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ABSTRACT: Protein ubiquitination controls many intracellular processes, including cell cycle
progression, transcriptional activation, and signal transduction. Like protein phosphorylation,
protein ubiquitination is dynamic, involving enzymes that add ubiquitin (ubiquitin conjugating
enzymes) and enzymes that remove ubiquitin (deubiquitinating enzymes). Considerable progress
has been made in the understanding of ubiquitin conjugation and its role in regulating protein
degradation. Recent studies have demonstrated that regulation also occurs at the level of
deubiquitination. Deubiquitinating enzymes are cysteine proteases that specifically cleave ubiquitin
from ubiquitin-conjugated protein substrates. Genome sequencing projects have identified many
candidate deubiquitinating enzymes, making them the largest family of enzymes in the ubiquitin
system. Deubiquitinating enzymes have significant sequence diversity and therefore may have a
broad range of substrate specificities. Here we explore the structural and biochemical properties
of deubiquitinating enzymes and their emerging roles as cellular switches.

I. INTRODUCTION controlled by the counterbalancing action of
protein kinases and protein phosphatd%es.

A. Protein Ubiquitination as a Originally, kinases were viewed as the key

Mechanism of Biological Regulation regulators of protein phosphorylationvivo,

while a small number of phosphatases were

Protein ubiquitination controls such di- thought to play largely housekeeping roles.
verse biological processes as cell cycle pro-The importance of phosphatases emerged
gressiort*?apoptosis?“>43and growth fac-  after a few critical regulatory phosphatases
tor-mediated signal transducti®ff-*¢ For  were identified. Genome sequence informa-
some protein substrates, ubiquitination leadstion has now identified a vast array of phos-
to protein degradation by the 26S proteasomalphatases whose stuctural diversity suggests
complex. For other protein substrates, a diversity of substrate specificitig. In
ubiquitination results in a reversible post- the current view, either phosphatases or ki-
translational modification, regulating cellu- nases can perform regulatory functions. The
lar targeting and enzymatic activity (Table 1). predominant mechanism (phosphorylation

It is instructive to compare and contrast vs. dephosphorylation) is determined by the
protein ubiquitination with protein architecture of each specific regulatory cir-
phosphorylation. Protein phosphorylation is cuit.
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TABLE1 _ (level 1). Furthermore, these enzymes impact
Cellular Functions of Protein on free ubiquitin pools by recycling ubiquitin

Ubiquitination e from branched-chain polyubiquitin (Level 2).
e For instance, a critical enzyme that works at
1. Ubiquitin-mediated Ciechanover, 1994 this level is isopeptidase T/ubp14 (discussed
proteolysis targeting poly-  Finley, 1991 below). Deubiquitinating enzymes also re-
ubiquitinated protein Hershko, 1988

move ubiquitin from Ub-conjugated target

to the proteasome protein, thereby regulating the localization

2. Targeting to the vacuole Hicke, 1996

3. Activation of enzyme activity Chen, 1996 or the activity of the target (Level 3). An-
— Ik kinase activation other biochemical role of deubiquitinating

4. Activation of cytokine Strous, 1996 enzymes |S to remove uquUItIn from a
receptor-mediated signal Strous, 1997

ubiquitinated target protein and to rescue the
protein from degradation by the 26S
proteasome (Level 4). This could occur ei-
Like phosphorylation, protein ubiqui- ther before or after the ubiquitinated sub-

tination is controlled by the coordinate ac- strate interacts with the proteasome. The sub-
tion of multiple ubiquitin conjugating en-  strate may be rescued either by removing the
zymes and deubiquitinating enzymes. There pranched-chain ubiquitins en masse or by
is a remarkable diversity of structurally dis- trimming the distal ubiquitin subunits se-
tinct deubiquitinating enzymes. In this re- quentially. Finally, deubiquitinating enzymes
view we discuss the role of deubiquitinating play an important role in clearing the
enzymes at multiple levels of the proteasome- proteasome of peptide remnants conjugated
degradation pathway. In addition, we dis- to ubiquitin chains. Removal of ubiquitin
cuss potential regulatory roles for deubiqui- from these protein remnants may “unclog”
tinating enzymes outside the proteasomethe barrel-shaped proteasome and thereby
pathway. maintain or increase proteasomal activity

(Level 5). At all five levels, the deubiqui-

tinating enzymes remove intact ubiquitin and,
II. DEUBIQUITINATING ENZYMES to a greater or lesser degree, impact on free
intracellular ubiquitin pools.

transduction Kim, 1996

A. Multiple Cellular Functions of

Deubiquitinating Enzymes in the o
Proteasome Pathway B. Characteristic Structural

Features of Deubiquitinating

Deubiquitinating enzymes are cysteine ENzymes
proteases that specifically cleave ubiquitin
conjugates at the ubiquitin carboxy termi-  There are two major families of deubi-
nus. The ubiquitin moiety may be cleaved quitinating enzymes, the ubp family
from ubiquitin esters, ubiquitin thiol esters, (ubiquitin processing proteasé®?*’and the
or ubiquitin amides. Deubiquitinating en- ych family (ubiquitin carboxy terminal hy-
zymes act at multiple levels in the ubiquitin drolase®52 The ubp family and the uch
pathway (Figure 1). These enzymes are re-family have also been referred to as type 1
sponsible for the processing of linear ych and type 2 Uch families, respectivély.

