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ABSTRACT: The small ubiquitin-related modifier (SUMO)-
specific protease (SENP) processes SUMOs to mature forms
and deconjugates them from various modified substrates. Loss
of the equilibrium from desumoylation catalyzed by abnormal
SENP1 is associated with cancers and transcription factor
activity. In spite of the significant role of SENP1, the molecular
basis of its desumoylation remains unclear. Here, MD
simulations and QM/MM methods are combined to investigate
the catalytic mechanism of desumoylation. The results showed
that substrate SUMO1-RanGAP1 fitted into the catalytic pocket
of SENP1 by the break of internal hydrophobic interactions and
the isomerization of isopeptide from trans to cis. After that, the nucleophilic sulfur anion of Cys603 in SENP1 attacked the
carbonyl carbon of Gly97 of SUMO1 to trigger the reaction, and then a tetrahedral intermediate and an acyl-enzyme
intermediate were generated in turn, leading to the final release of enzyme SENP1 and two products, free SUMO1 and
RanGAP1. In the process, nucleophilic attack was identified as the rate-determining step with a potential energy barrier of 20.2
kcal/mol. These results are in agreement with experimental data from mutagenesis and other experiments. Our findings elucidate
the catalytic mechanism of SENP1 with its substrate and may provide a better understanding of SENP desumoylation. In
particular, we have identified key residues in SENP1 needed for desumoylation that might be beneficial for the design of novel
inhibitors of SENP1-related diseases.

■ INTRODUCTION

Small ubiquitin-related modifier (SUMO) is a member of the
ubiquitin-like protein family that modulates the cellular
function of a variety of target proteins.1−4 It has emerged as
an important new post-translational modifier of proteins that
can participate in transcriptional regulation, nuclear transport,
maintenance of genome integrity, and signal transduction.5,6

The dysfunction of SUMO modification is associated with a
broad range of diseases, including cancers, neurodegenerative
syndromes, diabetes, viral infections, and developmental
defects.7 Mammalian genomes contain four SUMO genes:
SUMO1, SUMO2, SUMO3, and SUMO4.8 All SUMO proteins
are expressed as precursors, and SUMO-specific proteases
(SENPs, also known as sentrin-specific proteases) catalyze the
maturation process and expose the conserved C-terminal “GG”
motif. Once mature SUMO proteins have been conjugated to a
substrate either as a single entity or as a polymeric chain, SENP
activity is required for chain depolymerization and deconjuga-
tion from substrates.9

Recently, interest has shifted to SENPs, which exhibit
isopeptidase activity against a select subset of sumoylated
substrates. In addition, eight human SENPs exhibit multiple
splice variants that add to the functional diversity of the
individual enzymes. Each of these proteins appears to have a
distinct subcellular localization and substrate specificity during
deconjugation.10−13 Among them, SENP1 mainly localizes to
foci in the nucleus and nuclear rim.14,15 It processes SUMO-1
with greater efficiency than it processes SUMO-2 and SUMO-
3, although the proteolysis of all SUMOs by SENP1 has been
detected in vitro.16 SENP1 deletion or inactivation in mice
causes severe fetal anemia stemming from deficient eryth-
ropoietin production and death midgestation,17,18 demonstrat-
ing its critical importance for regulating desumoylation in
mammals. In addition, retroviral insertional mutation of SENP1
causes increased steady-state levels of the sumoylated forms of a
number of proteins and results in placental abnormalities
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incompatible with embryonic development.19 Notably, over-
expression of SENP1 is closely associated with prostate cancer
development20−22 and thyroid oncocytic tumors.23 Although
physiological and biochemical studies have examined the
function of SENP1, the molecular basis of the catalytic
mechanism underlying SUMO regulation remains unclear.
To obtain a better insight into the desumoylation process

catalyzed by SENP1, we combined molecular dynamic (MD)
simulations with quantum mechanics/molecular mechanics
(QM/MM) calculations on the SENP1-SUMO1-RanGAP1
system in an aqueous environment. In the study, we reported
the conformational transitions of both SENP1 and SUMO1-
RanGAP1 by induced-fit interactions for mutual recognition
and catalytic preparation. QM/MM calculations were employed
to investigate the detailed catalytic mechanism. Two-dimen-
sional potential energy surfaces were obtained to locate the key
intermediates and transition states. The desumoylation process
was proposed, and the potential energy barriers were provided.
These results are in good agreement with biochemical and
structural studies. Our study elucidates the catalytic mechanism
of SENP1 with its substrate, SUMO1-RanGAP1, provides a full
insight into the desumoylation process of SENP1, and furthers
the development of new therapeutic compounds for related
diseases.

