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anticancer agents. Either xanthone or chalcone has been evaluated as the anticancer
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Accepted: November 9, 2023 agents, and their activity strongly depends on the type and position of the attached

functional group. Therefore, molecular hybridization between xanthone and chalcone
could yield novel anticancer agents through the EGFR inhibition mechanism. Herein, a
series of xanthone-chalcone derivatives with hydrogen-bond-acceptor or hydrogen-bond-
donor substituents at ortho, meta, and para positions was evaluated as the EGFR
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inhibitor. Thirty-seven xanthone-chalcones were designed and docked in the active site of
EGEFR. Compared to the native ligand, pristine xanthone-chalcone gave a 1.215x stronger
binding energy and a 13.97x lower binding constant. Compound 3SH was found to be
the most promising candidate due to its strongest binding energy (=9.71 kcal/mol) and
the lowest binding constant (0.08 uM). Furthermore, molecular dynamic studies
demonstrated that complex EGFR-3SH was stable for 100 ns simulation. These in silico
investigations show that the xanthone-chalcone derivative is a promising novel
anticancer agent to be examined through in vitro and in vivo assays.
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m INTRODUCTION Thousands of new chemotherapy agents have been

Cancer has become the deadliest disease over the
past several years. It was reported that around 15 million
patients suffered from cancer in 2020. Of those patients,
almost 32% of them died due to the lack of innovation in
chemotherapy treatment. Unfortunately, the World
Health Organization estimated that the number of cancer
active cases will reach 24 million in 2030 [1-2]. Because of
that, new technology in chemotherapy treatment shall be
established soon. Chemotherapy is a cancer therapy
employing chemical compounds as the anticancer agent.

isolated from natural sources and/or synthesized
these
processes are time-consuming due to tedious and

through chemical procedures [3]. However,

complicated experimental work. Moreover, the

isolated/synthesized compounds sometimes gave
unsatisfactory anticancer activities [4-5].
Computer-aided drug design offers a powerful tool
to design and screen new chemotherapy agents [6-7]. In
this in silico assay, the crystalline structure of protein
receptors inside the cancer cells is modeled and

simulated in the presence of a new chemotherapy agent
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[8]. The generated interactions between the chemical
compound and the protein receptor could be predicted,
and some parameters, such as binding energy and binding
constant, could be obtained [9]. A stronger binding
energy and a lower inhibition constant reflect a better
anticancer agent [10].

Among the protein receptors, the epidermal growth
factor receptor (EGFR) is a tyrosine kinase receptor
located on the surface of cancer cells. In other words,
EGFR is a transmembrane protein that plays a pivotal role
in angiogenesis, cell signaling, and cell proliferation
Therefore, inhibition of the EGFR
receptor leads to a cellular imbalance that may cause

mechanisms [11].

disturbance in the differentiation, proliferation, and
growth of cancer cells [12]. Overexpression of EGFR has
been reported in 60% of lung cancer patients, 58% of large
cell carcinoma patients, 43% of breast cancer patients,
39% of adenocarcinoma patients, 38% of squamous cell
carcinoma patients, and to some extent in prostate, colon,
urinary bladder, melanoma, kidney, nasopharynx,
leukemia, pancreas, and thyroid cancer cells [13].

From the biochemistry point of view, the EGFR
receptor consists of 992 amino acid residues with a total
structural mass of 38.27 kDa [14]. In 2002, the EGFR
receptor was deposited by Stamos et al. [15] with a PDB
ID of IM17. In general, the EGFR receptor is divided into
four domains, i.e., two leucine-rich and two cysteine-rich
domains. Both leucine-rich domains are critical for the
peptide bonding sites, while the cysteine-rich domains are
pivotal in the activation of EGFR. Therefore, EGFR has
been well-known as one of the most targeted proteins in
the early evaluation of anticancer agents [16]. Choe et al.
[17] reported that EGFR protein has also been employed
in the clinical trials of Tarceva® and Iressa® on non-small
cell lung cancer patients. Since the three-dimensional
crystal structure of EGFR has been available online in the
protein databank, a computer-aided drug design can be
performed to find the lead compound in anticancer drug
design and development [18]. The three-dimensional
chemical structure of the anticancer agents can be built
and docked in the active site of EGFR protein through
molecular docking studies [19].

