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ABSTRACT

This investigation evaluates the potential of xanthone derivatives to inhibit cyclin-dependent kinases (CDK2) and epidermal growth factor
receptor (EGFR) through molecular docking, molecular dynamics simulation, binding energy analysis using MM-PBSA, and ADMET
predictions. Molecular docking results revealed that the binding energies of all xanthone derivatives (X1-X6) ranged between -6.69
and -7.39 kcal/mol for the CDK2 protein and -6.25 to -6.85 kcal/mol for the EGFR protein. Furthermore, a 50-nanoseconds molecular
dynamics simulation showed that the root mean square deviation (RMSD) of 1-(dimethylamino)-3,4,6-trihydroxy-9H-xanthen-9-one (X3)
and 3,4,6-trihydroxy-2-mercapto-9H-xanthen-9-one (X4) maintained stable interactions within the protein’s active site. The root mean
square fluctuation (RMSF) analysis indicated that these xanthone derivatives exhibited similar amino acid fluctuation patterns to the native
ligands (C62 and erlotinib), suggesting comparable binding interactions. Binding energy assessments via MM-PBSA demonstrated that
1-(dimethylamino)-3,4,6-trihydroxy-9H-xanthen-9-one (X3) and 3,4,6-trihydroxy-2-mercapto-9H-xanthen-9-one (X4) had lower binding
energies than the native ligands (C62 and erlotinib) and doxorubicin. Additionally, these compounds adhered to Lipinski’s rule and met
the minimum requirements in ADMET property predictions. In conclusion, 1-(dimethylamino)-3,4,6-trihydroxy-9H-xanthen-9-one (X3)
and 3,4,6-trihydroxy-2-mercapto-9H-xanthen-9-one (X4) demonstrate significant potential as therapeutic candidates for cancers associated
with CDK2 and EGFR dysregulation, warranting further research and development.
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INTRODUCTION can promote tumor growth and progression, facilitating angiogenesis,
tissue invasion, and metastasis through pathways such as Ras/Raf/
MAPK, PIK-3/AKT, PLC-PKC, and STAT. Consequently, EGFR has
emerged as a significant target in cancer therapy.'®!! Thus, these proteins
serve as promising targets for the development of anticancer agents.

Computational modelling has become a cornerstone of anticancer
drug discovery, revolutionizing the identification and design of
potential therapeutic compounds.!? Techniques such as molecular
docking and molecular dynamics simulations employ mathematical
algorithms to assess drug-target interactions and stability.!>!*
Additionally, ADMET (absorption, distribution, metabolism,
excretion, and toxicity) predictions are used to evaluate drug feasibility.
Integrating network pharmacology and machine learning enhances
this process by elucidating complex protein-protein interactions
and predicting ADMET properties.!>® These computational tools
collectively form a robust and efficient framework, enabling rapid, cost-
effective innovation in anticancer drug development.!”-1

Xanthone, a heterocyclic compound with the formula 9H-xanthene-
9-one, is recognized for its diverse pharmacological activities.?*?! Its
biological functions, attributed to its molecular structure, include
antibacterial,’®?  anti-inflammatory,”®  a-glucosidase inhibitory,?!
antiviral,’”> and anticancer properties.*?> Several studies have
highlighted the anticancer potential of xanthone derivatives. Tang et
al. (2016) identified novel xanthone derivatives with notable anticancer
activity against A549, HepG2, HT-29, PC-3, and HL-7702 cell lines,
To whom correspondence should be addressed with IC50 values ranging from 3.90 to 10.0 uM.?® Huang et al. isolated
Email: lathifah.puji@unpad.ac.id and characterized two xanthones — 1,7-dihydroxy-2-methoxy-3-(3-

Cancer, a complex group of illnesses characterized by uncontrolled
cell proliferation and abnormal cell dissemination, poses a significant
challenge to human health.'~* Genetic and epigenetic alterations cause
disruptions in vital cellular functions, such as the activation of oncogenes
and suppression of tumor-suppressor genes.>* These irregular cellular
behaviors result in the formation of tumors that invade nearby tissues
and organs, interfering with normal physiological processes. Cancer
progression involves a multifaceted sequence of events, including
cellular proliferation, tissue invasion, angiogenesis, and metastasis
to distant body regions.> Intricate intracellular signalling networks
govern these processes. Changes within these pathways, such as
mutations affecting cyclin-dependent kinases (CDK/Cyclins), can drive
the accelerated growth of malignant cells.”

