Special Issue on "Theoretical and Computational Chemistry"
J. Indian Chem. Soc.,
Vol. 96, July 2019, pp. 767-774

QM/MM-MD simulation of the catalytic hydrolysis of L-captopril by microbial enzyme DapE
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In the era of ever-increasing anti-microbial resistance, drug re-purposing offers a faster and economic route to the discovery
of novel antibiotics. L-Captopril, a widely used angiotensin-converting enzyme inhibitor, has shown inhibitory action towards
the microbial enzyme DapE, which is a potential antibiotic target. In this work, a series of biased and unbiased QM/MM-MD
simulations has been carried out to investigate the catalytic hydrolysis of L-captopril along a general acid-base hydrolysis
mechanism. The QM/MM-MD simulations not only provide an accurate estimation of free energy of activation, but also ac-
count for the corrections to the free energy arising from conformational dynamics of the enzyme-substrate complexes. The
nucleophilic attack of the hydroxyl ion on the carbonyl group of L-captopril, was found to be the rate-determining step of the
catalyzed hydrolysis reaction, which involved activation energy barrier of 15.6 and 13.1 kcal/mol, for the O- and S-coordi-
nated conformations of L-captopril, respectively. Comparing these activation energy barriers with the barriers obtained for the
hydrolysis of the natural substrate of DapE enzyme, it is concluded that the catalytic activation of L-captopril by DapE is as
efficient as the activation of its natural substrate. Unlike the natural substrate, the activation of L-captopril by DapE yields
side products that interrupt the crucial lysine biosynthetic pathway in bacteria.
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Introduction

The progress in electronic structure calculation has en-
abled quantum chemical treatment of large systems with
chemical accuracy. However, a complete quantum mechani-
cal (QM) treatment of biological systems, for example, an
enzyme-substrate complex, is still prohibitively expensive
from a computational point of view. On the other hand, the
force-field based molecular mechanical (MM) treatment of
these systems through classical (Newtonian) molecular dy-
namics methods is computationally affordable even for sys-
tems with close to a million particles’, although the accuracy
of these methods as well as their inability to describe bond
breaking and bond formation limit their applicability to pro-
cesses involving chemical reactions. To this end, the hybrid
QM/MM approach overcomes the limitations of both QM and
MM methods, by separating the large system into a small,
yet chemically crucial part, to be treated with accurate and
expensive QM methods and the remaining large part to be
treated with MM method?-5.

While the former allows the description of a chemical re-
action, the latter provides the electrostatic environment nec-

essary for the catalytic reaction to progress. With this strat-
egy, the structural and enthalpic aspects of intermediates
and transition states are computed in terms of the critical
points in the multi-dimensional potential energy surfaces
which provide crucial information to the mechanistic aspects
of the enzyme catalysis. The QM/MM methods have found
applications in a wide range of fields, from chemical biology
to molecular physics to materials sciences. The relevance of
the hybrid QM/MM approach to broad scientific community
and to the society at large was acknowledged by the 2013
Nobel Prize in Chemistry to Warshel, Levitt, and Karplus, the
pioneers of the field.

While the QM/MM approach can be used to describe the
mechanistic details of a biochemical reaction by analyzing
the structural and energetics aspects of the intermediates
and the transition states of the reaction, a crucial aspect of
any biochemical reaction that is ignored by conventional QM/
MM approach is the underlying dynamics. Starting from
Koshland’s induced-fit model, the conformational dynamics
in a large, flexible biomolecule has long been recognized to
be important for the efficiency of the biochemical processes.
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To account for the underlying dynamics, the QM/MM meth-
ods have been extended to QW/MM-MD method, where the
time evolution of the hybrid QW/MM system is determined
by following Newtonian trajectory in which the forces, ob-
tained from the gradient of the potential energy, are evalu-
ated for both QM atoms and MM atoms8-'0. While QM/MM-
MD simulations can be more insightful compared to the static
QM/MM methods, it has been rarely performed for large bio-
logical systems due to the facts that these simulations are
computationally very expensive and that, various QM/MM-
MD methodologies are still under development. There are
only a few studies reported which employ QW/MM-MD meth-
odology and a majority of them generally employ semi-em-
pirical methods to reduce the computational cost'":'2. On
the other hand, density functional theory based QM/MM-MD
simulations have been rare, especially for reactive
biomolecular systems'3-1°,

