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Abstract 

Three deubiquitinating enzymes–Rpn11, Usp14, and Uch37–are associated with the proteasome 

regulatory particle. These enzymes allow proteasomes to remove ubiquitin from substrates before 

they are translocated into the core particle to be degraded. Although the translocation channel is 

too narrow for folded proteins, the force of translocation unfolds them mechanically. As 

translocation proceeds, ubiquitin chains bound to substrate are drawn to the channel’s entry port, 

where they can impede further translocation. Rpn11, situated over the port, can remove these 

chains without compromising degradation because substrates must be irreversibly committed to 

degradation before Rpn11 acts. This coupling between deubiquitination and substrate degradation is 

ensured by the Ins-1 loop of Rpn11, which controls ubiquitin access to its catalytic site. In contrast to 

Rpn11, Usp14 and Uch37 can rescue substrates from degradation by promoting substrate 

dissociation from the proteasome prior to the commitment step. Uch37 is unique in being a 

component of both the proteasome and a second multisubunit assembly, the INO80 complex. 

However, only recruitment into the proteasome activates Uch37. Recruitment to the proteasome 

likewise activates Usp14. However, the influence of Usp14 on the proteasome depends on the 

substrate, due to its marked preference for proteins that carry multiple ubiquitin chains. Usp14 

exerts complex control over the proteasome, suppressing proteasome activity even when inactive in 

deubiquitination. A major challenge for the field will be to elucidate the specificities of Rpn11, 

Usp14, and Uch37 in greater depth, employing not only model in vitro substrates, but their 

endogenous targets.        
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The Ubiquitin-Proteasome System 
The proteasome controls the levels of myriad regulatory proteins and maintains cellular homeostasis 

by removing misfolded and potentially toxic proteins (reviewed in this issue by Hochstrasser; see 

also [1–3]). Proteins are marked for proteasomal degradation with ubiquitin, a highly conserved, 76-

residue protein. Ubiquitination of substrate proteins is achieved via the sequential action of E1 

(ubiquitin-activating), E2 (ubiquitin-conjugating) and E3 (ubiquitin-ligating) enzymes, resulting in the 

formation of a covalent isopeptide bond between the C-terminus of ubiquitin and a nucleophilic 

group on the substrate, typically on the -amino group of a lysine residue. Such isopeptide bonds can 

be cleaved by deubiquitinating enzymes (DUBs) to regenerate free ubiquitin and, in the case of many 

DUBs, to antagonize substrate degradation. In mammals, there are nearly 100 DUBs, pointing to the 

intricacy and importance of these reactions [4,5]. Ubiquitin itself contains seven lysines (K6, K11, 

K27, K29, K33, K48 and K63) and a free N-terminal amino group, all of which can be modified by 

another ubiquitin molecule, allowing the formation of diverse chain structures [6–8]. Therefore, 

DUBs select substrates from a remarkably complex pool of conjugated ubiquitin, which is found not 

only on hundreds of different target proteins, but within ubiquitin chains of varied length and 

topology. 

 

The 26S proteasome (Fig. 1) consists of a cylindrical 20S core particle (CP), capped at one or both 

ends by 19S regulatory particles (RPs). The CP consists of four stacked heteroheptameric ring 

complexes that form an internal chamber containing the proteolytic sites of the proteasome. The RP 

can be divided into the 9-subunit base, which binds the cylinder end of the CP, and the 9-subunit lid 

[9]. The RP tightly regulates entry into the CP in order to prevent adventitious degradation of non-

targeted proteins [10,11].  

 

Given that the proteasome typically cannot recognize its substrates unless they are modified by 

ubiquitin, it is remarkable that the proteasome has three distinct components–Rpn11, Usp14, and 

Uch37–that function to cleave ubiquitin from substrates. Indeed, deubiquitination events at the 

proteasome have the potential to derail substrate degradation by promoting the dissociation of 

substrate from the proteasome before degradation is initiated. These considerations imply that 

deubiquitination at the proteasome should be held under strict control to minimize futile cycles of 

ubiquitination and deubiquitination. In fact, deubiquitination events at the proteasome are closely 

coordinated with distinct steps in the pathway of substrate degradation. In this review, we first 

outline how the proteasome encounters, translocates, unfolds, and degrades a substrate. We will 

then discuss the proteasomal DUBs, focusing on their mechanisms of action, functions, and 

substrate specificity. For more general reviews of DUBs, see [5,12]. 

 

Substrate recognition and translocation 
Ubiquitinated proteins associate with the proteasome through a set of integral RP subunits that 

serve as substrate receptors: Rpn10, Rpn13, and Rpn1 [1,13–17] (Fig. 1). Each of these receptors is 

capable of recognizing ubiquitin directly as well as indirectly; in ubiquitin recognition, Rpn10 is the 

strongest. Indirect recognition is mediated by a family of proteins often referred to as shuttling 

ubiquitin receptors. These shuttle proteins have an N-terminal ubiquitin-like (UBL) domain [18], 

which targets them to Rpn10, Rpn13, or Rpn1 [16,17,19–21], and a C-terminal ubiquitin-associated 
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(UBA) domain, which binds ubiquitin conjugates [22]. Thus, before proteins are deubiquitinated at 

the proteasome, a prior step of ubiquitin binding may occur where many distinct interactions 

between ubiquitin and the proteasome-associated receptors are possible. Given the multiplicity of 

ubiquitin receptors, the frequent multiplicity of ubiquitin chains on a single substrate, and the varied 

architectures of these chains, it can be expected that different substrates will be processed by 

proteasomal DUBs in distinct ways. We will return to this point below.  

 

Substrate binding will lead to degradation only if the substrate contains a constitutively or 

transiently unfolded segment–an initiation region–that can thread itself into the proteasome’s 

substrate entry port, which is formed by a heterohexameric ATPase ring (also known as the Rpt ring) 

within the RP [2,23]. The port opens to a narrow channel at the center of the ATPase ring (Fig. 1A), 

where loops from the ATPases can contact the substrate and exert a pulling force towards the CP. 

The initiation of substrate translocation by the ATPases is known as substrate engagement. Using 

the energy of ATP hydrolysis, the ATPases can progressively translocate the entire substrate into the 

CP, even unfolding globular domains to allow passage through the narrow RP channel. The CP 

contains an axial channel as well, which is aligned with that of the RP upon substrate engagement 

(Fig. 1A). Once these two channels are traversed, the substrate reaches the central cavity of the CP, 

which houses multiple proteolytic sites. A fundamental property of the proteasome is that it 

degrades most proteins processively, and this feature reflects the ability of the proteasome to 

complete translocation of an engaged substrate.  

 

To date, cryo-electron microscopy (cryo-EM) studies have resolved four distinct conformational 

states of the proteasome, termed s1-s4 [24–29]. Idle proteasomes exist predominantly in the s1 

state, which is thought to represent the substrate-accepting conformation. Substrate engagement 

induces a broad reconfiguration of the proteasome, particularly of the RP. In these high-energy 

states (s2-s4), many of the functionalities of the proteasome are activated, including 

deubiquitinating activities. Proteasomes can be driven into the s3 state by artificially blocking the 

translocation of an engaged substrate or, in the absence of added substrate, using the poorly 

hydrolyzed ATPS in place of ATP. The s3 state is the most heavily populated of the substrate-

engaged states, and the functional significance of the minor states s2 and s4 is not yet well 

understood. Therefore, the terms s3 state proteasomes and substrate-engaged proteasomes will be 

used essentially interchangeably below. 

 

Although ubiquitin targets proteins to the proteasome, it can also hinder subsequent processing of 

the substrate. Ubiquitin has evolved to be exceptionally stable physically [30], so that it is refractory, 

though not absolutely, to unfolding and translocation by the ATPases of the RP. It seems likely that 

ubiquitin’s resistance to unfolding evolved as a strategy to limit turnover of substrate-bound 

ubiquitin [31–34], and a resulting depletion of ubiquitin, particularly under conditions of high 

substrate load or poor nutrient supply. However, this evolutionary strategy could only be viable if a 

mechanism for timely substrate deubiquitination evolved in tandem–otherwise the recalcitrance of 

ubiquitin to unfolding and translocation would also prevent the substrate from being fully 

translocated and hence processively degraded.  

