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Search of potential inhibitor against New Delhi 
metallo‑beta‑lactamase 1 from a series of 
antibacterial natural compounds

Abstract
Background: New Delhi metallo‑β‑lactamase‑1 (NDM‑1)‑producing Gram‑negative bacteria are today’s major worldwide health 
concern. The enzyme NDM‑1 provides bacterial resistance by its hydrolytic activity against the β‑lactam ring of antibiotics. Inhibition 
of NDM‑1 may prevent the hydrolysis of β‑lactam ring of the antibiotics, and therefore, plays an important role against antibacterial 
resistance. Materials and Methods: Here we made an attempt to design suitable inhibitors against NDM-1 from different natural 
antibacterial compounds using molecular docking approach. Results: We observed that natural compounds such as Nimbolide 
and Isomargololone are showing an appreciable IC50 value as well as significant binding energy value for NDM‑1. We further 
observed these compounds showing better affinity to NDM‑1 on comparison with 14 β‑lactam antibiotics. Conclusion: Finally, 
our study provides a platform for the development of a potent inhibitor of NDM-1, which may be considered as a potential drug 
candidate against bacterial resistance.
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INTRODUCTION

Antibiotic resistance in bacterial strains has become 
a major clinical concern.[1] Bacteria have several 
strategies to combat against β-lactam antibiotics[2,3] 
including production of  β-lactamases enzyme which 
hydrolyze the β-lactam ring of  lactam antibiotics.[4-6] 
The β-lactamases are classified into four groups (1, 
2, 3 and 4) on the basis of  function. Moreover, based 
on molecules (nucleotides and amino acid sequences) 
β-lactamases are classified into four groups (A, B, C and D) 

comprising two families: Serine-β-lactamases (SBLs) and 
metallo-β-lactamases (MBLs).[7,8]

New Delhi metallo-β-lactamase-1 (NDM-1) belongs to the 
subclass B1 of  MBL, in which two zinc  ion (s) are required 
for the activity, where the tightly bound zinc is referred 
to as Zn1 and the loosely bound zinc is called as Zn2.[9,10] 
In Zn1, a tetrahedral geometry is coordinated by three 
histidine residues and one solvent molecule in the crystal 
structure. While, a distorted trigonal bipyramidal geometry 
is the coordination of  Zn2 by three amino acids (His, Cys, 
Asp), a water molecule and a solvent molecule (glycerol) 
that serves as a ligand to Zn1 too.[11]

The MBL was first identified in a Swedish patient of  
Indian origin, from New Delhi, who was suffering from 
urinary tract infection, caused by carbapenem-resistant 
Klebsiella pneumoniae (CRKP). The multi-drug-resistant 
bacteria K. pneumoniae containing NDM-1 was named as 
‘superbug’.[12,13] NDM-1 is mainly found in K. pneumoniae, 
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but recently NDM-1 activity is also observed in many other 
bacteria such as Enterobacteriaceae and Acinetobacter baumannii,[14] 
which causes antibiotic resistance due to its hydrolyzing 
tendency for β-lactam antibiotics. β-lactam antibiotics 
resistance was restricted geographically, and restricted to 
specific bacterial species. However, such species-specific 
barrier was maintained due to the gene coding for NDM-1 
is present as mobile genes on plasmids, therefore, such gene 
can readily spreaded through bacterial populations.[15]

There is still a lack of  clinically potent inhibitors of  
NDM-1. Hence, it would be a promising choice to block 
the NDM-1 with suitable inhibitor. To reveal the resistance 
mechanism of  bacteria to β-lactam antibiotics, we selected 
a series of  35 different natural antibacterial compounds 
from various literary sources, and successively docked 
with the active site of  NDM-1 [Table 1]. Some of  the 
selected natural compounds show a good binding affinity 
at the active site of  NDM-1, particularly Nimbolide and 
Isomargololone, produce lower binding energy than the 
β-lactam antibiotics with NDM-1 and also have appreciable 
IC50 value. These findings may provide useful insights for 
designing new potent drugs to fight against the antibiotic 
resistance of  NDM-1.

