RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 1 of 43 RSC Advances

A Novel Benzimidazole Derivative Binds to DNA Minor Groove and

Induces Apoptosis in Leukemic Cells

Mahesh Hegde?, Kothanahally S. Sharath Kumar?, Elizabeth Thomas®, Ananda
Hanumappa?, Sathees C. Raghavan® and Kanchugarakoppal S. Rangappa®*

aDepartment of Studies in Chemistry, Manasagangotri, University of Mysore, Mysuru-
570006; ® Department of Biochemistry, Indian Institute of Science, Bangalore-560012.

Running title: Identification of a novel DNA minor groove binder.

Key words: Double-strand break, Apoptosis, Chemotherapy, DNA binder, Minor groove,
Genomic instability, Topoisomerase

*Corresponding author

Kanchugarakoppal S. Rangappa Ph.: +91-821-2419661; Fax: +91-821-2500846

e-mail: rangappaks@chemistry.uni-mysore.ac.in

Sathees C. Raghavan Ph.: +91 80 2293 2674; Fax: 091 80 2360 0814

e-mail: sathees@biochem.iisc.ernet.in



mailto:rangappaks@gmail.com/rangappaks@chemistry.uni-mysore.ac.in
mailto:sathees@biochem.iisc.ernet.in

RSC Advances

Abstract

DNA minor groove binder is an important class of chemotherapeutic agents. These
small molecule inhibitors interfere with various cellular processes like DNA replication and
transcription. Several benzimidazole derivatives showed affinity towards DNA minor groove.
In this study we show the synthesis and biological studies of novel benzimidazole derivative
(MH1), that inhibits topoisomerase Il activity and in vitro transcription. UV-visible and
fluorescence spectroscopic methods in conjunction with Hoechst displacement assay
demonstrate that MH1 binds to DNA at the minor groove. Cytotoxic studies showed that
leukemic cells are more sensitive to MH1 compared to cancer cells of epithelial origin.
Further, we find that MH1 treatment lead to cell cycle arrest at G2/M, at early time points in
Molt4 cells. Finally multiple cellular assays demonstrate that MH1 treatment leads to
reduction in MMP, induction of apoptosis by activating CASPASE 9 and CASPASE 3. Thus
our study shows MH1, a novel DNA minor groove binder, induces cytotoxicity efficiently in

leukemic cells by activating intrinsic pathway of apoptosis.

Page 2 of 43



Page 3 of 43

RSC Advances

INTRODUCTION

Targeting DNA, the genetic material of a cell, is considered as one of the most
attractive chemotherapeutic targets and DNA interacting compounds are known to inhibit
growth of cancer cells 1. Since growth rate of cancer cells is high, it serves as an important
strategy to target DNA molecules in order to interrupt replication, which is essential in each
cell division of the cancer cell 2. Grooves in DNA are associated with several biological
interactions inside the cell. The major groove which is wide and approximately 24 A in width
helps in majority of protein DNA interactions, whereas the narrow minor groove which is only
10 A in width, is an attractive target for small molecular inhibitors 2.

Reversible interactions of small molecules with DNA have been majorly classified
into three subgroups; intercalation, groove binding and electrostatic interactions *. Studies
on the minor groove of DNA interaction with noncovalent small molecules has resulted in
emerging of many small molecule inhibitors as anticancer agents °. Many natural products
have also shown significant interactions with DNA minor groove ©. DNA interacting agents
majorly affect replication and transcription activities inside the cell *. Importantly, DNA minor
groove hinders are found to inhibit the topoisomerase activity and subsequent cell cycle

arrest 8.

Benzimidazole moiety is structurally related to purine bases and is found in a variety
of natural products, such as vitamin B12. Benzimidazole nucleus is termed “master key” as it
is an important core in many bioactive compounds. Different benzimidazole derivatives act at
various targets within the cells to elicit an array of pharmacological properties °. It is one of
the most extensively studied class of heterocyclic compounds with wide range of biological
activities such as anti-HIV 1 antioxidant !, antifungal 2, antiviral 3, antibacterial 4,
antimycobacterial ** and they are well known to possess antitumor/anticancer activity °.
Importantly, benzimidazole derivatives were found to interact with DNA 7 and were also
used in the medicinal field where the primary target was found to be DNA and DNA

associated processes .
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In the present study, we have designed and synthesized novel 2,5 di and 2,5,7 tri
substituted benzimidazole derivatives as shown in scheme 1 and scheme 2 (Figure 1 and
2), and evaluated their anticancer activity against various cancer cell lines. MH1 was
identified as the most potent small molecule inhibitor. MH1 exhibited DNA binding properties
as determined by various biophysical assays, and inhibited both topoisomerase and
transcription reactions. Further, ex vivo studies showed that novel benzimidazole derivative,
MH1 treatment led to decrease in mitochondrial membrane potential and induced intrinsic

pathway of apoptosis resulting in cytotoxicity in leukemic cells.

RESULTS

Synthesis of novel benzimidazole derivatives

The general approach for the synthesis of 2,5-disubstituted (MH1 and 2) and 2,5,7-
trisubstituted benzimidazoles (MH3-5) is outlined in scheme-1 and scheme-2, respectively
(Figure 1 and 2). As depicted in the schemes, different aryl substitution on C-5 and C-7 of
benzimidazole backbone has been achieved by using an appropriate phenyl boronic acid.
Thus, for the first time we describe direct tri aryl substitution on C-2, C-5 and C-7 positions of

benzimidazole ring.

We have synthesized compounds MH1 and MH2 as shown in scheme-1. Nitro group
reduction of 4-Bromo-2-nitroaniline (1) with commercial zinc dust along with catalytic amount

of HClI in ethanol under reflux condition obtained 4-Bromo-1,2-diaminobenzene (2).

In continuation to our previous efforts 1° we constructed benzimidazole ring using
T3P® as a cyclodehydrating agent. T3P® mediated cyclocondensation of 4-bromo-1,2
diaminobenzene (2) with p-Tolualdehyde in ethylacetate produced compound 3 with
excellent yield. The substitution of aryl group at C-5 and C-7 of benzimidazole ring was
effected with a Suzuki coupling protocol in both scheme 1 and scheme 2. Para alkyl

substituted aryl boronic acids were used to make C-C bond using
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Bis(triphenylphosphine)palladium(ll) dichloride as a catalyst and potassium carbonate as a

base under Suzuki reaction condition to obtain the title compounds, MH1-5.

