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ABSTRACT

A series of benzimidazolium chlorides (2a-c) and their corresponding 2-mercapto derivatives (3a-c) were proficiently synthe-
sized and analyzed by NMR and LC-MS spectra. The in vitro cytotoxic assay demonstrated that some synthesized compounds
were active on the cancer cell lines. The binding potential of the most active three compounds to topoisomerase II alpha
(topo2a) was explored to unveil the possible mode of action for the cytotoxic activity. The binding potential was examined
through molecular docking. The stability of compound-enzyme complexes from docking was investigated through molecular
dynamics (MD) simulation. The docking study revealed that the three compounds (3a-c) showed the ability to bind to the
enzyme. However, the binding strength of compounds was weaker than that of the standard drug, doxorubicin. The MD
simulation analysis demonstrated that compounds 3a and 3b gave relatively stable complexes with the enzyme and thus they
would remain inside the binding pocket during the simulation period. Furthermore, the pharmacokinetic properties of the
relatively active compounds were computed in silico. The computation disclosed that all of compounds exhibited drug-like
properties. It is worth mentioning that all of them were found to be nontoxic. In furtherance, the inhibitory effect of compounds
(3a-c) on the quorum sensing system was inspected using the biomonitor strains Chromobacterium violaceum 026, Chromo-
bacterium. violaceum VIR07 and Pseudomonas aeruginosa PAO1. In this regard, we focused on the appraisal of the virulence
factors, including pyocyanin, elastase, and biofilm formation that are created by P. aeruginosa PAO1 as the source of infectious
diseases. As a result, it was determined that all examined compounds displayed statistically significant inhibition effects, and
the highest activity was observed on elastase production with an inhibition rate of 84-86%.

1 | Introduction biological and therapeutic properties [1-5]. As a critical com-

ponent in pharmaceutical development, benzimidazoles exhibit
Since the past couple of decades, benzimidazole derivatives a wide range of pharmacological activities and play a key role in
have garnered significant attention due to their diverse the formulation of various drugs [6]. The benzimidazole
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framework is particularly notable for meeting essential struc-
tural requirements in pharmacological applications [7-9]. The
benzimidazole scaffold exhibits a significant structural simi-
larity to natural nucleotides, enabling effective interactions with
the active sites of biopolymers in biological systems. Notably,
the resemblance between 2-aminobenzimidazole and purine
highlights the potential of these frameworks for diverse bio-
logical applications [10]. In this trend, the substantial antic-
ancer competences of benzimidazole-based structures have
enticed a great deal of interest in recent years, giving rise to the
growth of appreciable benzimidazole-bearing medications that
have strikingly influenced the progress of modern cancer-
combatting approaches [11-15]. Besides, the profitability of
benzimidazole derivatives to suppress the function of manifold
enzymes broadened the boundaries for remedying copious
deadly diseases, with distinct emphasis on myriad sorts of
cancer [16]. Apropos to the subject, benzimidazole-containing
skeletons can competently impede the thriving of cancer cells
with the aid of multifactorial strategies entailing the inhibition
of enzyme behavior, alteration of mitochondrial operation, an-
tiproliferative and apoptosis processes, by the joint action of
obstructing cell cycle sequence (predominantly by interrupting
the G1 and G2/M phase) [17-20]. Among the varied
benzimidazole-bearing species, 2-mercaptobenzimidazoles are
taken into account as worthwhile intermediates for the manu-
facture of innovative biologically active frameworks. These
scaffolds endow a broad range of therapeutic potencies e.g.
antitumor, anti-Alzheimer, anti-inflammatory, antibacterial,
and anticancer features [21, 22]. Meanwhile, di-substituted
benzimidazole derivatives are contemplated as a pivotal group
of benzimidazoles due to their widespread proficiencies in the
scope of biology and pharmaceuticals [23-25]. On this account,
the elaborate design and creation of these valuable compounds,
coupled with the estimation of their curative capabilities are of
extreme significance.

Incorrect and unnecessary usage of antibiotics in the treatment
of bacterial infections has made it difficult to combat these
diseases and has led to an increase in mortality, especially in
nosocomial infections [26]. Understanding that the system
known as quorum sensing (QS) plays a crucial role in the acti-
vation of virulence factors in pathogenic microorganisms has
sparked a growth in efforts to disrupt this system in the fight
against such microorganisms [27]. In other words, antibacterial
drug discovery research in the past 20 years have been centered
on blocking QS, a signaling process that bacteria utilize to
control the expression of virulence traits and resistance to an-
tibiotics [28]. In Gram-negative bacteria, such signaling mole-
cules are usually N-acylhomoserine lactones (AHLs). These
signaling molecules are employed to examine the virulence
properties of bacteria [29]. Therefore, numerous microorganisms
exploit this system and as noticeable instances, it is operative in
the virulence of C. violaceum and P. aeruginosa. In the case of
C. violaceum, this process is screened via forming violet colored
colonies in the medium. This violet color originates from the
violacein pigment, a secondary metabolite produced by the
bacterium [30]. Additionally, violacein purple pigment is applied
in studies as a measurable agent for quorum sensing activity
[31]. P. aeruginosa is another Gram-negative pathogenic bacte-
rium that causes serious infections in humans, peculiarly in
immunosuppressed patients. It contains several virulence factors

such as pyocyanin, a blue-green metabolite. P. aeruginosa
actively exerts a virulence mechanism similar to C. violaceum,
chiefly through the generation of pyocyanin pigment, elastase
enzyme production, as well as biofilm formation [32].

