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Abstract
Deubiquitinating enzymes (DUBs) are proteases that process ubiquitin or ubiquitin-like gene
products, reverse the modification of proteins by a single ubiquitin (or ubiquitin-like protein), and
remodel polyubiquitin (or ubiquitin-like) chains on target proteins. The human genome encodes
nearly 100 DUBs with specificity for ubiquitin in five families: the UCH, USP, OTU, Josephin, and
JAMM families. Four families are cysteine proteases, while the later is a family of metalloproteases.
Most DUB activity is cryptic and active site rearrangements often occur during the binding of
ubiquitin and/or scaffold proteins. DUBs with specificity for ubiquitin contain multiple domains with
insertions and extensions modulating DUB substrate specificity, protein-protein interactions, and
cellular localization. Binding partners and multi-protein complexes with which DUBs associate
modulate DUB activity and substrate specificity. Quantitative studies of activity and protein-protein
interactions, together with genetic studies and the advent of RNAi, have lead to new insights into the
function of yeast and human DUBs. This review will discuss ubiquitin-specific DUBs, some of the
generalizations emerging from recent studies of the regulation of DUB activity, and their roles in
various cellular processes. Specific examples are drawn from studies of protein degradation, DNA
repair, chromatin remodeling, cell cycle regulation, endocytosis, and modulation of signaling
kinases.
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Introduction
Ubiquitination

Ubiquitination, the covalent attachment of ubiquitin to a target protein, is a posttranslational
modification that regulates the stability, function, and/or localization of the modified protein
(1-4). Thus, ubiquitin acts as a signal that can be used to target proteins to specific location in
the cell. Ubiquitination is catalyzed by the sequential action of three enzymes, a ubiquitin
activating enzyme, E1, a ubiquitin conjugating enzyme, E2, and a ubiquitin ligase, E3. The
ubiquitin-activating enzyme activates ubiquitin through an ATP dependent step forming a thiol
ester bond between the C terminus of ubiquitin and the active cysteine of the E1. The activated
ubiquitin is subsequently transferred to the active site cysteine of a ubiquitin conjugating
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enzyme which together with a ubiquitin ligase, transfers the ubiquitin to a lysine residue in the
target protein. This later step is highly regulated and occurs in a substrate specific manner
(3-6).

Deubiquitination
Deubiquitinating enzymes (DUBs) are proteases that cleave ubiquitin or ubiquitin-like proteins
from pro-proteins or target proteins. They play several roles in the ubiquitin pathway (7). First,
DUBs carry out activation of the ubiquitin pro-proteins, probably co-translationally. Ubiquitin
is always expressed as a pro-protein fused to either ribosomal proteins or as linear polyubiquitin
consisting of multiple copies of mono ubiquitin that must be processed to yield the mature
ubiquitin monomer (8-10). The polyubiquitin gene product also contains an additional residue
at the C-terminus that must be removed in order to activate ubiquitin. Secondly, DUBs recycle
ubiquitin that may have been adventitiously trapped by the reaction of small cellular
nucleophiles with the thiol ester intermediates involved in the ubiquitination of proteins (11).
Thirdly, DUBs reverse the ubiquitination or ubiquitin-like modification of target proteins (7,
12). In this role DUBs antagonize the ubiquitination of proteins, playing a role analogous to
that of the phosphatases in a kinase/phosphatase regulatory pathway. Finally, deubiquitinating
enzymes are also responsible for the regeneration of monoubiquitin from unanchored
polyubiquitin, i.e. free polyubiquitin that is synthesized de novo by the conjugating machinery
or that has been released from target proteins by other deubiquitinating enzymes (13,14).

Several earlier reviews specifically discuss DUBs from pathogens (15,16) and those with
specificity for ubiquitin-like proteins (17,18). This review will be limited to discussing only
those DUBs with specificity for ubiquitin. Nearly 100 putative DUBs are encoded by the human
genome and they belong to five different families (12). Four families, the ubiquitin C-terminal
hydrolases (UCH), the ubiquitin specific protease (USP/UBP), the ovarian tumor (OTU), the
Josephin domain are papain-like cysteine proteases. The fifth family belongs to the JAB1/
MPN/Mov34 metalloenzyme (JAMM) domain zinc-dependent metalloprotease family. One
other small family of DUBs is known but their activity on, and specificity for, ubiquitin is low.
The Adenain family of cysteine proteases include: the ubiquitin-like proteases (ULP, also
known as SENPs in humans) that are specific for the ubiquitin-like proteins SUMO (small
ubiquitin-like modifier) or Nedd8 (neural precursor cell expressed, developmentally down-
regulated 8); and DUBs resembling the adenovirus protease that some bacteria and viruses
have acquired and that probably play a role in infectivity by cleaving Ub and ISG15 (interferon
stimulated gene 15) conjugates (17,19-22). The large number of gene families and individual
members suggests that they exhibit a significant degree of substrate specificity.

Like ubiquitination, deubiquitination is a highly regulated process that has been implicated in
numerous cellular functions, including cell cycle regulation (23), proteasome-and lysosome-
dependent protein degradation (24-26), gene expression (27), DNA repair (28), kinase
activation (25,29), microbial pathogenesis (15,16), and more (5,12). A number of pathogenic
microorganisms have acquired genes encoding DUBs suggesting that disruption of
ubiquitination in the host cell may confer a selective advantage for these bacteria (16,30-35)
and viruses (15,36-43). Furthermore, mutations in several deubiquitinating enzymes have been
linked to disease ranging from cancer to neurological disorders (44-46). Although a few
substrates have been identified for a handful of DUBs, the substrates and physiological role of
most DUBs is poorly defined.

General properties of DUBs
In spite of the paucity of knowledge about the regulation and roles of many DUBs, several
generalizations have emerged in recent years. Each will be discussed in more detail below.
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Most DUB activity is cryptic. That is, the energy of associating with the substrate or a
scaffolding protein is required to achieve the catalytically competent conformation. Thus, like
most other proteases, their activity is carefully controlled to prevent adventitious cleavage of
inappropriate substrates (47). Other DUBs are covalently modified by phosphorylation,
ubiquitination or sumoylation, all modifications that are likely to affect activity, localization
or half-life.

DUBs are modular, containing not only catalytic domains but also additional ubiquitin binding
domains and various protein-protein interaction domains. These modules contribute to the
binding and recognition of different chain linkages (48) and direct the assembly of multi-
protein complexes that localize DUBs and assist in substrate selection. DUBs require these
localization and substrate specificity determinants in order to function physiologically. The
association of DUBs with substrate adapters, scaffolds, and inhibitors are regulatory
interactions driving specificity. A recurring theme has also emerged in which DUBs associate
with complexes containing E3 ligases, thus negatively regulating ubiquitin conjugation (49).

A more detailed understanding of these protein-protein interactions and substrate selectivity
will require development of quantitative assays of activity and binding. Only by comparing
the absolute activities on related substrates can we define substrate specificity. For example,
simply observing that an enzyme preparation can completely cleave both K48- and K63-linked
chains does not give much information about their relative preferences. This is particularly
important when a single DUB can cleave multiple substrates, albeit with vastly different
efficiencies (19,50).

Many excellent reviews on DUBs have appeared in recent years (15-17,23-25,29,44,49,
51-53) and we will try to minimize overlap with those. This review will expound upon the
above generalizations and provide an overview of the current body of knowledge regarding
cellular functions and regulation of ubiquitin specific DUBs. Because of space limitations this
review cannot be fully comprehensive. Rather, we will use selected examples to illustrate these
generalizations (Table 1).

Families of Ubiquitin Specific DUBs
The ubiquitin C-terminal hydrolase (UCH) domain

The UCH catalytic core consists of a 230 amino acid domain as exemplified by the human
UCH-L1 and -L3 isozymes. Humans have four UCH domain deubiquitinating enzymes, while
S. cerevisiae only has one. Like all thiol protease DUBs, UCHs adopts a core fold and a catalytic
triad geometry closely resembling papain (54). UCH DUBs preferentially process small
leaving groups or substrates with disordered sequences linking the leaving group to the C-
terminus of ubiquitin (7,54-56). Thus, UCH-L1 and -L3 deubiquitinating enzymes are thought
to be involved in processing pro-ubiquitin proteins and salvaging adventitiously trapped
ubiquitin (7,55,57). This may not be the only role, as the UCH domain deubiquitinating enzyme
from Drosophila can cleave polyubiquitin from polyubiquitinated proteins (58) and deletion
of the single UCH in yeast does not impair pro-ubiquitin processing. Two other mammalian
UCHs have additional C-terminal extensions: UCH37 contains about 100 additional amino
acids at the C-terminus that direct it to the proteasome where it is involved in trimming
polyubiquitin from proteins as they are degraded (24,59); and BAP1 contains an additional
500 amino acids containing a nuclear localization signal and the binding site for interaction
with the N-terminal ring finger of BRCA1, a ubiquitin ligase (60,61).

The ubiquitin specific protease (USP) domain
USP (UBP in yeast) family members usually process larger leaving groups. Yeast have 16 USP
family DUBS (Figure 1) while humans are predicted to have over 50 USP family
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deubiquitinating enzymes, making this class of DUBs the largest (12). Structures of six USP
domain deubiquitinating enzymes indicate that the USP domain fold is highly conserved
despite low sequence similarity (62-66). The USP fold consists of three sub-domains: the
finger, palm and thumb, which together resemble a right hand. Only CYLD, a deubiquitinating
enzyme implicated in the human benign tumor syndrome cylindromatosis, lacks the finger sub-
domain (66). Structures of USP domains bound to ubiquitin or a ubiquitin based inhibitor show
that the C-terminus of ubiquitin sits in a cleft located between the thumb and the palm sub-
domains, while the globular portion of ubiquitin interacts with the finger (62,63,65). Most
USPs contain a core catalytic domain with insertions and terminal extensions bearing additional
protein interactions domains (illustrated for yeast UBPs in Figure 1).

