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Modification of proteins by ubiquitin (Ub)-like proteins (UBLs) plays an important role in many cellular
processes, including cell cycle progression, nuclear transport, and autophagy. Protein modification occurs via
UBL-conjugating and -deconjugating enzymes, which presumably exert a regulatory function by determining
the conjugation status of the substrate proteins. To target and identify UBL-modifying enzymes, we produced
Nedd8, ISG15, and SUMO-1 in Escherichia coli and equipped them with a C-terminal electrophilic trap (vinyl
sulfone [VS]) via an intein-based method. These C-terminally modified UBL probes reacted with purified
UBL-activating (E1), -conjugating (E2), and -deconjugating enzymes in a covalent fashion. Modified UBLs
were radioiodinated and incubated with cell lysates prepared from mouse cell lines and tissues to allow
visualization of polypeptides reactive with individual UBL probes. The cell type- and tissue-specific labeling
patterns observed for the UBL probes reflect distinct expression profiles of active enzymes, indicating tissue-
specific functions of UBLs. We identify Ub C-terminal hydrolase L1 (UCH-L1) and DEN1/NEDP1/SENPS, in
addition to UCH-L3, as proteases with specificity for Nedd8. The Ub-specific protease isopeptidase T/USP5 is
shown to react with ISG15-VS. Furthermore, we demonstrate that the desumoylation enzyme SuPr-1 can be
modified by SUMO-1-VS, a modification that is dependent on the SuPr-1 active-site cysteine. The UBL probes
described here will be valuable tools for the further characterization of the enzymatic pathways that govern

modification by UBLs.

Ubiquitin (Ub) is a conserved 76-amino-acid protein at-
tached posttranslationally to substrate proteins. This conjuga-
tion occurs through an isopeptide bond between the C-termi-
nal carboxylate of Ub and the e-NH, of a lysine side chain in
the target protein. Conjugation is achieved by the sequential
action of an El activating enzyme, E2 conjugating enzymes,
and E3 ligases (22). The removal of Ub from substrates is
carried out by deubiquitinating enzymes. The long-known Ub-
specific cysteine protease families of Ub C-terminal hydrolases
(UCHs) and Ub-specific processing proteases (UBPs/USPs)
were recently joined by a Ub-specific JAMM motif containing
metalloprotease and cysteine proteases containing an OTU
domain (2, 8, 13, 63, 67).

Ub-like proteins (UBLs) are a set of small proteins that
share with Ub the ability to be conjugated to a lysine residue in
a substrate protein (26). Many UBLs are related in sequence to
Ub, and a three-dimensional fold similar to that in Ub has
been reported for Nedd8 and SUMO (3, 66). The UBLs ISG15
(also called UCRP) and FAT10 resemble two Ub moieties
fused in tandem (19, 54). UBLs do not generally appear to be
assembled into multimeric chains upon conjugation to sub-
strates, with the possible exception of SUMO-2 and SUMO-3
(62). Like Ub, most UBLs are expressed as inactive precursors,
with extensions at the C terminus, which prevent direct conju-
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gation (26) (Table 1). These precursors must be processed by
specific proteases, which release the mature UBL and the tail.
The C termini of the mature forms of most UBLs terminate in
a Gly-Gly motif, as does Ub.

The conjugation pathway of UBLs is analogous to the Ub
pathway, involving E1-like and E2-like enzymes and in certain
cases also E3-like factors (26). The El-like enzymes for Nedd8
and SUMO-1, Ulal/Uba3 and Aosl/Uba2, respectively, are
dimeric (11, 16, 18, 29, 38). The Uba subunit corresponds to
the C terminus of the Ub E1, Ubal, and harbors the active-site
cysteine, whereas the other subunits correspond to the Ubal N
terminus. Whereas there are many Ub-specific E2s, each UBL
appears to be served by a single E2-like enzyme (18, 27, 38, 45,
53). Several E3-like proteins exist for SUMO (28, 44, 48, 51,
57). Although the SUMO E2 Ubc9 can directly recognize and
modify a lysine contained in a sumoylation motif, these E3-like
factors facilitate sumoylation of specific substrates. Further-
more, assembled SCF/CBC Ub E3 ligases appear to play a role
in the modification of their cullin components by Nedd8 (32).
No E3-like factors have been identified yet for any of the other
UBLs.

Sumoylation has been implicated in cell cycle progression,
nuclear import, the subnuclear localization of target proteins
(in particular in relation to polymorphonuclear leukocyte nu-
clear bodies), and regulation of transcription (5, 12, 37, 47, 51,
56, 58). In these cases SUMO is thought to function as a
mediator of protein-protein interactions or to confer confor-
mational changes in the target protein. In addition, sumoyla-
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TABLE 1. UBLs to which the UBL-intein-CBD expression approach was applied”

% ldentity % ldentity of mouse

UBL-intein-CBD

UBL to Ub and human UBLSs? C-terminal amino acids® solubility? Radioiodination®
Ub 100 100 LVLRLRGG-XXXXX + +
Nedd8 57 100 LVLALRGG-GGLGQ + +
ISG15 28/34% 65 KHLRLRGG-GGDQCA + +
SUMO-1 18 100 VYQEQTGG-HSTV + +
URM-1 13 93 FISTLHGG + +
Fau 31 95 VAGRMLGG-KVHGSLARAGKV + ND/
FATI10 28/34% 68 LTTHCTGG - ND
HUBI1 22 100 GMNLELYY-Q - ND
Apgl2 11 89 YCKSQAWG - ND

¢ Characteristics are shown for UBLs from the mouse. The amino acid sequences used are derived from the clones described in Materials and Methods.

b Percentages apply to the processed forms of the UBLs.

¢ The dash in the C-terminal sequence indicates the position where processing occurs to generate the mature UBL. URM1, FAT10, and Apgl2 are expressed in their

mature form. The C-terminal sequence of Fau extends beyond the point shown.

4+ soluble; —, insoluble.

¢ +, could be radioiodinated.

/ND, not done.

£ The two numbers indicate homology to Ub within individual domains.

tion can antagonize ubiquitination by competing with Ub for
modification of specific lysines in target proteins (10, 23). The
only known substrates of Nedd8 modification are the cullins
(24), which are components of the SCF/CBC Ub E3 ligases.
Neddylation of cullins plays a role in the recruitment of E2 to
the ligase complex, thereby facilitating Ub conjugation (32, 33,
70). Roles for Nedd8 conjugation in cell cycle progression and
cytoskeletal regulation have also been reported (35, 61). Ex-
pression of ISG15 is inducible by alpha/beta interferons. ISG15
has multiple targets, of which a limited number, i.e., serpin 2A,
phospholipase Cy1, Jakl, ERKI1, and STAT]1, have been iden-
tified to date (21, 40, 42). In the cell, ISG15 colocalizes with
intermediate filaments and ISGylation may be involved in cer-
tain aspects of neurological disease or function and may mod-
ulate signaling through the JAK-STAT pathway (39, 42, 55).

