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Abstract

In this study a series of diarylurea derivatives containing quinoxalindione group were biologically evaluated
for their cytotoxic activities using MTT assay against MCF-7 and HepG2 cell lines. Antibacterial activities
of these compounds were also evaluated by Microplate Alamar Blue Assay (MABA) against three Gram-
negative (Escherichia coli, Pseudomonas aeruginosa and Salmonella typhi), three Gram-positive
(Staphylococcus aureus, Bacillus subtilis and Listeria monocitogenes) and one yeast-like fungus (Candida
albicans) strain. Furthermore, molecular docking was carried out to study the binding pattern of the
compounds to the active site of B-RAF kinase (PDB code: 1TUWH). Molecular dynamics simulation was
performed on the best ligand (16e) to investigate the ligand binding dynamics in the physiological
environment. Cytotoxic evaluation revealed the most prominent cytotoxicity for 6 compounds with ICs,
values of 10-18 uM against two mentioned cell lines. None of the synthesized compounds showed
significant antimicrobial activity. The obtained results of the molecular docking study showed that all
compounds fitted in the binding site of enzyme with binding energy range of -11.22 to -12.69 kcal/mol vs
sorafenib binding energy -11.74 kcal/mol as the lead compound. Molecular dynamic simulation indicated
that the binding of ligand (16¢) was stable in the active site of B-RAF during the simulation.
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INTRODUCTION

Cancer is a major worldwide health
problem and based on World Health
Organization (WHO) report by 2030 more
than 13 million cancer deaths will be expected
(1,2). Chemotherapy is one of the most
frequently used treatment for cancers but
adverse side effects and resistance to the
current chemotherapeutic agents are the major
reasons for the failure in cancer chemotherapy
(3). Thus, development of more efficient and
less toxic anticancer agents remains an
important issue in drug design (4). Diaryl urea
derivatives have broad spectrum of biological
effects and pharmaceutical functions. Several
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diaryl urea derivatives such as sorafenib,
regorafenib, linifanib and tivozanib have been
so far synthesized and evaluated as the kinase
inhibitors (Fig. 1). Sorafenib (BAY-43-9006),
is the first orally bioavailable multiple kinase
inhibitor approved by the U.S. Food and Drug
Administration  (FDA) and  European
Medicinal Agency (EMEA) for the treatment
of advanced renal cell carcinoma and
hepatocellular carcinoma. It inhibits the kinase
activity of both C-RAF and B-RAF (wild type
and V600E mutant) with I1Csy values of 6.22
and 38 nM, respectively.
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Fig. 1. Some examples of diaryl urea agents.

In addition, this molecule shows significant
activity against several receptor tyrosine
kinases (RTKs) involved in tumor cell
proliferation and tumor angiogenesis including
vascular endothelial growth factor receptor
2 and 3 (VEGFR-2 and VEGFR-3)
and platelet-derived growth factor receptors
(PDGFR-B) (5-7).

Introduction of a fluorine atom in the
central phenyl ring of sorafenib led to the
synthesize of regorafenib (BAY-73-4506),
that has been approved by FDA for the
treatment  of  colorectal cancer and
gastrointestinal stromal tumor and inhibits
C-RAF, V600E B-RAF and B-RAF with ICs
values of 2.5, 19 and 28 nM, respectively
(8,9). Tivozanib (AV-951) hydrochloride is a
potent and selective tyrosine kinase inhibitor
of all three vascular endothelial growth factor
receptors. It has been evaluated in several
clinical trials including a phase II and phase III
studies, demonstrating safety and efficacy for
patients with advanced or metastatic renal cell
carcinoma (10,11).

Linifanib (ABT-869) is a potent inhibitor of
all VEGF and PDGF receptor tyrosine kinases
that shows significant clinical activity as the
monotherapy in patients with advanced
hepatocellular carcinoma and inhibits kinase
insert domain receptor (KDR) with an ICsg of
28 nM (12,13).