In the present work, we report the structural, energetic,
and dynamic aspects of catalytic action of a microbial en-
zyme employing the QW/MM-MD simulations. The microbial
enzyme under consideration is the DapE-encoded N-succi-
nyl-L,L-diaminopimelic acid desuccinylase (DapE), which has
been shown to be indispensable for bacterial growth and
multiplication, while absent in human host, thereby a poten-
tial source of antibiotic target with minimal side effects 618,
Given the endemic situation of bacterial infections and multi-
drug resistance of several bacteria prevalent in Indian popu-
lation, increasing level of research efforts need to be invested
in the study of bacterial infection and their prevention. To this
end, DapE enzyme is an ideal system for closer scrutiny of
its catalytic action and its potential inhibitors.

The DapE enzyme catalyzes the hydrolysis of N-succi-
nyl-L,L-diaminopimelicacid (L,L.-SDAP) with high substrate
specificity'%20. Over the last few years, our research group
has studied this dimeric Zn containing enzyme by employing
QM/MM calculations?"-22, MD simulations?32*, QM/MM-MD
simulations?®. Our computational studies have resulted in a
greater understanding of the catalytic action of this enzyme
at atomistic level, not only in its wild-type form but also in
several mutants of this enzyme.

Recent experimental studies have identified L-captopril
as a competitive inhibitor of DapE enzyme, with a moderate
inhibitory constant (K)) of 1.8-2.8 uM2-2627 | -Captopril is a
well-known angiotensin-converting enzyme inhibitor and its
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inhibition of the completely unrelated DapE enzyme makes
it a candidate for drug-re-purposing?’. By extensive docking
and MD studies, we have recently shown that L-captopril can
bind the Zn centers of the DapE enzyme, either via its thiol
group (S-coordination) or through its carboxylate group (O-
coordination)?*. Our calculations revealed that the O-coordi-
nation binding mode is thermodynamically favorable, while
the S-coordination, the binding mode seen in the crystal struc-
ture, is kinetically favored?’. Although, a detailed understand-
ing of the mode of binding of this inhibitor is achieved from
the crystal structure as well as from the computational stud-
ies, the mechanism of inhibition of the enzyme by L-captopril
is not known. The present work aims to fill this gap. Herein,
we investigate the possibility of activation of L-captopril by
DapE enzyme, where we have considered both O- and S-
coordination binding modes of the inhibitor and have carried
out QM/MM-MD simulation to shed light on the mechanism
of the catalytic action.

Computational methods

The starting structure of the L-captopril-bound DapE en-
zyme was taken from our previous study?4, where the bind-
ing modes of L-captopril with DapE enzyme have been in-
vestigated in great detail. In brief, the L-captopril molecule
was docked in the DapE enzyme (PDB ID 3IC1)28. The dock-
ing analysis showed two major binding conformations of L-
captopril to the metal centers of the enzyme. While the most
populated binding mode showed coordination of L-captopril
with Zn via its carboxylate group (O-coordination), a minor
binding mode involved metal-ligand coordination via the thiol
group (S-coordination)?4. Both the conformations were con-
sidered for further processing, which involved a short mini-
mization to overcome bad contacts, followed by 5 ns of heat-
ing and 5 ns of constant temperature and volume equilibra-
tion by employing Amber14 program?®. The simulated sys-
tem comprised of the enzyme-inhibitor complex solvated in
an orthorhombic water box (90 Ax90 Ax100 A) with appro-
priate number of sodium and chloride ions ensuring a charge
neutral system as well as a salt concentration of 150 mM.
The last snapshot of the equilibration was used for QU/MM-
MD simulation.

