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A B S T R A C T   

Modelling metalloproteins using the classical force fields is challenging. Several methods have been devised to 
model metalloproteins in force fields. Of these methods, the bonded model, combined with Restrained Elec
trostatic Potential (RESP) charge fitting, proved its superiority. The latter method was facilitated by the devel
opment of the python-based Metal Centre Parameter Builder (MCPB.py) AmberTool. However, the standard 
bonded model method offered by the MCPB.py tool may not be appropriate for validating and refining the 
binding modes predicted by docking when crystal structures are lacking. That is because the representation of 
coordination interactions between any bound ligand and metal ions by covalent bonds can hinder the flexibility 
of the ligand. Therefore, a new modification to the standard bonded model approach is proposed here. Molecular 
dynamics (MD) simulations based on the new modified bonded model (MBM) approach avoid the bias caused by 
coordination bonds and, unlike hybrid QM/MM MD, allow for sufficient sampling of the binding mode given the 
currently available computational power. The MBM MD approach reproduced the studied crystal structure 
conformations of New Delhi Metallo-β-lactamase 1 (NDM-1). Furthermore, the MBM approach described the 
binding interactions of intact β-lactams with NDM-1 reasonably, and predicted a non-productive binding mode 
for the poor NDM-1 substrate aztreonam whilst predicting productive binding modes for known good substrates. 
This study presents a useful MD method for metallo-β-lactamases and provides better understanding of β-lactam 
substrates recognition by NDM-1. The proposed MBM approach might also be useful in the investigation of other 
metal-containing protein targets.   

1. Introduction 

New Delhi Metallo-β-lactamase 1 (NDM-1) is produced by Gram- 
negative bacterial strains and has spread worldwide. It utilizes two 
Zn2+ ions to catalyse the hydrolysis of bicyclic β-lactam antibiotics, thus 
rendering them ineffective. NDM-1 is resistant to the clinically used 
β-lactamase inhibitors [16], and clinically useful NDM-1 inhibitors are 
yet to be identified [19]. 

Indeed, inhibitor discovery may have been impeded by a lack of 
knowledge of the initial binding modes of β-lactam substrates, since 
crystal structures of metallo- β-lactamases (MBLs) with intact β-lactams 
are currently unavailable. Therefore, the computational investigation of 
NDM-1-substrate complexes is indispensable as it can help in the design 
of effective mechanism-based NDM-1 inhibitors. 

In spite of advanced docking protocols, molecular docking can 
generate a model of protein-ligand complex with only a limited 
consideration of protein flexibility. Therefore, classical MD simulations 
are essential to investigate protein-ligand interactions with full flexi
bility and to validate the docking pose [7]. However, modelling NDM-1 
and other metalloproteins using classical force fields (FFs) is not 
straightforward owing to the high charges on metal ions, the partially 
covalent nature of the coordination bonds, and the numerous possible 
binding modes resulting from the multiple coordination numbers of 
transition metals [7,9,35]. 

Several methods have been devised to model metalloproteins in FFs. 
The non-polarisable models are the most widely used methods to build 
MM models of metalloproteins because they are simpler and faster than 
the polarisable models, and can be handled by the common MD 
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simulation programs [50]. The non-bonded model [24,26] which is the 
simplest model, the cationic dummy atom model [2] which is also 
described as the semi-bonded model, and the bonded model [37] are the 
three categories of the non-polarisable models. 

The non-bonded model involves electrostatic and VDW terms. The 
latter are represented by the 12-6 Lennard-Jones potential which in
cludes Pauli repulsion and induced dipole-induced dipole interactions. 
This potential is poorly suited for divalent and highly charged metal 
ions. However, the nonbonded model was improved by the 12-6-4 
Lennard-Jones potential developed by Li & Merz [24] by adding a 
term representing ion-induced dipole interactions. The model also 
included parameters for monovalent to tetravalent metal ions. None
theless, the partial charge of the metal ion in the non-bonded model is 
identical with its oxidation state. Therefore, this simple model overlooks 
charge transfer and polarisation effects [24]. In addition, this model can 
result in a deformed metal coordination geometry and may even fail to 
keep the metal in the binding site [28]. 

Pang et al. [36] illustrated the superiority of the cationic dummy 
atom model to the non-bonded model in maintaining the zinc coordi
nation geometry during MD simulations. In the cationic dummy atom 
model, which is suitable for tetrahedral zinc coordination, four dummy 
atoms are linked covalently to zinc in a tetrahedral geometry. The zinc 
ion is described solely by VDW terms while its charge of +2e is divided 
equally between the four dummy atoms. The interactions between the 
dummy atoms and the ligating residues are then represented by elec
trostatic terms. However, the parametrisation of this model is not 
straightforward and the model performance depends largely on the 
charge model used [28]. 

The bonded model [37] treats the interactions of metal with its li
gands as covalent bonds. Thus, it comprises bonded terms (bond, angle, 
and torsional terms) and non-bonded terms (electrostatic and VDW 
terms). Therefore, the bonded model guarantees the preservation of the 
metal coordination geometry during the simulation though at the 
expense of modelling the ligand exchange processes. Unlike the 
non-bonded model, the charge on the metal is a non-integer preferably 
derived from Restrained Electrostatic Potential (RESP) [3] calculations 
[28]. In addition, parametrisation is carried out for bond and angle 
terms while torsional and VDW terms are not parametrised as they are 
considered less significant in metals [37]. 

Bond and angle parameters are obtained from intensive quantum 
mechanical calculations using the Seminario method [44] or Z-matrix 
method on a small model of the metal centre that involves the side 
chains of coordinating residues capped with methyl groups. Charge 
calculations are performed on a larger model of the metal centre 
including the coordinating residues with capped backbones. Charge 
parametrisation can be performed by including all the atoms of the 
ligating residues (ChgModA), or by fixing the charges of the backbone 
heavy atoms (ChgModB), all the backbone atoms (ChgModC), or all the 
backbone atoms and the beta carbons of the coordinating residues 
(ChgModD) to the employed FF values. However, the ChgModB method 
has shown the optimum performance [25,37]. 