In this work, based on previous structure
activity relationships (SARs) of sorafenib and
its analogs we retained the diarylurea
functionality as the key pharmacophore and
focused our main modification on replacement
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of pyridyl carboxamid group of sorafenib with
quinoxalindione moiety in order to investigate
the impact of increasing rigidity at the end of
this backbone on the biological activities of
the resulting compounds. Since antibacterial
activities of quinoxalindione and diaryl urea
derivatives have been reported separately, we
were interested in  investigating the
antimicrobial activities of these new hybrid
compounds with both pharmacophore moieties
in a single scaffold (14-19).

In the present study 14 newly synthesized
diaryl urea derivatives which were developed
in our laboratory were evaluated for in vitro
cytotoxicity and antimicrobial activities. The
inhibitory activity of these compounds against
two cancer cell lines including human breast
cancer (MCF-7) and human liver cancer
(HepG2) cell lines was evaluated using
the standard 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) assay.
Antibacterial and anti-fungal activities of these
compounds were screened by Microplate
Alamar Blue Assay (MABA).

In order to investigate the interaction
between B-Raf kinase inhibitors and B-Raf
kinase, molecular dynamic simulation (MD )
was performed on the best docking pose of the
ligand with lowest binding energy. For this
purpose, the protein structure was simulated in
a grid box with water molecules and
physiologic concentration of the salt. The
binding pattern of the ligand after simulation
was obtained. This fingerprint pattern can be
helpful in the design of more potent molecules
in future studies.
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MATERIALS AND METHODS

The following microorganisms were used
as diluted samples with broth culture:
Staphylococcus aureus PTCC 1337, Bacillus
subtilis PTCC 1032, Listeria. Monocytogenes
PTCC 1165, Escherichia coli PTCC 1338,

Pseudomonas aeruginosa PTCC 1074,
Salmonella. Enteritidis PTCC 1091 and
Candida albicans PTCC 5027. Al

microorganisms were obtained from Persian
Type Culture Collection (PTCC). Mueller-
Hinton broth (Merk, Germany) and RPMI-
1640 (Gibco, Scotland) were used for growth
of bacteria and fungi, respectively. MTT, and
dimethylsulfoxide (DMSO) were purchased
from Merck, Germany.

Absorbances were determined with an
ELISA plate reader (ELX 808, USA). MCF-7
cells were purchased from Pasteur Institute,
Tehran, Iran. The stock solutions (10000 pM)
of synthesized compounds were prepared by
dissolving in DMSO and diluted with distilled
water to acheive 10, 100, 250, 500 uM
concentrations. Since the primary stock was
prepared in DMSO and then diluted to a ratio
of at least 1/200, therefore, the highest
concentration of DMSO in each cell would be
less than 0.5% or even lesser.

Biological activity procedures
In vitro cytotoxicity assay

MCF-7 and HepG2 cell lines were
maintained respectively in RPMI-1640 and
DMEM/F12 medium supplemented with fetal
bovine serum (FBS) (10%, v/v) and antibiotics
[penicillin (100 units/mL) and streptomycin
(100 mg/mL)] in a humidified atmosphere of
5% CO, at 37 °C (20,21). Briefly, after
2-3  subcultures, 180 upL of the cells
(4.5 x 10* and 6 x 10* cells/mL of MCF-7 and
HepG2, respectively) were seeded in triplicate
on 96-well microplates and incubated for 24 h.
Cells were treated with 20 pL of different
concentrations of the derivatives (10, 100, 250,
500 uM) for 48 h. The final concentrations of
the compounds were 1, 10, 25, 50 uM on the
plate.

Sorafenib was used as the positive control
and the wells containing cell suspension was
regarded as the negative control. The blank
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wells consisted of 200 uL of the corresponding
medium. The microplates were further
incubated for 48 h. To evaluate cell survival,
each well was then incubated with 20 pL of
MTT solution (5 mg/mL in PBS) for 3 h and
the media in each well were replaced with 150
pL DMSO. The absorbance of each well was
measured at 570 nm using an ELISA reader.
Each experiment was repeated three times.
The percentage of cell viability was calculated
using the following formula:

Viable cells (%) = [(T-B)/ (C-B)] x 100

where, C is the absorbance of negative control,
T is the absorbance of treated samples, and B
is the absorbance of the blank. The ICsy values
represent the mean of three independent
experiments each performed in triplicate.
Analysis of variance (ANOVA) followed by
Tukey test was wused to determine the
differences between ICsy values of each
compound and sorafenib as positive control.
All results were expressed as mean + S.EM
and P < 0.05 was considered as statistically
significant.

