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ABSTRACT: Deubiquitinating enzymes (DUBs) catalyze the cleavage of the
isopeptide bond in polyubiquitin chains to control and regulate the deubiquitination
process in all known eukaryotic cells. The human AMSH-LP DUB domain specifically
cleaves the isopeptide bonds in the Lys63-linked polyubiquitin chains. In this article,
the catalytic mechanism of AMSH-LP has been studied using a combined quantum
mechanics and molecular mechanics method. Two possible hydrolysis processes (Path
1 and Path 2) have been considered. Our calculation results reveal that the activation
of Zn2+-coordinated water molecule is the essential step for the hydrolysis of
isopeptide bond. In Path 1, the generated hydroxyl first attacks the carbonyl group of
Gly76, and then the amino group of Lys63 is protonated, which is calculated to be the
rate limiting step with an energy barrier of 13.1 kcal/mol. The energy barrier of the rate limiting step and the structures of
intermediate and product are in agreement with the experimental results. In Path 2, the protonation of amino group of Lys63 is
prior to the nucleophilic attack of activated hydroxyl. The two proton transfer processes in Path 2 correspond to comparable
overall barriers (33.4 and 36.1 kcal/mol), which are very high for an enzymatic reaction. Thus, Path 2 can be ruled out. During
the reaction, Glu292 acts as a proton transfer mediator, and Ser357 mainly plays a role in stabilizing the negative charge of Gly76.
Besides acting as a Lewis acid, Zn2+ also influences the reaction by coordinating to the reaction substrates (W1 and Gly76).

Ubiquitin (Ub) is a small protein that exists in all tissues of
eukaryotic organisms.1−5 It performs its myriad functions

by ubiquitination, which is an enzymatic and post-translation
modification process involving three sequential steps: activa-
tion, conjugation, and ligation, performed by ubiquitin-
activating enzymes (E1s), ubiquitin-conjugating enzymes
(E2s), and ubiquitin ligases (E3s),6−8 respectively. Through
the above sequential reactions, the ubiquitin molecule is ligated
with the lysine residues of the substrate protein by an
isopeptide bond or with the amino group of the N-terminus
of protein by a peptide bond.9 These protein modifications may
occur in either a single ubiquitin protein (monoubiquitination)
or a chain of ubiquitin (polyubiquitination), by which the
ubiquitin molecules are attached to the lysine residues in
ubiquitin itself.10 As the ubiquitin molecule contains seven
lysine residues, each of them can bind with the terminal
carboxyl group of another ubiquitin whereby at least seven
distinct ubiquitin chain linkage types (lysine-6, -11, -27, -29,
-33, -48, and -63) can be formed in polyubiquitination,
increasing the complexity of ubiquitination.11−15 Among
them, the Lys48-linked ubiquitin chains are the most abundant
linkages in vivo and constitute the canonical signal for
proteasomal degradation.4,10 The roles of ubiquitin chains
linked by residues other than Lys 48 are still not fully
understood yet. But the Lys 63-linked ubiquitin chains play
proteasome-independent roles in a variety of intracellular

events, such as DNA repair, inflammatory signaling, and
ribosomal protein synthesis.3,10,16,17

Similar to other post-translational modification, ubiquityla-
tion is also a reversible process that can be controlled and
regulated through the deubiquitination process catalyzed by
deubiquitinating enzymes (DUBs: also named deubiquiti-
nases).18−20 DUBs belong to the isopeptidases family, which
catalyzes the hydrolysis of peptide (isopeptide) bond between
ubiquitin molecules, as shown in Scheme 1, and removes the

covalently linked ubiquitin molecules from the target substrates.
On the basis of previous studies, about 90 DUBs can be
encoded by the human genome, and approximately 80 DUBs
are predicted to be active.10 According to the different
functions and sequences, the DUBs family can be classified
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Scheme 1. Hydrolysis Process of Isopeptide Bond Catalyzed
by DUBs