■ MATERIALS AND METHODS

System Preparation. Initial coordinates for free SENP1
and SUMO1-RanGAP1 and the SENP1-SUMO1-RanGAP1
complex were taken from the X-ray crystal structures (PDB
entries: 2IY0 and 2IYC).24 The functional Cys603 in SENP1
was retrieved from alanine, and the side chains with missing
coordinates were reconstructed using the fragment library of
the Biopolymer module in Sybyl version 6.8.25 SUMO
modification with an isopeptide bond between the C-terminal
carboxyl group of Gly97 in SUMO1 and the ε-amino group of
Lys524 in RanGAP1 was optimized at the level of HF/6-31G*
using Gaussian 09,26 and the parameters used in MD
simulations were built in the xLeap module of the AMBER
program suite.27

MD Simulations. The prepared structures mentioned
above were taken as the starting points for MD simulations.
Each MD simulation was carried out using the AMBER
program suite with the Parm03 force field. Each structure was
prepared with the xLeap module, in which protons were added
to the structure. All ionizable side chains were maintained in
their standard protonation states at pH 7.0. The proteins were
solvated in a cubic box of TIP3P water molecules with a water
thickness extending at least 10 Å away from the protein surface.
Eight chloride ions as counterions were then added to the
system to create a neutral simulation system.
To avoid any instability that might occur during the MD

simulations, the solvated system was subjected to minimization
for 5000 cycles with the proteins restrained and followed by
another 5000 cycles with the whole system relaxed. Then, the
system was gradually heated from 0 to 300 K during the first 60
ps in three intervals, followed by equilibrium for 80 ps under
conditions of constant volume and temperature (NVT).
Afterward, the system was switched to constant pressure and
temperature (NPT) and equilibrated for 100 ps to adjust the
system to the correct density. Finally, the production
simulations were carried out in the absence of any restraint
under NPT conditions, and 10-ns MD simulation was

conducted. This protocol was applied to all of the simulation
systems.
All MD simulations were performed using the parallel

version of PMEMD in the AMBER suit. The Particle Mesh
Ewald (PME) method28 was employed to calculate long-range
electrostatic interactions, and the lengths of bonds involving
hydrogen atoms were fixed with the SHAKE algorithm.29

During simulations, an integration time step of 2 fs was
adopted, and structural snapshots were flushed every 500 steps
(1 ps). The nonbonded cutoff was set to 10.0 Å, and the
nonbonded pair list was updated every 25 steps. Each
production simulation was coupled to a 300 K thermal bath
at 1.0 atm by applying the Berendsen algorithm.30 The
temperature and pressure coupling constants were set to 2.0
and 1.0 ps, respectively.

Free Energy Calculation. Molecular mechanics Poisson−
Boltzmann surface area (MM-PBSA) is a popular method for
the computation of free energies that was first developed by
Kollman et al. in 2000.31,32 A number of successful applications
of the MM-PBSA method have already been reported in the
literature.33−37 The MM-PBSA method implemented in the
AMBER9 program was applied to compute the difference of the
free energies (ΔG) in solution between cis and trans
configurations of SUMO1-RanGAP1. The MM-PBSA method
can be conceptually summarized as

Δ = −G G Gcis trans (1)

= + −G E G TSgas sol (2)

= + +E E E Egas int vdw ele (3)

= +G G Gsol ele sol nonpol sol, , (4)

γ= × +G SASA bnonpol sol, (5)