SUMO deconjugation is catalyzed by a family of cysteine
proteases distinct from the Ub-specific UCHs and UBPs. The
first member identified was the yeast Ulpl protein, which cat-
alyzes both SUMO precursor processing and SUMO substrate
cleavage (37). In mammals, SENP1/SuPr-2, SENP2/Axam/
Supr-1, SMT3IP2/Axam2, SUSP1, SMT3IP1, and an uniden-
tified 30-kDa hydrolase have been described as SUMO pro-
teases (5, 17, 31, 34, 49, 50, 60, 73, 74). The UCH-L3 and
USP21 proteases have been described as having dual specificity
for Nedd8 and Ub (15, 64). Recently, a subunit of the COP9
signalosome (CSN) harboring a JAMM metalloprotease motif
was found to underlie the CSN’s Nedd8 isopeptidase activity
(9). In addition, three different groups reported the identifica-
tion of DEN1/NEDP1/SENPS, a Nedd8-specific protease of
the ULP family (14, 43, 71). The only deconjugating protease
with specificity for ISG15 identified to date is UBP43/USP18
(41). A mouse deficient in UBP43/USP18 accumulates ISG15
conjugates (but not Ub conjugates) and develops neurological
abnormalities, resulting in premature death (55). A ~100-kDa
ISG15 precursor processing enzyme has been described, al-
though its identity remains unknown (52).

Whereas each UBL is apparently served by a single E1-like
enzyme and a single E2-like enzyme, multiple UBL proteases
likely exist for each UBL (26). After initial identification of
some UBL-specific proteases by genetic screens or biochemical

assays, further family members were then tentatively assigned
to the enzyme family based on sequence similarity (73). How-
ever, the specificities of many of these putative proteases for
Ub or UBLs have remained undetermined, and more uniden-
tified Ub/UBL proteases are likely to exist.

We have previously described the synthesis of C-terminally
modified Ub derivatives that can covalently modify active Ub-
deconjugating enzymes (7, 8). By this method, active Ub-spe-
cific proteases were targeted and identified based on their
specificity for and activity towards Ub. We sought to extend
this approach to UBLs. Here we describe the synthesis of
Nedd8, ISG15, and SUMO-1 modified with a C-terminal vinyl
sulfone (VS) moiety. We characterize their reactivities towards
purified UBL-activating (E1), -conjugating (E2), and -decon-
jugating enzymes. Radiolabeling of the UBL derivatives was
used to visualize modified enzymes in cell lysates, and epitope-
tagged versions of UBL probes were used to identify proteases
with specificity for Nedd8 and ISG15. The approach described
here will be valuable for the further characterization of the
enzymatic pathways involved in UBL modifications.

MATERIALS AND METHODS

Cloning of Ub-like modifiers into pTYB1. Sequences of mouse UBLs were
found by searching the National Center for Biotechnology Information data-
bases. Clones containing the desired sequences were obtained from Research
Genetics and the American Type Culture Collection. The database accession
numbers of the sequences used are BE374499 (Nedd8), BF152346 (UCRP),
BF100858 (SUMO-1), BG868942 (Fau), BG295603 (URMI), BE624821
(HUBI), BG862330 (FAT10), and AI574302 (Apgl2). Open reading frames of
the processed forms of the UBLs, omitting the C-terminal codon, were amplified
by PCR. The PCR primers used had extensions at their 5’ ends to generate an
Ndel restriction site at the N-terminal coding end of the PCR product and a Sapl
restriction site at the C-terminal coding end of the PCR product. To generate
epitope-tagged versions of the UBL fusions, coding sequences for the epitope
were included in the 5 PCR primer, between the Ndel site and the methionine
start codon of the UBL sequence. After digestion of the PCR product with Ndel
and Sapl, the fragment was cloned into the pTYBI1 vector (New England Bio-
labs), generating an in-frame fusion with the intein and chitin binding domain
(CBD) (72). All constructs generated were sequence verified.

Synthesis of UBL-VSs. Expression of UBL-intein-CBD fusion proteins in
Escherichia coli was induced at an optical density at 600 nm of ~0.5 with 0.5 mM
isopropyl-B-p-thiogalactopyranoside (IPTG) (Sigma) for 2 h at 30°C (8). Cells
from a 1-liter bacterial culture were pelleted, resuspended in 30 ml of 50 mM



86 HEMELAAR ET AL.

HEPES-100 mM sodium acetate (pH 6.5)-50 M phenylmethylsulfonyl fluoride
(PMSF) and lysed with a French press (1,500 Ib/in?). After centrifugation, the
supernatant was loaded onto a 15-ml chitin bead column (New England Biolabs)
at a flow rate of 0.5 ml/min to allow binding of the UBL-intein-CBD fusion
protein. The column was washed with 80 ml of lysis buffer, followed by 50 ml of
lysis buffer containing 50 mM B-mercaptoethanesulfonic acid (MESNa) (Sigma).
The column, containing buffer with MESNa, was incubated overnight at 37°C to
allow on-column cleavage. The UBL-MESNa thioester was eluted with 25 ml of
lysis buffer, and the fractions containing UBL-MESNa product were concen-
trated by using a Centriprep (3,000-molecular-weght cutoff; Millipore). The
overall yield was 1 to 5 mg of UBL-MESNa per liter of bacterial culture. The
N-terminal methionine of the UBL was removed by processing in certain cases.

UBL-MESNa was converted to the VS derivative in a chemical ligation reac-
tion with a large excess of glycine VS (6). Glycine VS was added to an aliquot of
concentrated UBL-MESNa (1 to 2 mg/ml; 500 pl) to a final concentration of 0.25
M, followed by addition of 75 wl of 2 M N-hydroxysuccinimide and 30 pl of 2 M
NaOH. The mixture was incubated at 37°C for 1 to 2 h, and the reaction was
monitored by liquid chromatography-mass spectrometry (LC-MS) with an LCZ
electrospray mass spectrometer (Micromass, Manchester, United Kingdom) cou-
pled with an HP1100 high-pressure liquid chromatography system (Hewlett-
Packard, Palo Alto, Calif.). Conversion to the desired product was approximately
30 to 50%, as judged from the LC-MS spectra. The reaction was terminated by
addition of 30 pl of 2 M HCI, and the solution was dialyzed against 50 mM
sodium acetate (pH 4.5) in a 3.5-ml Slide-a-Lyzer (3,500-molecular-weight cutoff;
Pierce). The sample was subsequently aliquoted and stored at —80°C. Probes
were used without further purification.

Purification of enzymes. The purification of recombinant human UCH-L3
from E. coli has been described previously (36). The purification of full-length
recombinant human Ubc9 (158 amino acids, 18 kDa) has also been described (4).

