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RESEARCH ARTICLE

Synthesis, molecular docking, binding free energy calculation and molecular
dynamics simulation studies of benzothiazol-2-ylcarbamodithioates as
Staphylococcus aureus MurD inhibitors

Srikanth Jupudia , Mohammed Afzal Azama and Ashish Wadhwanib

aDepartment of Pharmaceutical Chemistry, JSS College of Pharmacy, Ooty, India; bDepartment of Biotechnology, JSS College of Pharmacy,
Ooty, India

ABSTRACT
A new series of benzothiazol-2-ylcarbamodithioate functional compounds 5a-f has been designed, syn-
thesized and characterized by spectral data. These compounds were screened for their in vitro antibac-
terial activity against strains of Staphylococcus aureus (NCIM 5021, NCIM 5022 and methicillin-resistant
isolate 43300), Bacillus subtilis (NCIM 2545), Escherichia coli (NCIM 2567), Klebsiella pneumoniae (NCIM
2706) and Psudomonas aeruginosa (NCIM 2036). Compounds 5a and 5d exhibited significant activity
against all the tested bacterial strains. Specifically, compounds 5a and 5d showed potent activity
against K. pneumoniae (NCIM 2706), while compound 5a also displayed potent activity against S. aur-
eus (NCIM 5021). Compound 5d showed minimum IC50 value of 13.37lM against S. aureus MurD
enzyme. Further, the binding interactions of compounds 5a-f in the catalytic pocket have been investi-
gated using the extra-precision molecular docking and binding free energy calculation by MM-GBSA
approach. A 30ns molecular dynamics simulation of 5d/modeled S. aureus MurD enzyme was per-
formed to determine the stability of the predicted binding conformation.

Abbreviations: ATP: adenosine triphosphate; DAP: 2,6-diaminopimelic acid; D-Glu: D-glutamic acid;
IC50: half maximal inhibitory concentration; MRSA: Methicillin-resistant Staphylococcus aureus; MIC: min-
imum inhibitory concentration; MurD: UDP-N-acetylmuramoyl-L-Ala:D-Glu ligase; MurNAc: N-acetyl
muramic acid; UDP: uridine-50-diphosphate; UMA: uridine-50-diphosphate-N-acetylmueamoyl-l-alanine;
RMSD: root mean square deviation; UMAG: UDP-N-acetylmuramoyl-L-alanine-D-glutamate; UDP-
MurNAc: UDP-N-acetyl muramic acid
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1. Introduction

Infections caused by methicillin-resistant Staphylococcus aur-
eus (MRSA) are a leading cause of mortality and morbidity in
humans around the world. It has emerged as a major public
health threat and responsible for patient morbidity and mor-
tality [1,2]. The alarming rise of S. aureus resistance to most
of the antibiotics [3] has rendered the discovery of new anti-
bacterial agents with potential novel mechanisms of action is
critically important. Peptidoglycan (PG), part of the cell enve-
lope of S. aureus, is essential to maintain the structural integ-
rity of the cell wall. Its biosynthesis in bacteria is well
understood and considered to be a potential target for the
development of novel antibacterial drugs [4,5]. The ATP-
dependent bacterial Mur ligases (MurC-F) catalyze the
sequential addition of L-alanine, D-glutamic acid (D-Glu) and
meso-2,6-diaminopimelic acid (meso-DAP) in Gram-negative
or L-lysine in Gram-positive bacteria, and D-alanine-D-alanine
dipeptide to UDP-N-acetyl muramic acid (UDP-MurNAc), to
form UDP-MurNAc pentapeptide [6,7]. All Mur ligases share a
common three-domain topology and most likely they

operate by similar mechanisms of enzyme catalysis [8]. The
multiple amino acid sequence alignment of Mur ligase ortho-
logues and paralogues revealed relatively low overall homol-
ogies. However, the catalytic pocket binding residues are
well conserved throughout the family [9–11]. Further, the
cloned S. aureus MurD exhibited high percentage similarity
to MurD proteins from Escherichia coli (54%), Haemophilus
influenzae (55%), Bacillus subtilis (65%) and Streptococcus pyo-
genes (66%) [12].

Second in the series, N-acetylmuramoyl-L-alanine:D-glu-
tamate ligase (MurD) catalyzes the ATP dependent phosphor-
ylation of the UMA carboxylic acid. The resulting acyl-
phosphate intermediate is then attacked by the amino group
of the incoming D-Glu. The resulting tetrahedral high-energy
intermediate collapses into the amide product, UDP-N-acetyl-
muramoyl-L-alanine-D-glutamate (UMAG) with elimination of
inorganic phosphate [13,14]. Absence in human, ubiquity
among bacteria and high specificity for D-amino acid make
MurD an attractive target for inhibition of cell wall biosyn-
thesis and hence development of new antibacterial agents
[7,15]. MurD comprises three globular domains; the N-
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terminal domain is responsible for the binding of UDP moi-
ety of the UDP-N-acetylmuramoyl-L-alanine (UMA) substrate.
The central domain binds the ATP while the C-terminal
domain accounts for the fixation of the condensing amino
acid or dipeptide residue.