MH1 effectively inhibits the proliferation of leukemic cells

Cytotoxic effect of newly synthesised benzimidazole derivatives were tested on
different cancer cell lines using MTT assay. Results showed that among the five
benzimidazole derivatives studied, MH1 showed maximum cytotoxicity in all the tested cell
lines (Figure 3A). MH1 exhibited an IC50 of 5.5, 8.9, 13.83 and 13.3 pM in leukemic cell
lines, Molt4, Nalm6, REH and K562, respectively. However, MH1 was less effective, when
tested in MCF7, HeLa and EAC cells, compared to leukemic cells (Figure 3A). Hence our
results suggest that leukemic cells are more sensitive to MH1 compared to cancers of
epithelial origin. Sensitivity of MH1 was further evaluated at varying concentrations (0-20
uUM), for 48 and 72 h in Molt4, Nalm6, REH and K562 cells. Highest concentration of DMSO
treated cells served as vehicle control for the study. Results showed that among the
leukemic cells tested, Molt4 exhibited maximum sensitivity to MH1, both in a dose and time

dependent manner (Figure 3B). Thus, Molt4 was selected for further studies.

MH1 induces G2/M arrest and results in accumulation of SubG1 cells

Based on the above results, we wondered whether MH1 treatment could induce cell
cycle arrest in Molt4 and K562 cells. In order to test this, Molt4 and K562 cells were treated
with increasing concentrations of MH1 (1, 5, 10 and 20 uM for 48 h). PI staining followed by
flow cytometry analysis, revealed a concentration dependent accumulation of SubG1 phase
cells in both Molt4 and K562 cells (Figure 4A, B, C and D). Interestingly, we also observed
a G2/M arrest at a lesser extent in both the cell lines tested, particularly at 5-10 uM (Figure

4B and D).

Interestingly the treatment of MH1 (10 puM) in Molt4 cells showed a prominent cell

cycle arrest at G2/M phase at both 6 and 12 h time points (Figure 4E and F). Thus our data
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suggests that MH1 could induce G2/M arrest at initial time points and increase SubG1 phase

cell population at later time points, thereby inhibiting the proliferation of leukemic cells.
Apoptosis is induced in MH1 treated cells

Mode of cell death following MH1 treatment was analysed in Molt4 cells using
Annexin-FITC/PI staining. Movement of phosphatidylserine from inner membrane surface to
outer membrane surface following cellular damage is an indicator of apoptosis, and can be
studied following double-staining with Annexin-FITC and propidium iodide (Pl). Treatment of
increasing concentrations of MH1 (48 h) resulted in significant increase in early and late
apoptotic cells (Figure 5A). Necrotic cells were either absent or minimal after treatment with
MH1 (Figure 5B). Besides, confocal microscopic analysis confirmed the staining of Annexin-
FITC alone or both Annexin-FITC and propidium iodide staining in MH1 treated Molt4 cells

(Figure 5C). Thus, MH1 treatment showed activation of apoptosis in Molt4 cells.

Assessing the effect of MH1 on Molt4 cells using calcein-AM and ethidium homodimer

staining

Calcein-AM and ethidium homodimer staining was used to analyse both live and
dead cells, respectively in Molt4 cells following treatment with increasing concentrations of
MH1 (0, 1, 5 and 10 uM for 48 h) (Figure 6A). Results showed increase in cells stained with
both calcein-AM and ethidium homodimer upon treatment with MH1 in concentration
dependent manner (Figure 6A and B). These results further confirm the cell death following

treatment with MH1.

DNA fragmentation assay

DNA ladder formation is the hallmark of cellular apoptosis 2°. MH1 treated Molt4 cells
showed prominent DNA fragmentation at 48 h time point in a concentration dependent

manner (Figure 6C). Compared to the DMSO treated vehicle control cells, MH1 treated cells
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showed ladder formation from 5 puM onwards in a concentration dependent manner (Figure

6C and D).

MH1 treatment lead to reduction in mitochondrial membrane potential

To check the effect of MH1 on mitochondrial membrane potential (MMP), JC-1
staining was performed. Interestingly, MH1 treated (0, 1, 5, 10 and 20 pM) Molt4 cells
showed significant reduction in MMP in a concentration dependent manner. There were
three different population of cells with altered MMP observed, having high, intermediate and
low MMP. Following MH1 treatment, we observed a prominent shift of high MMP cells to
intermediate or low MMP in a concentration dependent manner (Figure 7A and B). Thus,
our results suggest that apoptosis induced by MH1 on Molt4 cells could be due to

mitochondrial apoptotic pathway.
MH1 induces apoptosis through intrinsic pathway

Based on promising results observed from JC-1 staining assay we carried out
western blotting analysis for expression of apoptotic markers. Molt4 cells treated with
different concentration of MH1 were subjected to immunoblotting analysis. Interestingly, we
observed an up regulation of BAX expression, a protein involved in mitochondrial mediated
apoptosis, following MH1 treatment (Figure 7C). BCL2, an anti-apoptotic protein showed no
significant difference in the expression in control and treated cases. However, distinct bands
due to cleavage of both CASPASE9 and CASPASE3 were observed (Figure 7C and D)
following treatment with MH1. Hence, immunoblotting results suggest that MH1 treatment

resulted in activation of intrinsic pathway of apoptosis in Molt4 cells 21,
MH1 binds to minor groove of DNA

To test whether MH1 binds directly to DNA, UV-visible and fluorescence emission
spectroscopic studies were carried out in presence of calf thymus (CT) DNA 22, UV-visible

7
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spectroscopy showed two characteristic absorption peaks for MH1 at 259 and 315 nm. Upon
serial increase in the concentrations of CT-DNA, a characteristic decrease in the absorption
at both 259 and 315 nm was observed, which can be directly correlated to the ability of MH1

to intercalate DNA or bind to groove of DNA (Figure 8A).

To confirm the binding interaction of MH1 with DNA, we took the advantage of
fluorescent properties of MH1 23, MH1 exhibited a fluorescent excitation (259 nm) and
emission maxima (315 nm and 385 nm). Interestingly, we observed that the fluorescence
emission spectra of MH1 was decreased when incubated with increasing concentrations (0O,
1, 5, 10, 25, 50, 75 and 100 uM) of CT-DNA, which confirmed above observation of binding

of MH1 to DNA (Figure 8B).

In order to test the mode of MH1 and DNA interaction, we performed DNA dye
displacement assay, a test used for differentiating the intercalators and minor groove binders
24 We find that addition of MH1 (0, 1, 5, 10, 25, 50 and 100 uM) to Hoechst 33258-DNA
complex decreased the characteristic emission spectra of Hoechst in a concentration
dependent manner (Figure 8D). However, MH3, a less potent compound with extra benzene
ring at the seventh position on benzimidazole ring, did not induce significant change in
emission spectrum (Figure 8D), which suggested plausible MH1 interactions with minor
groove of the DNA. It is possible that unlike MH1, the extra benzene ring at the seventh
position on benzimidazole ring may cause a hindrance for binding to DNA. Besides, ethidium
bromide dye displacement assay was also performed to check the intercalating properties of
MHL1. Interestingly, addition of MH1 did not change the emission spectra of ethidium bromide
along with DNA confirming the observation that MH1 is not a DNA intercalator (Figure 8C).
However, there was a marginal topological alteration, when CT-DNA was added to MH1 and

analysed using circular dichroism studies (Figure 9).