MATERIALS AND METHODS

Data set and molecule preparation
In order to find the NDM-1 inhibitors, we selected 35 
different antibacterial natural compounds for docking 
against NDM-1 [Table 1, Figure 1a]. We further selected 
β-lactam antibiotics from PubChem (http://pubchem.ncbi.
nlm.nih.gov/) and subsequently created a representative 
set of  14 β-lactam antibiotics, which interact with 
NDM-1 [Table 2, Figure 1b]. The molecular structures of  
antibacterial natural compounds and β-lactam antibiotics 
were drawn by the Chemdraw,[16] and molecules were 
converted into protein data bank (pdb) format from 
MDL Mol by using online MN molecular format 
convertor (http://www.molecular-networks.com). 
High-resolution structure of  NDM-1 was already reported, 
and its atomic coordinates were taken from the protein data 
bank (PDB code: 3Q6X) for docking.[17] Visualization of  
all docked structure was performed on PyMol molecular 
graphics program, a comprehensive software package for 
rendering and animating 3D-structures.[18]

Molecular docking
We used AutoDock 4.2.3 program for docking simulations 
of  ligands shown in Table 1 and Table 2 with NDM-1.[19] 
We applied Lamarckian genetic algorithm (LGA) to analyze 
protein–ligand interactions.[20] Further, we added polar 
hydrogen atoms and performed Kollman united atom 

charge assignment to NDM-1 molecules followed by 
the generation of  PDBQ file. AutoGrid program was 
used to generate 3D affinity grid fields with grid map of  
40 × 50 × 40 points. The default settings were used for 
all other parameters. AutoDock tools utility was used to 

Table 1: List of natural compounds taken for 
docking with NDM-1
Molecule 
no

Name Source (Natural compounds)

1. Curcumin (Keto form) Curcuma longa (turmeric)
2. Curcumin (Enol form)
3. Diosgenin Fenugreek (methika)
4. Yamogenin
5. Harmaline Peganum harmala
6. Harmine
7. Harmalol
8. Tetrahydro-harmine
9. Harmalan
10. Taraxerol Clitorea Ternatea
11. Rosmarinic acid Ocimum sanctum
12. Carvacrol
13. Caryophyllene
14. Zantrin, Z1 Natural compounds
15. Nimbolide Azadirachta indica
16. Gedunin
17. Mahmoodin
18. Margolone
19. Margolonone
20. Isomargolonone
21. Menthol Mentha piperita
22. Campsterol Croton urucurana
23. Catechin Tea leaves
24. Sonderianin Croton urucurana
25. Stigmasterol
26. Gallocatechin
27. Acetyl aleuritolic acid
28. Ferulic acid Scrophularia frutescense
29. Isovanillic acid
30. Chrysin Tea leaves
31. Carpaine Green plants and seeds
32. Berberine
33. Harmane
34. Warfarin
35. Artemisin Artemisia annua

Table 2: List of antibiotics from the β-lactam 
family used in docking study
Sub-Family Name
Penicillins (penams) Ampicillin

Carbenicillin
Piperacillin
Benzyl penicillin (G)
Propicillin

Penems Faropenem
Carbapenem Panipenem
Cephalosporins Cefadroxil

Cefprozil
Cefixime
Cefepime

Monobactams Tigemonam
β- lactamase Clavulanic acid
Combinations Sultamicillin
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generate both grid and docking parameter files (i.e., gpf  
and dpf).

We performed 50 independent runs with the step sizes of  
0.2 Å for translations and 8° for orientations and torsions 
for docking of  NDM-1 with various ligands. For LGA, 
pseudo-solids and wets local search methods were used. 
The possibility of  performing local search on an individual 
in the population was 0.06 and the termination criterion 
for the local search was 0.01. van der Waals interaction, 
hydrogen bonding, and the Coulombic electrostatic 
potential for charges were used for binding energy 
calculations. Electrostatic grid maps were calculated by 
distance-dependent dielectric permittivity.

