A

»
N Ce®60

http://pubs.acs.org/journal/acsodf

Antibacterial Potential of Novel Acetamide Derivatives of
2-Mercaptobenzothiazole: Synthesis and Docking Studies

Ahmed Sadiq Sheikh, Humaira Nadeem,* Muhammad Tariq Khan, Adil Saeed, and Babar Murtaza

Cite This: ACS Omega 2023, 8, 9785-9796 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations

ABSTRACT: 2-Mercaptobenzothiazole and its derivatives are
widely known for their diverse biological activities, particularly
antimicrobial and anticancer potential. In the present study, a
series of new hybrid compounds consisting of 2-mercaptobenzo-
thiazole and different aryl amines 2(a—j) were synthesized and
characterized by Fourier transform infrared (FTIR), '"H NMR, and
BC NMR spectral data. The synthesized compounds were
screened for in vitro antibacterial activities through agar well
diffusion assay. Among the series, 2b, 2c, and 2i exhibited
significant antibacterial activity comparable to the standard drug
levofloxacin. Based on their antibacterial potential, these
compounds were further tested for their antibiofilm activity. All
of the three compounds showed promising antibiofilm potential,
even better than the standard drug cefadroxil at 100 yg/100 pL concentration. Molecular docking studies were performed to explore
the antibacterial mechanism of these compounds. Strikingly, the molecule 2i shared the same hydrophobic pockets as those of
levofloxacin in case of bacterial kinases and DNA gyrases. In addition, 2i exhibited satisfactory antibiofilm activity in comparison to
the standard. Our study therefore suggested that the synthetic compound 2i possesses remarkable antibacterial activity and may
serve as a lead molecule for the discovery of potent antibacterial agents.

1. INTRODUCTION searching for collections of biologically active molecules to
design pharmacophores’ coupling.'® It ultimately grasps

In recent years, the concept of hybrid molecules that contain
effective compounds with the aim of targeting different

two or more pharmacophore groups bound together covalently

in one molecular frame work has been introduced. It has been enzymes in the biochemical pathway. It is worth mentioning
suggested that such compounds may inhibit two or more that 2-mercaptobenzothiazole is a privileged heterocyclic
conventional targets simultaneously. This multiple target scaffold with multiple applications and a tremendous range
strategy has already resulted in the development of a number of pharmacological activity.'' 2-Mercaptobenzothiazole deriv-
of bioactive hybrid molecules." Multicomponent reactions with atives with an additional thiol moiety have proven to be a novel
at least three components in the one-pot process to give a class of therapeutic agents that possess a number of biological
single product represent a unique strategy that leads to the effects such as antiviral,'* anti-inflammatory,"® antileishmanial
formation of multiple bioactive molecules due to its activities,'* antidiabetic,"> anticancer,'® and antibacterial.'”

convergence, low energy consumption, minimum waste The increased number of infectious diseases and the
generation, simple design, high selectivity, and productivity.” emergence of multi-drug-resistant bacteria are two of the
These compounds and their derivatives may have diverse and greatest challenges to the human race.'® The overutilization of
effective biological activities. The significance of coupling the common antimicrobial agents has triggered the emergence

amines with heterocycles, especially 2-mercaptobenzothiazole
and related compounds, has been well established, as
illustrated by the large number of patents as chemotherapeutic
agents.” On the other side, a number of heterocyclic amines
have been reported to exhibit anti-inflammatory,” antileishma-
nial,” antidiabetic,® antioxidant,’ anticancer,” and, most
importantly, antimicrobial® activities. Therefore, the synthesis
of hybrid molecules incorporating different bioactive scaffolds
is highly preferred in the field of drug discovery. The initial

step in the designing of dual-acting molecules is that of

of resistant bacteria, causing the diminished efficiency of these
e 19 . . .. . .
moieties.”~ Extensive studies of antimicrobial resistance have
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Scheme 1. General Scheme for the Synthesis of Acetamide 2-Mercaptobenzothiazole Derivatives
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Table 1. Synthesized Acetamide 2-Mercaptobenzothiazole Derivatives 2(a—j)
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revealed that resistant bacterial infections are developed not
only due to free bacteria but also due to bacteria existing
within a biofilm.”® Biofilm-forming bacteria become resistant
to conventional antimicrobials due to (1) the failure of the
antimicrobial to go through the biofilm, (2) development of
complex drug resistance properties, and (3) biofilm-mediated
inactivation or alteration of antimicrobial enzymes.”' The
biofilm is an important virulence factor for a number of
bacterial strains due to its resistance to available antibacterial
therapy. It also limits the penetration of antibacterial agents
through the matrix and protects the cells from host immune
responses. As the biofilm confers a beneficial nature to
pathogens, especially in the process of colonization on medical
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devices or patient organs, it provides the bacteria more
tolerance and strength to exogenous stress including anti-
infectious agents, thus making them resistant. This rapid rise in
antimicrobial drug resistance has created severe public health
issues and has encouraged the researchers to synthesize novel
drugs to overcome the resistance to antimicrobial agents and
improve therapeutic properties and tolerability with lesser side
effects. Hence, there is an urgent need to develop newer and
effective molecules with a high safety profile.””**

1.1. Study Rationale. It has been observed from the
literature that sulfur is unusually common in many
antimicrobial drugs; therefore, sulfur-containing heterocycles
are being explored widely. Interestingly, the introduction of

https://doi.org/10.1021/acsomega.2c05782
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Table 2. Antibacterial Activity of Compounds 2(a—j)“

inhibition zone of bacterial growth (mm)

Gram (—) bacteria

Gram (+) bacteria

Sr. Klebsiella pneumoniae Escherichia coli Salmonella typhi Bacillus subtilus Staphylococcus aureus  Streptococcus pyogenes
No. codes ATCC 13883 ATCC 25922 ATCC 14028 ATCC 6051 ATCC 25923 ATCC 12346
1 2a 7.81 12.00 5.80 17.80 18.67 13.42

