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Ubiquitin-fold modifier 1 (Ufm1) is a recently identified new
ubiquitin-like protein, whose tertiary structure displays a strik-
ing resemblance to ubiquitin. Similar to ubiquitin, it has a Gly
residue conserved across species at the C-terminal region with
extensions of various amino acid sequences that need to be pro-
cessed in vivo prior to conjugation to target proteins. Here we
report the isolation, cloning, and characterization of two novel
mouse Ufm1-specific proteases, named UfSP1 and UfSP2. UfSP1
and UfSP2 are composed of 217 and 461 amino acids, respectively,
and they have no sequence homology with previously known pro-
teases. UfSP2 is present in most, if not all, of multicellular orga-
nisms including plant, nematode, fly, and mammal, whereas UfSP1
could not be found in plant and nematode upon data base search.
UfSP1 and UfSP2 cleaved the C-terminal extension of Ufm1 but
not that of ubiquitin or other ubiquitin-like proteins, such as
SUMO-1 and ISG15. Both were also capable of releasing Ufm1
from Ufm1-conjugated cellular proteins. They were sensitive to
inhibition by sulfhydryl-blocking agents, such as N-ethylmaleim-
ide, and their active site Cys could be labeled with Ufm1-vinylm-
ethylester. Moreover, replacement of the conserved Cys residue by
Ser resulted in a complete loss of the UfSP1 and UfSP2 activities.
These results indicate that UfSP1 and UfSP2 are novel thiol pro-
teases that specifically process the C terminus of Ufm1.

Ubiquitin is a 76-amino acid polypeptide that is highly con-
served from yeast to human. It is covalently ligated to a wide
variety of target proteins through the action of ubiquitin-acti-
vating enzyme (E1),® ubiquitin-conjugating enzyme (E2), and
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ubiquitin-protein isopeptide ligase (E3). Proteins modified by
multiple units of ubiquitin are degraded by the 26 S proteasome
(1). Although the role as a tag for protein degradation by the
proteasome has been known as a major function of ubiquitin,
numerous other functions of ubiquitination have been identi-
fied (2-7). For example, monoubiquitination is not involved in
the protein degradation pathway but plays a role in distinct
cellular processes, such as histone regulation, endocytosis, and
budding of retroviruses from the plasma membrane.

A number of other small proteins, so called ubiquitin-like
molecules (Ubls), have been identified (8). These proteins are
structurally related to ubiquitin and can be conjugated to vari-
ous target proteins in a similar manner with ubiquitin (9-12).
However, covalent attachment of Ubls does not result in deg-
radation of the modified proteins but functions in a similar way
to monoubiquitination. To date, nearly 10 Ubls including
SUMO, NEDDS, and ISG15 have been identified. Of these, the
best characterized Ubl is the mammalian SUMO-1 (13-17) that
is conjugated to a variety of cellular proteins including tran-
scription factors or their co-regulators.

Protein modification by Ub is a reversible process that is
catalyzed by deubiquitinating enzymes (DUBs) (18 —20). DUBs
consist of five families that have distinct catalytic domain struc-
tures: the ubiquitin-specific protease family, the ubiquitin
C-terminal hydrolase family, the ovarian tumor protease fam-
ily, the Machado-Joseph disease protein family, and the Jab1/
MPN/Mov34-domain protease family (21-25). Although the
Jabl/MPN/Mov34-domain protease family members are met-
allo-proteases, the other family members are cysteine pro-
teases. Protein modification by Ubls is also a reversible process
that is catalyzed by Ubl-specific proteases (ULPs). For example,
deconjugation of SUMO is conducted by SUMO-specific pro-
teases, called SENP or SUSP (13, 16, 17). In cells, Ub and most
Ubls are not synthesized as a free form but as precursors with
C-terminal extensions. Thus, DUBs and ULPs play an impor-
tant role in the generation of free Ub and Ubl monomers in
addition to their role in the reversal of protein modification by
matured Ub and Ubl molecules.