MH1 interferes with some of the DNA protein transactions
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Previous studies have shown that small molecules that bind DNA minor groove can
affect topoisomerase action #». We tested whether MH1 could interfere with human
topoisomerase | and Il. To test this supercoiled plasmid DNA (250 ng) was incubated with
topoisomerases in presence of increasing concentrations of MH1 (10, 25, 50 and 100 pM)
and the products were resolved on an agarose gel. Results showed that MH1 inhibited
topoisomerase lla mediated conversion of supercoiled DNA to circular form in a
concentration dependent manner (Figure 9A). Etoposide (100 uM) was used as the positive
control. However, such an effect by MH1 was absent or minimal when topoisomerase | was

used for the study (Figure 9B).

We tested whether DNA binding ability of MH1 could result in inhibition of other
cellular processes like transcription. Inhibitory effect of MH1 on in vitro transcription on a
plasmid DNA by T7 polymerase was tested and the reaction products were visualized on an
agarose gel. Addition of MH1 (10, 25, 50 and 100 puM) inhibited formation of RNA species
during transcription in a concentration dependent manner (Figure 9C). Hence our results
indicate that DNA groove binding by MH1 could interfere with cellular processes drastically

%6 thereby causing cell cycle arrest and apoptosis in cancer cells.

In order to have further insight on MH1 interaction with the minor groove of DNA,
docking studies were carried out. Results suggested that MH1 can efficiently occupy the
minor groove of DNA (Hoechst 33258 binding site) with a binding energy of -9.84 kcal/mol
(Figure 10A, B). Hydrogen bond Interactions of hydroxyl group of thymine and imidazole
moiety of MH1 favoured the affinity of MH1 towards the DNA (Figure 10C). Thus
spectroscopic studies in conjunction with docking results suggested that MH1 binds to minor

groove of DNA.

DISCUSSION
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In the current study, we have developed a facile, direct and efficient method for the
synthesis of highly substituted benzimidazole derivatives. The present method is efficient for

the chemo selective synthesis of various 2,5,7 tri aryl substituted benzimidazole derivatives.

Cytotoxicity results of newly synthesized compounds on different cancer cell lines
showed prominent or moderate cytotoxicity, among all synthesized compounds. Among the
molecules studied, MH1 was most promising molecule with notable IC50 values in all cancer
cell lines tested (Figure 3A). Interestingly, effect of MH1 was more pronounced in leukemic
cell lines, especially, Molt4 cells showed highest sensitivity among all tested cell lines

(Figure 3B).

The overall structure of MH1 and MH2 is in a crescent shape which is characteristic
of typical minor groove binding ligands. In addition the nitrogen atom in the benzimidazole
core has the ability to form a hydrogen bond with nucleotides. Besides, these molecules
possess sufficient conformational flexibility to further help in attaining the shape, which is
significant enough to fit inside the DNA minor groove !’. As observed in the cytotoxicity
assays (Figure 3B), cancer cell lines showed higher sensitivity towards MH1 and MH2,
compared to rest of the compounds, which possess an extra benzene ring. It appears that
the extra benzene ring could diminish the solubility of the compound as well as binding to the
DNA minor groove. This explains the reduced cytotoxicity exhibited by MH3-5 as compared

to MH1-2.

MH1 treatment on Molt4 cells at 6 and 12 h resulted in G2/M arrest while at 48 h time
point resulted in accumulation of SubG1 phase cells in a concentration dependent manner
(Figure 4). Further, Annexin-FITC/PI staining of MH1 treated Molt4 cells showed induction of
apoptosis both by flow cytometry and confocal microscopy (Figure 5). Live dead assay
using calcein-AM and ethidium homodimer staining corroborated the above findings (Figure
6). DNA ladder formation in MH1 treated Molt4 cells further confirmed induction of apoptosis

(Figure 6C and D).

10
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Interestingly, MH1 treatment resulted in lowering of mitochondrial membrane
potential in Molt4 cells (Figure 7A and B). Western blotting assays for apoptotic markers
confirmed the involvement of mitochondrial machinery in activating intrinsic pathway of

apoptosis (Figure 7C and D).

Importantly, MH1 interacts with DNA (Figure 8A and B), by binding to the minor
groove of double-stranded DNA, as confirmed by DNA dye displacement assays and
docking studies (Figure 8C and D, Figure 10). Finally, MH1 inhibited human topoisomerase
lla activity in vitro in a concentration dependent manner (Figure 9A). Being an important
topoisomerase inside cells ?7, it's inhibition resulted in G2/M arrest which was prominent at
6 and 12 h of MH1l treatment in Molt4 cells. However, MH1 did not interfere with
topoisomerase | activity (Figure 9B). Besides topoisomerases, interaction of MH1 with DNA
resulted in inhibition of in vitro transcription explaining the mechanism of MH1 action 28, Thus
our study identifies a novel benzimidazole derivative, MH1 capable of binding to minor
groove of DNA, thereby inhibiting crucial cellular processes and inducing intrinsic apoptotic

pathway in leukemic cells leading to subsequent cell death.

Several benzimidazole derivatives were known to target DNA and associated
processes °. Consistent with this, the primary focus of the present study showed that novel
benzimidazole derivative, MH1 interacts with the minor groove of the DNA and inhibits
several cellular processes. These observations open up several new avenues for further in

depth studies.

Previously, certain benzimidazole derivatives were shown to interact specifically to
G-quadruplex DNA structures ?°. Besides, G-quadruplex structures were shown to be one of
the major reasons for DNA breakage during chromosomal translocations *° and hence
cancer progression. The important property of benzimidazole derivatives to bind G-
quadruplex structure showed its significant role in inhibition of telomerase enzyme activity 32,

which is overexpressed in majority of cancers *2.

11
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Several known topoisomerase inhibitors like Etoposide or Doxorubicin are well
studied for their ability to induce DNA damage and provoking DNA repair pathways and
check point pathways 27, however some benzimidazole derivatives induced cell cycle arrest
as well as topoisomerase inhibition without causing DNA damage 3. Therefore, further
studies are required to address how these benzimidazole derivatives regulate signalling

pathways which are important for cell cycle arrest and induction of apoptosis.

