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ABSTRACT

Receptor tyrosine kinases (RTKs) are expressed in high level in can-
cer cells making their targeting a justifiable strategy. Unfortunately,
multiple molecular mechanisms of resistance had been identified,
leading to drug resistance and toxicity, which increase the need to
discover new structural tyrosine kinase inhibitors. In current study, a
series of N-(benzimidazole-2-yl-methyl) benzamide derivatives were
designed and docked virtually, then were synthesized, characterized,
and studied preliminary structure-activity relationship for their cy-
totoxic activities against two cancer cell lines (breast, T47D, and lung
cancer, A549) as well as Vero normal cells, using gefitinib as a reference
standard. Then molecular dynamic simulation and ADME study for the
most cytotoxic compound (4f) were done. According to the spectral
analysis, all designed compounds were synthesized precisely. The cy-
totoxic studies revealed that most of the synthesized compounds were
active against the T47D breast cancer cell line but felt beyond gefitinib,
while only one compound (4f) was active against the A549 lung cancer
cell line. More interestingly, all synthesized compounds were inactive
against normal cells. Docking scores, molecular dynamic simulation as
well as ADME studies of the compound (4f) gave good results. All these
findings indicate that the compound (4f) is considered a good candi-
date for further pharmacological studies as a tyrosine kinase inhibitor
(TKI).
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1. Introduction

One in six fatalities globally are attributed to can-
cer, a global health issue. An estimated 19.3 million
new instances of cancer and almost 10 million can-
cer-related deaths occurred worldwide in 2020. In
fact, treating cancer has been a highly complex pro-
cess,! and according to the World Health Organiza-
tion (WHO), three major cancer types in 2022: lung,
breast, and colorectal cancers are the leading cause
of death in cancer population patients. Currently, it is
clear that conventional therapies such as chemother-
apy and radiotherapy are failed to cure certain types
of malignancies which explain the high mortality
rates that were registered in recent decades.” One of
the most prevalent cancers, especially among wom-
en after postmenopausal age, is breast cancer that is
treated according to the stage and molecular types
of individual cancer.? It had been shown that dysreg-
ulation of kinase signaling pathways play a crucial
role in both initiation and progression of many types
of cancer cells.* For instance, the Human Epidermal
Growth Factor Receptor-2 (HER2) kinase is activat-
ed in aggressive breast cancer subtypes and is linked
to a poor prognosis.> Epidermal Growth Factor Re-
ceptor (EGFR) is frequently mutated and overex-
pressed in different types of human cancers (mostly
lung and breast cancer and glioblastoma) and is the
target of multiple cancer therapies currently adopt-
ed in clinical practice. 7 Monoclonal antibodies and
small-molecule tyrosine kinase inhibitors (TKIs) are
two clinically important pharmacological approach-
es in anti-EGFR therapies. & Protein kinase inhibitors
(PKIs) are chemically varied, low-molecular-weight
hydrophobic heterocycles with a molecular weight
of less than 600 Da, examples: imatinib, erlotinib,
and gefitinib, all of which are ATP-competitive and
clinically approved. ? TKIs have significant advantag-
es over traditional chemotherapeutic agents, includ-
ing high efficiency, low toxicity, and high specificity.'°
Unfortunately, many TKIs develop resistance during
therapy, leading to a poor clinical prognosis. The
most important one is the development of second-
ary mutations in the oncogenic kinase that abrogate
the inhibitory activity of the drug, and the other is
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HER2 amplification, which increased ErbB2 protein
abundance and was detected in a cell line model of
acquired resistance to EGFR TKI.1112

The ATP-binding site is conventionally partitioned
into five regions: adenine is buried deep into the
binding site and forms two hydrogen bonding inter-
actions with the binding site. The ribose sugar binds
to a ‘ribose binding pocket. The triphosphate chain
lies along a cleft towards the enzyme surface and in-
teracts with two metal ions and amino acids. An emp-
ty hydrophobic pocket lies opposite the ribose bind-
ing pocket. The gatekeeper residue is an amino acid
situated at the entrance to the hydrophobic pocket,
and the size of the residue and the nature of amino
acids in the binding pockets are important to drug
design. ** Interestingly, EGFR and HER2 share a very
similar kinase domain sequence (*80% homology).
Consequently, they have a very similar ATP-binding
site architecture except for key amino acid differenc-
es (the glycine-rich region of the aC-helix in HER2)
that explain the high flexibility of this region, the
lower stability of its active conformation and the
immediate accessibility of the back hydrophobic
pocket, compared with EGFR, which adapts “in con-
formation” that is stabilized by hydrogen bonding of
amino acids between the aC-helix and aE-helix. 1

Dual-target inhibitors of EGFR and HER2 have
been observed to have superior therapeutic efficacy
in comparison to single-target inhibitors, and they
usually bind to the “out conformation” of EGFR with
aC-helix out to access the large hydrophobic pock-
et. 17 For example, lapatinib, which is composed of
a core scaffold that serves as the hinge binder and
carries two hydrophobic groups interacting with the
selectivity pockets, one of which extends into the
back pocket (allosteric pocket) and the other with a
solubilizing group that extends into the solvent-ac-
cessible region, Figure 1 below compares the struc-
tural requirements between mono (type I) and dual
(type %) TKiIs. 1819

The design of new anticancer therapies focuses
on the design of new derivatives of existing drugs to
overcome adverse side effects and resistance to cur-
rent treatments, opening up new anticancer thera-
pies. 2
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Figure 1: Structural requirements of dual EGFR/HERZ inhibitor: lapatinib (right structure) compared with
gefitinib (left structure) type I inhibitor 1°

Benzimidazole is an isostere of purine nucleo-
sides, so it is widely used as a basic nucleus in the
development of different anticancer agents and has
been widely employed as a template for synthesizing
kinase inhibitors.?12*

In our study, we designed compounds with a ben-
zimidazole nucleus that are as dual EGFR/HER2 in-
hibitors as possible, as shown in Figure 2.

A rational new design of dual EGFR-HER2 TKIs is
based on the replacement of the quinazoline moiety
(core scaffold) of the most popular TKIs by 2-(ami-
nomethyl)benzimidazole with two nitrogen atoms of
imidazole and an amine group that provide hydro-
gen bonding with a hinge binding region as well as
the benzene ring, which represents the hydrophobic
interaction. Similar to gefitinib, the solvent-accessi-
ble group was developed with a morpholine moiety,
but instead of a N-alkyl (tertiary amine) group, it had
a N-amide group. In order to interact with allosteric
binding sites such as dual EGFR-HER2 TKIs, the oth-
er hydrophobic region was engineered to extend
another hydrophobic component of various deriva-
tives.

Next, using the Molecular Operating Environment
(MOE), these structures were docked with both EGFR
and HER2 proteins that had been obtained from the
Protein Data Bank (PDB), and then they were syn-
thesized and characterized precisely. Using the T47D
breast cancer cell line, the A549 lung cancer cell line,
and the Vero normal cell line, the cytotoxic activity of
the synthesized compounds was assessed. Gefitinib

was used as the reference standard. The best chemi-
cal (4f), which had the highest biological activity and
good docking results, was further investigated for its
toxicity and drug-likeness using molecular dynamic
simulation (MDS) and ADME investigations.