 

Although the scenario described above points to the facilitation of substrate degradation by 

deubiquitination, DUB activities can also compete with degradation. A model by which to 
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understand this distinction is the commitment step in degradation. Although the commitment step 

has not been precisely defined experimentally, it is presumed to occur when the ATPases establish a 

firm grip on the initiation region. This model implies that deubiquitination reactions taking place 

after commitment cannot abort degradation, but only promote it by preventing ubiquitin from 

blocking the channel. In contrast, when deubiquitination at the proteasome precedes commitment, 

it can reduce the probability of commitment by facilitating premature substrate dissociation [34,35]. 

Whether deubiquitination at the proteasome functions to promote or inhibit degradation depends 

on the particular DUB, as discussed below. 

Proteasome-associated DUBs 
There are three DUBs intrinsic to or associated with mammalian proteasomes: proteasome subunit 

Rpn11/Poh1/PSMD14, a member of the JAB1/MPN/Mov34 (JAMM) family of DUBs; Usp14 (and its S. 

cerevisiae ortholog Ubp6), of the ubiquitin specific protease (USP/UBP) family; and Uch37/UCHL5, of 

the ubiquitin C-terminal hydrolase (UCH) family. Because Rpn11, Usp14, and Uch37 belong to 

different families of enzymes, their association with the proteasome must have arisen independently 

in evolution. To what extent these enzymes function redundantly is debated and in our view still 

unresolved, but overall these enzymes show dramatic functional differences and may have limited 

overlap in specificity.  

 

The functions of Usp14 and Uch37 in the proteasome have been investigated for decades through 

the use of active site directed probes such as ubiquitin-aldehyde (UbAl) [36] and ubiquitin-

vinylsulfone (UbVS) [37]. Such reagents form a covalent bond with the active-site cysteine of thiol 

proteases. In contrast to Usp14 and Uch37, Rpn11 is a metalloprotease. In the JAMM motif of 

Rpn11, EXnHXHX10D [38], the histidines and aspartate coordinate a Zn2+ ion, whereas the glutamate 

residue is expected to function as a proton acceptor to generate a hydroxide ion, which serves as the 

nucleophile [39]. Therefore probes such as UbVS do not label or inhibit Rpn11.  

 

Rpn11 

Rpn11 functions to promote protein degradation, presumably because Rpn11-mediated 

deubiquitination events take place characteristically after the commitment step. Rpn11 is positioned 

directly above the substrate entry port of the RP (Figs. 1A, 1B and 2) [24,26,27]. Therefore, as 

substrates are translocated through the RP channel, their attached ubiquitin chains are drawn to the 

entry port and to the active site of Rpn11. At this point, translocation may potentially pause, as the 

resistance of ubiquitin to unfolding hinders its passage through the entry port. Indeed, ubiquitin 

should in most cases not unfold at all, as chain removal appears kinetically favored over unfolding 

[34].  

 

A key feature of Rpn11, distinguishing it from Usp14 and Uch37, is the ATP-dependence of its 

deubiquitinating activity in the context of the proteasome [38,40]. Substrate translocation from the 

RP to the CP is also ATP-dependent, and this shared feature suggests a fundamental coupling of 

Rpn11 activity to translocation. The ATP-dependence of Rpn11 activity may reflect not only the 

energy requirement for translocation, but also that the conversion of the proteasome from its basal 

s1 state to the substrate-engaged s3 state requires ATP. Thus, when substrate translocation is 
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initiated, Rpn11 is shifted towards the entry port by approximately 10 Å, which may increase the 

efficiency by which it cleaves chains (Fig. 2) [24,27].  

 

Usp14 
Unlike Rpn11, Usp14 and Ubp6 are not integral subunits or stoichiometric components of the 

proteasome [31]. Despite having a high affinity for the proteasome (in the low nanomolar range 

[41]), Usp14 is readily lost from proteasomes during conventional purification and was consequently 

long overlooked as a proteasome component. Interestingly, the fraction of proteasomes loaded with 

Usp14 is elevated when cells are treated with either proteasome inhibitors or Usp14 inhibitors 

[37,42].  

 

Usp14 and Ubp6 contain an N-terminal ubiquitin-like (UBL) domain and a C-terminal catalytic 

domain. The only known role of the Ubp6UBL domain is to tether Ubp6 to the proteasome. The 

proteasomal receptor for Ubp6UBL is subunit Rpn1 (Fig. 1B), in particular the same toroidal repeat 

domain that also binds the UBL domains of shuttling ubiquitin receptors as well as ubiquitin itself 

[17,31]. However, the Ubp6UBL binding site in Rpn1 (T2) is distinct from the site that binds ubiquitin 

and the shuttling ubiquitin receptors (T1) [17]. The two sites are adjacent but there is little or no 

competition between Ubp6 and the shuttling ubiquitin receptors [17,43,44].   

 

An interesting feature of Ubp6 is its “noncatalytic effect,” through which it inhibits protein 

degradation by the proteasome. This effect was discovered using an active site substitution mutant, 

C118A [45]. The addition of this mutant form of Ubp6 to proteasomes lacking Ubp6 strongly 

attenuates degradation of the model substrate cyclin B. The effect is not peculiar to cyclin B, as it 

was more recently observed by Bashore et al. using a titin-GFP model substrate [46]. Expression of 

the C118A mutant in yeast leads to the induction of proteasome synthesis [47]. If this adaptive 

proteasome stress response is impaired, the C118A mutation produces a severe growth defect. 

Noncatalytic effects have been reported for Usp14 as well [41,48,49], and were recently 

characterized in some detail using murine proteasomes [50].  

 

Ubiquitin promotes the Ubp6/Usp14 noncatalytic effect [46,50–52]. This regulatory effect can also 

be observed with UbAl and UbVS, indicating that inhibition of the proteasome results from ubiquitin 

docking into the active site of Ubp6. Although the noncatalytic effect is nicely visualized using such 

chemically modified forms of ubiquitin, it is most likely ubiquitin conjugated to substrate that exerts 

these effects in a physiological setting. If so, the capacity of a ubiquitin-protein conjugate to induce 

the noncatalytic effect may depend on the arrangement of ubiquitin groups on the substrate.  

 

Structural studies have provided important insights into the noncatalytic effect. In the complex 

between Ubp6 and the proteasome, the UBL domain can be visualized by cryo-EM at the T2 site of 

Rpn1, but the catalytic domain of Ubp6 is not observed, suggesting that it is unconstrained in the 

complex [46,53]. However, when Ubp6 charged with UbVS or UbAl is complexed with the 

proteasome, the catalytic domain is bound to the ATPase ring, most closely to Rpt1 and Rpt2 

[46,53,54]. Thus, different proteasome subunits serve as receptors for the UBL and catalytic domains 

of Ubp6. Since Ubp6-UbVS and Ubp6-UbAl induce the noncatalytic effect, the structural data suggest 

that Ubp6 inhibits protein degradation by the proteasome when its ubiquitin-bound catalytic 

domain interacts with the ATPase ring. 
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Why does interaction between the Ubp6 catalytic domain and the ATPase ring inhibit proteasome 

activity? Usp14/Ubp6 can enhance the ATPase activity of the proteasome and partially open the CP 

gate [46,50–52]. However, as these are positive effects, there must also be negative effects 

underlying inhibition of substrate turnover. Interestingly, cryo-EM data suggest that the Ubp6-

ubiquitin complex strongly prefers a substrate-engaged conformational state of the proteasome 

[46,53]. As a result of this preference, Ubp6 biases the fraction of proteasomes in a given state [53]. 

Perhaps the effectiveness of this inhibitory strategy does not depend on the state in which the 

proteasome is trapped but in the suppression of state transitions, which could be required to 

complete a round of degradation.   