MATERIALS AND METHODS

CHEMISTRY

The progress of all reactions was monitored by TLC, which was performed on 2.0-5.0
cm aluminum sheets precoated with silica gel 60 F 254 to a thickness of 0.25 mm (Merck)
using UV light for visualization. *H NMR and *C NMR spectra were recorded on an Agilent-
varian NMR spectrometer operating at 400 and 100 MHz, respectively (Supplementary
figure 1a to n). Chemical shifts are given in & values (ppm) using tetramethylsilane as the
internal standard. Mass spectra were recorded using high resolution mass spectrometer
(HRMS). Infrared spectra were recorded in KBr on Shimadzu FT-IR model 8300

spectrophotometer. Chromatographic separations were carried out on 60:120 silica gel.
4-Bromo-1,2-diaminobenzene (2)

4-Bromo-2-nitro-aniline (5 mmol) and zinc dust (10 mmol) with catalytic amount of
HCI was refluxed in ethanol (10 mL) for 3 h. The reaction mixture was filtered through celite
and filtrate was evaporated under reduced pressure, the resulting residue was dissolved in
ethylacetate and washed with water followed by brine solution. The organic layer was dried
over anhydrous Na SO, and evaporated under vacuo to obtain a desired amino product 2 as

white solid 3.

5-bromo-2-p-tolyl-1H-benzimidazole (3)

12
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T3P® (1.5 mmol, 50 % solution in ethylacetate) was added to the solution of 4-
Bromo-1,2-diaminobenzene (1.0 mmol) and p-Tolualdehyde (1.0 mmol) in ethylacetate at
0°C and the resulting reaction mixture was stirred at room temperature for 2 h. The reaction
mixture was diluted with water (20 mL) and neutralized with 10% NaHCO3; solution and the
product was extracted with ethyl acetate (10 mL X 2), the combined organic layer was
washed with water followed by brine solution. The organic phase was dried over anhydrous
Na,SO. and evaporated under reduced pressure to obtain a crude product, which was
purified by column chromatography using ethyl acetate and hexane as an eluent to get the
desired product 3 as a pale yellow solid. *H NMR (400 MHz, CDCls): & 8.32-8.30 (d, J = 8.0
Hz, 2H, ArH), 7.79 (br s, 1H, ArH), 7.38-7.36 (d, J = 7.6 Hz, 1H, ArH), 7.33-7.30 (dd, J = 8.4,

1.4 Hz, 1H, ArH), 7.29-7.27 (d, J = 7.8 Hz, 2H, ArH), 2.21 (s, 3H, Ar-CHjs).
3,5-dibromobenzene-1,2-diamine (5)

2,4-dibromo-6-nitroaniline (5 mmol) and zinc dust (10 mmol) with catalytic amount of
HCI was refluxed in ethanol (10 mL) for 4 h. The reaction mixture was filtered through celite
and filtrate was evaporated under reduced pressure, the resulting residue was dissolved in
ethylacetate and washed with water followed by brine solution. The organic layer was dried
over anhydrous Na,SO., and evaporated under vacuo to obtain 3,5-dibromobenzene-1,2-

diamine (5) as a pale brown solid.

5,7-dibromo-2-p-tolyl-1H-benzimidazole (6) & 5,7-dibromo-2-(4-tert-butylphenyl)-1H-

benzimidazole (7)

Compounds 6 and 7 were synthesized as described earlier for the synthesis of 3
using p-Tolualdehyde and 4-tert-Butylbenzaldehyde as an aldehyde component to construct
benzimidazole ring, respectively. 5,7-dibromo-2-p-tolyl-1H-benzimidazole (6); pale brown
solid; *H NMR (400 MHz, CDCls): & 8.30-8.28 (d, J = 8.0 Hz, 2H, ArH), 7.81 (s, 1H, ArH),
7.64 (s, 1H, ArH), 7.31-7.29 (d, J = 8.2 Hz, 2H, ArH), 2.23 (s, 3H, Ar-CHs). 5,7-dibromo-2-
(4-tert-butylphenyl)-1H-benzimidazole (7); dark brown solid; *H NMR (400 MHz, CDCls): &

13
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8.29-8.27 (d, J = 8.2 Hz, 2H, ArH), 7.80 (s, 1H, ArH), 7.62 (s, 1H, ArH), 7.33-7.31 (d, J = 8.0

Hz, 2H, ArH), 1.51 (s, 9H, t-butyl-CHs).
General procedure for the synthesis of title compounds MH1-5

Corresponding bromo compounds (3, 6 & 7) (1.0 mmol) were taken in
water:Ethanol:1,4dioxane (6 mL) mixture in 1:1:5 ratio, potassium carbonate (3.0 mmol) and
phenyl/4-bromo phenyl boronic acid (1.1 mmol) were added to the reaction mixture and
degassed with nitrogen gas for 15 min with stirring at room temperature.
Bis(triphenylphosphine)palladium(ll) dichloride (0.1 mmol) catalyst was added to the mixture
and heated for 30 min at 130°C in seal tube. The reaction mixture was filtered through celite
and concentrated under reduced pressure, the resulting residue was diluted with
ethylacetate and washed with water followed by brine solution. The organic layer was dried
over anhydrous Na,SO4 and concentrated under vacuo to give the crude product which was
purified by column chromatography using hexane: ethylacetate as an eluent to get the title

compounds (MH1-5).

5-phenyl-2-p-tolyl-1H-benzimidazole (MH1)

Yield: 84%; off white solid; m.p. 182-184 °C, IR ymax (KBr) 3350, 3154, 3123, 3087,
3030, 2980, 1380. cm; *H NMR (400 MHz, CDCls); & 8.00-7.98 (d, J = 8.0 Hz, 2H, ArH),
7.78 (s, 1H, ArH), 7.68-7.66 (d, J = 8.0 Hz, 1H, ArH), 7.62-7.59 (m, 2H, ArH), 7.51-7.49 (dd,
J = 1.6 Hz, 1H, ArH), 7.45-7.41 (m, 2H, ArH), 7.35-7.30 (m, 1H, ArH), 7.29-7.26 (m, 2H,
ArH), 2.40 (s, 3H, Ar-CHs). *C NMR (100 MHz, CDCls); & 152.5, 141.7, 140.6, 136.5, 129.8,
128.7, 127.3, 126.9, 126.8, 126.5, 122.6, 120.8, 117.9, 21.4. HRMS (ESI) m/z Calcd for

C20Hi1sN2Na [M+Na]* 307.3544, found 307.3563.
5-(4-bromophenyl)-2-p-tolyl-1H-benzimidazole (MH2)

Yield: 78%; Brown solid; m.p. 184-186°C IR ymax (KBr) 3362, 3164, 3127, 3048,

2980, 1397, 550 cm; *H NMR (400 MHz, CDCls); & 7.97-7.92 (m, 2H, ArH), 7.75-7.68 (m,

14
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1H, ArH), 7.67-7.64 (m, 2H, ArH), 7.58-7.56 (d, J = 9.6 Hz, 1H, ArH), 7.53-7.51 (dd, J = 1.6
Hz, 1H, ArH), 7.48-7.43 (m, 1H, ArH), 7.38-7.32 (m, 2H, ArH), 7.29-7.26 (m, 1H, ArH), 2.42
(s, 3H, Ar-CHs). 3C NMR (100 MHz, CDCls); & 152.1, 141.9, 140.8, 136.4, 130.2, 129.9,
128.3, 127.9, 126.7, 126.1, 123.1, 122.8, 121.5, 117.7, 21.3. HRMS (ESI) m/z Calcd for