Human Aosl and Uba2 cDNAs were isolated by PCR from a Homo sapiens
c¢DNA library. The large subunit (Uba2) (640 amino acids, 71 kDa) was placed
behind a hexahistidine tag by using the pET28b vector (Novagen). The AOS1
gene (encoding 346 amino acids [38 kDa]) was cloned into pET15b (Novagen)
without an affinity tag. The two plasmids were transformed into E. coli
BL21(DE3) CodonPlus-RIL cells (Stratagene), coexpressed, and purified from
lysates by using Ni-nitrilotriacetic acid-agarose resin (Qiagen). The proteins were
further purified by gel filtration and anion-exchange chromatography (Superdex
200 and MonoQ; Pharmacia). The resulting peak was concentrated, exchanged
into buffer containing 350 mM NaCl-20 mM Tris (pH 8.0)-1 mM B-mercapto-
ethanol, and frozen for storage at —80°C.

A cDNA encoding the catalytic domain from human SENP2 was amplified by
PCR (amino acids 365 to 590, 27 kDa) from an H. sapiens cDNA library, cloned
into pET-28b to encode an N-terminal thrombin-cleavable hexahistidine-tagged
fusion protein, transformed into E. coli BL21(DE3) CodonPlus-RIL cells (Strat-
agene), and induced with IPTG. The protein was purified over Ni-nitrilotriacetic
acid-agarose resin (Qiagen), dialyzed against 50 mM Tris-HCI (pH 8.0)-200 mM
NaCl-2 mM B-mercaptoethanol-bovine thrombin (Sigma), and purified by gel
filtration (Superdex 75; Pharmacia). The final fractions were concentrated, ex-
changed into buffer containing 350 mM NaCl-20 mM Tris (pH 8.0)-1 mM
B-mercaptoethanol, and frozen for storage at —80°C.

Preparation of cell lysates. EL-4 cells (a mouse thymoma cell line) were
cultured in RPMI 1640 (Gibco) supplemented with 10% fetal calf serum and 50
U of penicillin-streptomycin per ml. Single-cell suspensions were prepared from
mouse tissues by disrupting the organs between glass slides in phosphate-buff-
ered saline. If required, red blood cells were lysed by resuspension in ACK buffer
(0.15 M NH,Cl, 1 mM KHCOj3, 0.1 mM Na,EDTA [pH 7.3]). To lyse cells, cell
pellets were resuspended in HR buffer (50 mM Tris [pH 7.4], 5 mM MgCl,, 250
mM sucrose, 2 mM dithiothreitol [DTT], 2 mM ATP) and vortexed vigorously
with glass beads. Lysates were centrifuged to remove cell debris, and aliquots
were snap frozen in liquid nitrogen and stored at —80°C.

P19 cells were cultured and transiently transfected with pcDNA3.1-HA-SuPr-1
and pcDNA3.1-HA-SuPr-1 C466S as previously described (56). Nuclear extracts
were prepared as follows. Cell pellets were resuspended in buffer A (10 mM
HEPES [pH 7.9], 10 mM KCI, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT) and
incubated on ice for 15 min, and then 0.06% NP-40 was added and samples were
vortexed for 10 s. Subsequently, nuclei were spun down, the supernatant was
removed, and the nuclei were resuspended in buffer C (20 mM HEPES [pH 7.9],
0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT). Samples were shaken for
15 min, and all remaining debris was spun down. The supernatant (nuclear
extract) was aliquoted, snap frozen in liquid nitrogen, and stored at —80°C.

Radioiodination of UBL-VSs. UBL-VSs were radioiodinated as described pre-
viously (7). Briefly, 40 pg of UBL-VS was iodinated in 50 mM phosphate buffer
(pH 7.5) containing 1 mCi of Na'?I, using Iodogen as a catalyst. The reaction
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was allowed to proceed for 30 min on ice and was quenched with 0.1 mg of
tyrosine per ml. Hen egg lysozyme (1 mg/ml) was added as a carrier protein for
the subsequent purification over a Sephadex G-25 (Pharmacia) spin column.
Todinated UBL-VSs were stored at —80°C.

Labeling reactions and detection. Reactions using purified enzymes and UBL-
VSs were for 1 to 2 h at 37°C in 75 mM Tris-50 mM NaCl-5 mM MgCl,—2 mM
DTT-2 mM ATP. Enzymes were typically used at a 250 nM final concentration,
and crude UBL-VS probes were used at approximately 3 to 5 pg per reaction.
I25L.UBL-VS (2.5 X 10° to 1 X 10° cpm) was incubated with 20 to 40 p.g of cell
lysate for 1 h at 37°C. Reactions were terminated by addition of sodium dodecyl
sulfate (SDS) sample buffer with B-mercaptoethanol and boiling for 5 min.
Where indicated, enzymes or cell lysates were preincubated with 1 mM PMSF or
10 or 20 mM N-ethylmaleimide (NEM) (Sigma) for 15 min on ice prior to
addition of the UBL probe.

Polypeptides were resolved by SDS-10 to 12.5% polyacrylamide gel electro-
phoresis (PAGE). Gels were analyzed by Coomassie brilliant blue staining, silver
staining, autoradiography, or immunoblotting, by standard procedures, as indi-
cated. Immunoblot detection of hemagglutinin (HA)-tagged proteins was with
the mouse monoclonal anti-HA antibody 12CAS, followed by horseradish per-
oxidase-conjugated goat anti-mouse secondary antibody and visualization by
chemiluminescence according to the manufacturer’s instructions.

Isolation of polypeptides reactive with FLAG-Nedd8-VS and HA-ISG15-VS.
EL-4 lysate (20 mg) was incubated for 2 h at 37°C with 300 ng of FLAG-Nedd8-
VS, HA-ISG15-VS, or their inactive counterparts (FLAG-Nedd8'7> and HA-
ISG15'->%). Sepharose beads (150 wl/sample) conjugated to anti-HA antibody
12CAS or anti-FLAG antibody M2 (100 wg/sample), followed by protein G-
Sepharose beads, were added, and the mixtures were incubated overnight at 4°C.
Beads were collected by centrifugation at low speed and washed five times with
10 ml of 1X NET buffer (0.5% NP-40, 150 mM NaCl, 5 mM EDTA, 50 mM Tris
[pH 7.4]), followed by a final wash with 10 ml of 15 mM Tris (pH 8)-75 mM
NaCl. Proteins were eluted with 100 mM glycine (pH 3.0) at 4°C for 45 min and
evaporated to dryness, and the pellet was solubilized in 1X reducing SDS sample
buffer and loaded on an SDS-polyacrylamide gel.

Protein identification by tandem mass spectrometry. Relevant bands were
excised from Coomassie brilliant blue-stained SDS-polyacrylamide gels and sub-
jected to trypsinolysis. Samples were analyzed by LC-electrospray ionization
(ESI)-MS-MS with a QTOF micro-tandem mass spectrometer (Micromass/Wa-
ters) as previously described (8).