In very recent work, we explored the cytotoxic capability, and
molecular docking survey of novel benzimidazolium chlorides
[33]. Encouraging by these promising results and in continua-
tion of our earlier works on synthesizing and appraising the
cytotoxic effects of benzimidazole-based compounds [34-41], in
the present study, we explored the synthesis of new N,N-
disubstituted benzimidazolium chlorides (2b and 2c¢) and their
corresponding novel 2-mercapto-benzimidazolium salts (3a-c),
alongside the analysis of their inhibitory and cytotoxic effects.
To enhance our comprehension of the binding affinities of the
prepared compounds, we applied molecular docking and
molecular dynamics simulation techniques.

2 | Experimental

2.1 | Synthesis and Characterization of New
Compounds

2.1.1 | Synthesis of 1,3-disubstituted Benzimidazolium
Chlorides

The synthesis of the 1,3-disubstituted benzimidazolium salts
(2a-c) was performed (Scheme 1) [33, 42]. A mixture of
2-chlorobenzimidazole (152.58 mg, 1 mmol) and DMF (5mL)
was cooled to 0°C, followed by the addition of sodium hydride
(NaH, 28.8 mg, 1.2 mmol). Benzyl chloride (2.2 mmol) was then
introduced, and the reaction mixture was stirred at room tem-
perature for 36h. The compounds were verified by NMR
spectroscopy.

2.1.2 | Synthesis of 1,3-disubstituted-2-mercapto-
benzimidazolium Chlorides

The desired disubstituted-2-mercapto-benzimidazolium salts
(3a-c) were successfully achieved through the following pro-
cedure (Scheme 1) [42]. A solution of benzimidazolium chlo-
ride (2a-c, 0.21 mmol) in DMF (3 mL) was prepared and upon
addition of sodium sulfide (Na,S, 0.74 mmol), the mixture was
kept to stir up under heating (100°C) for 5 h. Then, the chilled
water was added to the reaction mixture and the acquired
precipitate was filtered and rinsed several times with deio-
nized water (10 mL). In the last step, the pure product was
obtained as a white solid after recrystallization from
DMF:H,O0. These new thiol compounds (3a-c) were identified
via "H NMR, *C NMR, and LC-MS spectra.

2.1.3 | Characterization Data of Synthesized
Compounds
2.1.3.1 | 1,3-Dibenzyl-2-Chloro-1H-Benzo[D]imidazol-

3-ium Chloride (2A). Yield, melting point, "H NMR, and *C
NMR information are given in the literature [33].
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2.1.3.2 | 2-Chloro-1,3-Bis(2-Methylbenzyl)-1H-Benzo[D]
imidazol-3-ium Chloride (2B). Pale yellow solid; Yield:
64%; M.p.: 189-191°C. 'H NMR (400 MHz, CDCl, 8, ppm): 7.76
(d, J=8.0 Hz, 1H), 7.21-7.32 (m, 4H), 7.05-7.13 (m, 2H), 6.66
(d, J=7.2Hz, 1H), 545 (d, J=7.0Hz, 2H), 2.43 (s, 3H). *C
NMR (100 MHz, CDCls, 6, ppm): 141.81, 141.14, 135.30, 135.02,
132. 81, 130.67, 127.97, 126.57, 125.77, 123.38, 122.90, 119.56,
109.97, 46.04, and 19.21.

2.1.3.3 | 2-Chloro-1,3-Bis(2-Chlorobenzyl)-1H Benzo[D]
imidazol-3-ium Chloride (2C). Yellow solid; Yield: 59%;
M.p.: 197-199°C. *H NMR (400 MHz, CDCls, &, ppm): 7.78 (t,
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Synthetic path for the manufacture of di-substituted-2-mercapto-benzimidazolium chlorides (3a-c).

J=8.0Hz, 1H), 7.47 (d, J = 8.0 Hz, 1H), 7.13-7.33 (m, 5H), 6.63
(d, J=8.0 Hz, 1H), 5.52 (s, 2H). *C NMR (100 MHz, CDCls, 8,
ppm): 141.30, 140.93, 134.93, 132.39, 132.35, 129.85, 129.62,
129.37, 128.85, 128.19, 127.45, 127.20, 123.75, 123.29, 121.86,
121.68, 119.50, 109.88, 109.34, 45.48, and 41.90.

