polypeptides for degradation, the ubiquitin system 

is functionally intertwined with retrotranslocation machinery to transport polypeptides across the 

ER membrane.

To ensure that proteins progressing through the ER are properly folded and functional, 

eukaryotic cells have evolved a sophisticated quality-control mechanism that can eliminate 

terminally misfolded or unassembled polypeptides whose propensity for aggregation may 

cause cytotoxicity. This mechanism, known as ERAD, also has active roles in regulating 

levels of enzymes or signaling molecules in response to perturbed metabolic states1,2. As an 

adaptable and responsive mechanism of remediation, ERAD not only enables the necessary 

flux of functional proteins through the secretory pathway but also supports the survival of 

individual cells and development of multicellular organisms during environmental changes3.

The discovery of the ERAD process dates back to the late 1980s, when several groups 

reported that incorrectly folded polypeptides or unassembled subunits of protein complexes 

often failed to progress beyond the ER, with many being targeted for rapid degradation4–6. 

These studies hinted at the existence of a protein quality-control mechanism at the level of 

the ER, but the identity of the responsible protease remained elusive until the mid-1990s, 

when a series of seminal studies implicated components of the ubiquitin-proteasome 

system (UPS)7–12. Since then, a panoply of tools, including small-molecule inhibitors, viral 

proteins, genetic screens in yeast and, more recently, complex genetic interaction maps, 

proteomics and advanced biochemical strategies have been used to identify many if not 
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most components (Tables 1 and 2) and to delineate important interactions required for 

recognition, targeting and delivery of misfolded proteins from the ER to the UPS.

Intriguingly, no evidence indicates that the ER lumen contains any UPS components such as 

ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzymes (E2s) or the proteasome, 

probably because these proteins lack appropriate ER-targeting signals. Accordingly, ERAD 

substrates are either partially (for integral membrane substrates) or completely (for luminal 

substrates) segregated from the UPS machinery by the lipid bilayer. Thus, a transport 

mechanism able to move polypeptides across the ER membrane is implicitly required for 

degradation, at least for soluble luminal ERAD substrates. Because protein translocation at 

the ER traditionally refers to vectorial insertion of ribosome-bound nascent chains through 

the Sec61 translocon into the ER lumen or lipid bilayer, the terms ‘retrotranslocation’ and 

‘dislocation’ are used to describe the reverse movement of polypeptides during ERAD. The 

former refers to the movement of a luminal entity across the lipid bilayer, whereas the latter 

describes the dislodging of membrane proteins into the cytosol in ERAD13. Recent studies 

underscore an elaborate molecular design that integrates many UPS components with a 

complex retrotranslocation apparatus to channel misfolded proteins of the secretory pathway 

for degradation. Our discussions below reflect the growing understanding of the integrated 

roles of UPS components in ERAD.

The ubiquitin system in ERAD

Ubiquitin and ubiquitin-like proteins in ERAD.

The 76-residue polypeptide modifier ubiquitin can be conjugated to lysine or, in some cases, 

to serine, threonine or cysteine residues of a substrate14–16. Ubiquitin is added either as 

a monomer (monoubiquitination) or extended to form chains (polyubiquitination) through 

one of its seven lysine residues or its N terminus. Both the length (monomer versus chain) 

and the linkages of ubiquitin chains can affect the fate, stability, subcellular localization 

and activity of the modified substrates17,18. With a few exceptions, inhibiting ubiquitination 

prevents not only degradation but also retrotranslocation of most substrates from the ER13, 

thus indicating that ubiquitin conjugation is vital for continuous processing of ERAD 

substrates. Ubiquitin can be conjugated to both ERAD substrates13 and the machinery19, 

but the linkages, frequency and overall impact of ubiquitination on ERAD machinery are not 

well defined. Eukaryotic cells can also modify substrates with small ubiquitin-like (UBL) 

proteins that have similarities in both sequence and structure to ubiquitin20. A role for the 

small ubiquitin-like modifier (SUMO) in promoting ubiquitination of an ERAD substrate 

by a SUMO-dependent ubiquitin ligase (RNF4) was suggested recently21, but a general 

requirement of SUMO or RNF4 in ERAD has not been demonstrated.

The ubiquitination machinery in ERAD.

Ubiquitin conjugation requires the actions of an enzyme cascade. Once the E1 enzyme 

activates ubiquitin, a ubiquitin-conjugating enzyme (E2) can act in conjunction with a 

ubiquitin ligase (E3) to transfer ubiquitin to a selected substrate22. In budding yeast, 

two ER-anchored E3s (Hrd1p and Doa10p) are responsible for most (if not all) substrate 

ubiquitination in ERAD23,24 (Table 1), but additional E3 ligases may also contribute to 
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ERAD under special conditions25. Both genetic and biochemical studies support a spatially 

deterministic mode of substrate selection for ERAD in yeast, whereby Hrd1p ubiquitinates 

proteins misfolded in either their luminal (ERAD-L) or transmembrane domains (ERAD-

M), and Doa10p targets those with domains misfolded in the cytosol (ERAD-C)26,27. 