C2oH1sBrN2Na [M+Na]* 386.2505, found 386.2531.
5,7-diphenyl-2-p-tolyl-1H-benzimidazole (MH3)

Yield: 82%; Pale brown solid; m.p. 166-168 °C, IR ymax (KBr) 3352, 3159, 3124,
3041, 2983, 1382 cm?; *H NMR (400 MHz, CDCls); & 8.24-8.22 (d, J = 6.8 Hz, 2H, ArH),
7.91-7.89 (d, J = 8.0 Hz, 1H, ArH), 7.85 (s, 1H, ArH), 7.75 (s, 1H, ArH), 7.66-7.64 (d, J = 7.6
Hz, 2H, ArH), 7.59-7.56 (m, 1H, ArH), 7.53-7.50 (t, J = 6.4 Hz, 3H, ArH), 7.48-7.34 (m, 3H,
ArH), 7.26-7.24 (t, J = 4.0 Hz, 2H, ArH), 2.36 (s, 3H, Ar-CHs). 2*C NMR (100 MHz, CDCls); &
152.3, 135.8, 135.6, 134.7, 133.5, 132.6, 130.0, 129.8, 129.1, 128.8, 128.7, 128.5, 128.4,
128.2, 127.9, 127.4, 127.0, 126.7, 122.8, 22.7. HRMS (ESI) m/z Calcd for CzsH20N2Na

[M+Na]* 383.4504, found 383.4523.
5,7-bis(4-bromophenyl)-2-p-tolyl-1H-benzimidazole (MH4)

Yield: 75%; Dark brown solid; m.p. 91-93°C, IR ymax (KBr) 3401, 3213, 3178, 3102,
3032, 2997, 1396, 550, 542 cm?; *H NMR (400 MHz, CDCl3); & 7.99-7.90 (m, 2H, ArH),
7.71-7.69 (d, J = 7.2 Hz, 3H, ArH), 7.56-7.50 (m, 4H, ArH), 7.49-7.45 (m, 2H, ArH), 7.37-
7.33 (m, 3H, ArH), 2.16 (s, 3H, Ar-CHz). *C NMR (100 MHz, CDCls); & 152.6, 141.7, 140.5,
136.5, 132.0, 131.98, 131.93, 129.86, 129.81, 128.97, 128.90, 128.65, 128.60, 128.0, 127.5,
127.4, 126.7, 126.6, 21.4. HRMS (ESI) m/z Calcd for CzsHisBraNz2Na [M+Na]* 541.2425,

found 541.2442.
2-(4-tert-butylphenyl)-5,7-diphenyl-1H- benzimidazole (MH5)

Yield: 81%; Off white solid; m.p. 198-200°C, IR ymax (KBr) 3399, 3202, 3165, 3114,

2997, 2984, 1395, 1387 cm; *H NMR (400 MHz, CDCls): & 7.97-7.87 (m, 4H, ArH), 7.80-
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7.70 (m, 3H, ArH), 7.68-7.63 (m, 2H, ArH), 7.62-7.51 (m, 4H, ArH), 7.31-7.28 (m, 3H, ArH),
1.25 (s, 9H, t-butyl-CHs). 3C NMR (100 MHz, CDCls); & 152.5, 135.5, 134.7, 133.5, 132.4,
130.0, 129.4, 129.2, 128.8, 128.7, 128.5, 128.1, 127.9, 127.8, 127.6, 127.0, 126.7, 124.6,

31.1, 30.9. HRMS (ESI) m/z Calcd for CagHz6N2Na [M+Na]* 425.5301, found 425.5312.

BIOLOGY

Chemicals and reagents

All the chemicals used in the present study were of analytical grade and purchased
from Sigma-Aldrich, USA. Human Topoisomerase | and lla were purchased from
TopoGEN.Inc, USA. DNA modifying enzymes were from New England Biolabs (USA).

Antibodies were from Santacruz Biotechnology or Invitrogen (USA).
Cell culture

Human cancer cell lines, Molt4 (acute lymphoblastic leukemia), K562 (Chronic
myelogenous leukemia), EAC (Mouse breast cancer), MCF7 (Human breast cancer) and
HelLa (Human cervical cancer) were purchased from National Centre for Cell Science, Pune,
India and Nalm6 (B-cell leukemia) and REH (B-cell leukemia) were a kind gift from Dr. M.R.
Lieber, USA. Cells were cultured in RPMI1640, MEM or DMEM (Sera Lab, UK) containing
10% FBS (Gibco BRL, USA), 100 U of Penicilin G/ml and 100 pg of streptomycin/ml

(Sigma—Aldrich, USA) at 37°C in a humidified atmosphere containing 5% CO..
MTT assay

Cytotoxic effect of newly synthesized benzimidazole derivatives was studied using
MTT assay . Briefly, leukemic cell lines were seeded in a 24 well plate at a density of
50,000 cells/ml and treated with different concentrations (0-40 pM) of synthesized
compounds for 48 or 72 h. 100 pl of cell suspension from each sample was mixed with 10 pl
of MTT (5 mg/ml) in 96 well plate, incubated for 2-3 h, formazone crystals were solubilized in
67 ul of solution containing 10% SDS and 50% DMF (30-60 min at 37°C) and readings were
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acquired at 570 nm using Biorad iIMARK (USA) plate reader. Adherent cell lines (MCF7,
HelLa and EAC), were seeded directly in 96 well plate at the density of 5000 cells/well and
incubated with different concentrations (0-40 uM) of compounds and subjected to MTT
assay as described above. Experiments were repeated a minimum of two times with good
agreement, each with duplicate reactions and bar diagram is presented with error bars. 1Cso

values were determined using GraphPad software prism 5.1.
Cell cycle analysis

To study the effect of MH1 on cell cycle progression in Molt4 and K562 cells, cells
were seeded at a density of 50,000 cells/ml, and treated with different concentrations of MH1
(0, 1, 5, 10 and 20 puM) for 48 h as described previously . Besides, Molt4 cells were treated
with MH1 (10 uM) for different time points (3, 6, 12 and 24 h). DMSO treated cells were
served as a vehicle control. For cell cycle analysis, following MH1 treatment, cells were
harvested, washed in 1x PBS and fixed with 80% chilled ethanol. Fixed cells were subjected
to RNase A treatment (50 pg/ml, at 37°C for 4-12 h. Cells were stained with propidium iodide
(10 pg/ml) and analysed in BD FACSVerse™. Minimum 10,000 cells were acquired and
analysed in Flowing software (version2.5). Experiments were repeated a minimum of two
independent times and presented as histogram and % of cells in different phases of cell

cycle are presented as bar diagram with error bars.
Annexin-FITC/ Pl staining

Induction of apoptosis following MH1 treatment in Molt4 cells was studied using
Annexin-FITC/PI staining kit (Santacruz, USA) *. Briefly, different concentrations of MH1 (0,
1, 5 and 10 pM) were incubated with Molt4 cells (50,000 cells/ml) for 48 h. Cells were
harvested, suspended in binding buffer containing calcium along with Annexin-FITC (0.2
mg/ml) and propidium iodide (50 ng/ml) for 20 min at room temperature and was analysed
on BD FACSVerse™. Minimum 10,000 cells were acquired per sample and analysed in
Flowing software (version 2.5). DMSO treated cells were used as a vehicle control.
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Experiments were repeated a minimum of two times and results were presented as dot plots.

