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Summary

The ubiquitin (Ub)-proteasome systemincludes alarge
family of deubiquitinating enzymes (DUBs). Many
members are assigned to this enzyme class by se-
quence similarity but without evidence for biological
activity. A panel of novel DUB-specific probes was
generated by a chemical ligation method. These
probes allowed identification of DUBs and associated
components by tandem mass spectrometry, as well
as rapid demonstration of enzymatic activity for gene
products whose functions were inferred from primary
structure. We identified 23 active DUBs in EL4 cells,
including the tumor suppressor CYLD1. At least two
DUBs tightly interact with the proteasome 19S regula-
tory complex. An OTU domain-containing protein, with
no sequence homology to any known DUBs, was iso-
lated. We show that this polypeptide reacts with the
C terminus of Ub, thus demonstrating DUB-like enzy-
matic activity for this novel superfamily of proteases.

Introduction

The sequencing of genomes of many organisms pro-
vides a wealth of information, the meaningful interpreta-
tion of which is a major challenge. Proteins can be classi-
fied into distinct families based on sequence similarity,
yet this alone does not always accurately predict func-
tion. Alternative methods for rapid assignment of biolog-
ical activity to newly sequenced proteins are therefore
required. Sequence comparison for proteins that do not
possess enzymatic activity provides information about
shared structural elements, such as Ig folds in the Ig
superfamily [1]. The roles of such common sequence
motifs are frequently divergent and hold few clues to
function. Sequence comparison of catalytically active
proteins may be more readily interpretable; neverthe-
less, assignment of a protein to an enzyme class re-
quires the experimental demonstration of its activity.
Novel members of an enzyme family can be identified
by designing active site-directed probes, which are
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based on the chemical reactivity toward known target
proteins. Such approaches have been utilized to target
the serine hydrolases and cysteine proteases [2, 3].
Here, we apply a similar strategy to an enzyme class in
the ubiquitin-proteasome system.

The ubiquitin-proteasome pathway has emerged as
an essential player in nonlysosomal protein turnover,
regulation of the cell cycle, membrane receptor endocy-
tosis, and antigen presentation [4]. Several enzyme fami-
lies cooperate to tag proteins with ubiquitin (Ub); ubiqui-
tinated proteins are then delivered to the proteasome
for degradation or are destined for other cellular fates
[5]. Deubiquitinating enzymes (DUBs), which remove Ub
from substrate proteins, also regulate the ubiquitin-pro-
teasome system [6]. USP7 (HAUSP) can remove Ub from
the p53 tumor suppressor and rescue it from degrada-
tion, allowing p53-mediated cell growth repression [7].
Many key cell cycle regulatory proteins are degraded in
a Ub-dependent manner [5], and DUBs therefore are
likely participants in the regulation of their activity levels.
Indeed, several known and putative DUBs, such as
CYLD1, BAP1, and Tre-2, are thought to function as
tumor suppressors [8-10]. Regulated deubiquitination is
likewise observed for proteins that are not targeted to
the proteasome. Ub is removed from histone H2A during
mitotic and apoptotic chromatin condensation [11, 12];
similarly, Ub is removed from membrane receptors by
the yeast Doa4 during endocytosis and targeting to the
vacuole [13]. These observations, as well as the tissue-
specific expression of many DUBs, suggest that each
DUB may be dedicated to a specific substrate(s) [6].
However, the activity of DUBs in complex samples, such
as mammalian cells or extracts prepared from them, has
been difficult to examine, since many of these enzymes
(over 40 in mammalian genomes) are present in the cell.

DUBs belong to two subfamilies of cysteine proteases
with no sequence homology. All DUBs are exquisitely
specific for the hydrolysis of a peptide bond at the C
terminus of Ub. Most DUBs can bind a Ub monomer,
even if the monomer is not the preferred substrate in
vivo [6]. We therefore designed active site-directed
probes that contain an epitope-tagged Ub (HAUb) with
a C-terminal thiol-reactive group that can act as suicide
substrates. Having shown that ubiquitin vinyl sulfone
(UbVS) modifies 6 out of 17 DUBs in budding yeast
[14], we designed six additional thiol-reactive groups to
target a wider range of DUBs.

Here we report the synthesis of HAUb-derived probes
using an intein-based chemical ligation method [15, 16]
and show that their reactivity toward DUBs depends
on the type of C-terminal electrophile used. Enzymes
modified by the HAUb-derived probes were isolated and
identified by tandem mass spectrometry. We show that
23 DUBs are targeted by these probesin EL4 cell lysates,
including 10 polypeptides for which no enzymatic activ-
ity has been previously demonstrated. Furthermore,
subunits of the 19S cap of the proteasome can be recov-
ered in association with active DUBs. A gene product
suspected of being a thiol protease, with no sequence
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Figure 1. Synthesis of HAUb-Derived Probes

(A) The intein-based chemical ligation
method. Recombinant HAUbs-intein-chitin
binding domain (CBD) fusion protein was
bound to a chitin affinity column; on-column
cleavage of the HAUb-intein junction was in-
duced by the addition of 3-mercaptoethane
sulfonic acid (MESNa). The resulting HAUb,5-
MESNa thioester was reacted with a desired
C-terminal thiol-reactive group as described
in Experimental Procedures, generating the
desired HAUb-derived probe.

(B) Site of attack of a hydrolase on the peptide
bond at the C terminus of Ub.

(C) Structures of C-terminal thiol-reactive
groups used.

homology to DUBs (containing an ovarian tumor [OTU]
domain [17]), was also found to be reactive with C-ter-
minally modified Ub. This approach can be extended to
any class of enzymes that can be targeted covalently
and help assign enzymatic activity to new gene
products.