A new ubiquitin-like protein, Ufm1 (ubiquitin-fold modifier
1), has recently been identified (26). It shares only 16% sequence
identity with Ub but displays a striking similarity in its tertiary
structure to Ub (27). It has a single Gly at its C terminus, unlike
Ub and most other Ubls that have a conserved C-terminal dig-
lycine motif. Ufm1 in mouse and human is expressed as a pre-
cursor with a C-terminal Ser-Cys dipeptide extension that
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needs to be processed prior to conjugation to target proteins.
The matured Ufml is specifically activated by an E1l-like
enzyme, Uba5, and then transferred to its cognate E2-like
enzyme, Ufcl. The Ufml system is conserved in metazoa and
plants but not in yeast, implicating its important roles in various
multicellular organisms. However, the enzymes responsible for
the processing of Ufm1 precursor as well as for the reversal of
protein conjugation by matured Ufm1 have not been identified
so far. E3-like enzymes for the ligation of Ufm1 to target pro-
teins have not been identified either.

In the present study, we report the isolation, cloning, and
characterization of two novel mouse Ufm1-specific proteases,
named UfSP1 and UfSP2. Like most DUBs and ULPs, UfSP1
and UfSP2 belong to the family of cysteine proteases. However,
they show no sequence homology to previously known pro-
teases. Both enzymes could process the C-terminal extension of
Ufm1 precursor, thus generating matured Ufm1 for conjuga-
tion to target proteins. Moreover, they were capable of releasing
free Ufm1 molecules from Ufm1-conjugated cellular proteins.
Thus, UfSP1 and UfSP2 may play an important role in the
reversal of protein modification by Ufm1 as well as in the proc-
essing of Ufm1 precursor.

EXPERIMENTAL PROCEDURES

Plasmids—pQE30-GST-Ufm1-Ecotin was constructed as
described previously (28). UfSP1 and UfSP2 ¢cDNAs encoding
the 217-amino acid LOC70240 (GenBank™ accession num-
ber: NM_027356) and the 461-amino acid LOC192169 (acces-
sion number: NM_138668) were amplified from a mouse
c¢DNA library, respectively. The PCR products were cloned into
BamHI and Sall sites of pMAL-c2x (New England Biolabs).
pGEX-Ufm1, pGEX-Ufm1-HA, pGEX-Ub-HA, pGEX-SUMO-
1-HA, and pGEX-ISG15-HA were generated as described pre-
viously (26). To generate an in-frame fusion of Ufm1 with the
intein-chitin binding domain (Ufm1-intein-CBD), the cDNA
for matured Ufm1 that lacks the C-terminal Gly was amplified
by PCR and cloned into the Ndel and Sapl sites of pTYB1 vector
(New England Biolabs). FLAG-tagged Ufml-intein-CBD was
then generated by inserting the coding sequence for FLAG into the
Ndel site. Site-directed mutagenesis of UfSP1 and UfSP2 was per-
formed using QuikChange site-directed mutagenesis kit (Strat-
agene) by following the manufacturer’s instructions. All sequences
of the above mentioned constructs were confirmed by DNA
sequencing.

Protein Purification—MBP-, GST-, and intein-CBD-fused
proteins were expressed in Escherichia coli Rosetta strain, and
His,-tagged proteins were in the M15 strain. They were then
purified by using appropriate affinity resins.

Assay of Ufm1-processing Activity—Ufm1-processing activ-
ity was assayed by using His-GST-Ufm1-Ecotin as a substrate as
described previously (28). Briefly, enzyme samples were incu-
bated for 1 h at 37 °C with purified His-GST-Ufm1-Ecotin in
100 mm Tris-HClI buffer (pH 8.0) containing 1 mm EDTA and 1
mw dithiothreitol. After incubation, the mixtures were heated
for 10 min at 95°C in a water bath. They were added with
bovine serum albumin to a final concentration of 0.02% and
centrifuged for 10 min at 20,000 X g. Aliquots of the superna-
tants were mixed with 2 ul of 1 ug/ml trypsin and incubated for
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10 min at room temperature with 90 ul of 100 mm Tris-HCl
buffer (pH 8.0) containing 200 mMm CaCl,. They were added
with 10 ul of 1 mm N-benzoxycarbonyl-Arg-7-amido-4-meth-
ylcoumarin (Bz-R-AMC) on ice. The release of AMC from Bz-
R-AMC was then monitored continuously by incubation of the
samples at 37 °C in a fluorometer (FLUOSTAR optima). Ufm1-
processing activity was also assayed by incubation of enzyme
samples with GST-Ufm1-HA. After incubation, the mixtures
were subjected to SDS-PAGE followed by staining with Coo-
massie Blue R-250 for separation of GST-Ufml from
GST-Ufm1-HA.