Recently, molecular dockings have been thoroughly

investigated for the virtual screening of anticancer
agents [20]. Through molecular docking studies, the best
conformation of the anticancer agent can be elucidated
in the active site of the EGFR receptor, and then the
virtual screening will be made based on the rank of
generated docking scores. However, molecular docking
studies only observed a static simulation between
anticancer agents and protein receptors [21]. In contrast,
molecular dynamics simulation offers a further
investigation to evaluate the stability of a complex
structure between the selected anticancer agent and the
targeted receptor under an artificial condition that is
near the physiological condition of the cells [22].
Xanthone has been recognized as a novel
anticancer scaffold nowadays [23-25]. The presence of
hydroxy, chloro, bromo, carboxylic acid, amino, and
other functional groups is able to enhance the anticancer
activity of xanthones [26-27]. As an example, 3-
hydroxyxanthone gave anticancer activity with a half-
maximal inhibitory activity (ICs;) value of 100 uM
against MCF-7 and T47D cancer cells. The addition of
chloro functional group significantly decreases the ICs
value to 54 and 60 uM against both cancer cells,
respectively. It means the chloro substituent enhanced
the anticancer activity of xanthone up to 1.85x stronger
[28]. On the other hand, chalcone is another anticancer
candidate, in which the anticancer activity of chalcone
strongly depends on the presence of the other functional
groups such as fluoro, chloro, bromo, iodo, cyano,
carboxylic acid, nitro, sulfonic acid, methyl, amino,
hydroxy, and thiol [29-32]. As an example, chlorinated
chalcones gave the ICs, value in a range of 0.8-4.3 uM
against MCF-7, HeLa, and WiDr cancer cells [33-34].
These reported results declare that either xanthone or
chalcone derivatives are active anticancer agents.
Molecular hybridization of chalcone with other
structures, such as benzimidazole and carbazole, as well
as molecular hybridization of xanthone with pyran,
cinnamate, and acridone carboxamides, have been
reported. It was found that the hybrid compounds gave
stronger anticancer and antiproliferative activities than
the individual structures, revealing a synergistic effect on
molecular hybridization due to multiple non-covalent
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interactions that could be made with the cancer cells’
receptors [35-39]. In light of the above findings, a
molecular hybridization of xanthone and chalcone could
yield novel anticancer agents to be developed in the
future. However, a comprehensive study on the design
and development of xanthone-chalcones as the EGFR
inhibitor through a virtual screening has not been
evaluated yet, even though it is crucial to know their
anticancer activity before synthesizing them in real
experimental work.

In this work, a series of xanthone-chalcone
derivatives with a variation in the attached functional
groups, including hydrogen-bond-acceptor (fluoro,
chloro, bromo, iodo, cyano, carboxylic acid, nitro, and
sulfonic acid) and hydrogen-bond-donor (methyl, amino,
hydroxy, and thiol) substituents were evaluated as EGFR
receptor. Their three-dimensional chemical structures
were designed using Gaussian Software. Afterward, each
of them was docked in the active site of EGFR protein in
the same coordinate to replace N-(3-ethynylphenyl)-6,7-
bis(2-methoxyethoxy)quinazolin-4-amine (erlotinib) as
the native ligand. The top three most promising
xanthone-chalcones were further investigated through
molecular dynamics simulation for 100 ns to examine the
complex stability.

m EXPERIMENTAL SECTION
Materials and Instrumentations

The three-dimensional structures of xanthone-
chalcone derivatives with various functional groups are
shown in Table 1. The in silico investigations were
performed in a computer with IntelXeon processor CPU
E5-2650 v2@2.60 GHz. On the other hand, the three-
dimensional structure of EGFR (PDB ID: 1M17) with its
native ligand was downloaded from the protein databank
(www.pdb.org). The used software in this work are
Chimera 1.13.1, AutoDock4.2, DiscoveryStudio-2019,
and YASARA.

Procedure

Molecular docking of xanthone-chalcone derivatives
The chemical structures of xanthone-chalcone

derivatives were built using GaussView 5.0 software and

optimized in Gaussian09 software using the density

functional theory (DFT) method with Becke 3-parameters
exchange potential and Lee-Yang-Parr correlation
functional (B3LYP) hybrid function and 6-31G basis set.

Table 1. The three-dimensional structure of xanthone-
chalcone derivatives

o o R4
4O AReH
(9] R3

Entry Molecule ID R, R, R;
1 H H H H
2 2F F H H
3 3F H F H
4 4F H H F
5 2Cl Cl H H
6 3Cl H Cl H
7 4Cl H H Cl
8 2Br Br H H
9 3Br H Br H
10 4Br H H Br
11 21 I H H
12 31 H I H
13 41 H H I
14 2CN CN H H
15 3CN H CN H
16 4CN H H CN
17 2CO.H COH H H
18 3COH H COH H
19 4CO.H H H CO,H