Cyclin-dependent kinase 2 (CDK2) primarily interacts with cyclins
A, B, and E, which are pivotal in regulating the cell cycle, particularly
during the GI to S phase transition. In normal, healthy cells, CDK2 is
not essential, as CDK1 can perform its functions by compensating or
mimicking specific roles.* However, CDK2 is critical for the proliferation
and progression of cancer cells.?’ Similarly, the epidermal growth factor
receptor (EGFR), located on the surface of epithelial cells, is part of
the tyrosine kinase receptor family. It is activated by natural ligands
like epidermal growth factor (EGF), initiating signalling pathways that
restore normal cellular functions. Overexpression of EGFR, however,
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methylbut-2-enyl)-9H-xanthen-9-one and 1-hydroxy-4,7-dimethoxy-
6-(3-oxobutyl)-9H-xanthen-9-one — that showed moderate cytotoxicity
against KB and KBv200 cells.” Fatmasari et al. (2022) demonstrated that
hydroxyxanthone derivatives effectively inhibited WiDr, MCF7, and
HeLa cancer cells, highlighting the role of hydroxyl groups in enhancing
anticancer activity.® Similarly, Miladiyah et al. (2018) explored the
biology, QSAR analysis, and molecular docking of xanthone derivatives
on HeLa and WiDr cells, reporting ICs, values between 0.049 and 0.960
uM. They confirmed the positive impact of hydroxyl group inclusion on
anticancer efficacy through in vitro assays.*?

Despite extensive studies on xanthone derivatives, no existing
research has comprehensively investigated their ~molecular
interactions with CDK2 and EGFR proteins using a combination of
molecular docking, molecular dynamics simulations, MM-PBSA
binding energy calculations, and ADMET property predictions. This
study aims to fill this gap by analyzing xanthone derivatives with
hydroxy, amine, dimethylamine, methoxy, and thio substituents to
elucidate their inhibitory mechanisms, binding interactions, and
stability at the active sites of these target proteins. The integration of
these computational approaches provides a deeper understanding of
the structure-activity relationship, offering insights into the potential
of xanthone derivatives as selective kinase inhibitors. Furthermore,
this study provides a predictive framework for assessing the anticancer
activity of xanthone derivatives before conducting laboratory-scale
experiments, thereby optimizing the drug discovery process.

EXPERIMENTAL SECTION
Material

The intended crystal protein structures were extracted from the protein
data bank (www.rcsb.org) (CDK2 PDB ID: 2UZO and EGFR PDB ID:
1M17). The target proteins were created by eliminating cofactors and
water molecules from their structure, employing the UCSF Chimera
software.30 A series of xanthone derivatives was used as ligands, and
their chemical structures are shown in Figure 1.

Optimizing Xanthone Derivatives

The xanthone derivatives (X1-X6) were represented as three-
dimensional (3D) structures using Avogadro software.’! Subsequently,
their structures were optimized using Orca software using a DFT
B3LYP 3-21G method and saved in the .pdb format.?>*

Molecular Docking

The crystal structures of complex CDK (PDB ID: 2UZO) and EGFR
Protein (PDB ID: 1M17) were obtained from the RSCB Protein Data
Bank (www.rcsb.org). The Chimera software was utilized to create
and save the protein and native ligand structures as files in the PDB
format. The structures of the xanthone derivatives were created using
Avogadro software and subsequently optimized using Orca software
using a DFT B3LYP 3-21G method. The optimized structures were
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Figure 1: Xanthone derivative’s chemical structure.

saved in the .pdb format. AutoDock4 was used to perform docking
simulations and redocking.>** The CDK2 protein was positioned
within a grid box with dimensions of 40x40x40 A, and the center grid
box of 11.34x-8.22x9.73 A in the x, y, and z directions, whereas the
EGFR protein was positioned within a grid box of 42x40x40 A and
the center grid box of 21.69x0.30x52.09 A. The Lamarckian Genetic
Algorithm (LGA) was employed for 40 runs of docking, and the
resulting molecular docking results were shown using BIOVIA
Discovery Studio Visualizer (DSV).%

