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Protein tyrosine kinases play a role in the cell signaling pathways involving cell growth,
differentiation, apoptosis, and metabolism of cancer cells. Because of that, the molecular
docking, molecular dynamics, MM-PBSA, and prediction ADMET properties were conducted
to evaluate the inhibition activity of epoxy-thioxanthones against platelet-derived growth
factors receptor (PDGFR) and epidermal growth factor receptor (EGFR) proteins. A series of
ten thioxanthone compounds bearing hydroxy, epoxy, chloro, and bromo substituents have been
designed and evaluated. The docking results showed that the epoxy-thioxanthones (A-J) have
binding energy from -7.12 to -9.81 and -7.24 to -8.06 kcal/mol against those proteins, respectively.
Compared with the native ligands, all epoxy-thioxanthones gave stronger binding energy (-7.24
to -8.06 kcal/mol) with the active site of EGFR than the erlotinib (-7.05 kcal/mol), which is
remarkable. This result is also in line with the molecular dynamics results. The calculation
of binding energy MM-PBSA that compounds D, E, I, and J had comparable EGFR protein
stability to erlotinib. The binding energy of those compounds (-19.29 to -29.35 kcal/mol) had
lower than erlotinib (-8.25 kcal/mol). Furthermore, in physicochemical properties prediction,
those compounds fulfill Lipinski’s rule parameters and the minimum standard parameters in

ADMET properties.
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INTRODUCTION deaths in 2020 (Sung et al., 2021). The condition is

worsened by low selectivity, resistance, and side effects

Cancer is a deadly disease characterized by rapid,  of chemotherapy agents (Wahyuningsih, Suma, Astuti,
uncontrolled, and pathological proliferation of abnormal ~ 2019). It was reported that some pathological diseases,
cells (Karabacak et al., 2015). Globally, cancer is the  such as cancer, atherosclerosis, and psoriasis, are caused
second most serious disease that causes 10 million by uncontrolled signaling from intracellular tyrosine
kinase receptors (Shah et al., 2018). Therefore, protein
tyrosine kinases (PTK) play a key role in cell signaling
pathways involving cell growth, differentiation, apoptosis,
and metabolism. Because of that, it is indispensable to
develop a better anticancer agent to inhibit the PTK; thus,
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the cell growth, apoptosis, and angiogenesis of cancer
cells can be suppressed.

Protein tyrosine kinases such as platelet-derived
growth factors receptor (PDGFR) and epidermal
growth factor receptor (EGFR) have a critical role in the
metabolism of cancer cells. PDGFR protein is essential
in cancer cell proliferation, survival, migration, and
differentiation (Kanaan, Strange, 2017). The inhibitors
of PDGFR could block those roles. The inhibitor that
is selective for the PDGFR protein is imatinib (Coban,
Degim, 2020). Imatinib inhibits the growth of ovarian
cancer cells at clinically relevant concentrations (IC, < 1
uM) by specifically inhibiting the protein PDGFR (Matei,
Chang, Jeng, 2004). Imatinib also inhibits medulloblastoma
cell migration and invasion by suppressing PDGFR
activation and EGFR transactivation (Abouantoun,
MacDonald, 2009). Imatinib, which has been used for over
20 years, is widely regarded as the safest tyrosine kinase
inhibitor (TKI), with no long-term irreversible side effects
reported. The 2G and 3GTKIs have distinct risk profiles
with more severe consequences. The most serious and
not always completely reversible side effect of dasatinib
is pulmonary arterial hypertension (Claudiani, Apperley,
2018). Afterward, EGFR protein is involved in cell growth
and progression, including promoting angiogenesis,
proliferation, metastasis, and inhibition in the apoptosis
process. It was reported that high levels of EGFR have
also been found in a variety of tumors such as breast,
prostate, ovarian, colorectal, and gastric (Baselga, 2002).
EGFR Inhibitors such as erlotinib can block the activation
of EGFR proteins (Yuanita et al., 2019). These inhibitors
interact with the ATP binding site through a Hydrogen
bond, thereby blocking signal transduction (Ismail et al.,
2016). Erlotinib is a well-known EGFR TKI approved as
a treatment for non-small cell lung cancer (NSCLC) (da
Cunha Santos, Shepherd, Tsao, 2011). Erlotinib exhibited
potentially greater efficacy but significantly higher
toxicities than icotinib and gefitinib (Liang ef al., 2014).
Therefore, imatinib and erlotinib as chemotherapy agents
generate undesirable side effects by damaging the normal
cells and can cause a multidrug resistance phenomenon
(Hamza et al., 2022; Hirano et al., 2015).

Computational approaches, such as molecular
docking and molecular dynamic simulations, are the most
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recent technologies for developing new anticancer agents.
Those methods can be used at the molecular level to know
the stability and interaction between the anticancer agent
and the targeted protein. This information lets us evaluate
the behavior of the ligand in the protein’s binding site
and elucidate its mechanism of action in the essential
biochemical processes (McConkey, Sobolev, Edelman,
2002; Hospital et al., 2015). This method is routinely
used to understand the drug-receptor interactions in the
rational drug design (Vijesh et al., 2013). The lowest
binding energy indicates the best conformation and the
strongest interaction on the active site of the targeted
protein (Mukesh, Rakesh, 2011). The new drug with the
strongest interaction with the protein will be chosen to
be synthesized in the laboratory and evaluated through
biological assays. Consequently, the in-silico studies are
less time-consuming, with fewer trials and errors and
free usage of the chemicals, which greatly aids the drug
development process.