Luckily, modelling zinc-containing proteins using the bonded model 
has been facilitated by the development of the empirical extended zinc 
AMBER force field (EZAFF) method for calculating the zinc-related bond 
and angle parameters by Yu et al. [50]. The empirical parameters were 
derived from the zinc AMBER force field (ZAFF) parameters [37] which 
were originally calculated by the Seminario method. The empirical 
method is computationally economic with wider applications and has 
shown comparable performance to the more demanding methods with 
respect to relative energies calculations and accurate structural repre
sentation [50]. Moreover, the use of the bonded model has been facili
tated further by its incorporation into the Metal Centre Parameter 
Builder (MCPB) and particularly the python-based MCPB.py tool [25, 
37] available in the AmberTools package [6]. 

However, the standard bonded model protocol produces protein- 
ligand complexes in which the ligand is covalently bound to the metal 

if any of the ligand atoms occur within the coordination distance of the 
metal ion. Thereby, the flexibility of the ligand is compromised during 
MD simulations leading to biased results. Hence, MD simulations based 
on the standard bonded model protocol may be improper, especially 
when investigating novel compounds where protein-ligand crystal 
structures are lacking. Thus, the bonded model representation of the 
ligand-metalloprotein complexes necessitates the subsequent use of 
sufficiently long hybrid QM/MM MD simulations to validate the binding 
mode. 

In hybrid QM/MM MD simulations, a QM method is combined with a 
MM-based FF. The QM method is used to describe the interactions of a 
minimal part of the system, mainly the metal site and the bound ligand. 
Thereby, any bond-forming and/or breaking in the metal centre can be 
modelled. Hybrid QM/MM calculations provide a compromise between 
speed and accuracy and their effectiveness for studying metalloenzymes 
has been proved [34]. Nonetheless, these techniques are still computa
tionally expensive. Hence, the time scales currently achievable with 
hybrid QM/MM MD might not allow sufficient sampling of the ligand’s 
binding mode. 

Therefore, a simple method for refining the docking solutions of li
gands bound to metalloproteins using classical MD is described here. 
The method is based on a new modification to the standard bonded 
model MCPB.py method [25,37] and called the modified bonded model 
(MBM) approach. The approach enables a fully flexible refinement of the 
protein-ligand complexes despite the occurrence of ligand atoms within 
the metal coordination distance. 

The MBM approach was validated by its ability to reproduce the 
native conformation of NDM-1 crystal structures. In addition, the ability 
of the MBM approach to predict the binding features of NDM-1 β-lactam 
substrates was compared to that of the intensive hybrid QM/MM cal
culations. The study encompassed ligands from the four β-lactam classes 
(penicillins, cephalosporins, carbapenems, and monobactams) to help 
unravel the features of β-lactam substrates recognition by NDM-1. 

The binding of intact β-lactams to NDM-1 was investigated previ
ously by protein-ligand docking [52] and also by MD [20,33,51,54]. 
Unlike the previous studies, the binding of intact β-lactams to NDM-1 
was studied here by longer MD simulations using the new MBM 
approach to ensure less biased results. Therefore, this study can provide 
better understanding of β-lactam substrates recognition by NDM-1. 
Moreover, the new MBM approach can be used for MD studies of 
other metallo-β-lactamases and possibly other metal-containing 
proteins. 

2. Methods 

The AmberTools16 package [5] was used to prepare protein-ligand 
docking complexes for MD simulations. Three crystal structure com
plexes of NDM-1 were used; with hydrolysed ampicillin [20] (PDB code: 
4HL2), with L-captopril [22] (PDB code: 4EXS), and with hydrolysed 
imipenem [10] (PDB code: 5YPK). The MCPB.py tool [25,37] was 
initially used for modelling the three complexes in four different 
methods; the bonded model, the non-bonded model (4n2), the 
non-bonded model with charge refitting (4n1), and the new modified 
bonded model (MBM), Fig. 1. 

Ampicillin, imipenem, nitrocefin and aztreonam, Fig. 2, were docked 
into NDM-1 using Genetic Optimisation for Ligand Docking (GOLD) 
[48], from CCDC Software Ltd. The docking complexes were modelled 
using both the standard bonded model MCPB.py method and the MBM 
approach, Fig. 1. All models were solvated with a truncated octahedral 
water box of 8.0 Å using the tip3p water model [18]. Amber topology 
and coordinate files were prepared by LEaP. Afterwards, MD simulations 
were carried out for the crystal structure complexes, the docking com
plexes of intact β-lactams as well as the apo-protein using PMEMD 
(Particle Mesh Ewald Molecular Dynamics) [42]. 

MD simulations protocol involved minimization, heating, equili
bration, and production. A cut-off value of 12 Å was used for nonbonded 

A.A. Eshtiwi and D.L. Rathbone                                                                                                                                                                                                             



Journal of Molecular Graphics and Modelling 121 (2023) 108431

3

Fig. 1. Summary of the standard bonded model method and the proposed modified bonded model method. In the non-bonded model (4n2) method, MCPB.py 
modelling is started from step 4. In the non-bonded model with RESP charge fitting (4n1) method, step 2 is skipped. *Three models are created for the metal centre; 
the small model (metals, any coordinating non-amino acid residues, and any coordinating amino acid residues for which a CH3 is used to cap the side chain), the 
standard model (metals, any coordinating non-amino acid residues, and any coordinating amino acid residues including their backbone atoms without capping), and 
the large model (metals, any coordinating non-amino acid residues, any coordinating amino acid residues for which an acetyl and/or N-methylamine is used to cap 
the backbone atoms, and the glycine residues used to link any two coordinating amino acid residues occurring within 5 Å from each other). The model showed above 
is for open ampicillin binding to the NDM-1 catalytic site (PDB code: 4HL2). 
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interactions. A random seed was used to start all the simulations after 
minimization. In minimization, the positions of all residues were 
restrained using a harmonic potential of 500 kcal/mol-Å2 while the rest 
of the system (water and ions) was minimised at a constant volume using 
a combined conjugate gradient and steepest descent method. The 
maximum number of cycles was 2000, of which 1000 cycles were per
formed with the steepest descent method. The same parameters were 
then used to minimise the whole system without restraints. 