Here, the comparison of the free energies (ΔG) is computed
as the difference between the free energies of the cis SUMO1-
RanGAP1 (Gcis) and the trans SUMO1-RanGAP1 (Gtrans). The
free energy of each molecule was calculated using eq 2 by
summing its internal energy in the gas phase (Egas), the
solvation free energy (Gsol), and a vibrational entropy term
(TS) computed by the Normal-Mode Analysis. Egas is the
standard force field energy, including strain energies from
covalent bonds and torsion angles as well as noncovalent van
der Waals and electrostatic energies (eq 3). The solvation free
energy (Gsol) was computed as the sum of the electrostatic
component and nonpolar component (eq 4). The electrostatic
component was computed with the Possion-Boltzmann
method (PB),38 and the nonpolar component was assumed
to be proportional to the solvent-accessible surface area (SASA)
of the molecule under consideration. Because entropy
calculation is extremely time-consuming for large systems and
the contribution of entropy to ΔG may be negligible between
the trans and cis configurations in SUMO1-RanGAP1,39,40 the
entropy term was not calculated in the MM-PBSA for the
study.

QM/MM Calculation. QM/MM calculations were per-
formed using a two-layered ONIOM method encoded in the
Gaussian09 program. The ONIOM method41−45 is a hybrid
computational method developed by Morokuma and co-
workers that allows different levels of theory to be applied to
different parts of a molecular system.46−48
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The structure most similar to the average of the dominant
cluster obtained with the AMBER Parm99 force field was
further optimized at the ONIOM (B3LYP/6-31G*:Amber)
level. The quantum mechanics (QM) region included the
isopeptide bond between residues Gly97 in SUMO1 and
Lys524 in RanGAP1, the methylenethioalcohol group (−CH2−
SγH) of Cys603, the terminal group (−CH2−COεNζH2) of
Gln597, the anionic carboxymethyl group (−CH2−COδ1Oδ2‑)
of Asp550, the side chain of His533, and a water molecule, for a
total of 54 atoms. This brought the total charge of the QM
system to −1 (the total system remained neutral). The QM
region was calculated using the density functional theory with
the B3LYP exchange-correlation functional and the 6-31G*
basis set. The remainder of the system (MM region) was
treated using the AMBER Parm99 force field. A total of 10,551
atoms were included in the QM/MM calculations. The
electrostatic interactions between the QM and MM regions
were calculated using the electronic embedding method, which
treats the polarization of the QM region by the MM region
with scaled partial atomic charges of MM atoms, and the
response of the QM region with the Merz−Singh−Kollman
scheme for charge fitting to produce the changing partial
charges of the QM atoms. Furthermore, the PROPKA
program49 (http://propka.ki.ku.dk/), one of the most
commonly used empirical pKa predictors, was introduced to
evaluate the protonated state of residues in the biological
process of the desumoylation catalyzed by SENP1. The results
showed that, after substrate binding, the pKa of Asp550
decreases from 4.70 to 4.06, while the pKa of Cys603 increases
from 11.01 to 11.63, indicating that Asp550 acquires protons
more easily, and Cys603 loses them more readily. Therefore,
the proton transfer pathway at the beginning of the catalytic
mechanism appeared to be functioning properly.

■ RESULTS AND DISCUSSION
The main goal of this study was to investigate the
desumoylation process of SUMO1-RanGAP1 catalyzed by
SENP1, which has been reported to be closely related to the
conformational rearrangement between the enzyme and
substrate. To this end, three systems for 10-ns MD simulations
were conducted: (1) the free-state enzyme SENP1, (2) the
free-state substrate SUMO1-RanGAP1, and (3) the complex of
SENP1-SUMO1-RanGAP1. QM/MM calculations were further
used to study the mechanism of desumoylation catalyzed by
SENP1. Two potential energy surfaces were calculated to
obtain pivotal intermediates and transition states as well as the
potential energy barrieries.
Conformational Rearrangement of SENP1 in Desu-