Antibacterial and antifungal evaluation

The in vitro antibacterial and antifungal
activities of the synthesized compounds were
studied by MABA using 96-wells microplates
(22,23).

At first, all tested microbial strains were
sub-cultured overnight in a suitable medium
(Mueller-Hinton agar for bacterial strains and
Sabouraud dextrose agar for fungal pathogen)
followed by their cultivation in the broth
medium to obtain 0.5 McFarland standard
turbidity (1.5 x 10° CFU/mL). Mueller-Hinton
broth was used as medium for growth of
bacteria.

Except negative control wells which should
contain 160 pL of medium, 140 pL of culture
medium poured into each well of 96-well
plates.

Subsequently 20 pL. of each bacterial
suspension was distributed in all 96 wells of
microplate  including  positive  control
(containing microorganism and standard
antibiotic) and negative control (containing
microorganism and culture medium). Then 20
pL of each concentration of the synthesized
compounds were added to two neighbour wells
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except for positive and growth control wells.
After adding alamarBlue (20 pL) to all of 96
wells the total volume in each well reaches to
200 pL. The final concentrations of the tested
compounds were 512, 256, 128, 64 and 32
pg/mL. Plates were covered and sealed with
para film and incubated for 24 h at 37 °C.
After incubation, results were recorded as
minimum concentration of each synthesized
compound which completely inhibited growth
of microorganism (MIC).

Antifungal activity was determined as
antibacterial assay except with some
modifications. The final size of inoculum was
1.0 x 10° CFU/mL for fungi and the turbidity
was measured spectrometrically at 580 nm.
The antibacterial agent ciprofloxacin and
antifungal agent fluconazole were used as the
standard controls. All experiments were
performed in triplicate and mean of the
obtained results are reported.

Molecular docking and molecular dynamic
simulation

Autodock 4.2 software package was
performed for this study, briefly the crystal
structure of B-RAF kinase combined with
BAX was retrieved from Protein Data Bank
(pdb code: 1TUWH) (24). Grid and docking
parameter files were generated by AutoDock
Tools version 6.5.1 (25,26). For the
preparation of protein, the original ligand and
water molecules were removed from the
coordinates and Kollman charges together
with polar hydrogens were added. For ligands,
Gasteiger charges were assigned and non-polar
hydrogens were merged.

The grid map of 60 x 60 x 60 A points in x,
y and z directions was centered on the binding
site. Cys85 with a spacing of 0.375 A.
Lamarckian genetic algorithm (27) was used
for docking with the following settings: a
maximum number of 2500000 energy
evaluations, an initial population of 300, a
maximum number of 27,000 generations and
100 independent docking runs.

AutoDock Tools and visual molecular
dynamics (VMD) program was used to
visualize hydrophobic and hydrogen-bonding
interactions between the ligand and receptor.
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The best docking pose of compound 16e
with the lowest binding energy in complex
with the protein structure was subjected to
Gromacs 5.1.2 package (28). GROMOS96
53a6 force field (29) was used to prepare the
input and topology files for the protein and the
input files of the ligands were provided by
means of PRODRG server (30).

Using pbc condition a box was constructed
around the complex and it was solvated with
simple point charge (SPC) water and 0.15 M
of NaCl. A minimization step with steepest
algorithm with maximum 50,000 steps was
performed on the system.

Equilibration of the system was done using
NVT and NPT with 1 ns in each step.
Subsequently, a 30 ns MD started using time
steps of 2 fs in periodic boundary condition.
Leap-frog integrator together with Berendsen

thermostat were used during simulation.
Particle Mesh Ewald for long-range
electrostatics were used using cubic
interpolation.

In case of bond parameters, Lincs algorithm
was used for holonomic constraints. Isotropic
type of Parrinello-Rahman was used for
pressure coupling in NPT ensemble. The
results containing trajectories were finally
subjected to VMD to analyze the binding
mode of the ligand during simulation (31).
Then the root mean square deviations (RMSD)
and residue root mean square fluctuation
(RMSF) were analyzed to study the stability
and flexibility of receptor during MD. The
binding dynamics was investigated by means
of Hbond and distance tools during MD.