polyubiquitin chains to generate free |ngeneral, more is known about the biologi-
ubiquitin from precursor fusion proteins cal function of ubps.
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FIGURE 1. Multiple cellular functions of deubiquitinating enzymes. Deubiquitinating enzymes act at several
different levels in the regulation of protein ubiquitination. In (1), a deubiquitinating enzyme degrades a linear
polyubiquitin chain into monomeric ubiquitin molecules (76 amino acids per monomer). In (2), a deubiquitinating
enzyme, such as isopeptidase T, degrades a branched multiubiquitin chain into monomeric ubiquitin molecules.
Following ubiquitination, some proteins are targeted for degradation via the ubiquitin-mediated proteolytic
(proteasomal) pathway. Other ubiquitinated proteins remain stable, but have regulated cellular localization or
activity, depending on their state of ubiquitination. In (3), a deubiquitinating enzyme removes ubiquitin from a Ub-
conjugated target protein and thereby regulates the localization or activity of the substrate. In (4), a deubiquitinating
enzyme, such as FAF or PA700 isopeptidase, removes polyubiquitin from a ubiquitinated target protein and
thereby rescues the protein from degradation by the 26S proteasome. In (5), a deubiquitinating enzyme, such
as Doa4, removes polyubiquitin from proteasome degradation products. Removal of ubiquitin from these protein
remnants may increase net substrate degradation. At all five levels the deubiquitinating enzymes remove
ubiquitin and thereby regulate the cellular pool of free monomeric ubiquitin.
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C. Ubp Family outside of the core catalytic doma&iklbps
vary greatly in size, ranging from 526 amino
Ubps were originally expression cloned acids forDUB1to 2691 amino acids for the
by their ability to deubiquitinate a ubiquitin- FAF protein (Figure 3). Outside of the core
B-galactosidase fusion substrété.Ubps  catalytic domain, ubps have N-terminal or
greatly vary in length and structural com- C-terminal extensions. For instance, ubp14,
plexity 3°53 While there is little amino acid ubp3, and Doa4 have N-terminal extensions.
sequence similarity within their coding re- By contrastDUB-1 has a C-terminal exten-
gion, sequence comparison reveals some consion. These additional sequences of ubps
sistent features. Like many other cysteine presumably have a role in determining sub-
proteases, ubps contain a “catalytic triad” of strate specificity or cellular localization.
amino acids, including a cysteine, aspartic A sequence comparison of several ubp
acid, and histidine residue (Figure 2). For family members also reveals subfamilies.
ubps, an essential role in catalysis of the One subfamily includes thBUB enzymes,
conserved cysteine and histidine residues hashich are transcriptionally induced in re-
been established?® while the importance sponse to cytokine$:58 One short peptide
of the aspartic acid residue remains untestedregion within the C-terminal extension of
Short sequences surrounding the cysteineDUB family members shows remarkable
residue (Cys domain) and histidine residue sequence diversity. This “hypervariable re-
(His domain) are highly conserved among gion” may have a role in the recognition of
all ubpss3® specific substrates:58 A tandem repeat of
In total, there are six conserved regions DUB genes maps to a region of murine chro-
of ubps$3 (Figure 2). One region surrounds mosome ?7*8suggesting that tHeUB sub-
the conserved cysteine residue (DHI, for family arose by tandem duplication of an
Deubiquitinating enzyme Homology do- ancestraDUB gene.
main 1), one surrounds the aspartic acid resi-
due (DHII), one surrounds the histidine resi-
due (DHV), and three additional regions have D. Uch Family
unknown function. One or more of these
other regions may provide a ubiquitin bind- Distinct from the ubp family is the
ing site(s). Although not tested yet, it seems ubiquitin carboxy-terminal hydrolase (uch)
likely that these six regions will be required family of enzymeg?931515254 Jchs were origi-
for the catalytic activity of the ubp. These nally purified on the basis of their ability to
core sequences contain approximately 300bind ubiquitin affinity columns? Like ubps,
to 500 amino acids and span the sequenceaichs are cysteine proteases containing an
from the active site cysteine in DHI domain active site cysteine, aspartate, and histidine
to the carboxy terminal end of DHVI do- residue. Uchs do not, however, contain the
main. Together, these six domains provide asix characteristic homology domains of the
molecular signature for the ubp family, al- ubps?® The uch family includes a group of
lowing rapid identification of new ubps in  small, closely related proteases consisting of
genome databases. Although the crystal structhree human isozym&s$2with close homo-
ture of a ubp is not yet available, presumably logues inS. cerevisiaé? Drosophila>® and
these six domains will turn out to have a Aplysial® Recent data confirm the impor-
highly conserved structure. tance of cysteine and histidine residues in
Among ubp family members, little pri- catalytic activity. Uchs have also been shown
mary amino acid sequence homology existsto have a single specific ubiquitin binding
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FIGURE 3. Diversity within the deubiquitinating enzyme (ubp) superfamily. Schematic representation of six
members of the ubp superfamily described in the text. The six ubp homology domains comprising the core
catalytic domain are shown. Regions outside of the core catalytic domain may determine unique biochemical
or biological functions of each enzyme, as described in the text. DUB-1 contains a lysine-rich region and a
hypervariable region.

site, unlike the ubp family, whose members In terms of substrate specificity, uch fam-
may have multiple ubiquitin binding sités. iy members preferentially cleave ubiquitin

