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As the best-characterized ubiquitin-like protein (UBL), small ubiquitin-related modifier (SUMO) was found
to conjugate with a number of proteins to regulate cellular functions including transcription, signal trans-
duction, and cell cycle. While E1, E2 and E3 ligases are responsible for the forward SUMOylation reaction,
SUMO-specific proteases (SENPs) reversibly remove SUMO from the SUMOylated proteins. Recently, SENP1
was found to be a potential therapeutic target for the treatment of prostate cancers, but the design and syn-
thesis of its inhibitors have not been reported. We designed and synthesized a series of benzodiazepine-
based SENP1 inhibitors, and they showed inhibitory activity as good as IC50 = 9.2 lM (compound 38).
The structure–activity relationship was also discussed.

� 2011 Elsevier Ltd. All rights reserved.
Ubiquitin-like proteins (UBLs), such as SUMO (small ubiquitin- In general, peptidyl protease inhibitors have poor pharmacoki-

related modifier), NEDD8, and ISG15, were discovered to play ma-
jor roles in a variety of cellular functions in eukaryotic life.1 As the
best-characterized UBL, SUMO conjugates with proteins including
androgen receptor, IjBa, c-Jun, and histone deacetylases, and reg-
ulate cellular activities such as transcription, DNA repair, signal
transduction, and cell cycle.2,3 SUMOylation is a highly dynamic
process: while the SUMO conjugation process is mediated by E1,
E2, and E3 ligases, the reverse reaction is catalyzed by SUMO-spe-
cific proteases (SENPs).4 Recently, SENP1 (SUMO-specific protease
1) has been found to play a critical role in prostate tumorigene-
sis.5–7 It is overexpressed in more than 50% of the high-grade pre-
cancerous prostate tissues and in a large number of prostate cancer
cases. Furthermore, correlation between SENP1 and increased
prostate epithelial cell proliferation and precancerous structure
formation was demonstrated in transgenic mice. Although the
ubiquitin pathway has been explored for new cancer therapeutics
and inhibitors of ubiquitin-specific proteases (USPs) have been re-
ported,9–11 the design and synthesis of SUMO-specific protease
inhibitors have not been reported to date.8 We believe the discov-
ery of SENP inhibitors will open a new avenue for the search of
novel cancer therapeutics.
ll rights reserved.
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netic properties. In peptidomimetic chemistry, incorporation of
nonpeptidic scaffolds gave the advantage of improved stability
and bioavailability.13,14 As a privileged scaffold, benzodiazepine
has been successfully applied as peptidomimetics: for example,
somatostatin mimetics, caspase-3 inhibitors, and falcipain-2 inhib-
itors.13,15,16 We report herein the design, synthesis, and biological
evaluation of benzodiazepine-based SENP1 inhibitors. It is the first
time the design and synthesis of SENP1 inhibitors were reported.

SENP1 processes the precursor SUMO to its mature form by
catalyzing the cleavage of a scissile peptide bond. In the crystal
structure of human SENP1 complexed with unprocessed SUMO1
(PDB: 2IY1),12 the catalytic Cys603 is located in a cleft which,
upon substrate binding, closes to form a channel-like structure.
The terminal peptidic tail of the precursor SUMO1 occupies the
cleft with the formation of a number of hydrogen bonds. The ben-
zodiazepine core structure 8 was docked into the above catalytic
cleft and was found to be able to mimick the conformation of
the substrate peptide with the formyl group forming a covalent
bond with Cys603. Furthermore, substitution at the C(3)–NH2

may take an orientation analogous to the substrate peptide chain.
Thus, a series of benzodiazepine derivatives as depicted in Scheme
1 were synthesized based on scaffold 8.

