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a b s t r a c t

New Delhi metallo-b-lactmase-1 (NDM-1) is an enzyme that confers antibiotic resistance to bacteria and
is thus a serious threat to human health. Almost all clinically available b-lactam antibiotics can be hydro-
lyzed by NDM-1. To determine the mechanism behind the wide substrate diversity and strong catalytic
ability of NDM-1, we explored the molecular interactions between NDM-1 and different b-lactam antibi-
otics using computational methods. Molecular dynamics simulations and binding free energy calcula-
tions were performed on enzyme-substrate (ES) complex models of NDM-1-Meropenem, NDM-1-
Nitrocefin, and NDM-1-Ampicillin constructed by molecular docking. Our computational results suggest
that mutant residues Ile35 and Lys216, and active site loop L1 residues 65–73 in NDM-1 play crucial roles
in substrate recognition and binding. The results of our study provide new insights into the mechanism
behind the enhanced substrate binding and wider substrate spectrum of NDM-1 compared with its
homologous enzymes CcrA and IMP-1. These insights may be useful in the discovery and design of spe-
cific and potent inhibitors against NDM-1.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

b-Lactam antibiotics, which inhibit enzymes that participate in
bacterial cell wall synthesis, have long been the mainstay drugs for
treating serious bacterial infections [1]. However, bacteria have
developed several resistance mechanisms against b-lactam antibi-
otics. Among them, generation of b-lactamases, which hydrolyze
the amide bond in b-lactam rings to inactivate b-lactam antibiotics,
is an especially effective resistance mechanism developed by bac-
teria [2]. b-Lactamases can be grouped into four classes according
to their sequence homology [3]. Class A, C, and D enzymes, gener-
ally called serine-b-lactamases, use a serine residue in the active
site to hydrolyze b-lactam antibiotics. Class B enzymes, also called
metallo-b-lactamases (MBLs), are characterized by the one or two
zinc (Zn) ions that are indispensable for enzyme activity [4]. MBLs
are of great concern from a public health standpoint because of
their extensive dissemination all over the world. Genes that encode
MBLs are usually located in several highly transmissible plasmids
[5]. MBLs are capable of hydrolyzing almost all b-lactam antibiot-
ll rights reserved.
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ics, including the ‘‘last resort’’ carbapenems [6]. To date, no MBLs
inhibitors useful for clinical treatment have been identified [7].

New Delhi metallo-b-lactamase (NDM-1), a new member of
MBLs, was first identified in a Swedish patient hospitalized in
New Delhi, India [8]. Shortly after its discovery, NDM-1 spread to
many countries worldwide [9]. The unprecedented spread and
speed of dissemination of NDM-1 positive strains as well as their
ability to confer resistance to almost all clinically used b-lactam
antibiotics, pose serious threats to human health [10]. Almost all
commercially available serine b-lactamase inhibitors have failed
to inhibit NDM-1. Thus, the risk of NDM-1 co-harboring multiple
and unstable resistance determinants and the resulting decrease
in efficacy of treatment with antibacterial drugs are of serious con-
cern to clinicians and scientists worldwide.

Despite the clinical significance of NDM-1, the dynamic charac-
teristics of its interactions with different substrates have not been
studied. In the present study, molecular interactions between
NDM-1 and b-lactam antibiotics (Fig. S1) were studied using a
combination of computational methods, including molecular
dynamics (MD) simulation, Poisson–Boltzmann model and solvent
accessibility (MM-PBSA) binding free energy calculation, and com-
putational alanine scanning. The results showed that NDM-1 binds
to nitrocefin with a lower binding free energy, indicating tighter
binding, compared with other antibiotics. Key residues involved
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in substrate binding were identified through energy decomposition
analysis, and two mutant residues present only in NDM-1, namely,
Ile35 and Lys216, were found to be responsible for tighter binding
of NDM-1 to nitrocefin compared with its homologs IMP-1 and
CcrA.