Subsequently, the system was heated from 0 to 300 K over 20 ps 
using the Langevin thermostat with a collision frequency of 1 ps− 1 [55]. 
Afterwards, the system was equilibrated over 5 ns at constant pressure 
and temperature (300 K) using the Langevin thermostat. Production was 
conducted at constant volume and temperature using the weak-coupling 
algorithm [4]. SHAKE bond length constraints were applied to constrain 
hydrogen atoms [40]. Wrapping was allowed and the simulation was 
run for 210 ns. The relaxed bonded model complexes of intact β-lactams 
were subsequently subjected to 100 ps hybrid QM/MM MD using the 
PM3 [45] and DFTB3 [12–14,32] Hamiltonians. (Further method details 
and chemical structures are given in the supplementary information). 

3. Results and discussion 

MD simulations were initially carried out for three NDM-1 crystal 
structures modelled using the bonded model, the non-bonded model 
with charge refitting (4n1), and the normal non-bonded model (4n2) 
[25,37]. 

In all the MD simulations described below, there was an initial two- 
stage energy minimization to relax any steric clashes and to produce an 
ensemble that would be stable in the MD simulations that followed. The 
first stage included a restraint to the positions of the protein and ligand 
and allowed the water and neutralising ions to be relaxed first. The 
second stage involved relaxation of the whole system with no restraints. 
For both, the restraints (or lack of them) were not relevant to, and made 
no difference to, any coordination bonds between the zinc ions and any 
other components, coordination effectively being treated as an un
breakable bond in ordinary MM MD simulations. The use of temporary 
restraints is a common approach either in the energy minimization 
phase (as presented here) or in the initial molecular dynamics stage (for 
example [11]) 

3.1. Non-bonded model 

The simple non-bonded model method failed to preserve the 
conserved coordination geometry of the NDM-1 metal centre, Fig. S1. 
However, because no charge refitting was applied on the ligating 

residues with the 4n2 model, the relatively strong electrostatic in
teractions between zinc ions and the deprotonated Cys208 and Asp124 
residues (Zn2 ligands) partially stabilized zinc ions in the active site, 
especially with the presence of the bridging hydroxide ion in the 4HL2 
structure. This explains the reduced inter-metal distance compared to 
the 4HL2 crystal structure and the smaller RMSD of Zn2 compared to 
that of Zn1, Table 1. 

The influence of electrostatic interactions is also manifested in the 
distances between each zinc ion and the coordinating atoms of its 
ligating residues. Only the sulfur atom of Cys208 and the OD2 oxygen of 
Asp124 were within coordination distance to Zn2, whereas the coordi
nating nitrogen of all the Zn1-histidine ligands was more than 3 Å away. 
By contrast, the coordination geometry of both Zn2+ ions was less stable 
when charge refitting was applied in the 4n1 model. The coordination 
geometry of both metals was distorted, starting from the heating stage. 
During equilibration, Zn1 left the active site of both the 4HL2 and the 
4EXS structures, while both zinc ions left the active site of the 5YPK 
structure. This is reflected by the significantly increased Zn–Zn dis
tances, Table 1. 

3.2. Bonded model 

In contrast, the bonded model maintained the coordination geometry 
of both Zn2+ sites throughout the simulation, which is shown by the 
small RMSD values of both metals as well as the reproduced experi
mental distances between Zn2+ ions, Table 1. In addition, the proteins 
were stable during the simulation, except for the L3 loop region. The 
latter was remarkably flexible compared to the L10 loop and contributed 
most to the protein RMSD. 

In fact, the L3 loop conformation was the major variation observed 
by Green et al. [15] among a group of NDM-1 crystal structures. The L3 
loop showed a more open conformation after 192 ns in the 4EXS 
simulation, while it appeared enclosing the active site after 177 ns in the 
5YPK simulation, Fig. 3. The simulations of the three crystal structures 
revealed 3 main L3 loop conformations as described by Zhu et al. [54], 
Fig. 3 & S2. These backbone motions of the L3 loop may play role in 
binding to substrates, stabilising them during catalysis, and enhancing 
product release. 

Because the native ligands were covalently bound to both zinc ions 
via their metal-ligating atoms, the binding mode of the three ligands was 
stable throughout the simulation, Fig. S3. However, when it comes to 
novel compounds or when crystal structures are lacking, the bonded 
model may not be appropriate for validating and refining the binding 
modes predicted by docking. That is because the representation of co
ordination interactions between any bound ligand and zinc ions by 

Fig. 2. Chemical structures of the β-lactams used for docking and MD simulations.  
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Table 1 
The average inter-zinc distances and the mean RMSD values of metals compared to the crystal structure during the 210 ns (NVT) MD simulations of the 3 crystal 
structures. Distances for the 4n1 model represent the 5 ns NPT MD.  

Model Zn1–Zn2 distance (Å) Zn1 RMSD (Å) Zn2 RMSD (Å) 

4HL2 4EXS 5YPK 4HL2 4EXS 5YPK 4HL2 4EXS 5YPK 

4n1 53 58 102 54a 58a 85a 2.2 0.76 47a 

4n2 3.27 3.85 6.89 2.66 1.67 5.75 1.23 1.46 0.79 
Bonded 4.58 3.53 3.91 0.45 0.37 0.38 0.37 0.37 0.51 
MBM 4.34 3.38 3.75 0.64 0.45 0.44 0.51 0.50 0.53 
Crystal structure 4.60 3.59 3.94        

a The metal left the active site. 

