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Small ubiquitin-like modifier (SUMO) proteases regulate the
abundance and lifetime of SUMO-conjugated substrates by
antagonizing reactions catalyzed by SUMO-conjugating
enzymes. Six SUMO proteases constitute the human SENP/ULP
protease family (SENP1-3 and SENP5-7). SENP6 and SENP7
include the most divergent class of SUMO proteases, which also
includes the yeast enzyme ULP2. We present the crystal struc-
ture of the SENP7 catalytic domain at a resolution of 2.4 A.
Comparison with structures of human SENP1 and SENP2
reveals unique elements that differ from previously character-
ized structures of SUMO-deconjugating enzymes. Biochemical
assays show that SENP6 and SENP7 prefer SUMO2 or SUMO3
in deconjugation reactions with rates comparable with those
catalyzed by SENP2, particularly during cleavage of di-SUMO2,
di-SUMO3, and poly-SUMO chains composed of SUMO2 or
SUMO3. In contrast, SENP6 and SENP7 exhibit lower rates for
processing pre-SUMO1, pre-SUMO?2, or pre-SUMO3 in com-
parison with SENP2. Structure-guided mutational analysis
reveals elements unique to the SENP6 and SENP7 subclass of
SENP/ULP proteases that contribute to protease function dur-
ing deconjugation of poly-SUMO chains.

Ubiquitin (Ub)® and ubiquitin-like (Ubl) proteins are conju-
gated to target proteins via an isopeptide bond between the
Ub/Ubl C-terminal residue and a lysine residue on the protein
target (1). Small ubiquitin-like modifier (SUMO) is one of the
best characterized Ubls from among approximately one dozen
Ubl family members identified to date (2, 3). The SUMO path-
way contributes to the regulation of many cellular processes
that include replication, nuclear transport, transcription,
recombination, chromosome segregation, and cytokinesis (4).

* This work was supported, in whole or in part, by National Institutes of Health
Grant GM65872 (to C.D. L.). This work was also supported by European
Community Grant MIRG-CT-2007-200346 (to D.R.). The costs of publica-
tion of this article were defrayed in part by the payment of page charges.
This article must therefore be hereby marked “advertisement” in accord-
ance with 18 U.S.C. Section 1734 solely to indicate this fact.

5] The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. 1-3.

"To whom correspondence may be addressed: Sloan-Kettering Institute,
1275 York Ave., New York, NY 10065. Tel.: 212-639-8205; Fax: 212-717-
3047; E-mail: limac@mskcc.org.

2 To whom correspondence may be addressed: Universitat Autonoma de Bar-
celona, 08193 Bellaterra, Barcelona, Spain. Tel.: (93) 581-1379, Fax: (93) 581-
2011; E-mail: david.reverter@uab.cat.

3 The abbreviations used are: Ub, ubiquitin; Ubl, Ub-like; r.m.s.d., root mean
square deviation; SUMO, small ubiquitin-like modifier; PDB, Protein Data
Bank.

NOVEMBER 14, 2008« VOLUME 283 +-NUMBER 46

The human SUMO protein family consists of three isoforms,
SUMO1, SUMO2, and SUMO3 (see under “Experimental Pro-
cedures” for definition of SUMO nomenclature). Mature
SUMOL shares only 43% identity to SUMO2 or SUMO3,
whereas SUMO2 and SUMO3 share greater than 95% identity
at the primary amino acid level (and are thus referred to as
SUMO2/3 in some instances). SUMO4 was recently identified
as a fourth SUMO family member (5), although it remains
unclear whether SUMOA4 participates in formation of SUMO
conjugates in vivo (6). A cascade of SUMO-specific E1-E2-E3
enzymes is required to promote SUMO conjugation, whereas
SUMO-specific proteases are required to catalyze SUMO
deconjugation (1-4, 7).

SUMO isoforms contribute to nonredundant functions in
the cell as evidenced by the observation that some proteins
appear modified exclusively with SUMO1 or SUMO2/3,
whereas other substrates can be modified with either SUMO1
or SUMO2/3 (8, 9). In addition, SUMO1 and SUMO?2/3 exhibit
different dynamics iz vivo in response to stimuli such as oxida-
tive stress or heat shock (10-12). The most striking difference
between SUMO1 and SUMO2/3 is that SUMO2/3 can form
poly-SUMO2/3 chains via isopeptide bonds between
SUMO2/3 N-terminal lysine residues and the C-terminal gly-
cine from the next SUMO2/3 molecule. This feature is also
shared with the yeast SUMO ortholog SMT3. In yeast, poly-
meric SMT3 chains are essential for synaptonemal complex
assembly during meiotic chromosomal segregation (13), but
they are not required for any essential function in yeast grown
under vegetative conditions (14). Other evidence suggests that
SUMO2/3 chains might contribute to A production (15) and
promyelocytic leukemia protein stability (16). More recently,
poly-SUMO chains were proposed to recruit a ubiquitin ligase
that targets the substrate or chains for ubiquitin-mediated pro-
teolysis (i.e. SUMO-modified PML (17, 18)).

SUMO proteases contribute to two distinct activities in the
cell, processing SUMO precursors to generate mature SUMO
and deconjugation of SUMO-conjugated substrates to release
mature SUMO and the respective substrate. Cleavage occurs
after the conserved SUMO Gly-Gly motif either at the scissile
peptide bond during processing or at the scissile isopeptide
bond during deconjugation (7). SUMO proteases are called
SENP in human and ULP in yeast. SENP/ULP proteins include
conserved catalytic domains that are both necessary and suffi-
cient to promote SUMO deconjugation and maturation activity
in vitro. The human SENP protease family includes six family
members termed SENP1, SENP2, SENP3, SENP5, SENP6, and
SENP7 (19), each of which share between 20 and 60% sequence
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identity to each other within their respective catalytic domains.
SENP/ULP catalytic domains are not always specific for
SUMO. Whereas human DENI1 shares some similarities with
other SUMO protease catalytic domains (20 —23), DEN1 exhib-
its low sequence similarity when compared with other SENP/
ULP family members (13-15% identity) and is a NEDD8-spe-
cific protease.