The ovarian tumor (OTU) domain
The OTU domain family of deubiquitinating enzymes was identified based on their homology
to the ovarian tumor gene involved in the development of the ovaries of fruit flies (67-69).
Yeast encode two OTU domain DUBs and humans encode fourteen. Subsequent studies
demonstrated that several OTU domain proteins have deubiquitinating activity (70-76),
although not all have been shown to have DUB activity. For instance, the Drosophila ovarian
tumor protein contains a serine at the active site and may not be active. Recent structural studies
indicate that the OTU core domain is composed of five β-strands sandwiched between helical
domains that vary in size among OTU family members (73,74,77,78).

The Josephin domain (MJD)
The Machado-Joseph disease protein Ataxin-3, a protein implicated in the neurodegenerative
disorder spinocerebellar ataxia type 3, is the best-studied member of the four human Josephin
family proteins (79-84). The structure of the Josephin domain of Ataxin-3 was solved by NMR
and resembles that of UCH domain deubiquitinating enzymes. The active site residues of
Ataxin-3 are positioned in a catalytically competent conformation and it has been reported to
edit K63-linked chains specifically (85).

The JAB1/MPN/Mov34 metalloenzyme (JAMM) domain
Al least four different JAMM domain DUBs exists (86-89). Three of them are known to process
ubiquitinated substrates (87-90), and one acts on proteins modified with the ubiquitin-like
modification Nedd8 (86). Recently the structure of the AMSH-like protein (associated
molecule with the SH3 domain of STAM), was solved bound to K63-linked diubiquitin (91).
AMSH-LP is a deubiquitinating enzyme that functions in vesicle trafficking and specifically
cleaves K63-linked polyubiquitin. This structure represents the first structure of a
deubiquitinating enzyme bound to polyubiquitin and explains the linkage selectivity displayed
by AMSH DUBs. AMSH-LP binds two zinc ions, one of which is involved in catalysis and
another that is part of an AMSH-specific insert forming a motif responsible for the recognition
of the proximal ubiquitin in the K63 diubiquitin. A second AMSH-specific insert interacts with
the distal ubiquitin. The linkage selectivity results from the interaction of the JAMM domain
of AMSH-LP with both the distal ubiquitin and the tri-peptide sequence Gln62-Lys62-Glu64
of the proximal ubiquitin, a unique surface that is only found in K63-linked polyubiquitin.
Other JAMM domain proteases that lack specificity for polyubiquitin lack the AMSH-specific
inserts that determine this specificity,

DUB activity is regulated and often cryptic
Since DUBs are proteases, it is likely important to regulate their enzymatic activity to avoid
the inadvertent cleavage of non-substrate proteins. Further regulation may be anticipated as a
mechanism to control the timing and localization of substrate cleavage.
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Substrate induced conformational changes
Structures of at least one member of each DUB family are currently available, and many have
been solved in the free form or bound to ubiquitin or ubiquitin-based inhibitors (54,56,62,
64-66,73,74,78,82,91-93). These structures reveal that active site rearrangements occur upon
binding to ubiquitin and these changes must occur to productively bind and catalyze hydrolysis.
This requirement prevents spurious cleavages at Gly-Gly sequences and enhances specificity.
These conformational changes are shown schematically in Figure 2.

Crystal structures of human UCH-L1 and UCH-L3 and the S. cerevisiae YUH1 reveal that
these proteins undergo conformational changes that are required for catalysis (54,56,92,94).
In UCH-L3, an active site loop is disordered but appears to cross over the active site (54). In
contrast, when UCH-L3 is bound to an ubiquitin-based inhibitor, ubiquitin vinyl methyl ester,
the crossover loop becomes stabilized in an α-helix followed by an S shaped loop forming
contacts with the C terminus of ubiquitin (92). This conformation was also seen in the structure
of YUH1 bound to a different active site inhibitor (56), ubiquitin aldehyde, indicating that the
crossover loop conformation is conserved among UCH domain deubiquitinating enzymes
(Figure 2A). This loop may generally prevent UCH domains from accommodating tightly
folded domains C-terminal to ubiquitin since folded domains cannot be inserted through the
loop. Alternatively, this loop may be repositioned between the C-terminal leaving group and
the body of the UCH domain forming an interaction surface that imparts specificity as to the
types of substrates that may be hydrolyzed. Such a model could explain why the Drosophila
UCH can cleave ubiquitin attached to larger proteins (58).

The structure of yeast OTU1 bound to a ubiquitin based inhibitor has been solved and
comparison with the free structure of human Otubain-2 suggests that the OTU domain also
may exhibit active site rearrangements upon binding to ubiquitin (77). The active site residues
in Otubain-2 adopt a catalytically competent conformation but an active site loop is partially
disordered and appears to adopt a position that interferes with ubiquitin binding. In the substrate
bound OTU1 structure, this loop becomes ordered into a β-strand allowing the binding to
ubiquitin. Thus, until repositioned this loop would interfere with ubiquitin binding.

Like the UCH family, USP domain deubiquitinating enzymes also undergo conformational
changes upon binding to ubiquitin. These conformational changes include: alignment of the
catalytic triad in a productive conformation in USP7 (Figure 2C) (63), displacement of active
site loops that would otherwise block the binding of the C-terminal tail of ubiquitin in USP14
(62), or movement of the finger domain outwards to accommodate the globular body of
ubiquitin in USP8 (Figure 2B) (64). USP5 (more commonly known as isopeptidase T or IsoT)
presents a final dramatic example that is less well defined structurally, but which illustrates
the importance of these types of conformational changes in enforcing substrate specificity.
USP5 hydrolyzes unanchored polyubiquitin chains in vitro and in vivo (13, 95-97). A free
ubiquitin carboxyl terminus is required at the proximal end of the chains (the end where the
chain would be attached to a target protein) to achieve efficient catalysis. USP5 will also
hydrolyze a substrate analog, Ubiquitin-7-amido-4-methylcoumarin (Ub-AMC) slowly.
However, addition of ubiquitin greatly increases the rate of hydrolysis by occupying the
S1’ (leaving group) site of USP5 mimicking the proximal ubiquitin in a physiological chain
(98, 99). This activation only occurs when the stimulatory ubiquitin bears a free C-terminus.
The conformational change induced by occupancy of the S1’ site by ubiquitin (or the proximal
ubiquitin in a polyubiquitin chain) is necessary for physiological activity. A polyubiquitin chain
still attached to a peptide or lacking the C-terminal glycine on the proximal ubiquitin is not
hydrolyzed efficiently (13, 99). Thus, USP5 proofreads the C-terminus of polyubiquitin chains
and will not cleave them if they are still attached to a protein or peptide. In this way USP5 can
remove the polyubiquitin end products of proteasomal degradation but cannot prematurely
deubiquitinate a polyubiquitinated protein.
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Activity can also be induced by scaffold or adapter binding
Maintaining DUBs in an inactive state until they are properly localized enforces another level
of control. A clear example of this is provided by the three proteasome associated DUBs
discussed in more detail below. USP14, UCH37, and POH1 are largely inactive until they are
associated with the proteasome (100-103). In the case of the first two, the activation associated
with binding to the proteasome may be important in limiting their activity as these proteins
both exist in free and proteasome-bound states (101,104).

Another challenge faced by DUBs is achieving substrate specificity. The core catalytic domains
themselves only recognize ubiquitin and in order to select the proper ubiquitinated protein
substrate additional interactions with the target protein are required. A number of DUBs have
been shown to have good catalytic capability but little affinity for ubiquitin, and must therefore
depend on other interactions to acquire their substrates. Interactions with scaffolding proteins
can assure proper localization of the DUB to the same locale as the substrate. Interactions with
substrate adapters can bridge the gap between the DUB/scaffold and the target protein by
binding to both. In this way, the proper substrate is delivered to the DUB in the right place and
time for its catalytic action. A recent review catalogs these and other DUB-protein interactions
(49).

Transcriptional regulation of DUB expression
Specificity of DUB action can also be achieved by regulating the time when a particular DUB
is accumulated. Perhaps the best-studied examples are the cytokine inducible DUBs of murine
lymphocytes (105-108). Stimulation of lymphocytes with different cytokines results in the
induction of one of a family of 60 kDa DUBs most closely related to human USP17. Thus,
DUB-1 is induced by interleukins 3 and 5 and GM-CSF (granulocyte-macrophage colony
stimulating factor). DUB-2 is stimulated by interleukin 2. These DUBs are immediate early
genes whose transcription is rapidly induced under the control of cytokine responsive elements
in the DUB genes (106). They are also rapidly degraded as the cytokine response is down
regulated, probably by becoming polyubiquitinated and delivered to the proteasome (109,
110). This temporal regulation suggests that DUB-1 and -2 may play a role in down regulating
the cytokine response, perhaps by virtue of its DUB activity (111). Other DUBs are probably
regulated in a similar manner. For instance, the transcription of CYLD is induced by activation
of the NF-κB and MKK3/6-p38 pathways (112)

Post-translational covalent modifications
We have come to expect that key regulatory enzymes will be modulated by a host of signal
transduction pathways and DUBs are no exception. Most regulated proteins are subject to
phosphorylation by one or more kinases. The majority of DUBs are phosphorylated on serine,
threonine and tyrosine residues in vivo (http://www.phosphosite.org), although with few
exceptions the consequences are unknown. Two recent proteomic analyses found that a large
number of components of the ubiquitin proteasome system, including USP15, USP19, USP28
and USP34, are regulated by phosphorylation by the Ataxia Telangiasia-mutated (ATM)/
ATRRad3-related (ATR) kinase in response to DNA damage (113,114). Several of these
components regulate DNA damage checkpoints, with USP34 being involved in regulating the
rapid G1 arrest in response to ionizing radiation mediated by ATM/ATR kinases. USP28 is
also phosphorylated by ATR/ATM and is involved in the response to DNA damage by virtue
of its ability to deubiquitinate and stabilize FBW7 (see below), the ubiquitin ligase involved
in the degradation of the myc transcription factor (115). Finally, USP15 is phosphorylated by
ATR/ATM and is known to cleave ubiquitin from IκB, thus dampening the NF-κB response
(see below). Another DUB, A20, also regulates the NF-κB pathway by first removing K63-
linked chains from the RIP1 (receptor interacting protein 1), TRAF2 (tumor-necrosis factor
receptor (TNFR)-associated factor 2), TRAF6, and NEMO (NF-κB essential modulator)
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components of this pathway. Subsequently, the ubiquitin ligase domain of A20 facilitates K48-
ubiquitination of at least some of these, thereby increasing their degradation and down
regulating the NF-κB pathway (76). Phosphorylation of A20 on S381 by IκB kinase β increases
the ability of A20 to inhibit signaling through this pathway (116). It is not clear whether the
DUB activity is increased or the ligase activity is decreased by phosphorylation of A20, but
the net result is a feedback inhibition of NF-κB signaling.