The co-crystal structures of imatinib and erlotinib
can be used to search for new inhibitors of PDGFR and
EGFR proteins through the molecular docking study.
From these structures, the interaction of the proteins with
imatinib and erlotinib can be studied to design better
inhibitor agents. It was reported that the interaction
between protein and compound occurred primarily
through the Hydrogen bond; thus, the design of the
inhibitor must have a Hydrogen bond donor group that
can interact with the amino acid residues of PDGFR and
EGEFR proteins. Hydrogen bond interaction with PDGFR
and EGFR proteins was reported in our previous study
by docking hydroxy thioxanthone derivatives (Hermawan
et al., 2020). However, the inhibition activity of hydroxy
thioxanthone derivatives is still lower than imatinib in
PDGFR protein; thus, further modification of the hydroxy
thioxanthone structure needs to be studied.

Xanthone derivatives containing the epoxy group
have been reported for their remarkable anticancer activity
(Woo et al., 2010). Psorospermin is a natural xanthone
with hydroxy, methoxy, and epoxy groups that exhibit
excellent anticancer activity against murine and human
cancer cell lines (Kupchan, Streelman, Sneden, 1990;
Na, 2009). Furthermore, the 1,3-dihydroxyxanthone with
2,3-epoxypropoxy groups at C-1 and C-3 positions have
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potential as breast anticancer agents of MCF-7 cells. The
additional 2,3-epoxypropoxy in the C-3 position was
revealed with an IC value of 68.4 uM. Meanwhile, the
additional 2,3-epoxypropoxy in the C-1 and C-3 positions
drastically improve the IC,  value to 3.28 uM against MCF-
7 (Woo et al., 2007). It was also reported that thioxanthone
with a 2,3-epoxypropoxy substituent at the C-3 position of
1,3-dihydroxythioxanthone had better anticancer activity
with IC, of 50.2 uM against MCF7 cell (Woo et al., 2008).
Although other studies have confirmed that synthesized
thioxanthone derivatives with chloro substituent at the C-4
position can potentially act as breast anticancer agents
of MCF-7 and MDA-MB-468 cells (Chen et al., 2019).
Furthermore, it was investigated that adding one chloro
and one hydroxyl group at the C-2 and C-4 positions of
thioxanthone enhanced their anticancer activity against
Hela, WiDr, T47D, and A549 cancer cells (Hermawan
et al., 2022). Meanwhile, the additional bromo group at
the C-4 position of 1,3-dihydroxyxanthone increases the
inhibition activity against EGFR and PDGFR proteins
(Hermawan et al., 2020). However, a molecular docking
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study, molecular dynamics simulation, and the calculation
binding energy MM-PBSA of thioxanthone derivatives
bearing with 2,3-epoxypropoxy, hydroxy, chloro, and
bromo substituents have not been available as of today
to the best of our knowledge. In light of the above
findings, the molecular docking study and molecular
dynamics simulation were conducted to investigate the
inhibition mechanism, the interaction, and the stability
of thioxanthone derivatives on the active site of PDGFR
and EGFR proteins.

MATERIAL AND METHODS

Material

Two protein tyrosine kinases, i.e., PDGFR (PDB
ID: 1T46) and EGFR (PDB ID: 1M17), were downloaded
from the Protein Data Bank database (www.rcsb.org). A
series of thioxanthone derivatives with epoxy and halogen
substituents (compound A-J) were used as ligands, and
their chemical structures are shown in Figure 1.
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FIGURE 1 - The chemical structures of epoxy-thioxanthone derivatives in the molecular docking study.

Preparation of protein molecule and native ligand
PDGFR and EGFR proteins were isolated from all

residues, such as water molecules and native ligands, using
UCSF Chimera software (Pettersen et al., 2004). Afterward,
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their structures were saved in a PDB format file. The same
method is used to isolate the native ligand, i.e., imatinib
(as the native ligand of PDGFR) and erlotinib (as the native
ligand of EFGR). Both native ligands were cleaned from
protein and water molecules and saved in a PDB format file.
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Optimizing of epoxy thioxanthone derivatives

The three-dimensional (3D) epoxy-thioxanthones
A-J structure was drawn using GaussView 5.0.8 software.
Then, their structure was optimized using Gaussian-09
Revision D.01 software with a semi-empirical method
and saved in the .pdb format (Frisch et al., 2013).

