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ARTICLE INFO ABSTRACT

Keywords: Quinazoline derivatives with substitution at the N3 and C2 positions, were synthesized for targeting a dual
CétOtOXICItY inhibition of vascular endothelial growth factor receptor 2 (VEGFR) and epidermal growth factor receptor
EGFR

(EGFR) kinases. The final derivatives 4a-e were characterized using various spectroscopic techniques, and their
antiproliferative activity against A-549, MDA, and HeLa cancer cell lines was evaluated in vitro. Among the
compounds, 4e demonstrated the most significant cytotoxicity, with an IC,, value of 0.59 + 0.01 uM against
A-549 cells. The SAR analysis suggested that the presence of the ethyl acetate fragment plays a crucial role
in enhancing anticancer efficacy, while the ethyl group did not notably impact its antiproliferative activity.
Further investigation of compound 4e revealed its high binding affinity to EGFR, with an IC, of 69.4 = 1.55 nM
compared to Docetaxel (IC,, = 56.1+1.17 nM). Molecular docking and molecular dynamics (MD) simulations
provided valuable insights into the interactions between quinazoline derivatives, EGFR, and VEGFR-2. However,
these studies suggest that 4e exhibits a good binding affinity toward EGFR and VEGFR-2 with docking scores of
-4.46 kcal/mol and -4.41 kcal/mol, respectively. Ligand 4e and VEGFR-2 formed a stable complex, indicating
its potential as promising anticancer drug over docetaxel.
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1. Introduction

Cancer is currently recognized as one of the leading causes of global
mortality, second only to cardiovascular diseases. The World Health
Organization (WHO) predicts a significant surge in incident cancer
cases, which is expected to reach ~ 20 million by 2025 [1,2]. Despite
the availability of multiple chemotherapeutic drugs, their effectiveness
is often outweighed by adverse effects, particularly toxicity, which
hinders their widespread use [3,4]. Consequently, there is a pressing
need to develop alternative strategies to combat cancer. One promising
approach is targeted chemotherapy, which aims to identify and develop
chemical agents that can treat cancer with fewer side effects. In recent
years, considerable advancements have been made in medicinal
chemistry [5], especially with the integration of targeted therapies
and personalized treatments, improving the effectiveness of cancer
treatments.

The inclusion of heteroatoms, particularly nitrogen [6], in cyclic
structures, has gained prominence in medicinal chemistry due to their
role in the bioactive compounds, including those with antitumor and
anti-inflammatory properties [7]. Quinazoline derivatives have shown
great potential as therapeutic agents in cancer treatment, demonstrating
efficacy against solid tumors [8]. This chemical scaffold has become a
focal point in anticancer research, with substantial efforts dedicated to
modifying the quinazoline structure to enhance its antitumor activity.
These modifications have resulted in a diverse range of compounds
with various pharmacological effects.

Quinazoline derivatives, particularly those bearing a 4-ylamino
substituent, have garnered attention due to their strong and selective
inhibition of the human Pinl enzyme, positioning them as promising
candidates for the development of more effective cancer therapies [9].
Additionally, compounds with a 2,4-disubstituted quinazoline structure
have exhibited potent inhibition of key biological targets such as
dihydrofolate reductase, aurora kinases, and tyrosine kinases [10-13].
These derivatives are associated with a wide range of biological
activities, giving them versatile therapeutic applications [14-16].
Several modified quinazoline compounds, including thiazolo-, furano-,
and thieno-quinazoline, have demonstrated remarkable in-vivo and in
vitro anticancer effects against various human cancer cell lines [17,18].
Furthermore, quinazoline derivatives have been implicated in anticancer
mechanisms through their inhibition of DNA repair enzymes [19].

Quinazoline derivatives have emerged as important components in
the development of multi-kinase inhibitors, with several compounds
receiving FDA approval for the treatment of various cancers. These
inhibitors primarily work by interfering with key cellular processes such
as transcription, DNA replication, and the activity of critical protein
kinases involved in tumor progression. Among their targets, vascular
endothelial growth factor receptor 2 (VEGFR) and epidermal growth
factor receptor (EGFR) tyrosine kinases play essential roles in regulating
processes like cell adhesion, migration, and differentiation. Mutations
and overexpression of EGFR are implicated in a variety of cancers,
which has led to a strong focus on EGFR inhibitors in cancer therapy
development [20]. VEGFR-2, located on endothelial cells, represents
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Figure 1. Overview of the molecular design strategy for developing new VEGFR-2/
EGFR inhibitors based on a quinazoline core framework. VEGFR-2: Vascular endothelial
growth factor receptor-2, EGFR: Epidermal growth factor receptor.

another significant target for antiangiogenic treatments (disrupting the
blood vessel formation required for tumor growth), thereby enhancing
the efficacy of cancer therapies [21-23]. Quinazoline-based compounds
remain central to cancer chemotherapy, with several FDA-approved
agents such as lapatinib, gefitinib, and erlotinib playing a critical role
in oncology [24] (Figure 1).