Hrd1p and Doa10p are both conserved evolutionarily (Table 1), yet mammalian cells use 

an expanded collection of ERAD-related E3s to deal with folding crisis at the ER28. 

Interestingly, there has not been a commensurate diversification of E2s used, with only 

Ube2j1, Ube2j2 (refs. 29,30) and Ube2g2 (ref. 31) (orthologs of Ubc6p and Ubc7p, 

respectively) implicated in mammalian ERAD so far (Table 1). Presumably, the E3 capacity 

has expanded in response to the larger genomes, multicellular nature and longer lifespans 

of mammals, which collectively confer a higher risk of protein misfolding. With more E3s 

available, the compartment-based targeting model valid for yeast is not entirely adequate 

to explain substrate-E3 relationships in mammals. A misfolded luminal substrate whose 

degradation requires Hrd1 can be switched to depend on another E3, gp78, by simply 

tethering the substrate to the ER membrane32. Moreover, multiple E3s frequently contribute 

to the turnover of the same substrate (either in parallel or in tandem), thus reflecting 

either an opportunistic mode of E3 action afforded by substrate proximity or a complex 

hierarchical organization of prioritized substrate-E3 relationships33–35.

To build extended ubiquitin chains competent for recognition by the proteasome, substrates 

need a minimal ‘dwell time’ with their E3s so that multiple rounds of interactions with 

cognate E2s can be engaged. However, the structural diversity and sheer quantity of potential 

substrates that may require remediation (>7,000 unique proteins) means that many of the 

E3s involved in mammalian ERAD will need to be able to degrade a range of substrates 

in bulk without forming specific substrate-enzyme relationships. This implies that ERAD 

E3s use low-stringency selection criteria and may form only transient interactions with 

substrates. Several strategies have been evolved to maximize polyubiquitination efficiency in 

ERAD (Box 1).

Deubiquitinases in ERAD.

Ubiquitin chain length, linkage and branching are highly dynamic and are governed by 

the opposing enzymatic actions of the ubiquitin-conjugating cascade and the families of 

deubiquitinases (DUBs). DUBs are isopeptidases that remove ubiquitin conjugates from 

substrates or disassemble ubiquitin chains36. Many DUBs implicated in ERAD, including 

YOD1 (also known as OTUD2)37, USP13 (ref. 38) and Ataxin-3 (ref. 39) (Table 1), bind the 

retrotranslocation-driving ATPase p97/VCP (Cdc48p in yeast) either directly or indirectly. 

A general role for DUBs within the ERAD mechanism is still uncertain, because they 

do not appear to be required for substrate processing in yeast. The lack of conserved 

involvement of DUBs within eukaryotic retrotranslocation mechanisms would argue against 

any fundamental roles for DUBs in retrotranslocation per se40. Instead, these enzymes are 

more likely to act indirectly to regulate the retrotranslocation process. In agreement with 

this notion, YOD1 (OTUD2) can negatively regulate retrotranslocation of a nonubiquitinated 

ERAD substrate41, thus suggesting that an ERAD-machinery component rather than an 

ERAD substrate may be regulated by DUBs, which in turn influences the retrotranslocation 

activity. More recently, another mammalian DUB, USP13, was found to interact directly 
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with the E3 ligase gp78. This interaction is required to prevent gp78-mediated ubiquitination 

of a cytosolic chaperone in the Bag6 complex (discussed below), which, if not inhibited, 

could inactivate this ERAD-facilitating chaperone42. Thus, by suppressing spurious and 

counterproductive ubiquitin conjugation, the cooperation between USP13 and gp78 restricts 

gp78’s activity toward its intended targets to promote ERAD.

A DUB-E3 partnership could also improve the substrate selectivity for E3s in ER-protein 

quality control via another means. A major challenge of any protein quality-control system 

is to distinguish misfolded from folded polypeptides. Although gross changes can occur, 

quite often the structural differences between the two forms can be subtle. In an effort to 

reconstitute substrate discrimination by an SCF (Skp, cullin, F-box–containing) ubiquitin 

ligase complex in vitro, Hegde and colleagues used two closely related membrane-bound 

substrates, one targeted for degradation and the other exempted. They provide evidence 

that deubiquitination by cytosolic DUBs may amplify the difference in ubiquitination 

efficiency, thus allowing the misfolded form with slightly higher E3 affinity to be rapidly 

ubiquitinated and the other to be rescued by the DUBs43. In terms of energy consumption, 

this protein-turnover strategy appears costly, because many rounds of ubiquitination are 

wasted with repetitive addition and removal. However, because the end point of evolution 

is not to develop the most ‘economical’ biological process, what appears to be an energy-

inefficient process can sometimes be justified if the trade-off yields an improvement to the 

overall fitness of an organism. One such example is the bulk degradation of many newly 

synthesized nascent polypeptides by the proteasome, a seemingly ‘wasteful’ process that 

actually provides an essential source of antigenic peptides required for host defense against 

invading pathogens44.