Redocking analysis and docking analysis

The redocking process was carried out on the active
site of PDGFR and EGFR proteins with their respective
native ligand (imatinib and erlotinib) using AutoDock4
software (Morris et al., 2009). The grid box was arranged
within a 40 x 40 x 50 A in the x, y, and z directions for
PDGFR protein and 42 x 40 x 40 A for EGFR protein.
The Lamarckian Genetic Algorithm (LGA) method
was utilized for the 40 runs. The protein structure was
maintained in its rigid form, and the position of the ligand
was flexible during the docking process. The success of
redocking analysis is reflected in the root mean square
deviation (RMSD) value, which shall be less than 2 A
(Huey et al., 2007). The molecular docking followed
the same procedure as the redocking analysis in which
the epoxy-thioxanthone derivatives (A-J) were docked
in the protein binding site, which is known from the
redocking analysis. The final molecular docking results
were shown using Discovery Studio Visualizer (DSV)
2019 (Biovia, 2019).

Molecular dynamic simulations and MM-PBSA free
energies calculation

Simulations were performed using GROMACS
2020 package (Hess et al., 2008; Pronk et al., 2013).
The charmm36 force field was applied to conduct MD
simulations off all complexes (Huang, MacKerell Jr,
2013). Topology parameters of all compounds were
generated using the cgenff server (Pronk et al., 2013).
PBC (periodic boundary condition) was performed as
a small representative of the real system. Minimization
energy was performed with the steepest descent for 1
ns; minimization was stopped when energy reached
100 kJ/mol. NVT and NPT ensemble were performed
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respectively to equilibrate the system for 1 ns each
with dt 2 fs at 300 K and 1 atm using verlet cut-off.
Parrinello-Rahman was used as pressure coupling at
the NPT ensemble. System conditions were regulated
as isotropic, PME (Particle Mesh Ewald) used for long-
range electrostatic and v-rescale of modified Berensen
thermostat were performed for temperature coupling
(Verlet, 1967; Hiinenberger, 2005; Martonak, Laio,
Parrinello, 2003). MD production was performed for 50
ns under the same condition. RMSD (Root Mean Square
Deviation), RMSF (Root Mean Square Fluctuation), RG
(Radius of Gyration), and Hydrogen bond were taken
from MD production. Furthermore, the Molecular
mechanics Poisson-Boltzmann surface area (MM-PBSA)
studies were conducted to determine free energy such
as van der Waals, electrostatic, polar salvation, SASA,
and binding energies. The calculation of free binding
energies adopted the g mmpbsa package (Kumari et
al., 2014). The ligand-protein MD trajectory data and
parameter file were used to execute the g mmpbsa with
single-step calculation.

Physicochemical and ADMET properties

Using Discovery Studio, all compounds were
converted into smiles format and then uploaded one by
one to the pkCSM server (Pires, Blundell, Ascher, 2015).
The determination of physicochemical and ADMET
properties was conducted by choosing the ADMET
menu. Afterward, the pkCSM showed the data for each
compound, including Lipinski’s rule of five, adsorption,
distribution, metabolism, excretion, and toxicity.

RESULTS AND DISCUSSION

Redocking analysis into different protein tyrosine
kinase

A molecular docking study of ten epoxy-
thioxanthones was carried out on two types of tyrosine
kinase, i.e., PDGFR and EGFR proteins. The epoxy-
thioxanthone derivatives were docked into the active
site of each protein tyrosine kinase to study the possible
interaction as the tyrosine kinase inhibitor agents.
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To reach that goal, we first performed the redocking
process to validate the binding position and adjust the
parameters of the docking process (Cosconati et al.,
2010). Imatinib, as the native ligand, was docked into
PDGEFR protein, and it showed the lowest RMSD of
0.61 A with a binding energy of —13.36 kcal/mol. On
the other hand, the redocking of erlotinib ligand into the
EGFR protein yielded the lowest RMSD value of 1.59 A
with a binding energy of -7.05 kcal/mol. Redocking of
these native ligands was successfully performed as the
RMSD values were less than 2 A, demonstrating that the
experimental parameters were accurate for the docking
process of epoxy-thioxanthone derivatives.

Molecular docking study of epoxy-thioxanthone
derivatives with PDGFR protein

Molecular docking of epoxy-thioxanthones A-J was
conducted using the same parameters from the redocking
analysis. All compounds (A-J) were fixed to have the
same position as imatinib and docked into 30 possible
ligand conformations in PDGFR protein. The molecular
docking experiment resulted in several parameters, such
as binding energy, inhibition constant (Ki), Hydrogen
bond and other intermolecular forces, and RMSD value.
The molecular docking result of epoxy-thioxanthone A-J
is shown in Table I. The molecular docking experiment
is valid and reliable when the RMSD value is less than
2A (Huey et al., 2007). The lower binding energy
indicates the compound has higher inhibition activity
against tyrosine kinase protein (Dolatkhah et al., 2017).
On the other hand, a lower Ki value represents a more

preferred ligand-protein interaction (Heh ez al., 2013).
Visualizing Hydrogen bonds and other intermolecular
forces is pivotal to evaluating the mechanism of action
of epoxy-thioxanthone as a tyrosine kinase inhibitor.