Molecular hybridization has become an innovative approach in
drug discovery, aiming to combine two or more active pharmacophoric
elements from known molecular structures to create new compounds
with enhanced activity and reduced side effects. This strategy seeks to
merge the beneficial features of existing molecules while improving
their therapeutic profiles. It has increasingly gained attention in the
scientific community as a promising method for developing compounds
with superior biological efficacy. Researchers are using this approach
to design novel analogs that hold significant potential for therapeutic
advancement, making them ideal candidates for further evaluation [25].

This research is centered on quinazolinones, which have shown
promise as inhibitors of VEGFR-2 and EGFR enzymes, as highlighted by
previous studies. The quinazoline framework was selected as the basis
for developing novel anticancer agents. The design process begins with
an extensive review of existing compounds that target VEGFR-2 and
EGFR. Following this, we focused on modifying erlotinib derivatives by
introducing a nitro group and phenyl group at the C-7 position of the
quinazoline ring and N-3 position, respectively, to enhance interactions
through hydrogen bonding.

To further optimize the compounds, this study builds upon our
previous work on the same heterocyclic core and the same cancer cells
overexpressing EGFR and VEGFR-2 genes. With the aim of expanding
our understanding of the directions to pursue in future projects, we
investigated the impact of incorporating different para-aryl groups at
the C-2 position to evaluate the structure-activity relationship. An in-
depth in silico study was conducted to refine the design and support the
experimental strategy (Figure 1).
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2. Materials and Methods

2.1. Chemistry
2.1.1. Materials & methods

The intermediate compound 3 and its final derivatives 4a-e were
characterized using a Bruker Avance III nuclear magnetic resonance
(NMR) spectrometer with a 500 MHz resolution (500 MHz for 'H & 125
MHz for *C) in the Department of Pharmaceutical Chemistry, College of
Pharmacy, Prince Sattam bin Abdulaziz University. DMSO-d6 was used
as the solvent for the analysis. The peaks of deuterated DMSO and H,0
appear at approximately 2.5 and 3.5 ppm, respectively. Additionally,
thin-layer chromatography (TLC) was employed to monitor the
reactions, with detection under UV light at 365 nm.

2.1.2. Synthesis of starting material 3

A solution of 30 mmol of 2-aminobenzoic acid (1) (20 mmol, 3.6
g) of the desired aryl isothiocyanate (2), and Et,N in 50 mL of ethanol
was prepared. The reaction mixture was heated under reflux for
approximately 5 hrs. After completion of the reaction, the mixture was
neutralized with dilute HCI, followed by filtration and rapid column
purification using a mixture of hexane and ethyl acetate [26].

Benzyl-mercapto-7-nitroquinazolin-4-one (3). Yield 73%. 'H NMR-8:
7.59-7.61 (m, 1H, HC), 7.46-7.47 (m, 2H, HC), 2.91 (s, 1H, HC), 7.41-
7.45 (m, 2H, HC), 7.22-7.41 (m, 2H, HC), 5.78 (s, 2H, CH,). '*C NMR-3:
176.05 (C), 159.57 (C), 137.27 (C), 137.10 (C), 136.34 (C), 134.51
(C), 128.07 (HQC), 127.76 (HC), 127.17 (HC), 126.99 (HC), 115.81 (C,,
115.27 (C), 48.47 (CH,).

2.1.3. Synthesis of final derivatives 4a-e

Thereaction was performed by mixing (17 mmol, 5.32 g) of compound
3 with 17 mmol of the appropriate 1-halogen-4-(chloromethyl) benzene
derivative in 45 mL of anhydrous acetone. Potassium carbonate was
added in equimolar amount (1 equivalent), and the mixture was stirred
at room temperature (25°C) for 10 hrs. At the end of the reaction, each
product was subjected to rapid column purification using a mixture of
hexane and ethyl acetate [18].