The ubiquitin-selective ATPase p97/VCP.

Once a portion of a luminal ERAD substrate that reaches the cytosol has been ubiquitinated, 

the polypeptide is dislocated from the lipid bilayer to complete retrotranslocation. The 

energy source driving the dislocation reaction appears to be provided by the highly 

conserved ATPase p97/VCP45–48 (Table 2). p97/VCP is a member of the large ATPase 

associated with diverse cellular activities (AAA+) family by virtue of the two AAA+ 

ATPase cassettes that it bears49. p97/VCP monomers oligomerize to form a homohexamer 

in which the ATPase domains are oriented as two stacked rings (D1 and D2) that form 

a centrally aligned pore, and the N-terminal domains flank the barrel formed by the D1 

ring50,51. As one of the most abundant proteins in cells, p97/VCP is able to participate in 

a diverse range of cellular processes, including ERAD, along with a collection of cofactors 

recruited through p97/VCP-binding domains (for example, VIM, VBR and SHP)52. Many 

p97/VCP cofactors also contain ubiquitin-binding domains (UBDs) that bind directly to 

ubiquitinated substrates. For ERAD, ubiquitin binding through the dimeric Ufd1–Npl4 

complex is responsible for recognition of substrates53,54. p97/VCP also associates with 

many E3s (for example, Hrd1 and gp78), ERAD accessory factors (for example, UbxD2, 

UbxD8 and VIMP) and DUBs (for example, Ataxin-3)49,55, thus establishing a platform for 

these factors to constitutively modulate ubiquitination at sites of retrotranslocation.
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Links between p97/VCP and the ubiquitin system extend far beyond the ERAD pathway. 

In almost every process involving p97/VCP, the substrates engaged are either mono- or 

polyubiquitinated. p97/VCP appears to serve as a ubiquitin-selective chaperone that uses 

the energy from ATP hydrolysis to segregate its substrate proteins from large immobile 

structures or complexes once the substrates are properly marked by ubiquitin. This idea is 

supported by several in vitro studies demonstrating that purified p97/VCP together with 

appropriate cofactors can extract ubiquitinated proteins from either the ER membrane 

or chromatin DNA56–58. The mechanism underlying the ‘segregase’ activity of p97/VCP 

is unclear. Structural analogy between p97/VCP and other AAA+ ATPase members that 

function as protein ‘translocases’ encourages a model in which p97/VCP threads substrates 

through its central pore, but compelling evidence has yet to be presented to support such 

a mechanism. Although several conserved hydrophobic residues at the center of the D2 

ring are crucial for substrate binding as well as for the function of p97/VCP in ERAD59, 

structural analyses determined that a zinc atom occludes the pore in p97/VCP at the D1 

level50. This obstruction within the pore, together with the fact that ERAD substrates often 

contain partially folded elements and bulky N-linked oligosaccharides, makes it unlikely that 

substrates are able to pass entirely through a p97/VCP central cavity that narrows at the D1 

ring. How p97/VCP efficiently engages and processes its substrates remains an outstanding 

question.

Ubiquitin receptors and UBL-bearing proteins.

To facilitate the coupling of retrotranslocation to degradation, ubiquitin chains conjugated 

to misfolded ER proteins must be recognized by cytosolic ‘ubiquitin receptors’—molecules 

that bind these adducts through an assortment of UBDs (for example, UBA, UIM, NZF and 

CUE)60. UBD-containing proteins appear to play a major part in shuttling substrates from 

sites of retrotranslocation at the ER membrane to the proteasome while protecting substrate 

ubiquitin chains from promiscuous DUB activity and/or promoting chain elongation. UBDs 

also facilitate the formation of protein networks by recognizing the UBL domains found 

in selected ERAD factors. For instance, the proteasome-associated, UBD-UBL–containing 

proteins hHR23A, hHR23B and ubiquilins have been proposed to function as a ‘substrate 

collector’ for the proteasome in both ERAD and other degradation pathways61–65 (Table 