 

Uch37 

Uch37 binds proteasomes through its C-terminal Uch37-like domain (ULD), which is recognized by 

proteasome subunit Rpn13 (Fig. 1B). The C-terminal DEUBiquitinase ADaptor (DEUBAD) [55] domain 

of Rpn13 (termed Rpn13DEU) mediates this interaction [56–61]. The DEUBAD domain of Rpn13 is 

present in S. pombe and in metazoan species, all of which express Uch37, but missing in S. cerevisiae. 

Accordingly, S. cerevisiae lack Uch37 as well.  

 

Perhaps the most striking feature of Uch37 is that it is not only present on the proteasome, but also 

associates with the chromatin-remodeling complex INO80. The Uch37 receptor within INO80 is 

subunit NFRKB [62]. Interestingly, NFRKB expression is restricted to metazoans, implying that Uch37 

cannot be recruited to the INO80 complex in Uch37-expressing protozoans such as S. pombe. Like 

Rpn13, NFRKB employs a DEUBAD domain (NFRKBDEU) to interact with the ULD domain of Uch37 

[60,61]. Thus, Uch37 does not bridge these complexes but rather its recruitment into them is 

competitive. Interestingly, however, Rpn13 binding promotes the catalytic activity of Uch37, 

whereas NFRKB binding suppresses it [60–62]. The basis of this distinction has been elegantly 

elucidated through structural analysis of Rpn13DEU and NFRKBDEU, as discussed below. Although the 

catalytic activity of Uch37 is suppressed within the INO80 complex, it is possible that certain 

conditions or substrates could relieve or overcome this suppression. Considering that INO80 

functions in transcription and DNA repair through chromatin remodeling [63], histones and 

transcription factors are among likely candidates for substrates of INO80-bound Uch37. The 

placement of Uch37 within the proteasome and INO80 points to a potential functional relationship 

between these complexes, but the nature of this connection is unclear.  

 

Enzymatic activity and its regulation 
 

All three proteasomal DUBs are highly regulated. They are active preferentially in the context of the 

proteasome, with a degree of activation as high as 1000-fold in the case of Usp14 [41]. However, 

even when assembled into the proteasome, Usp14 and Rpn11 are not constitutively in an active 

state. A common theme among these enzymes is the existence of loop segments that restrict the 

access of ubiquitin to the catalytic site. These loops are displaced to activate the enzyme. The 

structural details of this event are remarkably different from enzyme to enzyme.  
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Rpn11 
Rpn11 must quickly deubiquitinate a translocating proteasome substrate to avoid slowing substrate 

degradation. However, its activity on translocating substrates must be held in check before the 

commitment step. The restriction of Rpn11 to committed substrates may be accounted for in part by 

substrate-bound ubiquitin chains being drawn to Rpn11’s active site by translocation. In addition, a 

second important mechanism enforces deubiquitination-degradation coupling [34]. This involves a 

conformational switch in a loop segment within the active site of Rpn11.   

 

Rpn11 contains two loop regions that extend from its folded globular MPN domain, known as Ins-1 

and Ins-2 [64,65]. The positioning of Ins-1 and Ins-2 is similar to that previously described for the 

non-proteasomal mammalian DUBs AMSH and AMSH-LP [66], which regulate endosomal trafficking, 

as well as the AMSH ortholog from S. pombe, Sst2 [67]. However, both loops show interesting 

differences between AMSH-LP and Rpn11. Ins-1 is of particular importance for Rpn11 as it 

undergoes conformational transitions between inactive and active states [34]. These states have 

been defined by crystallographic analysis of dimeric Rpn11-Rpn8 complexes. Rpn8 is an MPN domain 

protein, like Rpn11, but its MPN domain does not bind Zn2+ and is catalytically inactive. The Ins-1 

loop of Rpn11 is found in the inactive state in Rpn11-Rpn8 complexes [64,65] and in the active state 

in Rpn11-Rpn8-ubiquitin ternary complexes [34]. Although the interaction between ubiquitin and 

Rpn11 is notably weak (Ki ~2.3 mM), it can nonetheless drive the conformational transition of Ins-1 

[34].  

 

In the closed, or low-activity state of Ins-1, this loop, though somewhat flexible, blocks access of the 

C-terminus of ubiquitin to the active site (Fig. 3A). In the active state, Ins-1 is not simply displaced 

but undergoes a conformational transition to a ß-hairpin (Fig. 3B) [34]. This hairpin forms one side of 

the catalytic groove in the active conformation of Rpn11, thus assisting in the proper positioning of 

the C-terminal ubiquitin tail for catalysis. The active ß-hairpin state of Ins-1 is comparable to the 

constitutive state of Ins-1 in AMSH-LP and Sst2. In all cases, a short segment within ubiquitin’s tail, as 

it reaches to the catalytic center of the enzyme, adopts a ß-strand structure to form a ß-sheet with 

Ins-1. The Ins-1 loop of Rpn11 is unique however in its ability to assume active and inactive states. 

This is evidently an adaptation that refines deubiquitination-degradation coupling [34]. 

 

The model of Ins-1 regulation described above has been supported through biochemical analysis of 

substitution mutations within this element [34]. In the hairpin state, residue V80 of Ins-1 inserts into 

a hydrophobic pocket within the body of Rpn11, and thus plays a critical role in stabilizing this state. 

Using a synthetic fluorescent substrate, Ub-GC-TAMRA, a V80A mutant was found to reduce the kcat 

of a Rpn11-Rpn8 dimer by over 100-fold [34], indicating that ß-hairpin formation activates Rpn11. 

Residue G77 is found in the ß-turn of the Ins-1 hairpin, in a position that can readily tolerate a 

proline residue and which is indeed occupied by proline in AMSH-LP and Sst2. However, a G77P 

substitution destabilizes the inactive state of Ins-1. While not inducing constitutive hairpin 

formation, G77P apparently increases the propensity of Rpn11 for this transition, with kcat for Ub-GC-

TAMRA elevated substantially for proteasomal Rpn11 (5.4-fold) [34].   

 

How do these mutations affect the processing of ubiquitin-protein conjugates? The rate of 

degradation of a model conjugate by the V80A mutant is reduced by ~4-fold, with some degree of 

deubiquitination being evident [34]. Thus, the effect with proteasomes is similar in nature but 
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weaker than that seen with the synthetic substrate and the Rpn11-Rpn8 complex. Perhaps against 

expectation, G77P also slows substrate degradation, but in this case the rate effect is apparently the 

result of premature deubiquitination, which diverts conjugates from the pathway of substrate 

degradation. The premature deubiquitination seen with G77P is of special interest as it clearly 

implicates Ins-1 in the repression of pre-commitment deubiquitination.  

A different anomaly of deubiquitination is seen with the V80A mutant. When assayed for 

degradation in the presence of inhibitors of the proteolytic activity of the proteasome, V80A does 

not produce homogeneously deubiquitinated (Ub0) substrate, as does wild-type, but a mixture of 

Ub0 and Ub1 forms [34]. While the Ub0 form simply reflects the canonical en bloc cleavage mode of 

Rpn11, the Ub1 form reflects cleavage between the first and second ubiquitin groups in the chain. It 

may be assumed that this “endo” cleavage requires unfolding of the first (proximal) ubiquitin (see 

below). Thus, when deubiquitination is sufficiently slowed, a direct competition between 

deubiquitination and proximal ubiquitin unfolding becomes evident. However, ubiquitin unfolding is 

slow and should occur in only a minor fraction of degradation events with wild-type proteasomes.  

 

Rpn11-mediated deubiquitination is clearly faster for translocating ubiquitin-protein conjugates than 

for Ub-GC-TAMRA. An interesting interpretation of this difference, proposed by Worden et al. [34], is 

that the mechanical force exerted on the substrate by ATPases of the proteasome is used to 

accelerate the transition of Ins-1 from the closed to the hairpin state. This model postulates an initial 

interaction of the C-terminal tail of ubiquitin with Ins-1 in its closed form. It will be interesting to test 

this model for the control of Ins-1 conformational states. 