Benzyl-nitro-2-((4-nitrobenzyl)thio)quinazolin-4-one (4a).
Yield 68%. 'H NMR-8 : 8.26-8.29 (m, 2H, HC), 8.01-8.04 (m, 1H, HC),
7.14-7.25 (m, 9H, HC), 5.24 (s, 2H, CH,), 4.36 (s, 2H, CH,). 13C NMR-6 :
160.76 (C), 159.75 (C), 151.75 (C), 147.61 (C), 134.59 (C), 130.67 (C),
129.27 (HC), 128.89 (HC), 128.77 (HC), 128.12 (HC), 127.65 (HC),
123.44 (HC), 121.61 (C), 119.49 (C), 47.80 (CH,), 36.25 (CH,).

Benzyl-nitro-2-((4-(fluoromethyl)benzyl)thio)quinazolin-4-one
(4b). Yield 85%. 'H NMR-8 : 8.33-8.41 (m, 1H, HC), 8.31-8.32 (m,
1H, HC), 8.18-8.20 (m, 1H, HC), 7.61-7.65 (m, 2H, HC), 7.22-7.41 (m,
7H, HC), 5.30 (s, 2H, CH,), 4.59 (s, 2H, CH,). 13C NMR-$ : 160.59 (C),
158.27 (C), 151.80 (C), 147.37 (C), 139.11 (C), 134.38 (C), 131.94
(HC), 131.68 (HC), 129.70 (HC), 129.34 (HC), 128.84 (HC), 128.24
(HC), 127.54 (HC), 124.21 (HC), 123.45 (HC), 122.04 (HC), 121.69
(G), 121.35 (C), 119.79 (C), 47.81 (CH,), 35.62 (CH,).

Benzyl-2-(benzylthio)-nitroquinazolin-4-one (4c). Yield 82%.
'H NMR-8 : 7.98 (s, 1H, HC), 7.54-7.67 (m, 4H, HC), 7.25-7.35 (m,
8H, HC), 5.39 (s, 2H, CH,), 4.55 (s, 2H, CH,). 13C NMR-$ : 161.45 (C),
158.32 (C), 145.50 (C), 145.42 (C), 136.22 (C), 135.89 (C), 131.10
(HC), 129.38 (HC), 128.46 (HC), 128.44 (HC), 127.38 (HC), 127.04
(HC), 126.17 (HC), 126.17 (HC), 126.05 (HC), 119.16 (C), 46.78 (CH,),
20.30 (CH,).

((Benzyl-nitro-4-oxo-quinazolin-2-yl)thio)methyl)benzonitrile
(4d). Yield 75%. 'H NMR-6 : 8.35-8.25 (s, 2H, HC), 8.00-8.19 (m, 1H,
HC), 7.70-7.10 (m, 9H, HC), 5.19 (s, 2H, CH,), 4.41 (s, 2H, CH,). 13C
NMR-§ : 160.53 (C), 158.70 (C), 151.75 (C), 147.45 (C), 141.83 (Q),
134.50 (C), 132.46 (HC), 129.99 (HC), 129.33 (HC), 128.82 (HC),
128.19 (HC), 127.62 (HC), 123.46 (HC), 121.53 (HC), 119.66 (HC),
118.55 (HC), 111.62 (HC), 47.80 (CH,), 36.18 (CH,).

Ethyl ((benzyl-7-nitro-4-oxo-quinazolin-2-yl)thio)acetate (4e).
Yield 83%. 'H NMR-§ : 8.32-8.33 (m, 1H, HC), 8.17-8.19 (m, 1H, HC),
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8.10-8.12 (m, 1H, HC), 7.28-7.37 (m, 5H, HC), 5.35 (s, 2H, CH,), 4.02
(s, 2H, CH,), 4.09 (g, 2H, J = 7.2 Hz, CH,), 1.22 (t, 3H, CH,). 1°*C NMR-8
: 168.57 (C), 160.30 (C), 159.80 (C), 151.82 (C), 147.22 (C), 135.37
(HC), 129.56 (HC), 129.12 (HC), 128.12 (HC), 127.31 (HC), 123.40
(HC), 121.12 (HC), 120.19 (HC), 61.70 (CH,), 47.89 (CH,), 34.84
(CH,), 14.60 (CH,).

2.2. Biological evaluation
2.2.1. Cell culture

The cancer cell lines utilized in this study were obtained from
Sigma-Aldrich. The cell culture medium consisted of MEM, 1%
penicillin-streptomycin, and 11% fetal bovine serum (FBS). The cells
were cultured at 37°C in a humidified environment with 5% CO,.
After treatment, the cells continued to be incubated under the same
conditions (5% CO, & 37°C).

2.2.2. Tyrosine kinase EGFR/VEGFR-2 inhibitory activity

The EGFR/VEGFR-2 kinase activity was assessed using the EGFR/
VEGFR-2 Kinase Assay Kit (PBS Bioscience, catalog #40,321), with
erlotinib serving as a reference standard. All experimental measurements
for the compounds were conducted in triplicates. The IC, values for the
compounds and the reference standard were determined by averaging
the results from the three independent experiments, with the standard
deviation calculated to assess the variability of the data.