2 2b 22.11 20.15 24.19 26.09 24.10 27.99

3 2c 16.57 18.55 13.28 18.17 17.01

4 2d 4.00 10.00 7.80

S 2e 7.10 5.00 6.89 S.77 13.62 13.00

6 2f 13.05 13.05 7.30 5.35

7 2g 8.31 9.11 13.13 19.56 13.13

8 2h 15.60 17.55 13.41 12.40

9 2i 27.77 26.82 27.70 24.19 25.03 23.01

10 2 3.99 9.11

11 levofloxacin 32.07 30.11 29.01 35.10 28.05 3111

“Levofloxacin (LF).
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Figure 1. Structure—activity relationship of 2b, 2c, and 2i. The figure indicates benzothiazole moiety (blue square) linked with different

heterocyclic amines (red circle) via the amide bond.

sulfur atom in the cyclic systems along with nitrogen further
improved the therapeutic potential. As amide linkages and
benzothiazole are considered as biological isosteres, the
present study was designed to synthesize structural hybrids
containing benzothiazole and different amines to explore their
antibacterial potential. Since many of the existing antibiotics
have lost their efficacy due to emerging resistance, our aim in
the present study was to develop antibacterial lead molecules
that can also target these resistance mechanisms, such as
biofilm formation.

Keeping in view the above-mentioned facts and search for
new potent antibacterial candidates, the present study was
designed to synthesize new hybrid molecules containing
benzathiazole linked with different aryl and heterocyclic
amines and evaluate them for in vitro antibacterial potential,
antibiofilm activity, and in silico mechanistic investigation.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization of 2-Mercapto-
benzothiazole Acetamide Derivatives. In the present
work, 2-mercaptobenzothiazole was reacted with chloroacetyl-
chloride to yield its acetamide derivative as a key intermediate
(1) in the first step, which in turn was treated with a series of
different aryl/heterocyclic amines (a—j), leading to the
formation of the target 2-mercaptobenzothiazole derivatives
2(a—j), as shown in Scheme 1. The structural details of the
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synthesized compounds are presented in Table 1. The physical
parameters of the synthesized compounds, including melting
form, physical form, percentage (% age) yield, and Rf values
along with molecular formula and molecular weights, were
determined and are given in Table 6. All of the compounds
were obtained as solids with sharp melting points. The
progress of each reaction was monitored by TLC and the
structural characterization was done by Fourier transform
infrared (FTIR), 'H NMR, and "*C NMR spectroscopic data.
FTIR spectra showed prominent peaks for carbonyl stretchings
at 1607—1684 cm™}, confirming the formation of the desired
compounds. Other important peaks included carbon—halogen
stretchings in the range 810—718 cm™, C=C peaks at 1596—
1460 cm™', and NH stretching peaks at higher frequencies in
all compounds. In the '"H NMR spectra of the synthesized
compounds, all of the protons resonated in their respective
regions. The characteristic singlet peak of the linker CH, was
observed in the region 2.03—4.75 ppm, present in all
derivatives and confirming the formation of the product,
while aromatic protons of benzothiazole moiety resonated as
multiplets at 7.25—7.87 ppm. In the case of the morpholine-
containing compound 2a, two multiplets for morpholine
protons were observed, while pyrrolidine hydrogens appeared
as multiplets in the expected region. In case of ansidine-
containing derivatives, methoxy protons resonated as singlets
at 3.80 ppm. Similarly, for the benzylamine-containing

https://doi.org/10.1021/acsomega.2c05782
ACS Omega 2023, 8, 9785—-9796
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Figure 2. Structure—activity relationship of 2g, 2h, and 2j. The figure indicates benzothiazole moiety (blue square) linked with different

heterocyclic amines (red circle) via the amide bond.

Table 3. Minimum Inhibitory Concentration (MIC in pg/100 uL) of the Test Compounds

inhibition zone of bacterial growth (mm)

Gram (—) bacteria

Gram (+) bacteria

Sr. K. pneumoniae ATCC  E. coli ATCC
No. codes 13883 25922
25 pug/100 pL 22.11 20.15
1 2b S0 pg/100 uL 36.21 35.12
75 pg/100 uL 57.07 54.55
MIC (ug/100 pL) 48.93 3243
25 ug/100 puL 27.77 26.82
2 2i 50 ug/100 puL 38.71 35.72
75 pug/100 pul 52.06 50.14
MIC (ug/100 uL) 48.85 30.54
25 ug/100 puL 32.07 30.11
3 LE 50 ug/100 puL 39.77 40.32
75 pug/100 pL 59.06 60.11
MIC (ug/100 pL) 35.33 28.86

S. typhi ATCC B, subtilus ATCC  S. aureus ATCC  S. pyogenes ATCC
14028 6051 25923 12346
24.19 26.09 24.10 27.99
37.01 36.03 3591 38.11
58.15 53.08 58.77 57.01
30.92 18.07 33.26 48.93
27.70 24.19 25.03 23.01
37.42 36.17 38.33 33.71
56.77 57.12 58.07 S1.13
27.82 23.94 31.70 48.85
29.01 35.10 28.05 31.11
41.22 39.77 40.23 43.71
58.17 59.12 63.01 57.73
32.63 23.50 37.81 35.33

compounds (2g, 2h, and 2j), an extra singlet for two
methylene protons was observed up-field. *C NMR was also
performed, which further confirmed the synthesis of the target
derivatives 2(a—j). The characteristic peak of the linker CH,
carbon was noticed at 49.2—49.5 ppm in all derivatives. In
addition, some characteristic peaks of 2-mercaptobenothiazole
were observed in the aromatic range of 121 ppm to 166 ppm,
while acetamide carbonyl carbon resonated downfield at 166—
168 ppm in all of the final compounds 2(a—j). In case of 2a
and 2b, the CH, of morpholine and pyrrolidine moiety were
observed up-field in the range of 3.56—3.65 and 2.03—3.03
ppm, respectively.