20 2NO, NO, H H
21 3NO, H NO, H
22 4NO, H H NO;
23 2SO;H SO;H H H
24 3S50;H H SO;H H
25 4SOs;H H H SO;H
26 2CH; CH; H H
27 3CH; H CH; H
28 4CH; H H CH;
29 2NH, NH, H H
30 3NH, H NH, H
31 4NH, H H NH,
32 20H OH H H
33 30H H OH H
34 40H H H OH
35 2SH SH H H
36 3SH H SH H
37 4SH H H SH
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Afterward, the optimized chemical structures were saved
in pdb format. The molecular docking protocol in this
study followed the reported procedure in our previous
work with slight modifications [40]. At first, the structure
of EGFR and its native ligand were separated using
Chimera 1.13.1 software. The water molecules were also
removed from the EGFR receptor. Then, the structures of
EGEFR and its native ligand were prepared by adding the
hydrogen atoms and Kollman charges. The re-docking
studies were performed using the prepared EGFR and its
native ligand within a 50 x 50 x 50 A grid box with a
spacing of 0.375 A for 100 Lamarckian genetic algorithm
runnings using AutoDock4.2 software. In this docking
process, the EGFR’s structure was fixed, while the native
ligand was set in a flexible form. The re-docking process
was confirmed to be valid if the root-mean-square
deviation (RMSD) value did not exceed 2.00 A. The
molecular docking studies were carried out by using
similar parameters to the re-docking investigation. The
xanthone-chalcone derivative was placed in the same
position as the native ligand in a 50 x 50 x 50 A grid box.
Then, the molecular docking results were analyzed and
visualized using DiscoveryStudio-2019 software to
observe interactions with amino acid residues in the active
site of the EGFR receptor.

Molecular dynamics of xanthone-chalcone derivatives

The molecular dynamics of the xanthone-chalcone
were carried out using YASARA software by employing
the md_runmembrane.mcr script. The molecular
dynamics simulations were conducted using several force
fields, i.e., AMBER14 for the EGFR receptor, GAFF2 and
AMI1BCC for the ligand, and TIP3P for water molecules.
The 100 x 100 x 100 A simulation box was set with a
temperature of 310 K and pressure at 1atm (NPT
ensemble) with pH 7.4 and 0.9% NaCl to simulate the
condition of the psychological solution. The system was
minimized using the steepest descent method followed by
simulated annealing minimization to obtain the desired
density 0f 0.999 g/mL. The system was equilibrated within
250 ps at the start of the simulation to stabilize the system.
The simulations were conducted for 100 ns with timesteps
of 2.5fs. The simulation snapshots were stored to the

trajectories in 100 ps intervals. The cut-off value for van
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der Waals forces was fixed at 8 A, while no cut-off value
was set for other electrostatic forces using the Particle
Mesh Ewald algorithm. The first 5ns solute RMSD
values were assumed for equilibration time, and thus,
they were excluded from ARMSD analysis. The
molecular dynamics results, i.e., docked and molecular
mechanics Poisson-Boltzmann surface area (MM-
PBSA) binding energy, ARMSD, radius of gyration
(RoG), root-mean-square fluctuation (RMSF), and
solvent accessible surface area (SASA) were analyzed
from each snapshot using mcr files.

m RESULTS AND DISCUSSION

Molecular Xanthone-Chalcone

Derivatives

Docking of

In this work, we investigated a combined structure
of xanthone and chalcone because both skeletons
showed remarkable anticancer activities [23,32]. Thirty-
seven xanthone-chalcone derivatives have been
designed (Table 1). The non-substituted xanthone-
chalcone (compound H) was considered as the control
because this compound contains no additional
functional group.

The re-docking process is conducted to evaluate
the validity of the docking protocols. In the re-docking
process, the native ligand was docked in the active site of
the EGFR

conformation of the native ligand shall not be

receptor. During this process, the
significantly different from the initial conformation
because the initial conformation has been proved as the
most stable conformation through the experimental data
[21]. The superimposed structures of the native ligand in
the active site of EGFR are shown in Fig. S1. Fig. S1
shows that there is no significant change between the
initial conformation and the final conformation after the
re-docking process. The RMSD value of the re-docking
process was found to be 1.64 A. This RMSD value is
acceptable because it is less than 2.00 A, as required in
the re-docking process [41].

Fig. S2(a) and S2(b) show the location of the native
ligand with the whole and active site of the EGFR
receptor from the hydrogen bonds donor and acceptor
point of view. The native ligand is bound with amino
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acid residues of the EGFR through non-covalent
interactions, as shown in Fig. S2(c). The native ligand
interacted with Met769 and Cys773 amino acid residues
through hydrogen bonds with a distance of 3.90 and
3.33 A, respectively. The native ligand also interacted with
GIn767, Met769, Pro770, and Gly772 residues through
carbon-hydrogen bonds with a distance 0f 6.11, 6.82, 4.42,
and 3.29 A. The interaction between the native ligand and
Leu820 was also found through pi-sigma interaction with
a distance of 3.64 A. Meanwhile, the alkyl and pi-alkyl
interactions were observed between the native ligand with
Leu694, Ala719, Lys721, and Leu764 residues with a
distance of 5.06, 3.75, 4.30, and 4.27 A. The native ligand
was also interacted with Val702, Lys704, Glu738, Ile765,
Thr766, Leu768, Asp776, Thr830, and Asp831 residues
through van der Waals interactions. These non-covalent
interactions led to a binding energy of —7.30 kcal/mol
with a binding constant of 4.47 pM.