2.2.3. Molecular docking studies

Molecular docking was performed using AutoDock 4.2 with EGFR
(PDB ID: 1M17) and VEGFR (PDB ID: 4AGS8) structures from RCSB [27].
The Lamarckian genetic algorithm was applied for optimization, and
the docking results were saved as .dpf files [28].

2.3. Molecular dynamics simulation

The protein-ligand complex from docking was analyzed using
MD simulations in Desmond v2022 [29] with OPLS3e force field and
SPC water model [30]. Sodium and chloride ions were added for
neutralization. After energy minimization and applying the SHAKE
algorithm [31], periodic boundary conditions and Particle mesh Ewald
(PME) were used for electrostatics [32]. The system was equilibrated
at 300 K and 1.0 bar, followed by a 100 ns production run. Post-
simulation analysis included Root-mean-square deviation (RMSD), Root
mean square fluctuation (RMSF), and protein-ligand interactions [33].

3. Results and Discussion
3.1. Chemistry

This research details the synthetic approach employed to create
the target hybrid compounds 4a-e, as shown in Scheme 1. The process
started with the synthesis of quinazoline derivative 3 by reacting
anthranilic acid 1 with (isothiocyanatomethyl)-benzene 2 in ethanol,
catalyzed by triethylamine. In the subsequent step, compound 3
underwent S-alkylation with various (chloromethyl)-4-R-benzenes and
ethyl-2-bromoacetate in acetone, using K,CO, as a base. This led to
the formation of quinazoline-based hybrid molecules 4a-e, following a
previously established method [34] (Scheme 1). The compounds were
synthesized in high yields (75-85%), purity, and purified by silica gel
column chromatography. The design of these compounds involved
introducing lipophilic and electronic substituents at the C2 position of
the quinazoline ring to enhance the biological activity, as discussed in
the introduction. This strategy amis to broaden the SAR profile of the
compounds, particularly to VEGFR-2 and EGFR.

The chemical identities of the newly synthesized quinazoline
derivatives 4a-e were rigorously verified using a range of analytical
techniques. In the case of the NMR analysis of compounds 4a-e, the
proton NMR (*H-NMR) spectra displayed a distinct singlet associated
with the -CH,-Aryl group, which is directly bonded to the nitrogen atom
(N3) in the quinazoline ring, appearing at approximately 5.40 ppm. In
the corresponding carbon NMR (**C-NMR) spectra, the same carbon
(N3-CH,) yielded a signal typically observed around 47 ppm across all

Arabian Journal of Chemistry Article in Press

NO,
o

Qi\\\o“ Et!N
+ / K CO. )\
oN NH EtOH N SH 2003

2 2 Acetone O2N

1 3 R

4a (68%) (85%)  4c (82%)  4d (75%) 4¢ (83%)

Scheme 1. Illustration of the synthetic pathway leading to the target Quinazoline-
Based compounds 4a-e.

compounds 4a-e. For the variable group introduced during the second
synthetic step (R), a singlet was detected between 4.30 and 4.50 ppm,
corresponding to the methylene protons (CH,) at the C2 position of
the quinazoline core. The 'H-NMR spectra further revealed a triplet
at 8 1.22 ppm, indicative of the methyl group, and a quadruplet at §
4.15 ppm (J = 7.2 Hz), associated with the CH, group in compound
4e. Additionally, aromatic proton signals appeared as a multiplet in
the range of 7.00-8.75 ppm. The *C-NMR spectra also validated the
proposed structures, with a distinct peak at 168 ppm corresponding to
the C=0 group in compound 4e. Additionally, the *C-NMR spectrum
of compound 4e revealed two characteristic peaks at 14 and 34 ppm,
corresponding to the methyl and methylene groups of the ester moiety.
It is worth noting that the presence of a peak in the 13C-NMR spectrum
of compound 3 around 145 ppm corresponds to the C=N group. In
contrast, the characteristic peak of the C=S group typically appears
around 178 ppm, which indicates that the absence of this peak (C=S,
178 ppm) suggests that the alkylation reaction occurs on the sulfur
atom rather than the nitrogen atom.