2). The UBL domains in these factors interact with the proteasome through a ubiquitin-

interacting motif (UIM) in the S5a subunit of the proteasome66. Other UBL-containing 

proteins involved in ERAD include Herp67,68, TMUB1 (ref. 69) and two components of the 

recently identified cytosolic chaperone holdase complex, Bag6 and Ubl4A70 (Table 2). Herp 

and its yeast ortholog Usa1p appear to serve a crucial scaffolding function that assembles a 

functional retrotranslocation complex71,72. The UBL domain of Bag6 binds both the CUE 

domain of gp78 and the UBA domain of UbxD8, and these interactions position Bag6 at the 

sites of retrotranslocation marked by gp78, where it prevents protein aggregation to promote 

ERAD73. The UBL domain in the Bag6 cofactor Ubl4A also recruits small glutamine-rich 

tetratricopeptide repeat-containing protein-α (SGTA), which may serve as a cochaperone 

to assist Bag6 in ERAD74. Although UBLs share a similar protein fold with ubiquitin, the 

amino acid composition of the UBD binding surface on UBLs can vary substantially, thus 

ensuring specific recognition by selected UBDs74.
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Roles of ubiquitin in retrotranslocation

Because polyubiquitination occurs when substrates reach the ER’s cytosolic face and before 

release into the cytosol, it is generally believed that ubiquitin conjugation to substrates is 

what drives the retrotranslocation process75. Thus, substrate topology and relative cytosolic 

exposure become important determinants of how and when ubiquitination occurs and, 

consequently, how retrotranslocation proceeds.

Modes of retrotranslocation.

The current view posits that ER luminal proteins are retrotranslocated first by movement 

of a segment (‘handle’) across the ER membrane via a protein-conducting channel. This 

reaction converts untethered substrates to a virtual membrane-bound state, allowing them 

to be accessed by the cytosolic retrotranslocation machinery that will pull them through 

the membrane (Fig. 1). For substrates integrated in the ER membrane, retrotranslocation 

may be initiated by application of force to one or more domains already exposed to the 

cytosol, as proposed for the ERAD-M substrates, or to a luminal domain that had been 

moved across the membrane, as suggested for a type I membrane protein76,77. The latter 

mechanism is conceptually identical to retrotranslocation of an ERAD-L substrate. Thus, 

integral membrane ERAD substrates can be processed via either ERAD-M or ERAD-L 

mechanisms, at least in mammals (Fig. 1).

Direct extraction of hydrophobic transmembrane (TM) segments from lipid bilayers 

presents a substantial energetic barrier in any ERAD mechanism, yet ubiquitinated integral 

membrane substrates can be fully dislocated into the cytosol by the p97/VCP complex 

before their degradation57. Some type I membrane proteins appear to have solved this 

conundrum by first being processed by the ubiquitin-selective intramembranous rhomboid 

protease RHBDL4, whose cleavage effectively converts the residual luminal domain into 

an ERAD-L substrate78. The membrane substrates favored by RHBDL4 all contain one or 

more charged residues in their TM domains that are thought to be the ‘signal’ for engaging 

RHBDL4 (ref. 78). However, charged residues may also cause a type I membrane protein 

to fully translocate into the ER lumen before retrotranslocation is initiated, as demonstrated 

recently for TCRα79. Conceptually, a more general way to overcome the energetic barrier 

is to use a laterally gated protein channel from which TM domains are released into the 

cytosol one by one, as proposed previously80–82. In an entirely different strategy, ERAD 

machinery and substrates may preferentially localize to certain ER domains with lipid 

compositions that render membrane structures unstable, as hinted at by the observation 

that some ERAD factors (for example, AUP1 and UbxD8) are stably present in both ER 

and in lipid droplets83–85. The latter are lipid monolayer–encircled organelles that may 

originate from specialized lipid domains in the ER. Retrotranslocation may be favorable in 

these domains, dubbed ‘escape hatches’, because the unstable lipid structures can lower the 

energy barrier for dislodging TM domains of substrates from the membrane86. That said, 

no evidence suggests that lipid-droplet formation is required for ERAD of either luminal or 

membrane substrates, at least in yeast87. Although each of the aforementioned models offers 

attractive mechanisms, it is important to recognize that they are not necessarily mutually 

exclusive.
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Ubiquitination site selection and chain linkage in retrotranslocation.

Given that the substrate-E3 relationships may be quite promiscuous in ERAD, would E3s 

still preferentially ubiquitinate specific residues within ERAD substrates? Retrotranslocation 

substrates are likely to emerge from the ER membrane in an unfolded or partially unfolded 

state. This lack of structure, together with the diversity of substrates, argues implicitly 

for ERAD E3s to have less stringent selection criteria than other E3s. With the sites of 

retrotranslocation effectively ‘guarded’ by ubiquitin ligases, it is conceivable that stochastic 

encounters with available acceptor residues in an ERAD substrate may decorate it with 

heterogeneous ubiquitination patterns on multiple residues. This ‘bulk ubiquitination’ 

mechanism stands in sharp contrast to the specific enzyme-client relationship maintained 

by some E3s that act on folded proteins, and it may be more akin to cotranslational 

ubiquitination of defective nascent polypeptides emerging from ribosomes88.