The docking simulations with multiple runs and cluster 
analysis of  ligands were performed with their corresponding 
docked energy. Docking solutions with ligand all-atom root 
mean square deviation (rmsd) within 1.0 Å of  each other 

were clustered together and ranked by the lowest energy. 
The lowest-energy solution of  the lowest ligand all-atom 
rmsd cluster was accepted as the calculated binding energy. 
The whole system was minimized to convergence. Although 
the solvation energies could not be explicitly considered 
during the minimization, the energy calculations were 
performed with a distance-dependent dielectric constant 
of  5 to mimic the solvation effect of  the inhibitors in the 
protein environment.[21]

Energy minimization
Energy minimization of  the docked complex of  Nimbolide 
and Isomargolonone with NDM-1 were performed 
by Ammp molecular dynamics software of  VEGA 
OpenGL package version VEGA ZZ 2.4.0 using the 
SP4 force-field.[22] Firstly, the correct bond types were 
assigned to the NDM-1 complex. Moreover, using the 
default parameters in the VEGA program, force fields 
and charges were assigned according to AMBER and 
Gasteiger algorithms, respectively. Then, NDM-1 complex 
with Nimbolide and Isomargolonone was embedded in 
a box solvated with 2613 water molecules. To neutralize 
the system 52 Cl– ions were added and arranged randomly 
in the system. Thus, the entire system was composed of  
12302 atoms in total. Then, the entire system underwent 
energy minimization relaxation in the two steps procedure 
without any restraints. First 500 steps of  steepest decent 
method followed by 2000 steps of  conjugate gradient 
minimization method.

RESULTS

The crystal structure of  NDM-1 has determined recently.[17] 
It is evident from the crystal structure analysis that the 
NDM-1 has an open active site with a unique electrostatic 
profile, which essentially provides broader substrate 
specificity. Moreover, the NDM-1 undergoes important 
conformational changes upon substrate binding.[23] The 
antibiotic binding domain consists of  bivalent zinc metal 
ion as a cofactor. Zinc ion catalyses the hydrolysis of  the 
lactam ring of  the antibiotics and in turn inactivates. We 
performed the flexible docking of  NDM-1 with selected 35 
antibacterial natural compounds [Table 1 and Figure 1a] and 
14 β-lactam-containing antibiotics [Table 2 and Figure 1b]. 
We have used two parameters, IC50 and binding energy to 
screen the best compound out of  the 35-compound library.

As evident from Table 3 and Table 4 Nimbolide (Molecule 15), 
Margolone (Molecule 18), Marganone (Molecule 19), 
Isomargolonone (Molecule 20), Acetyl Aleuritolic 
acid (Molecule 27) and Harmane (Molecule 33) have 
lower IC50 value than the β-lactam antibiotics. We further 
screened all these molecules on the basis of  binding energy, 

Figure 1: Alignment of all (a) Natural compounds and (b) Antibiotic 
molecules (stick model) in the lowest‑energy confirmation in the NDM‑
1 structure shown in cartoon model (light grey). Chemical structural 
representation of (c) Nimbolide and (d) Isomargolonone. Three‑
dimensional structure of (e) Nimbolide and (f) Isomargolonone are 
shown in ball and stick model drawn in PyMOL

(a) (b)

(c) (d)

(e) (f)
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in which only Nimbolide and Isomargolonone qualify, 
showing significant binding in proximity of  the active 
site [Table 3] [Figure 1c-f]. Since all the selected compounds 
were natural, we did not perform Lipinski’s filter analysis.[24]

We further minimized the energy of  both protein-ligand 
complexes.  The energ y  min imized model  of  
NDM-1-Nimbolide and NDM-1-Isomargolonone 
complexes showed Rmsd of  0.246 and 0.367 Å2 
respectively. The result of  energy-minimized structure 
showed a significant number of  hydrogen-bonded as well 
as van der Waals interactions formed between NDM-1 
residues and Nimbolide or Isomargolonone [Figure 2]. The 
protein-ligand complexes are highly stable and complex 
formation occurs with high affinity.