2.2. Antimicrobial and Antibiofilm Activity. The 2-
mercaptobenzothiazole moiety has been previously reported to
possess strong antibacterial activity and referred to as a good
antimicrobial agent.24 Based on its antibacterial potential, it
was linked with different amines with the aim of enhancing its
potency. All of the synthesized compounds 2(a—j) were
screened for their antibacterial activity against both Gram-
positive and Gram-negative species using the agar well
diffusion method. All of the synthesized derivatives exhibited
moderate to good antibacterial activity with few exceptions
where a part of the activity might be due to the 2-
mercaptobenzothiazole moiety itself.>> The antibacterial
activities of all of the synthetic hybrids are summarized in
Table 2. Among these, 2b and 2c¢ showed promising activity
against all strains, while 2i showed maximum antibacterial
activity against all bacterial strains.

It was observed that the structure of potent derivatives
contained benzothiazole linked through amide bonds to
different heterocyclic amines, e.g., with oxadiazole moiety in
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the case of compound 2i, while the other two active
compounds, 2b and 2c¢, also contained heterocyclic amine
moieties, pyrrolidine and pyridine moieties, respectively
(Figure 1). This clearly indicated the better antimicrobial
potential of heterocyclic amines as compared to simple
substituted anilines or benzyl amines.

Benzylamine containing derivatives 2g, 2h, and 2j showed
moderate activity against both Gram-positive and Gram-
negative bacteria. Moreover, 2g exhibited maximum activity
against the Gram-negative specie B. subtilus, while 2h was
found to be more selective for the Gram-positive species. The
activity of these derivatives may be attributed to the halogens
present in these compounds, while 2j having no halogen
substitution was almost inactive (Figure 2). In general, the
derivatives with more electron-withdrawing groups on the
amine moiety were found to be more active as compared to the
electron-donating groups bearing amine moieties, as is evident
from the least zone of inhibitions shown by the anisidine-
containing derivatives 2d, 2e, and 2f.

As compounds 2b and 2i showed good antibacterial activity,
comparable with standard levofloxacin, their activities were
further observed at different concentrations (25, 50, 75 yg/100
uL) and their minimum inhibitory concentrations (MIC) were
calculated against the same bacterial strains. Both the
compounds 2b and 2i exhibited MIC values close to the
positive control, especially against E. coli, S. typhi, S. aureus, and
B. subtilus. In the case of B. subtilus, the MIC of 2b was even
lower than that of the standard drug levofloxacin, and the MIC
of 2i was equal to that of positive control. Similarly, in the case
of S. typhi and S. aureus, both the synthesized compounds 2b
and 2i exhibited lower MIC as compared to the standard drug.

https://doi.org/10.1021/acsomega.2c05782
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This significant activity of compounds 2b and 2i might be due
to the presence of specific heterocyclic amine moieties, i.e.,
pyrrolidine ring in the case of compound 2b and amino
oxadiazole ring in the case of compound 2i. The antimicrobial
activities in terms of MIC for the standard and compounds 2b
and 2i have been summarized in Table 3.

Biofilm confers several advantages to the pathogens, notably
during the colonization process of medical devices and/or
body organs. In addition, sessile bacteria have a high tolerance
to exogenous stress, including anti-infectious agents. Biofilms
are highly competitive communities and some microorganisms
exhibit antibiofilm capacities such as bacterial growth
inhibition, exclusion, or competition, which enable them to
acquire advantages and become dominant. The deciphering
and control of antibiofilm properties represent future
challenges in human infection control.”®”” In the current
study, synthesized compounds 2i, 2b, and 2c were selected on
the basis of their good antibacterial activities and were
evaluated for antibiofilm activity against biofilm-forming
bacteria S. aureus and K. pneumonia in a dose-dependent
manner at two different concentrations, i.e., 50 y£g/100 uL and
100 ug/100 uL, respectively. The antibiofilm activity was
expressed as the percent inhibition of the test samples using
cefadroxil as positive control and DMSO as negative control. It
was observed that compounds 2i, 2b, and 2c exhibited
significant antibiofilm activity, even better than positive
control, especially at a higher concentration of 100 ug/100
uL. Treatment of S. aureus and K. pneumonia with 2i (100 ug/
100 uL) reduced the biofilm formation by 82 and 85%,
respectively, as compared to the standard drug, which inhibited
biofilm formation by 72 and 83%. Similarly, 2b and 2c also
reduced the biofilm formation by >80%, which clearly
indicated the greater antibiofilm potential of our synthesized
compounds as compared to the positive control. Again, the
excellent antibiofilm potential of these compounds can be
attributed to the presence of bioactive heterocyclic scaffolds. In
addition to benzothiazole moiety, the pyrrolidine ring in
compound 2b, pyridine ring in compound 2c¢, and amino
oxadiazole in the case of compound 2i rendered better
antibacterial potential as well as antibiofilm activity to these
compounds. The results of the present research confirm the
efficacy of our synthesized hybrid compounds against biofilms
produced by the Gram-negative bacterium, K. pneumonia, and
the Gram-positive bacterium, S. aureus. The antibiofilm
activities of compounds 2i, 2b, and 2c¢ have been shown in
Table 4.