Results

Synthesis and Characterization
of HAUb-Derived Probes
The strategy for the synthesis of active site-directed
probes is outlined in Figure 1A. N-terminally HA-tagged
Ub (HAUD) lacking Gly76 was expressed in E. coli as a
fusion protein with an intein and a chitin binding domain
[16]. Purification over chitin-beads, followed by trans-
thioesterification led to the isolation of the desired thio-
ester (HAUb;;-MESNa). Desired irreversible inhibitors
were synthesized by chemical ligation of the reactive
groups (Figure 1C) with HAUb,;-MESNa in 50%-90%
yield and purified by cation-exhange chromatography.
The molecular weights of the pure HAUb derivatives
were in agreement with the predicted masses, as as-
sessed by mass spectrometry (LC-ESI-MS, see Supple-
mental Data). The intein-based chemical ligation ap-
proach is amendable to the introduction of diverse
chemical groups at the C terminus of Ub and gives
products of greater purity and at higher yield then the
reverse trypsinolysis method used previously [14].
Seven HAUb-derived probes with different C-terminal
electrophilic traps were generated (Figure 1C), including
four Michael acceptor-derived probes [18, 19], vinyl
methyl sulfone (HAUbVS), vinyl methyl ester (HAUb-
VME), vinyl phenyl sulfone (HAUbVSPh), and vinyl cya-
nide (HAUbVCN), and three alkylhalide-containing inhib-
itors, chloroethyl (HAUbCI), bromoethyl (HAUbBr2), and

bromopropyl (HAUbBr3). The use of simple alkylhalides
as protease inhibitors has not been previously reported.
All probes (except HAUbBr3) were designed to react at
a position that corresponds to the C-terminal carbonyl
of the Gly76 amide bond conjugating Ub to its substrate
(Figure 1B). Based on their chemical reactivity, the elec-
trophiles used are expected to differ in their ability to
modify DUBs and consequently may selectively label
different molecular targets. Recombinant, purified UCH-
L3 enzyme [20] was reacted with the HAUb-derived
probes. An additional polypeptide of a molecular mass
consistent with covalently modified UCH-L3 was ob-
served for all probes, confirming their ability to target
deubiquitinating enzymes (data not shown). Full-length
HAUDb was also generated by chemical ligation with gly-
cine and was shown to be incorporated into poly-Ub
conjugates (Figure 2, lane 2). Thus, the presence of an
HA tag does not adversely affect interaction with en-
zymes that utilize Ub.

Profiling Enzymes Modified by HAUb-Derived
Probes in EL-4 Cell Extracts

To address the specificity of the HAUb-derived probes
toward DUBs, we carried out labeling experiments using
whole-cell lysates. The EL4 mouse thymoma cell line
was selected for this purpose, since it expresses a di-
verse set of deubiquitinating enzymes [14]. The enzymes
modified were visualized by anti-HA immunoblotting
after incubation with HAUb-derived probes (Figure 2).
We observed distinct profiles of labeled polypeptides
for different Ub C-terminal thiol-reactive groups used.
In all cases, labeling could be blocked by inclusion of
the alkylating agent N-ethyl-maleimide (NEM) (data not
shown), consistent with the presence of an active site
cysteine residue in the enzymes modified. Addition of
HAUD to the lysate (Figure 2, lane 2) resulted in efficient
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Figure 2. Different HAUb-Derived Active Site-Directed Probes
Show Distinct Labeling Profiles

EL4 cell lysates (20 pg) were incubated with 0.5 nM of HAUb
HAUbVS, HAUbVME, HAUbVSPh, HAUbBr2 or 1 nM of HAUbCN,
HAUDCI, HAUbBr3 as indicated. The labeled proteins were resolved
by 8% reducing SDS-PAGE and immunoblotted with anti-HA anti-
body. Polypeptides referred to in the text are indicated by arrow-
heads.

formation of poly-Ub conjugates, while such high molec-
ular weight conjugates were not observed upon treat-
ment of the lysate with HAUb-derived probes.
Treatment of the lysate with HAUbVS (Figure 2, lane
6) produced a labeling pattern similar to that observed
with ['®[]-UbVS [14], further confirming that the HA tag
does not hamper the recognition of HAUbVS by DUBs.
Inspection of the profile in Figure 2 shows comparable
labeling intensity for the cluster of polypeptides around
MW 140 kDa (arrow 1) for all probes containing a Michael
acceptor (Figure 2, lanes 6-9). For these proteins, the
nature of the electrophilic substituent does not affect
labeling efficiency. In contrast, for the cluster of poly-
peptides at MW 130 (Figure 2, arrow 2), significant differ-
ences in labeling efficiency are observed when different
Michael acceptors are used. Therefore, for a given DUB,
not all probes are equally effective (see also Figure 2,
arrow 3). The labeling pattern was relatively insensitive
to the size of the substituent present in the Michael ac-
ceptor compounds (compare HAUbVS and HAUbVSPh).
The alkyl halide-containing probes (HAUbBr2, HAUbCI,
HAUDbBr3) modify a subset of the polypeptides labeled
by the Michael acceptors, with the single exception of
a unique polypeptide around 40 kDa modified by
HAUDbBr2 (Figure 2, arrow 4). In this case, it cannot be
excluded that the labeling takes place via an aziridine
intermediate. Interestingly, HAUbBr3, in which the reac-
tive position is one carbon removed from the preferred
site of attack by a hydrolase, displays more restricted
reactivity, modifying only 4 distinct proteins (Figure 2,
lane 4). This suggests that precise positioning of the

thiol-reactive group in the active site is necessary for
optimal reactivity and that this property may be ex-
ploited to achieve selectivity.