The crystal structure of a human Uch, from small adducts such as peptides and
Uch-L3, suggests interesting mechanistic amino acids. Ubps, in contrast, may be spe-
features of this class of enzyrifelhere are  cific for larger leaving groups, such as pro-
significant similarities to the papain-like teins. The uch and ubp families of thiol pro-
cysteine proteases. As expected, the activeteases are distinct (Figure 2) and share little
site contains the catalytic triad of cysteine, sequence homology with each other or with
histidine, and aspartic acid residues. Inter- other cysteine proteases such as cathepsin B
estingly, the catalytic site is masked by three or the Caspase (ICE) familyGiven their
different segments of the enzyme. By anal- structural dissimilarity, the ubp and uch fami-
ogy with inhibitor complexes of papain-like lies presumably evolved convergently. In
enzymes, it is proposed that ubiquitin bind- general, the uch enzymes are smaller (ap-
ing to Uch-L3 induces a conformational proximately 30 kDa) and faster, while the
change that allows access to the active site.ubp enzymes are larger and slo#eAlso,
This proposed conformational change may the ubp family is considerably more diverse.
provide a mechanism to prevent nonspecific For example, the S. cerevisiae genome con-
hydrolysis. tains 16 ubps but only 1 uch.
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lll. SPECIFIC CELLULAR tidase T was originally shown to hydrolyze
FUNCTIONS OF DEUBIQUITINATING free polyubiquitin chairfsand to stimulate
ENZYMES degradation of polyubiquitinated protein sub-
strates by the 26S proteasdmg@-igure 1,
As described above, deubiquitinating Level 2).
enzymes act at multiple levels in the ubiquitin Isopeptidase T has well-characterized
pathway (Figure 1). The specific deubiqui- substrate preferencésas determinedn
tinating enzymes acting at each level in the vitro. Isopeptidase T hydrolyzes homopoly-
proteasome pathway are largely unknown. meric K48-linked ubiquitin chains more ef-
For instance, the identity of the enzyme(s) ficiently than linear proubiquitif® Further-
responsible for cleaving the polyubiquitin more, enzymatic activity is low for substrates
proprotein (Level 1) is unknown. While Uch containing a ubiquitin chain attached to cy-
enzymes tend to hydrolyze monoubiqui- tochrome-C or for substrates containing
tinated substrates (Level 3), little is known modifications at the C-terminus of the proxi-
regarding their specific substrates or their mal ubiquitin. Taken together, theisevitro
specific biological activity. Considerably data strongly suggest that the cellular role of
more is known about the enzymes acting atisopeptidase T is to disassemble unanchored
Levels 2, 4, and 5 (see below). polyubiquitin chains at the post-proteasomal
Depending on the level, a deubiqui- level. IsopeptidaseT sequentially degrades
tinating enzyme may promote either the these polyubiquitin chains into free mono-
degradation or the stabilization of a given meric ubiquitin, starting from the free proxi-
protein substrate. For instance, some mal end of the branch chain (Figure 4). In-
deubiquitinating enzymes, such as ubpl4, terestingly, the five carboxy-terminal amino
Doa4, and Ap-uch? serve to promote acid residues of the 76 amino acid ubiquitin
proteasome-mediated degradation of theirtag contribute to substrate recognition by
substrate protein. Other deubiquitinating isopeptidase™ Also, free ubiquitin inhibits
enzymes, such as the FAF protein andisoT activity with kinetics, suggesting the
the PA700 isopeptidasgé,antagonize pro- presence of multiple ubiquitin binding site(s).
teasome-mediated proteolysis. Here, we dis-  Consistent with its observed substrate
cuss the characteristics of several specific specificityin vitro, ubpl4null yeast strains
deubiquitinating enzymes. accumulate unanchored polyubiquitin
chainst Mutation ofubpl4also prolongs
the half-life of several ubiquitin-pathway

A. Deubiquitinating Enzymes substrates, perhaps because the excess

That Promote Degradation ubiquitin chains bind to proteasomes and

of Their Substrates interfere with proteolysis. Interestingly,
despite the fact thdilbpl4is responsible

1. Ubpl4/isopeptidase T (Level 2) for most of the soluble cellular deubiqui-

tinating activity against free ubiquitin
One of the best characterized deubiqui- chains UBP14is not essential for growth.
tinating enzymes is yeast ubpl4p and its ubbl4mutant phenotypes were suppressed,
human homologue, isopeptidase T. Iso-pep-however, by human isopeptidaseT, sug-
tidase T is a 93-kDa ubp, first purified from gesting that this deubiquitinating enzyme
reticulocytes by adsorption to a ubiquitin has a highly conserved role in the path-
affinity column?° Partially purified iso-pep-  way.
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FIGURE 4. Distinct biochemical mechanisms of deubiquitinating enzymes. Shown are the biochemical
mechanisms of three deubiquitinating enzymes described in the text. A polyubiquitinated substrate is shown
schematically. The carboxy terminal glycine residue (Gly76) of the “proximal” ubiquitin is conjugated through
a isopeptide linkage to an internal lysine residue of the protein substrate. Sequential ubiquitin monomers are
conjugated via an isopeptide linkage, usually via the Gly76 of one monomer and Lys48 of the next monomer.
The “distal” ubiquitin is the last ubiquitin of the branch chain furthest from the substrate. Doa-4 cleaves
polyubiquitin conjugates from substrate remnants, presumably by cleaving the isopeptide bond between the
proximal ubiquitin and the substrate. Accordingly, small polyubiquitinated substrate remnants accumulate in
Doa-4 null mutant yeast strains.®® Isopeptidase T (IsoT) sequentially cleaves monomeric ubiquitin from the
proximal end of a polyubiquitin chain.>® Branched polyubiquitin chains accumulate in the ubpl4/isopeptidaseT
null mutant. In contrast, PA700 sequentially cleaves monomeric ubiquitin from the distal end of a polyubiquitin
chain bound to a protein target, irrespective of chain length.?8 In this way, PA700 isopeptidase antagonizes
proteasome function.
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2. Ubp4/Doa4 (Level 5) function, such as increasing the cellular pool
of free ubiquitin. Consistent with this latter
Another isopeptidase of the ubp family, model, the phenotype of thiba4 mutant,
the yeast protein Ubp4/Doa4, also serves toincluding its defects in stress response, DNA
promote ubiquitin-mediated proteolysis of replication, and receptor internalization, may
some cellular substrates. The primary func- be accounted for by the resulting depletion
tion of Ubp4/Doa4d appears to be the hy- of the cellular pool of free monomeric
drolysis of isopeptide-linked ubiquitin chains ubiquitin.
from peptides that are the byproducts of
proteasome degradation (Figure 1, Level 5).
Genetic analysis has established that thisz Ap-ich
biochemical activity is important for
proteasome functiom vivo. DOA£® was
identified in a screen for mutations that block Recently, a uch has been identified in
the degradation of the yeast transcription Aplysia neurons that, like Doa4 and
factor, Mati2.22 Doa4 has deubiquitinating isopeptidase T, activates proteasomal deg-
activity, as assayed bathvitro and by cleav-  radation!® This enzyme, termed Ap-uch,
age of ubiquitin from a UIB galactosidase is required for a specific long-term memory
fusion substrate irE. coli. Doad4 mutants response. Ap-uch promotes long-term
exhibit a growth defect, supersensitivity to memory by promoting the degradation of
DNA damage, and impaired degradation of a regulatory subunit of Protein Kinase A
several ubiquitinated substrates. Anti- (PKA) through the ubiquitin-proteasome
ubiquitin immunoblotting identifies small pathway!® Because it promotes degrada-
peptides bound to ubiquitin polymers that tion, AP-uch also functions at a pro-
specifically accumulate in thdpadmutant.  teasomal or post-proteasomal level, there-
The function of Doa4 therefore may be the by enhancing the proteolytic activity of its
clipping of polymeric ubiquitin from pep- substrate. Interestingly, Ap-uch is induced
tide degradation products, either at the in response to the stimulus for long-term
proteasomal or post-proteasomal level (Fig- memory and increases the degradation of
ure 4). Whether Doa4 is actually a compo- specific substratedn vitro, Ap-uch dis-
nent of the proteasome has not yet beenplays the hallmarks of a uch, in terms of
determined. its activity against synthetic substrates.
While Doa4 clearly promotes the degra- Ap-uch is also physically associated with
dation of some cellular substrates, such asthe proteasome and serves to recycle free
Mata2, its precise mechanism remains un- ubiquitin. Therefore, these experiments
clear. Several models are possible. First,connect the regulated expression of a
Doa4 may deubiquitinate and clear ubiqui- deubiquitinating enzyme and regulated
tinated peptide byproducts resulting from proteasomal activity with an interesting
proteasomal degradation of M& (Fig- form of physiological control. They also
ure 4). In this way, it would be expected to heighten the importance of understand-
promote the degradation of only selective ing the biological functions of other
substrates. Alternatively, Doa4 may indi- inducible deubiquitinating enzyme&s?
rectly increase the degradation rate of sub-and the human neuron-specific uch,
strates by performing a more general PGP 9.5152
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B. Deubiquitinating Enzymes That isopeptidase isolated from the 19S regulatory

