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	 The ß-lactam antibiotics constitute a cornerstone in the management of bacterial 
infection. However, some strains have developed or gained resistance mechanisms to this family 
of antibiotics. One of the emerging resistance arsenals is the New Delhi metallo-ß-lactamase-1 
(NDM-1), the acquisition of this metalloenzyme can enable bacteria to deactivate the majority 
of ß-lactam antibiotics. Despite this challenge to public health, no drug candidate was clinically 
approved to deactivate NDM-1 enzyme. One of the reasons for this clinical challenge is the high 
flexibility of NDM-1 active site. As such, it is of our interest to apply both dynamics simulation 
and docking tools to screen the Traditional Chinese Medicine compounds against NDM-1. The 
purpose of this computer-based screening is to specify a possible natural compound capable of 
inhibiting NDM-1 enzyme. As a result, this computational screening has identified ten potential 
docking hits and most of them are either triterpenes or steroids. Interestingly, some of these 
phytocompounds have a documented anticancer activity. Additionally, the high molecular weight 
for these hits is expected to limit their water solubility and pharmacokinetics profile. Then, 
the molecular dynamics (MD) simulation concludes that only the hit compound Solamargine 
is capable of maintaining a mean ligand proximity root mean square deviation (RMSD) of 3.23 
Angstrom. In spite of these MD simulation results for Solamargine, the compound was unable 
to overcome the ligand proximity and binding energy reported to the co-crystalized ligand 
hydrolyzed oxacillin. One possible explanation for these superior records for the hydrolyzed 
oxacillin is its potential ability to form more hydrogen bonds with NDM-1 active site residues 
as seen in docking images. However, these in-silico findings must be further assessed against 
suitable bacterial strains in-vitro settings.
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	 The emergence of bacterial resistance to 
several antibiotics is deemed a remarkable health 
challenge nowadays. This acquired capacity 
of antibiotic resistance has been distributed 
worldwide through horizontal gene transfer 
among various bacterial strains.1 These strains 
can overcome antibiotics effect by various means 
like the bacterial expression of â-lactamases. The 
â-lactamase enzymes can catalyze the breakdown 

of the amide link within the â-lactam ring, resulting 
in the degradation of the â-lactam antibiotics.2 
In this hydrolysis reaction, a nucleophilic attack 
is carried out against the carbonyl carbon in the 
â-lactam leading to ring opening and thus loss of 
antibiotic activity.3 Globally, about one-third of the 
prescribed antibiotics belong to the â-lactam class. 
As such, the bacterial production of â-lactamase 
enzymes can complicate infection treatment by 
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boosting the mortality and morbidity rates.1,4 
Based on catalysis mechanism, â-lactamases can be 
classified into metallo based â-lactamases (MBLs) 
and serine based â-lactamases (SBLs). The MBLs 
family utilizes divalent metal ions like zinc to 
perform the nucleophilic attack against â-lactam 
antibiotics. On the other hand, the SBLs family uses 
a serine amino acid in the enzyme active site pocket 
to attack and hydrolyze â-lactam ring. Furthermore, 
the â-lactamases can be divided into 4 main 
classes: A, B, C and D according to the enzyme 
amino acids sequence. It is worth mentioning that 
classes A, C, D of â-lactamases are considered 
serine-based hydrolases while class B is regarded 
a metalloenzyme.5 Clinically, the MBLs family 
is considered the most relevant to public health 
concerns as the metalloenzymes in this family 
have the ability to inactivate most of â-lactam 
compounds. Additionally, class B of â-lactamases 
can be more subdivided into B1 to B3 classes 
according to the alignment of common structural 
features.6 When considering this subclassification, 
the group B1 of â-lactamases looks to have the 
most common emergence among metalloenzymes. 
7 The most eminent â-lactamase of B1 subgroup 
is the New Delhi metallo â-lactamase-1 (NDM-
1) that has a wide spread among both clinical 
and environmental isolates. The NDM-1 is 
a potent metallo â-lactamase which was first 
specified in India 2009, in a Swedish tourist 
who was complaining of urinary tract infection.8 
After that, the NDM-1 was detected in different 
bacterial species all over the world like Klebsiella 
pneumoniae and Escherichia coli. The fast and 
wide distribution of NDM-1 was mainly driven by 
the plasmid mediated transfer of the gene encoding 
this â-lactamase between bacterial strains.9 Usually, 
the NDM-1 is produced by multi-drug resistant 
bacteria as the plasmid piece carrying the NDM-1 
encoding gene can also harbors other resistance 
conferring genes.10 Although some compounds 
were identified as NDM-1 inhibitors like Captopril, 
but none was clinically approved to regain the 
activity of â-lactam antibiotics in resistant strains. 
The main challenges that impeding the introduction 
of such clinically effective NDM-1 inhibitors are 
the high catalytic nature and the flexible active 
site of the enzyme.2,11 Structurally, the NDM-1 
is consist of a single polypeptide chain with a 
flexible active site that contains two zinc ions to 