% cells in early, late apoptosis and necrosis are presented as a bar diagram with error bars.

For confocal microscopy, Annexin-FITC/PI stained cells were fixed using 2%
paraformaldehyde for 15 min at room temperature. Cells were washed with 1x PBS and
mounted on slides using DABCO. Images were captured using inverted confocal laser

scanning microscope (Ziess LSM 510 MK4, Germany).
Live dead cell assay

Effect of MH1 on Molt4 cell viability was also analysed by performing live dead cell
assay using calcein-AM and ethidium homodimer staining . Briefly, Molt4 cells were
incubated with increasing concentrations of MH1 (0, 1, 5 and 10 uM) for 48 h. Cells were
harvested, washed in 1x PBS and incubated with calcein-AM (100 nM) and ethidium
homodimer (8 puM) for 20 min at 37°C and analysed in BD FACSVerse™ (10,000 cells per
sample). DMSO treated cells were used as a vehicle control. Data are presented as dot
plots. Cells stained with calcein-AM alone (live cells) or ethidium homodimer alone (dead

cells) or both are presented as a bar diagram with error bars.
DNA fragmentation assay

DNA fragmentation during apoptotic induction by MH1 on Molt4 cells was studied
using DNA fragmentation assay 2°°. Briefly, Molt4 cells were incubated with increasing
concentrations of MH1 (0, 1, 5, 10 and 20 uM for 48 h), harvested, washed in PBS and lysed
in lysis buffer (100 mM NacCl, 10 mM Tris pH 8.0, 0.25%Triton X-100, 1mM EDTA and 100
ug/ml Proteinase K for 4 h at 55°C). Following RNase treatment (50 pg/ml, for 1 h at 37° C),
and deproteinization (phenol: chloroform extraction), DNA was precipitated, washed with
70% ethanol, dried and dissolved in TE. DNA concentration was estimated, and equal
concentration was loaded on 2% agarose gel and electrophoresed at 50V for 3 h. DNA

hyper ladder | was used as a marker to assess the length of the DNA. Quantification of
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HMW (high molecular weight) DNA and fragmented DNA was carried out using Multi Gauge

V3.0 software and presented as a bar diagram with error bars (n=2).
Measurement of mitochondrial membrane potential assay

To test the involvement of mitochondrial machinery in induction of apoptosis, JC-1
staining was carried out 3. Briefly, Molt4 cells treated with different concentrations of MH1
(0, 1, 5, 10 and 20 uM) were harvested at 48 h, incubated with JC-1 dye (5, 5, 6, 6'-
tetrachloro-1, 1, 3, 3'- tetraethylbenzimidazolcarbocyanamide iodided; 2 uM; Calbiochem,
USA) for 30 min at 37°C, washed and immediately analysed in BD FACSVerse™. Cells
treated with 2, 4-DNP was used as a positive control, and cells treated with DMSO alone
was served as a vehicle control. Data are presented as dot plots, percentage cells with high,
intermediate and low mitochondrial membrane potential (MMP) are presented in bar diagram

with error bars based on minimum of two experiments.

Western blot analysis

Effect of MH1 on the expression of apoptotic proteins was analysed on Molt4 cells
following MH1 treatment by western blot analysis. Cell lysate was prepared after 48 h of
MH1 treatment (0, 1, 5 and 10 pM) using RIPA buffer method as described previously “°.
~30 ug of protein from each sample was resolved on a SDS-PAGE (12%), transferred to
PVDF membrane (Millipore, USA) and probed with respective primary, biotinylated
secondary and streptavidin HRP antibodies. The primary antibodies used were BAX, BCL2,
and Actin (from Invitrogen, USA); CASPASE9 and CASPASE3 (from Santacruz, USA).
Membranes were developed using chemiluminescent reagents (Bio-Rad, USA) and imaged
were acquired using gel documentation system (LAS 3000, Fuji, Japan). Actin served as
loading control. Quantification of the western blots were carried out using Multi Gauge V3.0
software and presented as a bar diagram in fold changes with respect to the control with
error bars (n=2).

Molecular docking studies
19
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2D structure of MH1 was sketched in ChemBioDraw Ultra 14.0. Explicit hydrogen
were added and converted into 3D structure using Open Babel 2.32 #
(http://openbabel.org). 3D crystal structure of double stranded DNA bound with Hoechst
33258 at minor groove was retrieved from protein databank (PDB ID: 127D,

www.rcsb.org/pdb). Molecular docking studies were carried out with Autodock4.2 program #2.

Briefly, ligand was removed from the DNA PDB structure and PDBQT files were generated
for DNA molecule and MH1. Grid files were created keeping the grid centres 15, 21.23 and
8.45 on X, Y and Z dimensions, respectively (npts= 60 for X, Y and Z, spacing= 0.375). Rigid
docking was carried out using Lamarckian genetic algorithm (GA run was kept 25 with long
search parameter). Best pose was selected according to lower binding energy and

presented in the final image. Images were created with PyMOL (http://www.pymol.org/).

MH1-DNA interaction studies

DNA interaction studies were carried out using Calf thymus (CT) DNA (Sigma)
dissolved in 20 mM Tris-Hcl, pH 7.4 with 15 mM NaCl and 0.5 mM EDTA (all the assays
were performed using same buffer). Concentration of CT-DNA was determined by UV-

spectroscopy using the extinction coefficient 12824 M cm™.
UV-VIS spectroscopy

MH1-DNA interaction studies were carried out using UV-VIS spectrometer (Perkin
Elmer, Lambda 35) 3. Briefly, MH1 (10 uM) was scanned (200 nm to 550 nm) with different
concentration of CT-DNA (0, 1, 5, 10, 25, 50, 75 and 100 uM) with a scan speed of 240
nm/min, three cycles keeping the scan intervals of 0.5 nm and 2 nm slit width. Resulting

absorbance (A) was plotted with the function of wavelength.
Fluorescence emission spectrum measurement

Fluorescence emission studies * of MH1-DNA interactions were carried out in 96

well plate microplate reader Infinite M200PRO (Tecan Group Ltd., Switzerland). Briefly, 1 uM
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MH21 was added with the different concentration of CT-DNA (0, 1, 5, 10, 25, 50, 75 and 100
HM) and scanned for the emission spectra from 300 to 550 nm at 259 nm excitation range
(Instrument settings: z-position- 20000 um, gain-100, integration time- 20 us and number of
flashes-25 with 1 nm step). Resulting fluorescence intensity (RFU) is plotted as the function

of wavelength.