Promote Stabilization of Their complex (PA700) of the 26S proteasothie.

Substrates Because the PA700 isopeptidase gene has
not yet been cloned, it is not known whether

1. The FAF Protein (Level 4) the enzyme is a member of the ubp, uch, or

some other deubiquitinating enzyme family.

Genetic evidence for a deubiquitinating This enzyme, which has a molecular weight
enzyme acting at the preproteasomal levelof 37 kDa, can hydrolyze multiple substrates,
comes from studies of tHarosophila ubp including K48-linked diubiquitin and
encoded by théat facets(faf) gene'? Flies  ubiquitin-conjugated lysozyme or-globin.
bearing fafgene mutations have abnormal Interestingly, the PA700 isopeptidase appears
eyes, containing ectopic photoreceptors into remove one ubiquitin at a time, starting
the eye units or facets. Mosaic analysis dem-from the distal end of a polyubiquitin chain,
onstrated that the FAF protein functions in irrespective of chain length (Figure 4). The
cells near to but outside the photoreceptors.enzyme is a ubiquitin-specific protease, based
Therefore, FAF appears to be essential foron its inhibition by Ub-aldehyde. Ub-alde-
short-range cell interactions required for fate hyde is a specific active site inhibitor for
determination. Interestingly, the FAF pro- deubiquitinating enzymes, binding irrevers-
tein is2691 amino acids in length and is the ibly to the active cysteine residue of the
largest known member of the ubp superfam- catalytic domair$?
ily (Figure 3). The tissue-specific expression By removing monomeric ubiquitin from
of the FAFprotein suggests that it plays a polyubiquitinated substrates, the PA700
highly specific developmental role. Recent isopeptidase may provide an editing func-
evidence demonstrates that FAF function tion for the proteasome. Once ubiquitinated
absolutely requires functional deubiqui- chains have been trimmed, the substrate bind
tinating activity?®> The phenotype of faf |ess efficiently to ubiquitin receptors on the
mutants is suppressed by a mutation in a26S proteasom®i! and therefore will be
proteasome subunit gene. This result arguesescued from proteolysidn vivo, PA700
that the FAF protein deubiquitinates and may rescue poorly ubiquitinated or slowly
rescues a ubiquitin-conjugated target, therebydegraded ubiquitinated substrates prior to
preventing its degradation by the proteasomeproteolysis. Therefore, in contrast to
(Figure 1, Level 4). FAF could either be isopeptidase T, Doa4, and AP-uch, the PA700
itself associated with the proteasome, or it isopeptidase antagonizes proteasome-medi-
could antagonize degradation before the sub-ated degradation.
strate interacts with the proteasome. Also,
FAF could rescue the substrate, either by

removing the entire isopeptide linked |v. BIOLOGICAL FUNCTION OF

polyubiquitin chain from the substrate, en OTHER DEUBIQUITINATING
masse, or by trimming the distal ubiqui- ENYMES

tination subunits sequentially.
There are several deubiquitinating en-
zymes whose function has been tied to
2. PA700 Isopeptidase specific biological processes but whose
biochemical function in the pathway are
Another deubiquitinating enzyme that not known. These are discussed separately
opposes proteasome degradation is anbecause it is not known whether these
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enzymes promote degradation, stabiliza-

tion, or regulation of their ubiquitinated
substrate(s).