RESULTS

Synthesis of UBLs with a C-terminal VS. A scheme for the
synthesis of UBLs with a C-terminal VS moiety is depicted in
Fig. 1A. Open reading frames encoding the processed forms of
the UBLs were cloned into the vector pTYB1. The C-terminal
residue of the processed form of each UBL was omitted from
the expressed version (see below). The pTYB1 vector allows
expression in E. coli of the UBLs as a fusion with an intein and
a CBD (Fig. 1A, step 1) (72). The soluble fusion proteins were
retrieved on a chitin column via their CBDs. The UBLs were
then released by a frans-thioesterification reaction induced by
inclusion of MESNa sodium salt (Fig. 1A, steps 2 and 3). The
UBL-MESNa product released from the chitin column was
obtained in good purity, as judged by SDS-PAGE, using this
one-step purification method (Fig. 1B). Finally, UBL-MESNa
was converted to the VS derivative in a chemical ligation re-
action with glycine VS (Fig. 1A, steps 3 and 4). This reaction
results in the incorporation of the C-terminal glycine and an
electrophilic VS moiety, which may covalently react with nu-
cleophilic active-site residues of UBL-modifying enzymes (Fig.
1A, steps 4 and 5). Conversion reactions were monitored by
LC-ESI-MS. The masses determined for UBL-VS derivatives
were in good agreement with predicted values (Fig. 1C). This
approach was applied to the set of mouse UBLs shown in
Table 1. SUMO-1, ISG15, URM-1, and Fau were purified and
converted to their VS derivatives at levels comparable to those
shown for Nedd8 (Fig. 1B and C and data not shown). For
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FIG. 1. Synthesis of UBLs with a C-terminal VS. (A) Reaction scheme for UBL-VS synthesis. Step 1, the processed form of a UBL, minus the
C-terminal amino acid (—1aa), is expressed as a fusion protein with an intein and a CBD. Soluble fusion protein binds to a chitin affinity column.
Step 2, spontaneous N-S acyl rearrangement resulting in an intermediate in which the peptide bond is replaced by a thioester linkage. Step 3, the
UBL is released from the column by a transthioesterification reaction induced by incubation with MESNa sodium salt, resulting in the
UBL-MESNa product. Step 4, the MESNa group is replaced by glycine-VS in a chemical ligation reaction, producing UBL-VS. Step 5, nucleophilic
active-site residues of enzymes can covalently react with the VS group. (B) Nedd8-MESNa purification. FT, flowthrough after loading of lysate on
chitin column; resin, chitin resin after Nedd8-MESNa elution. Eluted Nedd8-MESNa fractions were collected after overnight on-column cleavage
induced by MESNa. Samples were prepared in SDS sample buffer without B-mercaptoethanol. (C) LC-ESI-MS analysis of Nedd8-MESNa and
Nedd8-VS conversion product. The indicated multicharged species of Nedd8-MESNa correspond to a molecular weight of 8,627.6 = 2.3, in
agreement with a predicted molecular weight of 8,628.1. For Nedd8-VS, multicharged species correspond to a molecular weight of 8,620.8 = 2.5,

in agreement with a predicted molecular weight of 8,621.1.

Apgl2, FAT10, and HUB1 the UBL-intein-CBD fusion pro-
teins and/or the derived UBL-MESNa products were insoluble
under the conditions employed. Purification of soluble forms
of these proteins was not further pursued.

UBL-VSs exhibit specificity in in vitro labeling of deconju-
gating enzymes. Having prepared the VS-modified UBLs, we
wished to establish whether they reacted specifically with the
cognate deconjugating enzymes. To this end, Ub C-terminal
hydrolase UCH-L3 and the catalytic domain of the desumoy-
lating enzyme SENP2 were expressed in E. coli and purified to
apparent homogeneity, as judged by SDS-PAGE. Incubation
of the catalytic domain of the desumoylating enzyme SENP2
with SUMO-1-VS led to the appearance of an additional spe-
cies with a molecular weight consistent with a SENP2-SUMO-
1-VS adduct (Fig. 2A). The new species is stable under the

reducing conditions used for sample preparation and SDS-
PAGE. Formation of this new species was blocked by prein-
cubation of the enzyme with the alkylating agent NEM, con-
sistent with the requirement of the active-site cysteine of
SENP2 for catalysis and therefore labeling. Incubation of
SENP2 with a SUMO-1 probe lacking the C-terminal glycine
VS (SUMO'°) did not lead to adduct formation, showing that
covalent modification of SENP2 is indeed dependent on the
C-terminal electrophilic substituent of SUMO-1-VS. We also
found that SUMO-1-VS could react with the purified catalytic
domain of the yeast ULP1 protease, which is specific for the
yeast SUMO-1 homologue SMT3 (reference 46 and data not
shown). Incubation of SUMO-1-VS with UCH-L3 did not lead
to adduct formation, showing that SUMO-1-VS readily distin-
guishes between a UCH and a SUMO-specific protease.
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FIG. 2. UBL-VSs react specifically with cognate deconjugating en-
zymes. (A) Recombinant, purified UCH-L3 enzyme (left panel) and
the catalytic domain of SENP2 (right panel) were incubated for 1 h at
37°C with SUMO-1 derivatives. No SUMO-1 probe was added to the
first sample in each panel. Where indicated, enzymes were pretreated
with 10 mM NEM prior to addition of SUMO-1-VS. SUMO'* lacks
the C-terminal glycine and VS moiety and therefore is not reactive.
The reactions were terminated by addition of SDS sample buffer con-
taining B-mercaptoethanol and boiling for 5 min. Polypeptides were
resolved by SDS-11% PAGE and visualized by silver staining. The
positions of molecular mass markers (in kilodaltons) are indicated on
the right. The positions of UCH-L3 and the catalytic domain of SENP2
are indicated. The triangle marks the position of the SENP2-SUMO-
1-VS adduct. (B) Same as panel A but with the Nedd8 derivatives
Nedd8-VS and Nedd8'">. Nedd8!” lacks the C-terminal glycine and
VS group. The triangle marks the position of the UCH-L3-Nedd8-VS
adduct. (C) Same as panel A but with the Ub derivatives Ub-VS and
Ub'7>. Ub'” lacks the C-terminal glycine and VS group. The triangle
marks the position of the UCH-L3-Ub-VS adduct.

Nedd8-VS reacted with UCH-L3, an enzyme with reported
specificity for both Ub and Nedd8 (64) (Fig. 2B). Again, this
reaction was blocked by inclusion of NEM and failed to occur
when the VS moiety was omitted (Nedd8'""). Nedd8-VS did
not react with SENP2, indicative of its specificity. Reactions
with Ub-VS showed a pattern identical to that seen for Nedds,
i.e., formation of an adduct with UCH-L3 but not with SENP2
(Fig. 2C). Radioiodinated Ub-VS and Nedd8-VS also formed
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adducts with UCH-L3, whereas no adduct formation was seen
with radioiodinated SUMO-1-VS or ISG15-VS (see Fig. 5 and
data not shown). We therefore conclude that the UBL-VSs
produced here react specifically with their cognate deconjugat-
ing enzymes through a Michael addition reaction of the active-
site cysteine thiol of the enzyme with the VS moiety (Fig. 1A,
steps 4 and 95).