2. Materials and Methods

All chemicals and reagents used in chemical synthe-
sis were obtained from suppliers: Merck (Germa-
ny), Santa Cruz Biotechnology (Germany), Scharlau
(Spain), Riedel-Dehaen (Germany), Biosolve (Neth-
erlands), Thomas-Baker (India), Hawan (China).
Thin-layer chromatography was achieved using 0.2
mm pre-coated TLC-sheets Alugram® Xtra SIL G/
UV254 (Macherey-Nagel, Germany), and the visual-
ization was under a 254 nm UV lamp. Melting points
were measured using Stuart SMP3 melting point ap-
paratus (UK) and then corrected. The Attenuated to-
tal reflection infrared (ATR-IR) was done using Shi-
madzu [RAffinity-1 Spectrometer (Shimadzu, Japan)
and Specac® Quest ATR- diamond type (Specac Ltd,,
Kent, UK) at Baghdad University /college of pharma-
cy. 1H-NMR and 13C-NMR analysis was performed
at 500 MHz and 125 MHz, respectively (d6-DMSO as
the solvent) using Bruker 500 MHz-Avance III, Ger-
many, at the University of Jordan/Faculty of Science/
Department of Chemistry. Mass spectroscopy (Elec-
trospray lonization) ESI using High-Resolution Mass
Spectrometer Buker Daltonic APEX IV, Germany, at
the University of Jordan/Faculty of Science/Depart-
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Figure 2: Structure-activity relationship of newly synthesized compounds as possible dual TKIs

ment of Chemistry. Molecular docking studies were
performed using Molecular Operating Environment
(MOE) software version 2014 (Chemical Computing
Group, Montreal, Canada). While, molecular dynamic
simulation was done with Maestro v 13.0.135 inter-
face (Schrodinger, New York, NY, 2021) at Baghdad
University /College of Pharmacy.

The cytotoxic assay was performed at Applied
Science Private University/ Faculty of Allied Med-
ical Sciences using three cell lines: Human alveolar
cell carcinoma (A549), human breast cancer cells
(T47D), and normal cell line: Vero cells (from the
kidney of an African green monkey). Their incuba-
tion procedure needs 10% heat-inactivated fetal
bovine serum (Gibco, UK), 1% penicillin-strepto-
mycin (Sigma, USA), 1% L- glutamine (Sigma, USA),
and 0.1% gentamycin (EuroClone, Italy). T47D cells
were cultured using a complete RPMI 1640 medium
(PAN-biotech, Germany), while a complete MEM me-
dium (PAN-biotech, Germany) was used to culture
A549 and Vero cells.

2.1. Chemical Synthesis

The target compounds were synthesized by multi-
step reaction as shown in (Scheme1)
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2.1.1. The general procedure of O- alkylation
and synthesis of ethyl 4-(benzyloxy)benzoate de-
rivatives (1a-4a): 2 1 mmol (0.166g) of ethyl 4-hy-
droxybenzoate was stirred with 3 mmol (1.25g) of
anhydrous K2C03 in 20 ml of acetonitrile for 15 min.
1.5 mmol of a meta-substituted benzyl halide deriv-
ative was added, and both were reflexed for 15hr
with TLC every 3 hours. After that, the solvent was
evaporated in a rotary evaporator, then iced water
was added to the mixture, and the precipitate was fil-
tered, dried, and washed with petroleum ether many
times, then collected without recrystallization.

2.1.2. Ester hydrolysis and synthesis of 4-(ben-
zyloxy)benzoic acid derivatives compounds (1b-
4b):% To every 1 mmol of ethyl 4-(benzyloxy)benzo-
ate derivative, a mixture of 1 ml of tetrahydrofuran,
2ml of methanol and 1 ml of 20% NaOH solution
was added, and all were stirred for 1 hour at 500C.
After the evaporation of organic solvents in a rotary
evaporator, water was added to dissolve the salt, and
the solution was acidified with HCI to precipitate the
corresponding carboxylic acid. The precipitate was
dried and washed with hot diethyl ether to get a pure
carboxylic acid derivative.
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2.1.3. General Synthesis of N-((1H-benzo[d]
imidazol-2-yl)methyl)-4-(benzyloxy)benzamide
derivatives (1c-4c):?"*° In a conical flask, 2 mmol
of both N-Ethyl-N'-(3-dimethylaminopropyl)carbo-
diimide hydrochloride (EDC.HCI) (0.38g) and 1-hy-
droxy benzotriazole (HOBt) (0.27g) were added to a
solution of 1 mmol of 4-(benzyloxy)benzoic acid de-
rivatives in 20 ml of dry DMF with stirring at R.T. for
3-12 hr with TLC monitoring till the conversion of all
the acid to the activated ester. After cooling the solu-
tion to 0 °C, a solution of 1.5 mmol of 1H-benzimid-
azole-2-methylamine in 5 ml dry DMF was dropped
into the activated ester, then the mixture was stirred
at room temperature for 30 min to 1 hour. Accord-
ing to the TLC, the reaction was terminated by the
addition of iced distilled water to precipitate the re-
sulting amide derivative that was filtered, dried, and
recrystallized with absolute ethanol.

2.1.4. Synthesis of ethyl 4-(2-((4-(benzyloxy)
benzamido)methyl)-1H-benzo[d]imidazole-1-yl)
butanoate derivatives (1d-4d):*° A mixture of 1
mmol of compound (1c or 2c) with 2 mmol (0.276g)
of anhydrous K2CO3 in 25 ml of dry acetone was
stirred at room temperature for 15 min. A prepared
solution of 1.5 mmol of ethyl 4-bromobutanoate
with 2 mmol (0.35g) of KI in 10ml dry DMF was add-
ed to the stirred mixture, which was then reflexed at
80-90 °C for 12-24 hours with TLC monitoring. After
completion of the reaction, the acetone was evapo-
rated in a rotary evaporator. Iced water was added to
precipitate the product, which was collected, dried,
and washed again with HCL and then with hot water.
Finally, the dried compound was recrystallized with
70% ethanol.

2.1.5. Ester hydrolysis and synthesis of
4-(2-((4-(benzyloxy)benzamido)meth-
yl)-1H-benzo[d]imidazole-1-yl)butanoic acid
derivatives (1e-4€):2° 1 mmol of ethyl 4-(2-((4-ben-
zyloxy)benzamido)methyl)-1H-benzo[d]imidaz-
ole-1-yl)butanoate derivative was dissolved in a
mixture of 1 ml of tetrahydrofuran and 2 ml of meth-
anol, then 1 ml og 20% NaOH solution was added
and the mixture was stirred for 6 hours at room tem-
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perature. The organic solvents were evaporated, and
water was added with stirring until the mixture was
dissolved, then acidified by diluted HCI to precipitate
the carboxylic acid that was filtrated and washed
with water. The precipitate was dried and recrystal-
lized with ethanol.

2.1.6. Synthesis of 4-(benzyloxy)-N-((1-(4-
morpholino-4-oxobutyl)-1H-benzo[d]imidaz-
ole-2-yl)methyl)benzamide derivatives (1f-
4£):3132 Ina 100 ml conical flask, 20 ml of dry DMF
with 1 mmol of one of the previous derivatives (1e-
4e) was dissolved with 1.5 mmol of EDC (0.28g) and
equivalent mmol of HOBt (0.2g). The solution was
cooled to 0-5 °C, then 1.5 mmol (0.15g) of DMAP
was added followed by a slow addition of 10 mmol
(1.4ml) of TEA with 2 mmole (0.18ml) of morpho-
line and stirring for 1 hour at 5 °C. Then the mixture
was stirred at R.T. for 24-48 hours. At the end of the
reaction, crushed ice was poured into the mixture
and the precipitate was collected, washed with wa-
ter and finally dried to be recrystallized from 70%
ethanol.