Fig. 3. The conformations of the 4EXS (top) and 5YPK (bottom) crystal structures after 105 ns (grey) and 210 ns (blue) of bonded model MD superimposed on the 
starting conformation (red), and the RMSD values of the protein backbone atoms relative to the crystal structure. The largest variation in the protein conformation 
arises from the highly flexible L3 loop mainly at 192 ns in 4EXS and at 177.725 ns in 5YPK. RMSD values were calculated for the L3 loop and the adjacent β-sheet 
residues (Val58-Ser75) whereas L10 represents the residues from Gly207 to Thr226. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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covalent bonds can hinder the flexibility of the ligand, Fig. S4. There
fore, the MBM approach was proposed. 

3.3. Modified bonded model (MBM) 

The leap input file generated in the last step of the MCPB.py 
modelling (Fig. 1, step 4) was modified by removing the bonding in
formation between the native ligand and both zinc ions, while keeping 
the bonding information between zinc ions and their ligating amino acid 
residues. Thereby, the generated model provides a compromise between 
the 4n1 non-bonded model and the bonded model. Consequently, the 
integrity of the conserved metal sites can be maintained throughout the 
simulation as illustrated in Table 1. Meanwhile, the conformational 
space of the bound ligand can be sampled with full flexibility in the 
active site to gain better understanding of the ligands’ binding. 

Although metal coordination bonds are not explicitly described by 
the MBM approach, the Zn2+-related force field parameters obtained by 
the empirical method [50], as well as the refitted RESP charges are 
representative of the coordination interactions with zinc ion(s). The 
MBM MD approach was validated by evaluating its ability to reproduce 
the native ligand conformation for the three NDM-1 crystal structures 
and predict the experimentally observed interactions with key NDM-1 
residues. 

Ring-opened ampicillin, which was modelled in the anionic inter
mediate form, was stable in the active site and a native-like binding 
mode was observed in ~56% of the MBM simulation. In addition, the 
experimentally observed interaction between the C3-carboxylate oxygen 
and both the Asn220 backbone and the Lys211 side chain was observed 
in 20%, and 35% of simulation time, respectively. Furthermore, the 
average distance between the C3-carboxylate oxygen and the Lys211 
side chain nitrogen was 3.1 Å, which is comparable to the experimental 
distance of 2.9 Å, indicating a persistent electrostatic interaction with 
Lys211. However, in the last 40% of the simulation, the ligand was 
beyond the Zn2+-coordinating distance but stabilized mainly by hy
drophobic interactions with the side chains of Ile35, Met67, Phe70, 

Val73, His189, and His250, as well as H-bonding and electrostatic 
interaction between its C3-carboxylate and the Lys211 side chain, Fig. 4. 

Unlike ring-opened ampicillin, ring-opened imipenem maintained a 
native-like binding mode throughout the MBM MD simulation, and the 
average ligand RMSD compared to the native conformation was 2.57 Å. 
The RMSD of the ligand was ≤2.5 Å in >50% of simulation time, Fig. 5. 
During this time, the average distances from the C5-carboxylate oxygen 
to Zn1 and Zn2 were 2.8 Å and 3.5 Å, respectively, which are compa
rable to the experimental distances of 2.0 Å, and 3.1 Å, respectively. In 
addition, the average distance from the C3-carboxylate oxygen to Zn1 
and Zn2 was 5.8 Å and 4.9 Å, respectively, while the corresponding 
experimental distances are 5.0 Å and 3.1 Å, respectively. 

Although the distances between the key ligand atoms and metal ions 
were not exactly reproduced, the predicted distances can describe the 
reactions observed experimentally. For example, it can be concluded 
from the simulation that the C5-carboxylate but not the C3-carboxylate 
of the ring-opened imipenem can coordinate to Zn1 (distance ≤3 Å), 
while the C3-carboxylate can interact solely by electrostatic bonds with 
both zinc ions, which reflects the crystal structure interactions. 
Furthermore, the average distance between the C3-carboxylate oxygen 
and the Lys211 side chain nitrogen was 2.8 Å, which is comparable to 
the experimental distance of 2.6 Å, indicating a persistent electrostatic 
interaction with Lys211. In addition, the experimentally observed H- 
bonding between the C3-carboxylate oxygen and the Lys211 side chain, 
as well as that between the C6-carboxylate oxygen and the Asn220 side 
chain were observed in ~60% and ~21% of simulation time, 
respectively. 

The RMSD of L-captopril was within 2.5 Å from the crystal structure 
conformation in about 20% of the simulation, Fig. 6. L-captopril was less 
stable than ring-opened β-lactams in the active site, possibly due to the 
fewer hydrophobic contacts with the protein and the weaker interaction 
with the Lys211 side chain (H-bonding in 4% of simulation time 
compared to 35% with ring-opened ampicillin and 60% with ring- 
opened imipenem). The average distance between the carboxylate ox
ygen and the Lys211 side chain nitrogen was 6.7 Å, which is comparable 
to the experimental distance of 7.6 Å. 

The experimentally observed H-bonding between the carboxylate 
oxygen of L-captopril and the Asn220 backbone was observed in ~20% 
of simulation time. Furthermore, the thiolate sulfur and the carbonyl 
oxygen were within <3 Å from at least one of the zinc ions in ~26%, and 
~5% of the simulation, respectively, while the carboxylate oxygen 
approached Zn2 only in ~2% of the time. Thus, the inhibitory activity of 
L-captopril seems to originate chiefly from its non-selective thiolate 
interaction with the metals as observed in the crystal structure [22]. 

These results indicate that the MBM MD approach was able to predict 
the experimentally observed interactions of native ligands with NDM-1, 
particularly for the well-binding β-lactam hydrolysis intermediates. As 
an additional test, the MBM approach was further evaluated in the MD 
simulations of intact β-lactam substrates and compared to hybrid QM/ 
MM MD simulations of the bonded model complexes. 