Enzymes Modified by HAUb-Derived Probes

Are Part of Multiprotein Complexes

To isolate the proteins modified by HAUbVS, we immu-
noprecipitated labeled proteins from EL4 lysates using
anti-HA antibody bound to agarose beads as outlined
in Figure 3A. EL4 lysates were incubated with HAUbVS
and either denatured with SDS to dissociate noncova-
lent protein complexes or left untreated. These samples
were then subjected to immunoprecipitation with an im-
mobilized anti-HA antibody.

Modification with HAUbVS (denaturing conditions,
Figure 3B, lane 3) resulted in a labeling profile similar
to that observed in anti-HA immuno-blots (Figure 2, lane
6). Recovery of most immunoprecipitated polypeptides
was abolished by inclusion of a 3-fold molar excess
of untagged UbVS, demonstrating specificity for UbVS.
Samples immunoprecipitated under native conditions
(Figure 2, lane 4) contained not only the proteins ob-
served in the denatured sample, but also more than 10
additional prominent polypeptides (Figure 3B, lane 4,
indicated with asterisks). Competition with untagged
UbVS (Figure 3B, lane 5) reduces their recovery, showing
that these proteins associate specifically with enzymes
modified by HAUbVS.

Identity of Enzymes Modified by HAUbVS

and Their Associated Factors

In yeast, the availability of deletion mutants allowed
the identification of all targets of ['®I]-UbVS [14]. While
radiolabeled ['**I]-UbVS allowed us to demonstrate the
multiplicity of mammalian targets for this probe, the
identity of most modified polypeptides could not be
established. Incorporation of an HA epitope tag into
UbVS allows the retrieval of covalently modified en-
zymes for identification. The identity of polypeptides
from a HAUbVS-treated, nondenatured sample is shown
in Figure 3C and Tables 1 and 2. In all, 16 DUBs and 12
of the 18 known subunits of the 19S lid and base were
identified (Figure 3B; Tables 1 and 2). The recovery of
19S cap subunits is in agreement with the known binding
of USP14 and UCH37 (both labeled by HAUbVS) to the
19S complex [14, 21, 22]. Association of other labeled
DUBs with the 19S regulatory complex cannot be ex-
cluded at this point.

Some DUBs were identified in several forms differing
in their molecular weight (Table 1). Modification by
HAUDbVS is predicted to increase the size of a DUB
by approximately 10 kDa and the resulting branched
polypeptide may migrate at a larger apparent molecular
weight. The presence of different molecular weight spe-
cies may be also due to conjugation of Ub to the
HAUbVS-modified protein, since polyubiquitination oc-
curs under the conditions used in the assay (Figure 2A,
lane 2). Proteolysis is unlikely to be a significant factor,
since most observed molecular weights exceed the
masses predicted from primary sequence. Proteins not
currently linked to the ubiquitin-proteasome system
were also recovered under native conditions (Figure 3C;
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Figure 3. Protein Complexes Containing HAUbVS Modified Enzymes Can Be Recovered by Anti-HA Immunoprecipitation
(A) Outline of the immunoprecipitation experiment to recover proteins covalently modified by HAUbVS with (nondenatured) or without (denatured)

their interacting partners.

(B) Silver stain of HAUbVS modified proteins under different conditions. Five milligrams of lysate were treated with 6.6 j.g of HAUb (lane 2),
HAUDBVS (lane 3), and a 3-fold molar excess of untagged UbVS as a competitor (lane 5). “Denatured” samples (lane 4) were treated with 0.4%
SDS prior to the addition of anti-HA agarose. Bound proteins were eluted with 50 mM glycine (pH 2.5), resolved by 8% reducing SDS-PAGE,

and silver stained. 19S subunits are indicated by asterisks.

(C) Identity of enzymes and associated proteins bound by HAUbVS. Nondenatured samples treated with HAUbVS were prepared as described
in Figure 3. Silver or Coomassie stained bands were excised from gels, proteins were in-gel digested with trypsin and the eluted peptides
were sequenced on a Micromass MS/MS Q-TOF MICRO instrument. Proteins were identified by searching the results against the SwissProt,
Tremble, and TrembleNew databases using the ProteinLynx GlobalServer software 1.1 (Micromass). Any matches with scores of 100 or above
were considered significant. Alternatively, the obtained MS results were search against the NCBInr database using Mascot (MatrixScience).
Deubiquitinating enzymes are indicated in bold; ND, not determined; bkg, background.

Table 2). A number of these polypeptides interact with
RNA. RNA binding hnRNP proteins and ribosomal sub-
units are common contaminants in affinity-purified ma-
terial [23] and are recovered in our experiments. Most
of the identified proteins are linked to RNA processing
and transport, and some of them might indeed interact
directly with DUBs.

DUBSs Exhibit Selectivity for Different

HAUDb-Derived Probes

HAUDbVS appears to be highly specific for DUBs. How-
ever, introduction of other chemical substituents at the C
terminus of Ub may allow the modification of additional
enzyme classes. To address this question, we identified
the enzymes modified by HAUbVME and HAUbBr2,
since the labeling patterns for these inhibitors deviate
significantly from that observed for HAUbVS (Figure 2).

Figure 4 shows the profile of polypeptides immunopre-
cipitated from lysates treated with HAUbVS, HAUbVME
and HAUDbBr2 under native (Figure 4A) or denaturing
(Figure 4B) conditions. As observed in immunoblot (Fig-
ure 2), HAUbVME immunoprecipitates a larger number
of proteins than HAUbVS (Figure 4B, compare lanes 3
and 4). HAUbBr2 shows a more restricted labeling profile
with a unique polypeptide at 42 kDa (Figure 4B, lane 5,
arrowhead). MS/MS analysis showed that HAUbVME
modifies USP11, USP12, USP13, USP25, USP28,
CYLD1, and a USP fragment, KIAA891, in addition to all
the DUBs labeled by HAUbVS (Table 1). Despite the
larger number of DUBs labeled by HAUbVME, the major-
ity of the associated proteins recovered in the nondena-
tured samples appear to correspond to the subunits
of the 19S proteasome cap as judged from the silver-
stained sample (Figure 4A, lane 4).