DNA dye displacement assay

To check the mode of MH1 binding to DNA, we have carried out DNA dye
displacement assay using Hoechst 33258 or Ethidium bromide dye #°. Briefly, 20 uM CT-
DNA along with 5 pM Hoechst 33258 was incubated with different concentration of MH1 (O,
1,5, 10, 25, 50 and 100 uM) for 10 min at room temperature, emission spectra was scanned
from 400 to 650 nm at excitation of 352 nm. 50 uM MH3 was also used to check its ability to
displace the Hoechst as it showed poor cytotoxicity ex vivo. Fluorescence intensity from
compound alone was also measured and used for the subsequent subtraction in the final
graph. Similarly, ethidium bromide (1 pM) displacement assay was also carried out
(emission range from 530 to 780 at 510 nm excitation) and emission spectra was plotted as

described previously.
Circular dichroism

In order to check the DNA topological changes upon binding with MHL1, circular
dichroism studies were performed “°. Calf thymus DNA (50 uM) was incubated with different
concentrations of MH1 (0O, 10, 25, 50 and 100 puM) and circular dichroism (CD) spectra were
recorded at room temperature from 220 to 300 nm with five cycles for every sample using a
JASCO J-810 spectropolarimeter (scan speed of 100 nm/min). Buffer with compound alone
was subtracted from corresponding spectra and final graph was presented. Hoechst 33258

(10 uM) was used as a positive control.

Topoisomerase assay
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Ability of MH1 to inhibit topoisomerase activity was checked using recombinant
human topoisomerase | and human topoisomerase Il a (TopoGEN.Inc, USA). Supercoiled
plasmid DNA (pBS-SK+) was isolated using GenElute plasmid miniprep kit (Sigma),
according to the manufactures instructions. ~250 ng of plasmid DNA was incubated with
different concentrations of MH1 (0, 10, 25, 50 and 100 uM, at RT for 5 min; equal amount of
DMSO was added in controls). To this, topoisomerase enzyme (2 units) was added in the
supplied reaction buffer (30 min incubation at 37°C). Reactions were terminated by addition
of stop buffer containing 5% sarkosyl, 0.125% bromophenol blue, 25% glycerol and resolved
on 0.8 % agarose gel (40 v, 4 h). Following ethidium bromide post staining, gel images were
captured. Etoposide (100 uM) and Topotecan (7.5 uM) were served as a positive control for
topoisomerase |l a and topoisomerase |, respectively. Experiments were carried out a

minimum of two independent times.
In vitro transcription assay

To have an insight on other DNA related activities, we performed in vitro transcription
assay using T7 RNA polymerase (NEB, USA) #’. Briefly, 500 ng of pBS-SK+ plasmid DNA
was incubated with different concentrations of MH1 (0, 10, 25, 50 and 100 pM) at room
temperature for 5 min (equal amount of DMSO was added in the control reactions), in
presence T7 RNA polymerase (5 units). Reactions were incubated for 30 min at 37°C,
terminated and further processed as described above in “topoisomerase assay”. RNase A

(50 pg/ml) was used to confirm the synthesised RNA species.
Statistical analysis

The error bars were expressed as mean + SEM. Statistical analysis was performed
using One-way ANOVA followed by Dunnett test and significance was calculated after
comparing each value with control using GraphPad software prism 5.1. The values were
considered as statistically significant, if the p-value was equal to or less than 0.05 (0.05%,
0.005**, 0.0005***).
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Figure Legends

Figure 1. Synthetic schemes of compounds MH1-5.

Scheme-1. Synthesis of 2,5 disubstituted benzimidazole derivatives (MH1-2). (a)
Zn/HCI, EtOH, reflux; (b) TsP®, p-Tolualdehyde, Ethylacetate, 0°C-RT; (c) phenyl/4-bromo
phenyl boronic acid, K.COs, Bis(triphenylphosphine)palladium(ll) dichloride, H.O:EtOH:1,4

dioxane (1:1:5), 130°C.

Scheme-2. Synthesis of 2,5,7 trisubstituted benzimidazole derivatives (MH3-5) : (i)
Zn/HCI, EtOH, reflux; (i) TsP®, p-Tolualdehyde/4-tert-Butylbenzaldehyde, Ethylacetate, 0°C-
RT; (iii) phenyl/4-bromo phenyl boronic acid, K>COs, Bis(triphenylphosphine)palladium(ll)

dichloride, H>O:EtOH:1,4 dioxane (1:1:5), 130°C.

Figure 2. Chemical structure and yield of newly synthesized compounds. Chemical
structure of different benzimidazole derivatives and their respective yield is indicated.

Figure 3. Cytotoxic effect of novel benzimidazole derivatives on different cancer cell
lines. Molt4, Nalm6, REH, MCF7, EAC, K562, and HelLa cells were treated with different
concentrations (0-40 uM) of the compounds (MH1, MH2, MH3, MH4 or MH5 ) for 48 or 72 h.
MTT assay was performed for evaluating the effect of compounds on cell proliferation. A)
IC50 values for above compounds at 48 h as determined by MTT assay in different cancer
cell lines. B) Bar diagram (mean £ SEM) showing effect of MH1 (O, 1, 5, 10 and 20 yuM) on
proliferation of different leukemic cell lines (Molt4, Nalm6, K562 and REH respectively) at 48
and 72 h of treatment. Experiment was repeated a minimum of three times with good

consensus.
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Figure 4. Cell cycle analysis of Molt4 and K562 cells following treatment with MH1.
Molt4 and K562 cells were treated with different concentrations of MH1 (0, 1, 5, 10 and 20
KM for 48 h), fixed and analysed by flow cytometry after staining with propidium iodide. A, C)
Histogram showing effect of MH1 on Molt4 and K562 cells at 48 h. B, D) Bar diagram (n=2)
showing percentage of cells in different cell cycle phases at 48 h of treatment with different
concentrations of MH1 on Molt4 and K562. E, F) Histogram showing effect of MH1 (10 pM)
on cell cycle progression in Molt4 cells at different time points (3, 6, 12 and 24 h) and

respective bar diagram showing cell cycle arrest (n=3).