2.1.34 | 1,3-Dibenzyl-2-Mercapto-1H-Benzo[D]

imidazol-3-ium Chloride (3A). White solid; Yield: 71%;
M.p.: 190-192°C. 'H NMR (400 MHz, CDCls, §, ppm): 10.03 (s,
1H), 8.15 (d, J=8.0 Hz, 1H), 7.69 (d, J = 8.0 Hz, 1H), 7.34-7.56
(m, 11H), 7.11-7.23 (m, 1H), 5.74 (s, 2H), 5.56 (s, 2H). 13C NMR
(100 MHz, CDCl;, &, ppm): 128.94, 128.86, 127.99, 127.64,
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127.57, 126.96, 126.91, 123.75, 123.28, 110.06, 29.43, and 26.35.
LC-MS = m/z: [M-CI]* Calcd for C,;H;oN,S, 331.41; Found:
331.10.

2.1.3.5 | 2-Mercapto-1,3-Bis(2-Methylbenzyl)-1H-Benzo
[D]imidazol-3-ium Chloride (3B). White solid; Yield: 63%;
M.p.: 194-196°C. 'H NMR (400 MHz, CDCls, &, ppm): 10.07 (s,
1H), 7.29-7.38 (m, 7H), 7.11-7.22 (m, 3H), 6.83-6.89 (m, 2H),
5.57 (s, 2H), 5.45 (s, 2H), 2.44 (s, 6H). 3C NMR (100 MHz,
CDCl;, &, ppm): 135.52, 132.94, 132.83, 130.63, 127.65, 126.34,
123.51, 123.06, 110.07, 109.82, 46.11, and 19.40. LC-MS = m/z:
[M-H]* Caled for C,3H,5CIN,S, 393.96; Found: 393.30.

2.1.3.6 | 2-Mercapto-1,3-Bis(2-Chlorobenzyl)-1H-Benzo
[Dlimidazol-3-ium Chloride (3C). White solid; Yield: 56%;
M.p.: 204-207°C. 'H NMR (400 MHz, CDCls, §, ppm): 10.29
(broad s, 1H), 7.46 (t, J=8.0Hz, 2H), 7.29-7.32 (m, 3H),
7.20-7.25 (m, 4H), 7.03-7.13 (m, 2H), 6.63 (d, J= 8.0 Hz, 1H),
5.69 (s, 2H), 5.52 (s, 2H). *C NMR (100 MHz, CDCls, §, ppm):
132.64, 129.65, 129.29, 128.99, 128.08, 127.42, 127.29, 123.74,
123.27, 109.88, 109.78, and 44.89. LC-MS = m/z: [M-Cl-H]*
Calcd for C,;H;6CI,N,S, 399.30; Found: 399.05.

2.2 | Molecular Docking

The structure of human topoisomerase II alpha (topo2a) was
retrieved from the protein data bank (PDB). The crystal struc-
ture of topo2a (PDB code: 5GWK) had etoposide embedded
inside it [43]. The molecular docking was undertaken by
AutoDock Vina. The compounds were drawn by ChemDraw
Professional and the standard drugs were obtained from Pub-
Chem [44]. The docking was performed as described in previous
studies [45, 46]. The resulting computation was visualized by
Biovia Discovery Studio and then analyzed accordingly.

2.3 | Molecular Dynamics Simulation

Molecular dynamics (MD) simulation of the relatively active
derivatives and the standard drug, doxorubicin, were performed
to unveil the stability of enzyme-compound complexes retrieved
from the docking. MD simulations were done by using the
GROMACS (Groningen Machine for Chemical Simulations)
package as reported in earlier studies [47, 48]. Then, root mean
square deviation (RMSD) plots for the enzyme and the com-
pounds, root mean square fluctuation (RMSF), and Rg (radius
of gyration) plots were drawn through qtgrace and analyzed
accordingly.

2.4 | In silico Pharmacokinetic Computation

The ADMET (absorption, distribution, metabolism, elimina-
tion, toxicity) properties of the relatively active compounds
were computed as in silico. The computation was performed by
using the Accelrys Discovery Studio 3.5 program and Swis-
SADME server [49]. AlogP98 (atomic logarithmic partition
coefficient), PSA-2D (polar surface area-2 dimensional), BBB
(blood-brain barrier) permeability level, bioavailability score,

obeying by Lipinski's rule of five, and Ames mutagenicity values
were computed. The results obtained from the two methods,
Discovery Studio and SwissADME, were compared to each
other. In this way, it was aimed to confirm the results by using
two different methods. Some of the parameters were computed
by either method.