The molecular docking studies in this work show the
RMSD values less than 2.00 A for all 37 compounds,
demonstrating the validity of the data (Table 2). On the
other hand, Fig. 1(a) and 1(b) show the location of
compound H with the whole and active site of the EGFR
receptor. Compound H interacted through its chalcone’s
carbonyl and oxygen ether of xanthone with Met769 and
Lys721 residues through hydrogen bonds with a distance
of 4.15 and 4.14 A, respectively. These hydrogen bonds
support our hypothesis that the hybrid xanthone-
chalcone is a new promising anticancer agent because
both structures could bind with the amino acid residues
of the EGFR receptor. Additionally, the pi-alkyl
interactions between the aromatic ring of chalcone with
Leu694 (5.10 A) and Leu768 (5.19 A), as well as the pi-
alkyl interactions between aromatic and pyran rings of
xanthone with Val702 (4.84 and 6.12 A) and Lys721 (5.71
and 6.33 A) strengthened our hypothesis. Compound H
also interacted with Phe699 and Met769 residues through
pi-pi and amide-pi stacked interactions through the
aromatics and pyran rings with a distance of 4.89, 5.45,
and 5.83 A (Fig. 1(c)), respectively. The pi-anion
interactions between Asp831 residue and three six-
membered rings of xanthone were observed in the active
site of EGFR with a distance of 6.06, 6.49, and 6.52 A.

Indones. J. Chem., 2024, 24 (1), 250 - 266

Furthermore, the interactions between compound H
and Ala719, Pro770, Gly772, and Leu820 residues were
also observed through van der Waals interactions.

Table 2. The molecular docking results of xanthone-
chalcone derivatives in the active site of EGFR receptor

Molecule ID Binding energy Binding constant RMSD

(kcal/mol) (uM) (A)

3SH -9.71 0.08 0.12
3CH; -9.70 0.08 0.34
21 -9.70 0.08 0.39
2CN -9.66 0.08 0.76
30H -9.51 0.11 0.32
3Cl -9.47 0.12 1.14
3NO, -9.41 0.13 1.29
2CH; -9.32 0.15 0.13
4NO, -9.21 0.18 0.38
2Cl1 -9.17 0.19 0.21
4CH; -9.02 0.24 0.09
2F -9.00 0.25 0.82
3COH -8.97 0.27 1.00
H -8.87 0.32 0.28
31 -8.86 0.32 0.16
4F -8.85 0.35 0.21
4SO;H -8.80 0.35 0.30
2S0Os;H -8.79 0.36 0.66
350;H -8.78 0.37 0.35
40H -8.77 0.37 0.19
41 -8.75 0.38 0.14
2COH -8.71 0.41 1.01
4Cl -8.61 0.49 0.31
4COH -8.60 0.49 0.72
4Br -8.56 0.53 0.16
2NO, -8.55 0.54 1.58
20H -8.55 0.54 1.69
4NH, —-8.52 0.57 0.22
2SH -8.43 0.66 0.27
3Br -8.40 0.70 0.25
3CN -8.40 0.70 0.37
2Br -8.29 0.84 0.14
3NH, -8.12 1.12 0.64
4CN -8.09 1.17 0.57
3F -7.98 1.41 1.25
4SH -7.90 1.43 0.54
2NH, -7.67 2.38 1.20
Native ligand -7.30 4.47 1.64
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Fig 1. Molecular docking of compound H in the (a) whole structure and (b) active site of EGFR and (c) non-covalent
interactions between compound H and the active site of EGFR

These interactions led to a binding energy of
—8.87 kcal/mol with a binding constant of 0.32 pM and an
RMSD value of 0.28 A. Compared to the native ligand,
compound H gave a 1.215x stronger binding energy and
a 13.97x lower binding constant than the native ligand.
This result could be caused by the various non-covalent
interactions of compound H (7 types of interactions) than
the native ligand (6 types of interactions).