RESULT

Cytotoxic and antimicrobial activities

All the synthesized compounds were tested
for cytotoxic activity against HepG2 and
MCF-7 cell lines by MTT assay. The 1C50
value of each compound was compared with
other compounds and also with the ICsy value
obtained for sorafenib as the lead compound.
The 1Cs values of all compounds are given in
Table 1. The results indicated that most
compounds exhibited moderate to good
activities against MCF-7 and HepG2 cell lines.
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Compounds 15a and 16a without any
substitution on the A ring indicated ICsg values
in the range of 26- 32 uM against two cell
lines closed to that of sorafenib (P > 0.05). In
terms of antimicrobial and antifungal
activities, only compounds 15b and 16f
showed MIC of around 128 pg/mL and 15e
and 15f showed MICs about 256 pg/mL
against E. coli strain, while other compounds
did not display significant antibacterial or
antifungal effects.

Molecular docking and molecular dynamic
simulation

After redocking the picture of superposition
of the X-Ray crystal structures of BAX and
docked structure is presented in Fig. 2 and also
the binding energy calculated by AutoDock
are summarized in Table 2. In order to get an
insight into the diversity of poses which include
location, orientation and conformation for each
ligand, RMSD wvalues of all poses were
calculated based on the best pose as reference.

The RMSD table of all poses compared to
the best pose for each ligand is provided but
part of the main table (20 runs out of 100 runs)
is presented as a sample in Table 3 due to the
length of the main Table 3.

After MD simulation, the RMSD values of
backbone atoms referring to the starting
structure were used to monitor the dynamic
stability of the MD trajectories and RMSD
plot is depicted in Fig. 3a.

The MD trajectories also were analyzed to
calculate of number of hydrogen bonds (H-
bonds) which were formed during MD
simulation (Fig. 3b).

The root mean square fluctuation (RMSF)
of backbone residues was carried out to
recognize the variations of protein flexibility
(Fig. 3c¢).

The binding mode of the compound 16e at
the end of simulation is displayed in (Fig. 4).
A heat map was also generated using VMD to
show flexibility of the residues in the binding
site during simulation as depicted in Fig. 5.

Table 1. The structure and ICs, + SEM values of synthesized compounds against MCF-7 and HepG2 cell lines.

R4
R3 N H N °
JORADYED
R2 Rlo O H o]

Compound Rl Rz R3 R4 ICS() (}LM)a
MCEF-7 HepG2

15a H H H H 30+251 26+3.01
15b H H CF; H 10 + 2.76%%** 12 +2.36%**
15¢ F H CF; H 42 + 3.55% % 50 4 2.55%%*
15d cl H H H 16 +3.5% 10 + 3.30%**
15¢ H H SMe H 12 + 2.93%#x* 15 +2.07%**
15f H Cl CF, H 48 + 2. 20% % 45 + 3 87%%x
15g OMe H CF; H ND ND

16a H H H Me 32 +3.75% 30+2.25
16b H H CF; Me 10 & 3.1 1% 13 & 2,027
16¢ F H CF; Me 50 & 3.34% %% 50 & 2.4 %%
16d Cl H H Me 18 +3.22% 114 3.2 %%
16e H H SMe Me 14 + 2.89%%x* 17 +3.63*
161 H Cl CF; Me 50 4 2.22% %% 48 + 2 35%*
16g OMe H CF; Me ND ND
Sorafenib® 25+1.38 21+2.14

"The values are an average of three separate determinations, ®used as positive controls. SEMs were derived from the
1Cspvalues of three independent experiments. For statistical analysis one-way ANOVA was used to determine the
differences between each sample and sorafenib as positive control. *P < 0.05, **P < 0.01, ***P < 0.001; ND, not

determined.
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Fig. 2. Comparison between the docked and the X-Ray crystal structures of BAX (yellow: docked structure; red: crystal

structure).