carry out the nucleophilic attack during hydrolysis 
reaction. These zinc ions seem to be flanked by 
two loops L3 and L10 that can form substrate-
specific hydrophobic and hydrophilic interactions 
respectively. As a result, the NDM-1 active site can 
accommodate substrates with various molecular 
architectures due to the plasticity noted in loops 
L3 and L10.12 The place of these two loops within 
the NDM-1 crystal can be seen in Figure 1. Due to 
the essential role of NDM-1 in mediating antibiotic 
resistance, then there is a necessity to regain the 
activity of â-lactam based antibiotics through 
combination with an efficient NDM-1 specific 
inhibitor. The purpose of this in-silico study is to 
harness both dynamics simulation and docking 
tools in order to find out possible NDM-1 inhibitors 
by screening compounds in the Traditional Chinese 
Medicine (TCM) database.

Materials and Methods

Planning the in-silico screening study
	 The plan used in this structure-based in-
silico screening can be summarized in three main 
steps: molecular docking, dynamics simulation, 
and prediction of chemical, pharmacokinetics and 
toxicity features for the best screening hits. It is 
worth noting that the general methodology applied 
in this study is the same to what we have applied 
in our former studies.13,14

Molecular docking
	 In this in-silico project, the TCM database 
of 2,390 compounds was virtually screened versus 
chain A of NDM-1 crystal (PDB: 4EYB).15 For 
this purpose, the online DrugRep screening site 
was employed for the docking of the designated 
database.16 This automatic screening server is 
using AutoDockTools (ADT) v. 1.5.6 to prepare 
target and ligand for the docking step,17 while 
the AutoDock Vina v. 1.1.2 is used by the site 
to perform the docking process itself.18 During 
this process, the employed docking grid box 
size was 22*22*22 Angstroms while the utilized 
coordinates were X: -1.0, Y: 8.0, Z: 26. As a result 
of this docking, the hit compounds were ranked 
according to their least energy of binding. From 
these results, just the best ten compounds were 
chosen for further in-silico analysis. The binding 
nature and orientation for each one of the best hits 
with a docking pose of least energy of binding was 
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examined by both PyMOL v. 2.4.1 and Discovery 
studio visualizer v. 21.1.0. Additionally, the 
exactness of the applied docking protocol was 
evaluated by using the redocking method, where 
the co-crystalized ligand was redocked into the 
active location of NDM-1 monomer. Then, PyMOL 
v. 2.4.1 was utilized to compute the alignment 
degree for the conformation of both docked and 
co-crystalized ligands.
Computational anticipation of chemical, 
pharmacokinetics and toxicity properties
	 In this second stage of the study, several 
web-based sites were employed to virtually predict 
different chemical, pharmacokinetics, toxicity 
features as well as drug-likeness score for the 
top ten hit compounds. The employed prediction 
websites for this step include: SwissADME, 
pkCSM, ProTox v. 3.0, Molsoft L. L. C. and Cactvs 
v. 3.4.8.24.19–22

Molecular dynamics (MD) based simulation
	 The MD based simulation was used as a 
final step in this virtual screening project to give 
a better insight into the ligand binding to enzyme 
active position. This ligand binding potential 
can be predicted by allowing the ligand-target 
complex to move and evolve over a specified 
simulation duration.23 For this in-silico study, the 