Several recent reports suggest that SENP/ULP family mem-
bers participate in nonredundant cellular functions. For
instance, mouse SENP1 is required during embryonic develop-
ment and is involved in the stabilization of the HIF1a during
hypoxia (24, 25), whereas knockdown of SENP5 transcripts
revealed essential functions during mitosis and/or cytokinesis
as evidenced by defects in nuclear morphology and inhibition of
cell proliferation (26). In addition to their catalytic domains,
SUMO proteases include large N-terminal domains that share
no similarity to one another. These domains can be as small as
355 amino acid residues for SENP3 and up to 663 for SENP7. In
most instances it is thought that the SENP/ULP N-terminal
domains direct subcellular localization (26 —32) and that sub-
cellular localization contributes in part to SENP/ULP function
by restricting protease activity to distinct areas within the cell.

SENP/ULP family members also display unique proteolytic
activities in vitro and in vivo. In mammalian cells, SENP6 pref-
erentially processes SUMO2 and SUMO3 chains, and when
SENP6 is depleted, SUMO2 and SUMO3 accumulate in PML
nuclear bodies (32). SENP1 and SENP2 are the best character-
ized SENP/ULP proteases, and both are more adept at cata-
lyzing deconjugation in comparison with processing (33-36).
For example, SENP2 exhibits 15- or 112-fold higher specificity
for deconjugation of SUMO2/3-RanGAP1 in comparison with
processing pre-SUMO2 or pre-SUMO3, respectively (34).
SENP1 lacks a clear preference for any particular SUMO iso-
form, whereas SENP2 exhibits a slight preference for SUMO2/3
over SUMOL.

SENP6 and SENP7 constitute the most divergent subclass
within the SENP/ULP family, one that includes yeast ULP2
(19). In addition to lower sequence similarity within the cata-
lytic domain, SENP6 and SENP7 include conserved sequence
insertions in distinct positions within their catalytic domains.
To characterize this subclass of SENP/ULP proteases, we con-
ducted biochemical assays to evaluate the activities of SENP6
and SENP7 in comparison with SENP2. SENP6 and SENP7
exhibit specificity for SUMO2/3, especially when poly-SUMO2
or poly-SUMO3 chains are used as substrates. The x-ray struc-
ture for the SENP7 catalytic domain was determined at 2.4 A,
and structure-guided mutational analysis revealed unique ele-
ments conserved within SENP6 and SENP7 that contribute to
substrate specificity and catalytic activity.

EXPERIMENTAL PROCEDURES

Protein Purification—The catalytic domains of human
SENP6-(637-1112) and SENP7-(662-984) were amplified by
PCR using human lung and brain PCR-ready cDNA (Ambion)
and cloned into pET28b to encode a polypeptide fused to a
thrombin-cleavable N-terminal hexa-histidine tag. Expression
constructs were used to transform Escherichia coli BL21(DE3)
codon plus cells (Novagen). Bacterial cultures were grown by
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fermentation at 37 °C to Ay, = 0.8, and isopropyl-B-p-thioga-
lactopyranoside (IPTG) was added to a final concentration of
0.5 mm. Cultures were incubated for 3—4 h at 30 °C and har-
vested by centrifugation (7000 X g), and the supernatant was
discarded. Cell suspensions were equilibrated in 20% sucrose,
20 mM Tris-HCI (pH 8.0), 1 mMm B-mercaptoethanol, 350 mm
NaCl, 20 mm imidazole, 10 ug/ml DNase, 1 mm phenylmethyl-
sulfonyl fluoride, 0.1% IGEPAL CA-630, and 20 ug/ml
lysozyme, and cells were disrupted by sonication. Cell debris
was removed by centrifugation (40,000 X g). Protein was sepa-
rated from lysate by metal affinity chromatography using nick-
el-nitrilotriacetic acid-agarose resin (Qiagen) and eluted with
25 mM Tris-HCI (pH 8.0), 350 mm NaCl, 300 mm imidazole, and
2 mMm B-mercaptoethanol and dialyzed against buffer contain-
ing 25 mm Tris-HCI (pH 8.0), 200 mMm NaCl, and 2 mm B-mercap-
toethanol with thrombin (Sigma) at a 1:1000 ratio. After thrombin
cleavage, fractions containing SENP6 and SENP7 were separated
by gel filtration (Superdex 200; GE Healthcare). Fractions contain-
ing the protein of interest were pooled, diluted to 50 mm NaCl,
applied to anion exchange resin (Mono Q; GE Healthcare), and
eluted with a NaCl gradient from 0 to 50% of a buffer containing 25
mwm Tris-HCI (pH 8.0), 1 m NaCl, and 2 mm B-mercaptoethanol in
12 column volumes. Fractions containing the protein of interest
were pooled, concentrated to 10 mg/ml, and snap-frozen in liquid
nitrogen prior to storage at —80 °C.

Single point mutations were introduced into the SENP7 cod-
ing region using the Quick-Change mutagenesis kit (Strat-
agene). PCR was used to construct SENP7 deletion mutants by
fusing amino acids 684 —693 (Loop-1 SENP7-A685-692), by
substituting two glycine residues for the loop between residues
747 and 768 (Loop-2 SENP7-A748 -767), and by fusing amino
acids 810 to 862 (Loop-3 A811-861). All plasmids were con-
firmed by DNA sequencing. SENP7 wild-type and mutant iso-
forms were purified by metal affinity chromatography and gel
filtration (as described above) and concentrated to 1 mg/ml in a
buffer containing 25 mm Tris-HCI (pH 8.0), 350 mm NaCl, and 1
mMm B-mercaptoethanol. SENP2, SUMO precursors, and Ran-
GAP1-SUMO conjugates were produced as described previously
(33, 34). Di-SUMO2, di-SUMOS3, poly-SUMO2, and poly-
SUMO3 chains were purchased from Boston Biochem. Swiss-
Prot nomenclature was utilized for SUMO isoforms whereby
pre-SUMO1 terminates with -GG-HSTV (UniProtKB
Swiss-Prot, P63165), pre-SUMO2 terminates with -GG-VY
(UniProtKB Swiss-Prot, P61956), and pre-SUMO3 terminates
with -GG-VPESSLAGHSF (UniProtKB Swiss-Prot, P55854).