Article

pubs.acs.org/biochemistry

© 2015 American Chemical Society 5225 DOI: 10.1021/acs.biochem.5b00527
Biochemistry 2015, 54, 5225−5234

pubs.acs.org/biochemistry
http://dx.doi.org/10.1021/acs.biochem.5b00527


into five groups: ubiquitin carboxy-terminal hydrolases
(UCHs), ubiquitin-specific proteases (USPs), Otubain pro-
teases (OTUs), Machado−Joseph disease proteases (MJDs),
and JAB1/MPN/Mov34 metalloenzymes (JAMMs).21,22 All
DUBs except JAMMs are cysteine proteases, whereas JAMMs
are zinc metalloproteases which require a Zn2+ for catalysis.21,23

AMSH (associated molecule with the SH3 domain of signal
transducing adaptor molecule (STAM)) family members are
JAMMs DUBs, which specifically cleave the isopeptide bonds
of Lys63-linked polyubiquitin chains from the conjugated
substrates to regulate various cellular processes.6,24,25 It has
been proposed that AMSH enzymes facilitate the recycling of
receptors and act as key regulators of the endosomal sorting
complexes required for transport (ESCRTs).25,26 Although
many structures of DUBs have been reported, the mechanism
of linkage-specific polyubiquitin cleavage for all DUBs is still
unclear owing to the lack of structures of DUBs in complex
with the isopeptide-linked ubiquitin chains.11,12,27−30 In 2008,
the human AMSH-LP DUB in complex with Lys63-linked
diubiquitin (K63−Ub2) (PDB code: 2ZNV) and with Zn2+

(PDB code: 2ZNR) have been successfully crystallized at 1.6
and 1.2 Å resolutions,31 respectively. In the crystal structure of
AMSH-LP DUB-Zn2+ complex, Zn2+ is stabilized in the active
site by forming coordinate bonds with residues His347, His349,
Asp360 and a water molecule which is hydrogen bonded to
Glu292. In the crystal structure of AMSH-LP DUB-K63-Ub2
complex, the isopeptide bond between the amino group of
Lys63 in the proximal ubiquitin and the carbonyl group of
Gly76 in the distal ubiquitin is stabilized in the active pocket by
a complex hydrogen bonding network. It should be noted that,
in order to obtain the crystal structure of AMSH-LP DUB-K63-
Ub2 complex, the residue Glu292 had been mutated to Ala292
to make the protein inactive. These two crystal structures
provide the structural basis for understanding the selective
cleavage of Lys63-linked ubiquitin chains by AMSH-LP family
members; however, the reaction details of AMSH-LP are still
unknown.6,31 Thus, in this article, on the basis of the obtained
structures, a reactant model was constituted, and the reaction
detail was investigated by using the quantum mechanical/
molecular mechanical (QM/MM) method.32,33

The hydrolysis processes of peptides (isopeptides) bond
catalyzed by some other zinc-containing enzymes have been
studied by using the QM/MM calculations, and different
mechanisms have been proposed. For example, in the QM/
MM studies of carboxypeptidase A (CPA)34 and angiotensin-
converting enzyme (ACE),35 Xu and co-workers proposed that
the activation of Zn2+-bound water molecule and the

nucleophilic attack by the hydrolytic water proceed in a
concerted manner, whereas in the studies of insulin degrading
enzyme (IDE),36 Prabhakar and co-workers suggested that
these two steps proceed in a stepwise manner. For the
hydrolysis process of isopeptide bond catalyzed by AMSH-LP,
it is still unclear how the catalytic reaction occurs. In addition,
several questions for the catalytic reaction details have no
answers yet. For instance, which reaction step is rate limiting
and how Zn2+ influences the reaction are still unknown.
Theoretical study on the mechanism of AMSH-LP can deepen
our understanding of the catalytic properties of AMSH-LP and
other JAMMs DUBs enzymes. To our knowledge, this is the
first theoretical report of the catalytic mechanism of AMSH-LP.