YASARA Dynamics v. 20.12.24 tool was utilized 
to perform the MD simulation step.24 The detailed 
methodology for this simulation is the same as what 
we have applied in previous projects.25,26 At start, 
for each of the ten hits, the ligand-enzyme complex 
with a pose of least binding energy was submitted 
for 25 nanoseconds time duration. After this initial 
simulation, the MD results were reported as ligand 
proximity root mean squared deviation (RMSD). 
Consequently, just the hits with mean proximity to 
NDM-1 active site of less than 3.5 Angstrom (Å) 
were considered for a second extended MD based 
simulation for 50 nanoseconds. Again, the ligand 
movement as related to NDM-1 active site was 
measured by RMSD value while the binding energy 
was computed by average molecular mechanic 
Poisson Boltzmann surface area (MM-PBSA) 
approach.27 Moreover, docking complex of NDM-1 
monomer and hydrolyzed oxacillin was subjected 
to the same simulation study and its results were 
used for comparative purposes.

Results

	 Before screening the TCM library against 
NDM-1 active site, the precision of the applied 
docking tools and parameters were validated 

Table 1. A tabular review of the herbal origins and the possible pharmacological effects for the top 
phytocompounds generated by this structure-based computational screening.

No.	 Compound name	 Herbal origin	 Pharmacological effect

1	 Alpha-Hederin	 Hedera helix, Nigella sativa	 Anticancer,28 
			   Anti-inflammatory,29 
			   Antioxidant30

2	 Imperialine 3-beta-D-glucoside	 Fritillaria pallidiflora, Fritillaria cirrhosa	 Anticancer31

3	 Cimiracemoside C	 Cimicifuga racemosa	 Antidiabetic32

4	 Diosgenin glucoside	 Tribulus terrestris	 Neuroprotective,33 
			   Anticancer,34 
			   Antiatherosclerosis35

5	 (25R)-Spirost-4-ene-3,12-dione	 Tribulus terrestris, Persicaria chinensis	 Anti-inflammatory, 
			   Antiallergic36

6	 Dioscin	 Dioscorea alata, Dioscorea opposita	 Anticancer,37 
			   Antimicrobial,38 
			   Anti-hyperuricemia38

7	 Actein	 Cimicifuga racemose, Actaea elata	 Anticancer39

8	 Digitoxin	 Digitalis purpurea	 Cardiotonic,40 
			   Anticancer41	
9	 Khasianine	 Solanum nigrum	 Anticancer,42 
			   Anti-inflammatory43

10	 Solamargine	 Solanum nigrum, Solanum melongena	 Anticancer44
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Fig. 1. A 3D cartoon presentation for NDM-1 
monomer, the N-terminus and C-terminus are colored 

in blue and red. The zinc ions are shown as grey 
spheres while loop 3 and loop 10 are both colored with 

magenta. 

Fig. 2. Conformational alignment of the docked (cyan colored) and co-crystalized (light brown colored) 
hydrolyzed oxacillin in the NDM-1 enzyme active site.

by using the re-docking way. In this validation 
way, the co-crystalized ligand is taken off at first 
from the NDM-1 active site. Then, the extracted 
hydrolyzed oxacillin is docked again to the target 
crystal by using the same tools and parameters 
that were applied in the original virtual screening 
study. According to the redocking method, the 
accuracy of the applied docking step is specified by 
comparing the conformation of the co-crystalized 
ligand against the docked one. As seen in Figure 
2, the conformational dissimilarity between the 
co-crystalized and docked hydrolyzed oxacillin 
was calculated as RMSD based value that was only 