moylation. The X-ray crystal structure of the SENP1-
SUMO1-RanGAP1 complex showed a closed catalytic environ-
ment between the enzyme and its substrate, indicating that
conformational rearrangement of SENP1 is a fundamental
prerequisite for catalysis following the binding of the target
substrate.50−52 By comparing the residue trajectories of the
active site between free SENP1 and SENP1 bound to SUMO1-
RanGAP1 (Figure 1), two pairs of parallel residues, Trp465-
Val532 and His529-Trp534, were found to adopt notable
conformational changes. The indole of Trp465 in SENP1
flipped approximately 90 degrees to cover the Gly-Gly
dipeptide of SUMO1, and it functioned as a “lid” for the
precise recognition of substrate SUMO1-RanGAP1 in SENP1.
In yeast, mutagenesis of the corresponding residue (Trp448A)
in SENP1 homologue Ulp1 eliminated the binding of Ulp1 to

SUMO homologue Smt3, which supports the role of Trp465 of
SENP1 in the recognition of substrate.53 Then, the parallel
residue Val532 was released from its hydrophobic interaction
with Trp465, and its two terminal methyl groups moved to the
opposite side of the “channel”. Meanwhile, the channel
expanded at the bottom by disruption of the van der Waals
interaction between Trp534 and its parallel residue, His529,
leading to the complete insertion of SUMO1-RanGAP1.
Mutagenesis of the corresponding residue (Trp515H) in
Ulp1 decreased the binding of Ulp1 to Smt3, and the
consistency between theoretical and experimental data provides
an insight for the function of Trp534 in SENP1.53 After the
binding of substrate, the catalytic triad of SENP1 (Cys603,
His533, and Asp550) gathered together in a subtle but
significant conformational transition (Figure 1) that brings
them into functional alignment and triggers the RanGAP1de-
sumoylation process, in which Cys603 has been confirmed by
the mutant experiments.52,54

Conformational Transitions of SUMO1-RanGAP1. To
further investigate the conformation transition of the SUMO1-
RanGAP1 substrate, MD simulation was performed on free
SUMO1-RanGAP1 (Figure S1). Compared with SENP1-
SUMO1-RanGAP1, two important structural transformations
in the free SUMO1-RanGAP1 were observed. First, the
isomerization of the amide nitrogen from the cis to the trans
configuration occurred in our simulation, although the X-ray
crystal structure in the bound state indicates that the scissile
isopeptide bond has the cis configuration (Figure 2).24 As
shown in Figure S2, this conformational transition was
accomplished within 1 ns, and the isopeptide bond was
found in the extended orientation and maintained the trans
configuration after that. Second, another conformational
transition induced by a hydrophobic interaction between
residue Pro58 in SUMO1 and residues Leu560, Leu581, and
Tyr585 in RanGAP1 was identified in the simulation.
Specifically, Pro58 of SUMO1 gradually entered a hydrophobic
pocket composed of the residues Leu560, Leu581, and Tyr585
of RanGAP1. This hydrophobic interaction emerged gradually
in the initial 5 ns of the MD simulation and was stable in the
following MD simulation. The root-mean-square fluctuation
(RMSF) values of SUMO1 and RanGAP1 (Figure S3) also
indicated that both SUMO1 and RanGAP1 residues close to
the hydrophobic pocket have much larger fluctuations in the
free state than in the bound state. Based on the analysis, we
proposed that in addition to the conformational rearrange-

Figure 1. Comparison of SENP1 in free (green) and bound (yellow)
states. The snapshot structures of SENP1 were extracted from the free
SENP1 and SENP1-SUMO1-RanGAP1 trajectories at the time of 10
ns. The region of the catalytic channel in SENP1 is scaled up. SENP1
and SUMO1 (cyan in the system of SENP1-SUMO1-RanGAP1) are
shown in a cartoon, and the side chains of crucial residues in SENP1
are depicted with sticks and labeled.
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ments of SENP1, SUMO1-RanGAP1 undergoes a large
conformational change including the break of the hydrophobic
patch between SUMO1 and RanGAP1, the isomerization of the
isopeptide bond linking SUMO1 and RanGAP1, and the
induced fit with the catalytic site of SENP1 during the binding
process between SENP1 and SUMO1-RanGAP1. These results
are in agreement with the fluorescence resonance energy
transfer-based assay, which show that SENP1 binding is
accompanied by a conformational change in the substrate.24