Molecular Dynamics Simulation and MM-PBSA Free Ener-
gies Calculation

The GROMACS 2020 software performed molecular dynamics
simulation for X1-X6, doxorubicin, and natural ligands against CDK2
and EGFR protein.?”* The simulation process was conducted using the
GROMACS 2020 software.*# The molecular dynamics simulation
of xanthone complexes employed the Charmm36 force field. The
cgenff server was used to generate ligand topology parameters for
every molecule.”’ After applying PBC (periodic boundary condition)
to replicate the system, positive and negative ions were added to the
box to neutralize it. Reduction in size steepest descent method for
one ns was used to determine the energy, and minimization stopped
when the energy reached 100 kJ/mol. At 300 K and 1 atm, NVT and
NPT ensembles were run for one ns each with a dt of 2 fs. The system
conditions were precisely controlled under isotropic conditions. The
long-range electrostatic interactions were handled using the Particle
Mesh Ewald (PME) method, while the modified Berendsen thermostat
facilitated temperature coupling through the v-rescale algorithm.*
The MD production data were gathered under the same conditions for
50 ns. The results of the MD simulation included the hydrogen bond,
RG (radius of gyration), RMSF (root mean square fluctuation), and
RMSD (root mean square deviation).

Physicochemical and ADMET properties

ADMET refers to the biological processes involved in the absorption,
distribution, metabolism, excretion, and toxicity of medicine in an
organism. The ADMET descriptors in Discovery Studio 3.5 (Accelrys)
were used to predict these attributes. The pkCSM web server received
the uploads of xanthone derivatives X1-X6 in SMILES format, one
at a time.'**? The physicochemical and ADMET parameters were
determined by selecting the ADMET menu. Subsequently, the pkCSM
presented the statistics for each drug, encompassing Lipinski’s rule of
five: absorption, distribution, metabolism, excretion, and toxicity.

RESULTS AND DISCUSSION
Redocking against CDK2 and EGFR Protein

Molecular docking simulations were conducted for six xanthone
derivatives targeting two anticancer proteins, CDK2 and EGFR. The
Root-Mean-Square Deviation (RMSD) values, which measure the
accuracy of docking simulations, consistently remained below 2 A
(39). This demonstrates the reliability of the docking parameters
employed in this study. The precision of these results enhances the
validity and credibility of the findings, boosting confidence in the
outcomes. A redocking analysis for the CDK2 protein showed that
the native ligand, C62, exhibited a binding energy of -9.49 kcal/mol
with an RMSD value of 1.52 A. Similarly, erlotinib, the native ligand
for EGFR, displayed a binding energy of -7.05 kcal/mol with an
RMSD value of 1.59 A. Both RMSD values below 2 A confirm that the
docking methodology and parameters used were sufficiently accurate
for investigating the molecular docking of xanthone derivatives.
Figure 2 shows the native ligand’s overlapping structure with the
ligand redocking results.
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Molecular Docking Study of Xanthone Derivatives Against
CDK2 Protein

The docking analysis was conducted to provide a visual understanding
of the interaction between xanthones and the CDK2 protein target,
offering insights into their potential mechanism of action. The
xanthone derivatives (X1-X6) were docked into the same binding site
as the native ligand of the CDK2 protein receptor. These compounds
were positioned within the active region of the CDK2 protein to
evaluate their potential interactions as anticancer candidates. The
CDK2 protein structure, available in the Protein Data Bank (PDB),
includes a ligand identified as 4-{5-[(Z)-(2,4-dioxo-1,3-thiazolidin-5-
ylidene)methyl]furan-2-yl}benzenesulfonamide, referred to as C62.

Table 1 shows that the binding energies of the xanthone derivatives
(X1-X6) ranged from -6.69 to -7.39 kcal/mol. These binding energies
were higher than those of C62 (-9.49 kcal/mol) and doxorubicin
(-7.84 kcal/mol), indicating that the xanthones exhibited lower
inhibitory activity against the CDK2 protein compared to C62 and
doxorubicin. Additionally, the presence of different functional
groups influenced the binding energy values. Among the derivatives,
the dimethylamine group in compound X3 demonstrated the most
favorable binding energy of -7.39 kcal/mol, surpassing compounds X1
(-7.04 kcal/mol) and X2 (-6.69 kcal/mol).