To study the mechanism of catalytic hydrolysis of the L-
captopril by DapE enzyme, we have employed a combina-
tion of biased and unbiased QW/MM-MD simulation tech-
niques, similar to the methods employed in our earlier work?.
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In brief, the side chains of the active site residues of DapE
(H67, D100, E135, E135, E163, H349), the two Zn ions, and
L-captopril constituted the QM region whereas the remain-
ing part of the protein and solvent served as the MM region.
The atoms in the QM region were treated with the M06-2X
functional3® together with 6-31++G(d,p) basis set®'-*2 where
as the remaining atoms were described using Amber force
field for protein and TIP3 potential for water molecules. The
QM-MM interaction energy is calculated using electrostatic
embedding scheme3.

In a typical QM/MM-MD calculation, the forces acting on
the atoms in a QV/MM calculation are given in terms of de-
rivatives of the total energy with respect to the Cartesian
coordinates of the atoms'?,

F=-VEqu-VEw—- VEammm (1)
The first two terms are the standard gradient expression for
the QM energy and the classical MM force field energy that
are used in the QM and MM regions, respectively. The forces
acting on the QM atoms A and the MM atoms k due to the
QM/MM interaction term are given by'?,

Vapam(r) Ny L
V aEqummm = ZQK Jor r—R,| +Zk:VAVAK 2)
,Pam(Nx(Rg—r) Nay
ViEaumm = O [ R, kav (3)

where, V¢ is the Lennard-Jones potential between QM atom

A and MM atom k, and pqy, is the QM charge density. From
the above described forces, it is possible to either search for
a minimum energy structure or to carry out MD simulations
with QW/MM energy and forces by using standard computa-
tional techniques. The first derivative of the total energy, i.e.
the sum of QM, MM, and QM-MM energies, with respect to
the Cartesian coordinates of a given atom provides the force
acting on the atom in the hybrid system, which is used to
propagate the coordinates of the hybrid system, thus result-
ing in QW/MM-MD trajectories 0.

In this work, the QM/MM-MD trajectories were obtained
at constant temperature (300 K) and pressure (1 bar). The
Langevin dynamics with a Langevin thermostat was em-
ployed for obtaining constant temperature (300 K) and con-
stant pressure (1 bar) was obtained by Berendsen barostat
with a relaxation time of 1 ps. The particle mesh Ewald (PME)

method was employed for the long-range electrostatic inter-
actions between MM atoms with a 10 A cutoff. All MM atoms
that are found inside a 8 A shell around any atom of the QM
layer are considered in the nonbonding list of all QM atoms
and the nonbonded interactions between the QM and MM
atoms was treated with electronic embedding. SHAKE algo-
rithm34, was applied only on the hydrogen containing bonds
in the MM layer and a time step of 0.5 fs was used. The non-
equilibrium QM/MM-MD sampling was carried out using a
combination of steered molecular dynamics (SMD) and um-
brella sampling techniques®® and the resulting umbrella sam-
pling trajectories were analyzed using the weighted histo-
gram analysis method (WHAM)36:37 to obtain the free en-
ergy profile. Al QW/MM-MD calculations were carried out
using Amber14 program suite??, with Gaussian 0938 as an
external program for QM calculations. 1 ps of the above QM/
MM-MD simulation requires about 10 days of CPU time on a
sixteen (Intel E52695 V2 2.4 GHz) core CPU. Employing the
above computational methods, QW/MM-MD simulations were
performed for the hydrolysis of L-captopril catalyzed by DapE
enzyme following a general acid-base hydrolysis mechanism.

Results and discussion

L-Captopril has been shown to be a competitive inhibitor
with K; = 0.18-0.28 uM against microbial enzyme
DapE20.28.27 From our previous studies, it is established that
the inhibitor can have two binding modes, namely, the S-
coordination and O-coordination (Fig. 1). While the former is
kinetically favored, the latter is thermodynamically favored?*.
L-Captopril has an amide bond similar to that of SDAP (the
natural substrate of DapE enzyme) that can be hydrolyzed
by the DapE enzyme. In this section, we discuss the struc-
tural and energetic aspects of the catalytic hydrolysis of L-
captopril in both S- and O-coordinated conformations by fol-
lowing a general acid-base hydrolysis reaction mechanism
outlined in Fig. 2.