Table 4. Antibiofilm Activity Table for Compounds 2i, 2b,
and 2¢*

% inhibition (100 pg/100 uL) % inhibition (S0 ug/100 uL)

testing Staphylococcus Klebsiella Staphylococcus Klebsiella
samples aureus pneumoniae aureus pneumoniae
2i 82.68 85.10 70.83 72.82
2b 80.99 85.92 60.85 73.28
2c 83.48 80.65 64.58 70.38
positive 72.23 83.83 72.03 80.45
control
negative ~0 ~0 S.3 ~0
control

“Percent inhibition of test samples in the antibiofilm activity against S.
aureus and K. pneumoniae. Positive control (antibiotic) was cefadroxil
(S pg/S pL), whereas negative control was DMSO.
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2.3. In Silico Docking Analysis. The docking studies were
done in an effort to predict the mechanisms of antibacterial
activity of the test molecules.”® Based on the results of the
activities, compounds that had good activity were screened for
potential targets by LigT'map server, which showed that these
would have a high affinity for bacterial kinases and gyrases, on
the basis of which docking studies were performed. The
binding affinities of the synthesized ligands and the standard
drug levofloxacin have been shown in Table S. For this

Table S. Docking Results of Compounds 2a—j“

bacterial kinases bacterial gyrases

ligand 10S1 4X8l1 4DUH 4WUB
2a —8.4 —-83 =72 —-82
2b -7.3 -7.9 —-7.1 -7.6
2c -89 —8.6 -7.3 -8.1
2d —8.8 -9.0 -=7.7 -84
2e —-8.9 —8.8 -7.6 -85
2f —-8.3 -89 -7.6 —-83
2g —9.4 —8.8 -7.8 —-82
2h —8.2 —8.8 -7.8 -8.1
2i —10.7 —-10.5 -89 -9.5
2j 9.1 -86 -76 -8.1
levofloxacin —7.8 -9.1 —8.2 —-8.0

“Binding affinities are given in kcal/mol.

purpose, protein structures of bacterial kinases (10S1, 4X8L)
and bacterial gyrases (4DUH, 4WUB) were downloaded from
the protein data bank. The structures of these proteins have
been shown in Figure 3. 10S1 represents the structure of
phosphoenolpyruvate carboxykinase, while 4X8L expresses the
crystal structure of E. coli adenylate kinase P177A mutant. Also,
4DUH represents the crystal structure of the protein 24 kDa
domain of E. coli DNA gyrase B, while 4WUB represents
another DNA gyrase (N-terminal 43 kDa fragment of the E.
coli DNA gyrase B subunit grown from 100 mM KCI
condition). Interestingly, the synthetic molecule 2i exhibited
the lowest binding energy against protein kinases (10S1,
4X8L) and DNA gyrases (4DUH, 4WUB), which was
comparable to the clinical drug levofloxacin. In case of
1081, 2i exhibited stable hydrogen bonds with THR2SS,
GLY253, GLY251, SER2590, and ARG233, while levofloxacin
had hydrogen bond interaction with LYS288. In case of
another bacterial kinase, 4X8L, hydrogen bonds were observed
between the ligand 2i and ARG36 and ARG1S56, while
levofloxacin exhibited multiple hydrogen bond interactions
with GLY14, LYS13, ARG123, GLY10, and ARGI1. As for
bacterial DNA gyrases 4DUH, 2i showed hydrogen bond
interactions with LYS103, ALA100, and ASN46, while in the
case of levofloxacin, hydrogen bond interactions were observed
with ASN46, ARG76, GLY77, and GLY101. In the case of the
bacterial DNA gyrase 4WUB, hydrogen bonds were observed
with GLUS0, LEU11S5, and THR16S5, while for levofloxacin
such interactions involved TYR109 during in silico analysis.
Strikingly, molecule 2i and levofloxacin were docked in the
same hydrophobic binding pocket of the protein kinases and
DNA gyrases (Figures 4C—7C). Indeed, the results of in vitro
analysis were in good agreement with the docking studies
(Table S, Figures 4—7). The mechanism of action of
levofloxacin involves the inhibition of bacterial deoxyribonu-
cleic acid (DNA) gyrase, a type 1I topoisomerase that makes it
active against a broad range of bacterial species. Along the

https://doi.org/10.1021/acsomega.2c05782
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Figure 3. Structure of the bacterial kinases and DNA gyrases used in docking analysis. The structures were downloaded from the protein data bank.
(A) 1081, (B) 4X8L, (C) 4DUH, (D) 4WUB. 1081, phosphoenolpyruvate carboxykinase; 4X8L, E. coli adenylate kinase P177A mutant; 4DUH,
24 kDa domain of E. coli DNA gyrase B; 4WUB, N-terminal 43 kDa fragment of the E. coli DNA gyrase B subunit grown from 100 mM KCl
condition.

N\

Figure 4. Binding mode of ligand 2i and levofloxacin with 10S1. (A) Docked complex of 2i with 10S1. (B) Docked complex of levofloxacin with
10S1. (C) 2i and levofloxacin are docked in the same hydrophobic binding pocket as visualized by the UCSF chimera. An enlarged view of the
same has been shown in (D) as visualized by PyMOL, with 2i in magenta color while levofloxacin has been colored gray. The dotted yellow lines
indicate hydrogen bond interactions between the molecules and labeled residues. 10S1, phosphoenolpyruvate carboxykinase.

same lines, in silico analysis indicated that 2i could inhibit future studies are desirable to further confirm these activities in
bacterial DNA gyrases as well as bacterial kinases, which could
be responsible for the remarkable in vitro activities. However, vivo and in cell culture base assays.d
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Figure S. Binding mode of ligand 2i and levofloxacin with 4X8L. (A) Docked complex of 2i with 4X8L. (B) Docked complex of levofloxacin with
4X8L. (C) 2i and levofloxacin were docked in the same hydrophobic binding pocket as visualized by UCSF chimera. An enlarged view of the same
has been shown in (D) as visualized by PyMOL, with 2i in magenta color while levofloxacin has been colored gray. The dotted yellow lines indicate
hydrogen bond interactions between the molecules and labeled residues. 4X8L, E. coli adenylate kinase P177A mutant.