Table 2. Binding energy (AGy, kcal/mol) and inhibition constants (K;, nM) of synthesized compounds against B-RAF

Compound AG, k; Hydrophilic Hydrophobic
amino acids amino acids
15a -11.70  2.660 Glu54, Cys85 1180, Phe148, Leu58, Gly146, Trp84, Phel36, Thr82
15b -11.98  1.660 Glu54, Cys85 Gly146, Leu67, Phe148,Val 24, Trp84, Phel36, Ala34
15¢ -11.85  2.070 Glu54, Cys85 Leu67, 11e66, 1le145, Leu58, Phel36, Ilel6, Trp84, Phe148, Ala34, Thr82
15d -11.82  2.150 Glu54, Cys85 Leu58, Gly146, Leu67, Phel36, Phel48, Trp84, Thr 82
15¢ -12.28  1.000 Glu54, Cys85 Leu67, Leus8, Gly146, Phel36, GIn83, Lys36, Thr82
15f -12.55  0.636 Glu54, Cys85 Ile66, Gly146, Leu58, Leu67, Trp84,Thr 82, Ala34, Phel36
15¢g -11.22 5930 Aspl47 Leu67, Leu58, Gly146, Val 57, GIn83
16a -11.96  1.710 Glu54, Cys85 Lys36, 1lu80, Leu58, Gly146, Trp84, Phel36, Thr82
16b -12.41  3.950 Glu54, Cys85 Gly146, Leu67, Leu58, Phel48, Ala34, Thr82, Phel36
16¢ -11.98  1.660 Glus4 Leu67, Ile145, T1e66, Tle145, Gly146, Phel48, GIn83, Trp84, Ala34, Phel36,
16d -11.79  2.270 Glus4 Leu58, Leu67, Gly146, Phel48, Thr82, Phel36, Trp84, Ala34, Lys36,
16¢e -12.69  0.496 Aspl47, Cys85 Lys 36, Leu58, His 127, Gly 146, Leu67, Phe148, Phel36, Ala34
16f -11.89  1.930 Glu54, Cys85 Leu58, Leu67, Gly146, Phel48, Trp84, Phel36, Thr82, GIn80
16g -11.76  2.420 Cys85 Leu67, Gly146,Val57, LeuS8, Phel36, Thr82, Ala34

Table 3. The RMSD table of poses compared to the best pose for each ligand (run 81 to 100): RMSD values in the
range 0 to 2 as blue and farther distances as red.

Run
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100

16a

16f

16¢
3.47
10.30
3.56

16e

3.78

16b

16g
7.37

M500% 293

9.73

16d
3.19

15a  15f 15c¢ 15¢ 1sb  15¢ 15d

2.51

505



Sadeghian-Rizi et al. / RPS 2017; 12(6): 500-509

4. _Distance (A) +s Number ®B)

3
=
o 02
2
E0.!5
o1
005
o | cuppnugpeggeagan mﬁnmqﬁqngmqﬂgrqmsn
v ; » s » - o Rk R L LR R B R R
Time (ns) Time (ns)
(©) (D)
T b LI 4 e : T T T g T T
" Distance | probability 1

20— —

02

1 1 1 L L L I

S0 100 150 200 : 250 300 %) oz 04
Residues Donor-Acceptor distance (nm)

Fig. 3. Analysis plots of the protein backbone and ligand structure during simulation: (A) RMSD plot; (B) Plot of
Hbond distribution vs time; (C) RMSF plot; (D) Plot of Hbond distribution vs distance

#:T
o
;ﬁll&
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DISCUSSION

The preliminary SARs showed that
substitution of lipophilic groups such as CF; or
SMe at the meta position of the A ring without
considering electron donating or electron
withdrawing properties of substituent led to
the increased activity in compounds 15b, 16b,
15e and 16e with ICso values 10, 10, 12 and
14 uM against MCF-7 cell line and 12, 13, 15
and 17 puM against HepG2 cell line which
were significantly different from ICs values of
parent compounds 15a and 16a at P < 0.001.
Compounds 15d and 16d with a Cl substituent
at the ortho position of the A ring revealed
higher activity than the parent compounds
(15a, 16a) on the two cell lines with
ICs values of 16 uM and 18 pM on MCF- 7
cells and 10 and 11 pM on HepG2 cell line
(P < 0.001). Introduction of F group at the
ortho position along with CF; at the meta
position diminished activities of compound
15¢ in comparison with the compound without
F group (15b) (P < 0.001 ). Compounds 15g
and 16g with OMe group at the ortho position
along with CF3; group at the meta position
showed remarkably decreased activities
(ICso > 50 uM) compared to compounds
without OMe substituent ( 15b, 16b) in both
cell lines. These results indicated that
compounds with two substituents on the A
ring showed less activity than compounds with
one substituent (compound 15b which have
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only CF; substituent on the A ring showed
significantly different ICsy value compared to
compounds 15¢, 15f). On the other hand, ortho
position of the A ring indicates the
susceptibility to the size of the substituent,
since the bulky substituent such as the OMe
group, reduces significantly the activity of
compounds of 15g and 16g compared to the
small F substituent in compounds 15¢ and 16c¢.