SUMO-1-VS covalently modifies its cognate E1 and E2 en-
zymes. For Ub-VS, the only targets identified in cell lysates
were deubiquitinating enzymes (7, 8). Having shown specific
labeling of deconjugating enzymes by the UBL-VSs, we asked
whether the reactivity of the probes was restricted to deconju-
gating enzymes or whether enzymes involved in the conjuga-
tion pathway were also targets of UBL-VSs. The E1 activating
enzyme of SUMO-1 is a heterodimer of Aosl and Uba2, in
which the Uba2 subunit harbors the active-site cysteine (16,
29). The SUMO-1 E2 conjugating enzyme is Ubc9 (27). Aosl/
Uba2 and Ubc9 were produced in recombinant form in E. coli
and purified. Incubation of SENP2 with SUMO-1-VS led to
the formation of a new product, the SENP2-SUMO-1-VS ad-
duct, which was absent from reactions that included either of
the two components alone (Fig. 3A). Importantly, incubation
of SUMO-1-VS with Aosl/Uba2 led to the appearance of a
species with a molecular mass greater than that of Uba2 (Fig.
3B). A species of identical size was observed when radioiodi-
nated SUMO-1-VS was incubated with Aos1/Uba2 (Fig. 3D).
As Uba?2 contains the E1 active-site cysteine, this species likely
represents a Uba2-SUMO-1-VS adduct. In addition, incuba-
tion of SUMO-1-VS with the E2 enzyme Ubc9 led to the
formation of a species with an apparent molecular mass con-
sistent with a Ubc9-SUMO-1-VS adduct (Fig. 3C). A species of
identical size was also observed by autoradiography (Fig. 3D).

Equimolar amounts of the different enzymes were used in
the experiment shown in Fig. 3D. Therefore, the relative in-
tensity of the adducts detected by autoradiography corre-
sponds to the relative amounts of enzyme-SUMO-1-VS adduct
formed. It is clear, then, that SENP2 has a higher affinity for
and/or greater reactivity towards the SUMO-1 probe than do
the SUMO-1-specific E1 and E2 enzymes. Ubc9 (E2) in turn
reacts more strongly with SUMO-1-VS than does Aos1/Uba2
(E1). We further found that when all three enzymes were
mixed together and incubated with SUMO-1-VS, the SENP2
protease reacted preferentially, with little or no labeling seen
for Aos1/Uba2 and Ubc9 (data not shown). We conclude that
UBL probes equipped with a C-terminal electrophilic trap can
covalently modify purified E1 and E2 enzymes, as well as their
deconjugating proteases. However, the affinity or reactivity of
the probe appears to be greater for the deconjugation enzyme
than for the respective E1 and E2 enzymes.

UBL-VSs label distinct sets of proteins in EL-4 cell lysates.
Incubation of radioiodinated Ub-VS with cell lysates allowed
detection of specific adducts. These species were identified
either genetically or by tandem MS as Ub-VS-adducts with
Ub-deconjugating enzymes (7, 8). To examine the labeling
profiles of the prepared UBL probes, we incubated EL-4 cell
lysates with radioiodinated UBL-VSs (Fig. 4). EL-4 cells were
chosen as a model cell line, allowing a direct comparison with
Ub-VS labeling profiles, which served as a reference (Fig. 4A)
(7, 8). Incubation of EL-4 cell lysates with '*I-Nedd8-VS
resulted in strong labeling of a species at ~38 kDa and another
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FIG. 3. SUMO-1-VS covalently modifies its cognate E1 and E2 enzymes in vitro. (A) Recombinant, purified SENP2 catalytic domain was
incubated for 2 h at 37°C with (+) or without (—) SUMO-1-VS. SUMO-1-VS alone is shown in the first lane. The reactions were terminated as
described for Fig. 2. Polypeptides were resolved by SDS-11% PAGE and visualized by silver staining. The triangle marks the position of the
SENP2-SUMO-1-VS adduct. The positions of molecular mass markers (in kilodaltons) are indicated on the left. (B) Recombinant, purified
SUMO-1-specific E1 activating enzyme, composed of the Aosl/Uba2 heterodimer, was incubated for 2 h at 37°C with (+) or without (—)
SUMO-1-VS. Samples were subsequently processed as described for panel A. The triangle marks the position of the Uba2-SUMO-1-VS adduct.
(C) Recombinant, purified SUMO-1-specific E2 conjugating enzyme, Ubc9, was incubated for 2 h at 37°C with (+) or without (=) SUMO-1-VS.
Samples were subsequently processed as described for panel A. The triangle marks the position of the Ubc9-SUMO-1-VS adduct. (D) '*°I-
SUMO-1-VS (10° cpm) was incubated for 1 h at 37°C with either no enzyme (first lane) or 12.5 pmol of SENP2, Aos1/Uba2, or Ubc9. Polypeptides
were resolved by SDS-11% PAGE and visualized by autoradiography. The triangles mark the positions of the observed SUMO-1-VS adducts (top
to bottom) Uba2-SUMO-1-VS, SENP2-SUMO-1-VS, and Ubc9-SUMO-1-VS.

one at ~65 kDa (Fig. 4B). In addition, polypeptides were
detected at ~32, ~110, and ~170 kDa, although their appear-
ance was not always observed (see Fig. 6). The ~38-kDa band
observed with Ub-VS was previously identified as UCH-L3 (8).
When recombinant UCH-L3 was incubated with '*I-Ub-VS in
parallel with EL-4 lysate, the recombinant UCH-L3 adduct
with Ub-VS had a slightly lower apparent molecular weight
than the UCH-L3-UbVS adduct formed in cell lysate (Fig.
5A). This small difference in mobility is likely due to the dif-
ferent origin of the recombinant (human) versus the cellular
(mouse) UCH-L3. The same experiment performed with '2°1-
Nedd8-VS yielded results for UCH-L3 identical to those ob-
tained for '*’I-Ub-VS (Fig. 5). Given the known dual specific-
ity of UCH-L3 for Ub and Nedd8 (see also Fig. 2B and C) (64),
we conclude that the ~38-kDa band observed for '*I-
Nedd8-VS is most likely a UCH-L3-Nedd8-VS adduct (see
below). '*I-SUMO-VS and '**I-ISG15-VS did not react with
recombinant UCH-L3 (data not shown). Labeling of EL-4
lysates with '>°I-ISG15-VS revealed strongly labeled species of

~110 and ~210 kDa (Fig. 4C). A weaker adduct at ~70 kDa
was sometimes observed (see Fig. 6C). '*’I-SUMO-1-VS la-
beling produced an abundant adduct at ~95 kDa and a doublet
of ~160 and ~180 kDa. A fourth, less abundant, adduct was
observed at ~68 kDa (Fig. 4D). Formation of all observed
adducts was resistant to preincubation with the serine protease
inhibitor PMSF but was abolished by preincubation with NEM,
indicating dependency of adduct formation on active-site cys-
teine residues (Fig. 4). Fau-VS could not be radioiodinated
under the conditions used due to the absence of a tyrosine in
the Fau amino acid sequence. We did not observe any labeling
of targets in EL-4 lysates when '*’I-URM1-VS was used (Ta-
ble 1 and data not shown).

