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ABSTRACT: New Delhi metallo S-lactamase (NDM-1) is a ED:D:EEEEEEEE]
recent addition to the metallo-f-lactamases family that is capable of
hydrolyzing most of the available antibiotics, including the new
generation carbapenems. Here, we report the mechanism of
Meropenem hydrolysis catalyzed by NDM-1 based on hybrid
quantum-mechanical/molecular-mechanical metadynamics simula-
tions. Our work elicits the molecular details of the catalytic
mechanism and free energy profiles along the reaction pathway. We
identified the ring opening step involving the nucleophilic addition
of the bridging hydroxyl group on the f-lactam ring of the drug as

the rate-determining step. Subsequent protonation of f-lactam nitrogen occurs from a bulk water molecule that diffuses into the
active site and is preferred over proton transfer from the bridging hydroxyl group or from the protonated Asp;,,. The roles of
important active site residues of NDM-1 and change in the coordination environment of Zn ions during the hydrolysis are also

scrutinized.
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1. INTRODUCTION

Infections due to New Delhi metallo-f-lactamase (NDM-1)
enzyme-carrying pathogens is a major concern for public health
care today."”” These pathogens show resistance to most of the
P-lactam antibiotics, including the new generation carbape-
nems.” Resistance is achieved through expressing the NDM-1
enzyme, which can hydrolyze f-lactam antibiotics efficiently.
Recent reports also indicate expressions of mutated NDMs
(called NDM-2, 3, ..., 12) in bacteria as a part of their evolution
toward achieving better antibiotic resistance.*® Thus, it is
imperative that we develop inhibitors for NDMs and also
predict the potent mutations that the pathogens might adapt in
the immediate future.

NDM-1 belongs to the metallo-f-lactamase (MBL)
family*®” of f-lactam enzymes. Recent crystallographic®® and
spectroscopic studies'® have confirmed that NDM-1 has two
Zn ions bridged by a hydroxyl or a water molecule. Several
crystal structures of NDM-1, in the apo form as well as in the
complex forms with hydrolyzed drugs, are now avail-
able.*”" "5 The active site of the enzyme has two Zn binding
sites, Zn; and Zn,. Zn; is coordinated to three histidines
(Hisy g, Hisy,y, and His,gy), and the Zn, is ligated with Asp,,,
Cys,g and His,so. Many experimental and theoretical studies
have also been carried out™®™'%"*7>* to scrutinize the catalytic
mechanism of NDM-1. The currently accepted general
mechanism of hydrolysis,7 is given in Figure 1.

The first step in the hydrolysis comprises a nucleophilic
attack of the hydroxide (W1) bridging the two Zn ions to the -
lactam carbonyl carbon, assisted by the breaking of the C,—N,
bond.*”**** The reaction proceeds via the intermediates ES
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(Michaelis complex), EI (ring-opened complex with lactam N
bound to Zn,), and EP (ring-opened complex with protonated
lactam N).'® It is now understood that in the di-Zn BI type
MBLs, Zn, has the role of stabilizing the negative charge
developing on the carbonyl oxygen (O;) during the
nucleophilic attack of W1 (ES — EI).****° Similarly, Zn,
stabilizes the EI complex by coordinating with the negatively
charged lactam nitrogen (N,) after the scission of the C—N
bond during the ES — EI reaction.”® Zn, is also thought to be
bound to the oxygen atoms (Os,04) of the carboxyl group of
the drug during its binding and the hydrolysis reaction.

The mechanism of protonation of N, is yet to be elucidated,
and the controversy is mainly surrounding the source of the
proton. Putative candidates for the proton donor are W1,
Asp),4, and a bulk water molecule. W1 was suggested to be the
proton donor by Zhang and Hao, on the basis of the distance
between the oxygen of W1 and N in the crystal structure of the
EI complex formed by NDM-1 and ampicillin.” Asp,,, in its
protonated form is also capable of donating its proton to N,.”
Moreover, some of the NDM-1 X-ray structures® of EI
complex also reveal the presence of a water molecule
(presumably in the hydroxide form) between the Zn ions.
This adds the possibility of protonation of N, by a bulk water
molecule that diffuses to the active site of the EI complex.

Presteady state kinetic studies by a NDM-1 fused protein by
Yang et al.'® showed that the rate-determining step in the
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Figure 1. General mechanism for the hydrolysis of f-lactam antibiotic
by NDM-1. Atoms with labels 1 and 2 are Zn, and Zn,, respectively.

hydrolysis of nitrocefin and chromacef is the protonation of N,.
The same conclusion was also derived for other di-Zn MBLs
using nitrocefin.”’® In the very recent kinetic and
spectroscopic studies of the hydrolysis reaction of chromacef
by dimetallic analogues of NDM-1, Yang et al."” arrived at the
same conclusion regarding the rate-limiting step. However, in
all these studies, the nitrocefin and chromacef were taken as the
substrates. These are unusual antibiotics in which the anionic
intermediate formed during the reaction can get stabilized by
extended 7 delocalization.>® A recent study reports that
cephalosporin hydrolysis proceeds via tautomerization of the
intermediate and concluded that the proton transfer step is the
rate-determining step." In kinetic studies performed with other
substrates, the rate-determinin§ step was proposed to be the
cleavage of the f-lactam bond.*”** The extent of stabilization of
the anionic intermediate may play a crucial role in the overall
kinetics, which could vary among various classes of antibiotics.