 

Rpn11 activity is also regulated in the course of proteasome assembly. In the lid, Rpn11 activity is 

inhibited by interactions of the Rpn8/Rpn11 heterodimer with Rpn5 and Rpn9 [68]. Alpha-helix 13 of 

Rpn5 locks the Ins-1 loop of Rpn11 into the ‘closed’ state while interacting with other loops 

surrounding the Rpn11 active site to obstruct the catalytic groove. Furthermore, Asn275 of Rpn5 

mediates stable tetrahedral coordination of the Rpn11 catalytic Zn2+ ion, most likely via a bridging 

water molecule, thus inhibiting Rpn11 isopeptidase activity [68]. Rpn9 also interacts with Rpn8 to 

stabilize the inhibited conformation of the Rpn8/Rpn11 heterodimer [68]. Point mutations of the 

responsible residues in Rpn5 and Rpn9 partially relieve Rpn11 inhibition in the isolated lid [68].  

When the lid is incorporated into the 26S proteasome [69], the Rpn8/Rpn11 MPN heterodimer 

rotates 90°, resulting in disruption of the Rpn11-Rpn5 and Rpn8-Rpn9 contact sites, and positioning 

of Rpn11 adjacent to the substrate entry port [65,68]. Interestingly, Rpn11 is significantly more 

active in the proteasome holoenzyme than in isolated MPN heterodimers [68]. This may be caused 

by interactions between Rpn2 and the Rpn11 Ins-2 loop [65], which are suggested to stabilize the 

extended active conformation of the MPN Rpn8/Rpn11 heterodimer [68].  

 

Usp14 

The catalytic domains of Usp14 and Ubp6 adopt a typical USP architecture, likened to an extended 

right hand consisting of Fingers, Palm and Thumb domains [70] (Fig. 4). Usp14 binds ubiquitin using 

its Fingers domain and a binding groove between the Palm and Thumb domains. Related USP-type 

DUBs such as HAUSP are inhibited prior to substrate binding via a misalignment of the catalytic triad 

residues [71], but this is not the case for the active site of Usp14 [70]. Yet the DUB activities of Usp14 

and its yeast ortholog Ubp6 are activated 300-1000 fold upon association with the proteasome 
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[31,41,72]. The crystal structure of a Usp14-UbAl adduct provides a model of the activated state [70] 

(Fig. 4). UbAl adduct formation is accompanied by substantial movements of two loop segments 

known as blocking loops BL1 and BL2, which emanate from the Palm domain. In the free form of the 

enzyme, BL1 and BL2 extend into the ubiquitin binding groove to occlude substrate access. In the 

UbAl-bound form of Usp14, BL1 and BL2 are displaced, allowing the ubiquitin C-terminus access to 

the binding groove [70]. Most likely the proteasome promotes BL1 and BL2 displacement to activate 

Usp14 [46,53].  

 

The relief of Usp14 autoinhibition can be achieved not only by proteasomes, but also by 

phosphorylation. The highly conserved Ser432 residue of Usp14 was recently found to be 

phosphorylated by AKT, a key component of growth signaling pathways [73]. Ser432 is located 

within the BL2 loop of Usp14, in proximity to a negatively charged patch on the Thumb domain. It 

has been proposed that the negative charge of the phosphate group on Ser432 is repelled by the 

negatively charged patch on the Thumb domain, resulting in BL2 displacement and the concomitant 

relief of the BL2 inhibitory effect. Indeed, phosphorylation of Usp14 (or the use of a Usp14 

phosphomimetic) results in increased activity in assays with the fluorogenic substrate ubiquitin-7-

amino-4-methylcoumarin (Ub-AMC), for both Usp14 in isolation and Usp14 in the proteasome, 

suggesting that phosphorylation and proteasome binding activate Usp14 via unrelated mechanisms 

[73]. Usp14 activity is elevated in LPS-treated-cells, in parallel with its phosphorylation, possibly by 

AKT [74,75]. These and other observations suggest an anti-inflammatory effect of Usp14 inhibition 

[74–78].  

 

Phosphorylated Ser432 Usp14 was detected in proteasome-free fractions using glycerol gradient 

centrifugation, whereas unphosphorylated Usp14 was mostly found in the proteasome fractions 

[73]. These observations may suggest that phosphorylated Usp14 could “moonlight” as an active 

enzyme outside of the proteasome. However, the proteasome-free form of Usp14 phosphomimetic 

mutant, though quite active on the standard DUB tracer Ub-AMC, showed little or no activity against 

ubiquitin-protein conjugates [35]. Therefore it remains unclear whether Ser432 phosphorylation 

generates a proteasome-independent active form of Usp14.  

 

The activation of Usp14 by AKT may provide a mechanism whereby growth signals can suppress 

catabolism through targeting proteasome activity. However, a variety of signals may converge on 

Usp14 and Ubp6. In yeast, Ubp6 is prominently regulated at the transcriptional level by signaling 

pathways that appear to monitor the state of the ubiquitin-proteasome pathway, and particularly 

the availability of free ubiquitin [47]. Ubp6 induction upon a decline in ubiquitin levels leads to 

higher Ubp6 occupancy on the proteasome. This helps to preserve the ubiquitin pool, through 

Ubp6’s DUB activity, which can enhance the efficiency of ubiquitin recycling at the proteasome, and 

perhaps as well by its noncatalytic activity, which can reduce substrate flux through the proteasome 

[47].  

 

Uch37 

As noted above, Uch37 activity is controlled by its association with DEUBAD domains. In the case of 

the proteasomal complex, Rpn13DEU relieves autoinhibition of Uch37, which arises from two sources. 

First, the ULD domain of Uch37 is inhibitory to Uch37 activity [56,79,80], apparently because it can 

adopt conformations which sterically impede ubiquitin binding [60,61]. When bound to Rpn13DEU, 
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the ULD domain becomes fixed in an orientation that is permissive for substrate binding (Fig. 5A and 

5B). Second, Uch37 activity is suppressed by a loop segment that reaches over the active site. This is 

known as the active site crossover loop, or ASCL–a feature shared by all UCH family members. As 

with the ULD domain, the ASCL is displaced from its inhibitory position near the active site upon 

binding of Rpn13DEU. Redirection of the ASCL loop is mediated by a direct interaction between 

Rpn13DEU and ASCL residues Met148 and Phe149. Taken together, Rpn13DEU-induced conformational 

changes significantly improve Uch37’s affinity for substrates (i.e., KM is reduced), and thereby 

increase its catalytic efficiency [60,61].  

 

Why does NFRKBDEU fail to activate Uch37? Unlike the Rpn13DEU domain, NFRKBDEU contains a 

conserved, six-residue element referred to as the FRF hairpin [61] or the F100 loop [60], as well as a 

long, helical structure at its C-terminus [60,61]. The FRF hairpin inserts into the pocket of Uch37 that 

normally binds ubiquitin, and is clasped in place by binding of the long, C-terminal helix of NFRKBDEU 

to the catalytic domain of Uch37, which forces the second helix in the Uch37 ULD domain to bend 

[60,61,81] (Fig. 5A and 5B). These interactions lower the substrate affinity of Uch37. Furthermore, 

interactions between NFRKBDEU residue Tyr135 and the catalytic His164 of Uch37 lead to disruption 

of Uch37’s active site geometry [60]. Together, the effects of NFRKBDEU on Uch37 substrate affinity 

and active site geometry result in dramatically reduced deubiquitinating activity.  

 

 

Substrate specificity  
The canonical substrate of the proteasome is traditionally considered to be modified by a single 

polyubiquitin chain containing four or more ubiquitin groups linked via residue K48 of ubiquitin. 

However, the architecture of ubiquitin modification is now understood to be highly diverse. Each of 

the seven lysines within ubiquitin can be used for chain formation as well as the N-terminal amino 

group. Using these target sites, mixed-linkage chains as well as branched chains of various lengths 

may be formed [6]. On the other hand, the proteasome does not require chain formation per se; at 

least some substrates modified on multiple sites by single ubiquitin groups can be efficiently 

degraded as well [35,82–84].   