Several phosphinate, a-aminophosphonate and N-acetyl-
muramic acid derivatives have been developed as tetrahedral
transition state analog inhibitors of E. coli MurD but no
promising results were obtained [16–19]. A series of non-
phosphorylated and phosphorylated hydroxyethylamines
have been investigated as inhibitors of whole cascade of
Mur ligases (MurC to MurF) [20] with IC50 values in the
micromolar range. Further, analogs of D-glutamic acid and
substituted naphthalene-N-sulfonyl-D-glutamic acids were
synthesized as potential transition state analog inhibitors of
E. coli MurD [21–24]. The binding mode of these inhibitors
provided important information for further leads optimiza-
tion. Based on the virtual screening result, novel MurD ligase
inhibitors possessing high potency were designed by incor-
porating the D-Glu moiety into the thiazolidin-4-one scaffold
or its surrogate. Some of these designed inhibitors displayed
weak antibacterial activity. Further, discovery of 5-benzylide-
nerhodanine and 5-benzylidenethiazolidine-2,4-dione-based
E. coli MurD inhibitors [25,26] revealed details of the binding
mode within the catalytic pocket. These efforts yielded useful
information for the structure-based design of new generation
of MurD inhibitors. Further, second generations of sulfona-
mide inhibitors possessing rigidified D-Glu mimetics have
been synthesized [27,28]. These compounds exhibited signifi-
cant improvement in E. coli MurD inhibitory activity com-
pared to the first generation sulfonamide inhibitors. Some of
these conformationally rigid mimetics displayed promising
inhibitory activity when tested against the whole cascade of
Mur ligases (MurD-MurF) [28].

The crystal structures of the MurD enzyme in complex
with D-Glu derivatives have provided insights into the bind-
ing modes of these inhibitors [22,23]. Binding free energy
calculations showed that the non-polar van der Waals inter-
actions is the main driving force for the binding of these
inhibitors [14,24,26,28,29]. Further, a D-Glu based dual inhibi-
tor of E. coli and S. aureus MurD and MurE enzymes with
promising activity against S. aureus and its methicillin-resist-
ant strain (MRSA) was recognized and characterized by the
crystallographic study [30]. This provided structural basis for
the optimization and improvement in activity against MurD
enzyme. Structure-based virtual screenings approaches have
also been used to discover novel MurD inhibitors [24,30–32].
Unfortunately, the majority of these efforts have not yielded
inhibitors with potent activity against both Gram-positive
and Gram-negative bacteria (Figure 1)

Based on the S. aureus MurD structure [33] an in silico vir-
tual screening campaign was performed. Compound 1
(Enamine T1827917) with incorporated 1–(3-hydroxyphenyl)e-
thylurea moieties was found to possess promising S. aureus
MurD inhibitory activity with IC50 of 7 lM [34]. This com-
pound demonstrated minimum inhibitory concentration
(MIC) of 128lg/ml against S. aureus NCIM 5021, S. aureus
NCIM 5022 and B. subtilis NCIM 2545. In this study

compound 1 was used as the starting point for the design of
new S. aureus MurD inhibitors. Based on the molecular
dynamics result of compound 1 [34], and with the aid of
extra-precision experiments, different structural modifications
were introduced into this molecule. As a first step we sought
an appropriate substitute for one of the 1-[1–(3-hydroxyphe-
nyl)ethyl]urea and linker 2-methylphenyl moiety. In lieu of 1-
[1–(3-hydroxyphenyl)ethyl]urea and 2-methylphenyl, 2-phe-
noxyacetohydrazide or 2-hydrazinyl-2-oxoethyl 1,3-benzothia-
zol-2-ylcarbamodithioate were incorporated to improve the
binding affinity with enzyme. Through several structure opti-
mization cycles, benzothiazol-2-ylcarbamodithioate (5a–f)
derivatives with favorable binding interactions with the mod-
eled S. aureus MurD active site residues were designed for
further study. The target compounds 5a–f were synthesized
as outlined in Scheme 1 and characterized by spectral data.
The in vitro antibacterial screening of synthesized com-
pounds was carried out against various pathogenic bacterial
strains. In vitro enzyme inhibition assay was performed
against S. aureus MurD enzyme to determine the IC50 values.
Further, binding mode of designed compounds was investi-
gated by the extra-precision molecular docking and molecu-
lar dynamics studies.

2. Experimental

2.1. Chemistry

Requisite chemicals were of reagent grade and were purified
when required. All reactions were examined by thin layer
chromatography (TLC) on Silica Gel F254 plates (Merck, Ltd.,
Germany). Melting points of the synthesized compounds were
determined in open capillaries and are uncorrected. The infra-
red spectra were recorded either on a Shimadzu 8400S
(Japan) or Perkin Elmer-Spectrum Two (United Kingdom)
Fourier transform spectrometers and band positions are given
in reciprocal centimeters (cm�1). The 1H and 13C-NMR spectra
were recorded on a Bruker AV-III 400 spectrometer (Germany)
operating at 500 and 125MHz, respectively, using dimethyl
sulfoxide (DMSO-d6) as solvent. The chemical shifts are
reported in parts per million (ppm) using the solvent as
internal standard. Mass spectra were recorded on electron
impact (EI) JEOL GC-MATE II GC-MS spectrometer (USA) oper-
ating at 70 ev. Required 4-methoxybenzohydrazide, 4-methyl-
benzohydrazide, p-toluenesulfonyl hydrazide, 2-
chlorobenzohydrazide, substituted 2-aminobenzothiazoles
(1a–c) and 2-(chlorophenoxy)acetohydrazide (3a–e) were pro-
cured from Sigma-Aldrich. The intermediate, sodium dithio-
carbamate salts 2a–c were synthesized by reported method
[35] and used without further purification. Synthetic routes for
the titled compounds 5a–f is represented in Scheme 1.