Several computational studies have been carried out to
understand the detailed hydrolysis mechanism of di-Zn
MBLs.>*7¢ Molecular simulations (MD), which is an ideal
tool for obtaining the detailed dynamics during the hydrolysis
of the drug, were employed for studying various MBLs.***°~3*
In addition, a few theoretical studies have been devoted to the
catalytic mechanism of NDM-1; however, they did not
investigate beyond the nucleophilic attack step ES— EIL In
an in-depth study, Zhu et. al.'” favored the deprotonated form
of Aspy,, during the ring-opening process of Meropenem in
NDM-1. Among the various models considered in their study,
they found that the one with the carboxylate group of the drug
directly coordinated to Zn, and with Asp,,, in its deprotonated
state best represents the Michaelis complex of NDM-1 with
Meropenem.

On the basis of the combined X-ray crystallographic study
and QM/MM investigation, Joachimiak and co-workers'*
proposed a novel mechanism for the ampicillin hydrolysis in
NDM-1. It was proposed that a bulk water molecule, after being
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activated by the embedded OH/water molecule, acts as a
nucleophile in the first step of drug hydrolysis by NDM-1. The
authors were able to see the entry of a monolayer of water
molecules inside the active site of NDM-1 during 30 ns of their
MD simulation. It was also shown that subsequent to the
nucleophilic attack, another bulk water molecule abstracts a
proton from W1 and transfers it to N,. The possibility of W1
being the nucleophile was discarded by their study on the basis
of the relatively high energy barrier obtained for this particular
process.

In a recent study, Zheng et al.'® investigated the ring opening
step in ampicillin by NDM-1. They showed that the Michaelis
complex of NDM-1 and drug does not involve coordination
between the drug carboxylate and Zn,. In accordance with
previous studies on MBLs,>*** they also observed a proton
transfer from W1 to Asp),, during the nucleophilic attack of
W1. Although these studies are able to provide the detailed
insights on the nucleophilic attack of a hydroxide to the
carbonyl group and subsequent ring opening of the f-lactam
ring of the drug molecule, the following step involving the
protonation of N, remains elusive. Modeling of the complete
reaction mechanism involving the nucleophilic attack and
proton transfer step is thus vital to understanding the overall
change in their coordination environment during the hydrolysis
reaction and to identify the rate-determining step.

For simulating the hydrolysis reaction, it is vital to account
for the dynamics of the solvated protein, specifically that of the
active site residues. This is even more important for the Zn-
based metallo proteins because of the flexible nature of the Zn
ligand sphere.””** Moreover, as a result of several plausible
reaction routes, a simulation protocol®® that is least biased by
the chemical intuitions is preferred to model this enzymatic
reaction. Thus, we carried out hybrid quantum chemical/
molecular mechanical (QM/MM)***" metadynamics***® sim-
ulations to unveil the complete hydrolysis mechanism of
Meropenem by NDM-1 (see Figure 3). This study provides
profound insights at the molecular level on the hydrolysis
reaction by NDM-1. These results could be used to understand
the hydrolysis of other antibiotics by NDM-1 and other di-Zn
BIMBLs.

2. METHODS AND MODELS

2.1. System Setup and Molecular Mechanics Simu-
lation. The starting structure of the Henry—Michaelis complex
of Meropenem and NDM-1 was modeled from the X-ray
structure of NDM-1 in complex with the hydrolyzed
Meropenem (PDB ID: 4EYL®); see also Figure 2. The lactam
ring of Meropenem was first built using the molden software**
and then optimized using the Gaussian 09 suite of programs*
at the HF/6-31+G* level of theory. The initial structure was
made with the deprotonated form of Aspj,,. The system was

/
O

Figure 2. Structure of Meropenem.
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Figure 3. Observed mechanism of Meropenem hydrolysis by NDM-1. The dotted arrows are the hypothesized steps based on our simulation. In
structures 2, 2/, and 3, the negative charge on N, is delocalized over N,—C, and C,—C—7 bonds.

neutralized by adding Na* and ClI™ counterions and solvated
with the TIP3P solvent model in a periodic box of dimension
67 X 65 X 68 A’. The parm99 version of the Amber force
field*® was used to describe the protein molecule, whereas the
Meropenem molecule was treated using the GAFF force field."”
Restrained electrostatic potential (RESP) charges of Merope-
nem were computed using the R.E.D. package.*® The
protonation states were set to that corresponding to pH = 7
for all the ionizable amino acid residues, except Aspi,. In
accordance with ref 49, a bonded approach was adopted to
maintain the coordination environment around Zn ions during
MM MD simulations, which involves placing a harmonic bond
between Zn ions and its surrounding residues. This included
the covalent bonding interactions of Zn, with His,,,, His,,,,
and His g and Zn, with Asp,,4, Cysygg, and His,s (see Figure
S1). Moreover, two additional bonds were defined between the
Zn ions and the embedded hydroxide to maintain the “Zn,—
OH—Zn,” bridged configuration.