Figure 2a and b show the mode of  interaction of  
Nimbolide with the NDM-1 as evident from Ligplot[25] and 
surface diagram. Figure 2a clearly indicates that Nimbolide 
forms a large number of  interactions with NDM-1 residues 
such as Pro263, Asp124, Gln37, Gly36, Gln38, Asp212, 
Ile35, Ser251 and Ala252. The Nimbolide was found in 
close proximity of  the Zn1 of  active site. Interestingly, 
interaction of  Zn1 has been also observed with His120, 
His122 and His189 of  active site (not shown in Figure). 
Therefore, the binding of  Nimbolide to NDM-1 may 
affect the coordination of  the Zn1 atom which further 
influences the catalytic activity of  the enzyme. All these 
evidences suggest that Nimbolide may be a potent inhibitor 
for the NDM-1.

Figure 2c and 2d show the mode of  interaction of  
Isomargololone with the NDM-1. We can observe in 
Figure 2c that Isomargololone forms a large number 
of  interactions with NDM-1 residues such as His122, 
Asp124, Trp93, Val73, His250, Leu218, Gly219, Lys211, 
Cys208 and Gln123. Moreover, Isomargololone has 
shown ionic interaction with the Zn2 [Figure 2c] and 
affects the coordination of  Zn1 with its binding residues. 
Furthermore, the surface diagram clearly indicates the 
presence of  Isomargololone in the active site cavity of  
NDM-1 [Figure 2d]. A tight mode of  binding observed 
between Isomargololone and NDM-1 suggests that the 
activity of  the enzyme may be highly affected by this ligand.

DISCUSSION

In order to identify the novel classes of  NDM-1 
inhibitors by means of  structure-based drug design, 
prediction of  protein-ligand interaction is essential for 
virtual screening approaches.[26] This process requires 
docking tools to produce suitable conformations of  a 
ligand within a protein-active site. Furthermore, a reliable 
energy evaluation can easily indicate the quality of  a 
receptor-ligand putative complex and provide insights 
for biomedical science and drug development. Since the 
active site of  NDM-1 may bind to different classes of  
the carbapenem family of  antibiotics, it can be useful to 

Table 3: Binding energy of natural compounds 
with NDM-1 calculated using AutoDock-4.2.3
Molecule No Binding energy 

(kcal/mol)
Inhibitory constant 

(µM)
1. -4.44 555.63
2. -3.56 2460
3. -6.37 21.28
4. -6.28 24.84
5. -5.19 157.47
6. -5.24 145.19
7. -4.84 282.08
8. -5.55 85.44
9. -4.88 264.57
10. -3.17 4780
11. -6.07 35.52
12. -4.26 754.01
13. -5.58 81.33
14. -6.64 13.53
15. -8.01 1.34
16. -6.56 15.61
17. -6.12 32.78
18. -5.25 4.86
19. -5.19 5.34
20. -7.49 1.25
21. -4.32 684.91
22. -4.92 247.6
23. -4.40 592.59
24. -6.58 14.92
25. -2.67 11030
26. -4.14 928.69
27. -5.94 0.27772
28. -4.90 254.18
29. -4.59 432.62
30. -5.69 67.36
31. -6.04 37.49
32. -5.07 193.33
33. -5.02 4.32
34. -5.65 72.05
35. -4.42 573.8