■ METHODS

Computational Models. The computational model was
constructed on the basis of crystal structures of AMSH-LP in
complex with K63-Ub2 (PDB code: 2ZNV) and Zn2+ (PDB
code: 2ZNR).31 To construct the reaction center, the structures
of AMSH-LP in complex with K63-Ub2 and Zn2+ were first
superposed by the UCSF Chimera package.37 The small root-
mean-square deviation (RMSD) valve (0.472 Å) of the
superposition indicates that the active site architectures of the
two crystal structures are basically identical, as shown in Figure
1a. According to the superposition, the reaction center was
constructed, which includes Zn2+, K63-Ub2, residue Glu292,
and a Zn2+-coordination water molecule, as shown in Figure 1b.
One can see that Zn2+ directly coordinates to His347, His349,
Asp360, and the water molecule (W). Glu292 interacts
indirectly with Zn2+ by a water mediator. A hydrogen bonding
network is formed between K63-Ub2 and residues Gly75,
Glu292, and Ser357. The protonation states of titratable
residues were assigned by using PROPKA3.1 package38−41

under the experimental conditions. According to the predicated
pKa values, His347, His349, and other histidine residues were
set to their deprotonation states, whereas the other residues
were set to their normal protonation states. The HBUILD
program was used to add the missing hydrogen atoms in
CHARMM package.42 Afterward, the model was placed into
the TIP3P43 water, which forms a water sphere with the radius
of 42 Å. When the system is solvated, the origin of the system is
fixed on the center of the longest axis of protein. After
neutralized by one sodium ion and a sequence of minimization
steps, a 20 ns MD simulation was performed with the
CHARMM22/CMAP all-atom force field.42,44,45 The prepared
system was divided into two regions: an outer buffer region (36
Å < r < 42 Å) and an inner reaction region (r < 36 Å), which

Figure 1. (a) The superposed structure of AMSH-LP-Zn2+ and AMSH-LP-K63Ub2 complexes; (b) Tthe active site structure of AMSH-LP.
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were characterized by Langevin dynamics with friction and
random force and Newton’s equations of motion, respectively.
During the MD simulation, the stochastic boundary condition46

at 1 atm and 298.15 K was used as a thermal bath to keep the
stability of system and to avoid the escape of water molecules
from dynamic region. The 20 ns MD simulation was carried out
by three steps: first, the prepared system was heated for 50 ps
from 0 to 298.15 K with a time step of 1 fs; then, the system
was equilibrated for 50 ps with the same time step at 298.15 K;
finally, a 20 ns MD simulation was performed.
QM/MM Calculations. Two typical snapshots taken from a

20 ns MD simulation were used for the subsequent QM/MM
calculations. During the QM/MM calculations, the whole
systems were divided into two regions: QM and MM. QM
region contains 86 atoms, including the side chains of Glu292,
His347, His349, Asp360, and Ser357 of AMSH-LP, Lys63 in
the proximal ubiquitin, Gly76 and Gly75 in the distal ubiquitin,
part of the residue Arg74 in distal ubiquitin, a water molecule
and Zn2+. The rest of the atoms of the system were put into the
MM region. The interfaces between the two subsystems were
treated by hydrogen linked atoms with the charge shift model.47