The particle-mesh Ewald method was used to treat long-
range interactions. A time step of 1 fs was chosen, and a
nonbonded interaction cutoff of 15 A was defined. Following
the initial minimization, a 1 ns of NPT simulation was
performed to equilibrate the density of the system. The
pressure (1 atm) and temperature (300 K) were maintained
using the Berendsen barostat and the Langevin thermostat,
respectively. This was followed by a 5 ns of NVT simulation
with the equilibrated cell volume obtained from the NPT
simulation.

2.2. QMW/MM Simulation. Hybrid QM/MM simulations™*°
were performed using the CPMD/GROMOS interface,’”"! as
available in the CPMD package. The side chains of Hisj,,,
His|y,, Aspias, His go, Cysyge and His,s, were treated using QM
(see Figure S1). In addition to these, the whole Meropenem,
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the embedded hydroxide W1, and both Zn ions were included
in the QM system. If a QM and an MM partition is defined
between a chemical bond, the boundary atom is capped with
hydrogen atoms. Capping hydrogen atoms were introduced
between the C4—C, bonds in His,,q, Hisy,,, His;gs, and His,s
and between the C,—Cj bonds in Asp,,, and Cysyss. The QM
system was treated by density functional theory (DFT) using
the PBE functional®® and ultrasoft pseudopotentials.”® The
plane wave basis set with a plane wave cutoff of 25 Ry was used
here. A total of 96 QM atoms were taken inside the QM box of
dimension 27.5 X 27.5 X 22.7 A% The electrostatic coupling
between the QM and the MM subsystems was described using
the scheme proposed by Liao et al.>° The dynamics of the QM
part was performed using the Car—Parrinello MD method.*"**
The temperature of the system was maintained at 300 K using a
Nosé—Hoover chain thermostat.>> The fictitious mass of 700
au was assigned to the electronic orbital degrees of freedom,
and a time step of 0.145 fs was used. Orbital degrees of freedom
were thermostated using the Nosé—Hoover chain thermostats.
the mass of a hydrogen atom was changed to that of the
deuterium for maintaining adiabatic separation between nuclei
and wavefunction degrees of freedom during the Car—
Parrinello MD.

2.3. Metadynamics. On the basis of the previously
reported studies and from experimentally known k. values,
the typical timescale of the hydrolysis reactions by NDM-1 is of
the order of seconds™'® at about 300 K. Since the time scale
that can be accessed from the QM/MM MD simulations is
limited to a few tens of picoseconds only, simulating this
enzymatic reaction is beyond the scope of traditional QM-
based MD simulations. Here, we employ the metadynamics*>*
technique to overcome this time scale bottleneck in QM/MM
MD simulations. For the details of the metadynamics
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technique, see reviews refs 56—59. In this method, a few
coordinates, called collective coordinates (CCs) are chosen for
their enhanced sampling. We employed the extended
Lagrangian variant® of metadynamics in the current study, in
which the extra degrees of freedoms, termed as collective
variables (CVs), harmonically coupled to each CC are
introduced. Bias potentials are added to enhance the dynamics
of CVs, which in turn drive the CCs in the direction of
chemical reactions due to the harmonic coupling between
them. Technical details of the metadynamics simulations are
identical to ref 60 CVs chosen for the current work, and related
metadynamics parameters are given in the SI, Section 2. The
free energy landscapes were obtained as the negative sum of the
added biasing potentials. The mechanism and free energies are
obtained from the reconstructed free energy landscapes. The
committor probabilities of crucial transition state structure were
computed for quantifying the accuracy of these structures; see
SI, Section 3.1, for more details about these calculations. We
also carried out convergence tests for the free energy barrier for
the rate-determining step (see Section 3.1).

3. RESULTS

3.1. Equilibrium Structure of NDM-1/Meropenem
Henry—Michaelis Complex. MM MD equilibration simu-
lations were initially performed to obtain a starting structure for
the QM/MM MD simulations. The root-mean-square devia-
tion (RMSD) of the protein backbone with respect to the X-ray
structure (PDB ID: 4EYL®) was calculated to monitor the
structural changes during the simulation. Note that this X-ray
structure has the EI complex with the hydrolyzed drug and is
not in the precomplexed ES form; thus, the computed RMSD
values may be considered with care. X-ray structures of ES
complexes of NDM-1 are not available in the literature. The
RMSD was found to be ~1.5 A; see Figure S3. In addition, the
RMSD values of the active site of NDM-1 show a maximum
deviation of only 1 A (see Figure S4). These data provide
confidence on the employed MM force field and the simulation
protocols.

The active site of NDM-1 is largely composed of
hydrophobic residues. Lys,;; and Asn,,, are the only active
site residues that make hydrophilic interactions with the drug.
We observed that the C, carboxylate group interacts with the
side chains of Lys,;; and Asny, The carboxylate group
interacts with Lys,;; and forms a hydrogen bond with the
backbone NH group of Asn,,, (see Figure 4 and Table 1). An
additional hydrogen bond was formed between the side chain
NH, group of Asn,, and carbonyl O; of the Meropenem. The
average distance between Zn, and O; was measured at >3.3 A,
suggesting a weak interaction between them. Moreover, the
distance of Oy, to the carbonyl C; (3.10 & 0.14 A) confirms
that W1 is optimally positioned to make a nucleophilic attack
on the carbonyl group of the drug molecule. The distance
between Zn, and Zn, (3.35 + 0.09 A) is in close agreement
with previous experimental studies on apo NDM-L'"'! In
addition, this is in line with the previous computational studies
of the ES complexes of NDM-1."”'® The interaction between
the W1 proton and the carboxylate group of the Meropenem
was observed during 86% of the NVT trajectory. Moreover,
short-lived structures in which the W1 proton is hydrogen-
bonded to the carboxylate group of the Asp;,, were also
observed during the simulation.