Biochemical and Kinetic Assays—All assays were conducted
in triplicate. Error bars indicate = 1 S.D. C-terminal hydrolase
activity was measured by incubating pre-SUMOI1, pre-
SUMO2, and pre-SUMO3 proteins (5 um) with purified SENP6
or SENP7 wild-type and SENP7 mutant isoforms at three dif-
ferent enzyme concentrations (0.5, 5, and 50 nm) at 23 °C in a
buffer containing 25 mm Tris-HCI (pH 8.0), 150 mm NacCl, 0.1%
Tween 20, and 2 mM dithiothreitol. Reactions were stopped
after 10 min with SDS loading buffer and analyzed by gel elec-
trophoresis (PAGE). Proteins were detected by staining with
SYPRO or FLAMINGO (Bio-Rad). Identical experimental con-
ditions were used to assay deconjugation activities for SENP2,
SENP6, and SENP7 wild-type and mutant isoforms at 0.05, 0.5,
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FIGURE 1. Processing and deconjugation activities for SENP2, SENP6, and
SENP7. A, end point assays for SUMO processing catalyzed by SENP2, SENP6,
and SENP7 at 0.5, 5, and 50 nm using pre-SUMO1, pre-SUMO2, and pre-
SUMO3 at 5 um. B, end point assays for SENP2, SENP6, and SENP7 at 0.5, 5,and
50 nm using pre-SUMOT1, pre-SUMO2, and pre-SUMO3 at 5 um in which two
additional glycine residues (G,G;) were inserted C-terminal to the cleavage
site. G, end pointassays for SENP2, SENP6, and SENP7 at 0.5, 5,and 50 nm using
the substrates RanGAP1-SUMO1 and RanGAP1-SUMO2/3. Reactions were
stopped after 10 min with SDS loading buffer and analyzed by PAGE. Proteins
were detected by staining with SYPRO or FLAMINGO (Bio-Rad).

5, and 50 nMm using di-SUMO2, di-SUMO3, NA419RanGAP1-
SUMO1, and NA419RanGAP1-SUMO?2/3 at 2 uM. Because of
the polydisperse nature of poly-SUMO substrates, we utilized
poly-SUMO2 or poly-SUMO3 at 45 ug/ml, a concentration
similar to that used for di-SUMO substrates (2 um). Reactions
were stopped after 10 min with SDS loading buffer and analyzed
by PAGE. Proteins were detected by staining with SYPRO or
FLAMINGO (Bio-Rad). Products were quantified by detecting
fluorescence under UV illumination using a Gel-Doc apparatus
with associated integration software (Quantity-One; Bio-Rad).
Initial reaction velocities for deconjugation were measured for
SENP7 wild-type and mutant isoforms using the di-SUMO2
substrate in a buffer containing 25 mm Tris-HCI (pH 8.0), 150
mM NaCl, 0.1% Tween 20, and 2 mM dithiothreitol. Reactions
were stopped at indicated time intervals with SDS loading
buffer and analyzed by PAGE. Proteins were detected by stain-
ing with SYPRO or FLAMINGO (Bio-Rad).

Crystallization and Data Collection—Crystals of the SENP7
catalytic domain were obtained at 18 °C by sitting drop vapor dif-
fusion methods. The reservoir solution contained 1.6 M ammo-
nium sulfate and 100 mm sodium citrate (pH 6.5). Single crystals
appeared after 2 days from equal volumes of protein solution (10
mg/ml in 5 mm Tris-HCI (pH 8.0), 25 mm NaCl) and reservoir
solution. Crystals were cryo-protected in reservoir buffer contain-
ing 12% glycerol and flash-frozen in liquid nitrogen prior to dif-
fraction analysis. Diffraction data were recorded from cryo-cooled
crystals (100 K) at APS beamline 24-IDC. Data were integrated,
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FIGURE 2. Deconjugation activities for SENP2, SENP6, and SENP7 using
poly-SUMO chains. A, end point assays for SENP2, SENP6,and SENP7 at 0.5, 5,
and 50 nm using di-SUMO2 and di-SUMO3 substrates at 2 um (upper panel).
End point deconjugation assays for SENP2, SENP6, and SENP7 at 0.05, 0.5, and
5 nm using poly-SUMO2 and poly-SUMO3 as substrates at 45 pg/ml (lower
panel). B, time course assays to measure deconjugation catalyzed by SENP2,
SENP6, and SENP7 at 0.5 nm using the substrates di-SUMO2 and di-SUMO3 at
2 uM (upper panel) or poly-SUMO2 and poly-SUMO3 at 45 ug/ml (lower panel).
For end point assays, reactions were stopped after 10 min with SDS loading
buffer and analyzed by PAGE. Proteins were detected by staining with SYPRO
or FLAMINGO (Bio-Rad). For kinetic analysis, reactions were stopped at the
respective time intervals indicated in minutes at the top of each panel.

scaled, and merged using HKL.2000 (37), reduced, and further ana-
lyzed using CCP4 (38) (Table 1).

Structure Determination and Refinement—The structure for
the SENP7 catalytic domain was determined by multiple iso-
morphous replacement using x-ray diffraction data collected
from two crystals incubated in either 0.5 mM mercury acetate or
0.5 mM thimerosal overnight in buffer containing 1.6 M ammo-
nium sulfate, 100 mM sodium citrate (pH 6.5) prior to cryo-
protection as described for the native crystal. Phases were cal-
culated using diffraction data from the native and derivative
data sets using the program SOLVE/RESOLVE (39). Experi-
mental electron density was interpreted to build a model for the
SENP7 catalytic domain using the program O (40) and Coot
(41). Refinement utilized CNS (42) and REFMAC (38). Ram-
achandran analysis showed 96.7% of residues (233:241) in
favored regions, 0.0% in outlier regions, and 100% of residues in
allowed (241:241) regions (43). Refinement and data statistics
are provided in Table 1.

Accession Codes Protein Data Bank—Coordinates and struc-
ture factors are deposited in the RCSB data bank with accession
code 3EAY.