Regardless of which residues are modified, it is Lys48-linked chains that appear to be 

essential for retrotranslocation and degradation of most ERAD substrates53,89. This is 

consistent with in vitro studies demonstrating that a key ubiquitin conjugating enzyme 

Ube2g2 (Ubc7p in yeast) assembles Lys48-linked ubiquitin chains that are preferentially 

recognized by the UBDs in the p97/VCP complex90. Lys11-linked ubiquitin chains can also 

be assembled by Ubc6p and Doa10p in yeast91. Notably, the Ubc6p ortholog Ube2j1 is 

essential for degradation of multiple Hrd1-dependent substrates, but the chain linkages on 

these substrates have yet to be determined33.

Roles of ubiquitin ligases in retrotranslocation.

The identity of the putative protein channel responsible for retrotranslocating ERAD-L and 

ERAD-M substrates has yet to be unequivocally established. Several candidates for this 

proteinaceous channel or pore have been proposed, including the Sec61 complex, members 

of the Derlin family (or Der1p in yeast) and polytopic E3s such as Hrd1 and gp78 (ref. 92).

A role for the Sec61 complex in retrotranslocation was initially proposed on the basis 

of reported interactions of the translocon with some ERAD substrates93,94 and of genetic 

evidence that certain Sec61α-mutant yeast strains were defective in retrotranslocation95,96. 

However, structural studies of archaeal SecYEG, the Sec61 homolog, revealed a narrow 

tunnel97 that is unlikely to accommodate most ERAD substrates carrying bulky N-linked 

oligosaccharides or partially folded domains.

The Derlins (Der1p family) contain several polytopic membrane proteins (with either four 

or six TM segments) that share both structural homology and conserved domains with 

the family of Rhomboid pseudoproteases98. Functionally, Derlin-1 or Derlin-2 is required 

for retrotranslocation of several luminal ERAD substrates in mammals98,99, and in yeast, 

Der1p is essential for degradation of ERAD-L but not ERAD-M substrates27. Importantly, 

retrotranslocation of a nonubiquitinated ERAD substrate in an in vitro system requires 

Derlin-1 but not Sec61α100. Derlin-1 and Derlin-2, as well as Der1p, associate closely 

with ubiquitin ligases such as Hrd1 (refs. 101–104), gp78 (ref. 33) and RNF5 (ref. 34) as 

well as other ERAD factors, to form large complexes spanning the ER membrane33,102,105. 

These complexes may be the basis of retrotranslocation channels, or they may serve to 
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couple the two spatially segregated ERAD events—namely the insertion of substrates into 

the membrane from the ER lumen and their subsequent ubiquitination upon emerging into 

the cytosol102,106.

The Hrd1 ubiquitin ligase has also surfaced as an attractive candidate for a retrotranslocation 

channel, at least for a subset of ERAD substrates. Initially identified in a genetic screen 

for yeast mutants defective in regulated degradation of 3-hydroxy-3-methylglutaryl-CoA 

reductase (HMG-CoAR)10,23,80, this multispanning ER-localized E3 is a key ERAD 

component in all eukaryotes, in which it is required for degradation of both ERAD-M 

and ERAD-L substrates26,27,33. For degradation of ERAD-M substrates, however, the Hrd1p 

cofactors Der1p and Usa1p are dispensable, and the role of another Hrd1p adaptor, Hrd3p, 

appears to be limited to stabilizing Hrd1p107. These observations led to the speculation 

that Hrd1p may function as the core component of a retrotranslocon, with its accessory 

factors scaffolding the channel complex, recruiting substrates and gating the entry of 

substrates into the Hrd1p-containing retrotranslocon82. Several lines of evidence support this 

model. First, degradation of ERAD-M and ERAD-L substrates can be further segregated 

in yeast by mutation to selected Hrd1p TM domains, which impair recognition and 

ubiquitination of only the ERAD-M substrate Hmg2p81. Next, the ERAD-L substrate 

misfolded carboxypeptidase Y (denoted CPY*) undergoing retrotranslocation could be 

cross-linked to Hrd1p TM domains in a process dependent on its ubiquitin-ligase activity 

and the ATPase activity of Cdc48p82. This suggests that ubiquitination-dependent Cdc48p 

activity serves as a cytosolic ‘ratchet’ stabilizing otherwise-transient interactions between 

the substrate and Hrd1p. However, the result does not distinguish whether the interaction 

occurs during substrate recognition or retrotranslocation. It is also noteworthy that an 

engineered ERAD substrate carrying the TM region of Hmg1p fused to the RING domain 

of Hrd1p is dislocated from the membrane and degraded even in the absence of Hrd1p, thus 

hinting at the existence of at least one Hrd1-independent route for retrotranslocation57.