Functional Proteomics of Deubiquinating Enzymes

1153

‘paulwIB}ap jou ‘gN "uaAIb ate Ajsnoinaud Ajanoe onewAzus
pajesisuowap dAeY Jey} Salpnis 0} S80UaI9)aY °Plog Ul pajedipul ate Apnis siy} ul pajelisuowsp sem ANAnoe asoym sawAzu3g "Ajuo sajdwes pajeas}-SAQNVH 404 pazAjeue aiom sajdwes painjeuspuou
‘saqoud saiy} |le 1oy pazAjeue aiom sajdwes painjeusq ‘PaAIasqo abeianod aouanbas }sojealb ay) J0j USAID S| 9beI9N0D 9ouanbas JUadI9d "UBAIB SI saydjew Jo Jaqunu isaybily ayy ‘sawiy ajdinw
pajoalep suivjoud Jo4 uisjoid yoea Joj payuapl sapiidad jJo Jaquinu ay} SaAIB saydjew Jo JaquinN '1xa} 99s {(e@y 0L sppe) seqoid panusp-qNyH Ag paiipow suigjoid o) puodsaliod spyblom Jejnosjow
paniasgQ ‘(punoy ag jou pinod aouanbas asnow e aJaym douanbas uewny e sajedlpul . U,) 9SIMISYI0 pajesipul SSajun saouanbas asnow Joj ale siaquinu UOISS990. J0IdSSIMG Juediiubis palopisuod
SEM Q0| UsY} Jo1eaib 2109s B yUm ydjew Aue {(SSewo.dip) a1eMyos JaAISs [eqo| XuAuialoid ayi Buisn paubisse aiam sayojew apiidad "1xa1 ay} ul paquosap se paosuanbas pue paje|os] a1am suieloid

suoneudio
-w;ao::..:_.:_ SAJNVYH paJnjeusp-uou Avm_h_UOECJ
ul pajod1ap SI UOISIBA payipowun uy Apnis siyy g an + 29l 14 ‘SN G€ ‘ev (Bey) 91 890d6D (eses101d-NLO) £920dSH
[ee ‘12l
sureyd gn-Ajod sypa ‘pungns deod gL [eel JNA ‘SA + + LeL 14 GG ‘8h ‘6€ 98  LdNM6D LEHON
[9g ‘gg] @dAjouayd ou sey
asnow QY ‘sjonpoud suab-qn senesjo [Lo]l 249 ‘GNA ‘SA + + 1S LL ¥ ‘6€ ‘L€ 9z LaNr6d €71-HON
[¥s ‘ol
ao1w ul AydosnsAp [euoxe aj1oeIb UI
pajenw ‘9sessip s,uosubled 0} paxul| [Lo] AN ‘SA + + ¥'6 4 1€ 8've 6d04H6D L7-HON
juswbely Apnis siy} INA anN + G’ 4 ovl (Bewy) 28 9Zd96D L68VVIM | Bey dsn
[eg] uonebalen 1oays uonis
-od seoueyus Bojowoy A}y jo Juenw Apris s1y} zig ‘JNA ‘SA + + v'6 zL 002 ‘0LL vl 931960 Iyow
[g] sisoyewoupu
-11A2 u1 pajeInw dush Jossaiddns Jowny Apmis siyy ANA an + Sy 14 ozl 201 (u) OH396D La1AD
Apnis siy3 ANA anN + 4> € 051 G'zgl (u) 2nY96D 82dsn
Apmis siyy ANA an + el 6 1L 080.Sd sedsn
Apnis siyi zig ‘JNA ‘SA an + &) 9 £00€ ZLL (W SsNndN6O vedsn
Apnis siy} gig ‘JNA ‘SA + + €9 S 002 ‘0L ‘02t 151 (u) 996¥60 6LdsSn
[zg] aoho
1199 @y} Buunp payelfuoydsoyd
‘uewosyd spulq ‘ygH auoisly qn-ap [es] 21g ‘GNA ‘SA an + L'e 4 ovl €6 0971660 (W-dan) gLdsn
G1dSN J0 JueLeA 801ds Apnis siy} zig ‘INA ‘SA + + ¥'9 9 oclL ‘ovL 2Ll (U) GaSA6D ISLdSN
[LG] #dSN 0} [EORUSP! %09 [18] 249 ‘NN ‘SA + + vyl 2L OvlL ‘oEL ‘02t €0L (u) 83rA60D SLdsn
[05‘7 1] uoneroosse g9z Aq
pajenpow AjANOE {punoq swoses}old [09] AN ‘SA + + 8¢l 9 6.'GL ‘69 ‘29 95 LYINFr6D (1oL vidsn
[6¥] SdSN 03 [ednuap! %S Apnis siyy ANA an + 62 € ozl €26 (u) 566260 (eL0sI) €LdSN
[65] INA anN + L' L 0S ‘6€ Ly 2IN6aed (LHan) zi1dsn
[8¥] Wdguey spuiq [8p] ANA an + S € oct 6. (u) ¥8L18d LikdSN
[2¥] Ananoe suqyui Buipuiq 4gen [2¥] 3NA ‘SA + + 'S ¥ 0GL ‘Ovl ‘0zt /8 6.v2Sd oLdsn
[ov ‘s¥]
s)ooe) 0_36__ mmumc_u_sU_Q:me mo_o_.:
-oy A ‘9-4v pue uluajed-g saje|nbay [S¥] 219 ‘INA ‘SA + + LL 44 00¢€ 062 86€0.d (V4 ‘Xdv4d) X6dsn
[b¥-gp] uonenwiis ymosd ypm
aseauoul s|PA9| tdgH ‘LIYD-sey spulq [ev] 3NA ‘SA + + z0e oL o] g'gzl  LND36O (A-dan) gdsn
[1¥ ‘ov ‘2] £5d sejeumnbignap pue
spulq :9-1 4vd1 ‘(AWOH) 0dOI spulq [8s] 219 ‘INA ‘SA + + 44! LL 0Ll ‘0SLOpL 8zl (u) 600£6D (dsnvH) Zdsn
02z ‘0LL
[6€] sureyo qn-Ajod aa.y se|qassesip [6€] 219 ‘INA ‘SA + + e 8L ‘OvlL ‘ocl ‘0zt 8'G6 66€95d (LLOs)) gdsn
[s€] og1d ‘201d ‘gyd spuiq [26] 21g ‘GNA ‘SA + + vl L OpL ‘OSL ‘0zt 801 gzlsed (dun) vdsn
syJeway pajesisuowsg Aq payipoN paJnjeuspuoN painjeusq (%) Ssayoreiy MIN pPamnesqO (ea) JaquinN uia01d
Aianoy aaneauaq an abeisanon aouanbag jo soaquinN MW paloipald uoISsaooy