Since the pristine xanthone-chalcone showed better
docking results than the native ligand, the effect of
hydrogen-bond-acceptor (i.e., fluoro, chloro, bromo,
iodo, cyano, carboxylic acid, nitro, and sulfonic acid
substituents) and hydrogen-bond-donor (i.e., methyl,
amino, hydroxy, and thiol substituents) functional groups
was further investigated. Their non-covalent interactions

are shown in Fig. $3-S38, while the molecular docking
results are listed in Table 2. From the investigated
hydrogen-bond-acceptor groups, the order of binding
energy from the strongest one to the weakest one is as
follows: bromo (-8.29 to —8.56 kcal/mol) < sulfonic acid
(—8.78 to —8.80 kcal/mol) < hydrogen (-8.87 kcal/mol) <
carboxylic acid (-8.60 to —8.97 kcal/mol) < fluoro (-7.98
to —9.00 kcal/mol) < nitro (-8.55 to —9.41 kcal/mol) <
chloro (-8.61 to —9.47 kcal/mol) < cyano (-8.09 to
-9.66 kcal/mol) < iodo (-8.75 to —9.70 kcal/mol). From
this order, the iodo functional group was found to be the
best functional group among the other hydrogen-bond-
acceptor groups. Iodo group has been known for its high
anticancer agent as some approved anticancer drugs
iodine atoms, such iodoquinol,

contain as
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diiodoplatinum(IV)diamine, and trametinib [42-45].
Rappaport [46] reported that the anticancer effect of iodo
group was complex and depended on the targeted cancer
cells. For breast cancer cells, iodo group acts as an
antioxidant agent and promotes differentiation and cell
apoptosis. Meanwhile, iodo group promoted apoptosis
and proliferation for endocrine carcinoma [47]. On the
other hand, the molecular docking studies revealed that
hydrogen-bond-acceptor group is preferable to be located
at para than ortho and meta positions. This was indicated
by the trend in the binding energy of para (-8.09 to
—-9.21 kcal/mol) > meta (-=7.98 to —9.47 kcal/mol) > ortho
(-8.29 to —9.70 kcal/mol) position. This order may be
generated from the steric repulsion as the molecular
volume for the para-substituted xanthone-chalcone was
the highest of the others.

On the other side, the effect of the hydrogen-bond-
donor group on the binding ability of xanthone-chalcone
was also investigated in this study. Compared to the
hydrogen-bond-acceptor, the hydrogen-bond-donor
groups gave slightly stronger binding energy in a range of
—7.67 to —=9.71 kcal/mol than the hydrogen-bond-acceptor
groups (=7.98 to —9.70 kcal/mol) in this work. From the
investigated hydrogen-bond-donor groups, the order of
binding energy from the strongest one to the weakest one
is as follows: amino (-7.67 to —8.52 kcal/mol) < hydrogen
(—8.87 kcal/mol) < hydroxyl (-8.55 to —9.51 kcal/mol) <
methyl (-9.02 to -9.71 kcal/mol) < thiol (-8.43 to
—-9.71 kcal/mol). From this order, the thiol functional
group was found to be the best functional group among
the other hydrogen-bond-donor groups. Thiol has been
known for its high anticancer agent, as some approved
anticancer drugs contain sulfur and hydrogen atoms, such
as mercaptopurine, 6-thioguanine, captopril, and acefylline
derivatives [48-51]. It was reported that the thiol group
could generate strong non-covalent interactions with the
active site of the cancer cell’s protein [52]. Dalzoppo et al.
[53] reported that thiol-containing drugs could act as a
competitive inhibitor to glutathione. Glutathione was
reported to make the cancer cells become more resistant
to the commercial anticancer agent. Furthermore,
glutathione protects cancer cells from reactive oxygen
species that are generated during photodynamic therapy.

Indones. J. Chem., 2024, 24 (1), 250 - 266

Sun et al. [54] reported that the thiol-containing
anticancer agent could generate free radicals that attack
cancer cells during visible light irradiation. On the other
hand, the molecular docking studies revealed that the
hydrogen-bond-donor group is preferable to be located
at meta than ortho and para positions. This was indicated
by the trend in the binding energy of meta (-8.12 to
-9.71 kcal/mol) > ortho (-7.67 to —-9.32 kcal/mol) >
para (=7.90 to —9.02 kcal/mol) position. This order may
be attributed to suitable conformation of xanthone-
chalcone derivatives in the active site of the EGFR
receptor.