To supplement Hrd1p activity, Saccharomyces cerevisiae also uses Doa10p, a second 

multispanning E3 that promotes degradation of ERAD-C substrates24,108. Like Hrd1p, 

Doa10p forms complexes within the lipid bilayer but shares only a few components with 

the Hrd1p complex, including Ubx2p (a ubiquitin regulatory X-domain-containing factor 

that recruits Cdc48p) and the E2 Ubc7p27. The mechanism underlying retrotranslocation 

initiation for ERAD-C substrates may be distinct from that of the Hrd1-dependent 

pathways because ERAD-C substrate recognition occurs in the cytosol. In this regard, the 

Doa10p-dependent pathway may be primarily responsible for degrading integral membrane 

proteins that are damaged in cytosol-exposed segments after these substrates have left 

the biosynthetic pathway. Indeed, manipulation of a Doa10p substrate to allow aberrant 

engagement of the Sec61 translocon may transiently displace a Doa10p ‘degron’ from 

the cytosol to the ER lumen, thus permitting it to engage Hrd1p for degradation109. 

The ERAD-M and ERAD-C pathways do not require substrate-recruiting factors in the 

ER lumen, thus suggesting that the ancient membrane quality-control pathways may 

implicate only multispanning E3 ubiquitin ligases, the Cdc48p complex and the proteasome, 

as exemplified in a recently discovered mitochondrial quality-control pathway110. Other 

elements (or modules) involved in degrading ERAD-L substrates may have been added to 

the ERAD-M machinery during evolution, to result in the expansion of substrate repertoire. 
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The development of the ERAD-L mechanism also creates a new strategy for protein 

translocation across the lipid bilayer; this strategy appears to have been adopted by certain 

cells containing red alga–derived endosymbionts and by peroxisomes to move polypeptides 

between subcellular compartments111 (Box 2).

A modular organization of the ERAD machinery.

Breaking ERAD down into functionally distinct modules that sequentially process substrates 

has been a convenient strategy for understanding how individual factors contribute to 

the overall mechanism. These modules, spanning three cellular environments, execute the 

following functions in ERAD (Fig. 2): (i) recognition, (ii) retrotranslocation initiation, 

(iii) ubiquitination, (iv) extraction, dislocation and retrotranslocation, (v) delivery and (vi) 

degradation. Despite the dramatic expansion in ERAD-machinery components, the modular 

organization of the ERAD machinery is conserved from yeast to humans. The components 

engaged in ERAD fall into to one or more of these categories, with some components acting 

at the interfaces to bring these functional modules together either transiently or stably in 

order to orchestrate the concerted ERAD function33. The notion of modularity conjures 

images of a segmented series of events, with a substrate passed from one module to the next 

as it moves toward the proteasome. However, the degrading polypeptides may also engage 

different ERAD modules as though they were beads on a string.

Roles of ubiquitin in targeting substrates to the proteasome

Once retrotranslocated, substrates need to be rapidly degraded to prevent any exposed 

hydrophobic patches and/or mislocalized TM domains from aggregating in the cytosol. 

Because inhibition of proteasome activity leads to stabilization of most ERAD substrates 

in the ER lumen, it is presumed that retrotranslocation and degradation are tightly coupled. 

A recent study on the archaeal Cdc48p homolog and the 20S proteasome suggested that 

direct interactions between Cdc48p and the 20S proteasome can align the central axis of 

these two ring-like complexes, to form a continuous conduit through which substrates can be 

directly transferred from Cdc48p to the 20S proteasome112. Such interactions, if they exist 

in eukaryotes, would provide a simple coupling mechanism that links retrotranslocation to 

degradation. However, this model is hard to reconcile with biochemical and genetic data 

showing that p97/VCP does not form stable interactions with 20S proteasomes in eukaryotic 

cells113,114 and that ERAD requires both the 20S and the 19S proteasome9,33,47. Moreover, 

as mentioned above, structural studies of p97/VCP also fail to support the processing model 

based on substrate threading.

A more plausible mechanism is the ‘handoff’ model, in which a handful of p97/VCP 

and proteasome-associated factors shuttle substrates from p97/VCP to the proteasome. 