Cis Configuration of Isopeptide in SENP1-SUMO1-
RanGAP1. The configurations of the isopeptide might be cis or
trans of the amino nitrogen under different environ-
ments24,55−59 (Figure 2A). Our simulations demonstrated a
stable trans arrangement for the isopeptide in the free state of
SUMO1-RanGAP1. Furthermore, the total free energy
obtained by the MM-PBSA method indicated that the trans
arrangement is more favorable than the cis arrangement by 83.5
kcal/mol (Figure 2C and Table S1). However, when SUMO1-
RanGAP1 was bound to SENP1, the cis arrangement of the
isopeptide positioned the carbonyl carbon of Gly97 with
respect to the sulfur of the active Cys603 such that nucleophilic
attack can proceed (Figure 2E). Furthermore, two hydrogen
bonds were formed between the carbonyl oxygen of Gly97 and
the side chain NH of Gln597 and main chain NH of Cys603 in
SENP1. Additionally, the NH groups in residues Gly97 and
Lys524 formed hydrogen bonds with the carbonyl oxygen atom
of Val532 (Figure 3A), and these hydrogen bonds were stable
and permanent during the entire 10 ns simulation process
(Table 1). Accordingly, we proposed that the cis configuration
of the isopeptide might play a critical role in locking the
position of the substrate, SUMO1-RanGAP1, in the active triad
through hydrogen binding with residues Gln597, Cys603, and

Val532 for subsequent desumoylation. Notably, such anchor
interactions were abolished when the isopeptide was in the
trans conformation (Figure 3B, the trans structure was
constrained to optimization). The mutational data revealed
that Gln597A, which eliminated the hydrogen bond with the
carbonyl oxygen of Gly97, is responsible for the correct
orientation and leads to the severe impairment of both
deconjugation and the processing activity of SENP1.52

Critical Role of Cysteine in the SENP1 Active Site. The
structures of native SENP1 and its mutant Cys603S (PDB code
is 2G4D) were carefully analyzed to understand the role of the
cysteine in the active site (Figure 4). First, the orientations of

cysteine and serine in the catalytic triad were found to be
different. The Sγ atom in Cys603 is directed at the carbonyl
carbon of Gly97 in SUMO at a distance of 3.48 Å, whereas the
Oγ atom in Ser603 is oriented to the Nε1 atom in His533 with
2.82 Å between them. In contrast, the distance between the Oγ

atom and the reactive carbonyl carbon increases to 4.14 Å.

Figure 2. Isopeptide configurations of SUMO1-RanGAP1 in free and
bound states with SENP1. A: The cis and trans configurations. B: The
starting structure of SUMO1-RanGAP1. C: Snapshot of SUMO1-
RanGAP1 at 10 ns. D: The starting structure of SENP1-SUMO1-
RanGAP1. E: Snapshot of SENP1-SUMO1-RanGAP1 at 10 ns.
SENP1 is shown in yellow, SUMO1 is shown in cyan, and RanGAP1 is
shown in salmon.

Figure 3. Key hydrogen bonds between the isopeptide and SENP1. A:
cis configuration of the isopeptide in 10 ns snapshot of SENP1-
SUMO1-RanGAP1 is shown in green. Hydrogen bonds are depicted
by dashed lines. Colors for SENP1, SUMO1 and RanGAP1 are as in
Figure 2. B: trans configuration of the isopeptide is shown in blue, and
others are as in A.

Table 1. Hydrogen Bonds between the Isopeptide in
SUMO1-RanGAP1 and SENP1 during 10 ns Simulations of
the SENP1-SUMO1-RanGAP1 System

isopeptide in
SUMO1-
RanGAP1 SENP1

residue group residue group distance (Å)a occupancy (%)b

Gly97 O Gln597 Nε−H 2.925 (0.14) 98.39
Gly97 O Cys603 N−H 3.187 (0.17) 78.89
Val532 O Gly97 N−H 2.974 (0.14) 98.45
Val532 O Lys524 Nζ−H 3.012 (0.18) 88.06

aThe average distance between hydrogen acceptor atom and hydrogen
donor atom in the investigated time period. bOccupancy is hydrogen
bond present percentage in the investigated time period.