Figure 1. Represents chemical structure of virtual hit 1 (Enamine T1827917).
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2.2. General procedure for the preparation of 2-oxo-2-
[2-(phenylcarbonyl/sulfonyl)hydrazinyl]ethyl 1,3-
benzothiazol-2-ylcarbamodithioates and 2-oxo-2-[2-
(chlorophenoxyacetyl)hydrazinyl]ethyl 1,3-benzothiazol-
2-ylcarbamodithioates (5a–f)

Compounds 4a–e was prepared according to the previously
reported method [36]

To a stirred mixture of 2/4-substitued benzohydrazides
3a–e (0.66mol) and K2CO3 (0.119mol) in acetonitrile (100ml),
2-chloroacetyl chloride (0.79mol) was added dropwise at
room temperature. Stirring was further continued overnight
and the separated solid was filtered, washed thoroughly with
water and dried to afford N’-(chloroacetyl)-(2/4-substituted
benzohydrazides (4a–c)/2-chloro-N’-[(4-methylphenyl)sulfono-
thioyl]acetohydrazide (4d)/2-chloro-N’-[(2-chlorophenoxy)ace-
tyl]acetohydrazide (4e) which were used for the next step
without further purification. To a stirred warm solution of
sodium dithiocarbamate salts 2a–c (0.10mol) in absolute
ethanol (20ml), appropriate hydrazides 4a–e (0.12mmol) was
added in small portions during 15min. The resulted reaction
mixture was then heated under reflux for 18–24 h. After com-
pletion of reaction, excess solvent was evaporated under vac-
uum and to the residual mixture excess ice cold water was
added. The solid thus separated was filtered, washed thor-
oughly with ice-cold water and recrystallized with appropri-
ate solvent to yield titled compounds 5a–f.

Synthetic route for the synthesized compounds 5a–f is
represented in Scheme 1.

2-f2-[(4-Methylphenyl)sulfonyl]hydrazinylg-2-oxoethyl(6-nitro-
1,3-benzothiazol-2-yl) carbamodithioate (5a)
Yield 63%. Solvent crystallization: ethanol. m.p.: 128–132 �C;
Rf ¼ 0.51; FT-IR (cm�1): 3268, 3232 (NH), 3089 (Ar C–H),
2917, 2854 (CH2), 1690, 1650 (>C¼O), 1610 (>C¼N), 1564

(>C¼S), 1509, 1329 (NO2), 1024 (>S¼O); 1H-NMR (DMSO-d6):
dppm 10.63 (s, 1H, NH), 10.50 (s, 1H, NH), 10.49 (s, 1H, NH),
8.29–8.03 (m, 3 H, ArH), 7.62– 7.47 (m, 4 H, ArH), 4.64 (s, 2 H,
SCH2), 2.51 (s, 3 H, CH3);

13C-NMR spectrum (DMSO-d6): dppm
186.66 (>C¼O), 173.56 (>C¼S), 167.86, 159.07, 141.55,
132.16, 130.49, 130.39, 129.97, 122.96, 118.17, 117.34, 67.47
(SCH2), 23.31 (CH3); GC-MS (EI-TOF) m/z calculated for
C17H15N5O5S4 (497.59). Found: m/z 497.59 (Mþ).

2-[2–(4-Methylbenzoyl) hydrazinyl]-2-oxoethyl(6-nitro-1,3-benzo-
thiazol-2-yl) carbamodithioate(5b)
Yield 68%. Solvent crystallization: ethanol. m.p.: 248–250 �C; Rf
¼ 0.49; FT-IR (cm�1): 3268, 3178 (NH), 3073 (Ar C–H), 2924,
2854 (CH2), 1689, 1650 (>C¼O), 1625 (>C¼N),1564 (>C¼S),
1454 (–C¼C–), 1517, 1329 (NO2);

1H-NMR (DMSO-d6): dppm
11.39 (s, 1H, NH), 10.69 (s, 1H, NH), 10.33 (s, 1H, NH),
8.30–8.08 (m, 4H, ArH), 7.85–7.29 (m, 3H, ArH), 4.28 (s, 2H,
SCH2), 2.50 (s, 3 H, CH3);

13C-NMR spectrum (DMSO-d6): dppm
182.36 (>C¼O), 167.78 (>C¼O), 168.84 (>C¼S), 154.53,
143.64, 129.71, 129.47, 128.10, 127.94, 122.51, 122.20, 119.64,
119.26, 118.17, 67.82 (SCH2), 21.47 (CH3). GC-MS (EI-TOF) m/z
calculated for C18H15N5O4S3 (461.53). Found: m/z 461.53 (Mþ).

2-[2–(2-Chlorobenzoyl) hydrazinyl]-2-oxoethyl (6-nitro-1,3-ben-
zothiazol-2-yl) carbamodithioate (5c)
Yield 51%. Solvent crystallization: ethanol. m.p.: 238–240 �C;
Rf ¼ 0.48; FT-IR (cm�1): 3237, 3174 (NH), 3081 (Ar C–H),
2917, 2854 (CH2), 1697, 1658 (>C¼O), 1615 (>C¼N), 1564
(>C¼S), 1509, 1329 (NO2), 1048 (Ar-Cl), 1016 (C-S); 1H-NMR
(DMSO-d6): dppm 11.19 (s, 1H, NH), 10.92 (s, 1H, NH), 10.11
(s, 1H, NH), 8.29–7.98 (m, 4 H, ArH), 7.81–7.08 (m, 3 H, ArH),
4.58 (s, 2 H, SCH2); GC-MS (EI-TOF) m/z calculated for
C17H12ClN5O4S3 (481.85). Found: m/z 481.95 (Mþ).