RESULTS

SENP6 and SENP7 Are SUMO2/3-specific and -deficient in
SUMO Maturation—The SENP6 catalytic domain included
amino acid residues 637-1112, whereas the SENP7 catalytic
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domain included amino acids 662—984. For clarity, we will refer
to these catalytic domain fragments as SENP6 and SENP7
throughout the remainder of the text. These protein prepara-
tions were assessed in biochemical assays to determine their
ability to catalyze SUMO processing and SUMO deconjugation

in comparison with SENP2 (see “Experimental Procedures”).
Analysis of processing reactions containing SENP2, SENP6,
and SENP7 at three different enzyme concentrations (0.5, 5,
and 50 nm) suggested that SENP6 and SENP7 could not effi-
ciently process SUMO1, SUMO2, or SUMO3 precursors under
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the conditions tested, although a very small amount of product
was observed for SENP6 using the pre-SUMO?2 substrate (Fig.
1A). The lack of activity observed for SENP6 and SENP?7 is in
stark contrast to the processing activities catalyzed by SENP2
(Fig. 1A) (33, 34) or SENP1 (35).

Previous characterization of the SENP2 and ULP1 proteases
suggested that SUMO processing was dependent on the com-
position of amino acid side chains C-terminal to the conserved
Gly-Gly motif and cleavage site (Fig. 1B) (33, 34). Interestingly,
SUMO isoform specificity lessened and activities were
enhanced for SENP2 and ULP1 using SUMO substrates that
contained two additional glycine residues inserted C-terminal
to the cleavage site (Gly-Gly-Gly;-Gly,-X where X is the
remaining native sequence (see “Experimental Procedures”)
and Gly; is the inserted glycine residue (33)). Similar to
results obtained for SENP2 and ULP1, SENP6 and SENP7
exhibited higher processing activities when these SUMO
precursors were used, but only for pre-SUMO2-GGG,;G;-X
and pre-SUMO3-GGG;G;-X (Fig. 1B).

These results suggest that SENP6 and SENP7 are poor
enzymes for pre-SUMO processing but demonstrate that
SENP6 and SENP7 exhibit specificity for SUMO2/3. To probe
this specificity further, SENP6 and SENP7 were utilized in
deconjugation reactions using SUMO1-RanGAP1 or SUMO3-
RanGAP1 conjugates (Fig. 1C). These data suggest that SENP6
and SENP7 catalyze deconjugation of SUMO3-RanGAP1 at
rates comparable with SENP2 under the conditions tested. In
contrast to SENP2, SENP6 and SENP7 were less able to decon-
jugate SUMO1-RanGAP1, and products were only detected at
enzyme concentrations 100X higher than that observed for
reactions containing SENP2.

SENP6 and SENP7 Are Proficient at Deconjugating Di-
SUMO2/3 and Poly-SUMO2/3 Chains—SENP6 was previ-
ously shown to dismantle poly-SUMO2 and poly-SUMO3
chains in a process that appeared critical for PML body main-
tenance (32). We next assessed SENP6 and SENP7 catalytic
domains for their ability to promote deconjugation of
di-SUMO2/3 or poly-SUMO2/3 chains using four distinct
SUMO substrates as follows: di-SUMO2 and di-SUMO3,
which contain two SUMO molecules linked covalently by an
isopeptide bond between the C-terminal glycine in one SUMO
and Lys-11 in the other molecule of SUMO; and poly-SUMO2
and poly-SUMO3, which are composed of chains containing
between two and greater than eight SUMO molecules linked via
the aforementioned isopeptide bond. Deconjugation assays uti-
lized different enzyme concentrations for SENP2, SENP6, and
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SENP7 (0.05, 0.5, 5, and 50 nm) and fixed concentrations for
respective substrates (see “Experimental Procedures”; Fig. 24).
In each case, cleavage products were observed for SENP2,
SENP6, and SENP7, although SENP6 appeared to catalyze poly-
SUMO2/3 deconjugation at faster rates in comparison with
either SENP2 or SENP7. These differences can be best appreci-
ated in Fig. 2B, which shows the kinetics of the reaction using
0.5 nM of the respective protease. In this instance, SENP6 and
SENP7 were more adept at promoting cleavage of poly-SUMO2
or poly-SUMO3 in comparison with reactions containing
SENP2. The intermediates observed in each reaction suggest
that SENP2, SENP6, or SENP7 catalytic domains employ a dis-
tributive rather than processive mechanism to degrade SUMO
chains.

Crystal Structure of Human SENP7—Crystals were obtained
for the SENP7 catalytic domain that encompassed amino acid
residues 662—984. Molecular replacement failed using available
structures of SENP1 and SENP2, so the SENP7 structure was
solved by multiple isomorphous replacement using crystals
soaked in the presence of two mercury compounds, thimerosal
or mercury acetate. The structure contains one molecule in the
crystallographic asymmetric unit, and subsequent refinement
produced a model that was refined to 2.4 A with an R-factor and
Ry, 0f 20.2 and 25.6%, respectively (Fig. 34, supplemental Fig.
1, A and B, and Table 1; see “Experimental Procedures”).

The SENP7 structure revealed its relationship to the SENP/
ULP protease family as well as to other members of the Cys-48
cysteine protease family (Fig. 3). However, the structure of the
SENP?7 catalytic domain also revealed features unique to this
subfamily of SENP/ULP family members (Fig. 3). These differ-
ences include the following: (i) the absence of an N-terminal
a-helix that is present in structures of SENP1, SENP2, and
ULP1; (ii) four insertions that we have termed Loop-1, -2, -3,
and -4; and (iii) several secondary structure elements unique or
extended in SENP7 in comparison with SENP1 or SENP2. Con-
sistent with these differences, SENP7 does not align well to
SENP1 (r.m.s.d. of 2.0 A over 182 aligned residues; 29%
sequence identity) or SENP2 (r.m.s.d. of 2.0 A over 187 aligned
residues; 29% sequence identity) (Fig. 3B). In contrast, SENP1
and SENP2 exhibit much higher similarity and can be aligned
with an r.m.s.d. of 0.8 A over 224 residues with a sequence
identity of 60% (Fig. 3C).