UBL-VSs exhibit differential labeling patterns in mouse tis-
sue extracts. It is possible that EL-4 cells do not express all
possible target proteins for the UBL-VSs and that some of
these targets are expressed in a tissue-specific fashion. We
therefore labeled lysates prepared from various mouse tissues
to examine the tissue distribution of active target enzymes (Fig.
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FIG. 4. UBL-VSs label distinct sets of proteins in EL-4 lysates. VS derivatives of the indicated UBLs were radiolabeled with Na'*I and
incubated with EL-4 cell lysates. Per sample, 5 X 10° cpm of '*’I-labeled probe and 40 wg of EL-4 lysate were used. First lane in each panel, no
lysate added (UBL-VS probe only). EL-4 lysate was pretreated with 1 mM PMSF or with 10 or 20 mM NEM prior to addition of the UBL-VS
probes. The reactions were terminated as described for Fig. 2. Polypeptides were resolved by SDS-11% PAGE and visualized by autoradiography.
Triangles mark the positions of observed UBL-VS-protein adducts. The radiolabeled UBL-VS probes used were '*’I-Ub-VS (A), '**I-Nedd$-VS
(B), '"*I-UCRP-VS (C), and '*I-SUMO-1-VS (D). The positions of molecular mass markers (in kilodaltons) are indicated on the left.

6). Differential labeling profiles for the various examined tis-
sues were observed for all probes. '**I-Ub-VS labeling of
UCH-L3 (~38 kDa) was seen in all tissues, although only
weakly in liver (Fig. 6A). The intensely labeled '**I-Ub-VS
species of ~36 kDa in brain corresponds to a Ub-VS adduct
with UCH-L1, which is known to be abundantly expressed in
brain (7, 68). A very similar labeling pattern is seen with '*I-
Nedd8-VS for species at ~38 and ~36 kDa (Fig. 6B). Together
with the previous data (Fig. 4 and 5), it therefore seems likely
that these polypeptides represent UCH-L3-Nedd8-VS and
UCH-L1-Nedd8-VS adducts, respectively. Reactivity of UCH-L1
towards Nedd8 has not been reported previously. Further-
more, a ~32-kDa Nedd8-adduct was present in all tissues
except liver (Fig. 6B). The ~65-kDa Nedd8-VS specific adduct
was detected only in thymus and brain. Labeling of the ~110-
and ~170-kDa adducts, as seen for *°I-Nedd8-VS in EL-4
lysates, was not observed in any of the tissues. With '*°I-
ISG15-VS a ~210-kDa adduct was detected in spleen, thymus,
and brain. The species in the brain sample appeared to have a
slightly higher apparent molecular weight than the species in
the other samples. The ~110-kDa polypeptide was present in
spleen and thymus only. The ~70-kDa adduct was detected in
thymus and brain (Fig. 6C). '*I-SUMO-1-VS strongly labeled
a ~95-kDa adduct in thymus only. As EL-4 cells are a thymus-
derived cell line, this ~95-kDa adduct may represent a thymus-
specific SUMO-1-modifying enzyme. The ~68-kDa adduct was
detected weakly in spleen and thymus. The ~160/180-kDa
doublet was not detected in any of the tissue samples.
SUMO-1-VS modifies SUMO-1-specific protease SuPr-1 via
its active-site cysteine. In an initial effort to characterize the

proteins labeled in cell lysates by UBL-VSs, we ectopically
expressed an HA-tagged version of the recently described
mouse SUMO-1-specific protease SuPr-1 (5, 56). Incubation of
extracts of HA-SuPr-1-transfected cells with SUMO-1-VS led
to the detection of a ~78-kDa species, in addition to the
~58-kDa HA-SuPr-1 polypeptide, indicating direct modifica-
tion of HA-SuPr-1 by SUMO-1-VS (Fig. 7). The formation of
this species was strictly dependent on the presence of the
active-site cysteine, as a mutant in which the cysteine was
replaced by a serine (C466S) was not labeled (Fig. 7). In cell
lysates, SUMO-1-VS is therefore capable of targeting SUMO-
specific proteases.

Identification of UBL-specific proteases. To unambiguously
identify the proteins targeted by the UBL probes, we prepared
epitope-tagged versions of two of the probes, namely, FLAG-
Nedd8-VS and HA-ISG15-VS. Large-scale labeling reactions
of these probes with EL-4 cell lysates were performed, fol-
lowed by immunopurification of the probes and their co-
valently attached targets. Comparison of the pull-down profiles
obtained by using active probes with those obtained by using
their inactive counterparts revealed the presence of several
specific UBL adducts. Bands were excised from the gel and
processed for analysis by tandem MS (Fig. 8). Using FLAG-
Nedd8-VS, we identified the ~39-kDa adduct as the Ub C-
terminal hydrolase UCH-L3 and the ~32-kDa adduct as con-
taining DEN1/NEDP1/SENPS. Further, the 210-kDa adduct
observed with HA-ISG15-VS was identified as isopeptidase
T/USP5 (Table 2). Identification of targets of SUMO-1-VS is
in progress and will be described elsewhere. Epitope-tagged
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FIG. 5. UCH-L3 labeling by '*’I-Ub-VS and '*I-Nedd8-VS. '*I-
Ub-VS (2.5 X 10° cpm) (A) or '*I-Nedd8-VS (2.5 X 10° cpm) (B) was
incubated for 1 h at 37°C with lysate buffer (first lane), 20 pg of EL-4
lysate, or 150 ng of recombinant, purified UCH-L3. The reactions were
terminated as described for Fig. 2. Polypeptides were resolved by
SDS-11% PAGE and visualized by autoradiography. The triangles
mark the UCH-L3-Ub-VS (left) and UCH-L3-Nedd8-VS (right) ad-
ducts. The positions of molecular mass markers (in kilodaltons) are
indicated on the left.

UBL-VS probes were therefore successfully employed in the
identification of UBL-specific proteases.

DISCUSSION

Here we describe the synthesis of UBLs modified with a
C-terminal electrophilic trap, according to a method previously
used for Ub. We chose a comprehensive approach in which
known mouse UBLs were expressed as fusion proteins con-
taining an intein and a CBD (Table 1). Due to insolubility of
fusion proteins and/or UBL-MESNa species or to an inability
to radiolabel the probe with '*°I, functional probes were ob-
tained only for Nedd8, ISG15, and SUMO-1. The UBL probes
could be used either unlabeled, radioiodinated, or equipped
with an epitope tag.

UBL-derived probes reacted specifically with purified cog-
nate deconjugating enzymes in vitro (Fig. 2). This reaction was
dependent on the presence of the C-terminal glycine VS moi-
ety and was abolished by inclusion of the alkylating agent
NEM, consistent with the requirement for the active-site cys-
teine residue for activity of the enzymes. We conclude that
adducts are formed through a Michael addition reaction of the
active-site cysteine thiol of the enzyme with the VS moiety. It
was important to demonstrate specificity of the probes towards
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purified proteases to allow a meaningful interpretation of the
data obtained with cell lysates (see below).