Scheme 1. Synthesis and structures of titled compounds 5a–f.
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2-[2–(4-Methoxybenzoyl)hydrazinyl]-2-oxoethyl(6-nitro-1,3-ben-
zothiazol-2-yl)carbamodithioate (5d)
Yield 56%. Solvent crystallization: ethanol. m.p.: 272–275 �C;
Rf ¼ 0.51; FT-IR (cm�1): 3245, 3215 (NH), 3081 (ArH), 2924,
2854 (CH2), 1685, 1658 (>C¼O), 1620 (>C¼N), 1564 (>C¼S),
1509(–C¼C–), 1337 (NO2), 844 (C-N), 1259,1048 (C-O-C); 1H-
NMR (DMSO-d6): dppm 10.38 (s, 1H, NH), 10.22 (s, 1H, NH),
10.14 (s, 1H, NH), 8.69–8.09 (m, 3 H, benzothiazole), 7.89–7.84
(m, 4 H, ArH), 4.80 (s, 2 H, SCH2), 3.86 (s, 3 H, OCH3);

13C-NMR
spectrum (DMSO-d6): dppm 172.26 (>C¼O), 167.88 (>C¼O),
167.27 (>C¼S), 165.32, 165.32, 162.52, 159.07, 141.15, 132.06,
130.48, 130.39, 129.87, 122.46, 118.17, 67.46 (SCH2), 55.86
(OCH3). GC-MS (EI-TOF) m/z calculated for C18H15N5O5S3
477.53 (Mþ). Found: m/z 481.65 (Mþþ4).

2-f2-[(4-Methylphenyl) sulfonyl] hydrazinylg-2-oxoethyl-1,3-ben-
zothiazol-2-yl carbamodithioate(5e)
Yield 69%. Solvent crystallization: ethanol. m.p.:180–184 �C; Rf
¼ 0.51; FT-IR (cm�1): 3214, 3162 (NH), 3010 (Ar C–H), 2917,
2846 (CH2), 1680, 1658 (>C¼O), 1630 (>C¼N), 1548 (>C¼S),
1509 (NH amide), 1337, 1165 (>S¼O). 1H-NMR (DMSO-d6):
dppm 10.58 (s, 1H, NH), 10.54 (s, 1H, NH), 10.32 (s, 1H, NH),
8.39–8.11 (m, 4 H, ArH), 7.72–7.38 (m, 4 H, ArH), 4.57 (s, 2 H,
SCH2), 2.49 (s, 3 H, CH3); GC-MS (EI-TOF) m/z calculated for
C17H16N4O3S4 (452.59). Found: m/z 452.14 (Mþ).

2-f2-[(2-Chlorophenoxy)acetyl]hydrazinylg-2-oxoethyl-1,3-benzo-
thiazol-2-yl-carbamodithioate (5f)
Yield 65%. Solvent crystallization: ethanol. m.p.: 126–130 �C;
Rf ¼ 0.55; FT-IR (cm�1): 3214, 3182 (NH), 3049 (Ar C–H),
2924, 2854 (CH2), 1679, 1642 (>C¼O), 1618 (>C¼N), 1572
(>C¼S), 1611, 1486 (Ar –C¼C–), 1235, 1024 (C-O-C); 1H-NMR
(DMSO-d6): dppm 10.30 (s, 1H, NH), 10.28 (s, 1H, NH), 10.24
(s, 1H, NH), 7.98–7.29 (m, 4 H, ArH), 7.28– 6.97 (m, 4 H, ArH),
3.89 (s, 2 H, SCH2), 3.60 (s, 2 H, OCH2);

13C-NMR spectrum
(DMSO-d6): dppm 185.26 (>C¼O), 167.16 (>C¼O), 166.63
(>C¼S), 153.80,152.36, 130.53, 128.67,127.08, 126.23, 125.23,
124.42, 123.23, 123.12,122.69, 121.93, 114.63, 66.85 (OCH2),
52.23 (SCH2). GC-MS (EI-TOF) m/z calculated for
C18H15ClN4O3S3 (466.98). Found: m/z 466.35 (Mþ).

2.3. In vitro antibacterial screening of
synthesized compounds

2.3.1. Determination of minimum inhibitory concentra-
tion (MIC)
The antibacterial activity of the synthetic compounds against
Gram-positive S. aureus (NCIM 5021 and NCIM 5022), methi-
cillin resistant S. aureus (MRSA strain 43300), B. subtilis (NCIM
2545) and Gram-negative strains E. coli (NCIM 2567), K. pneu-
moniae (NCIM 2706) and P. aeruginosa (NCIM 2036) was
assessed according to the guidelines of the Clinical
Laboratories Standard Institute [37] to determine the MIC val-
ues. For each of the selected strains triplicate analyses were
performed. MIC values were determined by microdilution
broth technique using Mueller Hinton medium (Hi-media).
Compounds 5a–f was tested for their antibacterial activity in
sterile dimethyl sulfoxide (DMSO). Sterile DMSO was used as

a negative control while ciprofloxacin and gentamicin were
used as control drugs (positive) in sterile DMSO. After incu-
bation at 37 �C for 24 h, the 96 well plates were read for the
MIC. MIC values are summarized in Table 1 and expressed as
microgram per milliliter (mg/ml).

2.3.2. Enzyme inhibitory activity of S. aureus MurD ligase
The S. aureus MurD enzyme (ProFoldin, USA) inhibition assay
was performed using the malachite green assay with slight
modifications [38,39]. All of the experiments were performed
in duplicate. The mixture with final volume of 50mL con-
tained: 500mM TrisHCl, pH 8.0, 400mM KCl, 10mM DTT,
0.05% Triton X-100, 10mM MgCl2, 1mM UDP-MurNAc-L-Ala,
5mM D-Glu, 10mM ATP, 5000 nM purified S. aureus MurD
and 0.6mL of different concentrations of each tested com-
pound solution in dimethylsulfoxide (DMSO). The final con-
centration of DMSO was 5% (v/v) in all cases. The mixture
was then incubated for 60min at 37 �C and then quenched
with Dye MPA3000. Incubated for 5min and absorbance was
measured at 650 nm and percentage inhibition was calcu-
lated. Percent inhibitions were calculated without the tested
compounds and with 5% DMSO. IC50 values were deter-
mined using the GraphPad PRISM.