3.2. QM/MM Metadynamics Simulation of Merope-
nem Hydrolysis by NDM-1. 3.2.1. Step 1: Nucleophilic
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Lys214¢

Figure 4. Equilibrated active site structure of NDM-1/Meropenem
Michaelis complex; color code: Zn, gray; C, black; O, red; N, blue; S,
yellow; and H, white. Active site residues and the drug molecule are in
CPK and stick representations, respectively. Red thin lines show H
bonds.

Table 1. Average Distance (in A) between Selected Atoms in
the Active Site of Equilibrium Structure Obtained from the
MM MD Simulation”

atoms distance
OwiC, 3.10 (+0.14)
Zn,+Os 3.69 (+0.28)
Og+Lysy N, 2.83 (+0.11)
Og+Asny, H 2.01 (£0.19)
O5+Zn, 3.35 (+0.21)
O+ AsnyoN; 3.00 (+0.40)
Zn,;-Zn, 3.35 (£0.09)
Hyy,--Os 2.08 (+0.26)

“Standard deviations are shown in brackets.

Attack. A 6.8 ps of QM/MM simulation was performed
starting with the final snapshot obtained from the MM MD
simulation of NDM-1/Meropenem Michaelis complex. The
starting structure had the W1 proton (Hy,) interacting with
the Asp),, carboxylate group through a hydrogen bond. The
interaction between the two remained stable during the QM/
MM simulation. Moreover, the rest of the crucial interactions
observed during the MM MD simulation (as discussed in the
previous section) were also preserved during this simulation.
This was followed by a metadynamics simulation of the
nucleophilic attack of W1 to C, in the ES complex (1; see also
Figure 5). The following CVs were chosen to explore the
mechanism of the nucleophilic attack: (a) coordination
numbers of Oy,; and C;, minus coordination number of C,
and N, (CV1); (b) coordination number of W1 to both the Zn
ions (CV2); and (c) coordination number of N, to Zn, (CV3).
CV1 was selected to accelerate the nucleophilic attack of W1
onto the carbonyl carbon of Meropenem and the breaking of
the C—N bond of the lactam ring. CV2 was defined to sample
the distance between W1 and both the Zn ions because
breaking of the coordination interactions of W1 with the Zn
ions is anticipated during the nucleophilic attack. CV3 was used
to sample the distance between Zn, and N, because a bond
formation between the two atoms is expected after the cleavage
of the C—N bond of the p-lactam ring. Metadynamics
simulation could successfully sample the nucleophilic attack
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Figure S. (a) Reconstructed free energy surface and the snapshots corresponding to structures 1, TS,_,, and 2 from the metadynamics simulation of
nucleophilic attack of W1 on C;, in the NDM-1/Meropenem complex. Some of the crucial distances (in A) are also indicated in the snapshots. For
the minimum energy structures 1 and 2, these distances were obtained from averaging 2 ps of QM/MM MD simulations. (b) Free energy profile for

the reaction obtained by analyzing the free energy surface in part a.

of W1. We found that the reaction was leading to the formation
of 2, which is identical to the expected EI complex. The
reconstructed free energy surface is shown in Figure 5. The
reaction from 1 to 2 proceeds through the transition state
structure TS;_,. The free energy barrier for the reaction 1 — 2
was found to be 20 kcal mol™. The simulation was continued
until the product basin was filled up to 22 kcal mol™’, which is
sufficient to conclude that the reverse barrier for the
nucleophilic attack, that is, for the process 2 — 1, is higher
than the forward barrier.

The nucleophilic attack by W1 on C, and the ring opening
were found to be concerted (see Figure 6), and no stable
intermediate structures were observed during this reaction.
Interestingly, bonds between the carbonyl oxygen O; and Zn,
and between the drug carboxylate group and Zn, were formed
only when the system approached the transition state (see
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Figure 6. Plots of various distances during the metadynamics
simulation of nucleophilic attack of W1 to C,. The X axis shows the
metadynamics time. The dotted vertical line indicates the position of
TS, .

Figure 6). Here, the Zn, and W1 bond is broken during the
reaction, while the former makes two new bonds with C,
carboxylate and N,. After the ring opening, the N, coordinates
with Zn,, stabilizing the negative charge developed on N, and
the distance between them reduced to 2 A. Zn, retains its
coordination with W1 throughout the reaction but makes an
additional (weak) bond with O; of the carbonyl group while
forming TS,_, (d[Zn,—0;] = 3.05 A). Thus, the coordination
of both the Zn ions was increased from 4 to S in going from 1
to 2. Interestingly, a proton transfer from W1 to one of the
carboxylate O atoms of Asp;,, was preceded by the nucleophilic
attack. The mechanism of 1 — 2, as obtained from this
simulation, is shown in Figure 3. A movie file (Movie 1—
2.mpg) showing the reactive trajectory 1 — 2 is available in the
SI for further reference.

To achieve confidence on the saddle point structure obtained
from the metadynamics simulation, we computed the
committor probability for the TS, , structure, as explained in
SI, Section 3.1. The committor probabilities of 57% to 1 and
43% to 2 were obtained, which indicate that TS,_, is very close
to the actual transition state structure.