Loop L1, a conserved loop adjacent to the active site of B1 MBLs,
was also found to be critical for both substrate recognition and en-
zyme activity. Dyson et al. [11] compared the dynamic properties
of loop L1 between the inhibitor bound state and the apo state of
CcrA and suggested that the broad substrate specificity and tight
substrate binding of the CcrA enzyme could be attributed to the
malleability of loop L1. Consistent with their study, Yang et al.
[12] found that deletion of loop L1 in CcrA dramatically reduces
both its hydrolytic activity and affinity for all b-lactams. Loop L1
in IMP-1 B1 MBLs was also found to be involved in substrate bind-
ing by molecular modeling and mutagenesis experiments [13].
However, the function of loop L1 in NDM-1 has not been thor-
oughly studied. In the present study, we explored the dynamic
characteristics of loop L1 and its interactions with different sub-
strate and found that loop L1 in NDM-1 may play an important role
in substrate recognition and binding. Our study provides important
insights into the structural basis for substrate binding and catalysis
properties of NDM-1 and may have significant implications for the
discovery of small molecules as effectors against NDM-1-induced
antibiotic resistance.
2. Materials and methods

2.1. Molecular docking simulation

To obtain the starting structure of enzyme-substrate (ES) for
simulation, molecular docking was performed with Maestro v9.0
(Schrodinger, Inc.) [14]. Ampicillin (penicillin), nitrocefin (cephalo-
sporin), and meropenem (carbapenem), three common antibiotics
from different b-lactam families, were first processed by the Lig-
Prep [15] module to produce the corresponding low-energy three
dimensional structures. Hydrogen atoms and protein charges were
added during a brief relaxation period using the Protein Prepara-
tion Wizard module in Maestro to relieve steric clashes. Restrained
partial minimization was terminated when the root-mean-square
deviation (RMSD) reached a maximum value of 0.3 Å. The protein
structure was derived from the NDM-1/ampicillin complex struc-
ture published in the Protein Data Bank (PDB). The grid-enclosing
box was centered on the ligand in the crystal structure (PDB entry
3Q6X) [16] to enclose residues located within 15 Å. Each b-lactam
antibiotic structure was then docked into the active site of NDM-1
with extra-precision (XP) docking to generate minimized poses
and the Glide scoring function (G-Score) was used to select the fi-
nal poses for each b-lactam antibiotic. Together with previously re-
ported studies on the binding mode [17–19], three enzyme-
substrate (ES) complex models were constructed.
2.2. MD simulation

MD simulations were performed on the three ES complexes ob-
tained from molecular docking. Before simulations, the proton-
ation states of ionizable residues were determined using the H++
program [20]. Each complex model was surrounded by a periodic
box of transferable intermolecular potential 3P [21] water mole-
cules that extend 12 Å from the protein atoms. Counter-ions were
added to neutralize each simulation system. The parm99SB version
of the all-atom assisted model building and energy refinement
(AMBER) force field was used to represent the protein system.
Atom charges of the three antibiotics were calculated using the re-
strained electrostatic potential method [22] encoded in the AMBER
suite of programs [23] at the RHF/6-31G* level. Covalent and non-
bonded parameters for the three antibiotic atoms were assigned by
analogy or interpolation from those already present in the AMBER
force field. The charges and force field parameters for the Zn-ligand
center (two Zn ions, hydroxide, and six residues coordinated with
Zn1 and Zn2) were calculated by the MCPB approach [24].

Before MD simulations, energy was minimized (8000 steps for
the water molecules followed by 6000 steps for the whole system)
for each solvated system to remove poor contacts between the sol-
ute and the solvent. All MD simulations were conducted using the
SANDER program included in the AMBER package (version 10.0) at
constant temperature and pressure and periodic boundary condi-
tions with a time step of 2 fs. The SHAKE algorithm [25] was used
to constrain all hydrogen atom bonds. Electrostatic interactions
were calculated using the particle-mesh Ewald method [26]. The
non-bonded cutoff was set to 10.0 Å, and the non-bonded pairs
were updated every 25 steps. The temperature (300 K) and pres-
sure (1 atm = 101.3 kPa) of the system were controlled during the
MD simulations by applying the algorithm developed by Berend-
sen et al. [27]. The temperature and pressure coupling parameters
were set to 1 ps.