3. Computational analysis

3.1. Molecular docking and binding free energy
calculation (MM-GBSA)

The 3D-structures of compounds 5a–f were prepared using
the builder panel in Maestro 11.5 (Schrodinger software suite
2018–1, LLC, New York, NY, USA) and subsequently opti-
mized with LigPrep [40]. The molecular docking was per-
formed in extra-precision (XP) mode with Glide without
applying any constraints. The binding free energies were cal-
culated using VSGB 2.0 energy model (MM-GBSA approach)
and prime [41,42] with OPLS3 force field [43]. In this study,
we used the earlier prepared grid box of modeled S. aureus
MurD protein [33]. The low energy conformation of all pre-
pared ligands were docked and their binding free energies
were computed employing the protocols described ear-
lier [33].

Table 1. Antibacterial activity of synthesized compounds 5a–f against Gram-
positive and Gram-negative bacteria.

Minimum inhibitory concentration (mg/ml)�

Compound aS. a bS.a cS. a dB. s eK. p fP. a gE. c

5a 2 32 64 16 2 256 16
5b 128 128 128 >256 64 128 64
5c 64 128 256 128 16 256 32
5d 32 32 64 64 4 128 16
5e 128 128 128 128 64 128 >256
5f 64 64 128 128 32 256 32
Ciprofloxacin 2 2 32 2 2 2 2
Gentamicin 8 8 19.5 8 1 1 1
�
average of three independent determinations.

aS. a: Staphylococcus aureus NCIM 5021; bS. a: Staphylococcus aureus NCIM
5022; cS. a: Staphylococcus aureus ATCC 43300 (MRSA); dB. s: Bacillus subtilis
NCIM 2545; eK. p: Klebsiella pneumoniae NCIM 2706; fP. a: Pseudomonas aer-
uginosa NCIM 2036; gE. c: Escherichia coli NCIM 2567.
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3.1.2. MD Simulation
The extra-precision-docked structure of compound 5d/S. aur-
eus MurD modeled protein complex was used as starting
structure for MD simulation [41] using the Desmond software
with OPLS3 force field [43]. The complex was solvated with
explicit TIP4P [44,45] water in an orthorhombic box allowing
for a 10 Å buffer region between protein atoms and box
sides. The solvated system was neutralized by adding 5
counter sodium ions. Finally, the modeled system contains
approximately 56566 atoms, 16485 water molecules, and a
final box volume of 1186013 Å3. Prior to MD simulation
whole system was minimized with OPLS3 [43] force field
using 200 steepest descent, followed by 1000 steps of conju-
gate gradient until a gradient threshold of 25 kcal/mol/Å was
reached. The long range electrostatic interactions were
treated by using the Particle-mesh-Ewald method [46] at a
tolerance of 1e-09. For van der Waals and Coulomb interac-
tions a cutoff radius of 9 Å was applied. The minimized sys-
tem was then simulated for 30 ns under an isothermal-
isobaric ensemble (NPT) at a constant temperature of 300 K
and a constant pressure of 1 bar. A Nose-Hoover thermostat
[47] and Martyna-Tobias-Klein barostat [48] were used to
maintain temperature and pressure, respectively. A multiple
time step RESPA integration algorithm was used for the
bonded, near nonbonded, and far nonbonded interactions,
with time steps of 2, 2, and 6 fs, respectively. The MD time
step was taken to be 2 fs for the overall simulations, and
data were collected every 100 ps. The 3D structures and tra-
jectory were visually analyzed using the Maestro graph-
ical interface.

4. Results and discussion

4.1. Chemistry

The synthetic routes for title compounds 5a–f are outlined in
Scheme 1. Solution of benzothiazoles (1a-c) in DMF are stirred
with carbon disulfide in the presence of sodium hydroxide.
The obtained sodium salts of benzothiazol-2-ylcarbamodi-
thioates (2a-c) are further treated with appropriate N’-(chloroa-
cetyl)-(2/4-substituted benzohydrazides (4a-c)/2-chloro-N’-[(4-
methylphenyl)sulfonothioyl]acetohydrazide (4d)/2-chloro-N’-
[(2-chlorophe-noxy)acetyl]ace tohydrazide (4e) in refluxing
absolute ethanol to yield title compounds 5a–f in good yields.

The structures of the new synthesized compounds were
confirmed by IR and NMR (1H and 13C) and mass spectros-
copy. In the infrared spectra of compounds 5a–f characteris-
tic absorption bands of –NHNH– and –NH– appeared in the
region 3162 to 3268 cm�1. The>C¼O and
benzothiazole>C¼N groups showed stretching absorption
bands in the region between 1642 to 1697 cm�1and 1610 to
1630 cm�1, respectively. In the 1H-NMR spectra of com-
pounds 5a–f three singlet signals appeared in the region d
10.11 to 11.39 ppm are assigned to the –CONHNH- and
-CSNH- fragment protons. The singlet signals observed in the
region d 3.89 to 4.80 ppm are ascribed to two protons of
–SCH2- fragment. The 13C NMR spectra of compounds 5b, 5d
and 5f exhibited two singlet signals for>C¼O carbons in

the region d 167.16 to 185.26 ppm whereas one>C¼O car-
bon of compound 5a appeared at d 186.66 ppm. The>C¼S
carbon signal in these compounds appeared in the range d
166.63 to 173.56 ppm. All aromatic protons of these com-
pounds appeared at their expected positions. The mass spec-
tra showed molecular ion peaks which are in conformity
with their molecular formula (see experimental also
Supplementary Figure S1a-i).