Ubiquitination itself is another regulatory modification and a small number of DUBs have been
shown to be ubiquitinated, probably as a signal for their degradation. In addition to the murine
cytokine induced DUBs mentioned above, USP4 is also polyubiquitinated. USP4 is responsible
for deubiquitinating Rho52, an oncoprotein that is an E3 ligase. Rho52 in turn can ubiquitinate
USP4 (117). In the USP4-Rho52 complex USP4 is inhibited, suggesting a model whereby the
heterodimeric complex acts as a ligase in the presence of substrates. When substrate is not
present RHO52 may auto-ubiquitinate itself and USP4 reverses this ubiquitination. However,
if Rho52 ubiquitinates USP4 the DUB may be degraded. Thus, USP4 and Rho52 transregulate
each other (117). Another oncoprotein, TRE17 (a fusion protein between a Rab GTPase
activating protein homology domain at the N-terminus and USP6 at the C-terminus) is
monoubiquitinated in a calcium/calmodulin dependent pathway (118). This too suggests
regulation modulated by cellular signaling pathways. USP7 (119), USP36 (120) and DUB-1
(109,110) are also ubiquitinated, although the importance of these modifications is unknown.
Finally, it has been shown that USP25 is sumoylated and that this modification decreases
USP25 binding and hydrolysis of polyubiquitin (121).

DUBs are modular
In addition to their active site core domains, most deubiquitinating enzymes contain insertions
and N and C-terminal extensions that participate in substrate recognition, regulate the
deubiquitinating enzyme cellular localization, catalytic activity and/or protein-protein
interactions (Figure 1). These extensions include: protein-protein interaction domains that
interact with substrates, scaffolds or substrate adapters; and ubiquitin-binding domains that in
some instances participate in ubiquitin and/or polyubiquitin recognition. We will discuss two
examples to highlight this principle.

Multiple ubiquitin binding domains
The observation that different polyubiquitin chain linkages direct proteins to different cellular
fates suggests that receptors and enzymes operating on polyubiquitin are capable of
distinguishing among these chains. One model for this recognition suggests that the receptor/
enzyme will recognize several ubiquitins in a chain. A number of proteins of the ubiquitin
system have multiple ubiquitin binding domains that in principle can accomplish this type of
interaction (85,121,122).

USP5, also referred to as IsoT, was one of the first DUBs to be characterized (13,98,123,
124). IsoT has orthologs in yeast, slime mold, plants, flies, and other eukaryotes. Functional
analyses of IsoT orthologs in three different model organisms demonstrate that IsoT is
responsible for most of unanchored polyubiquitin disassembly in vivo (95-97). The levels of
unanchored polyubiquitin are regulated by the deubiquitinating activity of yeast Isopeptidase
T (13,95). Accumulation of free polyubiquitin is probably detrimental as it acts as a competitive
inhibitor of substrate binding to the proteasome and other ubiquitin receptors (14). Unanchored
polyubiquitin can be either generated de novo by the ubiquitin conjugation machinery and/or
by the release of ubiquitin chains from target proteins by deubiquitinating enzymes associated
with the proteasome (13,95).
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Deletion of UBP14, the IsoT ortholog in S. cerevisiae, leads to defects similar to those seen in
other mutants of the ubiquitin-proteasome system (95), i.e., a strong sporulation defect,
hypersensitivity to canavanine, and a decrease in the rate of the degradation of two well-
characterized artificial substrates of the ubiquitin-proteasome system. However, unlike other
ubiquitin–proteasome mutants, deletion of UBP14 leads to an accumulation of unanchored
polyubiquitin chains as well as ubiquitin conjugates. Although Ubp14 is not essential in yeast
its ortholog is required for development in multicellular organisms. Dictyostelium
discoideum cells with a mutant IsoT ortholog gene, ubpA accumulate unanchored polyubiquitin
and ubiquitin conjugates (97). UbpA is not necessary for growth in D. discoideum, however it
is crucial for aggregation, chemotaxis, and cell adhesion. These defects are thought to result
from inhibition of the proteasome by excess unanchored polyubiquitin (125). The A.
thaliana gene is essential and mutation of the AtUbp14 gene causes embryonic lethality (96).

IsoT recognizes multiple ubiquitin molecules in the polyubiquitin chain (13) and is capable of
cleaving polyubiquitin linked by K29, K48 and K63 linkages (126). Analysis of the mechanism
of polyubiquitin processing showed that IsoT sequentially cleaves the ubiquitin from the
proximal end of the chain, thereby acting as an exo-isoamidase (13). IsoT has at least four
ubiquitin binding sites for both linear and K48-linked polyubiquitin, making IsoT a bona fide
polyubiquitin binding protein (13). These sites are formed by four ubiquitin binding domains-
an N-terminal ZnF UBP domain, a USP/UBP domain, and two UBA domains (99,122). By
definition proximal ubiquitin in the chain contacts the S1’ leaving group pocket, which is
formed by the ZnF UBP domain (99). This domain is important for inducing a conformational
change leading to activation when the proximal ubiquitin contains a free C terminus. The ZnF
UBP domain interacts intimately with the C-terminus of the proximal ubiquitin and binding
of the proximal ubiquitin is greatly diminished by truncation or elongation of this C-terminal
tail. This mandatory substrate-induced conformational change prevents IsoT from
disassembling polyubiquitin chains before they have been released from the target protein by
the action of other DUBs. The second ubiquitin binds to the S1 pocket, which corresponds to
the active site of the enzyme and is formed by the USP/UBP domains. The third and fourth
ubiquitins in polyubiquitin bind the S2 and S3 sites respectively (13). The S2 and S3 sites of
IsoT are formed by two UBA domains, UBA2 and UBA1 respectively (122), which are located
in insertions between the Cys and His boxes of the core USP domain.

Although polyubiquitin isoforms adopt different three-dimensional structures (127-130), IsoT
uses the same set of domains to interact with the corresponding ubiquitin subunit irrespective
of the chain linkage (122). Thus, either IsoT must be flexible enough to allow significant motion
of the binding domains to accommodate the different chain geometries or the ubiquitins in
different polyubiquitin chains must be able to adopt similar three-dimensional orientations. In
reality, both mechanisms may be involved.

Direct recognition of substrates
In addition to recognizing the specific chain linkages of a polyubiquitin chain some DUBs also
exhibit direct affinity for the ubiquitinated protein itself. In one case there is structural data
describing these interactions. USP7, also known as Herpes associated USP (HAUSP),
deubiquitinates p53 and Mdm2 and is inhibited by the Epstein-Barr nuclear antigen 1 (EBNA1)
protein of Epstein-Barr virus (EBV). The N-terminal domain of USP7 binds two closely spaced
4-residue sites in both p53 and MDM2 (p53 residues 359−367 and MDM2 residues 147−159)
(131). The crystal structure of the p53-binding domain of USP7 bound to an EBNA1 peptide
has been described (132). NMR studies of USP7 bound by EBNA1 and p53 indicated that p53
and EBNA bind the same pocket but p53 but makes less extensive contacts with USP7.
Functional studies indicated that EBNA1 binding to USP7 inhibits its deubiquitination of p53
and protects cells from apoptotic challenge by lowering p53 levels (132).
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Protein-Protein interaction domains
Another common feature of DUBs is that they contain other protein-protein interaction
domains (Figure 1). As a consequence, many DUBs are found associated with substrates,
adaptors and scaffolds. We will use the example of proteasome associated DUBs to highlight
this aspect of DUBs structure and function. A recent review catalogs more of these interactions
and points out that many DUBs form macromolecular complexes with ubiquitin ligases (49).
This suggests a coupled regulation of ubiquitination and deubiquitination that may be an
important part of the functions of ubiquitination.

The proteasome is a large multi-protein complex catalyzing ubiquitin dependent protein
degradation (4,26,133). The 26S proteasome contains more than 30 proteins that are found in
two main subcomplexes: the 20S core particle and the 19S regulatory particle (134,135). Four
stacked heptameric rings form the 20S core particle (Figure 3). The two inner rings are formed
by β-subunits, which contain the active site of the protease catalyzing protein degradation. The
outer rings are formed by seven α-subunits, which together create a narrow gated pore through
which unfolded polypeptides must pass in route the proteolytic chamber. Because the
polyubiquitin chain attached to the protein would present a steric block to translocation of the
substrate into the lumen of the proteasome the chains must be removed for optimal proteolysis.

Three DUBs (USP14, UCH37 and POH1) belonging to different DUB families are associated
with the proteasome in higher eukaryotes (59,87,90,100,102,103,136-142). S. cerevisiae lacks
UCH37, although most other eukaryotes contain an ortholog of this enzyme (59,138,143).
Together, these DUBs remove polyubiquitin chains from substrates during proteasomal
degradation. All three require association with the proteasome and subsequent conformational
changes to exhibit significant catalytic activity. Two of them, POH1 and UCH37 are integral
subunits of the 19S regulatory particle (59,103,136,144). UCH37 contains a C-terminal
extension that interacts with the Admr1 subunit of the 19S regulatory particle (103). Analysis
of various truncation mutants suggest that the N-terminal JAMM domain of the yeast homolog
of POH1 (RPN11) is required for association with other lid subunits but it is not clear if all the
truncated proteins are properly folded. Thus, other protein-protein interactions may also be
involved. The third deubiquitinating enzyme, Usp14, reversibly associates with the Rpn1
(PSMD2) subunit of the 19S base subcomplex of the proteasome through an N-terminal
ubiquitin-like domain (102,145).