Activation of catalytic water molecule

Two snapshots were taken from the last nanosecond of
the equilibration simulation of the O-coordinated as well as
S-coordinated conformations and 5 ps unbiased QM/MM-
MD simulations were carried out for each of these systems.
In both the conformations, the catalytic water at the active
site gets deprotonated by the Glu134 residue near the active
site, as can be seen from the time series of the active site
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Fig. 1. (a) A cartoon representation of the catalytic and dimerization
domain of DapE monomer. Active site of DapE enzyme bound
to L-captopril via (b) O-coordinated and (c) S-coordinated bind-
ing modes.

distances shown in Fig. 3a. It can be seen that the breaking
of the O-H covalent bond in water and the formation of O-H
bond in Glu134 occur simultaneously in all trajectories (Fig.
3a). While trajectory 1 in the O-coordinated L-captopril-DapE
simulation showed a complete and irreversible proton trans-
fer from the catalytic water to Glu134 at 2.5 ps of the QM/
MM-MD simulation, the second trajectory showed a rather
complex picture, with several iterations of transfer and back-
transfer of proton before the final proton transfer from water
to Glu134 at 3 ps of the QW/MM-MD simulation. After the
completion of the proton transfer reaction, the resulting hy-
droxyl ion moves away from the Glu134 site, thus showing a
larger separation of the OH™ group and the protonated Glu134
(Fig. 3). Similar observation is also made in the two QW/MM-
MD trajectories started for the S-coordinated L-captopril-DapE
complex. Here, both trajectories show proton transfer occur-
ring around 3 ps of QW/MM-MD simulation. Unlike the tra-
jectories obtained for O-coordinated L-captopril, in the S-co-
ordinated L-captopril, both the trajectories showed a smaller
separation between the resulting OH™ group and protonated
Glu134. The QM/MM-MD snapshot at the instant of proton
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Fig. 2. Putative mechanism of the DapE catalyzed hydrolysis of L-
captopril in O-coordinated and S-coordinated binding modes.

transfer was collected and an NBO analysis was performed
at this geometry. It indicated a partially broken bond between
the donor O atom and transferred proton as well as between
the acceptor O atom and the transferred proton.

Since the proton transfer reaction is seen to proceed
during the unbiased (equilibrium) QM/MM-MD simulation, the
standard Boltzmann relation can be employed to estimate
the free energy barrier between the reactant and product.
The free-energy profile along the proton-transfer coordinate
(r, the O-H distance of catalytic water) has been estimated
from the probability distribution P(r) in the QW/MM-MD simu-
lation using the Boltzmann relation
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Fig. 3. (a) Time evolution of the reactive coordinates (distance between the proton and the proton acceptor (E134) in black and the distance
between the proton and the proton donor (water) in red) during the activation of catalytic water molecule obtained from unbiased QM/
MM-MD simulations when L-captopril is bound via O-coordination (upper panels) and S-coordination (lower panels) and (b) the corre-

sponding free-energy profiles obtained from Boltzmann relation.

AG(n) =-kgTIn P(r) (4)
where, kg is the Boltzmann constant and T is the tempera-
ture (300 K). The resulting free energy profiles show an acti-
vation energy barrier between 1.5 to 2.5 kcal/mol for the ac-
tivation of the catalytic water molecule (Fig. 3b). The barrier
estimated for the activation of the catalytic water molecule in
the S-coordinated captopril is found to be marginally greater
than that obtained for the O-coordinated mode of L-captopril.
However, their difference (less than 1 kcal/mol) is too small
to be differentiated by the present set of simulations.