The molecular docking result with PDGFR protein
(Table I) showed that all epoxy-thioxanthone derivatives
have the RMSD value of 0.95 to 1.75 A; thus, the obtained
molecular docking results were reliable enough. The
binding energy of all epoxy-thioxanthone derivatives
(-7.12 to -9.81 kcal/mol) was higher than imatinib as the
native ligand (-13.36 kcal/mol). However, it is worth noting
that the epoxy-thioxanthone (-7.12 to -9.81 kcal/mol) has
stronger binding energies than hydroxy-thioxanthone
(-7.10 to -8.57 kcal/mol), which is remarkable (Hermawan
et al., 2020).

From the binding energy data, adding either
chloro or bromo functional group on the monoepoxy-
thioxanthone lowers the binding energy value. The
addition of chloro substituent at the 4- and 7-position of
monoepoxy-thioxanthone decreased the binding energy
value of compound A (-8.93 kcal/mol) to -9.26 and -9.62
kcal/mol on compounds B and D, respectively. On the
other hand, the addition of bromo substituent at 4- and
7-position of monoepoxy-thioxanthone decreased the
binding energy value of compound A (-8.93 kcal/mol)
to -9.27 and -9.81 kcal/mol on compound C and E,
respectively. This result demonstrates that the bromo
substituent has a higher biological activity as a PDGFR
Tyrosine kinase inhibitor than the chloro substituent on
monoepoxy-thioxanthones. Furthermore, the halogen
substituent at the 7-position has lower binding energy
than the 4-position of monoepoxy-thioxanthones.

TABLE I - Molecular docking results of compounds A-J and imatinib with PDGFR protein

Binding Energy . Hydrogen Bond
Compound RMSD (A) (keal/mol) Ki (uM) @A)
Cys673 (2.055)
A 1.26 -8.93 0.284 Asp810 (1.718)
B 1.31 -9.26 0.162 Cys673 (2.067)

Asp810 (1.849)
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TABLE | - Molecular docking results of compounds A-J and imatinib with PDGFR protein

Binding Energy . Hydrogen Bond
Compound RMSD (A) (keal/mol) Ki (uM) A)

Cys673 (1.762)

C 1.63 -9.27 0.159 Asp810 (1.993)
Glu671 (1.921)

Cys673 (2.162)

D 1.57 -9.62 0.088 Glu671 (2.005)
Asp810 (1.862)

Cys673 (1.861)

E 0.95 -9.81 0.064 Glu671 (1.958)
Cys673 (2.230)

F 1.48 -8.67 0.433 Asp677 (2.231)

G 1.75 -712 6.050 Asn680 (1.871)
Lys593 (1.879)

H 1.25 -1.92 1.520 Asn680 (2.068)
Lys593 (1.750)

1 1.55 -9.43 0.123 Asp677 (2.060)
Lys593 (1.178)

J 1.44 -9.74 0.072 Asp677 (1.790)
Imatinib 0.61 -13.36 0.0002 Asp810 (1.877)

Cys673 (1.874)

It was found that the binding energy of diepoxy-
thioxanthone F (-8.67 kcal/mol) was higher than
monoepoxy-thioxanthone A (-8.93 kcal/mol), probably
due to the steric effect on the active site of PDGFR
protein. The addition of chloro- and bromo- substituent at
4-position of diepoxy-thioxanthone increased the binding
energy value of compound F (-8.67 kcal/mol) to -7.12 and
-7.92 kcal/mol on compound G and H, respectively. The
steric effect might cause this phenomenon. On the other
hand, the addition of chloro- and bromo- substituent at
the 7-position of diepoxy-thioxanthone decreased the
binding energy value of compound F (-8.67 kcal/mol)
to -9.43 and -9.74 kcal/mol on the compound I and J,
respectively. This result demonstrates that the bromo
substituent has a higher biological activity as a PDGFR
Tyrosine kinase inhibitor than the chloro substituent on
diepoxy-thioxanthones. The halogen substituent at the
7-position has lower binding energy than the 4-position
of diepoxy-thioxanthones. These trends were the same
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for the monoepoxy-thioxanthone derivatives. It was
also found that a lower binding energy led to a lower Ki
value for both monoepoxy- and diepoxy-thioxanthones.
Therefore, compound E was the most potential candidate
as a tyrosine kinase inhibitor against PDGFR protein
with binding energy and Ki value of -9.81 kcal/mol and
0.064 uM, respectively.

To discuss the intermolecular interactions of
epoxy-thioxanthone derivatives on the active site of
PDGFR protein, we limited the discussion to the epoxy-
thioxanthones with a binding energy value lower than -9.40
kcal/mol, i.e., compound D (-9.62 kcal/mol), compound
E (-9.81 kcal/mol), compound I (-9.43 kcal/mol), and
compound J (-9.74 kcal/mol). The interactions formed
between all epoxy-thioxanthone compounds with PDGFR
protein were Hydrogen bond, van der Waals, n-sigma, and
n-alkyl interactions, as can be shown in Figure 2 from
compound E as the representative epoxy-thioxanthone
compound. The Hydrogen bond interaction of compounds D
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and E occurred with the amino acid residues of Cys673 and
Glu671 (Table I). Meanwhile, the Hydrogen bond interaction
of compounds I and J occurred with the amino acid residues
of Lys593 and Asp677 (Table I). Both compounds D and
E have similar Hydrogen bonds with Cys673 amino acid
residue, as also found in imatinib as the native ligand. In
contrast, this Hydrogen bond was absent in the compounds
I and J. The binding energy of compound E (-9.81 kcal/mol)
was lower than compound D (-9.62 kcal/mol) due to the
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residue of PDGFR protein. Even though the compound E
(1.861 A) has a slightly shorter Hydrogen bond than imatinib
(1.877 A) with Cys673, the binding energy of imatinib was
still lower due to the presence of a Hydrogen bond with
Asp810. The interaction with Asp810 and Cys673 is pivotal
for the inhibition activity of PDGFR protein (Hermawan
et al., 2020).
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FIGURE 2 - The visualization of intermolecular interactions towards PDGFR protein in 2D (a) Imatinib and (b) compound E.