Cellular roles of DUBs often involve multi-protein complexes
There is now much direct evidence for the generalization that many DUBs must associate with
multi-protein complexes to exert their physiological functions. Not only does this help co-
localize the substrates and the DUB, but it also allows a sequential ubiquitination and
deubiquitination cycle to give directionality to the pathways controlled by ubiquitination and
deubiquitination.

Processing of polyubiquitinated proteins by proteasome-associated DUBs
The three proteasome-associated DUBs of the proteasome are associated with the 19S
regulatory particle of the proteasome. The 19S regulatory particle unfolds and deubiquitinates
polyubiquitinated proteins (26,134,135). The 19S regulatory particle can be further divided
into two subcomplexes, the base and the lid (Figure 3). The lid (Figure 3, white, yellow and
orange spheres) includes multiple polyubiquitin receptors. Two of these receptors, S5a (Figure
3, yellow sphere) and Adrm1 (Figure 3, orange sphere), are integral components of the 19S
regulatory particle while the remaining polyubiquitin receptors reversibly associate with the
proteasome (144,146-148). The later type of receptors associate with the Rpn1 subunit
(PSMD2 in humans) of the 19S proteasome through ubiquitin like (UBL) domains and contain
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ubiquitin binding domains belonging to the ubiquitin associated domains (UBA) family
(148,149). They act as adapters linking polyubiquitinated substrates to the proteasome. The
base subcomplex (Figure 3, white spheres) contains six AAA ATPases that are thought to
assist in unfolding and translocating the substrate into the lumen of the proteasome. Thus, the
19S regulatory particle binds polyubiquitin while the base subcomplex probably unfolds and
translocates the target protein through the gated pore of the 20S protease.

Functional studies suggest that UCH-37 inhibits the degradation of ubiquitinated proteins by
the proteasome by removing ubiquitin from the distal end of the polyubiquitin chain (59).
Depletion of UCH37 leads to accelerated hydrolysis of model proteasome substrates with a
concomitant decrease in the levels of cellular polyubiquitinated proteins (59). The C-terminal
domain of UCH37 associates with C-terminus of the lid subunit Adrm1 (103,136,144).
Association of UCH37 with Adrm1 increases the efficiency of hydrolysis of an artificial
substrate, Ub-AMC, by decreasing the KM for the substrate without modifying the Vmax
(103). The C-terminus of free UCH37 inhibits its own catalytic activity and binding of Adrm1
relieves this autoinhibition (103). In addition to interacting with and activating UCH37
hydrolysis of Ub-AMC, Adrm1 also interacts with Rnp2/PSM1D and polyubiquitin through
different surfaces of its N-terminal domain (137,146). Since the N-terminal ubiquitin-binding
domain of Adrm1 interacts with the juxtadistal subunit of polyubiquitin, it serves to bind both
the enzyme and one end of the substrate. The catalytic center of UCH37 then binds the distal
subunit of polyubiquitin and hydrolyzes it from the chain (103,136,144). However activation
of the hydrolysis of diubiquitin only occurs upon the association of UCH37 with the whole
19S regulatory particle, suggesting that other proteins participate in the activation of UCH37
and/or that there is an additional mechanism for activation.

Like UCH37, Usp14 is activated upon association with the 19S regulatory particle. Depletion
of Usp14 in human cells or knockout of UBP6, its ortholog in S. cerevisiae, leads to accelerated
protein degradation (59,145). Surprisingly, the inhibition of protein degradation mediated by
Ubp6 is independent of its deubiquitinating activity but depends on its association with the
base of the 19S regulatory particle through its UBL domain (102). Ubp6 acts catalytically in
cooperation with a proteasomal associated E3 ligase, Hul5, to regulate the length polyubiquitin
chains attached to target proteins (101). Consistent with a role in polyubiquitin remodeling at
the proteasome, Usp14 disassembles polyubiquitin chains from the distal end (62). This
dynamic elongation and shortening of polyubiquitin chains may represent a balance between
keeping the substrate associated with the proteasome and the necessity to remove polyubiquitin
from the substrate as it is translocated into the proteasome. In addition to its role in regulating
chain length at the proteasome, Ubp6 also functions to regulate ubiquitin levels by recycling
ubiquitin at the proteasome (100). In agreement with this data, deletion of the mouse ortholog
USP14 causes a depletion of free ubiquitin and ataxic mice (axJ) that contain a mutant form
of the Usp14 gene display a reduction in free monoubiquitin levels in the brain (141,150).

A third deubiquitinating enzyme, Rpn11/POH1 is an integral part of the 19S regulatory particle
(87,142). Rpn11 belongs to the JAMM domain family of metalloproteases. Rpn11 is essential
for viability is yeast, and depletion of its human ortholog, POH1, by RNAi inhibits cellular
growth (59). Knockdown of POH1 leads to an increase in polyubiquitinated proteins, defective
cellular protein degradation, and compromised proteasomal activity due to a defect in 26S
proteasome maturation or stability. Thus, unlike the other two proteasome associated DUBs
POH1 is required for proteasome integrity (59). Several groups have reported that mutations
in the active site of Rpn11 lead to a loss of viability in Drosophila (143), human cells (59) and
yeast (87,90). However, Guterman and Glickman have shown that a D121A active site mutation
in yeast Rpn11 causes a defect in protein degradation, but not in cell viability (142). Association
of Rpn11 with the lid of the 19S regulatory particle and hydrolysis of ATP are required for
Rpn11 dependent deubiquitination, suggesting that deubiquitination may be coupled to protein
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unfolding by the ATPases of the base subcomplex. Unlike Usp14 and UCH37, Rpn11 cleaves
polyubiquitin from substrate proteins at or near the proximal end of the chains thereby releasing
polyubiquitin “en bloc” (103).

Histone deubiquitination
In higher eukaryotes, monoubiquitinated histones H2A (uH2A) and H2B (uH2B) are critical
in the regulation of multiple nuclear processes including mitosis, transcriptional initiation and
elongation, mRNA export and silencing (151-154). In contrast, histone H2A is not
ubiquitinated in Saccharomyces cerevisiae (152). Deubiquitinating enzymes have been
recently identified that can reverse ubiquitination of both H2A and H2B (151,155-157), or are
specific for only H2B (93,154,158-160) or only H2A (89,153,161,162). As discussed for
proteasome-associated DUBs, many of the histone deubiquitinating enzymes also work only
in the context of multi-protein complexes (Figure 3) (151,155,156,159,162-164). While it is
tempting to think of this as an example of several different DUBs acting on the same substrate
we must keep in mind that it is both the identity of the histone and its specific location within
chromatin that seems to be important in determining which population of histones is
deubiquitinated. Thus, ubiquitinated histones in active chromatin may not be equivalent to
those in silenced chromatin because of other associated proteins or epigenetic marks.

Sequential ubiquitination/deubiquitination of H2B regulates transcription and
silencing—A specific E2 and E3 catalyze monoubiquitination of H2B at K123 in yeast and
K120 in mammals. In yeast, Rad6 and Bre1 catalyze H2b ubiquitination while in humans the
corresponding enzymes are UbcH6 and RNF20. (Figure 4A). This modification is enriched at
promoters and the 5’end of many genes during transcriptional activation. H2B ubiquitination
is a pre-requisite for di- and tri-methylation of Lys4 and Lys79 of histone H3 (H3K4me and
H3K79me), a modification that correlates with transcriptionally active chromatin and helps
recruit the SAGA co-activator complex and additional chromatin modification activities (27,
158, 165).

The removal of ubiquitin from histone H2B at promoter and coding regions of a small number
of genes has also been shown to be required for their optimal transcription (158). S.
cerevisiae Ubp8 and its human ortholog, Usp22, are part of the Spt-Ada-Gcn5-
acetyltransferase (SAGA) complex (151,155,156,159,164). SAGA is a co-activator complex
that regulates transcriptional activation, elongation and mRNA export of multiple genes, in
part by modulating the state of histone post-translational modifications such as histone
acetylation and H2B ubiquitination (uH2B) (27,165,166). Thus, the recruitment of the SAGA
complex after methylation of Lys4 and 79 of histone H3 results in the deubiquitination of uH2B
during elongation and facilitates the phosphorylation of Ser2 in the RNA polymerase II C-
terminal domain. Mechanistically, the ubiquitination of H2B blocks the recruitment of the RNA
polymerase II (RNAPII) kinase Ctk1, thereby preventing the phosphorylation of Ser2 of the
C-terminal domain (CTD) of RNAPII (154). Deubiquitination of H2B by Ubp8/USP22 results
in the recruitment of Ctk1 leading to Ser2 phosphorylation, a modification associated with
elongation.

Ubp8 has also been linked to mRNA export by virtue of its association with a protein module
within SAGA that contains three additional proteins Sgf73, the yeast ortholog of Ataxin-7,
Sus1, a member of the TREX-2 mRNA export complex, and Sgf11 (163,164,167). This module
mediates the binding of SAGA to additional members of the TREX-2 mRNA export complex
factors, Sac3 and Thp1, that interact with the nuclear pore complex thereby physically coupling
transcription with mRNA export (163). Consistent with a role of SAGA in mRNA export,
several genes regulated by SAGA, including GAL1, are localized to the nuclear periphery
during transcription, and this localization is dependant on Sus1 (167). Furthermore, loss of
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Sgf73, which activates Ubp8 deubiquitinating activity, results in a defect in the export of
mRNA of GAL1, supporting a genetic link between SAGA, histone H2B deubiquitination and
mRNA export.