Fractionation of Ufml-processing Activity—To fractionate
Ufm1-processing activity, extracts were prepared from mouse
liver, brain, and kidney tissues and dialyzed against buffer A (25
mM Tris-HCI, pH 8.0, 1 mm EDTA, 10% glycerol, 5 mm 2-mer-
captoethanol). The dialyzed extracts were precipitated by
40-60% (NH,),SO,. Precipitated proteins were dialyzed
against buffer A and loaded onto a Q-Sepharose column equil-
ibrated with the same buffer. Fractions showing high activity
toward His-GST-Ufm1-Ecotin were pooled, dialyzed against
buffer B (20 mm KH,PO,/K,HPO,, pH 6.5, 5 mm MgCl,, 1 mm
EDTA, 1 mwm dithiothreitol, 10% glycerol), and loaded onto a
hydroxylapatite column. Unbound proteins were collected, dia-
lyzed against buffer A containing 1.2 m with (NH,),SO,, and
loaded onto a phenyl-Sepharose column. Active fractions, which
were eluted with 0.2-0.4 M (NH,),SO,, were pooled, dialyzed
against buffer A, and further fractionated by gel filtration chroma-
tography on a Superose-12 column equilibrated with buffer A con-
taining 0.1 m NaCl.

Labeling of UfSPs with FLAG-Ufml-VME—FLAG-tagged
Ufm1-vinylmethylester (FLAG-Ufm1-VME) was synthesized
as described previously (29). FLAG-Ufm1-intein-CBD that had
been bound to chitin affinity resin was treated with 50 mm
2-mercaptoethanesulfonic acid (MESNa) to generate FLAG-
Ufm1-MESNa (29). Gly-VME was added to 0.5 ml of FLAG-
Ufm1-MESNa (1 mg/ml) to a final concentration of 0.25 m fol-
lowed by the addition of 75 ul of 2 M N-hydroxysuccinimide and
30 wl of 2 M NaOH. After incubation at 37 °C for 6 h, the reac-
tion was terminated by treatment with 30 ul of 2 M HCl. The
samples were dialyzed against 50 mm sodium acetate (pH 4.5)
and loaded onto an S-Sepharose cation exchange column equil-
ibrated with 50 mm sodium acetate (pH 4.5). After washing with
5 column volumes of the same buffer, bound proteins (i.e.
FLAG-Ufm1-VME) were eluted by stepwise increase in NaCl
concentration. For labeling UfSPs with FLAG-Ufm1-VME,
enzyme samples were incubated with FLAG-Ufm1-VME for
2hat37 °Cin 100 mm Tris-HCl buffer (pH 8.0) containing 5 mm
EDTA and 10% glycerol. They were then subjected to SDS-
PAGE followed by immunoblot with anti-FLAG M2 antibody
(Sigma).

Identification of UfSP1 Labeled by FLAG-Ufm1-VME—The
active fractions from Superose-12 column were incubated for
12 h at 37 °C with 0.35 mg of FLAG-Ufm1-VME. The samples
were added with anti-FLAG antibody that had been conjugated
to Sepharose beads. After incubation of the mixtures overnight
at 4 °C, beads were collected by centrifugation and washed five
times with 0.5 ml of 50 mm Tris-HCl buffer (pH 7.4) containing
150 mMm NaCl. Bound proteins were eluted with 100 mm glycine
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FIGURE 1. Fractionation of Ufm1-processing activity. A, protocol for frac-
tionation of Ufm1-processing activity is summarized. B, active fractions
eluted from a phenyl-Sepharose column were subjected to gel filtration on a
Superose-12 column. Fractions of 0.5 ml were collected, and aliquots of them
(50 wl) were incubated for 1 h at 37 °C with 2 ug of His-GST-Ufm1-Ecotin. The
mixtures were then subjected to assay for their ability to inhibit trypsin activ-
ity. The arrowhead indicates the fraction where the peak of a marker protein
chymotrypsinogen A (25 kDa) was eluted (upper panel). The same mixtures
were also subjected to SDS-PAGE in 12% gels, and proteins in the gels were
stained with Coomassie Blue R-250 (lower panel).