2.5 | MIC (Minimum Inhibitor Concentration)
Determination by Microdilution Method

Since Quorum sensing activity tests will be performed at con-
centrations that do not have a lethal effect on bacteria, the
microdilution method was used to determine the MIC values of
the synthesized compound [50]. In this method, 96-well mi-
croplates were prepared. For this, 100 uL of the substance and
Mueller Hinton broth medium were placed in the wells, two-
fold serial dilutions were made, respectively, and 5L of the
bacterial suspension prepared according to 0.5 McFarland
(10%/mL) turbidity was added. The microplates were incubated
at 37/30°C overnight and the microplates were evaluated fol-
lowing the incubation. The smallest concentration at which no
growth occurred was determined as the minimum inhibitory
concentration (MIC) value and was used in the studies.

2.6 | Testing the Quorum Sensing System
Inhibitory Properties of Synthesized Molecules

2.6.1 | C. violaceum 026 and C. violaceum VIR07
Pigment Production Test

The antiquorum sensing activity of the synthesized molecules
was performed by pigment inhibition test on mutant forms of C.
violaceum [51]. In this context, firstly, C. violaceum 026 and C.
violaceum VIRO7 strains were grown in liquid medium at 30°C
for 14-16h. First, add OdDHL N-(3-oxododecanoyl)-L-
homoserine lactone for C. violaceum VIR07 into 5 mL soft agar;
for C. violaceum 026, 5uL of OHHL N-(3-oxohexanol)-L-
homoserine lactone was added. Finally, 100 uL of bacterial
cultures were added and transferred onto the solid medium.
Then, the wells were opened with sterile 6 mm diameter glass
pasteur pipettes, and 50 uL of the molecules to be studied were
loaded into the wells. The next day, a possible colorless zone
around the wells was evaluated as inhibition of the system.

2.7 | P. aeruginosa PAO1 Virulence Factors
Production Tests

2.7.1 | Elastase Test

Elastase inhibition activities of the synthesized molecules were
examined by the Elastin Congo Red (ECR) test [52]. Firstly,
P. aeruginosa PAO1 was added to 10 mL LB liquid medium so
that the final concentration of the synthesized compounds in
the medium was 0.4 mg. It was then incubated at 37°C in a
shaking incubator for 14-16 h. After incubation, 900 uL of ECR
buffer (100 mM Tris, 1 mM CaCl,, pH 7.5, 20 mg ECR) was
added to 100uL of the supernatant of these cultures and
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incubated at 37°C for 3 h at 200 rpm. ECR that did not dissolve
after incubation was removed by centrifugation and the
supernatant was read at OD 495 nm. The results were compared
with the positive control PAO1.

2.7.2 | Pyocyanin Test

For the inhibitory effect of compounds on pyocyanin pigment
production, PAO1 was produced in LB medium at 37°C for
16-18 h [53]. The compounds to be tested were added to the
bottles with 10 mL LB medium, with a final concentration of
0.4 mg. P. aeruginosa PAO1 strain was produced by adjusting
the OD at 600 nm to be 0.02, then adding it to the bottles
where the molecules were added and shaking it for 16-18 h at
37°C. At the end of the incubation, 5mL of chloroform was
added to the overnight cultures and vortexed for 30s. The
same amount of each sample was taken and placed in glass
tubes, with the phase separate from chloroform at the bottom
of the bottles being 2 mL. Then, 1 mL of HCL-water mixture
was added to the glass tubes and vortexed for 30s, and the
pink phase formed at the top of the tubes was recorded by
reading the OD at 520 nm.

2.7.3 | Biofilm Formation Test

The inhibitory activity of the synthesized compounds on biofilm
formation was determined by the crystal violet test [54]. For this
purpose, the overnight PAO1 culture and the concentration of
the synthesized molecules to be studied were added to the
microplate wells containing 200 uL. LB broth medium. After
48 h of incubation, the contents of the plates were discarded and
washed 3-5 times with distilled water. Then, 200 uL of 0.1%
crystal violet solution was added to the wells. The contents of
the wells, which were treated with crystal violet for 30 min,
were emptied and washed again with pure water 3-5 times.
After the washing process was completed, 200 uL 95% ethanol
added each well and after 15min the results were read at
570 nm using the “Epoch Microplate Spectrophotometer”.

2.8 | Cytotoxic Activity Studies

Cell culture experiments were conducted following established
protocols in the literature [34, 36-38, 40, 41]. Colon (DLD-1;
ATCC® CCL-221™), lung (A549; ATCC® CCL-185™) and liver
(HepG2; ATCC® HB-8065™) cancer cells were cultured in
DMEM supplemented with 10% fetal bovine serum and 1%
glutamax. Cells were seeded in 96-well plates at 5 x 103 cells per
well. The compounds were applied to the cells at concentrations
of 300, 150, 75, 37.5 and 18.75 uM and the cells were incubated
for 48 h. After the 48-h period had expired, the medium was
carefully transferred away. 50 uL of MTT stock (5 mg/mL) was
added to the wells and waited for another 2h. After the 2-h
incubation period was reached, the medium in the wells was
gently aspirated one by one with a pipette, and 200 puL di-
methylsulfoxide was added to the wells to dissolve the for-
mazone. It was left to mix in a dark environment for half
an hour. Then, absorbance values were measured with an

Epoch 2 Elisa plate reader at 590 nm wavelength. ICs, values
were calculated using GraphPad Prism Software 5.