 

Proteasomal DUBs are thus presented with a tremendously varied array of potential substrates. 

Indeed, the potential substrates are so varied that it is a major technical problem to define the 

substrate specificity of these enzymes, and our current understanding is far from complete. Another 

aspect of this problem, highlighting how the proteasomal DUBs are exceptional within the DUB 

family, is that substrate selection by these DUBs may be conditioned by the selectivity of other 

elements of the proteasome such as ubiquitin receptors and the ATPases that move the substrate 

through the proteasome.  

 

In vitro DUB specificity is typically characterized with respect to the following properties: chain 

linkage preference, chain length preference, and preference for the leaving group (which is often, as 

in the case of true conjugates, the protein modified by ubiquitin [5,85,86]). DUBs frequently exhibit 

marked specificity for where they cleave within a chain. Distal cleavage removes a single ubiquitin 

from the end of the chain that is furthest from the modified protein. Proximal or en bloc cleavage 

separates the entire chain from the modified protein. Finally, cleavages that remove multiple 
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ubiquitin groups at once, but not the entire chain, are known as endo cleavages. These specificity 

features are critical aspects of how Rpn11, Usp14, and Uch37 control proteasome activity.  

 

Rpn11 

Purified proteasomes lacking in Rpn11 activity are highly deficient in substrate degradation [38,40]. 

It is generally assumed that this reflects a failure to translocate substrate into the CP, and therefore 

that the ubiquitin chain, if not removed, provides a barrier to translocation. Thus, the principal 

barrier to translocation could be ubiquitin unfolding [34,38,40]. If ubiquitin were unfolded, 

translocation could still be hindered in the absence of Rpn11 activity by the requirement to 

translocate more than one polypeptide chain through the pore at once. However, the proteasome 

has been shown to be capable of translocating multiple chains concurrently [34,87], so that models 

in which the barrier to translocation is the folded structure of ubiquitin are most consistent with 

existing data. 

 

The removal of ubiquitin groups that would otherwise impair substrate translocation from the RP 

into the CP calls for an enzyme that acts quickly and with relaxed specificity. In the purified 

Rpn8/Rpn11 heterodimer, Rpn11 is a highly promiscuous DUB that efficiently cleaves within various 

types of polyubiquitin chains [64]. However, when incorporated into the proteasome, Rpn11 does 

not cleave efficiently within chains–a key feature of its specificity [40]. For any endo cleavage, the 

distal ubiquitin is accommodated by the active site of the enzyme, whereas the proximal ubiquitin is 

the leaving group. Because the active site of Rpn11 is so closely apposed to the substrate entry port 

of the proteasome, there is no space to fit a proximal ubiquitin group, preventing any endo or distal 

cleavages [64] (Fig. 6A). This is presumably by design, as only en bloc cleavages remove the 

impediment to translocation. 

 

As noted above, the active site of Rpn11 is similar to that of AMSH-LP. The latter shows K63 linkage 

specificity, due to a binding site for proximal ubiquitin, which is oriented so as to present K63 to the 

active site cysteine [39]. Many AMSH-LP residues that mediate binding of distal ubiquitin are 

conserved in Rpn11, but those which mediate proximal ubiquitin binding are not [64]. In fact, 

whereas the Ins-2 loop of AMSH-LP contacts the proximal ubiquitin, restricting linkage specificity 

[39], in Rpn11 it anchors the enzyme to the proteasome [64,65].  

 

The constraints on proximal ubiquitin apply equally to the protein modified by ubiquitin: it must fit 

into the tight space between Rpn11 and the proteasome. Proximal ubiquitin is excluded from this 

space because it is globular. Accordingly, when a protein that is ubiquitinated cannot be unfolded, it 

is expected to be a poor substrate for Rpn11 in the proteasome [65]. However, translocation also 

drives unfolding of the substrate, converting what might be a poor substrate into a favorable one 

[2]. 

 

Usp14 

Usp14 and Ubp6 are routinely assayed using artificial substrates such as Ub-AMC. However, with 

bona fide ubiquitin-protein conjugates as substrates, it has often been difficult to convincingly 

observe Usp14 and Ubp6 activity [88]. This has been the case even when Usp14/Ubp6 is associated 

with the proteasome, and thus in an activated state, and even when using established proteasome 

substrates. As free Usp14 and Ubp6 can hydrolyze free ubiquitin chains, these have been widely 
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used as a measure of activity, although such reactions proceed at unexpectedly slow rates. Using 

free chains as substrates, chain linkage preferences have been noted [89], as well as a distal cleavage 

preference [70]. Distal cleavages should result in progressive chain shortening, sometimes referred 

to as chain “nibbling”. However, the prevailing notion that Usp14 and Ubp6 are sluggish enzymes 

has been difficult to reconcile with the phenotype of ubiquitin depletion seen in ubp6 null mutants 

in yeast [31–33,45,90] and Usp14 mutations in the mouse [91–93]. The dynamic balance of the 

ubiquitin pool as a whole can presumably depend only on highly active DUBs. The resolution of this 

conundrum required the identification of a preferred substrate of Usp14 and of the properties that 

govern substrate preference.  

 

Cyclin B, ubiquitinated by its physiological ligase, the APC, has been used as a model substrate for 

deubiquitination by proteasome-activated Usp14 and for degradation by the proteasome 

[35,41,82,84]. Both reactions are extremely fast with this substrate; using quench flow methods, 

products of Usp14-mediated deubiquitination from cyclin B can be followed on a time scale of 

milliseconds to seconds [35]. In contrast, free chain cleavage is minimal, even after hours of 

incubation. The architecture of ubiquitin chains formed by the APC depends on the E2/UBC enzyme 

with which it cooperates; when used with either Ubc4 or UbcH10, the APC produces multiple short 

chains on the N-terminus of cyclin B, which is rich with lysine residues [82,94]. Using mutants in 

which all lysines but one have been substituted with arginine, one can test the effect of this 

multichain architecture on substrate preference. Surprisingly, cyclin B mutants modified by a single 

ubiquitin chain were not detectably cleaved by Usp14, or by Ubp6, despite carrying the same 

number of ubiquitin groups as the wild-type form [35]. This does not depend on the nature of the 

chain, since the same result was obtained using different types of chain linkage. Thus, Usp14 and 

Ubp6 show a dramatic preference in vitro for substrates that carry multiple ubiquitin chains. 

 

Usp14 and Ubp6 rarely deubiquitinate a protein to completion in standard in vitro assays. Instead, a 

strong stop to deubiquitination is seen through the accumulation of oligo-ubiquitinated species 

[35,41]. An obvious scenario that could explain this phenomenon is that progressive shortening of a 

chain stops when the substrate is left with too few ubiquitin groups to associate with the 

proteasome. However, this is not the case, as shown by modifying cyclin B with multiple 

tetraubiquitin chains rather than ubiquitin. Deubiquitination of this multi-tetraubiquitinated cyclin B 

yields homogeneous products of free tetraubiquitin chains as well as tetraubiquitinated cyclin B, 

indicating that Usp14, in this fast mode, evidently removes chains en bloc rather than by distal 

nibbling. It is well established that tetraubiquitin chains have a significant affinity for the proteasome 

[95], so Usp14 comes to a stop at tetraubiquitinated cyclin B not because the substrate is displaced 

from the proteasome, but because there is only a single chain on this species.  