3. CONCLUSIONS

The present study resulted in the successful synthesis of ten
new 2-mercaptobenzothiazole acetamide derivatives 2(a—j) in
good yields. All of the derivatives were characterized by FTIR,
'"H NMR, and “C NMR spectral analysis. Further, these
molecules were screened for their antimicrobial potential
against different Gram-positive and Gram-negative strains.
Among the synthesized derivatives, compounds 2b, 2¢, and 2i
exhibited significant antibacterial potential at different
concentrations. The MIC values for most active compounds
were found to be comparable to that of the standard,
levofloxacin. Moreover, Gram-positive strains were found to
be more susceptible to the antibacterial action of active
compounds, while such promising activity of compounds 2b
and 2i might be due to the specific heterocyclic rings system:
pyrrolidine ring in compound 2b and amino oxadiazole ring in
compound 2i. Compounds 2i, 2b, and 2c were further
investigated for their antibiofilm activity at two different
concentrations: 50 pg/100 yL and 100 pg/100 uL. It was
observed that these derivatives showed excellent antibiofilm
activity, even better than positive control, which may well be
responsible for the enhanced antibacterial potential in the case
of resistant strains. The presence of heterocyclic moieties in
2b, 2c, and 2i clearly suggested their potential to design better
antibacterial agents. Docking studies were performed to predict
the mechanisms of antibacterial activity. Amazingly, the
molecule 2i shared the same hydrophobic pockets as those
of levofloxacin in case of bacterial kinases and DNA gyrases. In
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addition, 2i exhibited satisfactory antibiofilm activity in
comparison with the standard. In conclusion, the synthetic
compounds 2b and 2i possess significant antibacterial and
antibiofilm activity and may serve as promising lead molecules
for further optimization in the journey to discover potent
antibacterial agents.

4. EXPERIMENTAL SECTION

4.1. General Details. Analytical grade chemicals were used
in the present work, which were purchased from Sigma
Aldrich, Fluka, and Merck. The melting point (mp) was
determined, employing a G-k [SANYO] model MPD BM 3.5
digital device. The progression of the reaction process was
checked by thin-layer chromatography (TLC) HF254-coated
plates (Merck). '"H NMR spectra were measured using a
(Bruker) AM300 photometer in dimethyl sulfoxide (DMSO)
at 300 megahertz (MHz) using standard tetra methyl silane
(TMS) as an internal standard. The unit of chemical shift (CS)
(8) was ppm. Attainment of MS spectra was done via a 6890 N
instrument (Agilent Technologies) equipped with a $973-mass
detector. FTIR analysis was done with the aid of a Thermo
Scientific (NICOLET IS10) spectrophotometer (potassium
bromide; KBr), (ymax in cm™') and an ANALYST
2000CHNS analyzer (Perkin Elmer) was used for analysis of
the elements present. The physical data of the synthesized
compounds have been summarized in Table 6

4.2. General Synthesis Procedure for S-1,3-Benzo-
thiazol-2-yl Chloro-ethane-thionate (1). 2-Mercaptoben-

https://doi.org/10.1021/acsomega.2c05782
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Figure 6. Binding mode of ligand 2i and levofloxacin with 4DUH. (A) Docked complex of 2i with 4DUH. (B) Docked complex of levofloxacin
with 4DUH. (C) 2i and levofloxacin were docked in the same hydrophobic binding pocket as visualized by UCSF chimera. An enlarged view of the
same has been shown in (D) as visualized by PyMOL, with 2i in magenta color while levofloxacin has been colored gray. The dotted yellow lines
indicate hydrogen bond interactions between the molecules and labeled residues. 4DUH, 24 kDa domain of E. coli DNA gyrase B.

zathiazole (0.0S mol) was dissolved in dry dichloromethane
(30 mL) in the presence of anhydrous K,CO; (0.05 mol) and
chloroacetylchloride (0.05 mol) was added dropwise, while
keeping the mixture in an ice bath for 15 min at controlled
temperature (0—S °C). After the complete addition, the
mixture was stirred at room temperature for 24 h and TLC was
used to observe the progression of the reaction (ethyl
acetate:petroleum 3:2). The mixture was left at 25 °C for 24
h and then transferred to crushed ice. The residual solid was
filtered by removing the solvent under vacuum to dryness. The
ethanol—water mixture was used for recrystallization of the
dried solid.”

4.2.1. General Procedure for the Synthesis of 2-
Mercaptobenzothiazole Acetamide Derivatives (2a—j). A
reported procedure was used with minor modifications.*’
Equimolar quantities (0.05 mol) of compound 1 and
anhydrous potassium carbonate in DMF were stirred at
room temperature for 2 h followed by the dropwise addition of
0.0S mol of compounds (a—j) in DMF. The mixture was
refluxed further with stirring for 12 h. TLC (ethyl acetate/pet.
ether, 3:2) was used to verify the completion of the reaction.
The solvent was evaporated and the residue extracted with
ethyl acetate, evaporated, and the solid obtained was dried.
The codes, substrate, product, and yield of the synthesized
analogues have been indicated in Table 1.

4.2.2. Synthesis of S-1,3-Benzothiazol-2-yl morpholine-4-
yl ethanethionate (2a). Yellow crystalline solid, m.p. 119 °C;
yield (88%), pet. ether/ethyl acetate (2:3). IR (KBr, cm™):
2919 (-CH,), 1684 (C=0), 1189 (C—N), 1554 (C=N),
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1415 (C=C), 795 (C—=S). '"H NMR: § 2.56—3.43 (m, 4H,
Morpholine-H), 3.56 (s, 2H, -CH,), 3.60—3.65 (m, 4H,
Morpholine-H), 7.26—7.84 (m, 4H, Ar-H). “C NMR
(DMSO-d, 300 MHz, § ppm): 49.2 (-CH,), Morpholine-
C{53.7 (2C, s), 66.3 (2C, s)}, Ar-C {121.8, 122.4, 124.9,
126.4, 135.9, 152.8, 165.7}, 193.3 (C=0). MS m/z (%):
294.04, Anal. Calcd for C;3H ,N,0, S, (294.39): C, 53.04; N,
9.52; H, 4.79; O, 10.87; S, 21.78%. Found: C, 52.04; N, 9.02;
H, 4.19; O, 10.07; S, 20.72%.