In addition to its role in transcriptional initiation, elongation, and mRNA export, H2B
deubiquitination is required for gene silencing (160,168). Deletion of Ubp8 or Ubp10 leads to
an increase in uH2B; however while Ubp8 is involved in gene activation (see above), Ubp10
functions in gene silencing by deubiquitinating uH2B in silenced regions (Figure 4A) (160,
168). Consistent with a role in silencing, Ubp10 localizes to two silenced domains, telomeres
and rDNA (168) and associates with the silencing protein Sir4, a member of the Sir complex
composed of two additional proteins, Sir3 and the histone deacetylase Sir2 (169). Deletion of
Ubp10 affects telomeric silencing by increasing the levels of uH2B and subsequently H3K4me
and H3K79me, which in turn inhibits the association of the Sir proteins to silent loci (160,
168). Overexpression of Ubp10 also leads to a loss of silencing at telomeres by globally
decreasing uH2B, H3K4me and H3K79me, and the spreading of the Sir complex to non-
silenced regions. This delocalization of the SIR complex is thought to be due to the binding of
Sir3 to unmethylated Lys4 of histone H3 in normally non-silenced regions, thus preventing its
binding to silenced regions (160,168,170) In addition to a role in telomere silencing, Ubp10
appears to have roles in other regions of the genome since the majority of the genes with altered
expression in ubp10Δ are not located at telomeres (160). In support of a role outside telomeric
loci, a mutant form of Ubp10 that specifically causes a defect in the silencing of telomeres does
not lead to a global increase in H2B ubiquitination or H3K4me. Furthermore, ubp8Δ
ubp10Δ cells display a synergistic increase in H2B ubiquitination levels and the expression of
non-telomeric genes, indicating that Ubp10 and Ubp8 may act at overlapping regions of the
genome (160).

Ubiquitination/deubiquitination of H2A in higher eukaryotes—H2A ubiquitination
is linked to silencing of developmental genes, X-chromosome inactivation cell cycle
progression, and transcriptional initiation and elongation in higher eukaryotes (152,162,171,
172). There is considerable confusion and uncertainty as to the precise role (s) of uH2A in
transcription, but in some genes it seems to inhibit initiation by preventing the K4 methylation
of H3 (opposite to the effects of uH2B). In other genes elongation appears to be decreased by
the presence of uH2A. It should be mentioned that the importance of different epigenetic
histone modifications varies depending on the gene examined and so the effects of
ubiquitinated histones on these modifications will also vary in different genes.

Three deubiquitinating enzymes, Usp16 (Ubp-M), Usp21, and 2A-DUB have been shown to
specifically deubiquitinate uH2A (Figure 4B) (89, 153, 162). One H2A deubiquitinating
enzyme, 2A-DUB, belongs to the JAMM domain family of isopeptidases (89). Recent work
has shown that 2A-DUB acts as a co-activator of the androgen receptor (AR), modulating full
activation of AR-dependent gene expression through deubiquitination of H2A (89). 2A-DUB
associates with the histone acetyltransferase p300/CBP-associated factor (p/CAF), a complex
that mediates acetylation of histones H3 and H4 in transcriptionally active chromatin (Figure
4B). 2A-DUB preferentially deubiquitinates H2A in hyperacetylated nucleosomes, suggesting
that histone acetylation facilitates H2A deubiquitination (89). However, uH2A
deubiquitination does not appear to affect the pCAF acetyltransferase activity, hinting that
these epigenetic modifications may occur through a series of sequential steps. The increase in
uH2A that results from knockdown of 2A-DUB can be partially antagonized by knockdown
of p/CAF, in agreement with a role of histone acetylation in the control of H2A
deubiquitination. The deubiquitinating activity of 2A-DUB also results in the destabilization
of the linker histone H1, an event that also requires histone acetylation and that is generally
associated with gene activation.
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Usp16 functions both in the regulation of gene expression and cell cycle progression (153,
161,173). Early studies showed wild type Usp16 localizes to the cytoplasm; however an active
site mutant of the enzyme was shown to associate with chromosomes during mitosis and to
remain in the nucleus after mitosis, suggesting a chromatin associated function (161).
Consistent with a role in chromatin functions, Usp16 was shown to deubiquitinate H2A in
vitro and overexpression of Usp16 lead to a decrease in the levels of uH2A (161,173). More
recently, Joo et al. (153) demonstrated that Usp16 removes ubiquitin from H2A within
nucleosomes, and that immunodepletion or knockdown of Usp16 results in increased uH2A
levels. Normally uH2A levels decrease upon entering mitosis, and subsequently increase as
the cells exit mitosis. Knockdown of Usp16 leads to an increase in uH2A and a decrease in the
number of cells undergoing mitosis (153). Ubiquitination of H2A is inversely correlated with
phosphorylation of H3 Ser10 by Aurora B kinase (153). Ubiquitination of H2A inhibits Aurora
B kinase binding to nucleosomes where it is required for chromatin condensation, chromosome
segregation, and progression through mitosis (Figure 4B). The physiological consequences of
Usp16 depletion appear to be broader than simply interfering with mitosis and chromatin
condensation. In Xenopus laevis Usp16 also functions to regulate the expression of the Hox
gene required for anterior-posterior patterning (153). Knockdown of Usp16 causes a decrease
in Hox expression and the rescue from this defect requires the deubiquitinating activity of
Usp16. Given that previous studies indicate that H2A ubiquitination regulates Hox gene
silencing, it is possible that Usp16 may repress Hox gene expression by modulating the levels
of uH2A at the promoter and 5’ end regulatory region of the Hox gene (83,153,174,175)

Finally, there is recent evidence that, in addition to a role in silencing, uH2A may also control
transcriptional initiation. Usp21 is a third deubiquitinating enzyme shown to deubiquitinate
H2A in humans (162). Usp21 was shown to regulate transcription in the liver during hepatocyte
regeneration. This enzyme functions to relieve uH2A mediated repression of di- and tri-
methylation of H3K4, thereby activating transcription initiation.

A unifying model—Figure 3 presents a unifying model for histone DUB activity. In general,
ubiquitination of H2A or H2B is an epigenetic mark that controls the binding of other histone
modifying enzymes, thus altering additional covalent modifications of other histones in the
same or nearby nucleosomes. Often, the other modifying enzymes are macromolecular
complexes containing the deubiquitinating activity and uH2A or uH2B are subsequently
deubiquitinated. This allows sequential ubiquitination, factor recruitment and deubiquitination
giving the reaction a directionality that enforces a defined sequence of events. One prediction
of this model arises from an inspection of figure 4. For instance, this postulates that USP16
will be localized to mitotic chromatin by interacting with a protein that binds to S10
phosphorylated histone H3 or a subsequent downstream modification. The identity of such a
putative binding protein is unknown.

RNAi reveals roles for DUBs in cell cycle regulation and DNA repair
Cell cycle regulation requires the timed degradation of numerous checkpoint and signaling
molecules to allow an orderly progression through replication, growth and mitosis. Often these
checkpoints involve surveillance of genome integrity and many mutations that affect cell cycle
regulation and DNA repair are incompatible with the establishment of stable cell lines (23,
113,153,176). Thus, a more transient and acute “knockdown” is needed and the technique of
RNAi has proven productive in revealing the role of DUBs in these processes (12,59,177,
178). A few illustrative examples are discussed below.

A search for DUBs that act on uH2A and uH2b implicated Usp3 (157). Wild type Usp3 localizes
to the nucleus, where it interacts with chromatin. Mutation of the active cysteine results in the
stabilization of the interaction between chromatin and Usp3, presumably by acting as a
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substrate trap. In addition to its catalytic core domain, Usp3 harbors a ZnF Ubp domain in its
N-terminus. This putative ubiquitin binding domain is required to mediate binding to uH2A
(157). Usp3 can deubiquitinate both H2A and H2B in humans (157). Overexpression of Usp3
in HeLa cells causes the reduction in both uH2A and uH2B without altering the bulk pool of
ubiquitinated proteins (157). Depletion of Usp3 by RNAi lead to a increase in the levels of
uH2A and to a lesser extent uH2B demonstrating that it regulates the level of histone
ubiquitination in vivo (157). The functional consequences of depleting Usp3 by RNAi include:
a delay in S phase progression and decreased incorporation of BrdU suggesting a defect in
replication; and the accumulation of DNA breaks, which leads to an induction of the Ataxia
Telangiectasia mutated (ATM) and ATM/Rad3 related (ATR) checkpoint kinases that regulate
DNA damage response pathways. Together these observations suggest that knockdown of
Usp3 causes defects in replication that cause activation of the ATM/ATR DNA damage
response and delays progression though the S-phase (157).

In a study of DNA damage induced apoptosis, Usp28 was shown to be involved in the
checkpoint kinase 2 (Chk2)-p53-PUMA pathway, a major regulator of DNA-damage-induced
apoptosis, in response to double-strand breaks in vivo (179). Usp28 was originally found to
physically interact with the checkpoint mediators 53BP1, Claspin and Mdc1 (179). These
scaffolding proteins mediate DNA-damage responses that result from ionizing radiation (IR).
Knockdown of Usp28 leads to a decrease in the levels of all three interacting proteins as well
as the checkpoint kinase Chk2, suggesting that USP28 functions to stabilize these proteins.
Both Claspin and Mdc1 appear to be substrates but there is no evidence that 53BP1 is
ubiquitinated, bringing up the possibility that association with the 53BP1 scaffolding protein
is important for USP28 function. The absence of Usp28 or of its catalytic activity causes
attenuation of DNA damage signals and inactivation of p53 mediated apoptosis. Knockdown
of Usp28 leads to resistance in IR induced apoptosis similarly to what had been observed with
p53, chk2 and PUMA null mice, again consistent with a role in p53 dependent apoptosis. Usp28
also regulates the G2 DNA-damage-response checkpoint (180). In DNA-damaged G2 cells,
Claspin is ubiquitinated by the anaphase promoting complex and targeted for proteasomal
degradation. Usp28 counteracts this process by deubiquitination of Claspin allowing it to
activate Chk1 in response to DNA damage (180).