2.3. Binding free energy calculation by MM-PBSA method

Based on the equilibrated dynamic trajectory, the binding free
energy of each complex ES system was calculated using the MM-
PBSA method encoded in the AMBER 10.0 program [23]. A total
of 500 snapshots from the trajectory were extracted every 60 ps,
and the MM-PBSA calculation was performed on each snapshot
using the MMPBSA.PY module in AMBER 10.0.

2.4. Computational alanine-scanning mutagenesis

To further validate the contributions of key residues in the
interaction with nitrocefin, computational alanine-scanning muta-
genesis was performed on NDM-1-Nitrocefin complex, and the free
energy of mutated NDM-1 binding with nitrocefin was calculated
using the MM-PBSA method. The structures of the NDM-1-Nitroce-
fin complex were taken from the same snapshot of the complex
trajectory. The alanine mutant structures were generated by alter-
ing the coordinates of the wild-type trajectory. This involved delet-
ing atoms and truncating the mutated residue at Cc by replacing
with a hydrogen atom. A total of 500 snapshots were obtained
for energy calculation. The relative binding free energy is the free
energy difference between the wild-type and alanine mutants.
3. Results and discussion

3.1. Steady RMSDs values indicate that MD trajectories are reliable for
post analysis

As shown in Fig. 1, all of the starting structures of the three
complexes used in subsequent MD simulations share some similar
features. The oxygen atom of the carbonyl group of -lactam ring
orients toward Zn1 and that of the carboxylate group of the -lac-
tam antibiotic is in a position where it can interact with Zn2 di-
rectly. To explore the dynamic traits of the different ES
complexes, 30 ns MD simulations were performed on each ES com-
plex model. To examine the structural stability of the ES complex
during MD simulations, the time evolution of weighted RMSDs
for backbone atoms of the NDM-1 protein and heavy atoms of
the three b-lactam antibiotics from their initial positions (t = 0)
were calculated. As illustrated in Figs. S2 and S3, RMSD values of
the three ES complexes were found to be between 0.5 and 1.5 Å
in all simulations. Steady RMSD values for the heavy atoms of



Fig. 1. The starting structures used for MD simulations obtained by molecular docking. (A) NDM-1-Ampicillin complex, (B) NDM-1-Nitrocefin complex, and (C) NDM-1-
Meropenem complex.

Table 2
Residues involved in hydrophobic interactions with the substrate during the
simulation time and the corresponding occupancy rate.

Substrate

Residue Ampicillin Nitrocefin Meropenem

Ile35 26% 90% 47%
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the protein indicate well-equilibrated states of the systems and
relatively stable catalytic cavity of each model during MD simula-
tions. Steady RMSD values for the heavy atoms of -lactam antibiot-
ics indicate that each antibiotic remained stable in the catalytic
cavity. Both the steady RMSD values show the reliability of these
MD trajectories and suggest the suitability for post analysis.
Leu65 50% 9% 0%
Met67 83% 51% 5%
Phe70 47% 43% 17%
Val73 15% 33% 53%
Trp93 79% 31% 0%
His122 87% 19% 66%
Gln123 42% 16% 0%
Asp124 58% 25% 0%
His189 10% 51% 64%
Lys211 0% 25% 23%
Ser217 0% 14% 16%
Gly219 02% 84% 73%
Asn220 46% 87% 18%
His250 37% 90% 85%
3.2. H-bond and hydrophobic interaction analyses revealed a well-
defined substrate pocket for diverse substrates