4.2. Determination of minimum inhibitory
concentration (MIC)

The antibacterial activity of the synthesized compounds was
assayed by two-fold broth micro-dilution method, following
the procedures of the Clinical and Laboratory Standards
Institute [37]. The result of these compounds showing anti-
bacterial activity is given in Table 1. MIC values of synthe-
sized compounds are compared with the standard drugs
ciprofloxacin and gentamicin. Tested compounds 5a, 5d, and
5f belonging to the benzothiazol-2-ylcarbamodithioate series
displayed promising inhibitory activity against Gram-positive
S. aureus NCIM 5021 and S. aureus NCIM 5022 with MIC val-
ues in the range 2–64 mg/ml compared to the standard drugs
ciprofloxacin and gentamicin (MICs, 2 and 8 mg/ml, respect-
ively against both strains). Among these tested compounds,
5a possessing 4-methylbenzenesulfonohydrazide moiety and
–NO2 group on position six of benzothiazole ring showed
maximum inhibitory activity (MIC, 2 mg/ml) against S. aureus
NCIM 5021 compared to the standard drugs ciprofloxacin
(MIC, 2 mg/ml) and gentamicin (MIC, 8mg/ml). Compounds 5a
and 5d also showed maximum inhibitory activity against
both S. aureus NCIM 5022 (MIC, 32 mg/ml in both cases) and
methicillin resistant S. aureus ATCC 43300 (MIC, 64 mg/ml in
both cases) Gram-positive bacteria. While other tested com-
pounds were observed to be less active (MIC, 128 to 256mg/
ml) or inactive (>256 mg/ml) against S. aureus ATCC 43300. It
is evident that among benzothiazol-2-ylcarbamodithioates,
presence of electron withdrawing –NO2 group on position
six of the benzothiazole ring and electron releasing substitu-
ents –CH3 or –OCH3 on position four of phenyl ring is opti-
mal for the activity against methicillin resistant S. aureus
ATCC 43300.

Among all the tested compounds, benzothiazol-2-ylcarba-
modithioates 5a and 5d exhibited maximum inhibitory activ-
ity against B. subtilis NCIM 2545 (MIC, 16 mg/ml). Compound
5d also showed significant inhibitory activity against this
strain with an MIC value of 64 mg/ml. Other tested com-
pounds were observed to be either less active (128mg/ml) or
inactive (MIC >256mg/ml) against this microorganism.
Further, compounds 5a–f exhibited promising antibacterial
activity against Gram-negative K. pneumoniae NCIM 2706
(Table 1, MIC, 2 to 64 mg/ml). Among all the tested com-
pounds, 5a and 5d exhibited potent inhibitory activity
against this bacterial strain, respectively with MIC values of 2
and 4mg/ml, compared to the standard drugs ciprofloxacin
(2 mg/ml) and gentamicin (1 mg/ml). While all other tested
compounds were observed to be either less active or
inactive against this strain. On the other hand, tested
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compounds showed variable activity against E. coli NCIM
2567. Among the six tested compounds, five compounds
exhibited significant inhibitory activity against E. coli NCIM
2567 (MIC, 16 to 64 mg/ml). Maximum inhibitory activity was
observed for compounds 5a and 5d with MIC value of
16mg/ml in both cases. It is evident from the above result
that compounds 5a and 5d possess fairly good inhibitory
activity against all the tested strains of Gram-positive and
Gram-negative bacteria except P. aeruginosa NCIM 2036.

4.3. Enzyme inhibitory activity of S. aureus MurD ligase

In vitro inhibitory potency for five selected compounds was
determined using S. aureus MurD enzyme (ProFoldin, USA)
(Table 2). The tested compounds displayed IC50 values in the
range 13.37–79.27 mM. Among the assayed compounds, two
compounds namely 5a and 5d belonging to the benzothia-
zol-2-ylcarbamodithioate series were found to inhibit S. aur-
eus MurD enzyme with IC50 values of 22.33 and 13.37mM,
respectively. Other three compounds 5c, 5e and 5f belong-
ing to this series displayed moderate inhibition with IC50 val-
ues of 52.16, 75.34 and 79.27mM, respectively. It is evident
from above result that the presence of electron withdrawing
-NO2 group on position six of the benzothiazole ring and
electron releasing groups (-CH3 and -OCH3) on position four
of the phenyl ring are beneficial for the inhibitory activity.

4.4. Computational analysis

Compounds 5a–f interaction energies (Table 3) into the cata-
lytic pocket of modeled S. aureus MurD enzyme were calcu-
lated to get insight into their binding modes and affinity.
Comparison of the XP-Glide docking poses of compounds
showed similar interactions dominated by the hydrogen
bond, salt bridge, p-p stacking and p-cation stacking interac-
tions with conserved residues Lys19, Ser20, Ser168, Phe170,
His192, His196, Asp426 and Glu432 (Supplementary Table S1
and Figure S2(a–c)).

It can be seen in Figure 2(b) that the high active com-
pound 5d (IC50 13.37mg/ml) is placed well within the cata-
lytic pocket and occupied all three domains of the catalytic
pocket. It formed five hydrogen bonds with the key binding
residues. Specifically, the carbonyl oxygen of 4-methoxyben-
zohydrazide moiety formed two hydrogen bonds one each
with the side chain NH of Lys19 (>C¼O� � �HN, 2.09 Å) and
the backbone OH of Ser20 (>C¼O� � �HN, 1.95 Å), present in
the N-terminal domain of catalytic pocket. NH of -S-CH2-CO-
NH- fragment formed hydrogen bond with the side
chain>C¼O of Glu432 (NH� � �O¼C<, 1.98 Å), while NH
attached to the 6-nitrobenzothizole ring established a hydro-
gen bond with the side chain carboxylate oxygen of Asp426
(NH� � ��O-C(¼O)–, 2.50 Å) present in the C-terminal domain.
Further, oxygen of nitro group formed a hydrogen bond
with the side chain NH of His196 (–(O)N¼O� � �HN, 2.29 Å)
present in the ATPase domain of the catalytic pocket.