Figure 2: The overlapping structure of the native ligand (white) to the docking
result ligand (blue) (a) CDK2 and (b) Erlotinib.
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Figure 3 shows the 2D diagram of various interactions between the
residues and the ligand, such as hydrogen bonds, atomic charge, and
Pi-sigma interactions. The difference in the binding affinity values of
each compound is influenced by the types of bonds formed during the
docking process. The inhibitory activity of xanthone can be attributed
to two primary factors: Hydrogen bonding and pi-sigma interactions.
Hydrogen bonds play a crucial role in determining the binding affinity
due to their higher energy compared to hydrophobic bonds.!* This
higher energy contributes significantly to the stability and strength
of the interactions between the compounds and the target protein.
Native ligand C62 and doxorubicin interacted with Lys33, Leu83,
Asp86, Asp145, and Ile10. The hydrogen bond formation of xanthone
derivatives is analogous to that of the native ligand C62, occurring with
the amino acid residues Asp86, Asp145, and Lys33. These interactions
indicate that xanthone derivatives (X1-X6) exhibit equivalent
inhibitory activity against the CDK2 protein as the C62 ligand.

Molecular Docking Study of Xanthone Derivatives Against EGFR
Protein

We also examine the anticancer activity of xanthone derivatives (X1-
X6) against the EGFR protein. The Epidermal Growth Factor Receptor
(EGFR) is a transmembrane protein classified within the ErbB/HER
family of tyrosine kinase receptors. Somatic mutations and excessive
expression of EGFR have been documented to have a crucial impact
on the growth and advancement of cancer cells, encompassing cell
proliferation, differentiation, angiogenesis, apoptosis, and metastasis.
Therefore, EGFR is an important therapeutic target for treating
different epithelial malignancies. The X1-X6 was docked in the
same position as the native ligand of the EGFR protein receptor. As
shown in Table 1, the binding energy of xanthone derivatives (X1-
X6) falls within the range of -6.25 to -6.85 kcal/mol. The compounds
exhibited higher binding energies compared to the ligands erlotinib
(-7.05 kcal/mol) and doxorubicin (-10.23 kcal/mol), suggesting that all
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Figure 3: The 2D image of the interactions between the ligands (a) C62, (b) Doxorubicin, and (c) X3.
Table 1. The binding energy of C62, erlotinib, doxorubicin, X1-X6, against CDK2 and EGFR
Compound Protein CDK Protein EGFR
Binding Energy (kcal/mol) H-bond Binding Energy (kcal/mol) H-bond
X1 -7.06 Asp86, Asp145, Leu83 -6.25 Thr766, Lys721, GIn767, Met769
X2 -6.69 Lys33, Asp86, Asp145 -6.61 Pro770, GIn767, Met769
X3 -7.39 Glu81, Lys33, Leu83, Ile10 -6.85 Pro770, GIn767, Met769
X4 -7.05 Asp86, Asp145, Lys33, Leu83 -6.74 Thr766, Met769, Asp831, Lys721, Glu738
X5 -7.30 Asp145, Leu83, Asp86 -6.54 Thr766, GLu738, Asp831
X6 -7.04 Asp86, Leu83, Aspl145 -6.84 Asp831, Lys721, Glu738, Met769
C62 -9.49 Asp86, Asp145, Lys33 - -
Erlotinib - - -7.05 Met769, Cys773
Doxorubicin -7.84 Leu83, Asp145, Ile10 -10.23 Asn818, Arg817, Asp831, Thr830, Met769
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Figure 4: The 2D graphic depicts the interactions of three ligands: (a) Erlotinib, (b) doxorubicin, and (c) X3.

xanthones had weaker inhibitory action against the EGFR protein than
erlotinib and doxorubicin. Moreover, the presence of various functional
groups impacted the binding energy value in comparison to other
substituents. Compound X3 had the most favorable binding energy
(-6.85 kcal/mol) among the three compounds, X1 (-6.25 kcal/mol) and
X2 (6.61 kcal/mol), due to the presence of the dimethyl amine group.