To probe the molecular interactions between NDM-1 and the
three b-lactam antibiotics, the H-bonds and hydrophobic interac-
tions of the three complexes were analyzed based on MD trajecto-
ries (Tables 1 and 2). In the NDM-1-Ampicillin complex, a
conserved H-bond between ND2 atom of the Asn220 residue and
the oxygen atom (O1) of the carbonyl group of the b-lactam ring
was revealed by the high H-bond occupancy rate (87.53%). In the
NDM-1-Meropenem complex, two conserved H-bonds form be-
tween NDM-1 and the meropenem substrate. The NZ atom of
Lys211 forms H-bonds with the O3 and O4 oxygen atoms of the
carboxylate group of the b-lactam antibiotic, exhibiting occupancy
rates of 92.2% and 61.06%, respectively, in the MD simulations. In
the NDM-1-Nitrocefin complex, the ND2 atom of Asn220 makes
H-bonds with the oxygen atom (O1) of the carbonyl group of the
b-lactam ring, as revealed by an occupancy rate of 88.13%. The
NZ atom of Lys211 forms relatively conserved H-bonds with the
O3 and O4 oxygen atoms of the carboxylate group of the b-lactam
ring of the nitrocefin substrate, exhibiting H-bond occupancy rates
of 89.66% and 53.4%, respectively. The importance of the conserved
residue Lys211 for substrate binding indicated by our simulation
results is consistent with findings of previous mutagenesis studies
[19].

NDM-1 has a relatively hydrophobic pocket. Thus, the non-po-
lar contact between active site residues and small molecules can-
not be ignored. We calculated the occupancy rate of hydrophobic
interactions between active site residues and the three substrates
based on MD trajectories (Table 2). Our results show slight differ-
ences among residues involved in hydrophobic interactions be-
Table 1
Hydrogen bonds existing in the three ES complexes and their occupancies during the
30 ns MD simulation. Only H-bond occupancies >50% are shown.

Substrate H-bond donor H-bond acceptor Occupancy rate (%)

Ampicillin Asn220:ND2 AMP:O1 87.53
Nitrocefin Lys211:NZ NIT:O3 89.66

Lys211:NZ NIT:O4 53.40
Asn220:ND2 NIT:O1 88.13

Meropenem Lys211:NZ MER:O3 92.20
Lys211:NZ MER:O4 61.06
tween NDM-1 and different substrates. Residues Leu65, Met67,
and Phe70 in loop L1, Trp93, and Gln123 have more intense hydro-
phobic interactions with ampicillin and nitrocefin compared with
meropenem, which may be caused by the larger hydrophobic
groups in the acylamino side chain of ampicillin and nitrocefin.
Such hydrophobic groups were not observed at the same position
for meropenem. Taken together, our results indicate that extensive
polar and non-polar interactions between NDM-1 and substrates
provide suitable environment for catalytic reactions.
3.3. Key residues involved in substrates binding were identified by
energy decomposition

To further explore the molecular interactions between NDM-1
and the three b-lactam antibiotics, the binding free energy values
of the three NDM-1/substrate complexes were calculated using
the MM-PBSA method encoded in the AMBER 10 program. As
shown in Table 3, NDM-1 shows the tightest binding to nitrocefin
Table 3
The binding free energy of NDM-1 to different substrates calculated by the MM-PBSA
method and the experimental Km (lm) values. All calculated values are given in kcal/
mol. DG = DGgas + DGsolv. DGgas represents the binding free energy in vacuum and
DGsolv represents the solvation free energy change calculated by the MM-PBSA
method.

Substrate DGgas DGsolv DG Km (lm)

Ampicillin �139.57 122.08 �17.49 310 ± 30
Nitrocefin �100.55 65.68 �35.41 1.3 ± 0.2
Meropenem �106.68 82.67 �24.01 54 ± 3



Fig. 2. Decomposition of binding free energy DG into contributions from residues in the binding pocket. Only residues with contribution >�1 kcal/mol are shown. Values that
are more negative indicate more contributions to substrate binding by the corresponding residues.

Table 4
Computational alanine scanning results for NDM-1 and nitrocefin interaction
residues. All values are given in kcal/mol. DG1 represents the binding free energy
before the mutation, DG2 represents the binding free energy after mutation, and DDG
is the relative influence of the mutation on the binding free energy.