Table 4: Binding energy of β-lactam antibiotics 
with NDM-1 calculated using AutoDock- 4.2.3
Molecule No Binding energy (kcal/mol) IC50 (µM)
1. -6.19 29.14
2. -2.71 10280
3. -6.98 6.45
4. -6.18 29.58
5. -5.41 108.89
6. -5.76 60.04
7. -5.87 49.65
8. -5.95 43.42
9. -5.17 163.67
10. -5.69 67.83
11. -5.41 107.71
12. -6.01 39150
13. -3.89 1400
14. -5.39 112.54
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consider the differences in binding affinity of  the selected 
inhibitors and their natural substrate, that is carbapenem 
antibiotics. Therefore, we performed the docking analysis 
of  14 β-lactam antibiotics with NDM-1. We observed 
that the Piperacillin (antibiotic 3) had lowest binding 
energy (-6.98 Kcal/mol) and IC50 (6.45 mM) value as well.

Here our aim is to identify a potent inhibitor to block 
the lactamase activity of  NDM-1. We selected 35 
natural compounds from various plant sources and 
subsequently docked in the active site of  NDM-1. 
Binding affinity calculation suggests that sorted ligands 
strongly interact to the NDM-1. A representative set 
of  14 antibiotics of  the β-lactam family was selected 
from different sub-families like Penicillins (penams), 
Penems, Carbapenem, Cephalosporins, Monobactams, 
β-lactamase inhibitors and combinations as shown in 
Table 2. The docking analysis of  β-lactam antibiotic 
with NDM-1 revealed that Piperacillin (Antibiotic 3) 
antibiotic have lowest binding energy of  -6.9 Kcal/mol 
and IC50 value (6.45 mM). On the other hand, the docking 
analysis of  the antibacterial natural compounds showed 
that Nimbolide (1.34 mM), Margolone (5.25 mM), 
Margolonone (5.34 mM), Isomargolonone (1.25 mM), 

Figure 2: (a) Ligplot showing residues involved in interactions 
between NDM‑1and Nimbolide (stick model). Interactions between 
protein and ligands are shown in dotted line. (b) Surface model 
of the docked NDM‑1 with nimbolide where protein molecules are 
shown as surface (cyan) and nimbolide structure is shown in ball and 
stick (yellow). (c) Ligplot showing residues involved in interactions 
between NDM‑1 and Isomargolonone (stick model). Interactions 
between protein and ligands are shown in dotted line. (d) Presence of 
Isomargolonone in the NDM‑1 structure protein molecules are shown 
as surface (light pink) and Isomargolonone structure is shown in ball 
and stick (green)

(a) (b)

(c) (d)

Acetyl Aleuritolic acid (0.2772 mM) and Harmane  
(4.32 mM), had IC50 value lower then β-lactam antibiotics. 
Interestingly, Isomargololone (-7.49 kcal/mol) and 
Nimbolide (-8.01 kcal/mol) showed lesser binding energy 
than the β-lactam antibiotics. Moreover, their IC50 values 
are quite good to consider as drug molecule [Table 2]. 
Furthermore, both these compounds are devoid of  
β-lactam ring therefore, they can easily resist the hydrolase 
activity of  NDM-1. All these results clearly indicate that 
Isomargololone and Nimbolide, and their derivative 
compounds may block NDM-1, however, further work 
is needed to optimize these compounds for specificity, 
efficacy and experimental validation.

CONCLUSIONS

Recent studies showed that NDM-1 plays an essential role 
in the bacterial resistance to antibiotics. Here we showed 
that Isomargololone and Nimbolide may be considered as 
potent and suitable inhibitors for the antibiotic resistance 
against NDM-1. These compounds showed an appreciable 
binding affinity in comparison to other natural compounds 
as well as their substrate antibiotics. All these observations 
revealed that Isomargololone and Nimbolide and their 
derivative compounds may block NDM-1 activities and 
provide a significant basis for drug development for 
therapeutic intervention in bacterial resistance to antibiotics. 
However, experimental validations are needed to consider 
these molecules as a suitable drug against the superbug.
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