The 2D interaction of erlotinib, doxorubicin, and X3 compound
over the EGFR are shown in Figure 4, respectively. The X1-X6
complex firmly adheres to the active site of EGFR. Establish primary
amino acid interactions with the following residues: Thr766, Lys721,
GIn767, Met769, Pro770, Asp831, and Glu738. These amino acid
residues have a crucial function in predicting the binding site of
EGFR and the mechanism of catalysis. The xanthone derivatives form
hydrogen bonds and van der Waals interactions with specific amino
acids (Met769, Lys721, Asp831, Arg817, Thr766) in the EGFR binding
pocket. The ligand-EGFR complexes naturally lead to inter- and intra-
molecular interactions, including hydrogen bonding, pi-pi stacking, pi-
cation, and salt bridge formation.?” It was reported that the interactions
with key amino acid residues of EGFR, i.e., Gly695, Gly700, Glu767,
Met769, Asp831, Gly833, Arg812, Asp818, and Tyr845, were pivotal to
the suppression of cancer cell division.*® The X3 compound exhibited a
-6.85 kcal/mol binding energy while establishing the hydrogen bonding
interaction with Pro770, GIn767, and Met769. It was found that the
X3 compound has the lowest binding energy of the other xanthone
derivatives, indicating that the dimethylamine substituent in the
xanthone core influences the anticancer activity. The findings suggest
that X1-X6 can deactivate the EGFR protein receptor and inhibit the
proliferation of cancer cells. The xanthone derivatives X1-X6 exhibit
variations in their molecular size, conformation, physicochemical
properties, and pharmacokinetic profiles.!” Other research groups have
discovered that these variations can potentially overcome doxorubicin
resistance in specific cancer cells.*>#

Molecular Dynamics Simulation of Xanthone Derivatives
against CDK2 Protein

To further validate the interaction of docking conformers, the
molecular dynamics (MD) simulation was performed to analyze the
interaction of amino acid residues. We did the 50 ns MD between
the CDK2 protein and its native ligand, doxorubicin, and the X1,
X2, X3, and X5 xanthone derivatives. The MD simulation results
gave some information, including the Root Mean Square Deviation
(RMSD) of ligand and complex with protein, the Root Mean Square
Fluctuation (RMSF) of the simulation system backbone, the Radius
of Gyration (Rg), and the hydrogen bond. As shown in Figure 5a, the
RMSD values of the ligands are in the range of 0.25 to 2 A., indicating
limited movement within the proteins active site and consistent
ligand-protein interactions over the 50 ns simulation.* Subsequently,
doxorubicin and C62 showed higher RMSD complex compared to
compounds X1-X3 and X5 (Figure 5b). Notably, doxorubicin exhibits
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Figure 5: (a) The RMSD ligand and (b) RMSD complex of C62, doxorubicin,
X1-X3, and X5.

a significant increase in RMSD after 15 ns, jumping from 3 A to 7.5-9
A, suggesting that the doxorubicin complex is less stable compared
to the C62, xanthones X1-X3, and X5. The stability of doxorubicin
declines markedly after 15 ns. In contrast. the RMSD values for
C62 show several significant increases. at 7, 17, and 32 ns, whereas
such fluctuations are not observed for the X1-X3 and X5 xanthone
derivatives. Among these, the X3 compound displays the lowest
RMSD values, consistently 2 A, making it the most stable ligand
complex in this study.

The Root Mean Square Fluctuation (RMSF) quantifies the
divergence of atomic positions from their initial coordinates, serving
to verify the accuracy of the radius of gyration (Rg) measurements
and detect local alterations in protein chain residues resulting from
ligand binding. The RMSF readings indicate that the backbone
system’s fluctuations correlate with RMSD values. Peaks with high
RMSF values during the simulation denote significant fluctuations,
suggesting less stable ligand-protein interactions for values greater
than 2.5 A. Among the xanthone derivatives, the X5 compound
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exhibits the most points with RMSF values exceeding 2.5 A (3.0, 3.5,
and 4.5 A), followed by doxorubicin. In contrast. the native ligand
(C62), X1, X2, and X3 all maintain RMSF values below 2.5 A (Figure
6a). Notably, the X3 compound achieves the lowest RMSF values,
consistent with its RMSD results. underscoring its superior stability as
a ligand complex. This finding is supported by the radius of gyration
(Rg) measurements, where the X3 compound consistently shows
a stable value of 19.6 A (Figure 6b). In contrast, the X5 compound
exhibits the most fluctuating Rg values. It indicates that the protein
tends to be highly compact and difficult to fold. These observations
further reinforce the stability of the X3 compound compared to the
other xanthone derivatives.