(pH 3.0) at 4 °C and dialyzed against distilled water. Dialyzed
samples were concentrated to 30 ul, subjected to SDS-PAGE,
and silver-stained. Protein bands with the sizes of 30 -35 kDa
were cut out from the gels and subjected to mass spectrometric
analysis using a Q-TOF micro-tandem mass spectrometer
(IN2GEN Co.).

Northern Analysis—Northern blot was performed using
mouse adult total RNA blot (Seegene) and ExpressHyb (BD
Biosciences) solution. All procedures followed the manufactur-
er’s instructions. As probes, the entire coding sequence for
UfSP1 and the nucleotide sequence of 1-717 for UfSP2 were
labeled using a Random Primer DNA labeling kit (Takara).

RESULTS

Fractionation of UfmI-processing Activity—To identify the
proteases capable of processing the C-terminal extension of
Ufm1, we adapted the recently developed method for assaying
DUBs by using His-GST-Ufm1-Ecotin as the substrate (28).
This method utilizes an unusual property of the E. coli trypsin
inhibitor protein Ecotin, which is stable even after heating at
100 °C (30). After incubation of His-GST-Ufm1-Ecotin with
enzyme samples, one of the reaction products, His-GST-Ufm]1,
was precipitated by boiling in a water bath. The supernatant
containing the other reaction product (i.e. heat-stable Ecotin)
was then assayed for its ability to inhibit trypsin. Using this
assay method, we fractionated Ufm1-processing activity from
mouse tissue extracts as described under “Experimental Proce-
dures.” The purification procedure was summarized in Fig. 1A.
In the final Superose-12 column chromatography step, a peak
of trypsin inhibitory activity was eluted in the fraction that cor-
responds to a size of about 25 kDa (Fig. 1B, upper panel). To
verify that the trypsin inhibitory activity is indeed mediated by
Ufml-processing activity, His-GST-Ufm1-Ecotin was incu-
bated with the same column fractions for 1 h at 37 °C, and the
mixtures were subjected to SDS-PAGE followed by staining
with Coomassie Blue R-250. The extents of substrate cleavage
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FIGURE 2. Labeling of UfSP1 by FLAG-Ufm1-VME. A, the S12 fraction was
incubated in the absence or presence of 5 mm NEM for 10 min at 37 °C. The
mixtures were further incubated with FLAG-Ufm1-VME for the next 1 h. They
were then subjected to SDS-PAGE in 12% gels followed by immunoblot with
anti-FLAG antibody (upper panel). The same samples were also assayed for
Ufm1-processing activity by incubation with 5 pug of GST-Ufm1-HA (lower
panel). FUV denotes FLAG-Ufm1-VME. B, the S$12 fraction was incubated with
HA-Ub-VME for 10 min at 37 °C. The mixtures were further incubated for the
next 30 min in the absence or presence of FLAG-Ufm1-VME. They were then
subjected to SDS-PAGE followed by immunoblot with the mixture of anti-
FLAG and anti-HA antibodies (upper panel). The same samples were also
assayed for Ufm1-processing activity as above (lower panel).

into His-GST-Ufm1 and Ecotin correlated well with those of
trypsin inhibitory activity (Fig. 1B, lower panel), indicating that
Ufm1-processing activity is responsible for the trypsin inhibi-
tion. The active fractions (number 33-35) were pooled, con-
centrated to 0.5 ml, and referred to as the S12 fraction.