saqoid paseg-anvH Aq payipoly sswAhzu3y °| s|qel




Chemistry & Biology
1154

Table 2. Proteins That May Associate with DUBs

Accession Predicted MW Observed MW Number of Sequence
Protein Number (kDa) (kDa) Matches Coverage (%) Remarks
S1 (Rpn2) Q99460 (h) 106 115 3 6.2 19S cap subunit (base)
S2 (Rpn1) Q13200 (h) 100 97 18 26.2 19S cap subunit (base)
S3 (Rpn3) P14685 60.7 61 16 33.2 19S cap subunit (lid)
S4 (Rpt2) Q03527 (h) 49 59 12 33.6 19S cap subunit (base)
S7 (Rpt1) P46471 48.5 48 4 10.2 19S cap subunit (base)
S9 (Rpn6) 000495 (h) 47.4 48 1 2.8 198 cap subunit (lid)
S10B(Rpt4) Q92524 (h) 44 43, 44 8 26.7 19S cap subunit (base)
S10A (Rpn7) Q99Ji4 45.5 44 20 47.3 19S cap subunit (lid)
S11 (Rpn9) Q9WVJ2 42.8 41 16 43.4 198 cap subunit (lid)
S12 (Rpn8) P26516 36.5 39 3 15 19S cap subunit (lid)
S13 (Rpn11) 035593 34.5 34 1 4.2 19S cap subunit (lid)
DNA methyltransferase P13864 183 200 5 16.4 Dmnt1
DNA pol1 subunit CAC96831 98.5 115 1 11
RNA helicase A 070133 149 150 10 8 binds mRNA?
RNAbp EWS Q01844 68 75 1 2.1 binds mRNA?
PolyA-BP P11940 70 69 13 24.5 binds mRNA?
RNA helicase PL10 P16381 73 73 2 3.9 binds mRNA?
thioredoxin-like CAC40691 37 34 1 3.9
aminotransferase Q98JR5 44 39 1 2

2InterPro database (http://www.ebi.ac.uk/interpro/).

Proteins were isolated from nondenatured samples modified with HAUbVS and sequenced by MS/MS as described in the text. Only proteins
absent from the denatured preparations are given; those occurring in both denatured and nondenatured samples were considered nonspecific.
Accession numbers, number of matches, and percent coverage are as in Table 1. 19S lid and base assignments are based on [29].

Interestingly, 19S subunits were not recovered from
nondenatured samples treated with HAUbBr2 (Figure
4A, lane 5). This is consistent with the inability of
HAUbBr2 to modify the proteasome bound DUBs
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Figure 4. Proteins Bound by HAUbVME and HAUbBr2 under Nonde-
naturing (A) or Denaturing (B) Conditions

Samples were prepared as described in Figure 3; equal amounts of
different inhibitors were used in all reactions. Proteins were visual-
ized by silver stain. Known proteasome-associated DUB are indi-
cated by asterisks; OTU-protease is indicated by an arrowhead.

UCH37 and USP14 (Figure 4A, asterisks). The denatured
and nondenatured HAUbBr2 samples (compare lane 5
in Figures 4A and 4B) look remarkably similar, indicating
that enzymes labeled by HAUbBr2 do not have strong
noncovalent interacting partners. The unique 42 kDa
polypeptide present in both denatured and native sam-
ples was identified as a predicted protein containing an
ovarian tumor (OTU)-like domain (HSPC263, Table 1).
This domain is present in a variety of proteins and has
been predicted to encode a novel cysteine protease
signature [17]. Its modification by HAUbBr2 is the first
demonstration of enzymatic activity for an OTU-domain
containing protein, such as HSPC263. Labeling of this
polypeptide is diminished by NEM treatment and com-
peted by inclusion of 100-fold excess of unmodified Ub
(data not shown), consistent with a requirement for an
active site cysteine and at least some measure of speci-
ficity for Ub.

Discussion

The Ub-proteasome system includes a large number
of deubiquitinating enzymes, many of them known by
sequence similarity only. The biological role of most
of these enzymes remains unknown. Elucidation of the
function of individual DUBs is complicated by a consid-
erable overlap in substrate specificity as indicated by
deletion studies in yeast, in which a high level of redun-
dancy between DUBs is observed [24] (R. Casagrande,
A.B., and H.P., unpublished data). Alternative ap-
proaches are clearly required, and a step in this direction
is the development of DUB-specific inhibitors based on
C-terminal modifications of Ub [14, 21, 25].