A. Deubiquitinating Enzymes
and Growth Control

One deubiquitinating enzyme display-
ing biological activity, namely, transform-
ing activity, is the mammalian oncoprotein,
tre-2. Tre-2is a member of the ubp super-
family36:37.3°and was originally isolated by
transfection of genomic DNA from Ewings
Sarcoma cells into 3T3 fibroblasts. Interest-

tination state of important regulators at the
G1/S transition. Finally, the induction of
DUB proteins may be a general feature of
the response to cytokines. Another family
member,DUB-2, is induced by IL-27 At
least fouDUB genes have been identified to
date®’

Given their growth-regulatory activity,
DUBs may act at many possible levels in the
cell. First, DUB enzymes may deubiquitinate
cell surface growth factor receptors, thereby
prolonging receptor half-life and amplifying
growth signalg:33354546Second,DUB en-
zymes may deubiquitinate proteins involved
in signal transductioff#° Third, DUB en-

ingly, the transforming isoform of thee-2 zymes may deubiquitinate cell cycle regula-
oncoprotein is a truncated ubp, lacking the tors such as cyclins or cyclin-CDK inhibi-
His domain and lacking deubiquitinating tors3 As for other deubiquitinating enzymes,
activity. In contrast, the full-lengttre-2 the current challenge is to identify specific
protein has deubiquitinating activity but no substrate(s).
transforming activity. These results suggest
that the wild-typédre-2 protein acts normally
as a growth suppressor within the cell. The B. Deubiquitinating Enzymes
truncated (oncogenic form) presumably acts and Transcriptional Silencing
as a dominant negative, sequestering sub-
strates of wild-typetre-2. The specific There has long been a postulated role
substrate(s) of the wild-typge-2 enzyme  for ubiquitination in chromatin structure.
remain unknown. Recently, another mam- This idea has been advanced recently by
malian ubpunp has also been found to have the finding that a mouse homologue of the
transforming activity® ubiquitin conjugating enzyme, Rad®6, is es-
A second example of ubps that regulate sential for the maturation of sperm chroma-
cellular growth pathways are tidJBs57:58 tin.4! Consistent with these observations,
DUB-1was originally cloned as an immedi- recently ubps have been linked to a chro-
ate-early gene induced by the cytokine IL-3. matin regulatory process, transcriptional
Several lines of evidence suggest that thesilencing3* Transcriptional silencing in
DUB-1 polypeptide plays a growth-regula- yeastrequires the chromatin-associated pro-
tory role in the cell. First, the expression of teins Sirl, Sir2, Sir3, and Sir4. Recently,
DUB-1 has the characteristics of an immedi- Ubp3 was purified in a complex with Sir2,
ate-early gene. Following IL-3 stimulation, Sir3, and Sir4. Disruption of theBP3 lo-
theDUB-1 mRNA is rapidly induced and is cus results in increased silencing, suggest-
super-induced in the presence of cyclo- ing that Ubp3 is normally an inhibitor of
hexamide. Second, high-level expression of silencing. A general role for ubps in silenc-
DUB-1, from a steroid-inducible promoter, ing can be inferred from the finding that a
results in cell cycle arrest prior to S phase. Drosophilaubp (D-ubp-64E) is also an in-
This result suggests thBIUUB-1 could con-  hibitor of the analogous process of posi-
trol the level of expression or the ubiqui- tion-effect variegatioi?
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C. Deubiquitinating Enzymes D. Deubiquitinating Enzymes
and Regulation of Viral Infection and the Processing of
Ubiquitin-like Modifications

Another cellular deubiquitinating en- Several ubiquitin-like molecules, includ-
zyme, called HAUSP (for herpes-virus as- ijng UCRP,13 NEDDS, and sentrin/SUMO-
sociated ubiquitin specific protease), has 1/GMP/Smt3, have been identified recently.
been implicated recently in the regulation Al of these ubiquitin-like molecules contain
of Herpes virus infection®.Previous stud- a conserved Carboxy terminusy and their at-
ies had shown that the Herpes simplex vi- tachment to target proteins is through an
rus type 1 immediate-early protein, jsopeptide linkage, identical to that of
Vmw110, is a potent activator of viral gene ypiquitin itself. Interestingly, modification
expression and is required for the initiation wijth sentrin affects the localization of the
of the viral lytic cycle. The protein translo- target protein. For instance, sentrin-modi-
cates to the nucleus of infected cells and fied target proteins are localized to the
localizes to discrete nuclear structures, nycleus, while UCRP-modified proteins are
called ND10, containing the PML protein. targeted to intermediate filaments. Each one
Vmw110 binds to a 135-kDa host protein, of these ubiquitin-like proteins presumably
and this blndlng is rGQUirEd for its tran- has its own Subfam”y of “ubiquitin” Conju_
scriptional activation. Interestingly, the 135- gating enzymes (E1, E2, and E3) and per-
kDa protein turned out to be a novel haps its own subfamily of “deubiquitinating
deubiquitinating enzyme, termed HAUSP. enzyme”. For instance, one E2-related en-
In the absence of viral infection, the host zyme, chg, has a preference for the sentrin
HAUSP protein is normally localized tag. An activity that removes sentrin from
throughout the cell nucleus in a micro- one substrate (RAN-GAP) has already been
punctate pattern. In Herpes-infected cells, jdentified in crude extracts. The proteins that
the HAUSP transiently binds to the ND10 «deubiquitinate” these new ubiquitin-related

structures, thereby colocalizing with molecules have yet to be discovered.
Vmn110.