Figure 4. Comparison of the catalytic triad structures between SENP1
(PDB ID: 2IY0, carbon atoms from SENP1 are colored in yellow) and
SENP1 Cys603S mutant (PDB ID: 2G4D, carbon atoms from SENP1
mutant are colored in green).
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Obviously, the orientation of Sγ atom is favorable for the
desumoylation process, and this cysteine residue orientation is
present in all known SENP crystal structures, including
2CKH,60 2IYD, 1TGZ,50 and even the crystal structures of
SENP8 with Neddylin.60,61 Moreover, the Oδ1 atom in Asp550
participates in a strong hydrogen bond with the Nε2 atom in
His553 at a distance of 2.84 Å, and the corresponding hydrogen
bond distance for mutant Cys603S is 3.08 Å. This hydrogen
bond induces a more electronegative imidazole group in
His533, which cleaves the Sγ−H bond in Cys603, resulting in
greater nucleophilicity for Cys603. Therefore, the orientation of
the active cysteine and its microenvironment and the distances
between the key residues are critical to SENP1 desumoylation
activity, and the cysteine in SENP1 cannot be displaced by
serine in its catalytic triad for SUMO1-RanGAP1. Mutagenesis
experiments demonstrated that the lack of a thiol group in both
Cys603S and Cys603A mutations inactivate the catalytic
reaction in the desumoylation process.52,54

Catalytic Mechanism. To better understand the molecular
basis of the catalytic mechanistic issues of SENP1, the
equilibrated structure obtained with MD simulations in the
SENP1-SUMO1-RanGAP1 system was further optimized at the
ONIOM (B3LYP/6-31G*: Amber) level. A stable ground state
structure R was located. Similar R ground states from other
different conformations in the SENP1-SUMO1-RanGAP1
simulation were also observed after the ONIOM optimization
(Figure S4), indicating that this state is a prerequisite for
SENP1 catalytic mechanism. The major difference in R for the
reaction center from the initial structure obtained by MD
simulation was the identification of a proton transfer pathway
from the thiol group of Cys603 to the carboxyl group of
Asp550 through a water molecule and His533. Specifically, the
hydrogen-bonded pairs include SγH−Cys603···O−Wat, OH−
Wat···Nε1−His533, and Nε2H−His533···Oδ1−Asp550. This
proton transfer pathway may contribute to the stability of the
catalytic triad since the strong interactions between these
hydrogen-bonded pairs lock the triad together. More
importantly, the deprotonation of the thiol in Cys603, with
high electronegativity, will facilitate nucleophilic attack on the
carbonyl carbon of Gly97 in SUMO1. Taken together, these
data suggest that the proton transfer pathway plays a critical
role in the conformational rearrangement and desumoylation
process.
A two-dimensional potential energy surface was calculated

using the ONIOM (B3LYP/6-31G*:Amber) method to
understand the nucleophilic attack of the electronegative Sγ

atom of Cys603 on the carbonyl carbon of Gly97 in SUMO1.
The potential energy surface was calculated by defining the
distances of r(SCys603−CGly97) and r(OWat−HWat) as the reaction
coordinates. The SCys603, CGly97, OWat, and HWat represent the Sγ

atom of Cys603, the carbonyl carbon atom of Gly97, and the
oxygen and hydrogen atoms of water, respectively. The
potential energy surface with the key structures along the
reaction path, including R, TS1, and M, is illustrated in Figure
5. The distance of r(SCys603−CGly97) was found to be 3.387 Å in
the optimized structure R and 1.929 Å in the optimized product
M, and the distance of r(OWat−HWat) is 1.006 Å in R and 1.691
Å in M. TS1 is located at r(SCys603−CGly97) = 2.10 Å and
r(OWat−HWat) = 1.30 Å. The nucleophilic attack was
determined to be the rate-determining step with a calculated
potential energy barrier of 20.2 kcal/mol, and we think the
energy barrier might be even lower when different computa-
tional methods and/or indispensable solvent effects are