We identify DUBs on the basis of their reactivity to-
ward suicide substrates composed of three elements:
the Ub moiety which confers specificity for the DUB
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family, a thiol-reactive group that allows covalent mech-
anism-based trapping of the active site cysteine, and
an epitope tag that allows nonradioactive detection of
modified DUBs as well as their isolation and subsequent
identification. The use of several different electrophilic
moieties allowed us to target enzymes that do not react
with UbVS [14].

We observed that different electrophiles at the C ter-
minus of Ub vary considerably in their ability to react
with individual DUBs (Figure 2), indicating that the active
sites of DUBs belonging to the same family are not
equivalent and that it may ultimately be possible to de-
sign more selective probes. As suggested by the poly-
peptide profile inimmunoblots, HAUbVME exhibited the
broadest reactivity, while HAUbBr2 modified a more re-
stricted number of DUBs as well as a novel protein not
related to DUBs by sequence. The enzymatic activity of
nine proteins, predicted based on sequence homology,
could thus be established experimentally.

Tandem mass spectrometry-based analysis indicated
that HAUb-derived probes modify 3 members of the Ub
C-terminal hydrolase (UCH) and 20 members of the Ub-
specific protease (UBP) families of DUBs in EL4 cells
(Table 1). At least 1 other UCH-BAP1 and as many as
20 other UBPs are encoded by the mouse (and human)
genome [6]. We analyzed the sequences of the UBP
family enzymes to determine whether the UBPs modified
by HAUb-derived probes share features that can ac-
count for their reactivity. Figure 5 compares the 34 UBPs
annotated by SwissProt and GenBank databases, a sub-
set of which was identified in our experiments as active
DUBs. A phylogenetic tree derived from an alignment
of the catalytic domains shows that the UBPs modified
by all three inhibitors (shaded boxes) form several clus-
ters. Not all enzymes within a particular cluster are la-
beled by the same inhibitors; for instance, USP5 is modi-
fied by HAUbVS, HAUbVME, and HAUbBr2, while a
related enzyme, USP13, is targeted by HAUbVME only
(Table 1). No significant shared sequences (other than
those common to all UBPs) were detected among the
20 UBPs labeled by HAUb-derived probes, suggesting
that no additional unique motifs are required for modifi-
cation of UBPs by HAUb-derived probes. The lack of
shared sequence determinants is underscored by the
modification of CYLD1 (a tumor suppressor mutated
in cylindromatosis [8]) by HAUbVME despite its limited
similarity to the UBP family.

Labeling of extracts from other cell lines shows differ-
ent profiles of targeted polypeptides (data not shown),
suggesting that some of the UBPs that we do not detect
are simply not expressed in the cell line used in this
study. The lack of labeling of some of the UBPs may
also be due to low affinity of certain enzymes for mono-
meric Ub. A subset of DUBs may not interact with Ub
at all, but have Ub-like proteins as their true substrates,
as has been reported for USP18, which is specific for
UCRP [26] and is not modified by our probes.

Most polypeptides modified by HAUb-derived probes
contain known sequence motifs characteristic of the
UBP or UCH enzymes families, but other enzymes that
can react with the C terminus of Ub may exist. One such
protein (HSPC263) is modified by HAUbBr2. This protein
contains a conserved domain present in 80 other pro-

USP18

USP14

CYLD1

Figure 5. Sequence Comparison of the UBP Family

Catalytic domains of the UBPs annotated in SwissProt or GenBank
databases or sequenced in our analysis were assigned based on
ProSite parameters (http://us.expasy.org/prosite, profile PS50235).
Catalytic domains were aligned using MegAlign program of the
DNAStar software package (using a Clustal V algorithm PAM250
matrix); all catalytic residue signatures were well aligned, except
CYLD1, for which a recognizable His box could not be found. A
neighbor-joining phylogenetic tree [37] was then generated based
on the alignment. Enzymes targeted by HAUb-derived probes
(HAUbVS, HAUbVME, and HAUbBr2) are shaded. Accession num-
bers of labeled UBPs are given in Table 1, accession numbers of
unmodified UBPs are as follows (SwissProt accession numbers are
given, unless indicated otherwise, h-human sequence): USP9Y-h
(000507), DUB2 (055190), DUB2A (Q923V2), DUB1 (Q61068), USP6
hr (P35125), USP2 (088623), USP23 (Q9QZL6), USP22 hr (QO9UPT9),
USP20 hr (Q9Y2K6), VDU1 (AAL78316-GenBank), USP3 hr (Q9Y614),
USP26 (Q99MX1), USP29 (NP_067298-GenBank), USP18 (QOWTV6).