For a better description of hydrogen bonding interaction
between the small −CH2OH group of Ser357 and the carbonyl
oxygen of Gly76, one backbone carbon atom was also included
in the QM region, and therefore two link H atoms were
inserted. Although the current link-atom approach cannot
account well for the backbone atoms, the −CH2OH group is
not directly involved in the chemical reaction, and the inserted
link atoms are far from the reaction center, we assume that the
caused error would be very small. An electronic embedding
scheme48 where the MM subsystem charges were combined
into the one-electron Hamiltonian of QM calculations was
implemented to characterize the polarizing effects of environ-
ments on the QM region. The QM subsystem was performed
in Turbomole49 with DFT at B3LYP functional.50,51 The MM
subsystem was treated by using CHARMM22 force field45 in
DL-POLY.52 ChemShell package53 was used to combine the
Turbomole and DL-POLY programs. All the geometries were
optimized by HDLC optimizer.54 The L-BFGS method55,56 was
applied to find the local minima. Transition states were
searched by the P-RFO algorithm57 with the following
eigenmodes of the Hessian. All transition states were
determined by only one negative eigenvalue. Except Zn2+, all
geometry optimizations of the QM subsystem were treated at
the 6-31G(d,p) level. For Zn2+, the Stuttgart ECP/basis set
(SDD)58 was used to describe the Zn2+ coordination shell.
Single point energies were performed at the higher level (SDD,
6-31++G(d,p)) on the basis of the optimized structures. To
obtain more accurate energies, the DFT-D3 program59 was
applied to describe the dispersion interaction. During the
calculations, the residues of MM region within 17.0 Å of
carbonyl carbon atom of Gly76 in the distal ubiquitin were
allowed to move, while the rest of the residues were frozen.

■ RESULTS AND DISCUSSION
Structures of AMSH-LP. The constructed computational

model was first performed a 20 ns MD simulation. The RMSD
of AMSH-LP derived from the 20 ns MD simulation is
displayed in Figure 2. One can see that the system is basically
equilibrated after 12 ns, which implies that a 20 ns MD
simulation is adequate for equilibrating the system. The
equilibrated RMSD of AMSH-LP is maintained about at 1.16
Å. After the system achieves the equilibration, two typical

structures can be obtained, as shown in Figure 3, in which Zn2+

directly ligates to residues His347, His349, Asp360, and a water

molecule (W1). Glu292 forms one hydrogen bond with W1.
The amino group of Lys63 in proximal ubiquitin is hydrogen
bonded to Glu292. Two hydrogen bonds are formed between
Gly76 in distal ubiquitin and Asp360 and Ser357. In the
structure of R, W1 also forms one hydrogen bond with the
amino group of Lys63. But in the structure of R′, W1 forms one
hydrogen bond with the amino group of Gly76. The main
difference between R and R′ is the orientation of W1. On the
basis of the time course of the distance of H···Nz between the
hydrogen atom of W1 and Nz atom of Lys63 (Figure S1), the
percentage of the structures like R is estimated to be
approximately 60% of the equilibrated structures.
Using R as the initial reactant, the reaction details of AMSH-

LP were calculated by using the QM/MM method. It should be
noted that several experimental studies have been conducted to
explore the hydrolysis processes of isopeptide bond by AMSH-
LP. For example, the mutation experiments have revealed that
the Glu292Ala mutant is completely inactive.31 Besides, in the
studies of thermolysin60 and AMSH,6 which are similar to
AMSH-LP, the corresponding intermediate analogue and
product have been crystallized. According to the previous
studies,6,31 two possible hydrolysis processes of isopeptide
bond were considered (Scheme 2). As shown in Scheme 2, the
water molecule which coordinates to Zn2+ is first activated by
residue Glu292. Then, the activated hydroxyl directly attacks
the carbonyl group of Gly76, leading to the cleavage of the
isopeptide bond, which is illuminated in Path 1. Alternatively,
the amino group of Lys63 is first protonated by Glu292, and
then the C−Nz bond is cleaved, as shown in Path 2.

Figure 2. Time dependence of RMSD from 20 ns MD simulations.

Figure 3. Two typical structures of active sites (R and R′).
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Calculated Reaction Mechanism of AMSH-LP. The
structure of R was first used as the reactant. The catalytic
reaction is initiated by the activation of the water molecule
(W1). The optimized structures of reactant, transition state,
and intermediate for the activation process are shown in Figure
4, and the energy profile is displayed in Figure 5. As shown in
R, a strong hydrogen bond is formed between W1 and Glu292
with length of H1−Oe2 of 1.57 Å, facilitating the activation of
W1. In TS1, the distance between H1 and Oe2 further
decreases to 1.16 Å. In IM1, the H1 atom of W1 is completely
transferred to the carboxyl group of Glu292, and the water
molecule (W1) has been activated into a hydroxyl ion. Along
with the proton transfer, the coordination bonds between Zn2+