3.2.2. Step 2: Proton Transfer. The second step in the drug
hydrolysis by NDM-1 is the protonation of N,. The exact
mechanism of the protonation of N,, especially the identity of
the proton donor, has been highly contentious. Various
proposals have been put forth regarding the source of proton,
as discussed in the Introduction. One of the proposals is by
Zhang and Hao.” Their proposal that the proton is transferred
from W1 to N, is based on the close distance between the two
in the X-ray structure of NDM-1 complexed with hydrolyzed
ampicillin (PDB ID: 3Q6X). To validate this possibility, we
carried out a metadynamics simulation starting with the ring-
opened structure 2 obtained from the previous metadynamics
simulation. It may be noted that Oyy, is deprotonated in 2, and
the Hy,; is bound to the carboxylate group of Asp,,. The
following CVs were chosen for this study: (a) coordination
number of both Asp,,,O atoms and Hy; minus the
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Figure 7. (a) Structure of 3, together with the path that the bulk water Wat has taken to enter the active site of NDM-1 (cyan spheres); the Wat
molecule in 2 and in an intermediate structure 2’ are also shown, together with the active site structure of 3. (b) Free energy surface and (c) free

energy profile for 2 — 3.
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Figure 8. (a) Free energy surface, (b) free energy profile, (c) representative snapshots for 3 — 4 reaction. In part d, crucial distances during the
metadynamics simulation are shown. The dotted vertical line is shown to differentiate the domains for 3 and 4’ + 4.

coordination number of Oy; and Hy, (CV4); (b) the
coordination number of Hyy; and N, (CVS). CV4 was chosen
to sample the Hyy, transfer between Oy, and Asp;,,O. This is
to account for the possibilities of proton transfer to N, either
directly from Asp,,,O, or from Oy CVS was selected to
accelerate the proton transfer of Hyy; to N,. The reconstructed
free energy surface is shown in Figure SS5. An intermittent
proton transfer from Asp;,,O to Oy, was seen, although the
proton remained largely with Asp,,. This is also clear from the
free energy surface, where no minimum can be found in the
negative values of CV4, although such values of this CV were
sampled. Thus, we can conclude that there is no reverse barrier
for the Hyy, transfer from Oy, to Asp,,,O. Moreover, the
proton transfer to N, did not occur, even when the free energy
well was filled up to 24 kcal mol™. This indicated to us that a
direct protonation of N, from Oyy; or Asp,,, may not be the
actual mechanism that is followed by these enzymes.

2582

3.2.3. Bulk Water Entry to the Active Site. On closer
inspection of the active site of 2, we found the presence of
water molecules within 7 A of the Zn ions. Two X-ray
structures of NDM-1 bound to the ring-opened drug
molecule® have a water molecule or a hydroxide ion bridging
between the two Zn ions. On the basis of the distance between
the Zn ions in these structures (~4.5 A), we interpret that the
water molecule is in the molecular form, not in the hydroxide
form. The distance between the Zn ions that are bridged by a
hydroxide was found to be ~3.5 A in the previous
computational studies of the ES complex of NDM-1."”'® The
presence of a water molecule between the two Zn ions in the EI
complex suggests that a water molecule from the bulk enters
the active site before the exit of the hydrolyzed drug. This has
motivated us to look at an alternative mechanism for proton
transfer to N, where a water molecule from the bulk enters the
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active site of NDM-1 after the formation of 2 and donates its
proton to N, forming 3 (see Figure 3).

Metadynamics simulations were carried out to validate this
mechanism. Among several water molecules present in the
vicinity of the Zn ions in 2, one of them (Wat) was located in
close proximity to the Leu,q, His g, and carboxylate group of
the drug and is suitably positioned to diffuse toward the interior
of the active site. We carried out a metadynamics simulation to
model the movement of Wat toward the active site. In this
QM/MM simulation, the Wat molecule was modeled by the
TIP3P force field and was not part of the QM region. CVs
selected for the metadynamics simulation were (a) the
coordination number of Oy, to both the Zn ions (CV6) and
(b) the coordination number of Oy, to Leu,,sO, His;gHj, Os,
and O4 (CV7). CV6 was selected to sample the distance of Wat
to both the Zn ions, whereas CV7 was defined to accelerate the
breaking of hydrogen bonding interactions of Wat with its
surrounding residues. The reconstructed free energy profile is
shown in Figure 7. We found that Wat approached the active
site of NDM-1 crossing a free energy barrier of 9.5 kcal mol™.
Water diffusion into the active site occurs in two steps: (a) the
first step involves crossing a free energy barrier of 3.5 kcal
mol ™}, forming an intermediate, 2, where Wat is ~4.8 A from
Zny; (b) in the second step, the water molecule overcomes a
barrier of 8.5 kcal mol™ to form 3. Wat was involved in
hydrogen bonding interactions with Leu,;3O and His,goHgin 2.
These interactions were broken during 2 — 2’, but it formed
0;/0Og interactions. Subsequently, the later interactions were
lost on formation of the coordination bonds with Zn ions in 3
during 2" — 3. In 3, Wat occupies the position between the two
Zn jons without perturbing the crucial interactions existing in
the active site. Wat is more strongly coordinated to Zn; than
Zn,, with Zn;—Oyy,, and Zn,—Oyy,, distances of ~2.4 and 3.1 A,
respectively. A transient proton transfer between Asp;,, and
Oy was, however, observed following the Wat insertion. A
movie (Movie_2—3.mpg) showing the reactive trajectory 2 —
3 is available in the SI.