2.2. In Vitro Cytotoxicity Study

2.2.1. Maintenance of Cell Cultures:** Three cell
lines (human breast cancer cells (T47D), human
alveolar cell carcinoma (A549), and Vero cells as
normal cells) were used to evaluate the antiprolifer-
ative activity of the newly synthesized compounds.
The cells were cultured in a complete tissue culture
medium supplemented with 10% heat-inactivated
fetal bovine serum, 1% penicillin-streptomycin, 1%
L-glutamine, and 0.1% gentamycin. All cells were
incubated under 37 °C, 5% CO,, and 95% humidity
using a CO, incubator.

2.2.2. Antiproliferative Assay:*®* The MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoli-
um bromide) test was used for testing the cytotox-
icity of the designed compounds by determining
the viability of prepared developing cells. This col-
orimetric assay is based on the reduction of yel-
low tetrazolium salt to purple formazan crystals by
metabolically active cells. The cells were counted
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and planted onto 96-well tissue culture flat-bottom
microplates with 10,000 cells per well. Then, 200
uL of growth media was added and incubated for
24-hours. After seeding and monolayer formation,
the medium was withdrawn.

In the present study, cells were treated with in-
creasing concentrations (1.5-200 pM) of each com-
pound as well as gefitinib as a positive control and
incubated for 48 hours. The percentage survival was
calculated using equation (1):

Percentage of cell viability (%) = (OD of treated

cell/OD of negative control) x100 (1)
where OD is the optical density.
The half-maximum inhibitory concentration (IC50)
of the treated cells was determined using SPSS (Sta-
tistical Package for the Social Science, Illinois version
24).
2.3. In Silico Study
2.3.1. Molecular Docking: The chemical struc-
tures of the designed compounds were drawn using
the Molecular Operating Environment (MOE) 2014
builder; then their energies were minimized. The
co-crystallized ligand TAK-285 was rocked with two
proteins (3RCD; HER2 and 3P0OZ; EGFR download-
ed from PDB) after many processing steps, starting
from protein preparation to pharmacophore adjust-
ment to validate the force field applied during the
docking process. Then, the prepared compounds
were docked with both proteins. After completion of
the docking runs, the scores of enzyme-ligand free
energies of binding were obtained. The best pose of
ligand binding is indicated by the lowest free energy
(AG). The Ki (inhibitory constant) of each compound
with lower energy was calculated using equation
(2):34%

Ki = e*/RT (2)
where AG is the binding free energy (kcal. Mol?),
R is the gas constant (1.987 cal.Mol*.K?'), andTis
the absolute temperature (298.15 K).

2.3.2. Molecular Dynamic Simulation (MDS):
The proteins were considered rigid during the dock-
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ing performance. Therefore, to get a more realistic
picture of the protein and ligand interactions, we
chose and exposed one optimal complex for MDS
using the Desmond module version 2.0 (academic
version) according to the docking study. The system
was designed by inserting a TIP3P water model in
an orthorhombic periodic box of dimension 10 A°
with an OPLS4 force field, then neutralizing it with
counterions (Na+ and CI-) at neutral pH. In various
constrained steps, the built protein-ligand complex
with the solvent system was maintained for energy
minimization and pre-equilibration. MDS were in-
spected for 50 ns with 3POZ and 20 ns with 3RCD
at a constant temperature of 300 K with a relaxation
time of 2 ps in an NPT ensemble with a Nose-Hoover
thermostat. Electrostatic interactions were treated
using the Particle Mesh Ewald method for long and
short range (cut-off distance of 9.0 A), with a 10-9
tolerance limit. 3¢

2.3.3. ADME study: ADME prediction was done by
using the Swiss Institute of Bioinformatics website,
which allows us to compute physicochemical de-
scriptors and predict absorption, distribution, me-
tabolism, and elimination (ADME) parameters and
other pharmacokinetic properties of newly designed
compounds.?” The candidate compound subjected to
this study was the 4f compound only with respect to
gefitinib as a reference. By sketching their structures
within the layout builder, they would be converted to
smiles and then run for calculation.

3. Results and Discussion

3.1. Chemical Synthesis: According to Scheme
1 which illustrates the overall synthesis of com-
pounds (1f-4f), all the synthesized compounds were
analyzed using different physical and advanced
chemical identification methods, and all the results
are mentioned as follows:

3.1.1. Ethyl 4-(benzyloxy)benzoate derivatives,
compounds (1a-4a):

Compound 1a: White crystal, yield 92%, m. p. 55-
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57°C. FT-IR (ATR; 1/ A, cm): 3070 (CH aromatic),
2989 (asym. CH2), 2870 (sym. CH2),1701(ester
C=0),1604,1512 (aromatic C-C). 1H NMR (500 MHz,
DMSO0) 6 7.89 - 7.83 (m, 2H), 7.47 (dd, ] = 8.5, 5.6 Hz,
2H), 7.18 (t,] = 8.8 Hz, 2H), 7.09 - 7.03 (m, 2H), 5.11
(s,2H),4.22 (q,] = 7.1 Hz, 2H), 1.25 (t,] = 7.1 Hz, 3H).
Compound 2a: White crystal, yield 96%, m. p. 62-
63 °C. FT-IR (ATR; 1/ A, cm™): 3090 (CH aromatic),
2981 (asym. CH2), 2897 (sym. CH2),1701 (ester C=0),
1604,1512 (aromatic C-C). 1H NMR (500 MHz, DMSO)
67.85(d,]=8.4Hz 2H),7.34 (d,] =8.2 Hz, 2H), 7.05 (d,
] =8.4 Hz, 2H), 6.90 (d, ] = 8.2 Hz, 2H), 5.04 (s, 2H), 4.22
(q,] =7.1Hz, 2H),3.70 (s, 3H), 1.25 (t,] = 7.1 Hz, 3H).
Compound 3a: White crystal, yield 86%, m. p. 40-
42°C. FT-IR (ATR; 1/ A, cm™): 3055 (CH aromatic),
2904 (asym. CH2), 2866 (sym. CH2),1701(ester
C=0), 1606,1581 (aromatic C-C). 1H-NMR (500
MHz, DMSO) :7.90 - 7.84 (m, 2H), 7.49 (s, 1H), 7.43
-7.33 (m, 3H), 7.08 (d, ] = 8.7 Hz, 2H), 5.16 (s, 2H),
4.22 (q,] =7.1 Hz, 2H), 1.25 (t,] = 7.1 Hz, 3H).
Compound 4a: White crystal, yield 85%, m. p. 43-45 °C.
FT-IR (ATR; 1/ A, cm™): 2981 (CH aromatic), 2927 (asym.
CH2), 2870 (sym. CH2),1708(ester C=0), 1604,1581 (ar-
omatic C-C). 1H-NMR (500 MHz, DMSO) :7.86 (d,]=8.8
Hz, 2H), 7.26 - 7.16 (m, 3H), 7.10 (d, ] = 7.3 Hz, 1H), 7.08
-7.03 (m, 2H), 5.09 (s, 2H), 4.22 (q,] = 7.1 Hz, 2H), 2.27
(s,3H),1.26 (d,] = 7.0 Hz, 3H).