The total and intramolecular hydrogen bonds were analyzed from
the simulated trajectories (Figure 7). The X3 compound exhibited the
highest average number of hydrogen bonds compared to doxorubicin
and ligand C62. Notably. the average intramolecular hydrogen bonds
for the X3 compound remained constant over 50 ns, indicating stable
interactions. In contrast, Doxorubicin showed a significant increase in
the average number of hydrogen bonds between 15-25 ns, reflecting
more variable binding dynamics. These results highlight the superior
and consistent binding stability of the X3 compound. The combined
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Figure 6: (a) RMSF and (b) Radius of gyration of C62, doxorubicin, X1-X3,
and X5.

Table 2: MM-PBSA binding energy of C62, doxorubicin, X1-X3, and X5

results of molecular dynamics (MD) simulations and molecular
docking studies support the stability of the studied complexes under
physiological conditions.’* These findings confirm that the X3
compounds are credible CDK2 inhibitors.

The binding energies were computed utilizing the MM-PBSA
methodology. The van der Waals, electrostatic, polar solvation, SASA,
and binding energy were calculated for the last 30 nanoseconds of the
molecular dynamics (MD) trajectory. According to the data presented
in Table 2, chemical X3 had the lowest binding energy (-51.35 kj/mol),
indicating the most stable association with the CDK2 protein.

Molecular Dynamics Simulation of Xanthone Derivatives
against EGFR Protein

The native ligand erlotinib, doxorubicin, and several xanthone
derivatives (X1-X6) were studied for their interactions with the EGFR
protein through a molecular docking study. Among the xanthone
derivatives, compounds X3, X4, and X6 were selected for further
molecular dynamics simulation due to their lower binding energies.
Compounds X3, X4, and X6 were selected for further molecular
dynamics simulation due to their lower binding energies among the
xanthone derivatives. Figure 8a demonstrates that the root mean
square deviation (RMSD) of all ligands falls within the range of 0.5 to
2 A. The results demonstrated that the ligands were stationary within
the protein’s active area, suggesting that they consistently interacted
with the active site over the whole 50 ns simulation.

The RMSD complex revealed that compounds X3 and X4 exhibited
greater stability compared to X6 (Figure 8b). Specifically, X6 showed a
gradual increase in RMSD after 25 ns, with a significant rise after 40 ns.
Meanwhile, after 5 ns, compounds X3 and X4 had a consistent RMSD
value during the rest of the simulation time. Although the RMSD
values for X3, X4, and X6 were lower than those for doxorubicin, they
were higher than those for erlotinib.

10

Chart Area

L —X§
—Doxorubicin
—c62

H-bond
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Figure 7: The hydrogen bond of ligand C62, doxorubicin, X1-X3, and X5.

Compound van der Waal’s energy Electrostatic energy Polar solvation energy SASA energy Binding energy

p (kJ mol") (kJ mol ) (kJ mol) (kJ mol") (kJ mol )

X1 -112.43 -60.93 142.84 -13.75 -44.27
(+12.33) (£20.91) (£ 18.64) (£ 0.657) (£ 15.46)

X2 -121.52 -80.67 183.38 -15.46 -34.27
(+12.81) (+12.83) (+18.74) (£0.87) (£ 14.66)

X3 -139.67 -81.74 186.52 -16.45 -51.35
(+ 11.29) (* 11.31) (*13.07) (+0.68) (+15.12)

X5 -132.08 -27.32 109.89 -13.43 -62.94
(£8.62) (+8.30) (£ 13.41) (£0.76) (£ 10.05)

c6 -129.38 -78.01 170.75 -15.53 -52.17
(+12.26) (£13.73) (£19.901) (£0.86) (£ 12.16)
Doxorubicin -120.27 -25.71 331.256 -16.64 (168.63)
(+13.30) (£52.16) (£ 62.43) (£ 1.18) (£25.33)
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Figure 8: (a) The RMSD ligand and (b) RMSD complex erlotinib, doxorubicin,
X3, X4, and X6.