teins, termed the ovarian tumor domain (OTU) after the
Drosophila ovarian tumor gene in which it was initially
characterized [27]. None of the OTU domain proteins
have known biochemical function, but a sequence com-
parison study identified a novel cysteine protease signa-
ture within this domain, which shares limited homology
with the papain-type proteases [17]. The HSPC263 pro-
tein contains conserved residues predicted to form the
active site of this protease family (Asp92, Cys95, and
His269), and its modification by HAUbBr2 is inhibited
by alkylation with NEM, showing that modification is
dependent on an active site cysteine. This is the first
demonstration of enzymatic activity for this novel prote-
ase superfamily. HSPC263 is also detected in nondena-
tured samples treated with HAUbVS. In this case, the
protein is not modified by HAUbVS, since it is found at its
predicted molecular weight of 32 kDa. This observation
suggests that HSPC263 is part of a complex with an
active DUB. While HSPC263 does not contain any other
recognizable domains, several proteins containing an
OTU domain possess UIM, UBA, or Ubl domains, and
in one case, a catalytic signature of a UBP [17] (available
also in the InterPro database: http://www.ebi.ac.uk/
interpro/). This suggests a further link of the OTU super-
family to the Ub system.
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All proteins covalently modified by HAUb-derived
probes are hydrolases. Ub-activating and conjugating
enzymes are not targeted by our probes. The chemistry
of the E1 and E2 enzymes and their low affinity for free
Ub makes them poor candidates for modification with
HAUb-based probes (for review see [5]). The HECT-
domain E3s are the only other enzymes in the Ub system
known to form a covalent thioester bond with the C
terminus of Ub [28]. Modification of the purified HECT
domain of E6-AP by UbVS is in fact observed in the
presence of excess inhibitor (data not shown). Neverthe-
less, we do not recover E6AP or related E3s using HAUb-
based probes, suggesting that under our experimental
conditions their modification is undetectable in cell ly-
sates, where enzymes with higher affinity for Ub and
greater reactivity toward the probes would react prefer-
entially.

Affinity purification of DUBs under native conditions
allows recovery of associated proteins (Figure 3). The
majority of polypeptides recovered together with DUBs
modified by HAUbVS and HAUbVME are subunits of
the 19S cap of the proteasome. DUBs are known to
associate with the 26S proteasome and are thought
to remove poly-Ub chains from proteins targeted for
degradation. While several DUBs may bind the protea-
some [29], only UCH37 and USP14 have been shown to
bind the 26S complex in a stable fashion and may be
responsible for editing poly-Ub chains and Ub recycling,
respectively [14, 21]. These two proteins are modified
by HAUbVS and HAUbVME and are most likely responsi-
ble for the observed copurification of 19S subunits in our
preparations. Interestingly, 19S subunits do not copurify
with enzymes modified by HAUbBr2, suggesting that
the 11 DUBs modified by this HAUb-derived probe do
not associate in a stable manner with the 19S cap. Our
data suggest that modified DUBs do not stably associ-
ate with other multisubunit complexes such as the COP9
signalosome, which shares homology with the 19S cap
[4]. Recent reports have demonstrated that 19S proteins
play a nonproteolytic role in nucleotide excision repair
and transcription elongation [30]. In vivo, the base of the
19S complex can function independently of the larger
complex and is implicated in RNA polymerase lI-depen-
dent transcription [31]. This may explain why many RNA
binding proteins were isolated under native conditions
(Table 2). Additionally, a recent study suggests a role
for USP8 (UbpY) and USP4 (UNP) in the regulation of
short-lived mRNA degradation [32]. DUBs could there-
fore play a regulatory role in transcription and RNA me-
tabolism processes.

Significance

Deubiquitinating enzymes are emerging as a new class
of regulators in the ubiquitin-proteasome system. The
chemistry-based proteomics approach presented in
this study allows isolation, identification, and demon-
stration of enzyme activity using specific probes
against DUBs. We not only find novel enzymes of the
DUB family, but also demonstrate DUB-like enzymatic
activity of a novel putative superfamily of proteases.
Labeling profiles obtained with different thiol-reactive

groups demonstrates that the reactivity of these
probes can be fine-tuned, which opens the way for
designing inhibitors that could target individual en-
zymes more selectively. The intein-based method fa-
cilitates the coupling of a variety of chemical moieties
onto the C terminus of Ub and potentially other pro-
teins. Additionally, HAUb-derived probes with broad
reactivity, such as HAUbVME, can be used to rapidly
screen the activity of many DUBs in cells subjected to
different experimental conditions or in tissue samples
from healthy or diseased individuals. More generally,
their use allows the unambiguous assignment of par-
ticular enzymatic function to open reading frames.

Experimental Procedures

Methanesulfonylmethyl-phosphonic acid diethyl ester and benzene-
sulfonylmethyl-phosphonic acid diethyl ester were synthesized ac-
cording to literature procedures [18, 19, 33] (see Supplemental Data
for synthesis details). Slide-a-lyzer dialysis membranes were from
Pierce. NMR spectra were recorded on a Varian 200 MHz spectrom-
eter; mass spectra were recorded on an electrospray LCZ LC-MS
instrument (LC HP1100 Hewlett Packert, MS Micromass, UK)
equipped with a Waters DeltaPak C4 (3.9x150 mm) column.

Plasmid Construction

pTYB-HAUDb plasmid was constructed by cloning the sequence of
human Ub (lacking Gly76) into the pTYB2 vector (New England Bio-
labs) to generate an in-frame fusion with the intein and chitin binding
domain. The HA tag was introduced by inserting an oligonucleotide
cassette into the Ndel site at the 5’end of the Ub sequence.

Synthesis of HAUb,;-MESNa

Ub-intein-chitin domain fusion protein was expressed in E. coli (2
hr induction with 0.5 mM IPTG at 30°C). Cells pellets were resus-
pended in 50 ml 50 mM HEPES pH 6.5, 100 mM NaOAc, 50 pM
PMSF and lysed by french press (1500 psi). The clarified cell extract
was loaded onto a 15 ml chitin bead (New England Biolabs) column
at a flow rate of 0.5 ml/min. The column was washed with 60 ml of
lysis buffer followed by 25 ml of lysis buffer containing 50 mM
B-mercaptoethanesulfonic acid sodium salt (MESNa) and incubated
overnight at 37°C for the induction of on-column cleavage. HAUb;5-
MESNa thioester was eluted with 25 ml of lysis buffer and concen-
trated: approximately 2.5 mg of protein was recovered from a 1L
culture. The N-terminal Met of the HA-tag was frequently processed
off, giving a mixture of two proteins that behaved identically in
labeling experiments.