3.1.2. 4-(benzyloxy)benzoic acid derivatives,
(1b-4b):

Compound 1b: White powder, yield 95%, m. p214-
216 °C. FT-IR (ATR; 1/ A, cm™): 3055 (CH aromatic),
3100- 2546 (OH carboxylic acid), 1674 (aromatic
acid C=0), 1604,1577and 1512 (aromatic C-C). 1H
NMR (500 MHz, DMSO) 6 12.59 (s, 1H), 7.85 (d, ] =
8.7 Hz, 2H), 7.46 (dd, ] = 8.4, 5.6 Hz, 2H), 7.18 (t,] =
8.8 Hz, 2H), 7.04 (d, ] = 8.7 Hz, 2H), 5.11 (s, 2H).
Compound 2b: White powder, yield 95%, m. p. 192-
194 °C. FT-IR (ATR; 1/ A, cm): 3066 (CH aromatic),
3100- 2549 (OH carboxylic acid), 1670 (aromatic
acid C=0), 1604,1577and 1512 (aromatic C-C). 1H
NMR (500 MHz, DMSO0) 6 12.56 (s, 1H), 7.83 (d, ] =
8.7 Hz, 2H), 7.34 (d, ] = 8.4 Hz, 2H), 7.06 - 7.00 (m,
2H), 6.93 - 6.87 (m, 2H), 5.04 (s, 2H), 3.71 (s, 3H).
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Compound 3b: White powder, yield 96%, m. p193-
195 °C. FT-IR (ATR; 1/ A, cm-1): 3066 (CH aromat-
ic), 3070- 2546 (OH carboxylic acid), 1678 (aromat-
ic acid C=0), 1608,1577and 1512 (aromatic C-C).
1H-NMR (500 MHz, DMSO) : 12.65 (s, 1H), 7.85 (d,
] = 8.5 Hz, 2H), 7.48 (s, 1H), 7.38 (s, 2H), 7.42 - 7.33
(m, 1H), 7.05 (d, ] = 8.5 Hz, 2H), 5.15 (s, 2H).
Compound 4b: White powder, yield 94%, m. p. 163-
164 °C. FT-IR (ATR; 1/ A, cm-1): 3066 (CH aromat-
ic), 3070- 2561(0OH carboxylic acid), 1674 (aromat-
ic acid C=0), 1604,1577and 1512 (aromatic C-C).
1H-NMR (500 MHz, DMSO) :12.59 (s, 1H), 7.84 (d, ]
=8.4 Hz, 2H),7.21 (p,] =7.6 Hz,3H),7.10 (d,] = 7.4
Hz, 1H), 7.04 (d, ] = 8.4 Hz, 2H), 5.08 (s, 2H), 2.27 (s,
3H)
3.1.3. N-((1H-benzo[d]imodazol-2-yl)meth-
yl)-4-(benzyloxy)benzamide derivatives,
(1c-4c):

Compound 1c: White powder, yield 68%, m. p 207-
210 °C. FT-IR (ATR; 1/ A, cm™):3275 (N-H secondary
amide), 3066 (CH aromatic), 1631 (C=0 amide),1608
(C=N benzimidazole), 1578, 1539 and 1512 (aro-
matic C-C). 1H NMR (500 MHz, DMSO) 6 12.16 (s,
1H), 8.98 (t,] = 5.7 Hz, 1H), 7.88 (d, ] = 8.6 Hz, 2H),
7.47 (dd, ] = 8.4, 5.6 Hz, 2H), 7.44 (s, 2H), 7.18 (t, ] =
8.8 Hz, 2H), 7.12 - 7.03 (m, 4H), 5.12 (s, 2H), 4.62 (d,
] = 5.7 Hz, 2H).

Compound 2c: White powder, yield 77%, m. p. 222-
224 °C.FT-IR (ATR; 1/ A, cm™): 3278 (N-H secondary
amide), 3012 (CH aromatic), 1639 (C=0 amide),1608
(C=N benzimidazole), 1573, 1546 and 1504 (aromat-
ic C-C). 1H NMR (500 MHz, DMS0) § 12.15 (s, 1H),
8.96 (t,] = 5.8 Hz, 1H), 7.86 (d, ] = 8.5 Hz, 2H), 7.43
(s, 2H), 7.34 (d, ] = 8.3 Hz, 2H), 7.12 - 7.01 (m, 4H),
6.90 (d, ] = 8.5 Hz, 2H), 5.04 (s, 2H), 4.62 (d,] = 5.7
Hz, 2H), 3.71 (s, 3H).

Compound 3c: White powder, yield 96%, m. p206-
208 °C. FT-IR (ATR; 1/ A, cm™):3305 (N-H secondary
amide), 3101 (NH benzimidazole), 3047 (CH aro-
matic), 1643 (C=0 amide),1604 (C=N benzimidaz-
ole), 1573, 1550and 1504 (aromatic C-C). 1H-NMR
(500 MHz, DMSO) :12.14 (s, 1H), 8.97 (t,] = 5.8 Hz,
1H), 7.87 (d, ] = 8.6 Hz, 2H), 7.49 (s, 2H), 7.42 - 7.32
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(m, 3H), 7.35 (s, 1H), 7.11 - 7.04 (m, 4H), 5.16 (s,
2H), 4.62 (d,] = 5.7 Hz, 2H).

Compound 4c: White powder, yield 91%, m. p. 199-
200 °C. FT-IR (ATR; 1/ A, cm™*): 3278 (N-H secondary
amide), 3111 (NH benzimidazole), 3055 (CH aromat-
ic), 1643 (C=0 amide),1608 (C=N benzimidazole),
1573, 1548 and 1508 (aromatic C-C). 1H-NMR (500
MHz, DMSO) :12.15 (s, 1H), 8.96 (t, ] = 5.8 Hz, 1H),
7.87 (d,] = 8.7 Hz, 2H), 7.47 (s, 1H), 7.39 (s, 2H), 7.27
-7.17 (m, 4H), 7.11 - 7.02 (m, 3H), 5.09 (s, 2H), 4.62
(d, ] =5.7 Hz, 2H), 2.27 (s, 3H)

3.1.4. Ethyl 4-(2-((4-(benzyloxy)benzamido)
methyl)-1H-benzo[d]imidazole-1-yl)bu-
tanoate derivatives (1d-4d):

Compound 1d: White powder, yield 71%, m. p130-
132 °C. FT-IR (ATR; 1/ A, cm™):3294 (N-H second-
ary amide), 3062 (CH aromatic), 1720 (C=0 es-
ter),1624(C=0 amide),1604 (C=N benzimidazole),
1539 and 1504 (aromatic C-C). 1H NMR (500 MHz,
DMSO0) 6 895 (t, ] = 5.6 Hz, 1H), 7.84 (d, ] = 8.8 Hz,
2H),7.55-7.43 (m, 4H), 7.22 - 7.09 (m, 4H), 7.03 (d,
] = 8.6 Hz, 2H), 5.10 (s, 2H), 4.70 (d, ] = 5.6 Hz, 2H),
4.25 (t,] = 7.6 Hz, 2H), 3.95 (q, ] = 7.1 Hz, 2H), 2.31
(t,]=7.3Hz, 2H),1.92 (p,] = 7.4 Hz, 2H), 1.08 (t, ] =
7.1 Hz, 3H).

Compound 2d: White powder, yield 76%, m. p. 131-
133 °C. FT-IR (ATR; 1/ A, cm™): 3294 (N-H secondary
amide), 3050 (CH aromatic), 1732 (C=0 ester),1620
(C=0 amide),1604 (C=N benzimidazole), 1535 and
1504 (aromatic C-C). 1H NMR (500 MHz, DMSO0) &
8.94 (t,] = 5.6 Hz, 1H), 7.83 (d, ] = 8.5 Hz, 2H), 7.52
(t,]=8.2Hz, 2H), 7.34 (d,] = 8.3 Hz, 2H), 7.16 (dt,] =
28.5,7.4 Hz, 2H), 7.01 (d,] = 8.5 Hz, 2H),6.90 (d,] =
8.4 Hz, 2H), 5.03 (s, 2H), 4.70 (d, ] = 5.6 Hz, 2H), 4.25
(t,J=7.6 Hz, 2H), 3.95 (q,] = 7.1 Hz, 2H), 3.70 (s, 3H),
2.31 (t,] = 7.3 Hz, 2H), 1.92 (p, ] = 7.4 Hz, 2H), 1.08
(t,]=7.1 Hz, 3H).