From Table 2, it was found that all thirty-seven
xanthone-chalcone exhibit stronger binding energy (-7.67
to —9.71 kcal/mol) than native ligand (-7.30 kcal/mol)
in the active site of EGFR. This result demonstrates that
either binding energy or formed non-covalent
interactions of xanthone-chalcone strongly depend on
the type and position of hydrogen bonds donor/acceptor.
All xanthone-chalcones interacted with Leu694, Val702,
Leu768, and Met769 amino acid residues. Almost all
xanthone-chalcones also interacted with Ala719,
Lys721, Glu738, Leu764, Thr766, Pro770, Gly772,
Leu820, Thr830, and Asp831 amino acid residues. The
native ligand also interacted with these amino acid
residues, as shown in Fig. S2(c). Furthermore, some
xanthone-chalcone derivatives generated non-covalent
interactions with Lys692, Phe699, Ile720, Met742,
Cys751, Leu753, Phe771, Tyr777, Glu780, His781,
Arg817, and Phe832 amino acid residues, which were
not found in the native ligand. These interactions may
explain why all xanthone-chalcones exhibit stronger
binding energy (=7.67 to —9.71 kcal/mol) in the active
site of EGFR than the native ligand (-7.30 kcal/mol).
Table 2 also reveals that the presence of sulfonic acid,
bromo, and amino was not favorable for EGFR inhibition
as these compounds generate a weaker binding energy
for all ortho, meta, and para positions compared to
compound H. The top three best compounds were 3SH,
3CHs, and 2I, with a binding energy of —9.71, —9.70, and
—9.70 kcal/mol, respectively. These compounds gave a
similar pattern for the non-covalent interactions. All of
them interacted with Leu694, Val702, Ala719, Lys721,
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Glu738, Met742, Leu764, Thr766, Leu768, Met769,
Pro770, and Gly772 residues.

Fig. 2(a) and 2(b) show the location of the best
xanthone-chalcone, i.e., compound 3SH, with the whole
and active site of the EGFR receptor from hydrogen bonds
donor and acceptor point of view. Compound 3SH was
found to be the most promising candidate due to its
strongest binding energy (-9.71 kcal/mol) and the lowest
binding constant (0.08 uM). Fig. 2(c) shows the non-
covalent interactions between compound 3SH and the
amino acid residues in the active site of EGFR. Compound
3SH interacted through its chalcone’s carbonyl and
xanthone’s carbonyl with Asp831 and Met769 residues
through hydrogen bonds with a distance of 2.15 and
1.83 A, respectively. Additionally, the thiol group at the

(c)
PRO
A:770 MET
A:769
Vi
LEU /!
A:768
LEU
GLY 'A:694 '
A:772 LEU
A:820
Interactions
[:] van der Waals
- Conventional Hydrogen Bond
D Pi-Cation

A719 .

meta-position of the chalcone interacted with Ala719
and Thr766 through hydrogen bonds with a distance of
2.37 and 1.98 A, respectively. The observed hydrogen
bonds in compound 3SH (4 hydrogen bonds) were
higher than compound H (2 hydrogen bonds) and the
ligand (2 hydrogen bonds). This
demonstrates the key role of the thiol group at the meta-

native result
position on the enhancement of binding properties of
the xanthone-chalcone framework in the active site of
the EGFR receptor. Compared to compound H, the
presence of thiol at meta-position gave a 1.098x stronger
binding energy and a 4.571x lower binding constant.
Meanwhile, compared to the native ligand, compound
3SH gave a 1.334x stronger binding energy and a 63.86x
lower binding constant.

A:720

ILE
A:765
THR LEU
A:766 A:764
M Lvs
JA721
GLU
A:738
N
MET
. A:742
THR ASP
A:830 A:831
B s
[] Pr-Alkyl

Fig 2. Molecular docking of compound 3SH in the (a) whole structure and (b) active site of EGFR and (c) non-covalent
interactions between compound H and the active site of EGFR
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The pi-alkyl interactions between aromatic ring of
chalcone with Met742 (5.34 A) and Leu764 (5.19 A), as
well as the pi-alkyl interactions between aromatic and
pyran rings of xanthone with Ala719 (5.43 and 5.44 A),
Leu768 (5.23 A), and Leu820 (5.30 A) proved the good
strategy for combining xanthone and chalcone structures
within a hybrid compound. Compound 3SH also
interacted with Leu694 and Leu820 residues through pi-
sigma interactions via the aromatics and pyran rings with
a distance of 3.62, 3.74, and 5.27 A, respectively. The pi-
cation interaction between Lys721 residue and aromatic
ring of chalcone was observed in the active site of EGFR
with a distance of 4.59 A. Furthermore, the interactions
between compound 3SH and Val702, Ile720, Glu738,
Ile765, Pro770, Gly772, and Thr830 were also observed
through van der Waals interactions.