The RMSF graph presented in Figure 9a, indicates the stability
of ligand-protein interactions with less stable bonds characterized
by RMSF values greater than 2.5 A. Erlotinib, doxorubicin, and the
xanthone derivatives X3, X4, and X6 all exhibited RMSF values
exceeding this threshold. Despite these high RMSF values, the
xanthone derivatives showed a comparable pattern of amino acid
fluctuations to both erlotinib and doxorubicin. This suggests that the
binding interactions of the compounds with the EGFR protein were
similar. Furthermore, the X4 compound complexes demonstrated the
most consistent radius of gyration (Rg) values, mirroring the patterns
observed with the native ligand erlotinib and doxorubicin (Figure
9b). This consistency indicates that X4 maintained stable interactions
within the protein’s active site, reinforcing the idea that its binding
interactions were similar to those of the native ligand and doxorubicin.

The total and intramolecular hydrogen bond analysis from the
simulated trajectories (Figure 10) revealed distinct interaction
patterns. The doxorubicin demonstrated the highest average number
of hydrogen bonds compared to the other tested ligands, including
erlotinib, X3, X4, and X6 compounds. The intramolecular hydrogen
bonds for the X3 and X4 compounds remained stable over the
entire 50-ns simulation period, indicating strong and consistent
interactions. In contrast, the X6 compound fluctuated the number
of hydrogen bonds. Suggesting less stable binding dynamics. These
findings underscore the robust binding stability of the X4 compound.
The integration of molecular dynamics simulations and molecular
docking results confirms the reliability of the X4 compound as an
effective EGFR inhibitor under physiological conditions.

The binding energy of the MM-PBSA was calculated during the last
30 nanoseconds. As presented in Table 3, Xanthones X3 (-57.96 kJ/
mol), X4 (-72.14 kJ/mol), and X5 (-58.24 kJ/mol) exhibited lower
binding energies than erlotinib (-36.05 kJ/mol), suggesting a more
stable interaction between the xanthones and the EGFR protein.

Pharmacokinetic Properties of Xanthone Derivatives

The ADMET and physicochemical results of xanthone derivatives were
retrieved from the pkCSM website. The physicochemical of the drug
candidate should have the following characteristics molecular weight
<500 daltons, the logarithm of the octanol-water partition coefficient
(log P) <5, rotatable bonds (ROTB) <10, hydrogen bond acceptor
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Figure 9: (a) RMSF and (b) Radius of gyration for erlotinib, doxorubicin, X3,
X4, and X6.
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Figure 10: The hydrogen bonds of erlotinib, doxorubicin, X3, X4, and X6.

(HBA) <10, hydrogen bond donor (HBD) <5, and polar surface area
(PSA) <140 A according to Lipinski’s rule of five.*> Only compounds
X5 and X6 do not fulfill the H-bond donor parameters (Table 4).

An ADMET research evaluates the pharmacokinetics of a drug,
particularly when examining the possible toxicity, metabolism,
distribution, absorption, and excretion of small-molecule medicines
(Table 4). The Caco-2 is commonly used as an in vitro model of
the human mucosa to predict the absorption of oral medications in
the absorption parameter. A drug is considered to have high Caco-
2 permeability if its readings exceed 0.90. Compound X4 and X6
exhibit Caco-2 permeability values above the optimum threshold.
The Intestinal Absorption (IA) parameter estimates the fraction
of a drug absorbed by the human intestines. An absorption rate of
80% is deemed favorable, whereas a rate below 30% is regarded as
unfavorable. All xanthones meet those criteria, indicating that they
are easily absorbed.

The volume distribution (VDss) refers to the overallamount ofadrug
in the body and is characterized by a low value (log VDss < -0.15).%
All compounds exhibit a lower log VDss value than -0.15, indicating
that all ligand has poor volume distribution. The quantification of
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Table 3: MM-PBSA binding energy of erlotinib, doxorubicin, X3, X4, and X5