In addition to the aforementioned UBA-UBL proteins and the E4 Ufd2p, a special 

chaperone system comprising the Bag6–Ubl4A–Trc35 complex and the cochaperone SGTA 

was recently implicated in this process115. Bag6 is an abundant cytosolic chaperone 

that forms a large homo-oligomer via a large proline-rich segment. Although predicted 

to be unstructured, the proline-rich domain is sufficient to bind substrates bearing long 

hydrophobic segments and to maintain them in an unfolded yet soluble state73. In cells, 
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this chaperone holdase activity is required to keep some retrotranslocated substrates in a 

soluble state competent for proteasome degradation70. The Bag6 adaptor Ubl4A uses a 

noncanonical UBL domain to bind a new UBD in SGTA in ERAD74. Bag6 also interacts 

with the proteasome and the proteasome adaptor proteins such as ubiquilin74,116. These 

interactions may be coupled to the transfer of substrates to the proteasome for degradation. 

The budding yeast does not contain a Bag6 homolog. A homologous system consisting 

of Sgt2p, Get5p and Get4p (homologs of SGTA, Ubl4A and Trc35, respectively) exists in 

yeast, but it is involved mainly in targeting tail-anchored proteins to the ER membrane115. 

However, it has been reported that a group of small cytosolic heat-shock proteins may 

serve an analogous chaperone function to channel retrotranslocated ERAD substrates for 

proteasome degradation117.

Conclusion and perspective

Efforts over the past two decades have led to the identification of most (if not all) 

components involved in ERAD of both yeast and mammals, and recent work has shed 

light on their organization into functional modules underlying the molecular mechanisms 

responsible for each molecular event of ERAD. Despite these advances, many fundamental 

questions about ERAD remain elusive. The mechanism for moving misfolded proteins 

across the ER membrane is still poorly characterized, thus leaving the identity of 

the retrotranslocon(s) as a point of conjecture and the potential modulation of the 

retrotranslocation machinery by ubiquitination and deubiquitination an open question. How 

the AAA+ ATPase p97/VCP physically extracts and transfers ubiquitinated polypeptides 

to the proteasome is also unclear. The answers to these questions will probably require 

establishment of in vitro biochemical systems capable of recapitulating the individual steps 

of ERAD. The in vitro ERAD assays available currently have relatively low efficiency, 

which has limited their ability to provide mechanistic understanding. Several recent studies 

have reported cell-based ERAD assays with higher sensitivity118–120, and these may be 

adaptable to improve the efficiency of in vitro assays. Also missing from the toolbox is a 

robust set of ERAD substrates suitable for developing sensitive in vitro assays. Identification 

of new substrates, particularly endogenous ones, is crucial to understanding E3 substrate 

recognition, and it may not only reveal further biological relevance of ERAD but also arm 

researchers with more powerful ‘weaponry’ to tackle the roles of ubiquitin in this important

—but still rather mysterious—biological process.
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Box 1

Different strategies of building ubiquitin chains for ER quality control

(1) Polytopic ERAD E3s can form functional homo-oligomers to enhance ubiquitination 

activity71,82. Oligomerization of gp78 increases polyubiquitination efficiency, probably 

by promoting chain preassembly on the active site of the E2 Ube2g2, which can be 

transferred en bloc to a substrate90. (2) Unlike many other E3s, some ERAD E3s 

recruit cognate E2s through high-affinity interactions. The yeast Hrd1p interactor Cue1p 

contains a high-affinity binding region for the E2 Ubc7p (U7BR) that is required for 

efficient ubiquitination and degradation of Hrd1 substrates121,122. Although there is no 

bona fide Cue1p homolog, two mammalian proteins, gp78 and AUP1, contain a similar 

Ube2g2-binding region (G2BR). Both U7BR and G2BR domains bind the ‘back side’ of 

the corresponding E2s, inducing allosteric changes in E2 that increase ubiquitin loading 

and transfer121,123,124. Stable E3-E2 interactions, when acting in the context of an E3 

homo-oligomer, may enhance ubiquitination efficiency either by forming preassembled 

ubiquitin chains or by simultaneously positioning multiple E2s in proximity to substrates. 

(3) The G2BR also acts in conjunction with ubiquitin-binding domains (UBDs) to further 

improve chain-building efficiency. Both Cue1p and gp78 contain ubiquitin-binding 

CUE domains that promote chain elongation125–127. (4) Functional cooperation among 

ubiquitinating enzymes (E2s or E3s) or between E3s and molecular chaperones may 

be another mechanism that promotes ubiquitination. Whereas one E2 (for example, 

Ubc6p) may be dedicated solely to chain initiation, another (for example, Ubc7p) may 

serve to elongate those chains. Likewise, one E3 (for example, RNF5) can initiate 

ubiquitin-chain formation, whereas another E3 (for example, gp78) elongates the chains, 

functioning similarly to an E4 (refs. 128–130). (5) Doa10p also associates with the 

cytosolic chaperone Hsp70, which promotes polyubiquitination, probably by increasing 

the substrate dwell time on Doa10p130. Similar functional interplays between an E3 and a 

chaperone have also been demonstrated in mammalian ERAD131.
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Box 2