3.2. Biological evaluation
3.2.1. In vitro cytotoxicity

The anticancer activity of the newly synthesized quinazoline
derivatives was evaluated in vitro against several human cancer cell
lines, including HeLa (cervical carcinoma), A-549 (non-small cell lung
cancer), and MDA-MB-231 (breast adenocarcinoma). Cytotoxicity was
assessed using standard MTT assays, where different concentrations
of the compounds were tested to determine their half-maximal
inhibitory concentration (IC,). For comparison, docetaxel, a well-
established chemotherapy agent, was used as a positive control in these
assays (Table 1). The results obtained from these assays allowed for
the determination of the potency of the quinazoline derivatives and
provided insights into their potential as therapeutic agents in the
treatment of various cancer types.

The evaluation of the cytotoxic properties of quinazolinone
derivatives 4a-e against several distinct cancer cell lines (HeLa, A-549,
and MDA) revealed promising results. Among these compounds,
derivative 4e, featuring an ethoxy group at the C2 position, was the
most potent, exhibiting substantial cytotoxic effects against both
HeLa and MDA cell lines, with IC_ values of 1.12 uM and 1.53 pM,
respectively. Additionally, 4e demonstrated significant activity against
A-549 cells, with a notably lower IC, value of 0.59 uM. In comparison,
product 4d displayed anticancer activity approximately three times
more potent than the reference drug docetaxel, with IC_, values ranging
from 1.07 puM to 4.58 uM, depending on the cell line tested. Compound
4b showed considerable and nearly consistent cytotoxic effects across
all tested cell lines, with IC_; values ranging from 5.19 uM to 8.81 pM.
Conversely, compound 4c exhibited lower efficacy, particularly against
HeLa and A-549 cells, where IC_, values were as high as 48 uM. Notably,
compound 4d was twice as effective as docetaxel for both A-549 and
HelLa cells, demonstrating significant anticancer potential, although it
was relatively less effective against MDA cells.
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Table 1. The cytotoxic profiles of quinazolinone hybrid compounds 4a-e
against several distinct cancer cell lines.

[¢)
jssqe
O,N N)\S‘
R
Product Nature of R 1C,, (uM)
Hela A-549 MDA
4a E 3.48 +0.07 1.07 +0.02 4.58 + 0.1
NO,
4b SE 5.19+0.11 7.99 +0.17 8.81 +0.18
Cc
4c ;E 48.9 +1.02 47.1 +0.97 9.28 +0.19
4d SE 4.92+0.1 5.48 +0.12 19.1+0.4
CN
4 ,j\ 1.12+0.03 0.59 + 0.01 1.53 +0.03
o OK
Docetaxel (reference) 9.65 + 0.2 10.8 +£0.23 3.98 + 0.08

IC50: Inhibitory concentration 50

3.2.2. Structure-activity correlation

The cytotoxic profiles of the synthesized quinazoline derivatives were
evaluated against three human cancer cell lines: A-549 (lung cancer),
HeLa (cervical carcinoma), and MDA (breast adenocarcinoma). Among
the tested compounds, the unsubstituted quinazolinone derivative
4c, characterized by a phenyl group without any electron-donating
or electron-withdrawing substituents, exhibited the least cytotoxicity
across all three cell lines (Figure 2). In contrast, the introduction of a
trifluoromethyl group a bulky electron-donating group (EDG) at the
para position of compound 4b improved the cytotoxicity to a moderate
extent, particularly in HeLa cells, where it displayed an IC,, of 5.19
+ 0.11 pM. This increased activity may be attributed to the higher
electron density imparted by the fluorine atom. Further modification of
the molecule by replacing the para halogen group with a 4-nitrophenyl
group (an electron-withdrawing group, EWG) in compound 4a resulted
in a significant enhancement in activity, with IC,; values of 3.48 uM and
1.07 uM against HeLa and A-549 cells, respectively. The improvement
in cytotoxicity could be attributed to the formation of hydrogen bonds
between the electron-withdrawing nitro group (-NO,) and the biological
target. On the other hand, replacing the 4-nitrophenyl group with a cyano
group (-CN) in compound 4d, another electron-withdrawing substituent,
led to a slight reduction in activity compared to 4a. However, compound
4e displayed the most potent anticancer activity among all derivatives,
surpassing even the reference drug docetaxel. This enhanced potency is
likely due to the structural modification of compound 4e, which features
an ethyl acetate group in place of an aryl group found in the other
derivatives 4a-d. The IC,, values of 4e ranged from 0.59 to 1.53 uM,
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Figure 2. RSA of target quinazolinone derivatives 4a-e. RSA: Receptor surface area.

with the presence of oxygen atoms in the ethyl acetate group playing
a crucial role in facilitating hydrogen bond interactions with the target
biomolecule, thereby contributing to its superior anticancer effects.