Usp28 also controls the cellular levels of the transcription factor MYC (115). MYC is a proto-
oncogene that regulates cell growth, apoptosis and cell proliferation. MYC is degraded in a
ubiquitin dependent manner by the E3 ligase FBW7 (F-box and WD repeat-domain containing
7) that is a component of a SCF (complex of SKP1, CUL1 and F-box protein)-type of ubiquitin
ligases. MYC is ubiquitinated by the FBW7γ isoform in the nucleolus and by the FBW7α
isoform in the nucleoplasm. Together they control the growth promoting activity of MYC.
MYC ubiquitination catalyzed by the FBW7α isoform in the nucleoplasm, is antagonized by
Usp28 DUB activity. Knockdown of Usp28 results in a decrease of c-MYC while
overexpression of the enzyme and leads to stabilization of the transcription factor. The effect
is limited to FBW7α because Usp28 specifically interacts with FBW7α and this interaction
mediates complex formation between MYC and Usp28. Since FBW7γ lacks the USP28
interaction motif of FBW7α, Usp28 selectively antagonize nucleoplasmic MYC degradation
while not affecting nucleolar degradation. Given that the catalytic activity of Usp28 is required
for MYC stabilization (179), inhibition of this DUB may be of pharmacological interest.

A directed RNAi screen of all USP family DUBs revealed that Usp1 is involved in DNA repair
processes through its deubiquitination of the Fanconi anemia protein FANCD2 (178,181) and
PCNA (182). Usp1 and FANCD2 were found to interact in vivo and co-localize on chromatin
after DNA damage (178). Knockdown of Usp1 by small interfering RNA lead to hyper-
accumulation of monoubiquitinated FANCD2 (178). Usp1 is proposed to deubiquitinate
FANCD2 when cells exit S phase or recommence cycling after DNA damage and may play a
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critical role in the FA pathway by recycling FANCD2 (49,178). USP1 is found in a
macromolecular complex with the 80kDa WD40 repeat containing protein USP1-associated
factor 1 (UAF1) (183). The formation of this heterodimeric complex greatly activates Usp1,
suggesting a role for UAF1 as a scaffold. Transcription of USP1 is terminated in response to
DNA damage and the protein disappears rapidly. Interestingly, USP1 is subject to autocatalytic
cleavage at an internal Gly-Gly sequence and it is possible that this leads to a dissociation of
the complex and consequent degradation of the Usp1 fragments (182).

Finally, Usp11 has been described as a DUB that exhibits pro-survival functions as part of the
cellular response to DNA damage (184). In response to Mitomycin C (MMC)-induced DNA
damage, Usp11 participates in DNA damage repair functions within the breast cancer 2
(BRCA2) pathway, but does so independently of BRCA2 deubiquitination (184). The
ubiquitination and degradation of BRCA2 has been implicated in prostate cancer cell
proliferation. This down-regulation of BRCA2 levels requires phosphatidylinositol (PI) 3-
kinase signaling and up-regulation of Skp2, a subunit of the Skp1-Cul1-F-box protein ubiquitin
complex (185).

DUBs modulate kinase cascades of signal transduction pathways
Ubiquitination modulates signal transduction pathways by at least two mechanisms. First, K63-
linked polyubiquitin chains serve as recognition signals that recruit adapters and signaling
kinases to propagate the signals, and secondly ubiquitination contributes to regulation of these
pathways by controlling the half-life of signaling complexes and components. The best-studied
example is the nuclear factor kappa B (NF-κB) pathway responsible for propagating signals
from tumor necrosis factor (TNF), interleukin-1/TLR (TOLL-like receptors), and T- and B-
cell antigen receptors to the nucleus to control immune, inflammatory and anti-microbial
responses (29,186). Deubiquitination downregulates these responses and defects in at least two
DUBs result in sustained signaling. We will briefly discuss this pathway as an example of the
regulation of signaling cascades.

Ubiquitination and NF-κB signaling—The role of regulatory ubiquitination in the NF-
κB pathway was first suggested by the finding that enzymes catalyzing K63-linked
polyubiquitination were necessary for efficient signaling through the NF-κB pathway (187).
These chains do not target proteins for degradation by the proteasome and so another function
was suggested. However, K48-linked ubiquitination is involved as it is necessary to trigger the
degradation of IκB, an inhibitor of NF-κB that retains the transcription factor in the cytoplasm,
and to target the degradation of the TNF receptor interacting protein 1 (RIP1) during
downregulation of the signaling pathway. Finally, the discovery two other inhibitors of
signaling, A20 (76)and CYLD (188,189), are deubiquitinating enzymes has emphasized the
importance of these modifications. A general model of activation of the NF-κB pathway is
given in Figure 5. The details of this regulation vary depending on the particular receptor
triggering the signaling events (29,186,190,191). In general however, ubiquitin dependent
regulation of the NF-κB pathway consists of several steps: 1) receptor engagement activates
members of the TRAF (TNF receptor-associated factor) family of E3 ligases to assemble a
K63-linked polyubiquitin chain on itself (autoubiquitination) or an associated protein such as
RIP1; 2) the K63-linked polyubiquitin then recruits the TAK1/TAB2/3 protein kinase and its
substrate IκB Kinase (IKK); 3) This assembled complex catalyzes the phosphorylation of the
β subunit of IKK by the TAK1/TAB2/3 protein kinase and the K-63 polyubiquitination of
NEMO (NF-κB essential modulator, the regulatory γ subunit of IKK) by the TRAF ligases; 4)
the phosphorylated and ubiquitinated IKK is now active to phosphorylate IκB resulting in its
K48-polyubiquitination by β-TrCP (beta-transducin repeat-containing protein) to trigger its
degradation by the proteasome. 5) Finally, the removal of the K63-linked polyubiquitination
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by the DUB A20 downregulates the signaling response and the subsequent K48-linked
ubiquitination of RIP1 by A20 triggers its degradation by the proteasome (Figure 5).

K63-specific DUBs inhibit and downregulate NF-κB signaling—When
overexpressed, the DUB A20 is an inhibitor of TNF mediated cell death as well as the NF-κB
pathway (191,192). A20 expression is induced by TNF and required for the downregulation
of signaling. Its involvement in ubiquitin-dependent regulation was suggested by the presence
of both an OTU DUB domain and a ring finger ubiquitin ligase domain. A20 deficient mice
are prone to inflammation and fail to downregulate the NF-κB response due to a constitutively
active IKK. A20 binds to NEMO, RIP1, and TRAFs and its DUB activity results in the
deubiquitination of these proteins, inhibiting the NF-κB response by preventing the TRAF-
mediated ubiquitination of NEMO. The presence of a ring finger E3 ligase domain in A20 is
reminiscent of the tendency of DUBs and E3s to associate non-covalently. The combined DUB
and E3 ligase activity of A20 results in the remodeling of the polyubiquitin chains on its
substrates (191). The DUB activity first removes the activating K63 polyubiquitin chain and
the ligase subsequently assembles a K48-linked chain that targets these proteins for degradation
by the proteasome. Thus, the absence of A20 results in hyper-accumulation of K63
polyubiquitin on these signaling components and a failure to degrade them as part of the normal
downregulation of the response.

Another DUB, CYLD, was identified as an inhibitor of NF-κB signaling in an siRNA screen
searching for DUB functions and as a protein whose mutation causes a benign tumor syndrome
called cylindromatosis (188,189). CYLD binds to and deuibuquitinates K63 polyubiquitinated
TRAF2 and TRAF6. CYLD interacts directly with TRAF2, an adaptor molecule involved in
signaling by members of the family of TNF/nerve growth factor receptors (188,189). CYLD
also negatively regulates TRAF7, a recently identified TRAF family member, likely via a
deubiquitination-dependent mechanism (112). Like A20, CYLD inhibits signaling by
disassembling the K63 polyubiquitin recruiting signal. CYLD also deubiquitinates IκB kinase
gamma (IKKγ, also known as NEMO), the regulatory subunit of IKK (188,189) thus inhibiting
the activation of IKK. The two proteins interact via the third cytoskeleton-associated protein-
glycine conserved (CAP-Gly) domain of CYLD and a proline-rich sequence on IKKγ (193).
CYLD also negatively regulates the IKK-related kinases, IKKε and TBK1, by the same
mechanisms (194). Because CYLD deficiency causes constitutive activation of IKKε and
TBK1, this DUB has been suggested to play an essential role in preventing the aberrant
activation of these kinases during the induction of type1 interferon that occurs during viral
infection (194).

Key to these regulatory pathways is the specificity of the DUBs for K63-linked polyubiquitin.
Recently, the crystal structure of CYLD has been solved and it reveals two features that
contribute to the specificity of CYLD (66). First, the finger domain of the USP core is truncated
allowing facile interactions with polyubiquitin. Secondly, compared to other USPs, a CYLD-
specific insertion in a loop generates a surface that is important for activity on with K63
polyubiquitin. The structure of A20 has been solved by two groups (73,78), both of whom use
model building to highlight common surfaces that might be involved in the specific binding
of K63-linked chains. In vitro studies showed that A20 cleaves both free K48- and K63-linked
chains, while when chains are attached to a protein only K63 is cleaved rapidly. Intact K63
chains are released via an endo-cleavage (chain amputation) whereas K48-liked chains attached
to a protein are cleaved from the distal end (chain trimming). It is suggested that this preference
arises from the additional interactions between substrate and enzyme that position the DUB
for efficient cleavage near the attachment site for polyubiquitin (195),

Variations on the theme—The IKK complexes contain at least two kinases, IKKα and
IKKβ, which are separately regulated. IKKα for instance is involved in the regulation of
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responses to a subset of TNF family members and in controlling expression of p53. Additional
IKK-related complexes also couple other signaling pathways to NF-κB (196). The expression
of the alpha subunit of IKK (IKKα) is regulated by the DUB USP11. Inhibition of USP11
expression reduces p53 levels and IKKα expression, as well as increasing the response of the
NF-κB pathway to TNFα (197). It is not known whether this regulation involves K63, K48, or
other forms of polyubiquitin.

Similar combinations of the canonical K48 polyubiquitin degradation signal and/or other non-
canonical forms may regulate other signaling pathways. Activation of AMPK (AMP-activated
protein kinase)-related kinases by the master kinase LKB1 is inhibited by ubiquitination of the
AMPK-related kinases, apparently via unusual K29/K33 polyubiquitin chains, rather than the
more common K48/K63 linkages (198,199). Many AMPK-related kinases contain UBA
domains (that in other proteins function as ubiquitin binding modules) and the binding of
AMPK-related kinases to LKB1 requires the UBA domain. Thus, the UBA domain of AMPK-
related kinases may associate intramolecularly with the polyubiquitin chain preventing AMPK-
related kinases from interacting with the LKB1 kinase. Deubiquitination would free the UBA
domain for participation in LKB1 kinase binding. USP9 associates with and stimulates the
LKB1-mediated phosphorylation of two AMPK kinases: MARK4 (microtubule-affinity-
regulating kinase 4) and NUAK1 (AMPK-related kinase 5) through its deubiquitinating activity
(198).