considered. Besides, the tetrahedral intermediate M has been
proposed by Shen et al.,24 and the analogue is suggested by
Berndsen et al.62 in a mechanism involving direct nucleophilic
attack of the Nζ-Lysine on the enzyme-bound acetyl-CoA.
It should be noted that the proton transfer pathway was

verified by TS1, which clearly demonstrated that the OGly97−
HWat bond is almost formed (1.117 Å) and the OWat−HWat

bond is almost broken (1.30 Å). The water entering into the
active site may act not only as a proton transfer bridge but is
also to stabilize TS1. To confirm our proposal, a catalytic
pathway via a transition structure with the nucleophilic attack of
the thiol group of Cys603 proceeding directly to the carbonyl
carbon of Gly97 of SUMO1 was investigated. A calculated
potential energy surface defining the distances of r(SCys603−
CGly97) and r(SCys603−HCys603) as reaction coordinates was
obtained. The transition state is located at r(SCys603−CGly97) =
2.00 Å and r(SCys603−HCys603) = 1.30 Å, and the potential
energy barrier is calculated to be 40.2 kcal/mol (Figure S5).
These computational results demonstrated that the activated

Figure 5. Two-dimensional potential energy surface defining the
distances of r(SCys603−CGly97) and r(OWat−HWat) as the reaction
coordinates and the key active-site structures of R, M, and TS1 along
the reaction path. Black dashed lines represent hydrogen bonds or key
bond distances (in Å). For clarity, only the atoms around the reaction
center are included. SCys603, CGly97, OWat, and HWat represent the Sγ

atom of Cys603, the carbonyl carbon atom of G97, and the oxygen
and hydrogen of water, respectively.
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energy barrier via a water-mediated TS1 is 20.0 kcal/mol lower
than without the proton transfer pathway.
Following the nucleophilic attack, the release of the target

protein RanGAP1 was also investigated using a two-dimen-
sional potential energy surface defining the distances of
r(NLys524−CGly97) and r(OWat−HWat) as the reaction coor-
dinates. The resulting two-dimensional potential energy surface
is presented in Figure 6. The distance of r(NLys524−CGly97) was

found to be 1.450 Å in the optimized structure M and increases
to 3.316 Å in the optimized intermediate M1. The distance of
r(OWat−HWat) is initially 1.007 Å inM and decreases to 2.097 Å
in M1. Furthermore, TS2 is located at r(NLys524−CGly97) = 1.60
Å and r(OWat−HWat) = 1.30 Å. In this reaction, proton transfer
automatically proceeds from the carbonyl oxygen atom of
Gly97 to a water molecule, followed by breaking of the
NLys524−CGly97 bond as a result of the strong nucleophilic
character of the Lys524 NζH. The hydrogen bond contributes
to the near-attack reactive conformation, and the proton
transfer is stabilized TS2 through a water-mediated proton
transfer pathway. In addition, the formation of the acyl-enzyme

intermediate (SUMO1-SENP1) was found to be a rapid step,
considering the activation barrier of 2.7 kcal/mol. Shen et al.24

have suggested that the dissociation of the cleaved product is
likely to be rapid, and our computational results are in good
agreement with their analysis.
After the formation of the acyl-enzyme intermediate M1,

hydrolysis occurs, and free SUMO1 and SENP1 are released in
their apo forms and are then ready for the next reaction cycle.
The structure of the hydrolysis product was designated as P
(Figure 6). Compared with the stability of M1 and P, we found
that M1 is less stable than P by 4.8 kcal/mol, suggesting that
this hydrolysis process might proceed readily.
Taking these data together, we proposed a detailed reaction