In comparison with earlier studies, similar quinazoline-based
compounds featuring the same fragment at the C2 position also
displayed notable cytotoxic effects and binding affinity. However, the
compound with a carbonyl group demonstrated particularly significant
activity [18]. In a separate study conducted by our team, a series of
compounds was synthesized and tested on cancer cells, revealing that
those containing carbonyl groups exhibited a promising anticancer
profile by inhibiting cancer cell growth [35]. Upon reviewing these
findings and correlating them with the structural features, it can be
concluded that the carbonyl group likely plays a crucial role in the
observed anticancer activity.

3.2.3. Inhibition of VEGFR-2 and EGFR enzymes

To assess the inhibitory effects of the newly synthesized quinazoline
derivatives on the enzymatic activities of EGFR and VEGFR-2 kinases,
we utilized the AlphaScreen assay technology (PerkinElmer, USA). This
innovative detection method involves the use of an anti-phosphotyrosine
antibody to measure the phosphorylation levels of tyrosine residues,
which is a key indicator of kinase activity. The AlphaScreen assay is
a highly sensitive, bead-based proximity detection system that allows
for the precise quantification of kinase inhibition. By employing this
technique, we were able to accurately evaluate how the synthesized
compounds modulated the phosphorylation of EGFR and VEGFR-2,
shedding light on their potential to act as effective therapeutic agents
in the treatment of cancers associated with these kinases. This method
offers a reliable means of detecting even minor alterations in kinase
activity, thus providing valuable data for the development of new
anticancer therapies targeting EGFR and VEGFR-2.

In this study, product 4e was identified as the most potent inhibitor
among the synthesized quinazoline derivatives. To benchmark its
activity, docetaxel was employed as a reference drug, which exhibited
IC,, values of 89.3 + 2.67 and 56.1 + 1.17 nM against the VEGFR-2 and
EGFR, respectively. As shown in Table 2, the IC, values of derivative 4e
against VEGFR-2 and EGFR were measured, confirming its significant
inhibitory activity. Compound 4e, on the other hand, demonstrated
a reduced efficacy against VEGFR-2, with an IC_, of 189 + 5.66 nM,
roughly half that of docetaxel. However, compound 4e showed
moderate inhibitory activity against EGFR, with an IC, of 69.4 + 1.55
nM, representing about 80% of docetaxel's inhibitory potency. These
results highlight the varying degrees of efficacy of different quinazoline
derivatives in inhibiting key kinases involved in cancer progression.

3.4. Molecular docking

3.4.1. Docking studies on tEGFR: Analysis of molecular interactions

The results of the molecular docking studies for derivative 4e,
in comparison with the reference drug docetaxel, are summarized
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Table 2. The in vitro evaluation of the inhibitory activity of derivative 4e
against the VEGFR-2 and EGFR kinases.
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Table 4. Molecular docking and evaluation of the inhibitory potential of
derivative 4e VEGFR-2.

Compound Nature of R IC,, (nM)
VEGFR-2 EGFR
4e f;\ 189 + 5.66 69.4 + 1.55
S
Docetaxel (reference) 89.3 £ 2.67 56.1 +1.17

IC50: Inhibitory concentration 50, VEGFR-2: Vascular endothelial growth factor
receptor-2, EGFR: Epidermal growth factor receptor.

Table 3. Molecular docking and evaluation of the inhibitory potential of
derivative 4e against EGFR.

Target EGFR BS NHBI THBI NHI THI 1C,, (nM)
4e -4.46 2 LYS689, 4 LYS713, ILE708-m alkyl 69.4 £ 1.55
LYS715 PRO709, GLU712- Van der Waals

Docetaxel -2.82 2 ASN747, 3 PRO748, ARG938,
(reference) ASN808 ILE941 — mt Alkyl

56.1 +1.17

NHI: Number of Hydrophobic Interactions; NHBI: Number of H-Bond Interactions;
THI: Type of Hydrophobic Interactions; BS: Binding Score In Kcal/mol; THBI: Type of
H-Bond interactions.

s
Aats)

Figure 3. An illustration of both the 2D and 3D binding interactions between
compound 4e and the EGFR target.

in Table 3. The 2/3D binding interactions between compound 4e
and the EGFR target are depicted in Figure 3. The docking analysis
revealed that derivative 4e exhibits superior binding affinity for the
EGFR target relative to docetaxel. Specifically, derivative 4e achieved
a docking score of -4.46 kcal/mol, significantly better than docetaxel's
score of -2.82 kcal/mol. This enhanced binding was attributed to the
formation of two hydrogen bonds between compound 4e and the EGFR
residues LYS689 and LYS715. Additionally, compound 4e formed four
hydrophobic interactions, including n-alkyl interactions with LYS713
and ILE708, as well as van der Waals interactions with PRO709
and GLU712. On the other hand, the reference drug formed three
hydrophobic interactions with specific residues of EGFR, including
ILE941, PRO748, and ARG938.