Like 5d, another high active compound 5a (IC50, 22.33 mg/
ml) also occupied all three domains of catalytic pocket and
exhibited a total of five hydrogen bonds (Figure 2(a)). The

nitro group present on position six of benzothiazole ring
accepted a hydrogen bond from the side chain NH of Lys77
((O)N¼O� � �NH, 2.14 Å), while another oxygen of this nitro
group formed a salt bridge interaction with the same resi-
due. This nitro group also exhibited a p-cation interaction
with the side chain imidazole ring of His192. The NH
attached to the benzothizole ring formed a hydrogen bond
with the side chain carbonyl oxygen of Glu432 (NH� � �O¼C<,
2.15 Å), whereas both NH of –CO-NH-NH-CO- fragment
formed one hydrogen bond each with the side chain>C¼O
of Thr430 (NH� � �O¼C<, 2.14 Å) and the backbone carbonyl
oxygen of Ala18 (NH� � �O¼C<, 1.94 Å). The carbonyl oxygen
of –NH–CO–CH2–S– fragment accepted a hydrogen bond
from the backbone NH of Gly80 (>C¼O� � �HN, 1.91 Å).

The binding strength of compounds 5a–f with modeled
S. aureus MurD protein is determined by the binding free
energy (DGbind) (Table 3). The calculated DGbind values are in
the range �64.18 to �95.32 kcal/mol. The van der Waals
(DGvdW, �36.72 to �87.15 kcal/mol) and electrostatic inter-
action (DGCoul, �26.84 to �88.92 kcal/mol) energy terms are
observed to be the major contributors for the inhibitors
binding. Electrostatic solvation energy (DGSolv, 19.19 to
78.92 kcal/mol) term disfavors the binding of other inhibitors
to the modeled S. aureus MurD protein. It is also evident
from result that there is little favorable contribution from
non-polar solvation (DGLipo, �15.30 to �31.36 kcal/mol)
energy term. Further, it should be noted that DGvdW is much
stronger than DGCoul, indicating that van der Waals inter-
action is the driving force for the inhibitor binding. This is in
agreement with the earlier report [14,24,26,28,29] and also
with the Glide Emodel (Gemodel, �73.76 to �94.85 kcal/mol)
having significant weighting of the force field.

In order to validate the stability and to get insight into
the binding mode, a 30 ns MD simulation was performed for
5d/S. aureus MurD modeled protein complex. During MD
simulation the RMSD values of protein all Ca and backbone
atoms increased during equilibration upto 16 ns and then

Table 2. IC50 (mM) values of some selected compounds
against S. aureus MurD enzyme.

Compound IC50(mM) S. aureus MurD

5a 22.33 ± 0.93
5c 52.16 ± 0.56
5d 13.37 ± 0.58
5e 75.34 ± 0.81
5f 79.27 ± 0.53

Table 3. Extra-precision docking score and binding free energy between com-
pounds 5a–f and modeled S. aureus MurD protein computed by the MM-
GBSA approach (kcal/mol).

Compound aGscore
bGemodel

cGenergy
dDGCoul

eDGLipo
fDGSolv

gDGvdW
hDGbind

5a –5.89 –88.96 –62.41 –50.16 –15.43 52.70 –56.30 –64.18
5b –5.3 –85.08 –61.65 –34.98 –15.30 19.19 –36.72 –93.22
5c –5.7 –94.85 –66.22 –42.14 –17.45 25.17 –47.19 –91.43
5d –5.31 –85.80 –58.65 –26.84 –31.20 54.38 –87.15 –85.33
5e –4.41 –73.76 –52.87 –47.27 –27.47 36.80 –70.52 –79.73
5f –6.09 –83.19 –58.55 –88.92 –31.36 78.92 –86.67 –95.32
aGlide score; bGlide model energy; cGlide energy; dCoulomb energy; ehydro-
phobic energy (nonpolar contribution estimated by solvent accessible surface
area); felectrostatic solvation energy; gvan der Waals energy; hFree energy
of binding.
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stabilized in the range 2.04–2.51 Å and 2.07–2.54 Å, respect-
ively (Figure 3(a)). This indicated less conformational changes
in protein structure during simulation. After 16 ns the mean
radius of gyration (rGYr) fluctuation of the backbone (blue
diamond) and Ca (red circle) atoms (Supplementary Figure
S3) was observed to be low (0.40 and 0.42, respectively)
which further indicated the low degree of flexibility in the
protein complex. The ligand RMSD witness conformational
variation upto 10 ns, stabilized between 10 and 30 ns and
copes well with the tendency of binding pocket residues
RMSD (Supplementary Figure S4a). The mean root mean
square fluctuation (RMSF) values of Ca and backbone atoms
of catalytic pocket binding residues was observed to be in
the range 0.68 to 1.27 and 0.69 to 1.28 Å, respectively
(Figure 3(b)), indicating no significant fluctuations of these
residues. Residues Glu232-Leu234 which are present on the
loop (Tyr223-Thr238) and connecting two b-sheets (Leu239-
Phe241) exhibited maximum RMSFs of Ca (2.38–3.17 Å) and
backbone (2.66–3.16 Å) atoms.