Compound 3d: White powder, yield 90%, m. p136-
138 °C. FT-IR (ATR; 1/ A, cm):3309 (N-H secondary
amide), 3050 (CH aromatic), 1724 (C=0 ester),1627
(C=0 amide),1608 (C=N benzimidazole), 1547 and
1508 (aromatic C-C). 1H-NMR (500 MHz, DMSO) :
8.96 (t,] = 5.6 Hz, 1H), 7.85 (d, ] = 8.5 Hz, 2H), 7.56 -
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7.46 (m, 3H), 7.41 - 7.34 (m, 3H), 7.16 (dt, ] = 28.0,
7.5 Hz, 2H), 7.04 (d, ] = 8.8 Hz, 2H), 5.15 (s, 2H), 4.70
(d, ] =5.6 Hz, 2H), 4.25 (t,] = 7.6 Hz, 2H),3.95 (q,] =
7.1 Hz, 2H), 2.32 (t,] =7.3 Hz,3H), 1.92 (p,] = 7.4 Hz,
2H),1.08 (t,] = 7.1 Hz, 3H).

Compound 4d: White powder, yield 76%, m. p. 140-
141 °C. FT-IR (ATR; 1/ A, cm™): 3286 (N-H secondary
amide), 3040 (CH aromatic), 1720 (C=0 ester),1624
(C=0 amide),1608 (C=N benzimidazole), 1535 and
1504 (aromatic C-C). 1H-NMR (500 MHz, DMSO) :
8.95 (t, ] = 5.6 Hz, 1H), 7.87 - 7.81 (m, 2H), 7.52 (t,
] = 8.2 Hz, 2H), 7.26 - 7.16 (m, 4H), 7.16 - 7.08 (m,
2H), 7.03 (d, ] = 8.4 Hz, 2H), 5.08 (s, 2H), 4.70 (d, ] =
5.5 Hz, 2H), 4.25 (t,] = 7.7 Hz, 2H),3.95 (q,] = 7.1 Hz,
2H), 2.32 (t,] = 7.3 Hz, 2H), 2.27 (s, 3H), 1.92 (p,] =
7.5 Hz, 2H), 1.08 (t,] = 7.1 Hz, 3H).

3.1.5. 4-(2-((4-(benzyloxy)benzamido)meth-
yl)-1H-benzo[d]imidazole-1-yl)butanoic acid de-
rivatives (1e-4e):

Compound 1e: White powder, yield 92%, m. p202-
204 °C. FT-IR (ATR; 1/ A, cm):3400-2400 (OH car-
boxylic acid), 3379 (N-H secondary amide), 3070
(CH aromatic), 1705 (C=0 carboxylic acid),1643
(C=0 amide),1604 (C=N benzimidazole), 1546 and
1504 (aromatic C-C). 1H NMR (500 MHz, DMSO) 6
12.16 (s, 1H), 897 (t,] = 5.6 Hz, 1H), 7.85 (d, ] = 8.4
Hz, 2H), 7.52 (t,] = 7.8 Hz, 2H), 7.47 (dd, ] = 8.3, 5.5
Hz, 2H), 7.18 (td, ] = 8.1, 4.6 Hz, 3H), 7.13 (t,] = 7.5
Hz, 1H), 7.03 (d, ] = 8.5 Hz, 2H), 5.10 (s, 2H), 4.70 (d,
] =5.6 Hz, 2H), 4.25 (t,] = 7.7 Hz, 2H), 2.25 (t,] = 7.2
Hz, 2H), 1.89 (p, ] = 7.4 Hz, 2H).

Compound 2e: White powder, yield 71%, m. p. 207-
209 °C. FT-IR (ATR; 1/ A, cm™): 3300-2500 (OH car-
boxylic acid), 3217 (N-H secondary amide), 3032 (CH
aromatic), 1701 (C=0 carboxylic acid),1643 (C=0
amide),1604 (C=N benzimidazole), 1585 and 1509
(aromatic C-C). 1H NMR (500 MHz, DMSO) & 12.15
(s, 1H), 8.95 (t,] = 5.6 Hz, 1H), 7.83 (d, ] = 8.5 Hz, 2H),
7.52 (t,]=7.0Hz 2H),7.34 (d,] =8.3 Hz, 2H), 7.19 (t,]
=7.6 Hz,1H),7.13 (t,] = 7.5 Hz, 1H), 7.02 (d,] = 8.6 Hz,
2H),6.90 (d,] =8.5 Hz, 2H), 5.03 (s, 2H),4.70 (d,] =5.6
Hz, 2H),4.25 (t,] = 7.6 Hz, 2H), 3.71 (s, 3H), 2.28 - 2.20
(m, 2H), 1.89 (p, ] = 7.4 Hz, 2H).
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Compound 3e: White powder, yield 90%, m. p223-
225 °C. FT-IR (ATR; 1/ A, cm™):3300-2500 (OH car-
boxylic acid), 3268 (N-H secondary amide), 3074
(CH aromatic), 1701 (C=0 carboxylic acid),1631
(C=0 amide),1608 (C=N benzimidazole), 1543 and
1505 (aromatic C-C). 1H-NMR (500 MHz, DMSO) :
12.15 (s, 1H), 8.97 (t,] = 5.8 Hz, 1H), 7.88 (d, ] = 8.5
Hz, 2H), 7.49 (s, 1H), 7.42 - 7.33 (m, 5H), 7.07 (t,] =
7.8 Hz, 4H), 5.16 (s, 2H), 4.62 (d,] = 5.7 Hz, 2H), 3.29
(s, 2H), 3.25 (s, 2H), 2.23 (t,] = 7.4 Hz, 2H).
Compound 4e: White powder, yield 82%, m. p. 190-
192 °C. FT-IR (ATR; 1/ A, cm™'): 3400-2400 (OH car-
boxylic acid), 3417 (N-H secondary amide), 3090
(CH aromatic), 1708 (C=0 carboxylic acid),1654
(C=0 amide),1608 (C=N benzimidazole), 1543 and
1504 (aromatic C-C). 1H-NMR (500 MHz, DMSO) :
12.24 (s, 1H),9.49 (d,] = 5.7 Hz, 1H), 7.96 (d,] = 8.1
Hz, 1H), 7.90 (d, ] = 8.5 Hz, 2H), 7.74 (d, ] = 7.9 Hz,
1H), 7.54 (dt, ] = 19.4, 7.4 Hz, 2H), 7.27 - 7.17 (m,
3H), 7.09 (dd, ] = 17.5, 8.0 Hz, 3H), 5.10 (s, 2H), 4.93
(d, ] =4.9 Hz, 2H), 4.51 (t,] = 7.8 Hz, 2H), 2.40 (t,] =
7.3 Hz, 2H), 2.27 (s, 3H), 2.00 (p,] = 7.4 Hz, 2H.
3.1.6. 4-(benzyloxy)-N-((1-(4-morpholino-4-
oxobutyl)-1H-benzo[d]imidazole-2-yl)
methyl)benzamide derivatives (1f-4f):
(figures 1S-16S supplementary file)