Nucleophilic attack

From the above QM/MM-MD simulations, we observed
that a substantial concentration of hydroxyl nucleophile is
formed by deprotonation of the catalytic water molecule in
both L-captopril conformations. The substrate hydrolysis re-
action was further pursued for these systems. The formed
hydroxyl ion undergoes a nucleophilic attack on the
substrate’s carbonyl group after the activation of the water
molecule (Fig. 2). Our earlier QMW/MM-MD investigation on
the hydrolysis of SDAP estimated the activation energy bar-
rier for the nucleophilic attack in the order of 15-20 kcal/mol,
which amounts to a barrier too large to surmount during an
unbiased QM/MM-MD simulation.

To sample such rare events, one often employs non-equi-
librium methods, such as, umbrella sampling, steered mo-

lecular dynamics, or transition path sampling, etc. In a typi-
cal non-equilibrium sampling method, one carries out the
desired process under some external guiding force, while
ensuring to maintain a local equilibrium, to the extent pos-
sible, by carrying out the entire process in an infinite number
of infinitesimally small steps. However, in practice, such a
process is carried out in a finite number of small steps. This
approximation, as expected, introduces error to the thermo-
dynamic and kinetic quantities estimated from these simula-
tions. However, the errors from these methods can be miti-
gated to a great extent by a careful choice of reaction coordi-
nate and by carrying out multiple simulations.

The last snapshots of the unbiased QM/MM-MD trajec-
tories, where the catalytic water is deprotonated resulting a
hydroxyl ion, were taken as the starting snapshots from which
QM/MM-steered MD (SMD) simulations were performed.
Here the oxygen atom of the hydroxyl ion was moved to-
wards the carbonyl carbon atom of the L-captopril by apply-
ing a force 100 kcal/mol/A2 along the chosen reaction coor-
dinate. The NBO charge difference of the oxygen of the hy-
droxyl ion and the carbonyl carbon of L-captopril was found
to be the largest after the catalytic water was deprotonated.
Hence, the distance between the nucleophile and the
electrophile was an obvious choice as the reaction coordi-
nate for the nucleophilic attack. In our previous work, we
have probed the effect of using different forces (100, 120,
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150, and 200 kcal/mol/A?) and found that the results obtained
from them are comparable.

As the hydroxyl ion moves closer to the carbonyl center
of L-captopril, the protonated Glu134 also approaches the
substrate with the progress of the QW/MM-SMD simulations,
as it is hydrogen bonded to the hydroxyl ion. This can be
seen from the time evolution of the active site distances
(Fig. 4). The distance between the nucleophile and the car-
bonyl center is shorter in S-coordinated conformation of L-
captopril, compared to that of the O-coordinated conforma-
tion. At the end of the SMD simulations, the hydroxyl group
forms a covalent bond with the carbonyl carbon center of L-
captopril and the carbonyl (C=0) double bond becomes a
single bond. An NBO analysis of the last structure of the
SMD trajectory confirms that the hybridization of the carbon
center (the site of the nucleophilic attack), changes to sp®
from an initial sp? hybridization.

From the above mentioned SMD simulations, once the
path traversed by the nucleophile for the nucleophilic attack
was obtained, snapshots at intervals 0.1 A from the SMD
trajectories were collected. This resulted in 29 snapshots for
O-coordinated DapE-L-captopril system and 24 snapshots
for S-coordinated DapE-L-captopril system. On each of these
snapshots an umbrella potential (of 100 kcal/mol/A? force
constant) was applied along the nucleophile-substrate dis-
tance and 200 steps (100 fs) of umbrella sampling simula-
tion was carried out. In our earlier work, we have bench-
marked the employed force, as well as the selected intervals
and the chosen length of simulation at each umbrella?®. The
(quasi) equilibrium QM/MM-MD simulations carried out for
each umbrella potential was further analyzed to ensure suf-
ficient overlap of the simulated structures between two
neighbouring umbrella simulations. The resulting umbrella
sampling trajectories were analyzed using weighted histo-
gram analysis method (WHAM)®6:37 and the corresponding
free-energy profiles are shown in Fig. 4. The free energy pro-
files from the WHAM analyses estimate the activation en-
ergy for the nucleophilic step as 15.6 and 13.1 kcal/mol for
O-coordinated and S-coordinated conformations, respec-
tively.