Endocytosis
The involvement of the ubiquitin system in endocytosis has long been recognized (25,51,
200,201). Monoubiquitination (primarily in yeast), and the attachment of K63-linked Ub
oligomers in mammalian proteins, play an important role in endocytosis of receptors and
sorting of endocytosed proteins (200,201). DUBs are implicated in the endocytic pathway at
multiple levels and also play important roles in other types of intracellular traffic. For example,
in addition to regulating the kinase activity of several NF-κB-related kinases, the DUB CYLD
has also been shown to control other seemingly disparate cellular processes involving K63-
linked polyubiquitination, including endocytosis of the NGF receptor, TrkA (190).

In yeast, the DUB Doa4 acts to recycle Ub at the late endosome (202). Doa4 is recruited to the
late endosome after assembly of the ESCRT-III (endosomal sorting complex required for
transport III). The N-terminus of Doa4 interacts with, and it is activated by, the class E Vps
protein Bro1 on endosomal membranes. The recruitment of Doa4 to endosomes requires Bro1
and inactivation of Bro1 or Doa4 interferes with sorting of integral membrane proteins to the
multivesicular body (203). Other Ub-related processes are also inhibited since interfering with
DOA4 function results in the internalization of ubiquitinated receptors by the vacuole and
depletion of free Ub. Many of the defects observed on Doa4 mutant cells are restored upon
expression of additional Ub (202). Usp8 (also known as UBPY) is the closest human ortholog
of Doa4 and is regulated by phosphorylation and 14−3−3 binding (204). Usp8 regulation of
endocytic traffic requires its interaction with the ESCRT machinery and it inhibits EGF
receptor (EGFR) endocytosis (205-207).

AMSH, is a JAMM domain DUB that also deubiquitinates cargo at the MVB, However, as
described above, AMSH appears to be specific for K63-linked chains. Inhibition of AMSH
accelerates EGFR down-regulation suggesting a role in antagonizing ubiquitin-dependent
sorting of cargo to the lysosome (88). Growth factor-activated receptor tyrosine kinases (RTKs)
such as EGFR are ubiquitinated in response to ligand engagement and undergo rapid
endocytosis and degradation in lysosomes (25). On the endosomal membrane, ubiquitinated
RTKs are sorted by the coordinated actions of the class E vacuolar protein sorting (Vps)
proteins. Like Doa4 in yeast, mammalian Usp8 and AMSH associate with class E Vps proteins
on endosomes. Thus, RTK downregulation appears to be controlled not only by ubiquitination
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but also by deubiquitination of RTKs and other endosomal proteins (25). AMSH and USP8
exert opposite effects on the rate of epidermal growth factor receptor downregulation. This
may be due to their distinct specificities for different types of polyubiquitin chain linkage. It
has been suggested that AMSH might rescue ubiquitinated cargo from lysosomal degradation
through disassembly of K63-linked polyubiquitin chains. USP8 function is essential for
effective downregulation but is likely to be multifaceted, encompassing activity against both
K63-linked and K48-linked polyubiquitin chains (51).

In Drosophila, Fat facets (Faf; the ortholog of human Usp9X), deubiquitinates Liquid facets
(Lqf), resulting in enhanced Lqf activity and levels (208). The human homologs of Lqf are
known as epsins, adaptor proteins involved in the initial steps of endocytosis (12). Lqf and Faf
play a role in Drosophila eye development by enhancing the internalization of the Delta
receptor implicated in cell patterning (208).

Quantitative assays of activity and binding
The above examples point out that the effects of a given DUB will be determined by its substrate
specificity. One of the biggest hurdles to understanding specificity of DUBs and the
significance of their protein interactions is the qualitative nature of most available assays.
Protein interaction assays have been often validated by co-overexpressing a DUB and an
interaction partner in cells and showing that there is some degree of association in pull-down
assays. These can be criticized as simply using the cell as a “test tube”, and in general do not
address the question of whether the interactions occur at physiological concentrations and
localization. This problem may be amplified when the DUB contains an interaction module
that normally recognizes a domain in its substrate that may also be present in other proteins.
A module that recognizes a single ring finger in a specific E3 partner may bind several other
ring fingers from other ligases when they are co-expressed at high concentrations. Another
limitation to keep in mind is that, by their nature, pull down assays do not measure simple
affinity; the rates of dissociation must be slow in order for the complex to survive the pull down
and wash conditions. DUB substrate interactions may be considerably less stable than DUB
scaffold interactions as the former are expected to be rather transient because the enzyme must
be able to release its products.

Substrates
Early assays for activity involved long incubations with unknown amounts of enzyme
preparations or co-expression of the substrate and enzyme in cells. Thus, the observation that
an enzyme preparation can cleave a particular substrate is difficult to interpret if a rate cannot
be determined. Many DUBs have been shown to act on ubiquitinated proteins or ubiquitin
AMC substrates but at rates that are probably too slow to be of real significance. Both UCH37
and Usp14 will hydrolyze Ub-AMC, albeit very slowly. When bound to the proteasome
however, the rate of hydrolysis is increased hundreds of fold (103,145). A simple “end point”
assay that only determined whether a substrate could or could not be cleaved would not have
revealed this physiologically important activation. Further, several DUBs have been shown to
hydrolyze more than one ubiquitin-like proteins. IsoT can hydrolyze ubiquitin, Nedd8 and
ISG15 derivatives ((209), Gan-Erdene and Wilkinson, unpublished), SENP8 hydrolyzes
ubiquitin and Nedd8 derivatives (19), and many SENPs act on both SUMO1 and SUMO2/3
(210,211). Understanding their cellular capabilities requires quantitative assays with specific
substrates. Fluorescent derivatives of all the ubiquitin-like (UBL) proteins with aminomethyl
coumarin or rhodamine leaving groups can be conveniently produced using the ubiquitin-intein
technology (212). Assays using these substrates can be easily quantitated and conventional
steady-state kinetic approaches can be applied (98,213). A variety of UBL protein fusions have
also been used, although most require SDS-PAGE to visualize cleavage and quantitation is
difficult (46,214,215). Various fluorescence energy transfer approaches could be used but are
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highly specialized and difficult to use. Finally, an enzyme-linked assay has been described
where a fusion protein between ubiquitin and an enzyme is used as the substrate (216). The
fusion protein has minimal enzymatic activity and is significantly activated upon the cleavage
of the ubiquitin-enzyme junction by DUBs. This assay is also challenging to quantitate because
it is a coupled assay, but it will probably be useful in high-throughput screens for inhibitors
and activators of DUB action.

Active site-directed irreversible inhibitors as probes of catalytic capability
One of the more useful reagents that can be applied to determine the specificity of DUBs, both
purified and in crude extracts, is a family of UBL-X derivatives where X is an electrophile.
Ubiquitin vinylsulfone (Ub-VS) was first synthesized to specifically label ubiquitin specific
DUBs (140), This reagent reacts specifically with the active site of DUBs where the catalytic
thiol can react with the electrophile to covalently label the DUB. If the UBL also contains an
epitope tag the labeling can be detected by SDS-PAGE and immunoblotting and is thus useful
to inventory the complement of DUBs present in lysates or crude extracts (22). These reagents
show little or no reactivity with other proteins since the electrophiles used are not very reactive
and require a suitable nucleophile nearby before crosslinking can occur. Thus, incubation with
low levels of UBL-X for a few minutes is sufficient to label many DUBs, These reagents must
be used with caution however, since incubations with large amounts of the UBL-X reagent or
longer reaction times can result in spurious labeling of DUBs that actually prefer another UBL.
Both the identity of the UBL domain and the nature of the electrophile determine the specificity
of this reaction (22), demonstrating that DUBs have significant specificity for the UBL domain
(Ub vs. Nedd8 vs. ISG15, etc.) and that differences in the active site environment can be
exploited to develop DUB specific reagents. The latter observation suggests that it may be
possible to develop specific small molecule inhibitors of different DUBs.

Use of substrate-based reagents to define the specificity of a DUB
One example of the use of these substrates and active site directed inhibitors is instructive.
DEN1 (Deneddylating enzyme 1) is a member of the ULP-family of DUBs that was originally
thought to be SUMO-specific (19). Using the substrates and inhibitors described above we
showed that it was a Nedd8-specific DUB with weak activity as a Ub-specific DUB. In a search
for Nedd8-specific DUBs we reacted cell lysates with FLAG-Nedd8-VS. Analysis by SDS-
PAGE showed that two proteins were rapidly labeled. Using the FLAG epitope we
immunopurified the covalently labeled forms of both. The major protein was UCH-L3 (see
above) and the minor labeled protein proved to be identical to a member of the ULP DUB
family, SENP8. UCH-L3 was labeled more strongly because it is present at much higher
concentrations than was DEN1. A steady state kinetic analysis showed that DEN1 bound Nedd8
much tighter than it bound Ub and that the catalytic capability (kcat/Km) of DEN1 was five
orders of magnitude greater for Nedd8 substrates than for Ub substrates. Conversely, UCH-
L3 greatly preferred to bind and catalyze the hydrolysis of Ub over that of Nedd8. Without
these quantitative comparisons it would have been easy to conclude that UCH-L3 was a very
good deneddylating enzyme when in fact, labeling was largely due to the fact that its abundance
overwhelmed the signal from the more specific but less abundant DEN1. (19).