Figure 5. Evaluation of MH1 induced apoptosis by Annexin-FITC/PI staining. Molt4
cells treated with MH1 (0, 1, 5 and 10 uM for 48 h) were double-stained with Annexin-
FITC/PI. A) Dot plots showing apoptotic cells following treatment with MH1 on Molt4 cells. B)
Bar diagram (n=2) representing distribution of early, late apoptotic and necrotic cell
populations after treatment with MH1. C) Confocal images of Annexin-FITC/PI stained Molt4

cells, treated with MH1 (0, 1, 5 and 10 uM for 48 h).

Figure 6. DNA fragmentation and live-dead cell assays following MH1 treatment in
Molt4 cells. A, B) MHL1 treated (0, 1, 5 and 10 uM for 48 h) Molt4 cells were stained with
calcein-AM and ethidium homodimer and analysed by flow cytometry. Dot plot represents
MH1 treated Molt4 cells (A). Bar diagram (n=2) showing percentage of calcein-AM alone
(live cells) or ethidium homodimer (dead cells) alone or calcein-AM/ ethidium homodimer
stained Molt4 cells after treatment with MH1. C and D) Agarose gel stained with ethidium
bromide showing DNA ladder formation in Molt4 cells after treatment with MH1 (O, 1, 5, 10
and 20 uM for 48 h). ‘M’ indicates DNA ladder and bar diagram representing quantification of

HMW (high molecular weight) DNA and fragmented DNA.

Figure 7. Evaluation of mitochondrial membrane potential and induction of apoptotic
proteins in Molt4 cells following treatment with MH1. Molt4 cells were treated with

different concentrations of MH1 for 48 h and measured for mitochondrial membrane potential
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by FACS and expression of apoptotic proteins by western blot analysis. A) Dot plot showing
change in MMP following treatment with MH1 (0, 1, 5, 10 and 20 uM). 2, 4-DNP treated
Molt4 cells (48 h) served as positive control. B) Bar diagram (n=2) showing distribution of
high, intermediate and low mitochondrial membrane potential in Molt4 cells after treatment
with MH1. C and D) Immunoblotting showing differential expression/activation of apoptotic
markers BAX, BCL2, CASPASE9, CASPASES3 following treatment with MH1 in Molt4 cells
(0, 1, 5and 10 uM at 48 h), actin served as the loading control and respective quantifications

are given in terms of fold change.

Figure 8. Evaluation of MH1-DNA interaction by UV-visible, fluorescent spectroscopy
and DNA dye displacement assays. A) MH1 was incubated with various concentrations of
CT-DNA (O, 1, 5, 10, 25, 50, 75 and 100 uM) and absorbance was measured in UV-visible
spectroscopy. The resulting spectra is shown as a function of wavelength. Arrow indicates
increasing concentration of CT-DNA. B) Fluorescence emission spectra of MH1 in presence
of increasing concentrations of CT-DNA (0, 1, 5, 10, 25, 50, 75 and 100 uM). Arrow indicates
increasing concentrations of CT-DNA. Fluorescence is expressed in RFU and is shown in Y-
axis. C) Ethidium bromide dye displacement assay showing effect of increasing
concentrations of MH1 (0, 1, 5, 10, 25, 50 and 100 uM) on fluorescence emission spectra of
ethidium bromide, when incubated with CT-DNA. Black spectral line indicates ethidium
alone, red spectral line is ethidium bromide along with DNA and blue spectral lines are
increasing concentrations of MH1 and indicated by an arrow. D) Hoechst (33258) dye
displacement assay showing effect of increasing concentrations of MH1 (0, 1, 5, 10, 25, 50
and 100 pM) on fluorescence emission spectra of Hoechst along with CT-DNA. Yellow
spectral line indicates Hoechst alone, red spectral line indicates Hoechst and CT-DNA, black
spectral line is Hoechst with CT-DNA in presence of MH3 (50 pM) and blue spectral lines

indicate increasing concentrations of MH1 and marked by an arrow.

Figure 9. Evaluation of inhibitory effect of MH1 on topoisomerase action and

transcription. MH1 inhibitory activity on human topoisomerase lla and T7 RNA polymerase
31



RSC Advances

catalysed transcription was tested. A) Human topoisomerase lla activity was assayed in
presence of increasing concentrations of MH1 (0, 10, 25, 50 and 100 uM) using supercoiled
plasmid DNA (pBS-SK+, 37°C for 30 min). Etoposide (100 uM) served as positive control,
for the reaction. Supercoiled and relaxed forms of the DNA are indicated. B) Topoisomerase
| assay in presence of MH1. Recombinant Human topoisomerase | was tested for its activity
on supercoiled plasmid DNA in presence of different concentrations of MH1 (0, 10, 25, 50
and 100 puM) for 30 min at 37°C. Topotecan (7.5 pM) was used as a positive control.
Positions of supercoiled and relaxed DNA are indicated. C) In vitro transcription assay using
T7 RNA polymerase was performed in presence of different concentrations of MH1 (0, 10,
25, 50 and 100 puM) for 30 min at 37°C. To confirm RNA species (denoted in red bracket)
formation, products were also treated with RNase A (50 ug/ml). ‘M’ is molecular weight
ladder. D) Circular dichroism studies to check the topological changes in DNA in presence of
MH1. CD analysis was carried out using CT-DNA (50 pM) in presence of increasing
concentrations of MH1 (0, 10, 25, 50 and 100 puM). Hoechst 33258 (10 uM) was used as a

positive control (black spectral line). DNA alone was presented in red spectral line.

Figure 10. Molecular docking studies of MH1 with double stranded DNA. Ability of MH1
to bind at the minor groove of DNA was tested with the help of Autodock 4.2 docking
software and plausible interactions are represented. A) Docked orientation of MH1 in
Hoechst binding pocket of double stranded DNA (MHL1 is shown in cyan blue). B) Interaction
of MH1 at minor groove pocket of AT rich double-stranded DNA. C) Hydrogen bond
formation between imidazole moiety of MH1 and oxygen group of thymine residue inside the

minor groove.
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MH1 X=H
MH2 X=Br

Scheme-1. Synthesis of 2,5 disubstituted benzimidazole derivatives (MH1-2). (a) Zn/HCI, EtOH,
reflux; (b) T;P®, p-Tolualdehyde, Ethylacetate, 0°C-RT; (c) phenyl/4-bromo phenyl boronic acid, K,CO;,
Bis(triphenylphosphine) palladium(ll) dichloride, H,O:EtOH:1,4 dioxane (1:1:5), 130°C

Figure 1
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Scheme-2. Synthesis of 2,5,7 trisubstituted benzimidazole derivatives (MH3-5) : (i) Zn/HCI, EtOH,
reflux; (ii) T,P®, p-Tolualdehyde/4-tert-Butylbenzaldehyde, Ethylacetate, 0°C-RT; (iii) phenyl boronic
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H,O:EtOH:1,4 dioxane (1:1:5), 130°C.
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