mechanism (Figure 7): (1) after the induced-fit mutual

recognition between the enzyme (SENP1) and the substrate
(SUMO1-RanGAP1), a proton transfers spontaneously from
the −SγH group of Cys603 to the carboxyl group of Asp550,
and three hydrogen-bonded pairs are observed, including SγH−
Cys603···O−Wat, OH−Wat···Nε1−His553, and Nε2H−
His553···Oδ1−Asp550; (2) the nucleophilic sulfur anion of
Cys603 attacks the carbonyl carbon of Gly97 of SUMO1,
leading to a tetrahedral intermediate M; (3) one product
RanGAP1 is released from M; and (4) the acyl-enzyme
intermediate M1 is formed and then hydrolyzed to another
product SUMO1 and enzyme SENP1. The mechanisms of
enzymes on the isopeptides have been studied by several
enzymes,63−72 such as Ubiquitin C-terminal hydrolases (UCH-
L1) and γ-Glutamyl hydrolase (GH). Generally, the hydrolysis
mechanisms of these enzymes are performed as follows: (i)
deprotonation of thiol group of cystine by adjacent basic
histidine at the active site; (ii) nucleophilic attack of the
deprotonated S− on the carbonyl carbon of substrate; (iii)
produce of thioester intermediate and release of amine segment
from the substrate; (iv) hydrolysis of the thioester bond and
release of the carboxylic segment from the substrate. In
addition to the functions of cystine and histidine, aspartic acid
of Cys-His-Asp generally enhances the basic property of
histidine by forming a hydrogen bond for the following
deprotonation of cystine. In SENP1, Asp550 participated in a
strong hydrogen bond with His553 to induce more electro-
negative imidazole group of His533, which cleaved the Sγ−H
bond in Cys603, and the nucleophilic attack by the

Figure 6. Two-dimensional potential energy surface defining the
distances of r(NLys524−CGly97) and r(OWat−HWat) as the reaction
coordinates and the key active-site structures of TS2, M1, and P. Black
dashed lines represent hydrogen bonds or key bond distances (in Å).
For clarity, only the atoms around the reaction center are included.
NLys524, CGly97, OWat, and HWat represent the Nζ atom of Lys524, the
carbonyl carbon atom of G97, and the oxygen and hydrogen of water,
respectively.

Figure 7. Catalytic reaction pathway obtained by QM/MM
calculations. The isopeptide bond is shown in red, and the key
residues in the triad are colored.
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deprotonated S− of Cys603 on the carbonyl carbon of Gly97 of
isopeptide lead to a tetrahedral intermediate. Finally, two
products, RanGAP1 and SUMO1, were released. Basically, the
mechanism of Cys603-His553-Asp550 is in agreement with the
function of Cys-His-Asp found in UCH-L1 and GH. One water
has been specifically found to be involved in proton transfers in
the catalytic mechanism of SENP1, and to our knowledge, the
hydrolysis energy on the isopeptide was first calculated in the
study.

■ CONCLUSIONS
MD simulations and QM/MM calculations were conducted on
the systems SENP1, SUMO1-RanGAP1, and SENP1-SUMO1-
RanGAP1 to explore the desumoylation process and catalytic
mechanism of SENP1 (Figure 8). In the process, substrate

SUMO1-RanGAP1 breaks the hydrophobic patch between
SUMO1 and RanGAP1, undergoes the isomerization of the
isopeptide from trans to cis, and then embeds into the catalytic
channel of enzyme SENP1 by induced-fit interactions. After
that, the catalytic reaction of desumoylation is driven by SENP1
through two transition states. The nucleophilic sulfur anion of
Cys603 attacks the carbonyl carbon of Gly97 of SUMO1 to
form the first tetrahedral intermediate; after the release of free
RanGAP1, the second acyl-enzyme intermediate is produced
and hydrolyzed to free SUMO1 and SENP1. In the catalysis,
the nucleophilic attack was identified to be the rate-determining
step with a potential energy barrier of 20.2 kcal/mol. These
findings are in good agreement with reported experimental and
structural data and fully elucidate the desumoylation process of
SENP1-SUMO1-RanGAP1 and further the discovery of
compounds needed to treat related diseases.
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