Labeling of UfSP1 by FLAG-Ufml1-VME—Aliquots of the
active fractions from Superose-12 column (i.e. before pooling
and concentration) were subjected to SDS-PAGE followed by
silver staining. However, we could not find any relevant protein
band that matched Ufm1-processing activity (data not shown).
To identify the protein(s) responsible for Ufml-processing
activity, FLAG-Ufm1-VME was synthesized and incubated for
1 h at 37 °C with the S12 fraction in the presence or absence of
5 mm N-ethylmaleimide (NEM), a sulthydryl blocking agent.
The incubation mixtures were then subjected to SDS-PAGE
followed by immunoblot with anti-FLAG antibody. A new
34-kDa band appeared in the mixture incubated with FLAG-
Ufm1-VME in the absence of NEM but not in its presence (Fig.
2A, upper panel), suggesting that a Cys residue of putative
Ufm1-specific protease is labeled by FLAG-Ufm1-VME. To
determine the effect of FLAG-Ufm1-VME on Ufm1-processing
activity, the S12 fraction was also incubated with His-GST-
Ufm1-HA for 1 h at 37 °C. Both FLAG-Ufm1-VME and NEM
strongly inhibited the Ufm1-processing activity of the enzyme
sample (Fig. 24, lower panel). Collectively, these results suggest
that the protein labeled with FLAG-Ufm1-VME represents an
Ufm1-specific protease (UfSP). Henceforth, the labeled protein
in the S12 fraction is referred to as UfSP1.

To determine whether the labeling by FLAG-Ufm1-VME is
specific to UfSP1, HA-Ub-VME was synthesized and incubated
with the enzyme for 10 min at 37 °C. The mixture was further
incubated in the absence or presence of FLAG-Ufm1-VME for
the next for 30 min. Fig. 2B (upper panel) shows that UfSP1 can
be labeled by FLAG-Ufm1-VME whether or not HA-Ub-VME
is present. Moreover, HA-Ub-VME showed little or no effect on
Ufm1-processing activity of UfSP1 or on the ability of FLAG-
Ufm1-VME to inhibit the UfSP1 activity (Fig. 2B, lower panel).
These results suggest that UfSP1 specifically reacts with
FLAG-Ufm1-VME.
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FIGURE 3. Identification of UfSP1 by mass spectrometry. A, the S12 fraction
was incubated with FLAG-Ufm1-VME followed by immunoprecipitation with
anti-FLAG antibody that had been conjugated to Sepharose beads. Proteins
bound to the beads were eluted with glycine-HCl, pH 3.0, subjected to SDS-
PAGE in 12% gels, and visualized by silver staining. The arrowheads (a-d)
correspond to the proteins in B, which were identified by mass spectrometric
analysis. B, the gels corresponding to the size of 30-35 kDa were sliced,
digested by trypsin, and subjected to mass spectrometric analysis. Proteins
that were identified from the peptide sequences are listed.

Identification of UfSP1 by Mass Spectrometry—To identify
UfSP1, the S12 fraction was incubated with FLAG-Ufm1-VME
followed by immunoprecipitation with anti-FLAG antibody.
Precipitates were subjected to SDS-PAGE followed by silver
staining (Fig. 3A). Protein bands in the gels with the sizes rang-
ing from 30 to 35 kDa were then sliced, treated with trypsin, and
subjected to tandem mass spectrometric analysis. Proteins that
matched with the identified sequences included Ufm1 and a
previously uncharacterized hypothetical mouse protein
LOC70240 (accession number: gi 13899211) in addition to
immunoglobulin and nuclear transport factor, which were not
expected to interact with FLAG-Ufm1-VME (Fig. 3B). The esti-
mated size of LOC70240, consisting of 217 amino acids, is 23
kDa, and that of FLAG-Ufm1-VME is about 10 kDa. Therefore,
the sum of their sizes is well correlated with the 34-kDa band
that appeared upon incubation of FLAG-Ufm1-VME with the
S12 fraction. These results strongly suggest that LOC70240
corresponds to UfSP1.

Cloning, Expression, and Characterization of UfSP1 and
UfSP2—BLAST search (31) for the identified sequence led to
the finding of an additional hypothetical mouse protein
LOC192169 (accession number: AAH05503) that is homolo-
gous to UfSP1 (Fig. 44). LOC192169, named as UfSP2, is com-
prised of 461 amino acids with an estimated size of about 46
kDa. Although the C-terminal region (238-461) of UfSP2
showed 33.3% identity and 45.6% similarity in amino acid
sequence to UfSP1, the extended N-terminal sequence is
unique to UfSP2. Similar to DUBs and ULPs, both UfSP1 and
UfSP2 have highly conserved Cys and His residues that form a
catalytic triad for cysteine proteases (Fig. 4B). However, neither
UfSP1 nor UfSP2 showed any sequence similarity to known
DUBs and ULPs, indicating that UfSPs form a new subfamily of
cysteine proteases.