0.12 Å. Additionally, the energy of binding for the 
redocked hydrolyzed oxacillin was -8.05 Kcal/ mol.   
	 After carrying out the structure based 
in-silico screening of the TCM database, the best 
ten hit phytocompounds with the lowest docking 
energy against NDM-1 were selected for more 
investigation. Initially, the botanical sources for 
these top compounds were enlisted in Table 1 
together with their documented pharmacological 
activities. In this table, the compounds were put 
in order according to their calculated docking 
energy. As seen in Table 1, many of the listed hit 
compounds have an established in-vitro anticancer 
activity.   
	 Then, several chemical characteristics 
were anticipated and outlined in Table 2 for these 
best phytocompounds. Again, the hit compounds 
were put in order based on their minimum 
docking energy. Chemically, many of these 
phytocompounds appear to be large molecules that 
are triterpenes or steroids in nature. It is clear from 
this table that almost all of the listed compounds 
have a molecular weight more than 500 g/ mol. 
As such, all of these compounds in Table 2 are 
violating Lipinski’s rule of five (RO5) 45 with the 
exception of hit number 5. Also, the hit number 5 
in Table 2 has the least number of hydrogen bond 
acceptor or donor groups. Moreover, the hit number 
5 is also predicted to have a polar surface area 
(PSA) of 52.6 Å2 which falls favorably far below 
the maximum allowed threshold of Veber’s rule for 
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Table 2. A tabular summary of the chemical features for the best phytocompounds acquired by the computer-
based screening of the NDM-1 enzyme with the TCM compounds database. In this table, the listed hits were 

ranked according to the least docking energy

No.	 Hit name	 Chemical 	 Docking 	 M.W. 	 HBD	 HBA	 PSA 	 Log P
		  formula	 energy 	 (g/mol)			   (Å2)	
			   (Kcal/ mol)

1	 Alpha-Hederin	 C41H66O12	 -9.1	 751.0	 7	 12	 196	 3.6
2	 Imperialine 	 C33H53NO8	 -9.1	 591.8	 5	 9	 140	 2.3
	 3-beta-D-glucoside
3	 Cimiracemoside C	 C35H56O9	 -8.9	 620.8	 5	 9	 138	 3.7
4	 Diosgenin glucoside	 C33H52O8	 -8.9	 576.8	 4	 8	 118	 4.1
5	 (25R)-Spirost-	 C27H38O4	 -8.8	 426.6	 0	 4	 52.6	 4
	 4-ene-3,12-dione
6	 Dioscin	 C45H72O16	 -8.8	 869.0	 8	 16	 236	 1.3
7	 Actein	 C37H56O11	 -8.6	 676.8	 4	 11	 157	 3.3
8	 Digitoxin	 C41H64O13	 -8.5	 764.9	 5	 13	 183	 2.3
9	 Khasianine	 C39H63NO11	 -8.2	 721.9	 7	 12	 180	 2.1
10	 Solamargine	 C45H73NO15	 -8.2	 868.1	 9	 16	 238	 1.1

M.W.: Molecular weight; PSA: Polar surface area; HBA: Hydrogen bond acceptor; HBD: Hydrogen bond donor; 
Å: Angstrom; Log P: The logarithm of partition coefficient.

Table 3. A tabular outline of the top docking compounds’ pharmacokinetics, drug-likeness score, and toxicity 
features. Based on the least docking energy, the generated hit compounds were arranged in this table

No.	 hit name	 Drug-	                        	Pharmacokinetics	                                Toxicity
		  likeness	 Solubility in 	 (%) of intestinal 	 VDss	 AMES 	 LD50
			   water (mg/ml)	 absorption 	 (L/Kg)	 toxicity	 (mg/ Kg)

1	 Alpha-Hederin	 0.84	 2.75e-05Poor	 38.88	 0.07	 No	 4,000
2	 Imperialine 3-beta	 0.79	 8.66e-03Moderate	 62.00	 0.16	 No	 30
	 -D-glucoside
3	 Cimiracemoside C	 -0.11	 3.18e-04Poor	 78.04	 0.16	 No	 23,000
4	 Diosgenin glucoside	 0.21	 3.17e-04Poor	 79.65	 0.40	 No	 8,000
5	 (25R)-Spirost-	 0.23	 7.15e-03Moderate	 100.00	 1.65	 No	 4,500
	 4-ene-3,12-dione
6	 Dioscin	 0.24	 3.67e-04Poor	 52.10	 0.53	 No	 500
7	 Actein	 0.13	 3.42e-04Poor	 66.21	 0.57	 No	 5,000
8	 Digitoxin	 1.05	 3.74e-03Moderate	 74.29	 1.82	 No	 5
9	 Khasianine	 0.29	 2.02e-03Moderate	 74.85	 0.25	 No	 500
10	 Solamargine	 0.29	 5.79e-04Poor	 48.10	 0.26	 No	 100

VDss: The steady state-based volume of distribution; LD50: The median lethal dose.