Small molecule inhibitors
While RNAi and genetic studies have been invaluable in defining the physiological roles of
DUBs it would prove useful to have small molecule inhibitors that could be used to achieve
rapid and specific inhibition of selected DUBs. This is because RNAi methods require
considerable time to achieve ablation of activity and because cells lacking specific DUBs may
not be available or viable. Further, some of these inhibitors could prove to be useful drugs in
treating various pathological conditions. The development of such small molecules is just
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beginning and there is still some question about whether DUBs are “druggable”. Inhibitors of
UCH-family DUBs have been reported with modest selectivity and affinity (177,217), and J-
series prostaglandins have been reported to inhibit IsoT (218). There has been more progress
in developing good inhibitors of the SARS coronavirus DUB PLpro and a family of inhibitors
with sub-micromolar IC50 values have been reported and shown to interfere with viral
propagation (40). These preliminary efforts are encouraging and suggest the possibility of
developing small molecule inhibitors with useful selectivity profiles.

Concluding remarks
It is evident that the reversal of ubiquitination by deubiquitinating enzymes plays an important
role in regulating diverse cellular processes including 1) the maintenance of steady state levels
of monoubiquitin, 2) regulation of substrate degradation at the proteasome, 3) chromatin
remodeling through histone deubiquitination and the subsequent effects on other histone
modifications, 4) cell cycle regulation, 5) DNA damage repair processes 6) activation of
kinases and other enzymes and 7) endocytosis. DUBs are highly specific and subject to multiple
modes of regulation, including transcriptional control, substrate or scaffold induced activation,
post-translational modifications, and rapid degradation. DUBs are often found as part of large
multi-protein complexes that function to regulate their localization, substrate availability and
activity in cellular processes. As a result, DUBs have emerged as important pharmacologic
targets in the in the quest to develop more specific agents to treat various diseases. It is
becoming evident that DUBs are involved in regulating almost every cellular process and as
the body of knowledge grows, DUBs may prove to be important targets of therapeutic drug
action.

Article Components
Terms/Definitions list:

Ubiquitination. The covalent attachment of ubiquitin, a 76 amino acid protein, to a target
protein via formation of an isopeptide bond between the C-terminal Gly of ubiquitin and
the e-amino group lysine in the target protein or another ubiquitin.

Deubiquitination. The hydrolysis of the isopeptide bond between ubiquitin and itself or
a target protein.

Deubiquitinating enzyme. Enzymes that catalyze deubiquitination.

Polyubiquitin. Polymer of ubiquitin linked by isopeptide bonds to itself. All seven lysines
of ubiquitin may participate.

Proubiquitin. Primary gene products where the C-terminus of one ubiquitin is attached
to the N-terminus of itself or another protein in a peptide bond.

Distal subunit of polyubiquitin. The subunit attached to the target protein or containing
a free C-terminus.

Proximal subunit of polyubiquitin. The subunit most distant from the proximal subunit.

Acronyms list:

DUB. Deubiquitinating Enzyme

UCH. A DUB family with the Ubiquitin C-terminal Hydrolase domain (Pfam PF01088,
EC:3.4.19.12)

USP. A DUB family with the Ubiquitin specific protease domain (Pfam PF00443, EC
3.1.2.15)
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OTU. A DUB family with the Ovarian Tumor Domain (Pfam PF02338, EC 3.1.2.-)

MJD. A DUB family with the Machado-Joseph Disease protein Domain (Pfam PF02099,
EC 3.4.22.-)

JAMM. A DUB family with the Jab1/MPN metalloenzyme domain (Pfam PF01398, EC
3.1.2.15)

E1. Ubiquitin activating enzyme responsible for adenylation and subsequent
thiolesterification of the C-terminus of ubiquitin.

E2. Ubiquitin conjugating enzyme that acts as an acyl-carrier protein by forming a thiol
ester bond with the C-terminus of ubiquitin. Some E2s can catalyze transfer to substrates
directly while others require the participation of an E3 ligase.

E3. Ubiquitin ligase that mediates the ubiquitination of target proteins by facilitating the
attack of a lysine side chain on the E2∼Ubiquitin thiol ester.

Summary Points list:

The large number of DUBs suggests considerable specialization and specificity.

Activity is controlled conformational changes induced by DUB binding to substrate or to
other binding partners.

Localization of DUBs is often controlled by binding to adapters or scaffolds.

Co-localization with substrates by binding to adapters is an important part of limiting
specificity.

Some substrates can be acted upon by several DUBs.

Because of the high specificity of DUBs they are attractive targets for drug development.

Future Issues list:

What is the nature of conformational changes that activate DUBs?

Using siRNA, genetics and interaction data can we define the role of individual DUBs in
cellular regulation?

What is the role of microbial DUBs in infectivity and pathology?

Is it possible to develop “specific” inhibitors of DUBs that might be useful probes of
function or drugs to treat disease?
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Figure 1.
Domain structure of yeast UBP deubiquitinating enzymes. The catalytic core is indicated by
the blue boxes. Other common domains are indicated with differently colored boxes: MATH,
meparin and TRAF homology; Rhodanese, rhodanese-like; ZnF-UBP, zinc finger common in
UBP DUBs, UBL, ubiquitin-like, and UBA, ubiquitin-associated. Three sites of common
insertions within the catalytic core are indicated by arrows. These insertions and the N- and C-
terminal extensions are thought to provide specific sequences that define substrate specificity
and provide interaction surfaces for binding to adapters and scaffolds.

Turcu et al. Page 33

Annu Rev Biochem. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Substrate induced conformational changes upon ubiquitin binding to DUBs. A) a loop
occluding the active must be displaced to allow substrate binding and access to the active site.
B) A larger domain occluding the active site must be displaced upon substrate binding or
association with a scaffold protein. C) The binding of the substrate induces a conformational
change in the catalytic triad allowing it to achieve a catalytically competent geometry.
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Figure 3.
Proteasome bound deubiquitinating enzymes. Deubiquitinating enzymes are indicated by red
crescents, the substrate as a green line, and ubiquitin as blue ovals. POH1 catalyzes the release
of a polyubiquitin chain “en bloc” as the substrate is engaged and translocated through the
gated pore of the 20S protease. RPN10 (yellow) binds the polyubiquitin chain and the distal
end of the chain can be removed by the action of UCH37 bound to ADRM1 (orange). USP14
is bound to the proteasome via interactions with RPN1 (purple) and probably removes mono
ubiquitin attached to the substrate.
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Figure 4.
Deubiquitination of histones H2A and H2B regulate chromatin structure and activity. Panel A
details the dynamic ubiquitination/deubiquitination of H2B in yeast. These DUBs are localized
to sites of action by interaction with other chromatin bound proteins that act as scaffolds and
activate the DUB activity. Panel B shows the ubiquitination/deubiquitination of H2A in higher
eukaryotes. A putative binding partner for UBP16 with a role in chromatin condensation is
shown with question marks.
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Figure 5.
A generalized model for signaling through the NF-κB pathway. Upon ligand binding to
receptors for Tumor Necrosis Factor, Interleukins, Toll ligand, or T- and B-cell antigens a
signaling complex is assembled. This complex contains TRAFs (TNF receptor associated
factors) that catalyze the formation of a K63-linked polyubiquitin chain (green) on themselves
and/or other proteins in the complex. The K63-linked polyubiquitin then recruits the TAB2/3-
TAK1 kinase and its substrate IκB kinase (consisting of kinases IKKα, IKKβ, and the
regulatory subunit NEMO). Subsequently the phosphorylation of IKKβ and the K63
polyubiquitination of NEMO activates the IKK activity. IKK phosphorylates IκB triggering
its K48 polyubiquitination (red) by βTRCP and its degradation by the proteasome. The
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liberated NF-κB then enters the nucleus and acts as a transcription factor activating genes
involved in inflammation and immune responses. The signaling is downregulated by two K63
specific DUBs, A20 and CYLD and defects in either lead to prolonged signaling. RIP1, a
component of the TRAF complex assembled upon TNFR1 signaling is one of the targets for
K63 polyubiquitination. K63 polyubiquitinated RIP1 is deubiquitinated by A20. This DUB is
also a ubiquitin ligase that then assembles a K48 polyubiquitin chain on RIP1 leading to its
degradation by the proteasome.
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Table 1
List of DUBs discussed in this review and the cellular processes in which they are involved. References are given in
the text.

Cellular process DUB (yeast/human) Substrate or interacting
partners

Notes

Ubiquitin processing Isopeptidase T Polyubiquitin Processes ubiquitin chains to regenerate free
ubiquitin

Rpn11/POH1 Polyubiquitin Associates with proteasome to process
ubiquitin chains from proximal end before
substrate degradation

UCH37 Polyubiquitin Associates with proteasome to process
ubiquitin chains before substrate degradation

Ubp6/Usp14 Polyubiquitin Regulates chain length of proteasome
substrates

Histone deubiquitination Ubp8/Usp22 Histone H2A and H2B Component of SAGA complex regulating
transcription and mRNA export

Ubp10 Histone H2A Functions in silencing through its association
with the Sir4 protein

Usp16/Ubp-M Histone H2A Chromatin remodeling

Usp21 Histone H2A Chromatin remodeling

2A-DUB Histone H2A Chromatin remodeling

Cell cycle regulation and
DNA repair

Usp28 FBW7 Involved in cell cycle regulation and DNA
damage repair pathway

Usp44 APC Negatively regulates activation of the
anaphase promoting complex

Usp1 FANCD2 Regulates DNA repair, defective in Fanconi
anemia.

Usp11 BRCA2 (indirect) DNA damage repair functions

Usp3 Histone H2A and H2B Chromatin remodeling

Kinase Signaling A20 RIP1, NEMO Downregulation of NF-κB pathway by DUB
and ligase activities

CYLD TRAF2/6, RIP1, NEMO Downregulation of NF-κB pathway by DUB
activity

Usp15 IκB Downregulates NF-κB pathway by
stabilizing IκB

Usp9Y MARK4, NUAK1 Regulates AMPK-related Kinases

Endocytosis Doa4/Usp8 Polyubiquitin Recycles Ub at the late endosome

AMSH EGFR (indirect) Accelerates EGFR down-regulation

Fat facets
(Drosophila), Usp9X

Liquid facets (Lqf) Adaptor molecules involved in the initial
steps of endocytosis
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