To investigate the expression of UfSP1 and UfSP2 mRNAs,
Northern analysis was performed using **P-labeled full-length
c¢DNA of UfSP1 (651 bp) and 5'-region of UfSP2 (717 bp) as
probes. Although UfSP1 mRNA was expressed in all tissues
tested, its level was significantly higher in brain, heart, kidney,
and skeletal muscle than in other tissues (Fig. 4C). Unlike UfSP2
mRNA, two transcripts for UfSP1 were detected in most of the
tissues examined, which might have been derived from alterna-
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FIGURE 4. Alignment of amino acid sequences of UfSP1 and UfSP2 and
expression of their mRNAs. A, the primary structures of UfSP1 and UfSP2
were schematically shown. The black lines indicate the non-conserved amino
acid sequences, whereas the boxes represent the conserved Cys, Asp, and His
boxes. B, the conserved Cys and His box domain sequences of UfSP1 and
UfSP2 in various species were aligned. The identical and similar amino acids
were shaded in black and gray, respectively. The arrows indicate the active
site Cys and His residues. C, total RNAs were isolated from the indicated
mouse tissues. They were then subjected to Northern blot analysis using the
cDNA:s for UfSP1 and UfSP2 as their probes.

tive splicing or the use of alternative promoters. The levels of
UfSP2 mRNA in brain, kidney, stomach, skeletal muscle, and
testis were higher than those in other tissues.

The cDNAs for UfSP1 (accession number: NM_027356) and
UfSP2 (accession number: NM_138668) were cloned into
pMAL-c2x. MBP-fused UfSP1 and UfSP2 proteins were
expressed in E. coli and purified by using amylose affinity resin
(Fig. 5A). Mutant forms of UfSP1 and UfSP2, in which Cys-53
and Cys-294, respectively, in the Cys boxes were replaced by
Ser, were also purified by using the same affinity resin. We then
examined whether the Cys residues serve as the reactive sites
for FLAG-Ufm1-VME. Purified UfSPs and their mutant forms
were incubated in the absence or presence of FLAG-Ufm1-
VME for 10 min at 37 °C. After incubation, the samples were
subjected to SDS-PAGE followed by immunoblot with anti-
FLAG antibody. Fig. 5B shows that both UfSP1 and UfSP2, but
not their mutants (UfSP1/C53S and UfSP2/C294S), can be
labeled by FLAG-Ufm1-VME, indicating that the Cys residues
are the Ufm1-VME reactive sites.

We next examined whether UfSP1 and UfSP2 indeed have
Ufm1-processing activity. Purified UfSPs and their mutant
forms were incubated with His-GST-Ufm1-HA. Both UfSP1
and UfSP2, but not their mutant forms, were capable of releas-
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FIGURE 5. Labeling of the catalytic Cys residues in UfSP1 and UfSP2 by
FLAG-Ufm1-VME. A, MBP-fused UfSP1 and UfSP2 (wt) were purified by using
amylose affinity resin. MBP-fused UfSP1/C53S and UfSP2/C294S (mt) were
also purified as above. Aliquots (3 g each) of them were subjected to SDS-
PAGE in 10% gels followed by staining with Coomassie Blue R-250. B, MBP-
UfSPs (2 ug each) were incubated with or without 1 ug of FLAG-Ufm1-VME for
1 h at 37 °C. The samples were then subjected to SDS-PAGE followed by
immunoblot (IB) with anti-FLAG antibody. FUV denotes FLAG-Ufm1-VME.

ing HA from GST-Ufml-HA (Fig. 6), indicating that Cys-53
and Cys-294 serve as the catalytic residues in UfSP1 and UfSP2,
respectively. Notably, UfSP2 was much less efficient in the
hydrolysis of GST-Ufm1-HA than UfSP1. Although 50 ng of
UfSP1 cleaved about 50% of GST-Ufm1-HA (Fig. 6A), nearly 3
pg of UfSP2 was required to hydrolyze it to a similar extent (Fig.
6B). Collectively, these results suggest that the maturation of
Ufm1 precursor is catalyzed mainly by UfSP1 in cells. To deter-
mine whether UfSP1 and UfSP2 indeed cleave the peptide bond
linked to the C-terminal Gly residue of Ufm1, the enzymes were
incubated with GST-Ufm1(VA)-HA, in which the C-terminal
Gly of Ufm1 was replaced by Ala. Unlike GST-Ufm1(VG)-HA,
GST-Ufm1(GA)-HA was not cleaved by either of the enzymes
(Fig. 6C). These results indicate that both UfSP1 and UfSP2 are
authentic Ufm1-processing proteases.