oral bioavailability.46 Lastly, all the compounds in 
Table 2 are predicted to have a logarithmic value 
of partition coefficient (Log P) that is below 5 and 
the highest value is reported for hit number 4 and 
5.  
	 Additionally, several pharmacokinetics 
and toxicity parameters were predicted for the best 
hits as presented in Table 3. The calculated drug-
likeness score was also included for each of these 

hits in this table. As can be seen from Table 3, many 
of the listed TCM compounds did have a low drug-
likeness score. Also, these listed hits have either 
a poor or moderate anticipated water solubility 
and this can coincide with a limited volume of 
distribution inside the body for these compounds 
as noted in this table. However, the compounds in 
Table 3 are expected to have a variable intestinal 
absorption percentage and the highest absorption 
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Table 4. The MD simulation study main results for the best docking hits

No.	 Hit name		  MD simulation duration
		  25 nanoseconds	                                   50 nanoseconds
		  Mean value of 	 Mean value of 	 Average value 
		  ligand movement 	 ligand movement 	 of MM-PBSA 
		  RMSD (Å)	 RMSD (Å)	 binding energy 
				    (Kcal/ mol)

1	 Alpha-Hederin	 4.09	 -	 -
2	 Imperialine 3-beta-D-glucoside	 3.93	 -	 -
3	 Cimiracemoside C	 4.89	 -	 -
4	 Diosgenin glucoside	 4.06	 -	 -
5	 (25R)-Spirost-4-ene-3,12-dione	 6.18	 -	 -
6	 Dioscin	 3.88	 -	 -
7	 Actein	 3.79	 -	 -
8	 Digitoxin	 4.27	 -	 -
9	 Khasianine	 5.51	 -	 -
10	 Solamargine	 3.04	 3.23	 -66.33
11	 Hydrolyzed oxacillin	 1.35	 1.50	 -54.06

MD: Molecular dynamics; Å: Angstrom; RMSD: Root mean squared deviation; MM-PBSA: Molecular 
mechanic Poisson Boltzmann surface area.

Fig. 3. A thorough plot for the movement RMSD as reported for Solamargine and hydrolyzed oxacillin during the 
simulation time duration.

was reported for hit number 5. Regarding toxicity 
potentials, all the ten compounds in Table 3 are 
speculated to be not mutagenic but some of these 
compounds may have a small median lethal dose 
(LD50) of less than 1000 mg/ Kg.    
	 Later, the results of MD simulation 
study were analyzed and summarized in Table 
4 for the NDM-1 complex with each of the top 
hit compounds. According to the mean value of 
ligand movement RMSD during the first round of 

25 nanoseconds simulation, only Solamargine and 
hydrolyzed oxacillin were able to achieve a mean 
proximity of less than 3.5 Å to NDM-1 active site. 
Therefore, these two compounds’ complexes were 
later subjected to a second round of 50 nanoseconds 
simulation time. During this extended simulation, 
the 10th hit Solamargine was able to keep a mean 
ligand proximity of 3.23 Å. On the other hand, the 
hydrolyzed oxacillin was capable of maintaining a 
mean RMSD distance of only 1.50 Å from NDM-
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Fig. 4. A two-dimensional illustration for the interactions between NDM-1 monomer active site and hydrolyzed 
oxacillin or Solamargine in the docking complex. 

1 active site. In the same course, the computed 
average MM-PBSA binding energy values were 
-66.33 and -54.06 Kcal/ mol for Solamargine and 
hydrolyzed oxacillin respectively. A thorough plot 
for the movement RMSD of these two compounds 
as a function of 50 nanoseconds simulation time 
duration can be observed in Figure 3. 
	 Finally, evaluation of the docking 
2D pictures for both hydrolyzed oxacillin and 
Solamargine reveals that the co-crystalized ligand 
(hydrolyzed oxacillin) is engaged in a higher 
number of hydrogen bonds with NDM-1 active 
location as compared to Solamargine as presented 
in Figure 4.