4.2.3. Synthesis of S-1,3-Benzothiazol-2-yl pyrrolidin-1-yl
ethanethionate (2b). Pale white solid with m.p. 155 °C; yield
(83%), pet. ether/ethyl acetate (2:3). IR (KBr, cm™"): 3148
(-CH,), 1657 (C=0), 1095 (C—N), 1543 (C=N), 1515
(C=C), 1250 (C-0), 1349 (C=S), 845 (C—S). 'H NMR: §
1.56—2.25 (m, 4H, Pyrrolidine-H), 2.56—3.43 (m, 4H,
Pyrrolidine-H), 3.54 (s, 2H, -CH,), 7.23—7.82 (m, 4H, Ar-
H). *C NMR (DMSO-ds, 300 MHz, § ppm): 49.2 (-CH,),
Pyrrolidine-C {23.4, 53.7}, Ar-C {121.8, 122.4, 124.9, 1264,
135.9, 152.8, 165.7}, 193.3 (C=0). MS m/z (%): 278.0S,
Anal. Calcd for C3H,N,0S, (278.4): C, 56.09; N, 10.06; H,
5.07; 0, 5.75; S, 23.04%. Found: C, 56.04; N, 9.12; H, 4.99; O,
5.07; S, 22.92%.

4.2.4. Synthesis of S-1,3-Benzothiazol-2-yl (pyridin-2-
ylamino)ethanethionate (2c). Light orange crystalline solid
with m.p. 150 °C; yield (77%), pet. ether/ethyl acetate (2:3).
IR (KBr, cm™): 3404 (NH), 2987 (-CH,), 1668 (C=0),
1033 (C—N), 1502 (C=C), 1395 (C=S), 833 (C-S). 'H
NMR: § 3.63 (s, 2H, -CH,), 6.97—6.99 (dd, 1H, ] = 6.7 Hz,
Pyridyl-H), 7.13—7.44 (dd, 4H, J = 7.1 Hz, Ar-H), 7.52—7.82
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Figure 7. Binding mode of ligand 2i and levofloxacin with 4WUB. (A) Docked complex of 2i with 4WUB. (B) Docked complex of levofloxacin
with 4WUB. (C) 2i and levofloxacin were docked in the same hydrophobic binding pocket as visualized by UCSF chimera. An enlarged view of the
same has been shown in (D) as visualized by PyMOL, with 2i in magenta color while levofloxacin has been colored gray. The dotted yellow lines
indicate hydrogen bond interactions between the molecules and labeled residues. 4§WUB, N-terminal 43 kDa fragment of the E. coli DNA gyrase B

subunit grown from 100 mM KCI condition.

Table 6. Physical Data of the Synthesized Compounds (2a—j)*

compounds mol. formula mol. weight (g)
2a C1sHuN,0,8, 294.39
2b C,3H,,N,08, 278.4
2c C1.H;N,08, 301.38
2d Cy16H,1,0,N,8, 330.42
2e C1eH1,0,N,S, 330.42
2f C1H1,0,N,S, 330.42
2g C,16H,3N,0CIS, 348.8
2h C,6H,3N,FOS, 3324
2 C,,H},N,0,8, 368. 4
2 C1eH1:N,08, 314.4

“(Pet. ether/ethyl acetate, 2:3), (HF-254)- silica.

mp (°C) physical form % yield R; value

119 solid 88 0.86
155 solid 83 0.70
150 solid 77 0.81
220 solid 75 0.85

95 solid 81 0.77
145 solid 69 0.67
255 solid 83 0.83
190 solid 75 0.74
193 solid 70 0.68
125 solid 76 0.76

(m, 2H, Pyridyl-H), 8.22—8.28 (dd, 1H, J = 8.1 Hz, Pyridyl-
H), 9.62 (s, 1H, N-H). C NMR (DMSO-d,, 300 MHz, §
ppm): 49.2 (-CH,), Pyridyl-C {107.6, 118.9, 137.7, 148.0,
158.5}, Ar-C {121.8, 122.4, 124.9, 126.4, 135.9, 152.8, 165.7},
193.3 (C=0). MS m/z (%): 301.03, Anal. Calcd for
C.,,H;)N;0S, (301.38): C, 55.78; N, 13.94; H, 3.68; O,
5.31; S, 21.28%. Found: C, 53.04; N, 12.12; H, 3.09; O, 4.07;
S, 19.92%.

4.2.5. Synthesis of S-1,3-Benzo-thiazol-2-yl [(3-
methoxyphenyl)aminojethanethionate (2d). Pale yellow
crystalline solid with m.p. 220 °C; yield (75%), pet. ether/
ethyl acetate (2:3). IR (KBr, cm™): 3294 (NH), 2935 (-CH,),
1642 (C=0), 1025 (C—N), 1226 (C—0), 1552 (C=N),
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1394 (C=C), 1162 (C=S), 830 (C—S). 'H NMR: & 2.83 (s,
2H, -CH,), 4.12 (s, 3H, -OCH,), 6.52—6.59 (d, 1H, Ar-H),
6.70—6.76 (d, 1H, Ar-H), 6.82—6.96 (d, 1H, Ar-H), 7.01-7.13
(dd, 1H, J = 7.1 Hz, Ar-H), 7.22—7.29 (m, 4H, Ar-H), 8.17 (s,
1H, N-H). C NMR (DMSO-d;, 300 MHz, 5 ppm): 49.2
(-CH,), 554 (OCH;), Ar-C {21.8, 22.4, 35.9, 52.8, 65.7,
106.2, 108.2, 119.1, 124.9, 126.4, 130.4, 144.3, 160.2}, 193.3
(C=0). MS m/z (%): 330.04, Anal. Calcd for C;¢H,,0,N,S,
(330.42): C, 58.16; N, 8.48; H, 4.27; O, 9.68; S, 19.41%.
Found: C, 57.04; N, 8.12; H, 4.09; O, 8.07; S, 17.92%.
4.2.6. Synthesis of S-1,3-Benzo-thiazol-2-yl [(4-
methoxyphenyl)lamino]ethanethionate (2e). Amorphous
white solid with m.p. 95 °C; yield (81%), pet. ether/ethyl
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acetate (2:3). IR (KBr, cm™): 3422 (NH), 2986 (-CH,), 1636
(C=0), 1030 (C—N), 1239 (C-0), 1596 (C=N), 1442
(C=C), 1158 (C=S), 845 (C=S). 'H NMR: § 2.77 (s, 2H,
-CH,), 4.65 (s, 3H, -OCH,), 6.84—6.89 (dd, 2H, J = 6.7 Hz,
Ar-H), 6.90-6.92 (dd, 2H, J = 6.8 Hz, Ar-H), 7.28—7.39 (m,
4H, Ar-H), 8.92 (s, 1H, N-H). *C NMR (DMSO-d,, 300
MHz, § ppm): 49.2 (-CH,), 55.4 (OCH,), Ar-C {65.9, 121.8,
122.8, 123.2, 124.9, 1264, 135.9, 152.8, 166.8}, 193.3 (C=
0). MS m/z (%): 330.04, Anal. Calcd for C;H,,0O,N,S,
(330.42): C, 58.16; N, 8.48; H, 4.27; O, 9.68; S, 19.41%.
Found: C, 57.04; N, 8.12; H, 4.09; O, 8.07; S, 17.92%.