To determine whether structural differences observed for
SENP7 could explain its specificity for SUMO2/3,
di-SUMO2/3, or poly-SUMO?2/3, we generated models for
SENP7 in complex with SUMO using available structures of

FIGURE 3. Structure of the catalytic domain of SENP7. A, two views of the SENP7 catalytic domain shown in ribbon representation. Secondary structure
elements are either numbered (B-strands) or lettered (a-helices). The catalytic residues are depicted in stick representation near the top of each panel, and the
catalytic cysteine is labeled (C926). The insertion elements (Loop-1, Loop-2, Loop-3, and Loop-4) are labeled in at least one of the two panels. Segments of the
polypeptide not observed in the electron density maps were deemed disordered and are indicated by dashed lines. The N and C termini are labeled N or C,
respectively. B, superposition of the SENP7 and SENP2 (PDB 1THO) structures in ribbon representation with SENP7 colored blue and SENP2 colored yellow.
Catalytic residues are shown in stick representation as in A. C, superposition of SENP1 (PDB 21YC) with SENP2 (PDB 1THO) in ribbon representation with SENP1
colored green and SENP2 colored yellow. Catalytic residues are shown in stick representation. D, alignment of sequences corresponding to the catalytic
domains for human SENP7, SENP6, SENP1, SENP2, and SENP3 based on structural alignment of human SENP2 and SENP7. Gaps are denoted by dots and the
large sequence insertion within Loop-3 is depicted by // to indicate that the sequence is missing from the alignment. Numbering above the sequence
alignment corresponds to the amino acid position in full-length SENP7. Secondary structural elements are indicated above the alignment for SENP7 (blue) and
below the alignment for SENP2 (yellow). For SENP7, B-strands are numbered, a-helices lettered, and coil depicted as a line. Missing regions in our structure are
denoted by dashed lines, and the gap in Loop-3 is indicated by //. Side chain identity (75% conservation) is denoted in the alignment by a yellow background.
Conserved catalytic residues are depicted in red. Graphics were prepared with PYMOL (47).
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TABLE 1
Crystallographic data

Data in parentheses indicate statistics for data in the highest resolution bin (2.49-2.4 A).

Native Hg (thimerosal) Hg (mercury acetate)

Source APS 24-1IDC APS 24-IDC APS 24-IDC
Wavelength 09795A 09795A 09795A
Resolution limits 40-2.4 A (2.49-2.4 A) 40-2.4 A (2.49-2.4 A) 40-2.4 A (2.49-2.4 A)
Space group P3,21 P3,21 P3,21
Unit cell (4, b, ¢, o, B, 7y) 76.2,76.2,103.5, 90, 90, 120 74.2,74.2,101.2, 90, 90, 120 73.5,73.5,101.1, 90, 90, 120
No. of observations 119,195 123,379 110,587
No. of reflections 14,050 (1380) 23,892 (2274)° 23380 (2258)"
Completeness 99.7% (99.9%) 98.6% (94.6%)“ 99.0% (95.8%)“
Mean I/ol 15.9 (4.0) 119 (1.7) 15.4 (2.4)"
Roperge 01T 0.065 (0.302) 0.097 (0.453)7 0.081 (0.330)°
R, onl 0.033 (0.188) 0.035 (0.192)” 0.036 (0.145)*
Cut-off criteria I/ ol 0 0 0
No. of Hg sites 0 3 2
FOM (SOLVE/RESOLVE) 0.35/0.56
Refinement Statistics

PDBID 3EAY

Resolution limits (A) 40-2.4 (2.49-2.4)

No. of reflections 13,901 (999)

Protein atoms 2059

Water/sulfate atoms 66/5

Ryt I Rizee (5% of data) 0.202 (0.309)/0.256 (0.359)

Bond length r.m.s.d. 0.006 A

Bond angles r.m.s.d. 1.2°

Average B factor (protein/water) 31.5/39.9

Ramachandran statistics
0/241 (0.0%) in disallowed
241/241 (100%) in allowed

233/241 (96.7%) in most favored

“ Hg derivative data treats Bijvoét mates independently.

b Rrerge = Zias ZlIUkl)i — (I(hKD)| /2,02, (L(BKDI) (37).

€ Rpim = ZpaL/(N = 1) 2 |I(hkD)i — IR/ 2 (BRI (48).
d

Reryst = Sl F(hkl) — F(hkl)|/Z, |E,(hk)|, where F, and F, are observed and calculated structure factors, respectively.

SENP1 and SENP2 that were previously solved in complex with
SUMO or SUMO-conjugated RanGAP1 (Fig. 4 and supple-
mental Fig. 1). Previous structural studies with SENP1, SENP2,
and ULP1 revealed a bi-partite protease interface (site A) that
dictates specificity for SUMO via an extensive protease inter-
face that contacts SUMO at sites distal from the cleavage site
(Fig.4B) (33, 35, 44). Interactions from this region continue into
the protease active site cleft where contacts are made to the
SUMO C-terminal tail, Gly-Gly motif, and residues immedi-
ately C-terminal to the scissile peptide bond (Fig. 4B) (34, 35).
Structures for complexes between SUMO-conjugated Ran-
GAP1 and either SENP2 or SENP1 revealed the relative posi-
tion for the substrate (site B) (34, 35). Based on the position of
RanGAP1 in these structures, we modeled the relative position
for a second molecule of SUMO if SENP7 were engaged in
cleaving di-SUMO (Fig. 4B, bottom panel; supplemental Fig. 1).

Superposition of SENP7 with SENP2 revealed several inter-
esting differences near the putative site A interface with SUMO
(Fig. 4A) that included amino acid side chain substitutions in
SENP7 (Phe-709, Val-713, and Cys-745) that differ from those
conserved in both SENP2 (Trp-410, Glu-414, and Lys-445) and
SENP1 (Figs. 3D and 4, C and D). Other interesting differences
include the positions of Loop-1 and Loop-2 in SENP7, elements
with no correlate in either SENP1 or SENP2. Loop-1 is located
between S-strands 1 and 2 and is positioned to project toward
SUMO in binding site A (Fig. 4, A and D). Loop-1 amino acid
residues are highly conserved in both SENP6 and SENP7 (Fig.
3D). Loop-2islocated between helices D and E on the other side
of site A relative to Loop-1 (Figs. 34 and 4B). Loop-2 includes a
more loosely conserved insertion of ~15 amino acids in SENP6
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and SENP7. In the SENP7 structure, eight Loop-2 residues
(750-757) were not observed in the electron density.