Residues DG1 DG2 DDG

Ile35 �35.41 �32.34 3.07
His189 �35.41 �31.62 3.79
Lys211 �35.41 �21.25 14.16
Lys216 �35.41 �33.82 1.59
Asn220 �35.41 �31.33 4.08

Fig. 3. Three distinct configurations of loop L1 obtained by clustering the MD
trajectory of the apo-enzyme.
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among the three antibiotics, and the order of calculated binding
free energy is consistent with previous experiments [28]. To iden-
tify the residues crucial for substrate binding, the binding free en-
ergy was further decomposed into contributions from residues in
the binding pocket. As illustrated in Fig. 2, eight residues (Ile35,
Gln37, Trp93, Asp124, Lys211, Lys216, Gly219, and Asn220) con-
tribute the most to substrate binding. According to the crystal
structures of NDM-1 and biochemical studies on homologous en-
zymes, two conserved residues (Lys211 and Asn220) play key roles
in substrate binding. In the energy decomposition simulations,
these two residues contribute the most after binding with NDM-
1 and all three antibiotics, which further indicates the important
roles of Lys211 and Asn220, and validates the results of our com-
putational models. Other residues in the active pocket of NDM-1
may also contribute to substrate binding. However, when NDM-1
interacts with the three antibiotics, a different set of residues play
major roles in substrate binding: residues Trp93, Asp124, Gly219,
and Asn220 in ampicillin; residues His189, Lys211, Gly219, and
Asn220 in meropenem; and residues Ile35, His189, Lys211,
Lys216, Gly219, and Asn220 in nitrocefin. This finding may explain
the substrate diversity of NDM-1, and the tight binding affinity dis-
played by nitrocefin may aid in inhibitor design.

Interestingly, based on our calculated results, among the six
identified residues that contributed most to NDM-1 binding to
nitrocefin, four residues (His189, Lys211, Gly219 and Asn220)
were found to be highly conserved in the B1 MBLs family, such
as IMP-1 and CcrA MBLs. However, two mutant residues (Ile35
and Lys216) are present only in NDM-1 (Fig. S4). As shown by
experimental data from other studies, NDM-1 binds to nitrocefin
with higher affinity compared with IMP-1 and CcrA [28–30]. The
mutant residues Ile35 and Lys216 may be responsible for this extra
binding ability between NDM-1 and nitrocefin. These results are
further validated by our computational alanine scanning results
(Table 4).



Fig. 4. Residue fluctuations obtained by average residual fluctuations over 30 ns simulations are shown in red, while experimental results calculated from B factors of NDM-1
(PDB code: 3Q6X) crystal structures are shown in black. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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3.4. The dynamic traits of loop L1 suggest its vital role in substrate
recognition and binding

According to our results of MD simulation, the RMSD values for
the backbone atoms of loop L1 (residues 65–73) and loop L2 (res-
idues 205–225) are significantly higher than those of the whole en-
zyme (Fig. S5), indicating increased flexibility of loop L1 compared
with that of other regions of NDM-1, which is consistent with
experimental data reported in previous studies [31]. As illustrated
in Fig. 3, when the conformations extracted from MD trajectories
were clustered based on the RMSD values of loop L1, three distinct
conformations of loop L1 were found. This finding is consistent
with the root-mean-square fluctuation (RMSF) of the backbone
atoms of NDM-1 calculated based on the apo-enzyme MD trajec-
tory to the B-factors of NDM-1 crystal structure (B = 8p2�RMSF2/
3), which shows that the results of our simulation models could
capture the main feature of the atomic movement of NDM-1
(Fig. 4). As expected, this region of loop L1 was found to have the
largest RMSF value when no substrate was bound to the active site.
However, when NDM-1 was bound to its substrates (NDM-1-
Ampicillin, NDM-1-Nitrocefin, and NDM-1-Meropenem), the RMSF
values of loop L1 decreased significantly (Fig. S6), which indicates
that loop L1 could be stabilized by interactions with substrate mol-
ecules. By inspecting the stabilizing interactions between loop L1
and small substrate molecules, we found that the hydrophobic
interactions were the major determinant in stabilization. Although
their contributions to hydrophobic interactions are slightly differ-
ent with different substrates, residues Leu65, Met67, Phe70, and
Val73 in loop L1 are all involved in hydrophobic interactions (Ta-
ble 2). These findings emphasize the role of loop L1 in substrate
binding and recognition, and suggest a mutual stabilizing interac-
tion between loop L1 and NDM-1 substrates.
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