 

Why do Usp14 and Ubp6 remove chains en bloc? Based on cryo-EM data, it was proposed that, in 

the enzymatically active form of Usp14, its catalytic domain is positioned so closely to the 

proteasome that a proximal ubiquitin cannot be accommodated [35] (Fig. 6B). As described above 

for the case of Rpn11, this simple constraint may be sufficient to enforce an en bloc mode of 

cleavage. Furthermore, if the proposal is valid, Usp14 should prefer substrates in which ubiquitin 

chains modify lysine residues within flexible or unfolded segments of the target protein. This 

possibility remains to be tested, but the proposed specificity of Usp14 is strikingly similar to that of 

Rpn11. An interesting distinction between the two enzymes is that the unfolded segments presented 
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to Rpn11 may be in many cases natively folded, but converted to an unfolded state as a 

consequence of substrate translocation. In summary, Usp14 acts highly preferentially on substrates 

with multiple ubiquitin modifications, and substrate flexibility might be an important specificity rule 

for Usp14. 

 

The deep similarities between Usp14 and Rpn11 are unlikely to be coincidental. They suggest that 

these enzymes cooperate in removing ubiquitin chains to prevent chains from stalling translocation. 

While Rpn11 is thought to act after the commitment step, the activity of Usp14 does not require 

ATP, and it can act prior to commitment. Thus, Usp14 and Rpn11 may function in a temporal 

progression; a multichain substrate might be subject to initial Usp14-dependent en bloc cuts, leaving 

in the simplest case a single chain intact, which will, after commitment, be removed by Rpn11. 

Chains on globular domains would preferentially be spared for Rpn11, since these domains are 

presumably unfolded prior to their presentation to Rpn11, as discussed above. In the limiting version 

of this model, Ubp6 mutants would have a rather weak phenotype, because the chains that it fails to 

remove would simply be redirected to Rpn11. The strong phenotype of Ubp6 mutants, and 

particularly their ubiquitin depletion phenotype, suggests that this is not entirely the case. It is 

expected that some feature of chain removal by Ubp6, most likely its specificity, underlies the 

functional differentiation of these enzymes. It will be important to resolve this problem in future 

studies. 

 

Uch37 

While considerable progress has been achieved in understanding the substrate specificities of Rpn11 

and Usp14, that of Uch37 remains mysterious and confounding. RP-associated Uch37 was found to 

progressively trim ubiquitin chains from the distal end, removing one ubiquitin moiety at a time 

[96,97]. Both proteasome-associated Uch37 and the isolated Uch37 catalytic domain have been 

shown to act on chains of varied linkage types [88,98,99], and RP-associated Uch37 has been 

reported to remove ubiquitin moieties from -globin [96]. The efficiency of Uch37-mediated 

hydrolysis, however, seems strikingly low: whereas Usp14 acts on its preferred substrates within 

seconds [35], Uch37-mediated cleavage of Ub-chains takes much longer, with incubations of 30 

minutes and even 8 hours [88,96,98,99]. It may be suggested that Uch37 acts slowly in order to 

provide the proteasome with ample time to degrade bona fide substrates [60], slowly 

deubiquitinating substrates that stall the proteasome until they are released. Perhaps it is too slow 

even for this model to apply. Instead, Uch37 may have preferred substrates that have not yet been 

identified.  

 

When Ub-AMC is used as substrate, Uch37 is by far the most active of the three DUBs on the 

proteasome [41,57,98], but when ubiquitin-protein conjugates are used as substrates [35,84], the 

situation is dramatically reversed. The specificity properties of Uch37 are for the most part generic 

to the UCH family of DUBs. These enzymes show striking preference for ubiquitin adducts in which 

the leaving group is small, as is the case for ubiquitin-AMC [100,101]. This preference seems to be 

imposed by the inhibitory active-site crossover loop (ASCL) described above [100]. The key feature of 

this loop is that it paradoxically forms a bridge over the active site. In contrast, the BL1 and BL2 loops 

of Usp14 encroach on the ubiquitin binding groove from a lateral position. Retraction of BL1 and BL2 

thus leaves the Usp14 active site fully unhindered. However, because the ASCL is anchored on both 
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sides of the active site, there seems to be no position available to this flexible segment that does not 

compromise substrate access topologically. This may explain why Uch37 tends to act very slowly on 

tested ubiquitin-protein conjugates. Likewise, a proximal ubiquitin group may be hindered by the 

ASCL. On the other hand, ubiquitin adducts with small leaving groups, such as Ub-AMC, should be 

able to slip under the ASCL with little difficulty.  

 

How then does Uch37 act on ubiquitin-protein conjugates at all? One resolution, which we do not 

favor, is that ubiquitin-protein conjugates are not the physiological substrates of the enzyme. The 

most interesting solution to the problem, proposed by VanderLinden et al. [60], is that, for ubiquitin-

protein conjugates, the body of the target protein must be positioned on the same side of the ASCL 

as ubiquitin itself. Thus, two segments from the conjugate would pass under the loop, one from the 

substrate and one from the C-terminus of ubiquitin. Fully extended, the loop can span 20 Å, easily 

adequate for the passage of such a hairpin. It will be interesting to see tests of this model. The 

model implies that two prominent features proposed to be shared by Rpn11 and Usp14–en bloc 

chain removal and preference for ubiquitin groups situated on flexible regions of the substrate–may 

well extend to Uch37. If this scenario holds, it will be remarkable how the three enzymes use very 

different mechanisms to achieve specificity features that are broadly comparable. In the case of 

Uch37, global proteomic analysis will likely be required to determine its true substrate specificity. 

 

Effects of deubiquitination on substrate degradation 
As discussed above, deubiquitination by Rpn11 stimulates the degradation of substrates that are 

already committed to degradation by removing bulky ubiquitin chains that otherwise might stall the 

proteasome. In contrast, deubiquitination by the ATP-independent DUBs Usp14/Ubp6 and Uch37 

has been proposed to suppress degradation through promoting premature substrate dissociation 

[35,41,45,96]. Most of the work on this problem has concerned Usp14/Ubp6, so we will focus on this 

enzyme. 

 

Loss of Ubp6 in yeast destabilizes several model and physiological proteasome substrates in vivo 

[45], and inhibition of the DUB activity of Usp14 in mammalian cells stimulates the degradation of 

specific proteasome substrates [41,102–108]. Accordingly, when Usp14 is activated by AKT, the 

degradation of multiple proteins appears to be suppressed [73]. The suppression of proteasome 

activity by Ubp6 and Usp14 is a two-fold effect in which substrate deubiquitination and the 

aforementioned noncatalytic effect can both take part. The confluence of these two mechanistically 

distinct effects is an interpretive challenge that runs through much of the Usp14/Ubp6 literature. 

Kim and Goldberg recently reported that the overall rate of protein degradation is accelerated by an 

impressive 45% in murine embryonic fibroblasts (MEFs) in which the Usp14 gene has been deleted, 

and enhanced degradation was seen for both short-lived and long-lived proteins [50]. The fraction of 

this effect contributed by deubiquitination was not determined, but interestingly, when long-lived 

proteins were examined, a stimulatory effect of the mutation was seen not only in the proteasome 

pathway, but also on autophagy [50]. Thus, Usp14/Ubp6 appears to suppress protein degradation 

through three mechanisms: deubiquitination of proteasome substrates, the “noncatalytic effect,” 

which operates directly on the proteasome, and through regulating autophagy. The mechanism of 

the autophagy effect, which was originally reported by Xu et al., remains to be determined, but it 

apparently involves the deubiquitinating activity of Usp14 [109].  
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A small-molecule inhibitor of Usp14, known as IU1, was found to accelerate the degradation of 

several proteins [41]. These effects were not seen in Usp14 null MEFs, providing evidence for the on-

target specificity of IU1 in these experiments. IU1 does not appear to induce the noncatalytic effect 

[41]; therefore this compound provides one method to discriminate between catalytic and 

noncatalytic suppression of proteasome activity. Recently a 10-fold more potent variant of IU1, 

known as IU1-47, has been reported ([110]).  