Previous analysis of structures of ULP1-SMT3 and SENP2-
SUMOL1 suggested that several polar and charged residues con-
tribute to complementary electrostatics in the interface
between the protease and SUMO (33, 44). Electrostatic surfaces
calculated for either SENP1 or SENP2 (Fig. 4E) appear similar
and include an acidic patch (red) and basic patch (blue) on
opposite sides of the interface with SUMO (green circle). Con-
sistent with the differences noted above adjacent to site A, the
electrostatic potential surface calculated for SENP7 appears
quite distinct from that observed for SENP1 and SENP2. The
acidic patch is largely neutralized and replaced in part by a basic
patch on the SENP7 surface. Val-713 and Loop-1 contribute to
the neutralization of this surface and to the basic patch that
appears unique to SENP7 (Fig. 4E). Val-713 is conserved in
SENP7 and SENP6 but substituted to glutamate in SENP1 and
SENP2. Loop-1, which includes four consecutive proline resi-
dues (Pro-686, Pro-687, Pro-688, and Pro-689) followed by
Thr-690, Lys-691, and three glycine residues (Gly-692, Gly-693,
and Gly-695), has no correlate in SENP1 or SENP2 or other
SENP/ULP family members (Figs. 3D and 4D).

In contrast to Loop-1 and Loop-2, which buttress the
SUMO-binding surface near site A, Loop-3 and Loop-4 are
located on the opposite surface of the protease catalytic domain
(Figs. 3A and 4B). Loop-3 includes a large insertion of 63 amino
acid residues between 85 and 38. In our structure, this insertion
includes 6 and 37, although 50 amino acids of this element are
disordered in our structure (812—861). In SENP6, this insertion
is even larger and includes 194 amino acid residues. Based on
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FIGURE 4. Structural models for interactions between SENP7 and SUMO. A, superposition of the SENP7 and
SENP2 catalytic domains in blue ribbon and yellow stick representation, respectively. The position of SUMO is
indicated schematically based on the position of SUMO2 in complex with SENP2 (PDB 2100). Several residues
within the SUMO-protease interface are highlighted in stick representation and labeled according to their
position and side chain composition in SENP7. B, top panel, the structure of SUMO2-RanGAP1 (stick and
transparent surface representation) is shown in complex with SENP2 (yellow ribbon representation) to
indicate the position of SUMO in site A (green) and the substrate RanGAP1 in site B (pink). The bottom panel
depicts the SENP7 catalytic domain in a similar orientation to SENP2 in the top panel to highlight the positions
of Loop-2, Loop-3, and Loop-4 with respect to the putative SUMO interaction surfaces in site A, site B, and site
C. G, close-up view of the interface between SENP2 (yellow) and SUMO?2 (green) with SENP7 (blue) shown at the
rightin an analogous orientation to highlight residues involved in interactions with SUMO at site A. D, similar to
G, but depicting the other side of the SENP2-SUMO2 complex to highlight residues in SENP7 Loop-1 that may
contribute to SUMO interaction. E, electrostatic potential surface representation for SENP1, SENP2, and SENP7
to highlight similarities between SENP1 and SENP2 within the SUMO interaction surface (site A) and the differ-
ences between SENP7 and either SENP1 or SENP2 in the analogous surface. The relative position for SUMO in
site A is indicated by a green circle as derived from structures of SENP1-SUMO, SENP2-SUMO and models for
SENP7-SUMO.
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tribute to interactions with a sub-
strate in site C if SENP6 or SENP7
were to engage a poly-SUMO chain
(Fig. 4B, bottom).

Mutagenesis and Biochemical
Characterization of SENP7—De-
letion and single-point substitu-
tions were generated for the SENP7
catalytic domain to test whether the
aforementioned structural features
confer specificity for SUMO proc-
essing or deconjugation. Mutant
isoforms included those that lack-
ed Loop-1 (A685-692), Loop-2
(A748-767), or Loop-3 (A811-861)
(see “Experimental Procedures”).
We chose not to delete Loop-4
because it was well ordered and
included side chains that contrib-
uted to the hydrophobic core in
SENP7 (supplemental Fig. 1, A and
B).In addition to loop deletions, sin-
gle-point substitutions were gener-
ated for Phe-709, Val-713, and Cys-
745. Phe-709 was selected for
substitution because it is conserved
as tryptophan in most SENP/ULP
family members, a residue previ-
ously proposed as a specificity
determinant for interaction with
the SUMO C-terminal tail and Gly-
Gly motif (Fig. 4A) (34). Val-713 and
Cys-745 are located in the putative
interface with SUMO, and these
positions are conserved as gluta-
mate and lysine, respectively, in
SENP1 and SENP2 (Fig. 4, C and
D). Each mutant SENP7 isoform
behaved similarly to wild-type
SENP7 during purification insofar
as mutant isoforms eluted from gel
filtration as mono-disperse peaks
at positions consistent with their
expected apparent molecular
weight, although SENP7-V713E/
C745K could not be readily sepa-
rated from higher or lower molecu-
lar weight contaminants (see
supplemental Fig. 2). Because each
protein behaved as predicted, and

amino acid similarity, we predict that 86 and 37 would be pres-
ent in SENP6, although the remaining elements of the insertion
are not well conserved. Loop-4 is well conserved in SENP6 and
SENP7 and fully observed in our SENP7 structure. Whereas
Loop-3 and Loop-4 are too far from the substrate-binding sur-
faces to contribute to interactions in site A or site B as observed
in structures obtained for SENP1 or SENP2 in complex with
SUMO-RanGAP1 (Fig. 4B, top), Loop-3 and Loop-4 might con-
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because each preparation exhibited some catalytic activity,
respective mutations did not appear to present substantive bar-
riers to protein folding.