It was reported that Gly695, Gly700, Ala719,
Glu767, Met769, Arg812, Asp818, Asp831, Gly833, and
Tyr845 play a critical role in the catalytic activity of EGFR
protein, especially in the suppression of the division of
cancer cells [55]. Additionally, Choowongkomon et al.
[56] reported that there were five active regions in the
binding pocket of EGFR receptor, i.e., sugar pocket
region, phosphate binding region, adenine region,
hydrophobic I and II regions. The Lys721, Glu738, and
Asp831 key residues were located in the sugar pocket
region near the a-helix and phosphate binding region.
Meanwhile, Asp776, Glu780, and Asp831 key residues
were located in the phosphate binding region along the
sugar pocket region. The Val702, Met742, and Leu764
residues were reported as the key amino acid residues on
the hydrophobic I region, while Leu694, Leu768, Thr766,
Pro770, Phe771, and Leu820 residues were considered as
the key amino acid residues on the hydrophobic region II
of the EGFR receptor. These interactions were also
observed in the molecular docking studies of the
commercially available EGFR inhibitors, including
icotinib, almonertinib, and olmutinib [57]. From the
molecular docking study, compound 3SH interacted with
Leu694, Val702, Lys721, Glu738, Met742, Leu764,
Thr766, Met769, Pro770, Leu820, and Asp831 key amino
acid residues showing a good ability of compound 3SH to
disturb the function of EGFR receptor on proliferation,
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angiogenesis, metastasis, and anti-apoptosis processes of
the cancer cells.

Molecular of Xanthone-Chalcone

Derivatives

Dynamics

Further investigation was performed through
molecular dynamics simulation for 100 ns to evaluate
the stability of the best three complexes, i.e., EGFR-3SH,
EGFR-3CHs, and EGFR-2I, within a cube. The obtained
results from the molecular dynamics simulation are
shown in Fig. 3-5, respectively. The binding energy and
ARMSD values represent the EGFR-3SH complex stability
during 100 ns simulation, as shown in Fig. 3. The average
docked binding energy of the EGFR-3SH, EGFR-3CHj,
and EGFR-2I complexes was -10.94, -9.48, and
—4.74 kcal/mol, respectively (Fig. 3(a)). It was found that
the average docked binding energy of EGFR-3CH;
complex (—9.48 kcal/mol) during the molecular dynamic
simulations was close to the molecular docking study
(=9.70 kcal/mol). In contrast, compound 2I was not
stable enough in the active site of EGFR because the
binding energy of EGFR-2I complex was increased during
the first 30 ns simulation and then reached a plateau at
around —4 kcal/mol. On the other hand, the binding
energy of EGFR-3SH complex was the highest among
the other evaluated xanthone-chalcone complexes.
Furthermore, the binding energy of EGFR-3SH complex
(-10.94 kcal/mol) was close to the binding energy of
EGFR-native ligand complex (-11.58 kcal/mol). On the
other hand, the MM-PBSA binding energy of EGFR-
3SH, EGFR-3CHs;, and EGFR-2I complexes was —43.92,
+73.47, and +65.44 kcal/mol, respectively (Fig. 3(b)). All
binding energy values were already equilibrated from
50 ns simulation time. The docked binding energy result
agreed with the MM-PBSA binding energy value of
EGFR-3SH complex, revealing that EGFR-3SH complex
was the most stable complex. The MM-PBSA binding
energy of EGFR-3SH (—43.92 kcal/mol) is higher than
the EGFR-native ligand complex (—40.90 kcal/mol),
which was remarkable. On the other hand, the average
ARMSD value of EGFR-3SH, EGFR-3CHj3;, and EGFR-
2I complexes is 0.27, 0.45, and 0.45 A, respectively (Fig.
3(c)). This result confirmed that the EGFR-3SH complex
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(with the lowest average ARMSD value) was the most
stable complex during the 100 ns simulation, agreed to the
docked and MM-PBSA binding energies data.

The RMSF value of the evaluated complexes is
shown in Fig. 4. The RMSF data showed a relatively stable
complex structure of EGFR-3SH, EGFR-3CH;, and

(a) 0 10 20 30 40

EGFR-2I with an average value of 0.19, 0.20, and 0.19
nm, respectively. On the other side, RoG and SASA
values during the molecular dynamic simulation are
shown in Fig. 5. The RoG graph was used to see the
compactness of the protein structure from the complex,
and it was found that the RoG values of the evaluated
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Fig 3. The (a) docked and (b) MM-PBSA binding energy and (c) ARMSD of EGFR-native ligand (yellow), EGFR-3SH
(black), EGFR-2I (orange), and EGFR-3CH; (grey) complexes during the molecular dynamic simulation for 100 ns
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Fig 4. RMSF parameter of EGFR-native ligand (yellow), EGFR-3SH (black), EGFR-2I (orange), and EGFR-3CHj (grey)
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3CHj; (grey) complexes during the molecular dynamic simulation for 100 ns

three complexes varied between 2.08 and 2.33 nm. The  2I complexes from the 100 ns simulation was 2.17, 2.14,
mean RoG value of EGFR-3SH, EGFR-3CH3, and EGFR- and 2.25 nm, respectively. The SASA graph was used to
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analyze the surface area of the protein that is available for
water molecules to form interactions with the protein.
SASA of the complex showed that the values varied from
153 to 181 nm? and the mean value for EGFR-3SH,
EGFR-3CHs;, and EGFR-2I complexes was 165.10, 168.57,
and 169.20 nm?, respectively, from all trajectories. Thus,
there was no significant change in terms of the SASA
values of the complexes during the simulation. Overall,
the values of both RoG and SASA values showed that the
structures of EGFR-xanthone-chalcone complexes were
stable
simulations for 100 ns, which was in agreement with the
other works [7,14,58-60].