Compounds 15d and 16d with a Cl
substituent at the ortho position of the A ring
revealed increased activities compared to the
parent (15a, 16a) compound on the two cell
lines. Although antimicrobial activity has been
reported for some quinoxalinedione and
diaryl urea derivatives, none of these novel
compounds displayed significant antibacterial
or antifungal activities (32-35) which could be
due to the inaccessibility of the pharmacophoric
part to corresponding target sites in bacteria.

To ensure the validity of docking, the
cognate ligand (BAX) was re-docked into the
binding site of B-Raf kinase (PDB cod:
1UWH). The RMSD values for superposition
of the cognate ligand and the best docking
pose from the self-docking study was 1.6 A
(Fig. 2). This shows the validity of docking
simulation for other ligands in this study.
Docking results showed that these novel
diaryl urea compounds were adopted properly
by the B-RAF kinase binding site, suggesting
that they could be potential inhibitors of
B-RAF kinase.
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In order to get an insight into the diversity
of poses which include location, orientation
and conformation for each ligand, RMSD
values of all poses were calculated based on
the best pose as the reference. As shown in
Table 3, comparison of the RMSD of all poses
to the best pose, for each ligand, the cells with
RMSD values in the range 0 to 2 were
highlighted as blue and the cells with farther
distances were highlighted as red.

Based on this clustering approach, most
poses of the ligand 15a were in the cluster of
the best pose while in case of ligand 16¢ the
largest RMSD distances were observed. As it
can be seen, the system reached a plateau after
20 ns from the beginning of the simulation
(36). RMSD plot of the protein backbone and
the ligand after 30 ns of simulation is depicted
in Fig. 2a. By studying the RMSD plot of the
protein backbone and the ligand after 30 ns of
MD simulation (Fig. 3a), it can be seen that
the system reached a plateau after 20 ns from
the beginning of the simulation (36) and the
ligand was stable after this time and also fit in
the active site and stabilized. Result of Hbond
in MD showed that in most frames two
hydrogen bonds were found between ligand
and protein structure (Fig. 3b). It was also
found that the most interactions were localized
in 0.29 nm distance (Fig. 3d). As shown in
Fig. 3c, RMSF plot revealed that most
fluctuations of the residues were observed in
C-terminal and N-terminal residues. In
addition, residues ILE200, LEU150, ASP147
and  ALAISI revealed  considerable
fluctuations during simulation. The binding
mode of the compound 16e at the end of
simulation is displayed in Fig. 4. Comparing
the binding mode of the compound before and
after simulation shows that conformational
change of the main chain in ASP147 led to the
formation of a hydrogen bond between amine
group in this residue and urea moiety in the
ligand (Fig. 4). This result is in accord with the
high flexibility of this residue during MD
simulation as depicted in Fig. 5.

CONCLUSION

In summary, a novel series of dual
diaryl urea bearing quinoxalindione moiety
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derivatives were screened for their cytotoxicity
against two cancer cell lines. In this series of
compounds we observed that replacement of
pyridyl carboxamide moiety of sorafenib
with rigid quinoxalindione moiety resulted
compounds 15b, 16b, 15e, 16e, 15d and 16d
which showed high potency against one or two
cell lines. In addition, no significant antibacterial
or antifungal activities were detected. The
binding modes of all compounds at the active
site of B-RAF protein were recognized by
molecular docking. All compounds were
perfectly placed in the active site. MD
simulation analyses on compound 16e such as
RMSD, RMSF revealed that this compound is
stable in B-RAF active site. This research
highlights the cytotoxic potential for further
development of these novel diaryl urea
derivatives.
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