Cleavage of the amide bond

After the formation of the tetrahedral intermediate, the
hydrolysis reaction of the substrate progresses through a
transfer of protons from Glu134 to the nitrogen atom of the
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respectively. (c) Free-energy profiles obtained from the
weighted histogram analysis of the umbrella sampling trajec-
tories.
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amide group of L-captopril, resulting in a weakening of the
peptide bond that leads to the hydrolysis of the
substrate (Fig. 2). The initial structure of the tetrahedral in-
termediate of the DapE-L-captopril complex was obtained by
taking a snapshot from the last window of the umbrella sam-
pling simulations for the nucleophilic attack. The tetrahedral
intermediates in both O- and S-coordinated conformations
of L-captopril, show a 2 A distance between the carboxylate
proton of Glu134 and the nitrogen of L-captopril. Similar to
the activation of the catalytic water molecule, we performed
another 5 ps unbiased QW/MM-MD simulation for both of
these conformations. During the QM/MM-MD simulations,
we observed proton transfer from Glu134 to the nitrogen atom
of L-captopril (Fig. 5a), which leads to the cleavage of the C-
N bond, thus completing the hydrolytic cleavage of L-captopril
(Fig. 5a). In these simulations, breaking of the O-H covalent
bond of the protonated side chain of Glu134 and formation
of the N-H covalent bond was observed simultaneously, see
Fig. 5a. The consequence of the proton transfer from Glu134
to the nitrogen of L-captopril is reflected in an increase in the
C-N bond (Fig. 5a), which leads to the formation of the final
product. The distance between C and N atoms (the atom of
the cleaved C-N bond) is found to be between 2.1-2.3 A in
the present QW/MM-MD simulations. Since the molecules of
the cleaved product are surrounded by the protein side chains
in all directions, their movement is rather restricted.

Since the cleavage of the amide bond occurred during
unbiased QW/MM-MD simulations, we employed Boltzmann’s
relation (eq. (4)) to estimate the activation energy barrier for
this reaction step. The free energy profiles (Fig. 5b) show
activation energy barrier of 4 kcal/mol for the cleavage of
amide bond of L-captopril in both O- and S-coordinated con-
formations.

Conclusions

Using a combination of biased and unbiased QM/MM-
MD simulations, the present work investigates the catalytic
hydrolysis of L-captopril along a putative general acid-base
hydrolysis mechanism. During the catalytic hydrolysis path-
way, the nucleophilic attack of the hydroxyl ion (resulting from
deprotonation of the catalytic water molecule by Glu134) on
the carbonyl group of L-captopril was found to be the rate
determining step involving an activation energy barrier esti-
mated as 15.6 and 13.1 kcal/mol, for the O- and S-coordi-
nated conformations, respectively. The activation energy
barriers estimated in this work for the hydrolysis of L-captopril
are comparable to those obtained for the catalytic hydrolysis
of SDAP by DapE enzyme, in which the nucleophilic attack
constituted the rate determining step with an activation en-
ergy barrier of 15.2 kcal/mol29. Taken together, this indicates
that the catalytic activation of L-captopril by DapE is as effi-
cient as the activation of the natural substrate. In fact, the

773



J. Indian Chem. Soc., Vol

hydrolysis of S-coordinated L-captopril is calculated to be
somewhat faster than the natural substrate SDAP. The prod-
ucts of the hydrolysis of SDAP (i.e., succinic acid and diamino-
pimelic acid) are extremely important for the continuation of
the lysine biosynthetic pathway in bacteria. Hence, when
DapE enzyme binds L-captopril, it readily cleaves it to give
rise to hydrolysis products that are different from the hydroly-
sis product of the natural substrate. This prevents a further
continuation of the lysine biosynthetic pathway in bacteria,
which ultimately leads to the death of bacteria.
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