and residues are well kept. The activation of W1 is calculated to
be quite easy with an energy barrier of only 3.9 kcal/mol.
Following the activation of W1, two hydrolysis processes of the
isopeptide bond are explored in the next section.
Path 1. The optimized structures of intermediates, transition

states, and product in Path 1 are shown in Figure 6. The
generated hydroxyl first attacks the carbonyl group of Gly76 in
the distal ubiquitin. In TS2-1, the distance between Ow atom of
hydroxyl and C atom of Gly76 decreases to 1.88 Å from 3.20 Å

in IM1. In IM2-1, the hydroxyl group has been attached to the
carbonyl C atom, forming a tetrahedral intermediate, in which
the distance of Ow−C changes to 1.44 Å. We also note that the
ligand environment of Zn2+ has been changed from TS2-1 to
IM2-1. In TS2-1, a transitory pentacoordinate of Zn2+ is
formed. But in IM2-1, the newly formed oxyanion of Gly76

Scheme 2. Proposed Mechanisms for AMSH-LP

Figure 4. Optimized structures of reactant, transition state, and intermediate in the activation process of W1. The distances are given in angstroms.

Figure 5. Energy profiles of the catalytic reaction. The energy data
have included the dispersion corrections.
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replaces the hydroxyl to coordinate with Zn2+. In addition, the
hydrogen bond distance between Ser357 and Gly76 decreases
from 2.14 Å in IM1 to 1.78 Å in IM2-1, suggesting this
hydrogen bond becoming stronger. In other words, Ser357 may
play an important role in stabilizing the negative charge of
Gly76. The energy barrier of the formation of the Ow−C bond
is 3.8 kcal/mol, which means that the formation of IM2-1 is
also quite easy.
As described above, the activation of W1 and the

nucleophilic attack by generated hydroxyl may also occur in a
concerted manner. To confirm whether the activation of W1 is
concerted with the formation of the Ow−C bond, the potential
energy surface (PES) including the abstraction of H1 by
Glu292 and the formation of Ow-C bond has been calculated,
which is shown in Figure 7. In Figure 7, the horizontal axis and
vertical axis respectively represent the cleavage of the Ow−H1
bond and formation of the Ow−C bond. The reaction
coordinate of the Ow−H1 bond changes from 0.97 to 1.72 Å
with an increment of 0.05 Å, and that of the Ow−C bond varies
from 1.44 to 3.09 Å with the same increment. Three low-energy
regions and two saddle points can be recognized in Figure 7.
The structures located at the upper left, upper right, and lower
right corners represent the structures of R, IM1, and IM2-1,
respectively. It can be seen that W1 is first activated, and then
the nucleophilic attack of hydroxyl occurs. The activation of
W1 is an essential step for the catalytic reaction of AMSH-LP.
After the formation of IM2-1, the amino group of Lys63 in

the proximal ubiquitin is protonated by the nearby residue
Glu292 to generate IM3-1, which corresponds to an energy
barrier of 13.1 kcal/mol, as shown in Figure 5. From IM2-1 to
IM3-1, the distance between H1 of carboxyl group of Glu292
and Nz atom of Lys63 decreases from 3.63 to 1.03 Å via 1.28 Å

in TS3-1. Accompanying this proton transfer, a hydrogen bond
is formed between the carboxyl oxygen of Glu292 and the
amino group of substrate. Meanwhile, two oxygen atoms of
Gly76 coordinate to Zn2+, forming a stable pentacoordinate in
TS3-1 and IM3-1. The pentacoordinate around Zn2+ was also
found in the reaction intermediate analogue of thermolysin
(PDB code: 4TMN).60 Thermolysin is also a Zn2+-containing
metalloprotease, which has a active site similar to AMSH-LP. In

Figure 6. Optimized structures of the intermediates, transition states, and product in Path 1. The distances are given in angstroms. INT represents a
crystallized intermediate analogue of thermolysin (PDB code: 4TMN).