The changes in the evaluated parameters during the

relatively during the molecular dynamic

molecular dynamic simulations of EGFR-3SH came from
the conformational changes of the EGFR-3SH complex
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(Fig. 6). At the initial point (0.00 ns), compound 3SH
interacted with Leu694, Val702, Ala719, 1le720, Lys721,
Glu738, Met742, Leu764, Ile765, Thr766, Leu768,
Met769, Pro770, Gly772, Leu820, Thr830, and Asp831
through hydrogen bonds, pi-cation, pi-sigma, pi-alkyl
and van der Waals interactions. After 100 ns simulation,
a trajectory file at 95.70 ns was selected to represent the
final conformation of compound 3SH in the active site
of EGFR. At that time, compound 3SH still interacted
with Met769 and Asp831 residues through hydrogen
bonds. Other non-covalent interactions with Leu694,
Val702, Ala719, 11e720, Lys721, Met742, Leu764, 1le765,
Thr766, Leu768, Pro770, Gly772, Leu820, and Thr830
residues were retained. Meanwhile, new van der Waals
interactions with Cys773, Arg817, and Phe832 residue
were also found in the final conformation of compound

(b)
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Fig 6. The observed non-covalent interactions between compound 3SH and the active site of EGFR after molecular

dynamics simulation for (a) 0.00 and (b) 95.70 ns
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Fig 7. Retrosynthetic analysis of compound 3SH from the available raw materials

3SH in the active site of EGFR. Either the initial
conformation (0.00 ns) or final conformation (95.70 ns)
showed that each chalcone, xanthone, and thiol moieties
interacted well with the key amino acid residues
aforementioned above. These key amino acid residues are
responsible for the physiological function of the EGFR
receptor; thus, the observed non-covalent interactions
clearly demonstrate the potency of compound 3SH as a
novel anticancer agent based on the EGFR inhibition
mechanism.

The retrosynthetic analysis of compound 3SH is
shown in Fig. 7. The C=C alkene of compound 3SH could
be generated from the Claisen-Schmidt condensation
reaction between 9-oxo-9H-xanthene-2-carbaldehyde
The oxo-9H-
xanthene-2-carbaldehyde could be synthesized from 2-

and 1-(3-mercaptophenyl)ethan-1-one.

hydroxybenzoic acid and 4-hydroxybenzaldehyde
through a cyclo-condensation reaction. On the other hand,
1-(3-mercaptophenyl)ethan-1-one could be prepared
from benzenethiol and acetyl chloride through a Friedel-
Craft acylation reaction. This retrosynthetic analysis
demonstrates that compound 3SH could be obtained
from four commercially available chemicals through
three chemical reactions. We encourage the organic
chemists to synthesize compound 3SH and evaluate its

anticancer activity in the laboratory in the future.
m CONCLUSION

We have
chalcone derivatives with fluoro, chloro, bromo, iodo,

investigated thirty-seven xanthone-

cyano, carboxylic acid, nitro, sulfonic acid, methyl,
amino, hydroxy, and thiol substituents at ortho, meta, and

para substituents against EGFR receptor through in
silico studies. From the investigated functional groups,
the order of binding energy from the strongest one to the
weakest one is as follows: amino < bromo < sulfonic acid
< hydrogen < carboxylic acid < fluoro < hydroxyl < nitro
< chlorine < cyano < iodo < methyl < thiol. Among the
investigated compounds, compound 3SH was found to
be the most promising candidate due to its strongest
binding energy (-9.71 kcal/mol) and the lowest binding
constant (0.08 uM). The molecular dynamics simulation
for 100 ns indicated that a complex structure of EGFR-
3SH was stable, as reflected by the ARMSD, RMSF, RoG,
and SASA parameters.
conformations of the EGFR-3SH complex from the

The original and final
molecular dynamics simulations showed that each
chalcone, xanthone, and thiol moieties of compound
3SH interacted well with the key amino acid residues.
These amino acid residues are responsible for the
physiological function of the EGFR receptor; thus, the
observed non-covalent interactions clearly demonstrate
the potency of compound 3SH as a novel anticancer
agent based on the EGFR inhibition mechanism.
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