3 | Result and Discussion

3.1 | Synthesis of Compounds

The prepared benzimidazolium chlorides (2a-c) and corre-
sponding 2-mercapto products (3a-c) were precisely analyzed
by 'H and *C NMR assignments using CDCl; as solvent. The
illustrative synthetic scheme of the synthesized compounds is
depicted below (Scheme 1). In the *C NMR spectra of
2-mercapto benzimidazolium salts, the characteristic peak of
the imino carbon emerged at 128.86, 132.83 and 129.65 ppm,
respectively. '"H NMR spectra of the obtained 2-mercapto
products displayed singlet peak, pertained to the proton of
S-H bond, at 10.03, 10.07 and 10.29 (as a broad singlet) ppm.
The aromatic hydrogens of the compound 3a were observed in
the range of 8.15-7.11 ppm. In the cases of 3b and 3c, the
protons of phenyl rings were recognized within the area of
7.38-6.83 and 7.46-6.63, respectively. Additionally, the benzylic
hydrogens of 3a-c were detected as two singlet peaks in the
extent of 5.74-5.56 (for 3a), 5.57-5.45 (for 3b) and 5.69-5.52 (for
3c) ppm. Moreover, the singlet peak attributed to the protons of
methyl groups in the compound 3b is simply perceivable at
2.44 ppm.

3.2 | Molecular Docking

The experimental study demonstrated that some of the syn-
thesized compounds had cytotoxic effect on the cancer cell
lines. DNA topoisomerases are widely used therapeutic targets
in elucidating anticancer effect mechanism of cytotoxic agents.
Topoisomerase II play a substantial role in arranging DNA
tangles and supercoils by cutting the two strands of the DNA
helix during its metabolic processes [55]. Two isoforms of
human topoisomerase II, namely topo Ila and (3, are available.
The two isoforms accomplish similar functions. Together with
this, the two isoforms might also accomplish different func-
tions. In this respect, topo Ila is essential for cell proliferation,
but topo IIf is not except aspects of nerve growth [56]. Hence,
topo Ila is a more attractive target in designing novel anticancer
agents. As a result, binding potentials of the relatively active
compounds to selected topo Ila structure have been performed
to elucidate their probable mode of action.

The binding potential of the relatively active compounds to
topo2a was explored via molecular docking. Before proceeding
to docking study of the compounds, binding potential of eto-
poside to the enzyme was assessed. Etoposide interacted with
the enzyme via four conventional hydrogen bonds (Adel2(2),
Gual3, Met766) and seven other interactions (Cyt8, Thy?9,
Adel2(2), Gual3(2), Arg487). A previous crystallographic study
revealed that the cleavage complex that lead to DNA cleavage
and thus cancer cell death was formed by the interplay of eto-
poside with the protein and DNA [57]. Therefore, the standard
drug was bound to both the DNA and protein to be a potent
inhibitor of the topo2a. The interaction of the drug with Met766
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residue of the protein was found to be critical in a previous
structural modeling study [43]. In this computational study,
etoposide had interactions with the different subunits of the
DNA as well the protein structure. This was in line with the
previous study to form the cleavage complex. The essential
interaction with the Met766 residue of the protein, which was
reported previously, was also attained in this study that sup-
ported the findings of the study. In addition to this, among the
investigated compounds, the least binding energy value was
recorded for etoposide (Table 1). This result demonstrated the
high binding affinity of etoposide to the human topo2a. In
short, the computational study findings were in line with the
previous crystallographic structural analysis. The compatibility
of the docking results of etoposide lead us to pursue the com-
putation of the active compounds and the standard drug with
this protocol.

After the docking process was validated by re-docking of the
etoposide complexed in the crystal structure utilized, the
binding potential of the relatively active compounds as well as
the standard drug, doxorubicin, was explored. The binding
potential of the compounds was compared to the binding
potential of the doxorubicin. Doxorubicin had the strongest
interaction among the analyzed ligands as it formed seven
conventional hydrogen bonds and four other types of interac-
tions with the topo2a (Table 1, Figure 1). Doxorubicin is a well-
known topoisomerase inhibitor [58]. Therefore, the high inter-
action of the drug with the human topo2a is in line with the
literature. The high hydrogen bonding might be correlated to
the high number of oxygen atoms in its structure. However,
etoposide has also similar number of hydrogen atoms in its
structure but the number of hydrogen bonds for doxorubicin
was still higher (three more conventional hydrogen bonds)
(Table 1, Figure 1).