4.2.7. Synthesis of S-1,3-Benzo-thiazol-2-yl [(2-
methoxyphenyl)aminojethanethionate (2f). White amor-
phous solid with m.p. 145 °C; yield (69%), pet. ether/ethyl
acetate (2:3). IR (KBr, cm™): 3464 (NH), 2973 (-CH,), 1625
(C=0), 1027 (C-N), 1247 (C-0), 1567 (C=N), 1496
(C=C), 1344 (C=S), 849 (C-S). 'H NMR: § 3.56 (2H, s),
2.94 (s, 2H, -CH,), 4.89 (s, 3H, -OCHy;), 6.80—6.97 (m, 4H,
Ar-H), 7.30—7.92 (m, 4H, Ar-H), 8.70 (s, 1H, N-H). *C
NMR (DMSO-ds, 300 MHz, 6 ppm): 49.2 (-CH,), 55.9
(OCH;), Ar-C {70.9, 55.4, 108.7, 110.2, 120.8, 124.2, 125.1,
127.4, 134.9, 147.6, 154.8, 164.7}, 195.3 (C=0). MS m/z
(%): 330.04, Anal. Calcd for C,¢H;,O,N,S, (330.42): C,
58.16; N, 8.48; H, 4.27; O, 9.68; S, 19.41%. Found: C, 57.04;
N, 8.12; H, 4.09; O, 8.07; S, 17.92%.

4.2.8. Synthesis of S-1,3-Benzo-thiazol-2-yl phenoxyetha-
nethionate (2g). Creamy amorphous white solid with m.p.
225 °C; yield (87%), pet. ether/ethyl acetate (2:3). IR (KBr,
em™): 2926 (-CH,), 1650 (C=0), 1168 (C—N), 1388 (C—
0), 1599 (C=N), 1468 (C=C), 1388 (C=S), 805 (C-S).
'"H NMR: 6 3.70 (s, 2H, -CH,), 3.89 (s, 2H, -CH,), 7.20—7.27
(dd, 2H, J = 7.1 Hz, Ar-H), 7.29—7.32 (dd, 2H, ] = 7.3 Hz, Ar-
H), 7.40—7.89 (m, 4H, Ar-H), 9.20 (s, 1H, N-H)."*C NMR
(DMSO-d,, 300 MHz, § ppm): 49.2 (-CH,), 53.5 (-CH,), Ar-
C {65.5, 114.8, 122.4, 123.5, 128.6, 129.6, 135.9, 144.7, 153.8,
164.7}, 194.3 (C=0). MS m/z (%): 301.02, Anal. Calcd for
CsH,;0,NS, (301.4): C, 59.78; N, 4.65; H, 3.68; O, 10.68; S,
21.28%. Found: C, 59.04; N, 4.65; H, 3.09; O, 9.97; S, 19.92%.

4.2.9. Synthesis of S-1,3-Benzothiazol-2-yl [(4-
fluorobenzyl)laminojethanethionate (2h). Yellow crystalline
solid with m.p. 190 °C; yield (75%), pet. ether/ethyl acetate
(2:3). IR (KBr, cm™): 3349 (NH), 2945 (CH,), 1639 (C=
0), 1168 (C—N), 1475 (C=C) 828 (C-S), 1289 (C=S),
1532 (C=N), 1394 (C—0), 800 (C—F). 'H NMR: 6 3.69 (s,
2H, -CH,), 3.86 (s, 2H, -CH,), 6.89—6.99 (dd, 2H, ] = 6.6 Hz,
Ar-H), 7.01-7.15 (dd, 2H, J = 7.1 Hz, Ar-H), 7.26—7.89 (m,
4H, Ar-H), 9.01 (s, 1H, N-H). C NMR (DMSO-d,, 300
MHz, § ppm): 49.05(-CH,), 54.2(-CH,), Ar-C {66.8, 115.0,
121.8, 122.5, 123.4, 126.5, 129.3, 135.7.6, 139.05, 152.8,
163.3}, 192.3(C=0). MS m/z (%): 332.04, Anal. Calcd for
CsH3NL,FO S, (332.4): C, 57.81; N, 8.43; F, 5.72; H, 3.94;
O, 4.81; S, 19.29%. Found: C, 54.08; N, 3.02; Cl, 10.06; H,
3.16; O, 4.49; S, 18.11%.