Since the original study on IU1, several groups have reported proteins that show accelerated 

degradation under IU1 treatment, including the Prion protein PrP [102,103], cGAS [108], 

phosphorylated tyrosine hydroxylase [104], the androgen receptor [105], vimentin [106], aurora 

kinase [111], CREB-binding protein [75], YFP-tagged CD3δ [107], and the model UPS substrate GFPu 

[107]. In many of these studies, the on-target nature of the IU1 effect is supported by genetic 

confirmation [102,105–108]. For example, PrP is degraded more rapidly in the presence of IU1 or 

when Usp14 expression is reduced, and more slowly when Usp14 is overexpressed [102]. Like PrP, 

cGAS, a key regulator of innate immunity, is an intriguing target [108]. In the absence of Usp14 

activity, the ubiquitination of cGAS is elevated, which promotes its degradation not through the 

proteasome but through autophagy. Further studies on the mechanism by which Usp14 inhibition 

alters ubiquitination and degradation of cGAS may help elucidate the mechanism by which Usp14 

modulates autophagy.  

 

A corollary to the hypothesis that Usp14 suppresses proteasome activity through deubiquitination is 

that Usp14 must act quickly with respect to the proteasome, since deubiquitination would 

essentially be in kinetic competition with the commitment step. This scenario has been assessed in 

vitro using quench-flow and single-molecule-based methods [35]. Although cyclin B is an 

exceptionally favorable substrate of the proteasome, its turnover in a single encounter with the 

proteasome is considerably slower than the rate of deubiquitination. Single-molecule analysis allows 

for the dwell time of the substrate on the proteasome to be measured, and this is indeed controlled 

by Usp14; the substrate dissociates from the proteasome prematurely as a consequence of 

deubiquitination. Thus, for cyclin B, a kinetic competition model is in agreement with the data. It 

would be interesting to extend this approach to other targets of Usp14.  

 

Although deubiquitination by Usp14/Ubp6 is genetically separable from the noncatalytic effect, they 

are undoubtedly linked in the wild-type enzyme. It was initially proposed that the noncatalytic effect 

may buy time for the deubiquitination to be completed [45]. Recent data agree with this 

interpretation [35]. Although the noncatalytic effect is strongly stimulated by ubiquitin engagement, 

catalytically inactive Usp14 can also suppress the in vitro degradation of a non-ubiquitinated 

proteasome substrate [46,50] in what may be a basal suppressive influence. It has therefore been 

suggested that Usp14’s inhibitory effect could serve as an additional function in biasing the 

proteasome against nonubiquitinated substrates [50].   

 

Physiological function  
While there has been strong progress in the biochemistry and structural biology of the proteasomal 

DUBs, our understanding of their physiological roles in mammals is still at an early stage. All three of 

these enzymes are essential in the mouse [112–114], suggestive of distinct physiological functions. 

However, it is not clear for any of these DUBs whether the functional requirement applies to their 
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DUB activity per se. No conditional mutants exist. In cultured cells there does not seem to be a 

general requirement for either Usp14 or Uch37 (unpubl. data), so the lethal phenotypes of the 

mouse null mutants are presumably rooted in transient processes associated with early 

development.  

 

Rpn11 
Rpn11 is an essential protein in yeast, D. melanogaster, and human cells [38,40,115,116]. In yeast, 

Rpn11 active site mutants appear to be viable [117,118], implying that the lethal phenotype of the 

null reflects an indispensable role of Rpn11 in proteasome assembly. Loss of Rpn11 indeed disrupts 

26S proteasome assembly [38,72]. Catalytic site mutants are more useful, as they assemble normally 

but fail to deubiquitinate or degrade model substrates in vitro [38,40]. In addition, active-site 

mutants in yeast show an accumulation of high molecular weight ubiquitin conjugates and 

stabilization of model proteasome substrates [117]. This mutation is synthetically lethal with a UBP6 

deletion, which could possibly indicate a shared function or substrate [118]. Numerous defects have 

been reported in Rpn11 knockdown cell lines [72,115,116,119–124]. It is unclear whether these 

defects result from effects on deubiquitination or proteasome assembly. A specific small-molecule 

inhibitor of Rpn11, capzimin, has recently been described, and is under consideration as an anti-

cancer compound [125,126]. Treating cells with capzimin may provide a simple way to test for acute 

effects of loss of Rpn11 deubiquitinating activity.  

 

Usp14 
Experiments in various model systems have revealed a multitude of processes in which Usp14 and 

Ubp6 may function [31–33,45,47,48,50,76–78,90,91,93,109,113,127–138]. An interesting phenotype 

of ubp6 null mutants in yeast is their exceptional and perhaps unique ability to tolerate aneuploid 

chromosomes [135–137]. Aneuploidy gives rise to substantial proteotoxic stress, as evidenced by the 

accumulation of aberrant protein aggregates in aneuploid strains. Enhanced protein degradation in 

ubp6 mutants may underlie their accommodation of the aneuploid state, though the exact 

mechanism has not been identified.   

 

For Usp14, the best mutation to date is a hypomorphic allele found in the axj mouse [139]. The 

reduced Usp14 expression in this mutant does not appear to confer a pleiotropic phenotype, but it 

produces defects in the structure and function of the neuromuscular junction (NMJ) [91,139,140]. 

Thus, Usp14 seems especially critical in motor neurons, or in their development, although the 

mechanistic basis of this phenotype is not known. The axj phenotype can be ameliorated by 

overexpression of ubiquitin, in accord with a reduction of ubiquitin levels in neurons of the axj 

mutant [48,130]. Thus, perturbation of ubiquitin pools may be required for the full effect of the axj 

mutation, though it remains possible that ubiquitin overexpression can suppress a defect that is 

independent of ubiquitin pools. More interestingly, overexpression of a catalytically dead C114A 

mutant of Usp14 restores a subset of axj phenotypes [49,131], suggesting that some of the mutant 

defects might result from a deficiency of the noncatalytic effect, rather than deubiquitination. 

Expression of Usp14-C114A does not rescue the ubiquitin deficiency phenotype [92], underscoring 

the dependence of ubiquitin recycling on Usp14 catalytic activity. A final genetic insight is that the 

severity of the axj phenotype is highly dependent on genetic background [93]. Identification of the 
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genetic modifier that determines phenotypic severity in inbred mouse lines might provide insight 

into the NMJ defect. 

 

Uch37 
Uch37 has been implicated in DNA replication and cell cycle [141], TGF-β signaling [142–145], WNT 

signaling via Tcf7 [146], longevity [147], cell migration and invasion [148], and the reversal of 

ubiquitination of proteasome subunits [138]. It is difficult to resolve common themes from the 

physiological studies reported to date. DNA double strand break repair is also regulated by Uch37, 

though presumably by the INO80-associated species, since Uch37-mediated stabilization of INO80 

subunit NFRKB is required for INO80-mediated recruitment of the resection factor EXO1 [149]. 

Elevated levels of Uch37 have been associated with several cancers, and Uch37 overexpression is 

correlated with outcome and recurrence in several cancers [148,150–153]. Furthermore, the role of 

Uch37 in DNA double strand break repair [149] suggests that Uch37 inhibition might also be 

effective in cancers with defective DNA repair. Taken together, these findings, reviewed by Chen et 

al. [154], make Uch37 a potential target for anti-cancer therapy.   

 

Challenges for the future 
Over the last two decades, major progress has been made in our understanding of the proteasome-

associated DUBs. However, the picture of proteasomal deubiquitination that emerges from this work 

remains poorly defined in many respects. Most notably, to date we have only a preliminary account 

of the endogenous substrates of Usp14 and Uch37. Solving this problem will require application of 

proteomic methods in conjunction with careful in vitro biochemistry to show that effects observed in 

vivo are direct. In vivo testing of the in vitro multichain specificity of Usp14 may require innovative 

proteomic approaches, as most current methods rely on proteolytic digestion, which prevents one 

from determining whether multiple lysines are simultaneously ubiquitinated on a single protein 

molecule. For Uch37, favorable in vitro substrates that are true ubiquitin-protein conjugates have 

yet to be identified, and we can only guess at the principles underlying its seemingly restrictive 

specificity. It is generally assumed that Rpn11 simply removes chains that are translocated into the 

proximity of its active site, but it is well-positioned–near the substrate entry port–to execute a 

checkpoint or surveillance function, and the possibility that significant constraints on its specificity 

may exist has not been tested to our knowledge.  