The relatively active three compounds interacted with the
human topo2a but weaker than the standard drug. They formed
just a conventional hydrogen bond and at least six other types of
interactions. The hydrogen bond was formed between the thiol
group in their structure and different nucleotides in the crystal

structure (Figure 1). All of them had interactions with the
various grooves of the DNA and the protein. In this regard, their
interactions were compatible with the previous crystallographic
study that pointed out the importance of such binding in
cleavage complex formation [57]. In another study, the impor-
tance of the interaction with the Met766 residue was pointed
out [43]. Compounds 3b and 3c met this requirement. The
binding strength and binding residues for the three compounds
was similar with each other. The interaction residues of the
compounds were different from that of doxorubicin. Together
with this, their interaction residues had similarity with the
interaction of the etoposide. Accordingly, the interactions at
residues Cyt8, Thy9, Gual3, and Arg487 were common to the
three investigated compounds and etoposide (Table 1, Figure 1).
The binding energies of the compounds were similar with each
other, compound 3a having slightly higher value. Their binding
energy values were similar to that of doxorubicin (Table 1).
Therefore, their binding affinity is expected to be similar to it.
Together with this, their binding strength was found be weaker
than the standard drug. The compounds were found to be
moderately active on the cancer cell lines in the in vitro study.
As result, the interaction, which was weaker than the standard
drug, confirmed their moderate anticancer activity. The find-
ings in the docking study were also supported by a further MD
simulation study.

The docking study results emphasized the role of the mercapto
group in the interaction of the relatively active compounds to
the topo2a target. Because a conventional hydrogen bond was
formed between the compounds and the target structure with
the participation of the mercapto group (Figure 1). The benzo
[d]limidazole heterocyclic ring also involved in a number of
non-hydrogen bond interactions. In this regard, compounds 3a
and 3c formed five interactions with the involvement of this
heterocyclic ring. The substituted phenyl rings also took part in
the interaction of the compounds to the target structure but
their level of interaction was lower than that of the heterocyclic
ring generally. With this being noted, the phenyl rings of
compound 2b had comparable interaction numbers to the het-
erocyclic ring (Figure 1).

TABLE 1 | Binding residues of the compounds and standard drugs to the human topo2a.
Binding Affinity Conventional Hydrogen Bonding
Compounds (kcal/mol) Residues Other Interaction Residues
3a —8.6 Thy9 Cyt8(2)%, Thy9(2)*, Gual3(2)?, Ade12,
Arga87*
3b -9.1 Gual3 Gua7?, Cyt8?, Cyt8°, Thy9*, Arg487%,
Met766"
3c -9.1 Thy9 Cyt8(2)%, Thy9(2)*, Ade12®, Gual3(2)?,
Arg487°, Met766"
Doxorubicin -9.0 Gua2, Cyt3(2), Cyt4, Gual7, Ser497, Cyt3Y, Cyt4?, Lys499%, GIn500*
GIn500
Etoposide -11.0 Adel2(2), Gual3, Met766 Cyt8?, Thy9°, Ade12(2)?, Gual3(2)?,
Arg4g879
A Pi-pi.
°pi-Sulfur.
Cpi-ion.
dpi-alkyl.

carbon hydrogen bond.
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FIGURE 1 | Binding profile of the most active compounds and standard drugs with the human topo2a.
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3.3 | MD Simulation

MD simulation of the relatively active compounds was un-
dertaken and the stability of the resulting complexes was
compared to the stability of the standard drug. First, RMSD value
of the enzyme in relative to reference frame was utilized to
measure their stability [59]. The changes in the RMSD value of all
the complexes remained in a range of 0.2-0.7 nm. The enzyme
structure that comprised 3c exhibited a comparatively higher
RMSD changes as well as values during the simulation period.
On the other hand, the complex consisting 3b disclosed the
lowest RMSD value during the simulation period. The doxo-
rubicin and 3a containing complexes gave RMSD values in
between (Figure 2). As the values obtained were in an accept-
able range, the backbone enzyme structures were anticipated to
be stable during the simulation period. Together with this, the
3b containing backbone structure is expected to have relatively
higher stability.

The RMSD plots of the compounds in the complexes were
drawn to unveil their status during the simulation period. The
standard drug was found to be unstable inside the binding
pocket. It had relatively high RMSD value and its value
changed much (Figure 2). The plot displayed also sharp rises
and falls. From the RMSD plot of the standard drug, it is
possible to infer that the compound has been flying out of the
binding pocket. The 3¢ bearing complex demonstrated greater
RMSD value than the other two compounds’ complex. Espe-
cially, around the twelfth ns the graph occurred a stiff rise that
implied instability for it. Thereafter, the compound had rela-
tively similar RMSD value but still much higher than the value
of 3a and 3b bearing complexes. In general, the enzyme
complexes with 3a and 3b embedded inside manifested similar
RMSD plots during the simulation. With this being said, 3a
containing complex showed slightly lower RMSD value and
thus enhanced stability during the simulation period
(Figure 2). The MD simulation study clarified that compounds
3a and 3b would remain inside the binding pocket during the
simulation period.