Discussion

	 The NDM-1 is a widely distributed and a 
powerful metallo-â-lactamase that was detected in 
many clinical and environmental bacterial isolates, 
the acquisition of this metalloenzyme can enable 
bacteria to deactivate many of the â-lactam based 
antibiotics.9 However, the identification of effective 
NDM-1 inhibitors seems to be challenging due to 
the high plasticity of the metalloenzyme active 
site. This highly elastic enzyme active site can 
accommodate ligands with various architectures.12 
Therefore, it is of interest to apply in-silico tools 
like docking and dynamics simulation to screen 

TCM library against NDM-1 active site. Thus, the 
objective of this computational project is to find out 
and introduce a possible phytocompound that can 
inhibit NDM-1 enzyme.
	 Before carrying out the virtual screening 
of TCM database, the exactness of the applied 
docking methodology was measured by using the 
re-docking method. As noted from Figure 2, the 
used docking approach appears to be precise and 
reliable as the conformational difference RMSD for 
naive versus docked hydrolyzed oxacillin was only 
0.12 Å. It is well-accepted that a low RMSD value 
for the conformational alignment of the docked and 
co-crystalized ligand usually coincide with a good 
accuracy of the docking protocol.47 
	 F o l l o w i n g  t h e  s t r u c t u r e - b a s e d 
computational screening step, the output hit 
compounds were ordered according to their least 
docking energy. From this screening output, only 
the best ten hits were chosen for more in-silico 
assessment. As seen in Table 1, the herbal sources 
and the documented activities for these hits were 
reported. It is very clear from this table that most 
of these hits are either triterpenes or steroids in 
nature, and many of them have in-vitro anticancer 
capacity. Then, several chemical features were 
predicted in Table 2 for these hits by using online 
web-based tools. As noticed from the chemical 
formula in this table, the hits number 2, 9 and 10 
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are nitrogen-based compounds known as piperidine 
alkaloids. Also, all the listed hits with the exception 
of compound 5 have a molecular weight of more 
than 500 g/ mol. This can be regarded as clear 
breach of the Lipinski’s rule of five (RO5) for oral 
bioavailability.45 In addition, numerous compounds 
in Table 2 have hydrogen bond donors or acceptors 
that exceed 5 or 10 groups respectively. This can 
be also considered another violation for the limits 
previously specified by RO5. Despite the fact that 
the compounds in Table 2 may seem to have a 
hydrophilic nature with a predicted logarithmic 
partition coefficient (Log P) of less than 5, but the 
high molecular weight of these compounds can 
restrict its water solubility. In this direction, it is 
easy to recognize that all the listed hits have a high 
anticipated polar surface area (PSA) of more than 
120 Å2 with the exception of compounds 4 and 
5. In fact the compound number 5 seems to have 
a significant low PSA value which falls in favor 
of Veber’s rule limits for oral bioavailability.46 
Therefore, it is expected that compound 5 may have 
the desired chemical characteristics for good oral 
bioavailability. It is well-known that solubilization 
of a drug is a requirement for its absorption at a 
biological barrier. Therefore, for the hit compounds 
with RO5 violations, it is possible to increase water 
solubility by various means like reducing particles 
size or surfactant application.48

	 Next, the drug-likeness score was 
predicted for these herbal compounds as seen in 
Table 3. Based on this table, many of these hit 
compounds have a low drug-likeness degree but the 
highest score was reported for the cardiotonic drug 
Digitoxin. Although these best hit compounds may 
seem to be hydrophilic, but their high molecular 
weight is expected to result in a poor or moderate 
water solubility as noted in Table 3. Additionally, 
the predicted steady-state volume of distribution 
for these phytocompounds is anticipated to be 
limited due to the high molecular weight of these 
hits. However, the intestinal absorption percentage 
is believed to be variable for these compounds and 
the highest absorption is reported to compound 5 
as noted in Table 3. Moreover, all the listed hits are 
expected to be non-mutagenic but the calculated 
median lethal dose (LD50) is reported to be less 
than 1000 mg/ kg for some of these compounds. As 
presented previously in Table 1, some of these hits 
are documented to have in-vitro anticancer activity 

and this can explain the reported low LD50 value 
for some of these hits. Interestingly, the least LD50 
value was recorded for the drug Digitoxin which 
is known to have a narrow therapeutic index.49