Molecular docking study of epoxy-thioxanthone
derivatives with EGFR protein

The molecular docking result with EGFR protein
(Table IT) showed that all epoxy-thioxanthone derivatives
have the RMSD value in a range of 0.85-1.75 A; thus,
the obtained molecular docking results were reliable
enough. The binding energy of all epoxy-thioxanthone
derivatives (-7.24 to -8.06 kcal/mol) was lower than
erlotinib as the native ligand (-7.05 kcal/mol), which
is remarkable. Furthermore, the epoxy-thioxanthone
(-7.24 to -8.06 kcal/mol) has stronger binding energy
than hydroxy-thioxanthone (-6.23 to -7.25 kcal/mol),
demonstrating that epoxy-thioxanthone derivatives are
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potential tyrosine kinase inhibitor candidate against
EGFR protein (Hermawan et al., 2020).

From the binding energy data, adding either
chloro or bromo functional group on the monoepoxy-
thioxanthone lowers the binding energy value. The
addition of chloro substituent at the 4- and 7-position of
monoepoxy-thioxanthone decreased the binding energy
value of compound A (-7.46 kcal/mol) to -7.56 and -7.94
kcal/mol on compounds B and D, respectively. On the
other hand, the addition of bromo substituent at 4- and
7-position of monoepoxy-thioxanthone decreased the
binding energy value of compound A (-7.46 kcal/mol)
to -7.61 and -8.06 kcal/mol, respectively, on compound
C and E. This result demonstrates that the bromo
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substituent has a higher biological activity as an EGFR
tyrosine kinase inhibitor than the chloro substituent on
monoepoxy-thioxanthones. Furthermore, the halogen

substituent at the 7-position has lower binding energy
than the 4-position of monoepoxy-thioxanthones.

TABLE Il - Molecular docking result of compounds A-J and erlotinib with EGFR protein

Binding Energy

Compound RMSD (A) (keal/mol) Ki (uM) Hydrogen Bond (A)

Met769 (1.693)

A 0.98 746 3.39 Thr766 (2.171)
Asp831 (1.957)

Met769 (1.793)

B 0.85 7,56 2.87 Gln767 (2.074)
Asp831 (1.968)

Met769 (1.726)

C 1.06 761 2.63 AspS31 (2,104
Met769 (1.743)

D 0.91 794 1.53 This31 (2,047
Met769 (1.783)

E 0.99 -8.06 1.23 Thesa1 (1972)
Met769 (1.796)

F 1.57 733 424 Thes30 (2.202)
Met769 (1.797)

G 175 724 494 Lys721 (1968)
Met769 (1.914)

H 15 752 3.10 Thr830 (1.990)
Lys721 (1.971)

Met769 (2.021)

1 1.48 785 176 Lys721 (2.229)
Thr830(1.778)

Met769 (2.106)

J 1.42 792 1.57 Lys721 (1639)
Erlotinib 1.59 7,05 6.77 Met769 (1.659)

Cys773 (2.064)

It was also found that the binding energy of diepoxy-
thioxanthone F (-7.33 kcal/mol) was slightly higher than
monoepoxy-thioxanthone A (-7.46 kcal/mol) probably due
to the steric effect on the active site of EGFR protein.
The addition of chloro-substituent at the 4-position of
diepoxy-thioxanthone slightly increased the binding
energy value of compound F (-7.33 kcal/mol) to -7.24 kcal/
mol on compound G. In contrast, the addition of bromo-
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substituent at the 4-position of diepoxy-thioxanthone
decreased the binding energy value of compound F (-7.33
keal/mol) to -7.52 kcal/mol on compound H. On the other
hand, the addition of chloro- and bromo- substituent at the
7-position of diepoxy-thioxanthone decreased the binding
energy value of compound F (-7.33 kcal/mol) to -7.85
and -7.92 kcal/mol on compound I and J, respectively.
This result demonstrates that the bromo substituent
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has a higher biological activity as an EGFR tyrosine
kinase inhibitor than the chloro substituent on diepoxy-
thioxanthones. The halogen substituent at the 7-position
has lower binding energy than the 4-position of diepoxy-
thioxanthones. It was also found that a lower binding
energy led to a lower Ki value for both monoepoxy- and
diepoxy-thioxanthones. These trends were the same
for the molecular docking data of epoxy-thioxanthone
derivatives against PDGFR protein. Therefore, compound
E was the most potential candidate as a tyrosine kinase
inhibitor against EGFR protein with binding energy and
Ki value of -8.06 kcal/mol and 1.23 uM, respectively.
To discuss the intermolecular interactions of
epoxy-thioxanthone derivatives on the active site
of EGFR protein, we limited the discussion to the
epoxy-thioxanthones with a binding energy value
lower than -7.80 kcal/mol, i.e., compound D (-7.94
kcal/mol), compound E (-8.06 kcal/mol), compound I
(-7.85 kecal/mol), and compound J (-7.92 kcal/mol). The
interactions formed between all epoxy-thioxanthone
compounds with EGFR protein were Hydrogen bond,
van der Waals, carbon-hydrogen, n-sigma, alkyl, and
n-alkyl interactions as can be shown in Figure 3 from
compound E as the representative epoxy-thioxanthone
compound. The Hydrogen bond interaction of
compounds D and E occurred with the amino acid
residues of Met769 and Thr831 (Table II). Meanwhile,