Substrate Specificity of UfSPs—To determine the substrate
specificity of UfSPs, purified enzymes were incubated with
GST-Ufml-HA, GST-Ub-HA, GST-SUMOI1-HA, and GST-
ISG15-HA. Fig. 7A shows that both UfSPs can cleave the C
terminus of Ufm1 but not that of Ub, SUMOI, or ISG15. These
results demonstrate that UfSPs act specifically on the C termi-
nus of Ufml. To determine whether UfSPs can release Ufm1
molecules that are conjugated to cellular proteins via isopeptide
bonds, His-FLAG-Ufm1-HA was stably expressed in NIH3T3
cells. Ufm1-conjugated proteins were then pulled down from
the cell lysates by treatment with Ni>* -nitrilotriacetic acid-aga-
rose resin. The resins were then incubated with purified UfSPs
and subjected to SDS-PAGE followed by immunoblot with
anti-FLAG antibody. At least five Ufm1-conjugated proteins
with approximate sizes of 80, 70, 65, 45, and 32 kDa were gen-
erated (Fig. 7B). Incubation of the proteins with UfSP1 led to a
decrease in their intensity, although to different extents. These
results suggest that UfSP1 cleaves off Ufm1 from the Ufml-
conjugated cellular proteins. UfSP2 also reproducibly reduced
the intensity of 45- and 32-kDa bands but only to a small extent.
Thus, it remains unclear whether the 45- and 32-kDa Ufml
conjugates represent true substrates for UfSP2. On the other
hand, the active site mutants, UfSP1/C53S or UfSP2/C294S,
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FIGURE 6. Ufm1-processing activities of UfSP1 and UfSP2. A, increasing
amounts of MBP-UfSP1 or 200 ng of its mutant form (C53S) were incubated
with GST-Ufm1-HA (5 ng) for 1 h at 37 °C. After incubation, the mixtures were
subjected to SDS-PAGE followed by staining with Coomassie Blue R-250
(upper panel) or silver staining (lower panel). B, experiments were performed
as in A but using the indicated amounts of MBP-UfSP2 or its mutant form
(C2495S). G, UfSP1 (50 ng) and UfSP2 (3 ug) were incubated with 5 ug of wild-
type (GST-Ufm1(VG)-HA) or its mutant form (GST-Ufm1(VA)-HA). After SDS-
PAGE, proteins in B and C were stained by Coomassie Blue R-250.

could not hydrolyze any of them. These results demonstrate
that UfSP1 can act on Ufm1-conjugated proteins as well as on
Ufm1 precursor protein. These results also suggest that UfSP2
may have tighter substrate specificity on Ufm1-conjugated pro-
teins than UfSP1, likely due to the presence of a unique N-ter-
minal extension that may confer substrate specificity.