Figure 7. PES calculated at the B3LYP/6-31G(d,p) level using
distances H1−Ow and Ow−C as reaction coordinates.
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the intermediate analogue of thermolysin, Zn2+ coordinates to
residues His142, His146, Glu166, and the two oxygen atoms of
substrate, forming pentacoordinate as shown in Figure 6
(INT). This implies that the optimized pentacoordinate is not
unprecedented in Zn2+-containing metalloproteases. The
hydrogen bonds and ligand environments around the active
site make the intermediate (IM3-1) more stable than IM2-1.
In the next step, Glu292 acts as the proton acceptor again.

The hydroxyl proton of Gly76 transfers to the carboxyl group
of Glu292, forming intermediate IM4-1. This transfer process
corresponds to a low energy barrier of 3.0 kcal/mol. Although
IM4-1 is structurally similar to IM3-1, the relative energy of
IM4-1 is higher than that of IM3-1 by 2.1 kcal/mol, which is
probably due to the repulsion of the two oxyanions attached to
the same sp3 hybridized carbon. As a result, the following
cleavage of isopeptide bond is very easy. As shown in Figure 5,
the cleavage of the C−Nz bond corresponds to an energy
barrier of 1.7 kcal/mol. In IM5-1, the distance of the C−Nz
bond increases to 3.00 Å from 1.63 Å in IM4-1 via 1.80 Å in
TS5-1. With the cleavage of the isopeptide bond, Zn2+ returns
to tetracoordinate again. Up to now, the diubiquitin chain is
cleaved to two free ubiquitin chains, making the system (IM5-
1) more stable. To better understand the cleavage of the
isopeptide bond, the PES as a function of reaction coordinate of
C−Nz bond and H2−Oe2 bond was further calculated. As
shown in Figure 8, the horizontal axis describes the proton

transfer from Gly76 to Glu292, and the vertical axis represents
the cleavage of the C−Nz bond. The distance of the C−Nz
bond changes from 1.57 to 2.97 Å with an increment of 0.05 Å,
and the length of H2−Oe2 changes from 0.95 to 1.46 Å with an
increment of 0.03 Å. Three low energy regions located at the
lower-right, lower-left, and upper-left corners represent IM3-1,
IM4-1, and IM5-1, respectively. One can see that the proton on
the hydroxyl group of Gly76 first transfers to the carboxyl
group of Glu292, and then the C−Nz bond cleaves. The proton
transfer is the prerequisite for the cleavage of the C−Nz bond.
In the last step of Path 1, the amino group of Lys63 is

protonated by Glu292 to generate P-1, which corresponds to an
energy barrier of 4.3 kcal/mol. In P-1, the carboxyl oxygen
atom of Gly76 replaces W1 to coordinate with Zn2+, forming a

tetracoordinate state. The obtained structure of P-1 is in good
agreement with the crystal structure of AMSH in complex with
the product (AMSH-Ub).6 AMSH also belongs to the JAMMs
DUBs enzymes and has a structure similar to AMSH-LP. In the
crystal structure of AMSH-Ub, the carboxyl group of Gly76
replaces the Zn2+-bound water molecule to coordinate with
Zn2+ to maintain its tetrahedral coordination.
In addition, the structures and energies of MM region may

be changed differently along with the progress of the chemical
reaction, which can be easily monitored by comparing the MM
energies of the involved species. The energies of the MM
region along the Path 1 (Figure 6) have been displayed in
Figure S2. One can see that the relative MM energies show
different characteristics. From TS2-1 → TS3-1, the MM
energies only change slightly. However, from IM2-1/TS3-1 to
IM3-1 and from IM5-1 to TS6-1/P-1, the MM energies show
clear changes of about 5−7 kcal/mol. In both of the above
processes, the proton transfers are involved between Glu292
and the amino group of Lys63 in the proximal ubiquitin, which
cause large conformational changes of the carboxyl group of
Glu292; accordingly, the MM structures and energies of the
involved species show large fluctuation.