The mechanism by which Vmn110 and
HAUSP regulate viral infection remains V. SUMMARY AND FUTURE
unclear, although several models are pos-DIRECTIONS
sible. For instance, Vmn110 may bind to
HAUSP and redirect its enzymatic activity The large number of deubiquitinating
toward the deubiquitination and stabil- enzymes identified to date, including both
ization of viral proteins required for viral ubps and uchs, suggests that these enzymes
replication. Alternatively, the Vmn110 pro- have highly specific roles in regulating vari-
tein may redirect the HAUSP activity to- ous biochemical and biological processes.
ward the degradation of various host pro- Deubiquitinating enzymes appear to act in
teins. ldentifying the specific substrate(s) distinct levels in the ubiquitin pathway (Fig-
of HAUSP and determining the level of ure 1). Some of these enzymes are thought to
HAUSP activity, namely, preproteasomal work at a preproteasomal level, rescuing
or postproteasomal, will help resolve these ubiquitinated enzymes from degradation,
models. whereas others many act at a proteasomal or
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post-proteasomal level, promoting degrada- deubiquitinating enzymes that are only be-
tion of their substrates. What is known about ginning to emerge. For instance, while the
the enzymatic activity of deubiquitinating predominant isopeptide linkage of ubiquitin
enzymes is consistent with their proposed in vivois via Lys48, other linkages are pos-
roles at different levels in the pathway. Where sible. Ubiquitin must also be processed
it has been tested, deubiquitinating enzymesfrom preproubiquitin (Level 1) and from
have distinct substrate preferences. However,ubiquitin conjugated esters and thiol esters.
although different biochemical activities have Finally, as described above, subfamilies of
been identified there must also be functional “deubiquitinating enzymes” may be specific
redundancyn vivo because of the lack of a for the processing of proteins containing
discernible phenotype in many ubp knockout ubiquitin-like modifiers, such as SUMO-1,
strains. For any newly discovered deubiqui- Nedd8, and UCRP. Accordingly, specific
tinating enzyme, the identification of the level deubiquitinating enzymes may prefer to
of biochemical activity and the relevant sub- cleave at the site of these novel ubiquitin and
strates are the important priorities. ubiquitin-like covalent bonds. With many
Various biochemical approaches may be varied roles in the ubiquitin pathway and
helpful to order to identify the specific sub- now potential roles for these enzymes in
strates of deubiquitinating enzymes. First, ubiquitin-like modifications, deubiquitinating
substrates may be captured by a biochemicalenzymes promise to keep biochemists and
approach. Substrates of specific phos- geneticists busy for some time to come.
phatases, for example, have been isolated
using enzymatically impaired variaritsin-
activation of the active cysteine and aspartic ACKNOWLEDGMENTS
acid residues of the catalytic domain of phos-
phatases results in an inactive or weakly = We thank Dan Finley and Chris Larsen
active enzyme capable of stable interaction for helpful comments on the manuscript. D.
with substrate. A similar approach may be P. is supported by a Damon Runyan Scholar
useful in the isolation of ubiquitinated sub- Award. A. D. is supported by a Leukemia
strates of deubiquitinating enzymes. Second, Society of America Scholar Award.
clues to the identity of specific substrates
may come from the cellular localization of
the enzyme or the specific biological effect REFERENCES
of overexpressing the enzyme in a cell. A
putative substrate of a deubiquitinating en- 1. Amerik, A. Y., S. Swaminathan, B. A. Krantz,
zyme may accumulate in a cell if the K. D: Wilk_inson,and M. Hochstrasser.. 15_)97.
deubiquitinating enzyme is knocked out ge- In vivo disassembly of free polyubiquitin
. . ; . chains by yeast Ubpl4 modulates rates of
netically or if a dominant negative form. of protein degradation by the proteasoEBO
the enzyme is overexpressed. Third, in a 16:4826-4838.
genetically tractable system, suchCasso-
phila, the identification of a specific sub-
strate may come from a suppressor screen of

2. Baek, S. H., K. S. Choi, Y. J. Yoo, J. M. Cho,
R. T. Baker, K. Tanaka, and C. H. Chung.
1997. Molecular cloning of a novel ubiquitin-

a deubiquitinating enzyme mutant.
Finally, there are many other biochemi-
cal levels and substrate candidates for

specific protease, UBP41, with isopeptidase
activity in chick skeletal muscleJBC
272:25560-25565.

Copyright © 1998, CRC Press LLC — Files may be downloaded for personal use only. Reproduction of this material

without the consent of the publisher is prohibited.

210
RIGHTS LI MN Kiy



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

10.

11.

12.

13.

Baker, R. T., J. W. Tobias, and A. Varshavsky.
1992. Ubiquitin-specific proteases®dccha-
romyces cerevisiae. J. Biol. Cher?67:
23364-23375.

Cenciarelli, C., D. Hou, K. C. Hsu, B. L.
Rellahan, D. L. Wiest, H. T. Smith, V. A.
Fried, and A. M. Weissman. 1992. Activa-
tion-induced ubiquitination of the T cell anti-
gen receptorScience257:795-797.

. Chen, Z., J. Hagler, V. J. Palombella, F.

Melandri, D. Scherer, D. Ballard, and T.
Maniatis. 1995. Signal-induced site-specific
phosphorylation targets Ba to the ubiquitin-
proteasome pathwayGenes Dev9:1586—
1597.

Chen, Z. and C. M. Pickart. 1990. A 25-
kilodalton ubiquitin carrier protein (EZ) cata-
lyzes multi-ubiquitin chain synthesis via lysine
48 of ubiquitin.J. Biol. Chem265:21835—
21842.

Chinnaiyan, A. M. and V. M. Dixit. 1996. The
cell death machine. &r.Biol. 6:555-562.

Denu, J. M., J. A. Stuckey, M. A. Saper, and
J. E. Dixon. 1996. Form and function in pro-
tein dephosphorylatiorCell 87:361-364.

Deveraux, Q., V. Ustrell, C. Pickart, and M.
Rechsteiner. 1994. A 26S protease subunit
that binds ubiquitin conjugatek.Biol. Chem.
269:7059-7061.

Everett, R. D., M. Meredith, A. Orr, A. Cross,

M. Kathoria, and J. Parkinson. 1997. A novel
ubiquitin-specific protease is dynamically

assoicated with the PML nuclear domain and
binds to a herpesvirus regulatory protein.
EMBO J16:1519-1530.

Ferrell, K., Q. Deveraux, N. S. van, and M.
Rechsteiner. 1996. Molecular cloning and
expression of a multiubiquitin chain binding
subunit of the human 26S proteaSebs Lett
391:1-4.

Fischer-Vize, J. A., G. M. Rubin, and R.
Lehmann. 1992. The fat facets gene is re-
quired forDrosophilaeye and embryo devel-
opment.Developmeni16:985-1000.