The synthesis of intermediate 3 was adapted from Sherrill
et al.17 with improved yields (Scheme 1). First, the three-compo-
nent condensation gave a-benzotriazolylglycine derivative 1 in
71% yield. Coupling with 2-amino benzophenone under the condi-
tion of EDC/DMAP gave amide 2 in quantitative yield. Subsequent
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Scheme 1. Reagents and conditions for compounds 9–44: (a) toluene, rt 30 min, then reflux 2 h (71%); (b) 1.5 equiv EDC, cat. DMAP, CH2Cl2, 0 �C to rt (99%); (c) 2 M NH3 in
EtOH, rt, 3 h; (d) NH4Oac, AcOH, rt, overnight (71%); (e) 1.3 equiv 2-hydroxyethyl tosylate or 3-hydroxypropyl tosylate, K2CO3, MeCN, reflux, 20-40 h (67%-4, 83%-5); (f) PCC,
4 Å MS, CH2Cl2, rt, overnight (71%-6, 44%-7); (g) 10% Pd/C, 1 atm H2, rt, overnight (quant.); (h) 1.5 equiv RCOOH, cat. DMAP, 1.5 equiv EDC, CH2Cl2, 0 �C to rt (9–54%); (i)
1.5 equiv RCOCl or 2 equiv RSO2Cl, NEt3, CH2Cl2, 0 �C to rt, overnight (17–40%); (j) 1 equiv 2-aminophenylmethanol, DCC, NHS, CH2Cl2, 0 �C to rt, 1 h (95%); (k) see (f) (42%); (l)
see (c) (67%); (m) see (e) (60%); (n) see (f) (60%).
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cyclization was achieved with 71% yield over two steps, which in-
volved treatment with ethanolic ammonia followed by ammonium
acetate in acetic acid, to give benzodiazepine 3. To introduce the
aldehyde group from N(1), a number of approaches including the
use of bromoacetaldehyde, 3-bromopropanal, 2-bromoethanol,
and 3-bromopropanol were explored. Finally, 2-hydroxyethyl or
3-hydroxypropyl tosylate in the presence of K2CO3 gave alcohol 4
or 5 in 67% or 83% yield respectively. Afterwards, 6 and 7 were
prepared by PCC oxidation of 4 and 5 with 71% and 44% yields,
respectively. The benzodiazepine 818 was subsequently obtained
by catalytic hydrogenation in the presence of Pd/C with quantita-
tive yield. Thus, intermediate 8 was successfully obtained in large
scale via this robust route.

Synthesis of the amide analogs 9–33 and 36–41, the sulfon-
amide analogs 34, 35 and 42, and the 5-H analog 43 were described
in Scheme 1. The amide analogs were prepared by coupling the



Table 2
IC50 valuesa of compounds with percentage inhibition P50% at 20 lM against SENP1,
and their structurally related compounds (inhibition >50%) were also included in the
table for SAR comparison

Compd IC50 (lM) SENP1 Compd IC50 (lM) SENP1

36 15.5 42 21.2
37 >100 6 27.2
38 9.2 4 >100
39 >100 43 >100
40 >100 7 >100
41 21.8

a IC50 values were measured in duplicates using 50 lM nonspecific peptidic
protease inhibitor as a positive control. A solution containing SENP1,
SUMO-DRanGADMSO, and 0.1% DMSO was used as negative control.
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amine group of 8 either with acyl chlorides in the presence of Et3N
or with carboxylic acids under the conditions of EDC/DMAP. The
sulfonamide analogs were prepared from 8 and sulfonyl chlorides
in a similar manner. In order to synthesize the 5-H analog 43, gly-
cine intermediate 1 was coupled with 2-aminophenylmethanol in
the presence of DCC/NHS to give amide 44, which was oxidized
with PCC to give aldehyde 45. Cyclization under the condition of
ethanolic ammonia gave 5-H benzodiazepine 46, which was con-
verted to the corresponding aldehyde 43 by reaction with 2-
hydroxyethyl tosylate followed by oxidation with PCC.

In order to evaluate the inhibitory effect of the synthesized ben-
zodiazepines, SENP1 and SUMO-DRanGAP were cloned, expressed,
and purified.19 The fluorescence assay was carried out using
SUMO-CHOP-Reporter kit (LifeSensor Inc. Malvern, PA): The
SUMO–reporter–enzyme fusion protein is cleaved by SENP1 to re-
lease and activate the reporter enzyme (phospholipase A2) which
subsequently convert its substrate (2-(6-(7-nitrobenz-2-oxa-1,3-
diazol-4-yl)amino)hexanoyl-1-hexadecanoyl-sn-glycero-3-phos-
phocholin) to a fluorescent form to give a quantitative measurement
of the isopeptidase activity of SENP1.20,21 At the same time, a second
assay based on the cleavage of SUMO-DRanGAP by SENP1 and gel
electrophoresis analysis was also developed.22