3.2.4. Proton Transfer from Wat to N,. In 3, the Wat is
embedded between the two Zn ions and well oriented and
positioned to provide its proton to N,. To model the proton
transfer from Wat to N, we performed a metadynamics
simulation starting with 3, the structure obtained from the
previous metadynamics simulation. The Wat molecule is now
included in the QM part of the simulation. Two CVs were
defined for the metadynamics simulation: (a) coordination
number of N, and the protons of W1 and Wat (CV8) and (b)
the coordination number of N, and Zn, (CV9). CV8 was
selected to accelerate proton transfer from W1/Wat to N,, and
CV9 was chosen for sampling the distance between N, and Zn,,.

We observed the proton transfer from Wat to N, in this
simulation, and the mechanism is shown in Figure 3. The
reconstructed free energy surface is shown in Figure 8, and
three free energy minima can be identified here. Proton transfer
from Wat to N, leads to 3 — 4'. The free energy barrier for this
process is ~8 kcal mol™". Subsequently, 4 was formed from 4’
by the breakage of the Zn,—N, bond and the formation of a
Zn,—Oyy, bond. The free energy barrier for 4 — 4 was
calculated to be 1.5 kcal mol™. Upon completion of the proton
transfer reaction, the distance between the Zn ions changed
from S.1 to 3.8 A (see Figure 8). W1 lost its coordination with
Zn,, and the deprotonated Wat established a coordination bond
with both Zn ions in 4 (see Figure 8). Interestingly, the
coordination between Zn, and Asp;,, was completely lost when
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4’ and 4 were formed. Going from 3 to 4, the coordination
numbers of Zn, and Zn, change from 6 to S and from § to 4,
respectively.

A transient proton transfer from the protonated Asp;,,
carboxylate group to Oy, which in these structures is a part
of the carboxylate group of the drug bound to Zn;, was
observed during the simulation, although this proton remained
largely with Asp,,,. In fact, the proton transfer from Asp,, back
to Oy, is expected during the final exit of the hydrolyzed
Meropenem from the active site of NDM-1. This would re-
form the apo structure of NDM-1 and completes the catalytic
cycle (see also Figure 3). A movie file (Movie_3-4.mpg)
showing the trajectory for the reaction 3— 4 is available in the
SL

4. DISCUSSION

4.1. Crucial Interactions in the Michaelis Complex and
Their Relevance. In the equilibrated structure of 1 (ES) in the
ASP-COO protonation state, a direct contact between O;/Og
carboxylate oxygens (of C,) and Zn, was not observed. We
found that the coordination between them is formed only when
the system forms TS,_, during the reaction 1(ES) — 2(EI)
and remains associated until the formation of 4 (EP). This is
different from the previous studies'”**** on MBLs and NDM-1
in which Zn, was proposed to be penta-coordinated in the ES
complex and is bound with carboxylate oxygens O;/Og.
However, the recent study by Zheng and Xu'~ reveals that
the interaction between Os/Og and Zn, is formed only during
the nucleophilic attack of W1 and not in the Michaelis complex,
in agreement with our observations. No high-resolution crystal
structure of the NDM-1/drug Michaelis complex is available to
justify the presence of this bond in the ES complex. However,
0;/0¢ was found to coordinate Zn, in the crystal structures of
NDM-1 complexed with the hydrolyzed drug molecules,®’
which is again in agreement with our computations. The
coordination between Zn, and O;/O4 carboxylate is an
essential feature of the transition state structure rather than
the Michaelis complex. The importance of this interaction was
perceived as providing a suitable orientation to the incoming
drug for the hydrolysis.®' 7%

Earlier studies®*®> on MBLs suggested that Zn, together with
an active site residue forms an oxyanion hole interacting with
the carbonyl group of the lactam ring during the nucleophilic
attack. We found that the carbonyl group of Meropenem
interacts mostly with the side chain of Asn,,, in the ES
complex. The average distance between O; and Zn; was
calculated to be more than 3.3 A in our MD simulations.
Interestingly, the interaction between them was established
once the transition state was approached (see TS,_, and Figure
5), which then remained in the EP complex (4). This indicates
that the Asn,,, alone provides the oxyanion hole in NDM-1,
whereas it employs Zn; in the transition state for the
stabilization of the partial negative charge developed on the
carbonyl O;. This is in agreement with the computational study
performed by Zheng and Xu'® in which a similar role of Asn,
and Zn; was observed. See SI Section 7 for discussion on other
interactions of the drug molecule with Lys,;, and Asny,,.