We further demonstrated that SUMO-1-VS also reacts in
vitro with its cognate activating (E1) and conjugating (E2)
enzymes, Aos1/Uba2 and Ubc9, respectively (Fig. 3) (16, 27,
29). Although Els and E2s possess active-site cysteine residues
and form thioester intermediates with the UBL C terminus,
they do not contain a His/Cys/Asp catalytic triad as do the
cysteine proteases of the UCH, UBP, ULP, and OTU families
(25, 30, 46). Activation of the C terminus of a UBL by an E1
enzyme involves hydrolysis of ATP and the concomitant for-
mation of an adenylate intermediate. This is followed by trans-
fer of the UBL to the active-site cysteine by formation of a
thioester linkage with the UBL C terminus (65). Due to the
presence of the VS moiety at the SUMO-1-VS C terminus, an
adenylate intermediate cannot be formed and adduct forma-
tion with Aos1/Uba2 (Fig. 3) therefore must occur through a
direct nucleophilic attack of the active-site cysteine on the
incoming SUMO-1-VS. Although the observed formation of
an adduct indicates that the SUMO-1-VS C terminus is in
sufficient proximity to allow this attack, we consider it likely
that the lower efficiency of modification compared to that for
Ubc9 and SENP2 is accounted for in part by the inability of
Aos1/Uba2 to form an adenylate intermediate, as well as the
absence of a general base in the active site (see below).

The crystal structure of Ubc9 in a complex with a physiological
substrate showed the absence of other catalytic residues near the
essential cysteine residue, in particular a base capable of depro-
tonating the cysteine (4). Instead, transfer of SUMO appeared to
occur merely by the correct positioning of the C terminus of
SUMO in proximity to the active-site cysteine. According to our
observations, SUMO-1-VS, in the absence of delivery by an El,
can interact with Ubc9 in a way that allows direct nucleophilic
attack by the active-site cysteine on the VS moiety (Fig. 3). Based
on the mechanistic considerations described above, it is not sur-
prising that the reactivity of Aosl/Uba2 and Ubc9 is lower than
that observed for the SENP2 protease. It should be noted that the
concentrations of E1 and E2 enzymes used are relatively high
compared to those in cell lysates, in which reactivity of the probes
with E1 and E2 enzymes is not observed (see below). Nonethe-
less, starting from purified components, these reactions may be
useful in the preparation of stable enzyme-UBL conjugates for
structural analysis and may yield further insight into the catalytic
mechanisms involved.

We next used radioiodinated UBL-VSs to detect covalent
adducts in EL-4 lysates (Fig. 4). Unique labeling patterns were
observed for each of the tested UBLs. Four specific adducts
were detected with SUMO-1-VS, three adducts were detected
with UCRP-VS, and six adducts were detected with Nedd8-VS
(Fig. 4 and 6). Labeling of the targets with UBL-VSs was
generally less strong than that observed with Ub-VS, possibly
reflecting lower expression levels of the target proteins. There
are several clues as to the identity of the modified polypep-
tides. First, labeling is abolished by the inclusion of NEM,
consistent with the requirement of active-site cysteines for
reactivity (Fig. 4). Second, as the specificity of the probes used
is dictated by the UBL domain in question, it is likely that the
targets identified are indeed proteins involved in UBL modi-
fication. Since the proteases are significantly more reactive
with the probe than the relevant E1 and E2 enzymes (Fig. 2
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FIG. 6. UBL-VSs exhibit differential labeling patterns in mouse tissue extracts. Lysates from single-cell suspensions of the indicated mouse
tissues were prepared and incubated for 1 h at 37°C with radiolabeled UBL-VSs. Per reaction, 5 X 10° cpm of '*I-UBL-VS and 20 pg of EL-4
or tissue lysate were used. The reactions were terminated as described for Fig. 2. Polypeptides were resolved by SDS-10% PAGE and visualized
by autoradiography. First lane in each panel, no lysate added (UBL-VS probe only). SP, spleen; TH, thymus; KI, kidney; BR, brain; LI, liver.
Triangles mark the positions of observed UBL-VS-protein adducts. The radiolabeled UBL-VS probes used were'*I-Ub-VS (A), '*I-Nedd8-VS
(B), '"*I-UCRP-VS (C), and '*I-SUMO-1-VS (D). The positions of molecular mass markers (in kilodaltons) are indicated on the left.

and 3), the adducts detected in cell lysates likely represent
UBL-specific proteases. Third, all targets identified so far for
Ub-VS are Ub-specific proteases (7, 8). Fourth, a SUMO-1-
specific protease (SuPr-1), when expressed ectopically, was
modified by SUMO-1-VS via its active-site cysteine (Fig. 7).
Fifth, a survey of the reported molecular masses of the E1 and
E2 enzymes of SUMO-1, ISG15, and Nedd8 (see the introduc-
tion for references) indicated that the observed adducts did not
correspond to the masses expected for UBL-E1 and UBL-E2
adducts. Finally, several of the targeted polypeptides were
identified as cysteine proteases (Fig. 8; Table 2). Based on
these arguments we conclude that the targeted polypeptides
most likely represent UBL-specific proteases.

The SUMO-1-VS conjugates had apparent molecular
masses of ~68, ~95, ~160, and ~180 kDa. By ectopically
expressing HA-SuPr-1, it became clear that none of these spe-
cies represented SuPr-1, as a SuPr-1 adduct should have an
apparent molecular mass of slightly less than the 78 kDa ob-
served for HA-tagged SuPr-1 (Fig. 7). Our ability to label
HA-SuPr-1 with SUMO-1-VS and the failure to detect endog-
enous SuPr-1 in crude cell lysates illustrates one of the com-
plications in the analysis of UBL-specific proteases. Failure to
detect a protease can be due to low expression levels or to the
choice of cell or tissue type examined. A survey of the molec-
ular masses of the SUMO proteases reported to date (see the
introduction) indicated that SuPr-2/SENP1 (~70 kDa) is a
candidate for the observed ~95-kDa adduct (5, 17). The other
adducts do not correspond in mass to adducts formed by
known SUMO proteases and therefore likely represent novel
SUMO-specific proteases.