3.4. Docking of intact β-lactams 

In the docking complexes, ampicillin, imipenem, and nitrocefin were 
binding to the active site by coordination and electrostatic bonds with 
Zn2 via their C3/C4-carboxylate, whereas the coordination with Zn1 via 
the β-lactam oxygen was only observed with imipenem and nitrocefin. 
The C3/C4-carboxylate moiety was also H-bonded to the Asn220 back
bone and forming a salt bridge with the Lys211 side chain. Although 
aztreonam was interacting similarly with Zn2, Asn220 and Lys211 via 
its sulfonate group, the β-lactam oxygen of aztreonam was coordinating 
to Zn2 instead of Zn1, Fig. S5. Nevertheless, the electrophilic carbon of 
all β-lactams was posed within <4 Å from the oxygen of the bridging 
water (nucleophile). 

The L3 residues Met67, Phe70, and Val73, as well as Ile35, and Trp93 
contributed to the β-lactams’ binding by a variety of hydrophobic 

Fig. 4. The RMSD of the 4HL2 backbone atoms and the heavy atoms of its 
native ligand relative to the crystal structure in the MBM MD simulation. The 
native conformation (left) prevails before 120 ns. The main interactions of the 
ligand with the protein residues in the binding conformation prevailing after 
120 ns (right); the carboxylate group is forming electrostatic and hydrogen 
bonds with the Lys211 side chain. His189 is stabilising the substrate by hy
drophobic pi-alkyl and pi-sulfur bonds, and Phe70 is forming a T-shaped pi-pi 
stacking with the phenyl substituent, while the anionic nitrogen is exposed 
to solvent. 
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interactions. His250 was the only Zn2+-ligating residue forming hy
drophobic bonds with the ring fused to the β-lactam ring of the sub
strates and the methyl substituent of the aztreonam ring, Fig. S5. It is 
worth mentioning that the inhibitory binding mode of aztreonam re
ported by Yuan et al. [52]; in which the sulfonate group of aztreonam 
displaces the bridging nucleophile, was not observed in this docking 
study, while the poses of the bicyclic β-lactams resembled the substrate 
conformation predicted previously using AutoDock [52]. 

3.5. MBM MD simulations of β-lactams 

During the MBM simulations, the bicyclic β-lactams ampicillin, 
nitrocefin, and imipenem were remarkably more stable in the active site 
compared to the monobactam aztreonam, Fig. 7 & S6, Table S1, which is 
consistent with the known NDM-1 preference for bicyclic β-lactams. 
Furthermore, the penicillin was less stable compared to the cephalo
sporin and the carbapenem substrates, which is also consistent with the 
experimentally observed higher binding affinity of the latter two 

compared to the former. For example, in the Thomas et al. [46] study, 
the experimental Michaelis constant values (Km) for nitrocefin, imipe
nem, and ampicillin were 1.3 ± 0.2 μM, 45 ± 2 μM, and 310 ± 30 μM, 
respectively. However, all the β-lactam-bound proteins showed signifi
cantly more stable L3 and L10 loop regions compared to the apo-protein 
as shown by the average loop RMSD values in Table S1, and the loop 
RMSF values in Fig. 7 & S6. Stabilization of the loops refers to the for
mation of multiple favorable hydrophobic and polar interactions with 
the L3 and L10 loop residues, respectively, by the four β-lactams. 

In the MBM MD simulations, at least one carboxylate oxygen was 
within the coordination distance (≤3 Å) of Zn2 in ~30%, ~60%, and 
~5% of the simulation for ampicillin, nitrocefin, and imipenem, 
respectively. In a repeat set of simulations, the percentages were ~65%, 
~70%, and ~9%, for ampicillin, nitrocefin, and imipenem, respectively. 
In aztreonam, at least one sulfonate oxygen was within the coordination 
distance of Zn2 in ~15%, and ~43% of the first and the second simu
lation, respectively. Furthermore, the C3/C4-carboxylate of the sub
strates as well as the aztreonam sulfonate were within 5 Å from Zn2 in 
>70% of all the trajectories. By contrast, in >70% of all simulations, the 
β-lactam oxygen and the β-lactam nitrogen of all the β-lactams were >3 
Å away from Zn1, and Zn2, respectively, Table S2. 

These findings indicate that the coordination interaction between the 
β-lactam oxygen and Zn1 as well as between the β-lactam nitrogen and 
Zn2 is unlikely in the Michaelis complex and expected to commence 
later during catalysis, which agrees with previous hybrid QM/MM MD 
findings [47,53]. However, β-lactams are expected to interact electro
statically via the C3/C4-carboxylate with Zn2 in the Michaelis complex. 
In addition, the carboxylate oxygen was within 5 Å of Zn1 in the ma
jority of bicyclic substrates’ trajectories, indicating the possibility of 
electrostatic interactions between the carboxylate and Zn1 in the 
Michaelis complexes of these substrates. 

Although earlier computational studies suggested the absence of the 
Zn2–C3/C4-carboxylate coordination interaction in the NDM-1 
Michaelis complexes of ampicillin and meropenem [47,53], our results 
indicate that the latter interaction is likely but might be dependent on 
the substrate structure. For example, the simulations indicate that the 
latter interaction is more likely with ampicillin and nitrocefin than with 
imipenem. Monitoring the Zn2 site coordination by rapid-freeze-quench 
mixing and X-ray absorption spectroscopy revealed the formation of a 
coordination bond between the C3-carboxylate and Zn2 in the Michaelis 
complex of imipenem with monozinc B2 and B3 metallo-β-lactamases 
[29]. However, the Michaelis complex of imipenem with the dizinc B1 
metallo-β-lactamases (NDM-1) can be different. 

Fig. 5. The RMSD of the 5YPK backbone atoms and the heavy atoms of its native ligand relative to the crystal structure in the MBM MD simulation. A native-like 
binding mode is observed throughout the simulation. 