Compound van der Waals energy Electrostatic energy Polar solvation energy SASA energy Binding energy
P (k] mol ™) (k] mol*) (kJ mol™) (k] mol ™) (kJ molt)
X3 -88.53 -15.47 57.19 -11.15 -57.96
(+7.98) (+15.59) (£ 16.08) (+0.99) (+12.56)
x4 -142.62 -25.31 111.17 -15.38 -72.14
(+7.50) (£7.97) (£12.51) (*0.67) *11.77)
X6 -118.89 -32.87 106.79 -13.26 -58.24
(+14.28) (+35.76) (£39.88) (+1.33) (+15.95)
Exlotinib -157.17 -28.14 169.29 -19.93 -36.05
(£11.92) (£9.17) (£ 14.74) (= L.11) (+13.19)
Doxorubicin -149.50 -456.94 467.10 -19.50 -158.85
(£ 16.60) (£43.32) (£38.33) (£ 1.18) (£25.54)
Table 4: Physicochemical and ADMET properties of compounds X3-X6
Compound
Properties
X3 X4 X5 X6
Molecular weight 287.271 276.269 308.336 291.284
log P 2.129 2.352 2.640 1.934
Rotatable bond 1 0 0 0
Physicochemical
H-bond acceptor 6 6 7 7
H-bond donor 3 4 5 5
Surface area 118.633 111.299 122.454 116.639
CaCO, permeability -0.184 1.054 1.208 -0.628
Absorption Intestinal absorption 89.586 96.383 98.978 81
Skin permeability -2.736 -2.735 -2.735 -2.735
VDss -0.224 -0.417 -0.483 -0.608
Distribution BBB permeability -1.007 -1.758 -1.963 -1.774
CNS permeability -2.353 -2.504 -2.489 -2.673
CYP2D6 substrate No No Yes No
CYP3A4 substrate No No No No
Metabolism
CYP2D6 inhibitor No No No No
CYP3A4 inhibitor No No No No
Total clearance 0.391 0.269 0.295 0.287
Excretion
Renal OCT?2 substrate No No No No
AMES Toxicity Yes Yes Yes Yes
Max. Tolerated dose 0.713 0.748 0.695 0.736
hERG I inhibitor No No No No
Toxicity
hERG II inhibitor Yes No No Yes
Hepatoxicity No No No No
Skin sensitization No No No No

blood-brain barrier permeability elucidates how much drug can pass
across the barrier. It has been found that molecules with a logBB value
more than 0.3 are readily taken up by the brain, but those with a logBB
value less than -1 are not equally distributed inside it. The blood-
brain permeability-surface area product (logPS), also known as CNS
permeability, is an additional method used to measure the permeability
of the blood-brain barrier. None of the xanthone derivatives can pass
the blood-brain barrier and reach the central nervous system.
Compounds X3, X4, and X6 were shown to be unsuitable as
substrates for CYP2D6 and CYP3A4 enzymes based on their metabolic
properties. Nevertheless, none of the ligands exhibit inhibitory activity
against these substrates. The metabolism of cytochrome P450 is
contingent upon the presence of these two substrates. Cytochrome

P450, the crucial enzyme responsible for detoxification in the human
body, is predominantly located in the liver. Subsequently, the excretion
data indicated that while none of the xanthones exceeded the Renal
Organic Cation Transporter 2 (OCT2) requirement, their total
clearance values varied between 0.269 and 0.391.

The toxicity characteristics indicated that all derivatives of
xanthones possess mutagenic potential. The maximum recommended
tolerated dose (MRTD) is the highest dosage limit of a hazardous
substance that humans may safely tolerate. The MRTD value was high
for all substances. Potassium channel blockage by hERG expression
is a prominent factor in the development of long QT syndrome,
resulting in cardiac arrhythmia and potential fatality. None of the
compounds had any inhibitory effect on hERG I. Drug-induced liver
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damage is a significant cause of drug attrition and a critical safety
problem in the development of new therapies. Consequently, there is
a correlation between hepatoxicity and liver damage, and the liver did
not exhibit any deviation from the predicted values for any chemical.
Furthermore, the expected skin sensitivity could be enhanced. None
of the xanthones exhibits any impact on hepatoxicity or skin.

CONCLUSION

In conclusion, our comprehensive study utilizing molecular docking,
molecular dynamics simulations, binding energy calculation with the
MM-PBSA method, and ADMET properties identified xanthones X3
and X4 as highly effective and stable ligands with significant inhibitory
activity against both CDK2 and EGFR proteins. The xanthone
derivatives, particularly X3 and X4, demonstrated superior stability
compared to doxorubicin, underscoring their potential as therapeutic
agents. These findings support the credibility of compounds X3 and
X4 as promising candidates for further development in treating
cancers involving CDK2 and EGFR dysregulation.
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