ILE
4:765 Al}an

A:T66 ALA MET A?i};?

P
A:721 ASP
<@ A:776
VAL
A:702
ASP
AB3L
Interactions.
[ van der waais I Frsoma
[ comrventional Hydrogen Band [ A
[ carbon Hydrogen Bond (a) [ P

the Hydrogen bond interaction of compounds I and
J occurred with the amino acid residues of Met769
and Lys721 (Table II). The compounds D, E, I, and J
have similar hydrogen bonds with Met769 amino acid
residue, as also found in erlotinib as the native ligand.
The lower binding energy of epoxy-thioxanthones than
erlotinib was caused by the Hydrogen bond of epoxy-
thioxanthones with Met769 and additional Hydrogen
bonds with other amino acid residues, such as Thr766,
Asp831, GIn767, Asp831, Thr831, Thr830, and Lys721.
These amino acid residues of EGFR have been reported
to be crucial to the inhibition mechanism (Singh, Bast,
2014). The binding energy of compound E (-8.06 kcal/
mol) was lower than compound I and J (-7.85 and -7.92
kcal/mol) due to the shorter Hydrogen bond interaction
of compound E (1.783 A) than compound I and J (2.021
and 2.106 A) with Met769 amino acid residue of EGFR
protein. Even though compound E (1.783 A) has a
slightly longer Hydrogen bond than compound D (1.743
A) with Met769, compound E (1.972 A) generated a
shorter Hydrogen bond with Thr831 than compound D
(2.047 A). The interaction with Met769 seems pivotal
for the inhibition activity of EGFR protein; however,
further study is required to confirm this phenomenon.
Furthermore, the compounds D, E, I, and J, which form
the most stable complex with the EGFR protein, were
further analyzed for molecular dynamics simulations.

Interactions
[ v e wimsie | Bl
s e (b) B

FIGURE 3 - The visualization of intermolecular interactions towards EGFR protein in 2D (a) Erlotinib and (b) compound E.
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Molecular dynamic simulations

To provide a distinct picture of the dynamics of the
ligand and protein in the water solvent, 50 ns of molecular
dynamic simulations were conducted between the EGFR
protein and its native ligand, compounds D, E, I, and
J. The simulation results provide useful information,
including the Root Mean Square deviation (RMSD) of
each ligand and complex with protein, the Root Mean
Square Fluctuation (RMSF) of the simulation system
backbone, the Radius of Gyration (Rg) of the ligand and
protein, and the hydrogen bonds that form between the
ligand and the amino acid of the protein.

Figure 4 displays the ligand and complex’s RMSD
values throughout the simulation. Each ligand’s RMSD

RMSD (&)

varies between 0.5 to 2 A. This suggests that the
ligand within the protein’s active site does not undergo
significant movement; instead, it stays in the active site
throughout the simulation, resulting in interactions
between the ligand and the active site continuing for
50 ns. This might also suggest that the ligand inhibits
the activity of the EGFR protein. In the meantime, the
RMSD value of the complex yields quite intriguing
values, with the RMSD value of the complex containing
the erlotinib and compound J falling between 2 and 4
A (Figure 4b). According to these findings, the complex
containing the ligand in the active site does not exhibit

significant movement, unlike the complex containing
the ligands D, E, and I, where the RMSD values tend
to be high.

25 30 35 40 45 50

Time (ns)

. = Erlotinib

Compound Iy

Compound E

——— Compound I

Compound J

ll”‘ 1_““h I-’. '_

S 10 15 20 25

Time (ns)

FIGURE 4 - (a) RMSD ligand and (b) RMSD complex.
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This RMSD value is also corroborated by the RMSF
value (Figure 5a), demonstrating the backbone system.
The RMSF graph revealed that compounds (D, E, I, and
J) had similar patterns of amino acid fluctuation with
erlotinib. This suggested that compounds (D, E, I, and
J) had similar patterns of binding interactions against the
EGEFR protein. Nevertheless, compounds D and E displayed
a higher RMSF value than erlotinib, compounds I and J.
This finding implies that compounds D and E fluctuate
significantly more than erlotinib on the active side.