Fig. 6. The RMSD of the 4EXS backbone atoms and the heavy atoms of its 
native ligand relative to the crystal structure in the MBM MD simulation. A 
native-like binding mode is observed in the various simulation stages. The 
displayed binding modes represent snapshots taken after 31.6 ns, 80.45 ns, and 
208.825 ns. 
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The β-Lactam substrates are probably recognized by their carbox
ylate group interaction with the Lys211 side chain. Although H-bonding 
with the latter was not significantly frequent, the Lys211 side chain was 
within the range of electrostatic interactions in the majority of the 
imipenem and nitrocefin simulations, Table 2. However, the latter 
interaction was observed in <50% of both ampicillin simulations, while 
with aztreonam, this interaction was observed in >70% of the second 
simulation only. The anticipated Lys211 role is in agreement with 

previous computational studies [49,53,54] as well as the substantially 
reduced hydrolytic activity of the Lys211Glu and Lys211Ala NDM-1 
mutants [27]. Nonetheless, the latter study was limited to meropenem 
and the abolished activity might be related to a catalytic role rather than 
a binding role of Lys211. 

Despite the assumed role of Asn220 in catalysis [22,53], it seems to 
be less influential than Lys211 during the initial substrate binding, 
Table 2. For example, H-bonding between the Asn220 backbone and the 
substrate C3/C4-carboxylate was observed in ≤30% of all the simula
tions. Furthermore, the Asn220 side chain showed H-bonding with the 
β-lactam carbonyl oxygen in ≤20% of all the simulations. Although the 
latter interaction is observed in the crystal structures of ring-opened 
substrates, it seems to be more prevalent during catalysis than in the 
Michaelis complex. 

Nevertheless, the role of Lys211 and Asn220 in substrate binding 
may vary based on the structure of the substrate. The Duan et al. [8] MD 
study revealed five probable pathways for meropenem to enter the 
active site. Therefore, the mechanism of substrate recognition may 
depend on the gate through which the substrate enters the active site, 
which in turn could be controlled by the size and the nature of the 
substituents attached to the C2/C3 and C6/C7 position, Fig. 2. For 
example, the ampicillin carboxylate electrostatic interaction with the 
Lys211 side chain was less significant compared to that observed with 
nitrocefin and imipenem. Meanwhile, H-bonding between the carbonyl 
oxygen and the Asn220 side chain was observed only with ampicillin 
and imipenem. These observations imply that both residues can partic
ipate in guiding the substrate to the catalytic centre based on the sub
strate and its entrance pathway. These mutual roles can also explain the 
broad substrate specificity of NDM-1. 

Although metal coordination bonds are not explicitly described by 
the MBM approach, the substrates maintained their interactions with 
NDM-1 during the simulations. This indicates that the NDM-1 binding 
cavity, apart from the metal ions, can strongly bind to β-lactam sub
strates by several residues forming hydrophobic interactions such as 

Fig. 7. The RMSD values of the protein backbone atoms and the heavy atoms of the docked β-lactams and the RMSF values of all protein residues in the β-lactam- 
NDM-1 complexes and the unbound protein during the MBM MD simulations. 

Table 2 
The frequency of H-bonding between the key functional groups of the four 
β-lactams and both Asn220 and Lys211 as well as the average distances to the 
Lys211 side chain. A distance cutoff of 3 Å and an angle cutoff of 160◦ were used 
to define H-bonds. Distances are reported for the carboxylate/sulfonate oxygen 
atom showing the smallest average distance to the Lys211 side chain N.  

Ligand Asn220 
backbone (N) 
with C3/ 
C4–COO- 

Asn220 side 
chain with 
β-lactam O 

Lys211 side 
chain with 
C3/ 
C4–COO- 

Lys211(N)–C3/ 
C4–COO-distance 

Nitrocefin 
1st 

19.5% <1% 4% 4.2 Å 

Nitrocefin 
2nd 

27% <1% 8% 3.1 Å 

Imipenem 
1st 

13% 9% <1% 5.0 Å 

Imipenem 
2nd 

7% 5.5% 5% 3.9 Å 

Ampicillin 
1st 

12.5% 10% <1% 7.6 Å 

Ampicillin 
2nd 

31.5% 20% <1% 5.3 Å 

Aztreonam 
1st 

<1%a <1% <1%a 7.8 Åa 

Aztreonam 
2nd 

8.5%a 0% 6%a 4.5 Åa  

a In aztreonam, interactions with Lys211 and the Asn220 backbone were 
estimated for the sulfonate moiety. 
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Trp93, Phe70, Met67, Val73, His250 and Ile35, as well as polar in
teractions like those offered by Lys211, Asn220, Lys216, Ser217, and 
Gln123, Fig. S7.These observations are consistent with the Wang & 
Cheng [49] findings. 

In contrast to our findings, the MD study conducted by Zhu et al. [54] 
revealed the prevalence of H-bonding between the Asn220 side chain 
and the carbonyl oxygen during the majority of the 30 ns simulations of 
ampicillin, nitrocefin, and meropenem. Other conflicting results were 
reported by Kim et al. [20] based on their 10ns MD using CHARMM. The 
authors referred to the persistence of coordination bonds between the 
β-lactam substrates and both Zn1 and Zn2 via the carbonyl oxygen and 
the C3/C4-carboxylate oxygen, respectively. Moreover, Kim et al. [20] 
excluded the contribution of any polar residues in substrate binding and 
confined this role to the metal ions and the lipophilic loop residues. 
However, these observations originated from very short simulations. 

Although crystal structures for NDM-1 and intact β-lactams are 
lacking, a cyclobutanone penem analogue has been recently co- 
crystallised with the B1 MBL “SPM-1” (PDB code: 5NDB), which is 
regarded the closest available experimental model to the MBL-β-lactam 
Michaelis complex, Fig. S8. In this crystal structure, the bicyclic β-lac
tam-like core was interacting via its carboxylate substituent with Zn2 
and the side chain of the neighboring lysine residue, which is the 
counterpart of the NDM-1 Lys211 residue. No coordination bond be
tween the carbonyl oxygen and Zn1 exists in the crystal structure though 
the carboxylate oxygen is close enough to bind to Zn1 electrostatically. 
Other interactions included hydrophobic bonds with the loop residues 
flanking the active site, and the Zn2-ligating histidine [1]. These 
experimental observations support the Michaelis complex features pre
dicted by our MBM MD, and refute theKim et al. [20] assumptions. 