4.2. Reaction Mechanism of Meropenem Hydrolysis.
The reaction mechanism of Meropenem hydrolysis catalyzed
by NDM-1 is shown in Figure 3. The first step of hydrolysis
comprises nucleophilic attack by W1 on C, combined with the
cleavage of the C—N bond of the f-lactam ring. Subsequently,
Zn, stabilizes the negative charge developed on N, after the
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ring-opening process. This is consistent with the previous
computational studies on NDM-1 and other MBLs,'”/!%3*73¢:6¢
In addition, a coordination bond between Zn, and N, is seen in
several X-ray structures of NDM-1/MBLs bound to the ring-
opened drug.s’g’67

A proton transfer from W1 to Asp,,, takes place, preceded by
the formation of the covalent bond between C; and W1 (see
Figure 3). This is followed by the entry of a bulk water
molecule into the active site of the EI complex (or 2), which
occupies the previous position of W1 bridging the two Zn ions.
In the final step, proton transfer from this water to N, occurs,
thus completing the hydrolysis of the drug molecule. The
mechanism of protonation of N, is highly debated in the
literature, and various proposals have been put forward
regarding the source of the proton. A direct transfer of Hyy,
from Asp,, to N, in 3 is less probable because it requires
breaking the hydrogen bond between Asp,,,Hy, and Oy as
well as the rotation of the Asp),, carboxylate oxygen atoms,
which involves breaking the Zn,—Asp,,,O bond. As a result, a
direct proton transfer to N, from Asp,,, becomes less favorable.
The complete free energy profile for the Meropenem hydrolysis
is shown in Figure 9. A trapped water molecule between the Zn

AF (kcal/mol)

Figure 9. Free energy profile for the Meropenem hydrolysis catalyzed
by NDM-1.

ions has been observed in many crystal structures of EI
complexes of MBLs, including NDM-1.4”%" The observed
mechanism is in agreement with that proposed by Zhang and
Hao.” A few of the earlier studies””*" have also hypothesized
that bulk water can be a source of the proton during the
protonation of N,. Protonation of lactam nitrogen by an active
site water molecule was also suggested in monozinc MBLs.®

We believe that the catalytic centers may reform by the
detachment of the hydrolyzed Meropenem through the path 4
— E + P, as shown in Figure 3. Because the proton of W1 was
transferred to Aspj,, during the nucleophilic attack, a proton
transfer from Asp,,, back to W1 is expected during the exit of
the hydrolyzed Meropenem from the active site of NDM-1. A
transient proton transfer from Asp,,,O to Oy was seen in the
4.3 ps of the QM/MM simulation performed with 4 (data not
shown), which further strengthens this hypothesis.

In an earlier work by Kim et al,"* the full reaction
mechanism was studied using static QM/MM methods.
These authors proposed a mechanism in which a water
molecule attacks on C, instead of W1, and subsequent proton
transfer to N, from W1 occurs via another water molecule at
the active site. However, the computed potential energy barrier
for the nucleophilic attack of W1 was unrealistic (more than 41
keal mol™"), and thus, that mechanism can be ruled out.

4.3. Rate-Determining Step and Kinetics. The precise
knowledge of the rate-determining step in the drug hydrolysis
catalyzed by NDM-1 is still not established and warrants
discussion. Our study using Meropenem shows that the rate-
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limiting step of the Meropenem hydrolysis by NDM-1 is the
nucleophilic attack of the bridging hydroxide group on C; of
the f-lactam ring and the concomitant ring opening by the C—
N bond cleavage. Proton transfer to N, is not the rate-
determining step.

In a recent study, by analyzing a series of NMR and EXAFS
data together with steady-state and stopped-flow kinetics
studies, Yang et al."’ proposed that protonation of N, is the
rate-limiting step in the chromacef hydrolysis by NDM-1. The
same conclusion was also made for other MBLs, including
NDM-1, on the basis of the observation of an accumulated
intermediate corresponding to the ring—ogened substrate during
the nitrocefin and chromacef hydrolysis."”>"~>* However, these
studies used either nitrocefin or chromacef as the substrate for
the spectroscopic and kinetic studies. The anionic intermediates
formed by these molecules are particularly stable because of the
extended 7 delocalization.>"** In contrast, a study of nitrocefin
hydrolysis catalyzed by dinuclear Zn complexes shows that the
rate-limiting step is the intramolecular attack by the bridging
hydroxide, which is then followed by a fast protonation of the
intermediate.”’ Walsh and co-workers®> also detected distinct
absorbance spectra for the nitrocefin intermediate during their
experiments in L1 enzyme. However, in the same study using
some other substrates, intermediates were detected with an
intact f-lactam ring, which led them to conclude that the rate-
limiting step for majority of the antibiotics is the breaking of the
C—N bond in the lactam ring. These observations are in line
with our findings.

Later, Rasia and Vila* carried out a pre-steady-state kinetics
study of several drug molecules in the BcIl enzyme but could
not detect any chemically modified substrate species accumu-
lating as the intermediate, which is again in agreement with our
results. A recently published work by Feng et al.'* has reported
the X-ray structures of intermediates during the hydrolysis of
some cephalosporin drug molecules by NDM-1. In these
structures, they clearly noted the existence of an intermediate
that has undergone a tautomerization after ring-opening, but
not protonated. This led them to conclude that the rate-
determining step is the protonation step. On analysis of
structures 1—4, we also observe charge delocalization between
N,, C,, and C, in the intermediates 2—4, as evident from their
N,—C,, C,—C, bond distances (see SI, Section 6). However, a
protonation of C, is less likely in 2 or 3, on the basis of the
distance of the C, from the plausible proton donors. It is not
clear if cephalosporin drug molecules behave differently from
Meropenem (which belongs to the carbapenem family) in this
respect.