	 Lastly, the binding affinity of these 
ten compounds was assessed by subjecting 
the docking complex of each hit to molecular 
dynamics (MD) based simulation. An outline for 
MD based simulation results is reported in Table 
4. In this table, the results for the first round of 
25 nanoseconds simulation was presented as 
RMSD value for mean ligand movement. It is 
well-accepted that MD study is a computationally 
intensive process,50 and in order to save both time 
and power we first subjected the ten hits to MD 
simulation for only 25 nanoseconds. Then, only 
those hits with a mean ligand movement RMSD of 
lower than 3.5 Å were chosen to another simulation 
for 50 nanoseconds. In this regard, it is believed 
that a low ligand movement RMSD value can 
reflect a strong binding capacity of the ligand to 
enzyme active location.13 Consequently, only the 
compounds Solamargine and hydrolyzed oxacillin 
were able to achieve a mean ligand proximity 
RMSD value of less than 3.5 Å in the first simulation 
as seen in Table 4. Therefore, these two compounds 
were then subjected to another simulation for 50 
nanoseconds. As reported in Table 4, the compound 
hydrolyzed oxacillin was superior to Solamargine 
during the second simulation because it was able 
to achieve a lower mean ligand movement RMSD 
of just 1.50 Å versus 3.23 Å for Solamargine. In 
fact, the calculated average MM-PBSA binding 
energy for the hydrolyzed oxacillin was -54.06 
Kcal/ mol which is better than -66.33 Kcal/ mol 
recorded for Solamargine. It is worth mentioning 
that according to the guideline for using YASARA 
dynamics, the more positive value of MM-PBSA 
binding energy usually refers to more powerful 
affinity of the ligand to enzyme active site.24 This 
closer proximity of the hydrolyzed oxacillin to 
NDM-1 active site can be clearly observed in 
Figure 3 which presents a thorough plot for ligand 
movement during simulation period. Further, the 
stronger binding affinity predicted for hydrolyzed 
oxacillin can be elucidated through analysis of the 
docking complexes as seen in Figure 4. It is obvious 
from this figure that the hydrolyzed oxacillin 
can be engaged in a higher number of hydrogen 
interactions with NDM-1 active location when 
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compared to Solamargine. To sum up, it is very 
clear that the hydrolyzed oxacillin may be a better 
inhibitor to NDM-1 than does the Solamargine. 
As noted from MD study, the hydrolyzed oxacillin 
has a closer proximity to NDM-1 active site with 
a higher MM-PBSA binding energy. Also, the 
hydrolyzed oxacillin may participate in a higher 
number of hydrogen bonds when its docking 
complex was compared with that of Solamargine.

Conclusion

	 In this computational project, the 
TCM database of compounds was screened by 
using dynamics-based simulation, docking and 
several prediction web-based tools. The aim of 
this structure-based computational screening is 
to specify a potential inhibitor of an emerging 
antibiotics resistance enzyme known as the 
New Delhi metallo-â-lactamase-1 (NDM-1). 
The acquisition of this hydrolyzing enzyme by 
plasmid mediated transfer can enable bacteria to 
inactivate most of the â-lactam based antibiotics. 
Despite the role of this metalloenzyme in driving 
the bacterial resistance against the â-lactam based 
antibiotics, the introduction of a clinically approved 
NDM-1 inhibitor appears to be challenging due 
to the high flexibility of enzyme active site. 
Based on the molecular docking in this study, 
ten phytocompounds were identified as potential 
NDM-1 ligands. The identified hits appear to 
be triterpenes or steroids with a large molecular 
weight. As predicted by several web-based tools, 
the high molecular weight of these docking hits 
can adversely affect the water solubility and 
pharmacokinetics profile for these compounds. 
Also, several of these hit compounds are expected 
to have a low median lethal dose LD50 due to their 
already documented in-vitro anticancer effect. 
Finally, the analysis of molecular dynamics (MD) 
based simulation results points to the output that 
the compound Solamargine is the only hit capable 
of maintaining a mean proximity RMSD of 3.23 Å 
away from NDM-1 active site. However, these MD 
simulation results reported for Solamargine seem 
to be inferior when compared to co-crystalized 
ligand hydrolyzed oxacillin. This superior behavior 
reported to the hydrolyzed oxacillin during 
simulation may be attributed to its ability to form 

more hydrogen bonds than Solamargine when 
docking images were examined.  
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