3.6. Binding of aztreonam to NDM-1 

Although no NDM-1 conformational changes were detected by NMR 
upon adding 2.5 mM aztreonam [41] Lohans et al. [31] illustrated, by 
NMR and UV–visible spectroscopy, the NDM-1 ability to bind to 
aztreonam and hydrolyse it slowly with a Km of ~9 mM, and a Kcat of 
~0.01 s− 1. However, the binding mode of aztreonam to NDM-1 is still 
unknown. Based on our MBM MD results, aztreonam seems to have the 
ability to bind to Zn2 via the sulfonate oxygen(s), and stabilise the L3 
region by hydrophobic interactions resembling the real substrates, 
Fig. S7. These results coincide with the NMR spectral changes detected 
by Poeylaut-palena et al. [38] upon adding aztreonam to the B1 MBL 
BcII. 

Although the β-lactam carbonyl carbon of aztreonam was orientated 
away from the bridging nucleophile for the majority of both simulations, 
it was accessible to the nucleophile (within 3.2–4.0 Å) in a few frames in 
the second simulation. By contrast, the carbonyl carbon of the bicyclic 
β-lactams was predominantly within 3 Å from the nucleophilic hy
droxide oxygen in all simulations, Fig. 8 & S9. 

Nonetheless, the Asn220 side chain was not interacting with the 

aztreonam β-lactam oxygen. In addition, the average distance between 
the β-lactam oxygen and Zn1 was >7 Å in both simulations, while the 
latter distance was between 3 and 5 Å in the simulations of the bicyclic 
substrates. These observations might explain the relative stability of 
aztreonam against NDM-1 since both Zn1 and the Asn220 side chain are 
supposed to facilitate the nucleophile addition by polarising the β-lac
tam carbonyl group, and stabilising the hydrolysis intermediate by 
forming an oxyanion hole [22]. These findings indicate the importance 
of the bicyclic core for effective substrate binding. 

In both simulations, aztreonam was binding to NDM-1 crystal 
structures whose native ligands are bicyclic substrates. Therefore, to 
validate the suggested binding mode of aztreonam, a third simulation 
was run with aztreonam binding to the apo-protein structure, PDB code: 
3SPU [21], Fig. S10. During the third simulation, the average distance 
between the β-lactam oxygen and Zn1 was 10 Å, while at least one 
sulfonate oxygen was within 3–5 Å from Zn2 in ~10–15% of the tra
jectory. In addition, the sulfonate oxygen(s) formed electrostatic and 
hydrogen bonds with the Lys211 side chain in 73%, and 22% of the 
simulation, respectively. Again, no interaction was observed between 
the β-lactam oxygen and the Asn220 side chain, and the β-lactam 
carbonyl carbon was predominantly >5 Å away from the nucleophile, 
Fig. S11. Overall, the three simulations indicate that aztreonam binds 
non-productively to NDM-1, possibly to Zn2 and Lys211 via its sulfonate 
group while positioning the β-lactam oxygen away from Zn1 and the 
Asn220 side chain. 

3.7. Hybrid QMMM MD simulations of bonded models 

During the hybrid QM/MM MD simulations of the bonded models, 
both QM methods broke the β-lactam coordination bonds with both zinc 
ions except that between Zn2 and the carboxylate oxygen of both 
ampicillin and imipenem, Table 3. Another exception is the AMBER/ 
DFTB3 simulation of nitrocefin in which the bridging hydroxide was 
added to the carbonyl carbon while cleaving the amide bond resulting in 
an anionic intermediate coordinating to Zn2 via its nitrogen. 

Overall, our hybrid simulations refer to the lack of coordination 
bonds between the carbonyl oxygen of β-lactams and Zn1 as well as 
between the β-lactam nitrogen and Zn2 in the Michaelis complex, 
Table 3, which agrees with the MBM MD predictions discussed above 
and previous hybrid QM/MM studies [47,53]. In addition, the only co
ordination interaction expected to exist in the Michaelis complex is that 
between the C3/C4-carboxylate and Zn2, which can also be dependent 
on the β-lactam structure. However, the hybrid QM/MM MD simulations 
carried out in this work were too short to provide a clear insight into the 
β-lactam interactions with the NDM-1 active site residues before catal
ysis. Longer simulations would be very computationally expensive as 

Fig. 8. The distance between the electrophilic carbonyl carbon of the β-lactam 
ring and the oxygen atom of the bridging nucleophilic hydroxide in the MBM 
MD simulations of the β-lactam-NDM-1 complexes. 

Table 3 
The distances between the key atoms of β-lactams and zinc ions after QMMM MD 
equilibration of the relaxed bonded model complexes for 100 ps. The distances 
at 0 ps represent the distances observed after 210 ns bonded model MD.  

Ligand β-lactam O–Zn1 
(Å) 

C3/C4–COO--Zn2 
(Å) 

β-lactam N–Zn2 
(Å) 

0 ps 100 ps 0 ps 100 ps 0 ps 100 ps 

Nitrocefin PM3 2.1 5.0 2.0 6.2 2.7 5.7 
Nitrocefin DFTB3a 2.1 2.6a 2.0 2.4a 2.7 2.0a 

Imipenem PM3 2.2 5.3 2.0 2.1 2.4 4.5 
Imipenem DFTB3 2.2 4.8 2.0 6.0 2.4 5.6 
Ampicillin PM3 3.4 6.3 1.9 2.2 2.9 5.1 
Ampicillin DFTB3 3.4 3.8 1.9 2.1 2.9 3.2 
Aztreonam PM3 2.2b 6.3b 2.3c 7.5c 3.1 8.2 
Aztreonam DFTB3 2.2b 5.5b 2.3c 3.8c 3.1 6.4  

a Nitrocefin was ring-opened in this simulation and the β-lactam N was 
coordinating to Zn2. 

b The distance of aztreonam β-lactam O was measured to Zn2. 
c The distance to Zn2 was measured for the sulfonate oxygen closest to Zn2. 
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only 0.02–0.04 ns could be achieved per day, depending on the number 
of QM atoms and processors used. 