The above synthesized benzodiazepines were first screened at
20 lM against SENP1 using the fluorescence assay, and the result
was summarized in Table 1. First, different aromatic carboxylic
acids were used to generate carboxamides 9–18. They showed no
inhibition except the minimal activity of compound 14 which
has a Boc-protected aminomethyl group at the C(40) of the phenyl
and represents the most spatially extended molecule in this series.
It suggests that extended substituents on the phenyl may capture
additional interactions with the enzyme and yield improved affin-
ity. Sulfonamide 34 did not show any inhibitory activity, while 35
gave a minimal activity which is an improvement from its amide
analog 16. Next, fused aromatic substituents were explored as
demonstrated by amides 19–24. The 2-naphthyl compound 20
showed 30% inhibition, while the 1-naphthyl substituted 19
showed no inhibition. Thus, extended 2-naphthyl compounds 21
and 22 were synthesized. Compound 21 showed similar activity,
while compound 22 gave enhanced inhibition of 45%, which cor-
roborates with the observation that spatial extension of the sub-
stituents may better occupy the binding site and give improved
affinity. In the case of indolyl compounds 23 and 24, compound
24 with an ethylene linker was more active than compound 23
with a methylene linker. Furthermore, alkyl carboxamides 25–33
were explored as well. Alkyl analogs 25–28 with nonpolar aliphatic
substituents were inactive. It is interesting to observe that
although compounds 29–31 with Boc-protected amino groups
were inactive, the aminoalkyl carboxamide 33 showed an inhibi-
tion of 43%. Again, the shortened analog 32 gave minimal activity.
Table 1
Percentage inhibition of SENP1 by compounds 9–35 at 20 lM

Compd % Inhibition at 20 lM Compd % Inhibition at 20 lM

9 0 23 3
10 7 24 24
11 0 25 0
12 2 26 0
13 1 27 0
14 23 28 5
15 0 29 0
16 0 30 0
17 0 31 0
18 5 32 4
19 7 33 43
20 30 34 0
21 26 35 17
22 45
Based on the above screening results, we synthesized a series
of carboxamides with extended substituents on the phenyl and a
number of these compounds showed inhibitory activity above
50%. Thus, IC50 values were measured by the fluorescence assay.
Installation of NHCbz at the C(40) of the phenyl led to significantly
improved activity (3623: IC50 = 15.5 lM). In the case of NHBoc
group (37), the activity was abolished. When the NHCbz group
was moved to C(30), compound 3824 also showed good potency
(IC50 = 9.2 lM). When the C(30) substituent was NHBoc or NHAc
(39 and 40), the activity was completely abolished, which sug-
gests that the corresponding binding area may have a propensity
for aromatic moieties. Carboxamide 41 and sulfonamide 42 with
fused aromatic rings showed IC50 of 21.8 and 21.2 lM, respec-
tively. The lead compound 38 was also subjected to the SUMO–
DRanGAP cleavage assay and inhibited the enzymatic hydrolysis
of SUMO-DRanGAP by SENP1 (Fig. 1).

We next explored the roles of the formyl group, the C(5) phenyl
group, and the distance between the formyl and the benzodiaze-
pine core, using compound 6 as a model. Reduction of the formyl
group (4) led to complete loss of potency, which corroborates with
the formation of a covalent bond with Cys603. Deletion of the C(5)
phenyl group (43) also resulted in loss of activity. Lengthening the
distance between the formyl group and the 7-membered core (7)
led to diminished activity as well.

SENP1–38 complex was modeled based on SENP1 structure
(PDB: 2IY1) (Schrodinger, Inc.) (Fig. 2). Besides the covalent bond
with Cys603, the following favorable interactions were observed:
SUMO-ΔRanGAP

ΔRan-GAP

SUMO

SUMO-ΔRanGAP

ΔRan-GAP

SUMO

Figure 1. Cleavage of SUMO-DRanGAP by SENP1 was inhibited by 38 but was not
affected by 4 at 50 lM. Positive and negative controls were as described in Table 2.
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hydrogen bond between C(3)–NH and Gly531; p–p interaction of
Trp465 with C(5)- and diazepine-fused phenyls; p–p interaction
of C(3)NH-phenyl and His529; nonpolar interaction between
C(5)-phenyl and Val532. The phenyl group of the Cbz moiety in-
serts into a hydrophobic pocket consisting of residues Phe496,
Thr495, Thr499, Phe498, Ile528 and Pro527. In general, these
observations were corroborative with the structure–activity
relationship discussed above.

The compounds with the best SENP1 inhibitory activity were
tested against prostate cancer cells (PC3) to evaluate their ability
to inhibit cancer cell growth in vitro. The lead SENP1 inhibitors
36 and 38 showed IC50 values of 13.0 and 35.7 lM against prostate
cancer cells, respectively.

In summary, we designed and synthesized a series of SENP1
inhibitors based on benzodiazepine scaffold. They showed inhibi-
tory activity as good as IC50 = 9.2 lM. This is the first report on de-
sign and synthesis of SENP1 inhibitors. Further study is underway
to obtain inhibitors with improved potency and druggability and to
eventually utilize them to validate the novel therapeutic target.
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