DISCUSSION

In the present study, we report the isolation, molecular clon-
ing, and characterization of two novel Ufm1-specific proteases,
named UfSP1 and UfSP2. Both of the recombinant enzymes
were capable of processing Ufm1 precursor and deconjugating
Ufml-modified cellular proteins. However, tissue extracts
showed low Ufml-processing activity toward Ufm1-peptide
fusion, such as Ufm1-HA (data not shown). Therefore, for
detection and isolation of Ufm1-processing activity from tissue
extracts, we adapted a recently developed method for assaying
DUBs using His-GST-Ufm1-Econtin as a substrate instead of
His-GST-Ub-Ecotin (28). Using this method, we could partially
purify UfSP1 from tissue extracts. However, we were unable to
identify a protein that is responsible for Ufm1-processing activ-
ity, most likely due to the very low level of endogenous UfSP1
protein. To this end, we covalently labeled UfSP1 with FLAG-
Ufm1-VME and identified its partial sequence by mass spec-
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FIGURE 7. Substrate specificity of UfSP1 and UfSP2. A, UfSP1 (50 ng) and
UfSP2 (2 ng) were incubated with 5 ug of GST-Ufm1-HA, GST-Ub-HA, GST-
SUMO1-HA, or GST-ISG15-HA for 1 h at 37 °C. After incubation, the mixtures
were subjected to SDS-PAGE in 12% gels followed by staining with Coomas-
sie Blue R-250. B, cellular proteins that had been conjugated by FLAG-His-
Ufm1 were pulled down by nickel-nitrilotriacetic acid resins from NIH 373
cells, which are stably expressing FLAG-His-Ufm1. Precipitates were incu-
bated with 0.1 ug of UfSP1 (wt), 3 ug of UfSP2 (wt), or the same amounts of
their mutant forms (mt) for 2 h at 37 °C. Precipitates were also incubated as
above but without the proteases as a control (Mock). After incubation, the
mixtures were subjected to SDS-PAGE followed by immunoblot with anti-
FLAG antibody (upper panel). UfSPs and their mutant forms were also incu-
bated with GST-Ufm1-HA for the same period for determining their Ufm1-
processing activities (lower panel).

trometry. Moreover, data base searching with the identified
sequence of UfSP1 led to the finding of an additional Ufm1-
processing enzyme, named UfSP2. UfSP1 and UfSP2 show no
sequence homology to previously known proteases, indicating
that they represent novel Ufm1-specific proteases.

Like DUBs and ULPs, UfSP1 and UfSP2 show typical features
of cysteine proteases. Their activities are inhibited by NEM,
although we could not exclude a possibility that the inhibitory
effect of NEM might be due to its non-selective modification of
cysteine residue(s) located outside the active site. Moreover,
replacement of the active site Cys by Ser resulted in complete
inactivation of UfSP1 and UfSP2. In addition, both of the puri-
fied enzymes, but not their mutant forms, could be covalently
labeled by FLAG-Ufm1-VME, indicating that the active site Cys
sulfhydryl is the reactive nucleophile covalently modifying the
VME moiety. The activity of cysteine proteases typically
depends on the catalytic action of Cys and His residues that are
usually assisted by an Asp or Asn residue (19). Sequence align-
ment revealed the presence of highly conserved His and Asp
residues, suggesting that these residues together with the active
site Cys form the catalytic triad of UfSPs.

The conserved sequences around catalytic motifs and the
sizes of UfSPs offer a basis to group UfSPs into two families: the
UfSP1 family and the UfSP2 family. UfSP1 family members that
have a size around 25 kDa are present in fly, mouse, and human,
but not in plant or nematode. On the other hand, UfSP2 family
members have a size larger than 40 kDa and can be found in
most multicellular organisms, including Caenorhabditis
elegans and Arabidopsis. In addition, UfSP2 family members
have an N-terminal extension, which is not found in the UfSP1
family. Moreover, the amino acid sequences that form the Cys
and His boxes in UfSP1 family are distinct from those of UfSP2
family. Nevertheless, the Gly-Trp-Gly-Cys motif of the Cys box

FEBRUARY 23, 2007 «VOLUME 282+NUMBER 8

Two Ufm1-specific Proteases, UfSP1 and UfSP2

and the Asp-Pro-His motif of the His box are well conserved in
both UfSP families. The distance between the two motifs is also
nearly the same in all UfSP1 and UfSP2 family members (data
not shown). These features in the amino acid sequences of UfSP
families suggest that significant selective pressure has existed
for the maintenance of their active site structures in multicel-
lular organism during evolution.

Covalent modification of proteins by Ub and Ubls is a key
mechanism for the control of cellular processes as diverse as
cell proliferation, differentiation, and apoptosis. Reversal of this
modification, catalyzed by DUBs and ULPs, also functions in
the control of diverse cellular processes by regulating the fate
and function of the proteins modified by Ub and Ubls. For exam-
ple, the cellular functions of DUBs include the regulation of pro-
teasome activity, protein stability, signal transduction, DNA
repair, chromatin dynamics and transcription, and endocytosis.
However, the cellular function of protein modification by Ufm1 or
its reversal by UfSPs remains unknown because no target protein
for Ufm1 modification has yet been identified. Identification of
Ufm1 target proteins is currently under investigation.
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