4.2.10. Synthesis of S-1,3-Benzo-thiazol-2-yl[(5-phenyl-
1,3,4-oxadiazol-2-yl)lamino]ethanethionate (2i). White crys-
talline solid, with m.p. 193 °C; yield (70%), pet. ether/ethyl
acetate (2:3). IR (KBr, cm™): 3415(NH), 2912 (CH,), 1628
(C=0), 1175 (C—N), 1460 (C=C) 869 (C-S), 1212(C=
S), 1540 (C=N), 1376 (C—0), 718 (C—F). 'H NMR: & 4.01
(s, 2H, -CH,), 6.68—6.70 (m, 1H, Ar-H), 6.75—7.05 (dd, 2H, J
=7.2 Hz, Ar-H), 7.13—7.30 (dd, 2H, ] = 7.5 Hz, Ar-H), 7.56—
7.83 (m, 4H, Ar-H), 9.31 (s, 1H, N-H). *C NMR (DMSO-d,
300 MHz, & ppm): 49.1 (-CH,), Ar-C {119.2, 1204, 122.2,
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125.1, 127.4, 135.8, 137.1, 152.9, 158.9, 163.1, 166.8},
194.5(C=0). MS m/z (%): 368.04, Anal. Calcd for
C,H,N,0, S, (3684): C, 55.42; N, 1521; H, 3.28; O,
8.69; S, 17.41%. Found: C, 54.04; N, 13.65; H, 3.09; O, 7.99;
S, 16.99%.

4.2.11. Synthesis of S-1,3-Benzothiazol-2-yl-
(benzylamino)ethanethionate (2j). White amorphous solid
with m.p. 125 °C; yield (76%), pet. ether/ethyl acetate (2:3).
IR (KBr, cm™): 2973 (CH,), 1641 (C=0), 1090 (C—N),
1410 (C=C) 838 (C=S), 1276(C=S), 1460 (C=N), 1345
(C—0). 'H NMR: & 3.36 (s, 2H, -CH,), 3.90 (s, 2H, -CH,),
6.50—6.70 (m, SH, Ar-H), 7.25—7.80 (m, 4H, Ar-H), 9.15 (s,
1H, N-H). C NMR (DMSO-d;, 300 MHz, 5 ppm): 49.2
(-CH,), 53.5 (-CH,), Ar-C {65.8, 121.8, 122.5, 123.4, 125.8,
126.5, 128.5, 134.5, 147.0, 153.2, 161.3}, 193.3 (C=0). MS
m/z (%): 314.05, Anal. Calcd for C;sH,N,O S, (314.4): C,
61.12; N, 8.91; H, 4.49; O, 5.09; S, 20.40%. Found: C, 61.04;
N, 7.65; H, 4.09; O, 4.97; S, 19.92%.

4.3. Antimicrobial Assay. Antimicrobial activities of the
synthesized compounds 2(a—j) were studied against bacterial
species (S. pyogenes ATCC 12346, K. pneumonia ATCC 13883,
E. coli ATCC 25922, S. typhi ATCC 14028, B. subtilus ATCC
6051, and S. aureus ATCC 25923) using the agar well diffusion
methodology with nutrient agar (Merck).”" The test sample
and standard were taken in the concentration of 25 yg/100 uL.
Levofloxacin was used as the standard antibacterial drug. The
zones of inhibition caused by the standard and test samples
were recorded in millimeters (mm). Further zones of
inhibition for the most active compounds among the
synthesized series of acetamide 2-mercaptobenzothiazole
derivatives were measured at another two concentrations (50
and 75 pg/100 uL) and their MIC values were calculated.

4.4. Antibiofilm Activity. Biofilm inhibition assay was
performed to determine the effect of the test samples (50 pg/
100 pL and 100 pg/100 uL) on the initial attachment of
bacterial cells by using previously described procedures with
few modifications.”> A 24-h fresh culture of test organisms (8.
aureus and K. pneumonia) was obtained by subculturing onto
nutrient agar plates and incubating at 37 °C for 24 h. After the
fresh cultures were obtained, a bacterial suspension of the test
organisms was prepared by suspending the test strains in
nutrient broth. After that, 150 uL of the standardized bacterial
inoculum (10® CFU/mL) and 100 uL of each of the test
samples were introduced into the 96-well microliter plate. The
well containing only the bacterial suspension was marked as
the control. 100 yL each of cefadroxil (S ug/uL) and DMSO
was introduced into different wells of microliter plates
containing the bacterial inoculum for determining their ability
to inhibit biofilm formation. A well with un-inoculated nutrient
broth was also prepared as an additional sterility control to
ensure the sterility of the medium during the experiment. The
plates were then sealed and incubated at 37 °C for 24 h under
static conditions to allow the microbial cells to adhere to the
surface of the plates. Following the incubation, the planktonic
cells from the plates were gently removed and the wells were
washed three times with PBS (pH 7.3). The bacterial cells still
adhering to the plate were fixed by using 200 uL of 99%
methanol for 15 min. The plates were then emptied and were
allowed to dry. Subsequently, the plates were stained with 200
uL of 1% (w/v) crystal violet in each of the wells for 20 min.
After staining, excess stain was removed by rinsing the plates
thrice with PBS (pH 7.3). The plates were then air-dried,
followed by re-solubilizing of the dye bound to the adherent

https://doi.org/10.1021/acsomega.2c05782
ACS Omega 2023, 8, 9785—-9796


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05782?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

microorganisms with 200 uL of 33% (v/v) glacial acetic acid
per well, and the optical density of each well was recorded at
595 nm using a Multiskan plate reader. The antibiofilm activity
of the biofilm inhibitor compounds was determined based on
the following formula

anti — biofilm activity(%) = [1 — (OD,)/0OD,] X 100

where OD, is the optical density of the well with the
antibiofilm compound and pathogen, and OD, is the optical
density of the pathogen suspension with no antibiofilm
compound (control). The assay was performed in duplicate
and the mean optical density was calculated.

4.5. Docking Studies of the Synthesized Compounds
2(a—j). The ligands were sketched in Discovery Studio
Visualizer. The protein structures were downloaded from the
protein data bank and were cleaned using Discovery Studio
Visualizer. Both ligands and clean protein (pdb) files were
converted to (pdbqt) format using AutoDock tools.”” The
binding pocket of the co-crystallized ligand was selected for
docking in each case. The docking was performed using
AutoDock Vina®® and the results were visualized using
Discovery Studio Visualizer, UCSF Chimera, and PyMOL.
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