SENP7 isoforms containing deletions in Loop-1, Loop-2, and
Loop-3 were compared with wild-type SENP7 in reactions for
processing each of the three SUMO precursors (Fig. 5A4). Titra-
tion experiments utilized three different protease concentra-
tions (0.5, 5, and 50 nM) in the presence of 5 um pre-SUMO1,
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whereas SENP7-C745K did not
alter deconjugation rates in com-
- -~ == —mono —— —_—— — mono parison with wild-type SENP7 (Fig.
5B).Itis interesting that C745K sub-
FIGURE 5. SENP7 mutational analysis and the effects on catalytic function. A, end point assays to detect EP— :

activities for SENP? wild-type (WD), SENP7-ALoop-1 (D), SENP7-ALoop-2 (D2), SENP7-Aloop-3 (D3), and  Stitution partially rescued defects
SENP2 at 0.5, 5, and 50 nm using the substrates pre-SUMO1, pre-SUMO2, pre-SUMO3, pre-SUMO1-GGG,G;-X, observed for SENP7-V713E when
and pre-SUMO3-GGGG-X at 5 um. B, end point assays to detect deconjugation of di-SUMO2 and di-SUMO3 at  present as a double point substitu-
2 um (upper panel), poly-SUMO2, and poly-SUMO3 chains at 45 wg/ml (lower panel) using SENP7 wild-type (WT), . B

SENP7-ALoop-1 (D7), SENP7-ALoop-2 (D2), and SENP7-ALoop-3 (D3) at 0.05, 0.5, 5, and 50 nm. C, end point 10T (§ENP7 V713.E/ C745K)' The
assays to detect deconjugation of di-SUMO2 and di-SUMO3 at 2 um (upper panel), poly-SUMO2, and poly- reduction in deconjugation rates for
SUMO3 chains at 45 ug/ml (lower panel) using SENP7 protein containing the following point mutations (V713E,  SENP7-V713E was greater than that
C745K, V713E/C745K, and F709W) at 0.05, 0.5, 5, and 50 nm. For end point assays, reactions were stopped after b d f ENDP7-A Ei
10 min with SDS loading buffer and analyzed by PAGE. Proteins were detected by staining with SYPRO or ~ ODSe€rved Ior SENP7-ALoop1 (Fig.
FLAMINGO (Bio-Rad). 5). Val-713 is located adjacent to

Loop-1 where it could interact with
pre-SUMO2, and pre-SUMO3. As observed before (Fig. 1),only SUMO2/3 in site A (Fig. 4D), but rather than provide polar
SENP2 was competent for processing. Addition of two glycine interactions with SUMO as observed in complexes with SENP1
residues after the Gly-Gly motif improved maturation rates and SENP2, our docking analysis suggests that Val-713 might
slightly for SENP7 with pre-SUMO1-GGG;G;-X, whereas proc-  be in a suitable position to provide apolar contacts to the ali-
essing rates improved substantially if pre-SUMO3-GGG,;G;-X  phatic portion of the Arg-61 side chain in SUMO?2 (Fig. 4D).
was used as the substrate (Fig. 54). Deletion of Loop-1 (D1 in With the exception of SENP6 and SENP7, all other SENP/
Fig. 5A) reduced processing rates in comparison with wild-type  ULP family members include a conserved tryptophan side
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imal, SENP7-F709W substitution
enhanced SUMO processing activi-
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Ze6 SENP7 (supplemental Fig. 3).
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6A; see “Experimental Procedures”).
These data corroborated observa-
tions made during end point assays
but resulted in more evident rate
reductions for SENP7-ALoop-1 and
SENP7-V713E. To obtain a more
quantitative assessment for these
differences, di-SUMO2 was utilized
at 2 uM in reactions containing 0.5
nM SENP7 or respective SENP7
mutant isoforms (Fig. 6B). For
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mutants exhibiting slower kinetics,
longer time intervals were utilized
(Fig. 6B, left panel) in comparison
with those used for wild-type and
other SENP7 mutant isoforms (Fig.
6B, right panel). Compared with
wild-type SENP7, SENP7ALoop-1
or SENP7-V713E elicited 15- or
65-fold reductions in deconjugation
rates, respectively. In this case,
introduction of the C745K substitu-
tion within SENP7-V713E/C745K
did not rescue defects observed for

Time (min)

FIGURE 6. Mutational and kinetic analysis for poly-SUMO3 deconjugation and initial rate measurements

during di-SUMO2 deconjugation. A, time course analysis for poly-SUMO3 deconjugation at 45 ug/ml using
SENP7 WT, SENP7-ALoop-1 (D7), SENP7 F709W, SENP7-V713E, SENP7-C745K, and SENP7-V713E/C745K at 0.5
nm. Time intervals indicated in minutes above the respective lane. B, time course analysis for di-SUMO2 and
di-SUMO2 deconjugation at 2 um using 0.5 nm SENP7 wild-type or indicated mutants as in A. For kinetic
analysis, reactions were stopped at the respective time interval with (SDS)-polyacrylamide loading buffer and
analyzed by PAGE. Proteins were detected by staining with SYPRO or FLAMINGO (Bio-Rad). Time intervals are
indicated in minutes at the top of each panel. Mutants exhibiting slower reaction kinetics are depicted on the

left, and those exhibiting faster kinetics are shown on the right. C, analysis

determined by quantifying data obtained in B for data obtained using longer (left panel) or shorter (right panel)
time intervals. Axes are labeled, and error bars were obtained by conducting the assays in triplicate. Error bars

indicate =1 S.D. D, bar representation for initial rate velocities for rates determ

data obtained in C for di-SUMO2 deconjugation by SENP7 or indicated SENP7 mutant isoforms.

chain above the active site. In SENP6 and SENP?7, this position
is conserved as phenylalanine (Fig. 3D). Because previous stud-
ies suggested that the tryptophan residue played an important
role in positioning both peptide and isopeptide substrates over
the SENP/ULP active site (34), we substituted SENP7 Phe-709
to tryptophan and analyzed the effect of this substitution on
deconjugation and processing. End point deconjugation reac-
tions using di-SUMO2/3 or poly-SUMO2/3 revealed rates
equivalent to or slightly greater than wild-type SENP7 (Fig. 5C),
although SENP7-F709W substitution resulted in a 2-fold
higher activity when di-SUMO2 deconjugation rates were
measured (see below; Fig. 6). Although these effects were min-
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SENP7-V713E. Differences in activ-
ity were observed for other SENP7
mutant isoforms, and although
most were deemed insignificant, it
is worth noting that SENP7-
F709W exhibited 2-fold faster
rates in these assays under the
conditions tested. Perhaps most
interesting was the observation
that SENP7 catalyzed di-SUMO2
deconjugation at rates faster than SENP2. This is in stark
contrast to results obtained for deconjugation reactions con-
taining SUMOL1 or processing reactions with pre-SUMO]1,
pre-SUMOZ2, or pre-SUMO3 (Fig. 1).