Analysis of the MD trajectory of 5d/S. aureus MurD mod-
eled protein complex revealed hydrogen bonding, salt

bridge, p-cation and p-p stacking interactions (Figure 3(c,d)
also Supplementary Figure S4) between amino acid stretches
Lys19-Glu197 and Thr330-Arg434. However, no interaction
was observed in the region Asn198-Ala329. Among the five
hydrogen bonds observed in extra-precision docking, three
(Lys19 >C¼O� � �HN, Asp426 NH� � �-O-C(¼O)-, and His196
-(O)N¼O� � �HN) are preserved during 15–62% of MD trajec-
tory. Precisely, oxygen of nitro group accepted a direct (36%
of the MD trajectory) and water mediated (24% of the MD
the trajectory) hydrogen bonds from His196. The nitrogen of
this nitro group also showed a moderate frequency (33% of
the MD trajectory) salt bridge and a low frequency (17% of
the MD the trajectory) water mediated hydrogen bond inter-
actions with Asp42. Additionally, a moderate frequency (26%
of the MD trajectory) p-cation interaction was observed
between nitrogen of the nitro group and imidazole ring of
His192. The carbonyl oxygen of –CH2–CO–NH–NH– fragment
accepted a high frequency (58% of the MD the trajectory)
hydrogen bond from Gln171, while the nitrogen of benzothia-
zole ring accepted a medium frequency (47% of the MD the
trajectory) water mediated hydrogen bond from the same

Figure 2. Represents extra-precision docking pose of compounds (a) 5a and (b) 5d in the catalytic pocket of modeled S. aureus MurD protein.
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Figure 3. Plot represent (a) RMSD (Å) of the simulated positions of modeled S. aureus MurD protein Ca and backbone atoms from those in the initial structure. (b)
RMSF profile of modeled S. aureus MurD residues (c) interaction of compound 5d with different residues of modeled S. aureus MurD protein (d) interaction fraction
profile of compound 5d with different residues of modeled S. aureus MurD during MD simulation.
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residue. A high frequency (89% of the MD trajectory) p-p
stacking was observed between the benzo part of the benzo-
thiazole ring and the imidazole ring of His192. Inhibitor 5d
also exhibited low to moderate frequency hydrogen bonds
with Lys77, Lys122, Tyr148 and Glu197 residues. It is evident
from above result that Glu171, His192, His196 and Asp426
played crucial role for the stabilization of inhibitor 5d within
the catalytic pocket.

The rGyr which measures the extendedness of ligand was
in the range 4.9–5.9 Å (Supplementary Figure S5), indicating
the stability of 5d within the catalytic pocket throughout the
30 ns MD simulation. The lower RMSD value (0.9–2.2 Å) dur-
ing 15–30 ns of MD simulation further confirms the less con-
formational flexibility and stability of 5d during simulation.
The solvent accessible surface area (SASA) of inhibitor 5d
increased up to 15 ns (20–100 Å2) and then stabilized in the
range 50–110 Å2, indicating no significant change in the
binding pocket volume during MD simulation. Further, the
inhibitor also showed low polar surface area (PSA) (195–235
Å2), indicating the complete burial of linker between 6-nitro-
benzothiazole and 4-methoxyphenyl rings within the hydro-
philic pocket (Supplementary Figure S6). Superposition of

the conformations of 5d after MD simulation and best dock-
ing pose showed similar orientation with RMSD of 0.552 Å
(Figure 4), indicating the rationality and validity of the extra-
precision docking model.

4.5. Calculation of pharmacokinetic and
toxicological properties

Absorption, distribution, metabolism, excretion and toxicity
(ADMET) properties of synthesized compounds 5a–f was
computed by QikProp module incorporated in Schr€odinger
software suite 2018–1. All compounds obeyed Lipinski’s rule
of five with 0 to 1 violation, showing the drug like property
of these molecules (Supplementary Table S2). The predicted
central nervous system (CNS) activity of these molecules was
within the recommended range (�2 as inactive and þ2 as
active) indicating lack of CNS activity. The Polar Surface Area
(PSA, indicative of Van der Waals surface area of polar nitro-
gen and oxygen atoms) ranges between 120.3 to 167.1 Å2

and is within the recommended range (7–200Å2). The com-
puted QPlogPo/w values are within range 1.82 to 4.41 indi-
cating the favorable oral absorption of these molecules.

Figure 3. Continued.

Figure 4. Superimposition of conformations of docked pose of compound 5d and MD pose [RMSD: 0.552 Å].
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Further, the predicted apparent Caco-2 cell permeability of
the molecules are in the ranges 53.05 to 343.4 nm/sec, indi-
cating non-active transport of these molecules. The predicted
IC50 values for the blockage of human ether-a-go-go (HERG)
Kþ channels (QPlogHERG) is observed to be in the range
�2.84 to �4.81, indicating the safety of these molecules. The
solvent accessible surface area (SASA) of these molecules is
in the range 708.89 to 778.62 Å2 indicating the burial of
these molecules within the catalytic pocket.

5. Conclusion

In the present study, we designed six compounds 5a–f in
the catalytic pocket pocket of S. aureus MurD enzyme. These
compounds are synthesized and characterized by spectral
data. In vitro antibacterial activity of these compounds was
evaluated against strains of S. aureus (NCIM 5021, NCIM 5022
and methicillin-resistant isolate 43300), B. subtilis (NCIM
2545), E. coli (NCIM 2567), K. pneumonia (NCIM 2706) and P.
aeruginosa (NCIM 2036). Compounds 5a and 5d belonging
to the benzothiazol-2-ylcarbamodithioate series exhibited sig-
nificant inhibitory activity against all tested bacterial strains.
Specifically, compounds 5a and 5d showed potent activity
against K. pneumonia (NCIM 2706). Compound 5a also dis-
played potent activity against S. aureus (NCIM 5021). An IC50
value of selected compounds was determined by malachite
green assay method. Compound 5d showed minimum IC50
value of 13.37 lM against S. aureus MurD enzyme. Further,
the binding modes of compounds 5a–f have been studied
using molecular docking and binding free energy calculation
by MM-GBSA approach. The major contributors for the inhib-
itors binding were observed to be van der Waals and electro-
static interaction energy terms. In most of the active
compounds electrostatic solvation energy term disfavors the
binding to the modeled S. aureus MurD protein. Further, van
der Waals interaction is observed to be the driving force for
the inhibitor binding. A 30 ns molecular dynamics (MD) simu-
lation of 5d/modeled S. aureus MurD complex was per-
formed to validate the stability.
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