Garton, A. J., A. J. Flint, and N. K. Tonks.
1996. Identification of p13® as a substrate
for the cytosolic protein tyroisine phosphatase
PTP-PESTMol. Cell. Biol. 16:6408-6418.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Glotzer, M., A. W. Murray, and M. W.
Kirschner. 1991. Cyclin is degraded by the
ubiquitin pathwayNature 349:132—-138.

Grimm, L. M., A. L. Goldberg, G. G. Pairier,
L. M. Schwartz, and B. A. Osborne. 1996.
Proteasomes play an essential role in thy-
mocyte apoptosiEMBO J.15:3835-3844.

Gupta, K., M. Chevrette, and D. A. Gray.
1994. The Unp proto-oncogene encodes a
nuclear proteinOncogened:1729-1731.

Hadari, T., J. V. B. Warms, I. A. Rose, and A.
Hershko. 1992. A ubiquitin C-terminal
isopeptidase that acts on polyubiquitin
chains — role in protein degradatiah.Biol.
Chem.267:719-727.

Hegde, A. N., A. L. Goldberg, and J. H.

Schwartz. 1993. Regulatory subunits of
cAMP-dependent protein kinase are degraded
after conjugation to ubiquitin: a molecular

mechanism underlying long-term synaptic

plasticity. PNAS90:7436—-7440.

Hegde, A. N., K. Inokuchi, W. Pei, A. Casadio,
M. Ghirardi, D. G. Chain, K. C. Martin, E. R.
Kandel, and J. H. Schwartz. 1997. Ubiquitin
C-terminal hydrolase is an immediate-early
gene essential for long-term facilitation in
aplysia.Cell 89:115-126.

Henchoz, S., F. De Rubertis, D. Pauli, and P.
Spierer. 1996. The dose of a putative ubquitin-
specific protease affects position-effect var-
iegation inDrosophila melanogasterMol.
Cell. Biol. 16:5717-5725.

Hochstrasser, M. 1996. Ubiquitin-dependent
protein degradationn. Rev. Gen&0:405—
439.

Hochstrasser, M. and A. Varshavsky. 1990.
In vivo degradation of a transcriptional regu-
lator: the yeast Mat? repressorCell 6:697—
708.

Huang, Y., R. T. Baker, and J. A. Fischer-
Vize. 1995. Control of cell fate by a
deubiquitinating enzyme encoded by the fat
facets geneScience270:1828-1831.

Johnston, S. C., C. N. Larsen, W. J. Cook,
K. D. Wilkinson, and C. P. Hill. 1997. Crys-
tal structure of a deubiquitinating enzyme (hu-
man UCH-L3) at 1.8 A resolutiofEmbo J
16:3787-96.

Copyright © 1998, CRC Press LLC — Files may be downloaded for personal use only. Reproduction of this material

without the consent of the publisher is prohibited.

350

RIGHTS LI MN Kiy



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Kim, T. K. and T. Maniatis. 1996. Regulation
of interferony-activated STAT1 by the
ubiquitin-proteasome pathwayscience

273:1717-1719.

King, R. W., R. J. Deshaies, J.-M. Peters, and
M. W. Kirschner. 1996. How proteolysis
drives the cell cycleScienc&74:1652—-1658.

Klingmuller, U., U. Lorenz, L. C. Cantley,
B. G. Neel, and H. F. Lodish. 1995. Specific
recruitment of SH-PTP1 to the erythropoietin
receceptor causes inactivation of JAK2 and
termination of proliferative signalsCell
80:729-738.

Lam, Y. A., G. N. DeMartino, and R. E.
Cohen. 1997. Editing of ubiquitin conjugates
by an isopeptidase in the 26S proteasome.
Nature 385:737—740.

Larsen, C.N., J. S. Price, and K. D. Wilkinson.
1996. Substrate binding and catalysis by
ubiquitin C-terminal hydrolases: identifica-
tion of two active site residueBiochemistry
35:6735—-6744.

Liu, C. C., H. I. Miller, W. J. Kohr, and J. I.
Silber. 1989. Purification of a ubiquitin pro-
tein peptidase from yeast with efficieimt
vitro assaysJ. Biol. Chem264:20331.

Mayer, A. N. and K. D. Wilkinson. 1989.
Detection, resolution, and nomenclature of
the multiple ubiquitin carboxyl-terminal es-
terases from bovine calf thymuBiochemis-
try 28:166-172.

Melandri, F., L. Grenier, L. Plamondon, W. P.
Huskey, and R. L. Stein. 1996. Kinetic stud-
ies on the inhibition of isopeptidase T by
ubiquitin aldehydeBiochemistry35:12893—
900.

Miyazawa, K., K. Toyama, A. Gotoh, P. C.

Hendrie, C. Mantel, and H. E. Broxmeyer.

1994. Ligand-dependent polyubiquitination of
c-kit gene product: a possible mechanism of
receptor down modulation in MO7e cells.

Blood 83:137-145.

Moazed, D. and Johnson, A. D. 1996. A
deubiquitinating enzyme interacts with SIR4
and regulates silencing B. cerevisiae. Cell
86:667-677.

Mori, S., C.-H. Heldin, and L. Claesson-Welsh.
1992. Ligand-induced polyubiquitination of the

37.

38.

39.

40.

41.

42.

43.

platelet-derived growth factds-receptor.J.
Biol. Chem.267:6429-6434.

. Nakamura, T., J. Hillova, R. Mariage-Samson,

M. Onno, K. Huebner, L. A. Cannizzaro, L.
Boghosian-Sell, C. M. Croce, and M. Hill.
1992. A novel transcriptional unit of the tre
oncogene widely expressed in human cancer
cells.Oncogené€r:733-741.

Onno, M., T. Nakamura, R. Mariage-
Samson, J. Hillova, and M. Hill. 1993.
Human TRE17 Oncogene is generated from
a family of homologous polymorphic se-
guences by single-base chandeNA Cell.
Biol. 12:107-118.