Path 2. An alternative pathway (Path 2), as described in
Scheme 2, was also explored, in which the protonation of
amino group of Lys63 by Glu292 is prior to the cleavage of the
C−Nz bond. The optimized structures of intermediates,
transition states, and product are shown in Figure 9. One can
see that, after the activation of W1, the carboxyl proton of
Glu292 first transfers to the amino group of Lys63, generating
IM2-2 via TS2-2. We also note some structural changes during
the proton transfer. In particular, from IM1 to IM2-2, the
distance between the Ow of activated hydroxyl and the
carbonyl C atom of Gly76 decreases from 3.20 to 2.57 Å, and
the hydrogen bond formed by Glu292 and the activated
hydroxyl no longer exists, which is replaced by a new one
between Ser357 and the activated hydroxyl. The protonation of
amino group of Lys63 by Glu292 is calculated to be difficult
with an energy barrier of 30.2 kcal/mol (Figure 5).
Following the protonation of Lys63, the activated hydroxyl

attacks on the carbonyl group of Gly76, and simultaneously the
C−Nz bond of the diubiquitin chains cleaves, generating
intermediate IM3-2. From Figure 9, one can see that the
formation of the Ow−C bond and cleavage of the C−Nz bond
proceed in a concerted but asynchronous manner. As shown in
the transition state TS3-2, the formation of the Ow−C bond is
prior to the cleavage of the C−Nz bond. In TS3-2, the Ow−C
bond is basically formed with a distance of 1.41 Å, but the
cleavage of the C−Nz bond is still in progress. The energy
barrier of this step is calculated to be 4.2 kcal/mol (Figure 5). It
should be noted that the pentacoordination of Zn2+ found in
Path 1 no longer exists. In the last step, the proton of Gly76
transfers to the amino group of Lys63 with an energy barrier of
7.7 kcal/mol. In P2-2, Lys63 forms two hydrogen bonds with
Glu292 and Gly76. So far, the hydrolysis process of the
isopeptide bond has been completed.
In summary, Path 1 is the most possible reaction pathway, in

which the protonation of Lys63 by Glu292 is calculated to be
rate limiting with an energy barrier of 13.1 kcal/mol. According
to the measured kcat (0.86 ± 0.07 s−1) of AMSH-LP, the
estimated free energy barrier is 17.6 kcal/mol. Considering the
B3LYP method normally underestimates the barrier heights by
a few kilocalories per mole, the calculated energy barrier of Path
1 is basically in agreement with the experimental result. In

Figure 8. PES calculated at the B3LYP/6-31G(d,p) level using
distances H2−Oe2 and Nz−C as reaction coordinates.
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addition, the obtained structures of intermediates and product
in Path 1 are very similar to the crystal structures of similar
enzymes. In Path 2, the two proton transfer processes
correspond to the higher barriers (33.4 and 36.1 kcal/mol),
and therefore Path 2 can be ruled out.
As described above, two typical equilibrated structures,

namely, R and R′, are found from the MD simulation.
However, the main difference between R and R′ is the
orientation of W1, which may cause some difference in the
activation of hydrolytic water molecule. After the activation of
water molecule, the subsequent reaction steps would be very
similar; therefore, for the structure of R′, only the activation
process was studied. The optimized structures of the activation
process are shown in Figure S3 of Supporting Information, and
the energy profile is shown in Figure S4. The energy barrier for
the activation of water is calculated to be 6.0 kcal/mol, which is
higher than that in Path 1 by 2.1 kcal/mol. Since the structure
of IM1′ is very similar to that of IM1, the following elementary
steps are supposed to be much alike.
Influence of Zn2+ and the Electrostatic Effect of