The per residue fluctuations during the simulation period
were measured by RMSF values. The four complexes revealed
similar RMSF trends. Significant fluctuations for the enzyme
was recorded in 463-483, 575-630, 665-695, 918-974,
1050-1084, and 1128-1146 amino acid intervals as well as
the terminals. The 3b containing complex had significant
fluctuations in the 825-835 interval. Similarly, the 3a con-
taining complex had unique significant rise in the 1089-1123
interval (Figure 2). The influence of the binding of com-
pounds on the structural compactness of the enzyme was
measured through Rg value [60]. The general trend for the Rg
plots of the complexes was similar with nearly 3.4 nm aver-
age. Additionally, the 3c bearing complex unveiled the
highest Rg value whereas the 3b bearing complex displayed
the lowest Rg value during the simulation period (Figure 2).
From these results, it is possible to infer that the enzyme-3b
complex would have the highest compactness among these
complexes. To wrap up, the MD simulation study revealed
that compounds 3a and 3b gave relatively stable complexes
and the compounds would remain inside the binding pocket
during the simulation period.

3.4 | In silico Pharmacokinetic Properties

The relatively active compounds had suitable pharmacokinetic
properties to be used as drug candidates. The compounds are an-
ticipated to exhibit good oral absorption or permeability for oral
administration. All of the compounds violated just one of the
criteria of Lipinski's rule of 5 (RO5). They violated the rule that
states the logP value should not exceed 5. Compound 3a had the
lowest AlogP98 value in the Discovery Studio computation
(Table 2). The compounds were found to have drug-like properties
for oral administration as they violated just one rule and one rule
violation is allowed for compounds to be compliant to the RO5 [61].

PSA-2D values of all the compounds were found to be much lower
than hundred (Figure 3). This has implicated that the compounds
have good oral absorption or membrane permeability. The
AlogP98 values of the compounds were above five. Compound 3a
overpassed the limit slightly (Figure 3). This result showed that the
lipophilic property of most of the compounds would be not an
ideal one for a drug candidate. On the other hand, the BBB barrier
is expected to be permeable to all of the active compounds
(Table 2). The toxicity of the compounds was tested via the Ames
mutagenicity. The in silico computation revealed that all of the
tested compounds would be non-mutagenic (Table 2).

3.5 | C. violaceum 026 and C. violaceum VIR07
Pigment Production

Imidazole compounds have been shown in several studies to
have antibacterial and other therapeutic benefits, however there
is a glaring lack of research on their use as anti-quorum sensing
agents [62].

The mutant form of C. violaceum is 026, cannot produce C6-
HSL but becomes capable of producing violacein with C6-HSL
added to the medium. Purple pigment production in C. viola-
ceum 026 strain is induced by the N-acyl chain between C4 and
C8. The VIRO7 strain, which is also a mutant of C. violaceum
12472, becomes capable of producing violacein pigment when
long-chain AHL (C10 - C16) is added to the medium [63]. As a
result of the test conducted with mutant C. violaceum 026 and
C. violaceum VIRO07 strains, which can produce pigment in the
presence of the signal molecule, purple violaceum pigment
production was observed in the petri dishes prepared by adding
the signal molecule to the medium, and by opening a well on
the medium, the inhibition effect of the compounds investi-
gated on the production of violacein pigment resulted in a
colorless zone around the well (Figure 4).

3.6 | Effect of Compounds on Elastase Production
According to the elastase test results, a strong inhibition effect
of 86%, 84% and 85% was observed in all 3 synthesized mole-
cules (3a, 3b, 3c). In P. aeruginosa some virulence factors like
pyocyanin, elastase is regulated by the Rhl, Las systems,
respectively [64]. Our findings suggested that 3a, 3b, and 3c
suppress the expression of elastase possibly by inhibiting the
lasB gene (Figure 5).
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TABLE 2 | ADMET properties of the compounds.
BBB Lipinski Rule Ames
Compound AlogP98 PSA-2D level Bioavailability Score violations mutagenicity
3a 5.722 10.696 0 0.55 1 Non-mutagen
3b 6.694 10.696 0 0.55 1 Non-mutagen
3c 7.051 10.696 0 0.55 1 Non-mutagen
3.7 | Effect of Compounds on Pyocyanin Pigment 3.8 | Effect of Compounds on Biofilm Formation

Production

Pyocyanin pigment production, which is characteristic of
P. aeruginosa, is another virulence factor that works with QS
system control. In patients with cystic fibrosis, pyocyanin, an
extracellular redox active virulence component of P. aeruginosa,
promotes inflammation [65, 66]. It was observed that all of the
compound whose effects were investigated had statistically
significant inhibition effects in the range of 56, 57, 56% on
pyocyanin production at the studied concentration (Figure 6).