Pagano, M., S. W. Tam, A. M. Theodoras, P.
Beer-Romero, G. Del Sal, V. Chau, R. P.
Yew, G. F. Draetta, and M. Rolfe. 1995.
Role of the ubiquitin-proteasome pathway
in regulating abundance of the cyclin-de-
pendent kinase inhibitor p27Science
269:682—-685.

Papa, F. R. and M. Hochstrasser. 1993. The
yeast DOA4 gene encodes a deubiquitinating
enzyme related to a product of the human
tre-2 oncogeneNature 366:313-319.

Pickart, C. M. and I. A. Rose. 1985. Ubiquitin
carboxyl-terminal hydrolase acts on ubiquitin
carboxyl-terminal amidesJ. Biol. Chem.
260:7903-7910.

Roest, H. P., J. van Klaveren, J. De Wit, C. G.
Van Gurp, M. H. Koken, M. Vermey, J. H.
Van Roijen, J. W. Hoogerbrugge, J. T.
Vreeburg, W. M. Baarends, D. Bootsma, J. A.
Grootegoed, and J. H. Hoeijmakers. 1996.
Inactivation of the HR6B ubiquitin-conjugat-
ing DNA repair enzyme in mice causes male
sterility associated with chromatin modifica-
tion. Cell 86:799-810.

Scheffner, M., J. M. Huibregtse, R. D.
Vierstra, and P. M. Howley. 1993. The HPV-
16 E6 and E6-AP complex functions as a
ubiquitin-protein ligase in the ubiquitination

of p53.Cell 75:495-505.

Scheffner, M., B. A. Werness, J. M.
Huibregtse, A. J. Levine, and P. M. Howley.
1990. The E6 oncoprotein encoded by hu-
man papillomavirus types 16 and 18 pro-
motes the degradation of p83ell63:1129—
1136.

Copyright © 1998, CRC Press LLC — Files may be downloaded for personal use only. Reproduction of this material

without the consent of the publisher is prohibited.

2B1

RIGHTS LI MN Kiy



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

44,

45,

46.

47.

48.

49.

50.

51.

Stein, R. L., Z. Chen, and F. Melandri. 1995.
Kinetic studies of isopeptidase T: modulation
of peptidase activity by ubiquitiBiochemis-
try 34:12616-12623.

Strous, G. J., P. van Kerkhof, R. Govers, A.
Ciechanover, and A. L. Schwartz. 1996. The
ubiquitin conjugation system is required for
ligand-induced endocytosis and degradation
of the growth hormone receptdEMBO J.
15:3806—-3812.

Strous, G. J., P. van Kerkhof, R. Govers, P.
Rotwein, and A. L. Schwartz. 1997. Growth
hormone-induced signal transduction depends
on an intact ubiquitin systerd. Biol. Chem.
272:40-43.

Tobias, J. W. and A. Varshavsky. 1991.
Cloning and functional analysis of the
ubiquitin-specific protease gene BB of
Saccharomyces cerevisiag. Biol. Chem.
266:12021-12028.

Tonks, N. K. and B. G. Neel. 1996. From
form to function: signaling by protein tyrosine
phosphatase£ell 87:365—-368.

Wang, Y., Y.-G. Yeung, W. Y. Langdon, and
E. R. Stanley. 1996. c-Chbl is transiently ty-
rosine-phosphorylated, ubiquitinated, and
membrane-targeted following CSF-1 stimu-
lation of macrophage$. Biol. Chem271:17—
20.

Wilkinson, K. D. 1997. Regulation of
ubiquitin-dependent processes by deubiqui-
tinating enzymes-rASEB11:1245-1256.

Wilkinson, K. D., S. Deshpande, and C. N.
Larsen. 1992. Comparisons of neuronal (PGP
9.5) and non-neuronal ubiquitin C-terminal
hydrolases.Biochem. Soc.Tran20:631—
637.

52.

53.

54.

55.

56.

57.

58.

Wilkinson, K. D., K. Lee, S. Deshpande, P.
Duerksen-Hughes, J. Boss, and J. Pohl. 1989.
The neuron-specific protein PGP 9.5 is a
ubiquitin carboxyl-terminal hydrolas8cience
246:670-673.

Wilkinson, K. D., V. L. Tashayev, L. B.
O’Connor, C. N. Larsen, E. Kasperek, and
C. M. Pickart. 1995. Metabolism of the
polyubiquitin degradation signal: structure,
mechanism, and role of isopeptidaseBia-
chemistry34:14535-14546.

Woo, S. K., J. I. Lee, I. K. Park, Y. J. Yoo, C.
M. Cho, M.-S. Kang, D. B. Ha, K. Tanaka,
and C. H. Chung. 1995. Multiple ubiquitin
C-terminal hydrolases from chick skeletal
muscle.J. Biol. Chem270:18766-18773.

Zhang, N., K. D. Wilkinson, and M. Bownes.
1993. Cloning and analysis of expression of a
ubiquitin carboxyl terminal hydrolase ex-
pressed during oogenesis Drosophila
melanogasterDev. Biol.157:214.

Zhu, Y., M. Carroll, F. R. Papa, M.
Hochstrasser, and A. D. D’Andrea. 1996.
DUB-1, a deubiquitinating enzyme with
growth-suppressing activitiProc. Natl. Acad.
Sci. USA93:3275-3279.

Zhu, Y., K. Lambert, C. Corless, N. G.
Copeland, D. J. Gilbert, N. A. Jenkins, and
A. D. D’Andrea. 1997. DUB-2 is a member
of a novel family of cytokine-inducible
deubiquitinating enzymesl. Biol. Chem.
27251-57.

Zhu, Y., M. Pless, R. Inhorn, B. Mathey-
Prevot, and A. D. D’Andrea. 1996. The mu-
rine DUB-1 gene is specifically induced by
the Bc common subunit of the interleukin-3
receptor.Mol. Cell. Biol. 16:4808—-4817.

Copyright © 1998, CRC Press LLC — Files may be downloaded for personal use only. Reproduction of this material

without the consent of the publisher is prohibited.

352

RIGHTS LI MN Kiy