A comparison of the ERAD-L mechanism with the peroxisome import 
pathway and the SELMA system

The ERAD-L mechanism shares a striking resemblance to a peroxisome protein–import 

pathway and the symbiont-specific ERAD-like machinery (SELMA). In yeast, ERAD-L 

requires a membrane complex comprising the substrate adaptor protein Hrd3p, Der1p 

and the ubiquitin ligase Hrd1p. The substrates are moved across the ER membrane via 

this large membrane complex. On the cytosolic face, an adaptor, Ubx2p, recruits the 

Cdc48p–Ufd1p–Npl4p complex to the ER membrane, which extracts the substrate from 

the membrane. The import of peroxisome proteins bearing a C-terminal peroxisomal 

targeting signal 1 (PTS1) begins with the recognition of cargo in the cytosol by a 

receptor protein, Pex5. Like Hrd3p, Pex5 uses several tetratricopeptide repeats (TPRs) 

to bind substrates. The Pex5–cargo complex is recruited to the membrane by a docking 

complex (Pex13/14) that also contains several RING-finger E3 ligases, Pex2, Pex10 

and Pex12 (Pex2/10/12). Pex5 is believed to form a pore after integration into the 

membrane, and the release of substrate cargos into the peroxisome lumen is coupled 
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to the ubiquitination and subsequent extraction of Pex5 from the membrane. Cytosolic 

AAA+ ATPase Pex1 and Pex6 (Pex1/6) mediate the dislocation of Pex5 from the 

membrane via a process analogous to the extraction of ubiquitinated ERAD substrates. 

The SELMA is a protein-translocation system located in the second-outermost membrane 

of certain plastids found in some alga and human parasites. Proteins in the stroma of 

these plastids need to traverse four layers of membrane. After Sec61-dependent transport 

into the ER lumen, they use the SELMA to reach the periplastidal compartment (PPC) 

for further translocation into the stroma. The system appears to be adapted from the 

ERAD-L machinery, because it uses two Der1-like proteins (sDer1–1 and sDer1–2), a 

membrane-bound E3 ligase (ptE3P) and a Cdc48-like complex (sCdc48–Ufd1) to move 

polypeptides across this membrane.
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Figure 1. 
Distinct modes of retrotranslocation. Retrotranslocation can occur in principle via the 

following modes. (1) A luminal substrate must first be inserted into the ER membrane in a 

process that is probably facilitated by a membrane-bound retrotranslocon component. Once 

a portion of the substrate has been exposed to the cytosol, the ubiquitination machinery 

can access it to facilitate its ubiquitination and subsequent dislocation from the membrane. 

Retrotranslocation of membrane proteins may proceed via several routes. Ub, ubiquitin. 

(2) Type I membrane proteins containing charged residues in their TM domain might be 

completely translocated into the ER lumen and then retrotranslocated similarly to a luminal 

substrate. (3) Some membrane proteins may first be processed by an intramembranous 

protease to release its luminal domain, which is then retrotranslocated. (4) Some membrane 

proteins may translocate their ER-luminal domain out of the ER first via a proteinaceous 

channel, which is then ubiquitinated and pulled out of the membrane. The TM domain may 

enter the channel via a lateral gate before being dislocated from the membrane. (5) Some 

membrane proteins may be ubiquitinated in their cytosolic domain and then pulled into a 

proteinaceous channel before release from the ER membrane.
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Figure 2. 
Modular organization of the mammalian ERAD system. A large number of ERAD factors 

are organized into several modules to mediate retrotranslocation. In general, proteins in the 

same module tend to form stable interactions, whereas factors from different modules bind 

each other in a dynamic manner, although there are exceptions. For instance, a large, stable 

membrane complex consisting of an E3 ligase and other factors is likely to mediate the 

retrotranslocation initiation and the ubiquitination modules. Within a given module, factors 

can also form parallel pathways to transport distinct classes of the substrates. For an ERAD-

L mechanism, the module for substrate recognition and recruitment distinguishes misfolded 

proteins from folded ones in the lumen and then selectively targets them for insertion 

into the ER membranes. Subsequent ubiquitin conjugation is mediated by ubiquitination 

modules. This is followed by extraction from the ER membrane via the AAA+ ATPase 

p97/VCP complex. Dislocated products are shuttled to the proteasome, which may have 

been brought near to the retrotranslocation site through interaction with the ER membranes. 

The yeast ERAD system has a similar modular organization with fewer participating 

components. The retrotranslocation and degradation of ERAD-M and ERAD-C substrates 

do not seem to require the recognition and initiation modules in the ER. The dashed lines 

indicate the flow of the substrates.
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