For ISG15, the apparent masses of the adducts were ~70,
~110, and ~210 kDa. The ~70-kDa adduct could correspond

to the ISG15-specific protease UBP43/USP18 (41). The ~110-
kDa adduct likely represents a novel UCRP-specific protease.
The ~210-kDa adduct was identified as isopeptidase T/USP5
(IsoT) by using HA-ISG15-VS combined with tandem MS.
IsoT has previously been described as a 93-kDa Ub-specific
cysteine protease from the UBP/USP family that is involved in
the disassembly of free poly(Ub) chains (1, 20). The large
difference in apparent molecular weight between the unmod-
ified IsoT and the IsoT-ISG15 adduct is partly explained by the
branched nature of the adduct. IsoT could be further modified
by posttranslational modifications, and large differences be-
tween predicted and observed molecular weights were also
observed for adducts with HA-Ub-VS (8). Based on kinetics
studies using Ub derivatives, it has been proposed by several
groups that IsoT has two, or perhaps even four, binding sites
for Ub (59, 69). ISG15 consists of two Ub-like domains fused
in tandem, each around 30% homologous to Ub (Table 1). The
multiple Ub binding sites on IsoT may therefore allow binding
of ISG15, despite its relatively low sequence similarity with Ub.
Furthermore, IsoT may correspond to the unidentified ~100-
kDa cysteine protease that is capable of processing the ISG15
precursor (52). In favor of this hypothesis are the similar mo-
lecular weights of the two proteins, their sensitivity to alkylat-
ing agents (Fig. 4) (20, 52), their constitutive activity (Fig. 4
and 6) (52), and the observation that their activities can be
stimulated by free Ub (59, 69). The accumulation of ISG15
conjugates in UBP43-deficient cells indicates that UBP43 is a
major ISG15-deconjugating protease. As conjugation occurs in
the absence of UBP43, ISG15 precursor processing must be
performed by another protease(s) (55). Based on the above
data and considerations, we propose that IsoT may function as
an ISG15-processing protease. Whereas UBP43 is exclusively
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FIG. 7. SUMO-1 modifies SuPr-1 via its active-site cysteine. P19
cells were transiently transfected with a vector expressing HA-SuPr-1
or the catalytically inactive mutant HA-SuPr-1C466S, cells were har-
vested, and nuclear extracts were prepared. Nuclear extracts (25 pg)
were incubated for 1 h at 37°C without (=) or with (+) SUMO-1-VS.
The reactions were terminated by addition of SDS sample buffer con-
taining B-mercaptoethanol and boiling for 5 min. Polypeptides were
resolved by SDS-10% PAGE and immunoblotted (IB) with an an-
ti-HA (a-HA) antibody.

specific for ISG15, IsoT appears to have dual specificity for Ub
and ISG15 (Fig. 8) (8).

For Nedd8, the observed masses of the adducts were ~32,
~36, ~38, ~65, ~110, and ~170 kDa. We identified the major
species at 38 kDa as UCH-L3 (Fig. 8). We (Fig. 2 and 5) and
others (64) have shown that Nedd8 specifically reacts with
UCH-L3 in vitro, and the apparent molecular mass of the
observed adduct in the EL-4 lysate is consistent with a Nedd8-
UCH-L3 adduct. The ~36-kDa adduct detected with
Nedd8-VS in brain extract most likely represents UCH-L1, an
enzyme known to be abundantly expressed in this tissue and
also reactive with Ub-VS (7, 8, 68). UCH-L1 is the third en-
zyme (in addition to UCH-L3 and USP21) to have dual spec-
ificity for Ub and Nedd8. Dual specificity of enzymes for both
Ub and Nedd8 is perhaps not very surprising in view of the
homology between Ub and Nedd8 (57% identity), although it
raises questions with respect to regulation of these modifica-
tions in the cell. The 32-kDa adduct was identified as DEN1/
NEDP1/SENPS. This enzyme, belonging to the ULP family of
cysteine proteases, appears to be capable of Nedd8 precursor
processing, deneddylation of hyperneddylated substrate,
deneddylation of mononeddylated cullins in vitro (14, 43, 71).
Furthermore, DENI is capable of deconjugating Nedd8 from
all modified proteins detected in vivo (43). The other observed
adducts likely represent novel Nedd8-specific proteases.

EL-4 cell lysates proved to be suitable for the detection of
UBL-VS adducts. Apart from Ub/Nedd8-VS detection of
UCH-LI1 in brain and ISG15-VS detection of a slightly differ-
ent ~180-kDa species in brain, all other polypeptides detected
in the tissues were also detected in EL-4 cell lysate (Fig. 4 and
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FIG. 8. Isolation of polypeptides reactive with FLAG-Nedd8-VS
and HA-ISG15-VS. EL-4 lysate (20 mg) was incubated for 2 h at 37°C
with 300 pg of FLAG-Nedd8-VS, HA-ISG15-VS, or their inactive
counterparts (FLAG-Nedd8'”® and HA-ISG15''*%). Probes and
probe-enzyme adducts were immunopurified by using Sepharose beads
conjugated to anti-HA antibody 12CAS (for HA-ISG15) or anti-FLAG
antibody M2 combined with protein G-Sepharose beads (for FLAG-
Nedd8). Precipitates were extensively washed, proteins were eluted
with 100 mM glycine (pH 3.0) and evaporated to dryness, and the
pellet was solubilized in 1X reducing SDS sample buffer and resolved
by SDS-11% PAGE. The position of the free probes as well as the
antibody light chains (LC) and heavy chains (HC) are indicated on the
right. The positions of the bands identified by tandem MS are indi-
cated by triangles on the gels. The positions of molecular mass markers
(in kilodaltons) are indicated on the left.

6). Nevertheless, the tissue-specific detection of active UBL-
modifying enzymes suggests tissue-specific functions of UBLs.
Of note was the strong labeling by SUMO-1-VS of a ~95-kDa
adduct in thymus and EL-4 extracts (Fig. 6). Since EL-4 cells
are a cell line derived from thymus, this ~95-kDa adduct may
represent a thymus-specific SUMO-1-modifying enzyme.
Taken together, the UBL probes described here have al-
lowed us to identify UBL-specific proteases, based on their
reactivity towards the UBL C termini. The proteases identified
(UCH-L1 and DEN1/NEDP1/SENP8 for Nedd8 and IsoT for
ISG15) belong to protease families (UCH, ULP, and UBP)
originally thought to be specific for other UBLs (Ub, SUMO, and
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TABLE 2. UBL-specific proteases identified by tandem MS

Molecular mass (kDa)
Probe Protease identified Peptides identified® % Coverage?
Calculated” Observed”

FLAG-Nedd8-VS UCH-L3 26.2 39  6-WLPLEANPEVTNQFLK-21, 75-SQGQDVTSSVYFMK-88, 34.8
122-FLEESVSMSPEER-134, 135-AKFLENYDAIR-145, 137-
FLENYDAIR-145, 196-TSDETLLEDVIKVCK-210, 196-
TSDETLLEDVIKVCKK-211, 212-FMERDPDELR-221

FLAG-Nedd8-VS DENI1/NEDP1/SENPS8 25.1 32 144-GDKLVFVEEK-153, 181-RQPESPLOQLLTPTYITKK-198 12.2

HA-ISG15-VS IsoT/USP5 95.8 210 361-IFONAPTDPTQDFSTQVAK-379, 453-SSENPNEVFR-462, 5.1
778-SAAESISESVPVGPK-793

“ Molecular masses of the proteins were calculated with the ProtParam tool from the ExPASy Molecular Biology Server, using the mouse amino acid sequences.
b Relevant bands from the gels in Fig. 8 were excised and processed for analysis by tandem MS as described in Materials and Methods.

¢ The individual peptides identified by tandem MS, together with their position in the identified polypeptide, are shown.

 Fraction of nonoverlapping peptide sequences identified as part of the entire polypeptide.
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