of the deconjugation rates as

ined within a linear range from

DISCUSSION

Of the six human SENP/ULP proteases dedicated to cleavage
and processing of SUMO, SENP6 and SENP7 are the most
divergent with respect to primary sequence and structure. We
have demonstrated that SENP6 and SENP7 catalytic domains
display a preference for SUMO deconjugation over processing,
and deconjugation of substrates containing SUMO2/3 was pre-
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TABLE 2

Summary for catalytic activities observed for SENP2, SENP6, and SENP7 and mutational effects on SENP7 activity

Relative activities approximated by symbols for each SENP isoform are as follows: — (none); +/— (weak); + (some); ++ (good); +++ (very good); and ++ + + (excellent).
SENP isoforms are denoted by 2 (SENP2), 6 (SENP6), and 7 (SENP7) with SENP7 mutant isoforms denoted by 7-D1 (SENP7(A685-692)), 7-D2 (SENP7(A748 —-767)), and
L-D3 (SENP7(A811-861)). SENP7 containing single or double point mutations is indicated by 7- followed by V731E, C745K, V731E/C745K, and F709W.

SENP isoform 2 6 7 7-D1 7-D2 7-D3 7-F709W 7-V731E 7-C745K 7-V731E/C745K
Di-SUMO2 ++ +H+ ++ + ++ ++ e+ - ++ +/-
Di-SUMO3 ++ 4+ + ++ + ++ ++ ++++ - ++ +/—
Poly-SUMO2 ++ ++++ +++ + +++ +++ +++ - +++ +/=
Poly-SUMO3 ++ +H+ +4+ + 4+ 4+ 4+ - +++ +/-
Pre-SUMO1 + - - - - - -
Pre-SUMO2 ++ +/= - — — — +/-
Pre-SUMO3 + - - - - - -
Pre-SUMO1G;G; +++ - +/— - +/— +/— +
Pre-SUMO2G;G; +++ ++ ++
Pre-SUMO3G;G; ++ + + +/- + + ++
RG-SUMO1 ++++ + +/—
RG-SUMO2/3 ++++ ++ ++

ferred over substrates containing SUMOI. Furthermore,
SENP6 and SENP7 exhibit higher rates for deconjugating
di-SUMO2/3 or poly-SUMO2/3 in comparison with deconju-
gation of SUMO2/3-conjugated RanGAP1. It is also worth not-
ing that SENP6 was much more proficient in these activities
when compared with those catalyzed by SENP7 (summarized
in Table 2).

Our structural analysis revealed that SENP7 is a bona fide
member of the SENP/ULP protease family, although structural
comparisons to other well characterized family members such
as SENP1, SENP2, and ULP1 revealed significant differences at
the structural and primary sequence level. These include four
sequence insertions (Loop-1 through Loop-4) conserved in
SENP6 and SENP7 that have correlates in the SENP7 structure.
Loop-1 and Loop-2 are situated on the protease surface in posi-
tions predicted to interact with SUMO in binding site A (Fig. 4),
and whereas deletion of Loop-2 had no effect on SENP7 activ-
ities in the present analysis, deletion of Loop-1 resulted in lower
activities for all of the substrates tested. Primary sequence
alignment suggests that Loop-1 is conserved in SENP6 and
SENP7 but absent in all other SENP/ULP family members.
Immediately adjacent to Loop-1 is Val-713, a residue conserved
in SENP6 and SENP7. When this residue was substituted to
glutamate (conserved in SENP1 and SENP2), SENP7 activity
was diminished in comparison with wild-type SENP7. It is
worth noting that polar residues at this analogous position in
structures of SENP1, SENP2, and ULP1 participate in direct
contacts to arginine side chains conserved in human SUMO]1,
SUMO2/3, and yeast SMT3 (33-35, 44, 45).

A recent study noted that SENP6 and SENP7 exhibited unex-
pected preferences for short SUMO-derived synthetic sub-
strates that contained arginine at position P3 (three amino acid
residues prior to the C-terminal glycine) (46). What is striking
about this observation is that this position is almost always con-
served as threonine in SUMO, whereas arginine is observed in
this position in ubiquitin. These data led the authors to muse
that SENP6 and SENP7 may not be SUMO-specific enzymes
(46). Our biochemical results suggest that SENP6 and SENP7
catalytic domains are excellent SUMO enzymes for deconju-
gating di-SUMO2/3 and poly-SUMO2/3, and our structural
analysis identified unique elements within this SENP/ULP sub-
family that contribute to function during SUMO deconjugation
and processing.

32054 JOURNAL OF BIOLOGICAL CHEMISTRY

SENP6 and SENP7 exhibited higher activities during decon-
jugation of poly-SUMO2/3 chains, even when compared with
activities catalyzed by the SENP2 catalytic domain. Whereas
Loop-3 appears to be in a suitable position to explain this spec-
ificity via interactions with an extended SUMO chain (Fig. 4B),
deletion of Loop-3 had no effect on the activities of SENP7
under the conditions tested. With that said, it is important to
note that SENP6 and SENP7 were also able to deconjugate
SUMO2/3-RanGAP1 at rates comparable with SENP2, sug-
gesting that high poly-SUMO2/3 chain deconjugation activities
observed for SENP6 and SENP7 may simply reflect a preference
for flexible isopeptide linked substrates in site A and site B.
Although additional work will be required to determine the
physical basis for chain specificity as it pertains to SENP6 and
SENP?7 activities in the cell, the present analysis has revealed
unique determinants within the SENP6/7 subfamily that con-
tribute to substrate specificity and catalytic activity.
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