Compound 1f: White powder, yield 25%, m. p57-
60°C. FT-IR (ATR; 1/ A, cm™): 3267 (N-H second-
ary amide), 3043 (CH aromatic), 1639 (C=0 am-
ide),1604 (C=N benzimidazole), 1534 and 1504
(aromatic C-C), 1111 (C-0-C morpholine). 1H NMR
(500 MHz, DMSO0) 6 9.16 (t, ] = 5.5 Hz, 1H), 8.01 (d,
] = 8.4 Hz, 2H), 7.70 (t,] = 8.3 Hz, 2H), 7.62 (dd, ] =
8.4, 5.4 Hz, 2H), 7.38 - 7.26 (m, 4H), 7.19 (d, ] = 8.5
Hz, 2H), 5.25 (s, 2H), 4.87 (d, ] = 5.5 Hz, 2H), 4.41 (t,
] =7.5 Hz, 2H), 3.60 (p,] = 4.7 Hz, 5H), 3.51 (t,] = 4.8
Hz, 3H), 2.46 (t, ] = 7.0 Hz, 2H), 2.07 (p, ] = 7.1 Hz,
2H).13C NMR (125 MHz, DMSO0) & 170.43, 166.13,
163.27, 161.19, 152.33, 135.62, 133.39, 130.58,
130.51, 129.72, 126.75, 122.60, 122.05, 119.09,
115.85,115.68, 114.85, 110.72, 69.12, 66.50, 66.43,
45.58, 43.08, 41.92, 36.62, 29.23, 25.22. ESI-Mass
(m/z): 531.2 [M*!]+, calcd. for: C, H, FN,0,,530.6.
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Compound 2f: White powder, yield 45%, m. p. 119-
120°C. FT-IR (ATR; 1/ A, cm): 3213 (N-H second-
ary amide), 3059 (CH aromatic), 1669 ,1643(C=0
amide),1608 (C=N benzimidazole), 1543 and 1504
(aromatic C-C), 1114 (C-O-C morpholine). 1H NMR
(500 MHz, DMSO0) 6 9.15 (t,] = 5.6 Hz, 1H), 8.02 (d, ]
=8.4 Hz, 2H),7.69 (dd,]=7.9,3.7 Hz,3H), 7.53 (d,] =
5.4 Hz, 2H), 7.31 (dt, ] = 28.8, 7.6 Hz, 2H), 7.20 (d, ] =
8.4 Hz, 2H), 5.29 (s, 2H), 4.87 (d, ] = 5.6 Hz, 2H), 4.40
(t,]=7.6 Hz, 2H), 3.63 - 3.59 (m, 3H), 3.58 (d,] = 4.5
Hz, 2H), 3.51 (t, ] = 4.9 Hz, 3H), 3.42 (t, ] = 4.7 Hz,
3H), 2.46 (t,] = 7.0 Hz, 2H), 2.07 (p,] = 7.1 Hz, 2H).13C
NMR (125 MHz, DMSO) &§ 170.43, 166.09, 161.02,
152.32, 142.50, 139.74, 135.71, 133.61, 130.87,
129.74, 128.33, 127.86, 126.92, 126.71, 122.50,
121.93,119.21, 114.86, 110.65, 68.88, 66.50, 66.43,
56.51, 45.57, 43.04, 41.92, 39.48, 36.65, 29.23,
25.24. ESI-Mass (m/z): 543.2 [M*']+, calcd. for: C, H-
.,N,0.,542.6.

Compound 3f: White powder, yield 75%, m. p 139-
141°C. FT-IR (ATR; 1/ A, cm™): 3278 (N-H second-
ary amide), 3090 (CH aromatic), 1647,1627 (C=0
amide),1608 (C=N benzimidazole), 1557,1534 and
1505 (aromatic C-C), 1118 (C-O-C morpholine).
1H-NMR (500 MHz, DMSO) :9.12 (t,] = 5.7 Hz, 1H),
7.99 (d, ] = 8.4 Hz, 2H), 7.68 (dd, ] = 8.0, 5.0 Hz, 2H),
7.49 (d,] = 8.2 Hz, 2H), 7.33 (t,] = 7.6 Hz, 1H), 7.28
(t,J=7.6 Hz, 1H), 7.17 (d,] =8.4 Hz, 2H), 7.05 (d,] =
8.2 Hz, 2H), 5.18 (s, 2H), 4.86 (d, ] = 5.6 Hz, 2H), 4.40
(t, ] = 7.6 Hz, 2H), 3.59 (p, ] = 4.6 Hz, 4H), 3.51 (t, ]
= 4.8 Hz, 2H), 3.41 (d, ] = 4.2 Hz, 2H), 2.45 (t,] = 7.0
Hz, 2H), 2.06 (p, ] = 7.1 Hz, 2H. 13C-NMR (125 MHz,
DMSO0) : 170.42, 166.11, 161.36, 159.55, 152.34,
142.54, 135.72, 130.09, 129.67, 128.97, 126.58,
122.48, 12191, 119.23, 114.84, 114.32, 110.64,
69.64, 66.50, 66.43, 55.57, 45.57, 43.03, 41.92,
36.64, 29.23, 25.24. ESI-Mass (m/z): 547.2 [M*!]+,
calcd. for: C30H31C1N404 ,547.04

Compound 4f: White powder, yield 55%, m. p.
139-200 °C. FT-IR (ATR; 1/ A, cm™): 3267 (N-H sec-
ondary amide), 3039 (CH aromatic), 1639 (C=0
amide),1604 (C=N benzimidazole), 1573,1539 and
1504 (aromatic C-C), 1111 (C-O-C morpholine).
1H-NMR (500 MHz, DMSO) :8.97 (t,] = 5.6 Hz, 1H),
7.87 - 7.82 (m, 2H), 7.53 (dd, ] = 8.1, 4.2 Hz, 2H),
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7.26 - 7.15 (m, 4H), 7.15 - 7.07 (m, 2H), 7.03 (d, ] =
8.6 Hz, 2H), 5.07 (s, 2H), 4.71 (d, ] = 5.5 Hz, 2H), 4.25
(t,]=7.6 Hz, 2H), 3.48 - 3.41 (m, 4H), 3.36 (d,] = 4.8
Hz, 2H), 3.27 (d, ] = 5.3 Hz, 2H), 2.30 (t, ] = 6.9 Hz,
2H), 2.27 (s, 3H), 1.92 (p, ] = 7.3 Hz, 2H). 13C-NMR
(125 MHz, DMSO) :170.44, 166.13,161.33,152.32,
142.56, 138.12, 137.04, 135.72, 129.70, 129.05,
128.85, 128.80, 126.68, 125.34, 122.48, 121.91,
119.24, 114.82, 110.63, 69.88, 66.49, 66.42, 45.58,
43.02, 41.92, 36.64, 29.23, 25.24, 21.45. ESI-Mass
(m/z): 527.2 [M*1]+, calcd. for: C, H,,N,0,, 526.6.

Scheme 1 illustrates the review of the chemical
synthesis of desired compounds (1f-4f) with the
2-(aminomethyl)benzimidazole nucleus, in which
all the synthesized compounds were started with
Williamson ether synthesis by the reaction of differ-
ent substituted benzyl bromide derivatives and ethyl
4-(hydroxy)benzoate resulting in ester compounds
(1a - 4a). These compounds were hydrolyzed under
alkaline conditions to yield the corresponding car-
boxylic acid derivatives (1b-4b). 383°

N-acylation of the reactive primary amine of
2-(aminomethyl)benzimidazole by aromatic car-
boxylic acid (1b-4b) was facilitated by the addition
of the coupling agent N-Ethyl-N'-(3-dimethylamino-
propyl)carbodiimide hydrochloride (EDC.HCI) with
1-hydroxy benzotriazole (HOBt) as a nucleophile in
an aprotic solvent. The reaction involves many steps:

1st: O-acyl isourea formation (nucleophilic addi-
tion of N-carbodiimide to the carbonyl group)

2nd: The intermediate is racemized to unreactive
N-acyl urea

3rd: HOBt which is a strong nucleophile reacts
faster than the competing acyl transfer and gener-
ates an activated ester

4th: Aminolysis; is facilitated by the reactive elec-
trophilic property of the activated ester and the
strong nucleophilic property of the aliphatic prima-
ry amine.