The docking studies reveal that derivative 4e establishes favorable
interactions within the EGFR binding pocket. primarily driven
by its stronger binding affinity and the presence of key hydrogen
and hydrophobic interactions. The higher number of hydrophobic
interactions in compound 4e, particularly with critical residues such
as LYS713 and ILE708, is likely to contribute to its enhanced docking
score and suggests a more stable binding conformation within the EGFR
binding pocket. These results underscore the potential of compound 4e
as a promising EGFR inhibitor, which may offer therapeutic advantages

Target BS NHBI THBI NHI THI IC,, (nM)
VEGFR-2
4e -441 2 GLY909, 3 ALA874 -malkyl 189 + 5.66
LEU912 PRO911- carbon-hydrogen bond
HIS879- m cation
Docetaxel -4.24 1 GLY1108 2 LYS1110, ILE1111 -zt Alkyl 89.3 + 2.67

NHI: Number of Hydrophobic Interactions; NHBI: Number of H-Bond Interactions;
THI: Type of Hydrophobic Interactions; BS: Binding Score In Kcal/mol; THBI: Type of
H-Bond interactions.

l\
(& ~
8® ® _

(e
ERE & Ay |
i) A

Figure 4. An illustration of both the 2D and 3D binding interactions between
compound 4e and the VEGFR-2 target.

over docetaxel. Future experimental studies will be essential to assess
the inhibitory efficacy of compound 4e in biological models.

3.4.2. Findings from molecular docking targeting VEGFR-2

The inhibition results for VEGFR-2 are detailed in Table 4, which
includes the reference drug docetaxel for comparison. The 2D and 3D
representations of the binding interactions between derivative 4e and
VEGFR-2, as well as docetaxel, are illustrated in Figure 4. Molecular
docking simulations of derivative 4e with VEGFR-2 (PDB ID: 4AG8)
revealed that derivative 4e demonstrates a higher binding affinity than
docetaxel. Specifically, derivative 4e obtained a binding score of -4.41
kcal/mol, surpassing docetaxel’s score of -4.24 kcal/mol. The docking
analysis showed that derivative 4e forms two hydrogen bonds with
the residues GLY909 and LEU912. Additionally, it establishes three
hydrophobic interactions: m-alkyl with ALA874, carbon-hydrogen
bonding with PRO911, and z-cation interaction with HIS879. On the
other hand, docetaxel forms a single hydrogen bond with GLY1108 and
two hydrophobic interactions with ILE1111 (st-alkyl) and LYS1110.

The molecular docking analysis suggests that derivative 4e
demonstrates significantly stronger interactions with VEGFR-2 than
docetaxel, as reflected by its lower binding energy score. The presence
of hydrogen bonds with GLY909 and LEU912, coupled with three
hydrophobic interactions, contributes to the stability of compound
4e within the VEGFR-2 binding pocket. While docetaxel also forms
hydrogen bonds and hydrophobic interactions, its weaker binding
affinity indicates that derivative 4e may offer superior inhibition of
VEGFR-2. Based on these results, derivative 4e shows significant
potential as a candidate for further development, with the possibility
of providing enhanced therapeutic effects when compared to current
VEGFR-2 inhibitors like docetaxel.
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Figure 5. The RMSD plots of the VEGFR-2 and 4e complex. RMSD: Root mean square
deviation.

3.4.3. MD simulation of VEGFR-2 complexed with derivative 4e

Protein-ligand complexes, exhibiting strong binding affinity (VEGFR-
4e), underwent a 100 ns molecular dynamics (MD) simulation to assess
their stability and behavior over time. The Root Mean Square Deviation
(RMSD) parameter, which quantifies the average deviation in atomic
positions over the simulation period, plays a key role in analyzing the
equilibration process and the structural integrity of the protein-ligand
complex. The RMSD plot for the 4e-VEGFR complex has been illustrated
in Figure 5. In the initial phase of the simulation, the RMSD for the
protein complex showed a noticeable spike, reaching a maximum of 7.5
A at approximately 6 ns. After this peak, the protein RMSD gradually
stabilized, maintaining a consistent average of 7.1 A from 10 to 96
ns, indicating that the complex had achieved structural equilibrium.
In comparison, the ligand RMSD displayed an initial peak of 6 A at
4 ns, followed by stabilization at an average value of 3 A up until 84
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Figure 6. The RMSF plots of the VEGFR-2 and 4e complex. RMSF: Root mean square
fluctuation.

ns. However, after this point, the ligand RMSD gradually increased
to an average of 5 A, persisting for the remainder of the simulation.
These fluctuations in ligand RMSD suggest that higher RMSD values are
associated with significant deviations in the ligand's position relative to
its original binding site, signaling a degree of conformational movement
or instability in the ligand within the binding pocket.