 

The substrates of the proteasomal DUBs must also be related to the phenotypes of the 

corresponding mutants. In the case of Usp14 and Uch37, it is oddly difficult at this time to relate the 

known phenotypes to defects in proteasome function. Indeed, it is possible that key substrates of 

these enzymes, even as they function on the proteasome, are not substrates of the proteasome 

itself. However, before exploring this line of thought, we will need a more precise and complete 

description of the phenotypes of Usp14 and particularly Uch37 mutants. Furthermore, for Usp14, 

the distinction between catalytic and noncatalytic phenotypes needs to be established more clearly, 

and, likewise, for Uch37, its proteasome-related and INO80-related phenotypes must be 

systematically distinguished from one another. In principle, small-molecule inhibitors of the 

proteasomal DUBs have great potential to support such functional studies, but their utility for 

research will be limited until inhibitors of greater specificity and potency are available.  
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A final question concerns the potential role of ubiquitin receptors in regulating the deubiquitinating 

activity of the proteasome. It is intriguing that the binding partners of Usp14 and Uch37 on the 

proteasome—Rpn1 and Rpn13—both function as intrinsic receptors for ubiquitin, and for ubiquitin-

like proteins that themselves bind ubiquitin. In addition, Rpn11 sits above the substrate entry port, 

close to the ubiquitin receptor Rpn10 [69,155,156]. These observations suggest that ubiquitin 

receptors on the proteasome might deliver, stabilize, or orient substrates for deubiquitination. The 

importance of such positioning for DUB specificity remains to be determined but could be readily 

addressed for Ubp6 and Rpn11 through the use of existing yeast mutants in these receptor sites 

[17].  
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Figure legends 
 

Figure 1. Overview of the axial channel and the position of the three proteasomal-associated DUBs 

on the human proteasome. (A) The axial channels of the RP and CP of the human proteasome in a 

substrate-translocating, s3-like state. This representation was generated using structural data from 

PDB: 5T0J [26]. The grey surface represents a medial cut-away plane, which is only applied to the CP 

and the Rpt ring. The substrate entry port is formed by the OB domains, also known as N-domains. 

Rpn11 is painted yellow, the OB domains of the Rpt ring are in magenta, the ATPase domains are in 

cyan, and the CP is in green. The proteolytic active sites β1, β2 and β5’ are highlighted in red. To 

allow visualization of the internal space of the proteasome, certain subunits were removed. (B) 

Representation of the structure of the human s1 proteasome as determined by Huang et al. (PDB: 

5GJQ) [54]. The three DUBs are shown in shades of yellow, whereas the three Ub/Ubl receptors are 

colored in various shades of green. Ubiquitin bound to the DUBs is shown in red ribbon 

representations. Rpn8, part of the MPN heterodimer with Rpn11, is shown in orange. Rpn13, Uch37, 

and ubiquitin were modeled onto the RP based on the position of Rpn13 on the yeast proteasome 

[53] (PDB: 5A5B) and the co-crystal structure of Uch37-Rpn13 (PDB: 4UEL, PDB: 4WLQ) [60,61]. The 

substrate entry port was built digitally by filling the hole with H2O molecules using HOLLOW [157].  

 

Figure 2. Overview of Rpn11 in its free and ubiquitin-bound forms, in the context of proteasomes 

in the s1 and s3 states. Structural representation of yeast proteasome in s1 (A-B) or s3 (C-F) state, 

based on PDB: 4CR2 and PDB: 4CR4 [24]. The substrate entry port was built as described in Fig. 1B. 

(A-B) The alternative configuration of the Ins-1 loop (dashed line), as well as the position of the 

catalytic Zn2+ ion (black sphere), are based on PDB: 4O8X [64]. (C-F) The configuration of Rpn11 as 

well as the position of the bound distal ubiquitin in panels E and F were based on the crystal 

structure of ubiquitin-Rpn11-Rpn8 (PDB: 5U4P [34]). Color coding is given in the key. 

 

Figure 3. Conformational changes in the Ins-1 loop activate Rpn11. (A) The inactive form of Rpn11 

is based on the free Rpn11-Rpn8 model (PDB: 4O8X [64]). Ubiquitin was positioned by 

superimposing the ubiquitin-bound Rpn11 (PDB: 5U4P [34]) onto the free Rpn11 model. The 

residues in the C-terminal tail of ubiquitin that are within 1.4 Å of the Ins-1 loop are painted orange 

to indicate steric hindrance. (B) The active conformation of Rpn11 is based on the structure of Ub-

Rpn11-Rpn8 (PDB: 5U4P [34]). In both A and B, the surface of the Ins-1 loop was removed to allow 

better visualization of the beta-sheet formed between the C-terminal tail of ubiquitin and this loop. 

Other color coding is given in the key. 

 

Figure 4. Displacement of the BL1 and BL2 loops activates Usp14. Overview of Usp14 and UbAl, 

based on PDB: 2AYN and PDB: 2AYO [70]. The surfaces of the Palm, Thumb and Fingers domains 

were made semi-transparent to show the side chains of the catalytic triad. Usp14 regions that 

reorient upon binding (including the BL1 and BL2 loop) are displayed in blue for the free state and in 

green for the bound state. We note that the side chain of Q197 in the Thumb domain of Usp14 flips 

when Usp14 binds ubiquitin. The thiol group of the catalytic cysteine is shown as a yellow sphere, 

and phosphorylation site Ser432 on BL2 as an orange sphere. The isopeptide bond between UbAl 

and the catalytic cysteine is in green. Several side chains on the BL1 loop that interfere with ubiquitin 
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binding are shown as stick models in addition to the cartoon backbone in both blue (free) and green 

(bound). Other color coding is explained in the key.  

 

Figure 5. Regulation of Uch37 by interactions with Rpn13DEU and NFRKBDEU. (A) Overview of Uch37 

in complex with Rpn13DEU and Ub, or NFRKBDEU, based on their crystal structures (PDB: 4UEL and PDB: 

4UF5) [60,61]. Side chains of the Uch37 catalytic triad in the Uch37 catalytic domain (CD) are shown 

in blue. The ASCL has not been resolved over its entire length, but is shown as a thick black line to 

indicate how the C-terminus of ubiquitin passes underneath the loop. Color coding is explained in 

the key. (B) Schematic representation of free Uch37 (center), and Uch37 bound to Rpn13DEU (left) 

and NFRKBDEU (right). Mobility of the flexible ASCL loop in free Uch37 is indicated by multiple black 

lines.  

 

Figure 6. Proteasome-associated Rpn11 and Usp14 cannot accommodate folded proximal 

ubiquitin molecules. Molecular modeling was used to show potential steric exclusion for the 

proximal ubiquitin within a di-ubiquitin element docked at either Rpn11 (A) or Usp14 (B, modified 

from [35]) within the proteasome. In short, isopeptide from di-ubiquitin (PDB: 1TBE [158]) was fit to 

the C-terminus of the bound distal ubiquitin on Rpn11 (PDB: 5U4P [34]) and Usp14 (PDB: 5GJQ [54]). 

The position of the proximal ubiquitin was then varied through all possible configurations of the Lys 

side chain for all the lysines in ubiquitin, from which no clash-free position could be found. The 

configurations for the proximal ubiquitins with the least steric conflict are shown, using a K48-linked 

ubiquitin-dimer as an example. The proximal ubiquitin is painted black while the portion that clashes 

with the Rpt subunits is shaded grey with red highlights. The isopeptide bond between the two 

ubiquitin molecules is in green. 
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Research Highlights 

- The three proteasomal DUBs differ strongly in mechanism, specificity, and function 

- Rpn11 removes ubiquitin chains from substrates that are committed to degradation 

- Usp14 and Uch37 can work before commitment to rescue substrates from degradation 

- Usp14 deubiquitinates substrates with multiple Ub modifications 

- Uch37 is found in both the proteasome and the INO80 chromatin remodeling complex 