Synthesis and Purification of HAUb-Derived Active Site
Thiol-Reactive Probes

HAUbCI, HAUbBr2, HAUbBr3

To a solution of HAUb;;-MESNa (1-2 mg/mL) in column buffer (500
wl) was added 0.2 mmol of the desired haloalkylamine haloacid salt
and 100 pl of 2.0 M aqueous NaOH and the mixture was immediately
vortexed. After 20 min at room temperature. 100 pl of 2.0 M aqueous
HCI was added and the solution was dialyzed against 50 mM NaOAc
(pH 4.5) in a 3.5 ml Pierce Slide-a-lyzer cassette (3500 MWCO) for
2 hr. The resulting product (>90% conversion estimated from LC-
MS) was divided into aliquots and stored at —80°C (no significant
deterioration is observed for several months of storage except for
HAUDbBr2, which is more unstable).

HAUbVME, HAUbVS, HAUbVCN

To a solution of HAUb,;-MESNa (1-2 mg/ml, 500 pl) was added 0.125
mmol of the desired Michael acceptor as para-toluene sulfonic acid
salt followed by 75 pl of 2M N-hydroxy succinimide and 125 pl 2 M
NaOH. The mixture was incubated at 37°C for 2 hr and reaction
progress was monitored by LC-MS to give the desired products
with 50%-60% conversion. The reaction mixture was neutralized
by the addition of 125 pl of 2 M HCI and dialyzed as described above.
HAUbBVSPh and HAUb were synthesized similarly (see Supplemental
Data).
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All HAUb-derived probes were purified to 95% purity with the use
of a Pharmacia SMART system MonoS 1.6/5 column, with a linear
gradient from 0% to 30% B, 50 mM NaOAc (pH 4.5, buffer A), 50
mM NaOAc (pH 4.5), and 1 M NaCl (buffer B); HAUbVSPh gave a
different elution profile because of the hydrophobicity of its C termi-
nus. All synthetically modified HA-tagged ubiquitin derivatives were
purified, except HAUbBr2, which is less stable. HAUbBr2 was used
directly after dialysis (synthesis yield was >90%). All HAUb-derived
probes were analyzed by LC-MS (ESI) using a C4 RP-HPLC column
with a 0%-80% gradient over 20 min in a 0.1% formic acid/acetoni-
trile buffer system (see Supplemental Data for MS values).

Preparation of EL4 Cell Extracts and Labeling

with HAUb Derivatives

EL-4 cells (cultured in RPMI-HEPES supplemented with 10% FCS,
1% glutamine, and 1% penicilline/streptomycine) were harvested
and washed three times with PBS. Cell pellets were lysed with glass
beads in buffer HR (50 mM Tris [pH 7.4], 5 mM MgCl,, 250 mM
sucrose, 1 mM DTT, 2 mM ATP). Nuclei were removed by centrifuga-
tion and 20 g of protein extract was used for labeling with HAUb
derivatives. Indicated concentrations of HAUb derivatives were in-
cubated with cell extracts for 1 hr at 37°C. Immunoblots with the
anti-HA monoclonal antibody 12CA5 were carried out according to
standard protocols. SDS-PAGE gels (8%) were used to resolve high
molecular weight DUBs.

Anti-HA Immunoprecipitation for Tandem Mass

Spectrometry Analysis.

EL4 cell lysates were prepared as above, except 0.5-2 X 10° cells
were used and 50 .M PMSF was included in the lysis buffer. Lysates
(at 5 mg/ml) were incubated with the desired HAUb-derived probe
(5 mg lysate and 6.6 pg of the probe for silver stains, 14-20 mg
lysate and 20 g of probe for Coomassie stains) for 2 hr at 37°C.
SDS was added to “denatured” samples to the final concentration
of 0.4% and then diluted to less then 0.1% with NET buffer (50 mM
Tris [pH 7.5], 5 mM EDTA, 150 mM NaCl, 0.5% NP40) prior to the
addition of anti-HA agarose. Anti-HA agarose (Sigma) was incubated
with the samples overnight at 4°C, the immunoprecipitations were
washed extensively with NET buffer, bound proteins were eluted
with 50 mM glycine (pH 2.5) at 4°C for 30 min. All samples were
evaporated to dryness and redisolved in 50 pl of 1X SDS-PAGE
sample buffer. pH was adjusted with 1M Tris (pH 8) if needed.
Samples were resolved by 8% reducing SDS-PAGE and stained
with silver or Coommassie stain using standard conditions [34, 35].

Protein Identification by Tandem Mass Spectrometry

Individual polypeptides were excised from gels, destained, and sub-
jected to trypsinolysis [36]. The samples were separated using a
nanoflow liquid chromatrography system (Waters Cap LC) equipped
with a picofrit column (75micron ID, 10cm, NewObjective) at a flow
rate of approximately 150 nl/min using a nanotee (Waters Cap LC)
16/1 split (initial flow rate 5.5u1/min). The LC system was directly
coupled to a tandem mass spectrometer (Q-TOF micro, Micromass).
Analysis was performed in survey scan mode and parent ions with
intensities greater than 6 were sequenced in MS/MS mode using
MassLynx 3.5 Software (Micromass). MS/MS data were processed
and subjected to database searches using ProteinLynx Global
Server 1.1 Software (Micromass) against Swissprot, TREMBL/New
(http://www.expasy.ch), or using Mascot (Matrixscience) against the
NCBI non-redundant (nr) or mouse EST databases.

Supplemental Data

Additional methods and mass spectrometry data on the HAUb-
derived probes are provided in the Supplemental Material that ac-
companies this paper. Please write to chembiol@cell.com for a PDF.
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