The k., value of the Meropenem hydrolysis reaction by
NDM:-1 was reported to be 12 s™! (at 30 °C),? implying that
the free energy barrier for the reaction is ~16 kcal mol™, using
transition state theory. Thus, the computed free energy barrier
(20 kcal mol™) is only 4 kcal mol™ higher than this estimate.
This discrepancy could be mostly due to the error in the PBE
density functional, which is ~2 kcal mol™, as discussed in SI,
Section 3.1. On the basis of the results of our “shooting”
simulations and metadynamics refinement runs (SI, Section
3.1), we believe that this difference cannot be due to the
missing CVs and sampling/convergence problems of metady-
namics.

4.4. Intermediate(s) during the Reaction. Our study
shows that there are four intermediates during the course of the
Meropenem hydrolysis. The two stable intermediates, 2 and 3,
have a free energy barrier of at least 8 kcal mol™" for their decay
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and are likely to be trapped in the experiments at low
temperatures. The two stable intermediates differ in the
presence of a bulk water between the Zn ions. During the
reaction 1 — 2 — 3 — 4, the coordination numbers of Zn, and
Zn,varyas4 — 5 — 6 - Sand 4 — S = S — 4, respectively.
A significant structural similarity is noticed between the X-ray
structures of NDM-1 in complex with ring-opened oxacillin®
and the structure 3 (EI) obtained from our simulation (see
Figure 10). The presence of multiple intermediates is also in
accordance with the experimental observations of Vila and co-
workers®® for Co(II)-substituted BcIL

Meropenem

Aspi124
His122
Oxicillin
(]
Zn1
Cys208
His120
His189

Figure 10. Structural superimposition of X-ray structure (PDB ID:
4EYB) (A)® (in CPK) with the ensemble average of the active site
structure of EI complex 3 (in stick model) from QM/MM MD
simulations. Only the f-lactam ring, the fused five-membered ring, and
the carboxylate group of the drug molecules are highlighted. His,s, is
not shown here for more clarity. Zinc ions from simulation and X-ray
are shown with orange and lime, respectively. The water molecule
bridging the Zn ions in X-ray (red, big sphere and transparent) and 3
from our simulation (blue, big sphere and transparent) is also shown.

5. SUMMARY AND CONCLUSION

Using molecular dynamics simulations, we have reported here
the molecular level details of the hydrolysis of Meropenem by
NDM-1. During the nucleophilic attack of the bridging
hydroxyl group, the f-lactam ring opening reaction occurs
simultaneously with the formation of a bond between the f-
lactam nitrogen (N,) and Zn,. Our simulations show that the
carboxylate group of the Asp),, abstracts the proton of the
hydroxyl group during the nucleophilic attack in a nearly
concerted manner. A direct proton transfer from the bridging
hydroxide group or from the protonated carboxylate group of
Aspy,4 to the f-lactam nitrogen (N,) in the EI complex is less
likely. It was observed that diffusion of a bulk water molecule to
the active site is a relatively fast process, which then bridges the
two Zn ions and subsequently acts as the source of the proton
for the subsequent protonation of N,. By constructing the free
energy profile for the entire hydrolysis reaction, it was observed
that the rate-determining step is the nucleophilic attack of the
bridging hydroxyl group, and the free energy barrier is ~20 kcal
mol ™. We found a striking similarity between the structures of
the EI complex from X-ray and from our simulations. The
hydrolysis of Meropenem occurs in a stepwise manner (Figure
3), with two stable intermediates of a lifetime corresponding to
a free energy barrier of about 8 kcal mol ™. These intermediates
differ in the coordination sphere of Zn, and Zn, and may be
traced in the experiments at low temperatures. Tautomerization
of the double bond within the five-membered ring was not
observed after the f-lactam ring opening, although the negative
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charge on N, is delocalized. During the hydrolysis reaction 1 —
2 = 3 = 4, the coordination numbers of Zn, and Zn, change
as4—>5—>6—5and 4 - S = 5 — 4, respectively.

The importance of the protein—drug interactions and the
role of the key active site residues during the drug hydrolysis
have also been scrutinized. Zn; was found to stabilize the
transition state connecting ES and EI complexes, whereas the
role of Zn, was seen in stabilizing the negative charge
developed on N, after the f-lactam ring opening. Coordination
of Zn, to the carbonyl oxygen of the f-lactam ring is not
present in the Michaelis complex, but it is formed in the
transition state connecting the ES and the EI complexes. The
same is the case for Zn, and the drug carboxylate O;/Oq
interactions. The other active site residues, such as Lys,,; and
Asn,,,, also play a major role in suitably orienting the drug
molecule at the active site. The bridging hydroxyl group and
carboxylate of Aspj,, interaction was present during the
nucleophilic attack, on the basis of which we conclude that
Asp,,, is helping to position the bridging hydroxyl group in a
favorable orientation for the reaction.

We believe that these results are useful for interpreting
spectroscopic data, crystal structures, and kinetic experiments
of Meropenem hydrolysis. Further, the wealth of molecular
level details obtained in this study can expedite the develop-
ment of new inhibitors and modified drugs to combat the
outgrowing danger of NDM-1. To aid future research in this
direction, we have deposited the coordinates of the
intermediates and movies showing the elementary reactions
in the Supporting Information.
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