Environment. Zn2+ plays an important role in the catalytic
reaction. It is necessary to analyze the changes of charges of
Zn2+ and Zn2+-coordinated residues. The ESP charges of key
QM atoms in Path 1 were calculated by using QM/MM
method, which are shown in Figure 10 and Table S1. The
calculation results reveal that Zn2+ always distributes its positive
charge to the ligand molecules. In particular, before the
formation of IM3-1, the charge of Zn2+ displays a considerable
variation. It is probably due to the changes of Zn2+-coordinated
structures. As shown in Figures 4 and 6, from R to IM2-1, the
ligand water (W1) is activated into a hydroxyl group, which is
then replaced by an oxygen ion to form a transitory
pentacoordinate state (TS2-1). From IM2-1 to IM3-1, the
protonated amino group further replaces the oxygen ion and
competes with Zn2+ to delocalize the negative charge of the
substrate, increasing the positive charge of Zn2+. On the whole,
the charge of Zn2+ changes between 0.51 au and 1.16 au (Table

S1), indicating that Zn2+ acts as a Lewis acid to participate in
the reaction. As for the charges of other residues, two Ne2
atoms of His347 and His349 display some changes during the
catalytic reaction, but the Od1 atom of Asp360 is basically
undisturbed.
Besides, the changes of distances between Zn2+ and its ligated

atoms are also examined, which are shown in Figure 11. One
can see that the distances between Zn2+ and the oxygen atoms
of Gly76 and W1 change significantly, which reflects that the
coordination structure undergoes reorganization during the
catalytic cycle. At the beginning of the reaction, Gly76 does not
coordinate with Zn2+. However, with the formation of the
transitory pentacoordinate structure (TS2-1), the distance
between Zn2+ and the O atom of Gly76 decreases from ∼5.0
Å to ∼2.0 Å, and the distance between Zn2+ and the Ow atom
of hydroxyl increases from 1.90 Å in IM1 to 2.75 Å in IM2-1
(the data is not shown in Figure 6). The other three residues
always coordinate with Zn2+. In general, the ligated environ-
ment around Zn2+ in these intermediates and transition states
changes between pentacoordinate and tetracoordinate states,
suggesting that, besides acting as a Lewis acid, Zn2+ also
influences the reaction by coordinating to the reaction

Figure 9. Optimized structures of the intermediates, transition states, and product in Path 2. The distances are given in angstroms.

Figure 10. ESP charges of Zn2+ and its ligated atoms of residues.
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substrates (W1 and Gly76). The pentacoordinate state plays an
important role in the stabilization of intermediates and
transition states.

■ CONCLUSIONS
In this work, the cleavage mechanism of the isopeptide bond
catalyzed by AMSH-LP has been studied by using the QM/
MM method. According to the different orientations of
hydrolytic water (W1) in the active site, two computational
models (R and R′) were constructed. It was found that the
different orientations of W1 in model R and R′ only slightly
influence the activation of hydrolytic water. On the basis of the
structure of R, two possible hydrolytic pathways (Path 1 and
Path 2) of the isopeptide bond were considered. Path1 includes
six elementary steps. The crystal water (W1) is first activated by
Glu292, and then the generated hydroxyl attacks the carbonyl
group of Gly76 in the distal ubiquitin. The following
protonation of the amino group of Lys63 is the prerequisite
for the cleavage of the isopeptide bond. This protonation
process is calculated to be rate limiting for the overall catalytic
reaction, with an energy barrier of 13.1 kcal/mol, which is close
to the estimated free energy barrier of 17.6 kcal/mol from the
experiment. In Path 2, the protonation of amino group of Lys63
is assumed to be prior to the nucleophilic attack of activated
hydroxyl, but the calculated barrier of this protonation is as
high as 33.4 kcal/mol, and therefore Path 2 can be ruled out.
According to our calculations, Zn2+ plays an important role

in the catalytic reaction. Besides acting as Lewis acid, Zn2+ also
influences the reaction by regulating its ligated environment.
During the catalytic reaction, Glu292 acts as the proton donor/
acceptor, and Ser357 has the function to stabilize the negative
charge in Gly76. These results may provide useful information
for the regulation of enzyme activity.
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