Root Mean Square Fluctuation (RMSF) is a key parameter used
to quantify the positional deviations of amino acid residues over
the MD simulation time. It serves as an indicator of the flexibility of
specific residues within the protein-ligand complex [36]. The RMSF
graph, shown in Figure 6, plots the residue indices along the x-axis
and the corresponding RMSF values (in A) along the y-axis. In the
case of the 4e-VEGFR complex (Figure 6), certain residues, including
His816, His891, His895, His1026, His1144, Cys817, Glu818, and
Alal168, exhibit noticeably higher RMSF values. This suggests that
these residues possess greater flexibility, likely due to their structural
properties and the absence of strong stabilizing interactions, which
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Figure 7. Analysis of the intermolecular interactions between the target protein and the ligand throughout the MD simulation. A histogram depicting the frequency of various
interactions over time for the VEGFR-2 and 4e complex was generated. A 2D representation was created to visualize interactions that persisted for more than 30% of the simulation
duration for VEGFR-2 and 4e complex. MD: Molecular dynamics, VEGFR-2: Vascular endothelial growth factor receptor 2.
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allows them to undergo more movement in the solvent. On the other
hand, residues involved in secondary structures, such as a-helices and
B-sheets, display lower RMSF values, indicating reduced fluctuations
and increased structural stability. Interestingly, the ligand appears
to avoid interacting with the residues exhibiting the most significant
fluctuations, indicating a preference for binding to more stable regions
of the protein, which may contribute to a more robust and specific
binding interaction.

The intermolecular interactions between compound 4e and the
VEGFR, observed throughout the MD simulation, have been summarized
in the histogram shown in Figure 7. Several key residues were
identified to maintain persistent interactions during the simulation.
Cys919 consistently formed stable hydrogen bonds with the ligand,
with an interaction fraction exceeding 0.75. Water-mediated bridges
were formed by residues Lys838, Pro839, Glu850, and Lys920, further
stabilizing the complex. Additionally, hydrophobic interactions were
observed between 4e and residues Phe918, Leu840, and Phe1047, which
likely contribute to the stability of the ligand binding. Ionic interactions
involving Lys838, Asn923, Lys931, and Arg1051 residues, also played a
significant role. Furthermore, the complex formed a persistent st-cation
bond and salt bridges with Cys919 and Phe918, respectively. These
interactions were present throughout the simulation, suggesting their
importance in maintaining the stability of the 4e-VEGFR complex. A 2D
representation of the interactions, which lasted for more than 30% of the
total simulation time, has been shown in Figure 7 for both complexes.

4. Conclusions

In the quest for potent dual inhibitors of both EGFR and VEGFR-2,
a series of five quinazoline derivatives was synthesized, each featuring
specific substitutions at the C2 and N3 positions. The synthesized
compounds, labeled 4a-e, were meticulously characterized through
NMR spectroscopy to confirm their molecular structures. To evaluate
their anticancer potential, these derivatives were tested against three
different cancer cell lines: A-549, HeLa, and MDA. The results of the
cytotoxicity assays demonstrated that most of the compounds exhibited
promising anticancer effects, with IC, values ranging from 0.59 + 0.01
UM to 48.9+1.02 uM. Notably, compound 4e showed the highest potency
across all cell lines, with IC,  values ranging from 0.59 + 0.01 uM to 4.58
+ 0.1 uM. A detailed SAR analysis identified the ethyl acetate group as
a key feature contributing to the enhanced activity of these derivatives.
Given the promising in vitro results, compound 4e was selected for
further in-depth analysis of its binding affinity to EGFR and VEGFR-2.
The compound demonstrated superior activity against VEGFR-2, with
an IC_, value of 189.4 + 5.66 nM. In addition, in silico simulations were
performed to investigate the binding interactions of compound 4e with
EGFR and VEGFR-2. The results indicate that compound 4e demonstrates
strong binding affinity for EGFR, with a docking score of -4.46 kcal/
mol, and for VEGFR-2, with a docking score of -4.41 kcal/mol. A stable
complex between ligand 4e and VEGFR-2 was identified, suggesting that
this compound may hold significant anticancer potential, potentially
surpassing docetaxel in terms of efficacy.
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