As shown in Figure 5b, the protein from compound
D has a high Rg at the start of the simulation; this value

remains high around 2.4 to 2.6 nm but diminishes after
the simulation has lasted longer than 30 ns. Meanwhile,
the protein containing compounds E, I, J, and erlotinib
has a Rg value up to 2.2 nm, whereas compound E also
has a high Rg value between 2.2 and 2.3 nm; however,
this value only lasts for 10 ns. Afterward, on the rest
of the simulation time, the Rg value of those ligands
is constant at 2.05-2.15 nm. Compared with other
compounds, compound J showed the lowest Rg value,
implying that compound J is more compact and stable
than the other ligands.

Erlotinib

—— Compound D
——Compound E
Compound I

—— Compound J

(a) 40
35
30
25
S, s
&3
E
15
(=1
10
5
0
660 710 760 810 910 960 1010
Residue Number
(b)
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Time (ns)
FIGURE 5 - (a) RMSF of erlotinib compounds D, E, I and J and (b) Radius of gyration compounds D, E, I, J and erlotinib.
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Through molecular dynamics simulations, as
seen in Figure 6, it is also possible to understand how
hydrogen bonds between ligands and amino acids in
the protein’s active site interact. In the erlotinib ligand,
the maximum number of 2 hydrogen bonds formed
during the simulation occurred, with an average of 1
bond formed; however, under some circumstances,
no hydrogen bonds are formed. This is in contrast to

-
RS

-bond

H-bond

§ 1 15 Pl 15 50 s 40 45 50
Time (ns)

(e) * |

H-hond

o
5 10 1

5 k]

" . i
‘ |
|
| il |

15 30 38 an

Time (ns)

compound D, which forms the most hydrogen bonds (6
bonds), while under some circumstances, 4-5 bonds are
formed during the simulation, and compound E, which
forms the most hydrogen bonds 5, with an average of 2-3
bonds. Meanwhile, the most hydrogen bonds formed in
compound I is 4, under some circumstances 2 bonds,
and compound J forms at most 3 hydrogen bonds, with
an average of 2-3 bonds formed during the simulation.

H-bond

5 ] 15 0 2 0 35 40 4 El
Time (ns)

H-=hond

15 n s 3n as an 45 L

Tirrlt“ (ns)

|
‘l
S

45

FIGURE 6 - Hydrogen bond of (a) erlotinib, (b) Compound D, (¢) Compound E, (d) Compound I, (¢) Compound J.

MM-PBSA: Calculation and analysis of binding free
energy

The binding energy is the total of all noncovalent
interactions. The binding energies of all compounds
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and erlotinib were calculated using the MM-PBSA
method. The Van der Waal’s energy, electrostatic
energy, polar solvation energy, SASA energy, and
binding energy were determined for the last 10 ns of the
MD trajectory. As shown in Table 111, compounds D
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(-19.29 kcal/mol), E (-21.52 kcal/mol), I (-26.56 kcal/mol)
and J (-29.35 kcal/mol) had lower binding energy than

erlotinib (-8.25 kcal/mol). It suggests that the complex
with the EGFR protein of those compounds is more stable.

TABLE Il - MM-PBSA binding energy of compounds D, E, I, J and erlotinib

Compound Van der waal’s Electrostatic Polar solvation SASA energy Binding energy
energy (kcal/mol) energy (kcal/mol) energy (kcal/mol) (kcal/mol) (kcal/mol)
D -35.80 £2.71 -529+2.88 25.45 £ 4.06 -3.65 £0.25 -19.29 + 2.74
E -33.42 +2.88 -6.17 £2.07 21.31 £3.87 -3.48 £0.30 -21.52+3.27
I -42.75 £2.37 -6.64 £2.39 26.92 +4.19 -4.09 +0.23 -26.56 + 3.54
J -43.32+2.93 -10.71 £ 3.04 29.03 £5.73 -4.34+0.24 -29.35+3.91
Erlotinib -3791 £2.67 -6.72+2.13 41.17 +4.00 -4.79 + 0.25 -8.25 +3.06

Physicochemical and ADMET properties

Prediction of physicochemical and ADMET
properties is essential for drug discovery, especially
to determine the ability of small molecule drugs in
metabolism, distribution, absorption, extraction, and
toxicology. The physicochemical and ADMET properties
results were obtained from the pkCSM web server (Table
IV). Based on Lipinski’s rule of five, a drug should have
molecular weight < 500 Da, the logarithm of the octanol-
water partition coefficient (log P) < 5, rotatable bonds
(ROTB) < 10, hydrogen bond acceptor (HBA) < 10,
hydrogen bond donor (HBD) < 5, and polar surface area
(PSA) < 140 A (Lipinski, 2004). Table IV shows that the
physicochemical properties of all compounds (D, E, I,
and J) fulfill the Lipinski rule of five parameters.