The reaction must be done in polar aprotic sol-
vents, which do not solvate the nucleophile since
no ionization occurs, making the latter free to be at-
tacked by an electrophile. #0-#2

The slightly basic nitrogen of benzimidazole needs
to be activated by a basic condition (anhydrous
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K,CO,) that can abstract the proton, leaving the ni-
trogen with an unshared pair of electrons as a nu-
cleophile to attack ethyl-4-bromobutanoate, which
is treated with KI before its addition to replace the
bromide ions by an iodide ion, which has a better
leaving property ** resulting in the N alkylation of
benzimidazole.

1d - 4d compounds were hydrolyzed in basic me-
dium to their corresponding carboxylic acids, then
these acids were reacted with morpholine by N acy-
lation, which is facilitated by the addition of TEA as a
base and DMAP as an acetyl transferase agent, which
is added to proceed the reaction through the acylim-
inum ion intermediate more efficiently. 32

The progression of each reaction step had been
confirmed, and each resulting compound was sub-
jected to many physical and advanced analytical
methods. All the results indicate precise and pure
compounds, as mentioned above and supported by
figures (1S-16S) in the supplementary file.

3.2. Invitro cytotoxic study: For cytotoxic
studies against two cancer cell lines—human breast
cancer cells (T47D) and human alveolar cell carci-
noma (A549)—as well as Vero normal cells, all of
the proposed compounds were evaluated along
with gefitinib (as a reference). Both 3f and 4f com-
pounds gave approximately similar cytotoxic effects
against human breast cancer cells (T47D) cell lines
with IC50 50+45.5 uM and 50.5+3.2uM, respectively,
but not more than gefitinib, which had IC, of 21.05
uM. All chemicals showed negligible toxicity in the
lung cancer cell line (A549), with the exception of
4f, which had an IC50 of 166.1+92. The cell demon-
strated significant resistance to gefitinib, even at
concentrations greater than 200uM. Interestingly, all
compounds were not cytotoxic against normal cells.
The results ofIC50 are demonstrated in Table 1, and
the comparison of the cell survival of cytotoxic com-
pounds are represented by Figures, 3 and 4. The
morphologies of the A549 cell line upon treatment
with 4f and gefitinib are shown in Figure 5.

As with most lung cancer cell lines, high expres-
sion of the EGFR protein is present in A549 8, but
they showed resistance to approximately all com-
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Scheme 1: Synthesis of compounds 1f - 4f

pounds, even gefitinib. This resistance may be due
to the presence of downstream enzyme mutations
like the KRAS (Kirsten Rat Sarcoma Viral Oncogene
Homolog) mutation or may be due to amplification
of HER2 that increases the abundance of ErbB2 pro-
tein.*** This may complicate the understanding of
the mechanism by which our compounds are work-
ing, especially when compared with a clinically ap-
proved EGFR TKI, gefitinib.

The breast cancer cell line, T47D, is classified as
an estrogen receptor positive (ER*) breast cancer
cell with low expression of the HER2 receptor pro-
tein. However, some studies showed an expression
of EGFR in ER+ breast cancer cell lines. 54¢ So, the
EGFR TKIs may be combined with hormonal therapy
for ER-positive metastatic disease. * Only 3f and 4f
shown a minor cytotoxicity against the breast can-
cer cell line in our investigation, while gefitinib had
a cytotoxic effect on the T47D cell line but more sig-
nificantly than the other chemicals evaluated.

Additional research was conducted to examine
the morphology of the A549 cell line using gefitinib
and the 4f molecule. 4f shown a clear reduction in
proliferation as compared to the control and gefi-
tinib groups.

As demonstrated by the cytotoxicity of compounds
3fand 4fin a breast cancer cell line, the structure-ac-
tivity relationship suggests that compounds with
meta substitution in the aromatic hydrophobic back
pocket are more active than compounds with para
substitution. It is more likely that the 4f compound,
which has meta methyl substitution, will exhibit
dual cytotoxic activity against lung and breast can-
cer cell lines.

3.3. Docking Study:

In order to get a preliminary confirmation about
the enzyme inhibition mode of our synthesized
compounds, all compounds are docked with 2 mod-
el proteins of RTKs (EGFR, 3POZ and HER2, 3RCD)
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Table 1. Cytotoxic activity of the designed compounds against cancerous and normal cells

Compound T47D
ICs0*
1f >200
2f 187+16.6
3f 50+5.5
4f 50.5£3.2
Gefitinib 21.05£2.15

*All calculated ICso are in pM
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Figure 3: Antiproliferative effect of 3f,4f and gefitinib against T47D and Vero normal cell lines

downloaded from PDB (www.rcsb.org). The docking
scores represented by binding free energy with cal-
culated Ki as well as RMSD are summarized in Table
2. The 2D and 3D interactions with binding sites are
shown in figures 17S-25S (supplementary file).

The redocking results of the original co-crystal-
lized ligand (TAK-285) with two selected proteins
(3POZ; EGFR and 3RCD; HER2) were (AG -9.2, RMSD
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1.4 and AG -9.3, RMSD 1.6) respectively, which indi-
cate a good docking process.

As itis known, the small AG value, indicates a good
interaction between the protein and the ligand. The
RMSD near 1 and less than 2 means that the ligand
fits well with the reference recrystallized ligand
within the binding pocket.48 According to the re-
sults that are mentioned in table 2, all the binding
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Figure 4: Antiproliferative effect of 4f and gefitinib against A549 and Vero normal cell lines
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Figure 5: Morphology of the A549 after treatment with compound 4f and gefitinib at the ICso
with control

energies with corresponding inhibitory constants
are better than gefitinib. However, only (4f) exhib-
its superior AG and RMSD values when compared to
gefitinib, but only in the 3POZ protein, indicating its
efficacy against the highly resistant lung cancer cell
line (A549) that expresses high levels of EGFR.

The 2D and 3D interactions of the synthesized
ligands with gefitinib within the protein ligand
binding pockets are shown in Figures 17S and
21S; supplemental file. In these figures, the most
important amino acid residues for the interaction

of TAK-285 with the (EGFR, 3POZ) protein are
MET793, LYS745, 6-ring PHE856, LEU788, and
VAL 726, which appear as assigned residues in 2D
modes. For the tested compounds, the amino acid
residues were GLY719 with 1f, GLY719 and VAL
726 with 2f, and LYS745 with 4f, while 3f showed
no interaction with the binding site. The other pro-
tein (HERZ2, 3RCD); as in figures (22S5-26S) supple-
mentary file, the amino acids that interact with
TAK-285 are ASP863, LYS753, ASN850, and MET
801. For the other tested compounds, only 1f and
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Table 2. Docking results of the designed compounds with both EGFR and HER2

Compound EGFR, 3POZ HER2, 3RCD
AG(kcal/mol) RMSD* Ki(uM) AG(kcal/mol) RMSD Ki(uM)
1f -9 29 0.19 -7.9 2.2 0.55
2f -8.4 3 0.3 -8.1 4 0.51
3f -7.7 3.8 0.76 -7.7 4.3 0.76
4f -8.9 1 0.2 -9.2 2.8 0.17
Gefitinib -7.6 0.9 0.8 -8.1 1.8 0.51

* RMSD, root mean square deviation of a ligand with respect to the reference conformation

Table 3a: SwissADME descriptors of 4f and gefitinib

Compound Formula MW #H-bond  #H-bond TPSA*A  ESOL Class
acceptors donors 2
4f C31H34N404 526.63 5 1 85.69 Moderately
soluble
Gefitinib C22H24CIFN403 446.90 7 1 68.74 Moderately
soluble
*Topological Polar Surface Area
Table 3b: SwissADME descriptors of 4f and gefitinib
Compound Consensus GI BBB permeant Lipinski Bioavailability
LogP absorption #violations Score
4f 3.83 High No 1 0.55
Gefitinib 3.86 High Yes 0 0.55