On the other hand, hundreds of nanoseconds are achievable per day 
with classical MD, allowing for adequate sampling. Furthermore, the 
results indicate that the MBM MD approach was able to describe the 
main features of NDM-1 motions and substrate specificity reasonably. 
Moreover, the MBM MD predictions were consistent with the results 
obtained from the short intensive hybrid QM/MM MD simulations. 
Thus, the MBM MD seems promising for the computational studies of 
NDM-1 and might be more fruitful than the bonded model MD. 

3.8. Potential MBM MD applications 

The MBM MD approach can be used to study the interactions of 
NDM-1 substrates and/or inhibitors. Although the approach may not be 
able to describe coordination interactions with zinc ions, the method can 
provide insight into the other binding interactions and the accessibility 
of any ligand to the metal centre. The approach would be particularly 
useful in studying substrate-like mechanism-based inhibitors of NDM-1 
or other metallo-β-lactamases. By running MBM MD, the ability of the 
designed inhibitors to bind to NDM-1 productively can be investigated 
without the bias caused by the covalent bonds of the bonded model. In 
addition, the accessibility of the ligand to the metal centre and the 
nucleophile can be evaluated more reliably by running long MBM MD 
simulations. 

However, given the intrinsic limitations of classical force fields, 
MBM MD cannot eliminate the need for hybrid QM/MM MD. The latter 
are still essential to simulate chemical reactivity in the active site. 
Nonetheless, in the absence of structural data, starting hybrid QM/MM 
calculations and enhanced sampling of catalytic reactions from a bonded 
model built from a docking complex or a crystal structure conformation 
of a hydrolysed substrate might be misleading. Therefore, MBM MD can 
be used initially to validate and refine the docking pose and choose a 
more reasonable starting structure for hybrid QM/MM MD simulations. 

Several metalloproteins are interesting targets in drug discovery [17, 
23,30,39,43]. In addition, the MCPB.py tool allows the use of numerous 
AMBER FFs for more than 80 metals. Furthermore, parametrisation can 
be accomplished by either the Seminario method [44], or the Z-matrix 
method, in addition to the fast empirical method available for zinc [50]. 
Moreover, the built AMBER topology and coordinate files can be 
transformed into the formats utilised by other common FFs [25]. 
Therefore, the suggested MCPB.py-based MBM approach can have 
broader applications. 

4. Conclusion 

MD simulations of metalloproteins have been facilitated by the 
development of the MCPB.py program [25,37], which offers three 
different modelling approaches. However, only the bonded model 
approach reproduced the conserved coordination geometry of both 
NDM-1 zinc sites. Nonetheless, the bonded model approach tends to 
restrict the flexibility of the bound ligand in the presence of coordination 
bonds with zinc ions since they are treated as covalent bonds. Thus, 
when crystal structures are lacking, as with unhydrolysed β-lactams, the 
exploration of the conformations of the coordinated ligands via the 
bonded model MD might be futile since the models will be significantly 
biased by the starting structures. Therefore, the MBM approach was 
proposed. The MBM MD approach was validated by its ability to 
reproduce three crystal structure conformations of NDM-1. 

The MBM approach was also applied in the MD of NDM-1 substrates 
from the four β-lactam classes. The results indicate that nitrocefin and 
imipenem bind more tightly to NDM-1 than ampicillin, which is 
consistent with the experimental kinetic studies. In addition, these three 
real substrates maintained a productive binding mode in which the 
β-lactam carbonyl is accessible to the nucleophile and Zn1. By contrast, 
this study suggested a less productive binding mode for the poorly- 

hydrolysable aztreonam, which is concordant with the previously re
ported NMR studies as well as the aztreonam relative stability against 
NDM-1. These findings imply that the MBM approach described the 
β-lactam binding interactions reasonably. 

In contrast to a previous MD study [20], the results imply that the 
substrates may be directed to the catalytic center by the cooperation of 
the polar L10 loop residues such as Lys211, Asn220 and hydrophobic 
residues including Trp93, Ile35, and the L3 loop residues. In addition, 
bicyclic β-lactam substrates are predicted to coordinate to Zn2 but not to 
Zn1 in the Michaelis complex, which contradicts the docking predictions 
as well as the crystal structures of hydrolysed substrates. Furthermore, 
the anticipated features of the bicyclic β-lactam-NDM-1 Michaelis 
complexes are in agreement with the crystal structure of the B1 MBL 
“SPM-1” complexed with a cyclobutanone penem analogue, which re
sembles the bicyclic β-lactam substrates [1]. 

Moreover, the MBM MD results agreed with the hybrid QM/MM MD 
simulations. Therefore, the MBM approach seems promising for study
ing ligands’ binding with NDM-1 and other MBLs and can particularly 
help in the design and discovery of mechanism-based MBL inhibitors. 
The MBM MD approach allows for sufficient sampling which might not 
be feasible with the currently achievable time scales with hybrid QM/ 
MM MD. The MBM approach can be used to validate and refine the 
docking pose when crystal structures are lacking. It can also help in the 
identification of a reasonable starting structure for subsequent hybrid 
QM/MM MD simulations and enhanced sampling of catalytic reactions. 
Considering the versatile force fields and parametrisation methods 
offered by the MCPB.py tool for numerous metals, the proposed MBM 
approach will be useful in the investigation of other metalloproteins of 
interest. 
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