Caco-2 is frequently utilized in the absorption
parameters as an in vitro model of the human mucosa
for predicting medication absorption when applied orally.
A drug has been found to have high Caco-2 permeability
with values > 0.90. Subsequently, the intestinal absorption
(IA) properties predict the percentage of a drug absorbed
through the human intestines. Less than 30% absorption
is considered poor, whereas more than 80% is considered
good. Table IV shows that compounds D, E, I, and J
fulfill the absorption parameters, including Caco-2

Braz. J. Pharm. Sci. 2024;60: €23797

permeability and intestinal absorption. The distribution
parameters of drugs were determined by VDss value,
BBB permeability, and CNS permeability. Log VDss
< -0.15 implies low VDss, whereas log VDss > 0.45
suggests high VDss. A higher VDss value implies that
the medicine will be more dispersed in tissue than in
plasma. Afterward, the brain readily absorbs drugs with a
logBB > 0.3, whereas those with a logBB > -1 are poorly
distributed there. Another approach is the blood-brain
permeability-surface area product (logPS), also known
as CNS permeability. All compounds (D, E, I, and J)
fulfill those parameters.

The metabolism properties showed that all epoxy-
thioxanthenes (D, E, I, and J) were unsuitable as CYP2D6
substrates and more likely to act as CYP3A4 substrates.
These two substrates are primarily essential for Cytochrome
P450 metabolism. Cytochrome P450 is a crucial detoxifying
enzyme in the human body, primarily found in the liver.
Furthermore, the excretion parameters showed that all
compounds (D, E, I, and J) had a total clearance value of
0.283-0.542. Meanwhile, those compounds did not comply
with the Renal Organic Cation Transporter 2 (OCT2)
parameter. The OCT?2 parameter represents the disposition
and clearance of the drug.

The maximum recommended tolerated dose
(MRTD) is the level of a chemical hazardous dosage limit
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in humans. An MRTD medication with a value less than
or equal to 0.477 is regarded as low. All compounds (D,
E, I, and J) had low MRTD values. Those compounds
showed no inhibition activity towards hERG 1. The

TABLE IV - Physicochemical and ADMET properties of compounds D, E, I, and J
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hepatoxicity parameter is associated with harmed liver

and predicted values for thioxanthones D and E had no
effect on the liver. Further, compounds D, E, I, and J do
not affect the skin.

Compound
Properties
D E | J
Molecular weight 334.780 379.231 390.844 435.295
log P 3.5513 3.6604 3.6233 3.7324
Rotatable bond 3 3 6 6
Physicochemical
H-bond acceptor 5 5 6 6
H-bond donor 1 1 0 0
Surface area 134.021 137.585 157.543 161.107
Caco-2 permeability 1.235 1.24 1.019 1.017
Absorption Intestinal absorption 93.967 93.9 96.937 96.87
Skin permeability -2.797 -2.797 -2.744 -2.744
VDss 0.097 0.144 0.243 0.26
Distribution BBB permaebility 0.085 0.084 0.037 0.036
CNS permaebility -2.089 -2.066 -2.397 -2.375
CYP2D6 substrate No No No No
CYP3A4 substrate Yes Yes Yes Yes
CYP1A2 inhibitor Yes Yes Yes Yes
Metabolism CYP2CI9 inhibitor Yes Yes Yes Yes
CYP2C9 inhibitor Yes Yes Yes Yes
CYP2D6 inhibitor No No No No
CYP3A4 inhibitor Yes Yes No Yes
Total clearance 0.305 0.283 0.542 0.520
Excretion
Renal OCT?2 substrate No No No No
Max. Tolerated dose 0.276 0.278 -0.015 -0.009
hERG I inhibitor No No No No
Toxicity hERG II inhibitor Yes Yes No No
Hepatoxicity No No Yes Yes
Skin sensitisation No No No No
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CONCLUSIONS

The Molecular docking of thioxanthone derivatives
(A-J) was studied to investigate the inhibition mechanism
and the interaction of thioxanthone derivatives compounds
bearing epoxy and halogen (Cl, Br) substituents against
PDGFR and EGFR proteins. The results showed that ten
thioxanthone derivatives have binding energy ranging from
-7.12 to -9.81 kcal/mol for PDGFR protein and -7.24 to
-8.06 kcal/mol for EGFR protein. It was found that epoxy-
thioxanthone derivatives (A-J) gave a stronger interaction
in EGFR protein than PDGFR protein. The molecular
docking study in EGFR protein revealed that all epoxy-
thioxanthones gave lower binding energy than native
ligands (erlotinib), demonstrating that these compounds
had better inhibitor activity for EGFR protein, which is
remarkable. The molecular dynamics 50 ns simulation
revealed that compounds D, E, I, and J had comparable
EGFR protein stability to erlotinib. Meanwhile, the binding
energy of MM-PBSA compounds was lower than that of
erlotinib. Thioxanthones D, E, I, and J in physicochemical
properties prediction fulfill Lipinski’s rule parameters.
In ADMET calculation, those compounds also fulfill
the adsorption parameter and some of the distribution,
metabolism, excretion, and toxicity tests. In conclusion,
compounds D, E, I, and J are potential candidates for novel
anticancer drugs, as further experimental in vitro and in
vivo assays are required to prove their efficacy.
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