The inhibitory effect of the compounds 3a-c on the biofilm
formation of P. aeruginosa PAO1 was investigated at a con-
centration of 0.4 mg, and inhibition rates were obtained ranging
from 44% to 56%. The detected inhibition percentages were
found to be statistically significant (p <0,01) (Figure 7). In a
study in which a series of benzoheterocyclic sulfoxide deriva-
tives were synthesized, the biofilm inhibition effect on PAO1
was examined and it was found that molecules containing
benzoheterocyclic oxazole showed more inhibitory impacts
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FIGURE 4 | QSI activity of compounds on CV 026, VIR07.

than benzoheterocyclic thiazole-bearing molecules. Addition- 3.9 | Cytotoxic Activity Studies

ally, they figured out that the highest inhibition effect was

observed in the chloro-substituted compound with a rate of 46% The data in Table 3 show cytotoxic activity results of com-
[62]. Our compounds also comprise chloro-substituted species  pounds (2b, 2c, 3a-c) on various cancer cell lines (colon - DLD-
and showed similar activity. 1, lung - A549, liver - HepG2) with ICs, (half maximal
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inhibitory concentration) values. The ICs, value refers to the
concentration required for a compound to inhibit cell growth.
Lower ICs values indicate that the compound is a more potent
inhibitor.

The ICsq values of compound 2b in lung (A549) and liver
(HepG2) cancer cell lines were 123 uM and 150.5 pM, respec-
tively. These results indicate that this compound has lower
cytotoxic activity compared to other compounds. Compound 3b
prepared based on this compound (2b) was found to exhibit a

0.106bcd 0.099bed

3b 3c

Inhibition effect of molecules on P. aeruginosa PAO1 elastase production. **The difference between the means shown with different

0.046bc 0.047b
- T
-

3b 3¢

Effect of synthesized molecules on P. aeruginosa PAO1 on pyocyanin pigment production. **The difference between the means

0.386¢
0.302cd
T
1
3b 3¢

Effect of molecules on biofilm formation in P. aeruginosa. **The difference between the means shown with different letters is

higher cytotoxic effect in the same cell lines. Compound 3b had
ICso values of 25.74uM in DLD-1, 45.36 uM in A549, and
37.14 uM in HepG2 cell lines. These values indicate that com-
pound 3b is a potent inhibitor in all tested cell lines. The ICs,
values of compound 2c in A549 and HepG2 cell lines were
88.2uM and 89.37 uM, respectively. These results show that it
exhibits a slightly better activity compared to 2b, but still dis-
plays lower inhibition compared to the other main products
(3a-c). Compound 3¢, which was prepared based on compound
2c, has ICs, values of 22.80 uM in the DLD-1 cell line, 38.18 uM
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TABLE 3 | ICs, results for compounds in cancer cell lines.
ICso (1M)
Compounds DLD-1 A549 HepG2
2b N.T.* 123.00 150.50
2c N.T.* 88.20 89.37
3a 29.94 73.32 65.35
3b 25.74 45.36 37.14
3c 22.80 38.18 24.33
Cisplatin 9.79 16.24 73.69

N.T.*: Not tested.

in A549, and 24.33 uM in HepG2. This compound (3c) was
detected to be the compound exhibiting the highest inhibition
potential among the synthesized compounds. Among the main
products, compound 3a containing the benzyl groups showed
the lowest cytotoxic effect. In the DLD-1 cell line, this com-
pound demonstrated moderate activity with an ICs, value of
29.94 uM. In A549 and HepG2 cell lines, the ICs, values were
73.32 uM and 65.35 uM, respectively, indicating that this com-
pound had a significant activity but inhibited the growth of
cancer cells less than compound 3b containing 2-methylbenzyl
group and 3c containing 2-chlorobenzyl group.

4 | Conclusion

A series of novel N,N-disubstituted-2-mercapto-benzimidazolium
salts (compounds 3a-c), in conjunction with two new benzimi-
dazolium chlorides 2b and 2c have been prepared and identified
through NMR and LC-MS spectroscopy. Subsequently, the
cytotoxic capability and inhibitory effect of the aforementioned
compounds were assessed. The relatively active compounds
showed the potential to bind to the topo2a target. Their binding
potential was less than the standard drug. The stability of the
resulting complexes and the possibility of the compounds to
remain inside the binding site were also measured. The enzyme-
compound complexes obtained from the docking were stable
generally. However, the status of the compounds to remain in-
side the binding site was different. In this respect, compounds 3a
and 3b are anticipated to remain inside the binding site
throughout the simulation time. Furthermore, the relatively
active compounds are anticipated to have drug-like properties.
On the other hand, all the inspected benzimidazolium salts (3a-
c) demonstrated practically desirable inhibition effects, and the
uppermost inhibitory proficiency was recognized on elastase
production with an inhibition rate of 84-86%. The synthesized
compounds were tested against three different cancer cell lines
(A549, DLD-1, HepG2) and all compounds were found to have
cytotoxic effect. However, among the synthesized compounds,
compounds 3b and 3c had the highest activity in all three cell
lines.
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