4f showed interaction in the binding pocket with
the amino acids GLY727 and THR862, ASP863, re-
spectively. It is worth noting that gefitinib has no
interaction with the (EGFR, 3P0Z) pocket while in-
teracting with ALA730 and VAL734 in the (HERZ2,
3RCD) binding pocket.
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3.4. Molecular Dynamic Simulation:

The Simulation Interactions Diagram Reports
cover analysis of protein-ligand Root Mean Square
Deviation (RMSD), protein Root Mean Square
Fluctuation (RMSF), protein secondary structure,
ligand RMSF, protein-ligand contacts and ligand



Al-Sultan S.Q. et al,, @apuakevtiky, 36, 1V, 2024 | 69-88

4f

Al-Sultan S.Q. et al, Pharmakeftiki, 36, IV, 2024 | 69-88

gefitinib

Figure 6: Bioavailability radars of 4f and gefitinib: The pink area represents the range of the optimal property

values for oral bioavailability and the red line is compound 4f predicted properties. Saturation (INSATU), size

(SIZE), polarity (POLAR), solubility (INSOLU), lipophilicity (LIPO) and flexibility (FLEX).

properties, which are all illustrated in figures (275
and 28S) in the supplementary file. *°

Unlike the more static molecular docking meth-
od, MD modeling does not ignore the fact that pro-
teins change over time,*® so for more confirmation
about the pharmacological activity of the high
cytotoxic compound (4f) on both T47D and A549
cell lines, MDS was done with both 3RCD and 3P0Z
proteins.

MDS predicts how every atom in a protein or
other molecular system will move over time,
based on a general model of the physics govern-
ing interatomic interactions. Also, these simula-
tions capture the behavior of proteins and other
biomolecules in full atomic detail and at very fine
temporal resolution.>®

The protein conformational change was ex-
plained by the difference in the position of the Ca
atoms of the protein backbone and was reported
in A and plotted as a function of simulation time,
as in figures (27S-a and 28S-a) in the supplemen-
tary file. The RMSD of the 4f- 3POZ complex was
approximately 2.4, which is considered acceptable
for this protein while there was a higher RMSD of
the 4f- 3RCD complex (approximately 12).

The Root Mean Square Fluctuation (RMSF) is
useful for characterizing local changes along the

protein chain. Secondary structure elements like
alpha helices and beta strands are usually more
rigid than the unstructured part of the protein, and
thus fluctuate less than the loop regions, while the
tails (N- and C-terminal) fluctuate more than any
other part of the protein. As seen in figures (27S-b
and 28S-b), a narrow range of RMSF values of the
active site residues of the complexes, marked with
green-colored vertical bars, demonstrates that
these compounds are capable of forming stable in-
teractions with the protein during MDS.

The Ligand Root Mean Square Fluctuation
(L-RMSF) is useful for characterizing changes in
the ligand atom positions. The ligand RMSF may
give us insights on how ligand fragments inter-
act with the protein and their entropic role in the
binding event. Ligand RMSF shows the ligand’s
fluctuations broken down by atom, the more stable
the ligand, the less fluctuation will be observed,
and in the 4f-3POZ complex (Figure 27S-c), little
fluctuation is present between 32 and 36 atoms,
as shown in the 2D structure, which may be due
to the lake of hydrogen bonding at this part of the
molecule. In figure 28S-c of the 4f-3RCD complex,
more fluctuation was demonstrated.

Protein interactions with the ligand can be mon-
itored throughout the simulation. These interac-
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tions can be categorized by type and summarized
in figures (27S-d&e and 28S-d&e), which repre-
sent the interactions that occur in more than 30%
of the simulation time in the selected trajectory
(0.00 through 20 and 50.05 nsec, respectively).

In the 4f-3P0OZ complex, the most important in-
teraction was the hydrogen bond of the oxygen
atom of the carbonyl group of the secondary am-
ide with THR790, the gatekeeper of the ATP bind-
ing pocket, while in the 4f-3RCD complex, the hy-
drogen bonding of the oxygen atom of morpholine
with MET801 (one of the important amino acid
residues that interact with most TKIs).

3.5. ADME study:

Only compound 4f, with valuable cytotoxic ac-
tivity and good molecular modeling results, was
subjected to study for its pharmacokinetic prop-
erties compared with gefitinib, as shown in Table
3. Also, the bioavailability radar enables a first
glance at drug likeness (Figure 6).

According to the Swiss ADME descriptor data,
Table 3, and upon comparison with gefitinib
(FDA-approved TKI), the 4F compound has good
drug likeness, which is represented by Lipinski
rules. Only the molecular weight is a little more
than 500, but others, like H-bond donners with
no more than 5, H-bond acceptors with no more
than 10, and log p with less than 5. The topologi-
cal surface area conflicts with high GI absorption
(less than 140 °A2), but no brain permeability
presents (more than 80).37°! Interestingly, the
4F compound has the same bioavailability as ge-
fitinib (0.55), which makes it a more acceptable
candidate for further in vitro and in vivo studies.

Figure 6 shows the bioavailability radar, in
which the pink area represents the optimal range
with different parameters, and with the 4F com-
pound, only the flexibility parameter shows a little
deviation from the boundary lines.

4, Conclusion

All proposed compounds with intermediates
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were effectively synthesized in pure forms, based
on the results of the advanced chemical analysis.
Compound 4f had a greater antiproliferative ef-
fect than reference in the cytotoxic study when
applied to the A549 lung cancer cell line, which
exhibited high resistance to all other compounds.
The T47D breast cancer cell line was equally sus-
ceptible to the cytotoxicity of compounds 3f and
4f, but not more so than gefitinib. Good results
with compound 4f and a good ligand interaction
model were shown by the docking investiga-
tion. Stable structural changes were seen by the
MDS along the chosen paths, particularly with
the EGFR protein (3POZ). The ADME research
demonstrated high bioavailability and drug sim-
ilarity. Thus, in order to be taken into consider-
ation as a dual EGFR/HER2 TKI, compound 4f is
thought to be a suitable candidate for more struc-
tural optimization and biological research.

ABBREVIATIONS: (RTK) Receptor tyrosine
kinase; (ADME) absorption, distribution, metab-
olism, and elimination; (TKI) tyrosine kinase in-
hibitor; (HER2) human epidermal growth factor
receptor-2; (EGFR) Epidermal growth factor re-
ceptor; (PKls) Protein kinase inhibitor; (IR) In-
frared Radiation; (NMR) Nuclear Magnetic Reso-
nance; (MS) Mass spectrum; (IC50) Half-Maximal
Inhibitory Concentration; (PDB) Protein Data
Bank; (MOE) Molecular Operating Environment;
(EDC.HCl) 1-ethyl-3-(3’-dimethylamino) carbo-
diimide HCI; (HOBt) N-hydroxy benzotriazole;
(DMAP) dimethyl amino pyridine; (DMF) Dimeth-
ylformamide; (RMSD) root mean square deviation;
(RMSF) Root Mean Square Fluctuation; (MDS)
Molecular Dynamic Simulation; (MW) molecular
weight; (TPSA) Topological surface area; (ESOL)
estimated solubility; (GI) gastro intestinal; (BBB)
blood brain barrier; (INSATU) Saturation; (PO-
LAR) polarity; (INSOLU) solubility; (LIPO) lipo-
philicity; (FLEX) flexibility; (KRAS) Kirsten Rat
Sarcoma Viral Oncogene Homolog.
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