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Introduction

Cancer is the second leading cause of death, following 
cardiovascular illnesses. In 2020, there were almost 19.3 
million new diagnoses of cancer and nearly 10 million 
deaths due to cancer [1]. Colorectal cancer is the third 
most frequent and second deadliest cancer worldwide 
[2]. In 2018, there were approximately 1.8 million new 
cases of CRC, resulting in 0.9 million deaths. Early 
detection of colorectal cancer increases 5-year survival 
to 90%. However, if patients have distant metastasis at 
diagnosis, the 5-year survival rate reduces to just 10% [3]. 
Therefore, there is no reason not to make significant efforts 
to decrease the number of active cases of colorectal cancer 
and its rate of mortality in the coming years.

Several standard chemotherapy drugs used to cure 
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and treat colorectal cancer have been made commercially 
available worldwide.  Common chemotherapy medicines, 
such as doxorubicin, can potentially be utilized for the 
treatment of colorectal cancer; however, they suffer from 
limited targeting and low selectivity [4]. As a result, there 
is an increasing interest in discovering novel anticancer 
drugs to address this issue.

Cancer growth is a complex series of events involving 
cell growth, blood vessel formation, invasion, and spread 
to other parts of the human body [5]. Extensive networks 
of communication inside cells regulate these processes. 
Mutations in these pathways, including those affecting 
cyclin-dependent kinases (CDK2/Cyclins), can stimulate 
the rapid growth of cancer cells [6]. CDK2 mainly 
engages with cyclins A, B, and E, playing a crucial role 
in regulating the cell cycle. The G1 to S phase transition 
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in the cell cycle of cells is responsible for this. CDK2 
plays a crucial role in the proliferation and advancement 
of cancer cells [7]. Furthermore, three colon cancer 
cell lines, DLD-1 HCT116, and HCT15, demonstrate 
significantly elevated expression of CDK2 relative to 
“normal” human colon epithelial cells. This suggested 
that CDK2 could serve as a potential therapeutic target 
for colon cancer therapy [8].

The function of the epidermal growth factor receptor 
(EGFR) in cancer growth and survival is frequently 
underestimated [9]. The EGFR is a tyrosine kinase 
receptor from the ErbB protein family. Ligand binding to 
the tyrosine kinase domain stimulates signaling pathways 
that regulate cell proliferation, angiogenesis, survival, 
migration, and adhesion. Considering that these pathways 
are vital for the survival of cancer cells, EGFR is a key 
target in the treatment of colorectal carcinoma metastases 
[10]. Inhibiting these protein receptors prevents cancer 
cells from spreading and growing in number, causing 
cancer cell death. This mechanism provides valuable 
insight into the design and development of novel colorectal 
anticancer pharmaceuticals that will eventually replace 
doxorubicin.

Hundreds of chemotherapy drugs have been developed 
and produced in the last few years [11, 12]. Among 
them, xanthone derivatives have demonstrated potential 
anticancer action in vitro, in vivo, and even in clinical 
studies [13]. The xanthone has a simple chemical 
structure and may associate with various protein 
receptors, providing a broad range of anticancer agents 
based on the position, number, and type of the attached 
functional groups. QSAR analysis on several hydroxy 
group substituted xanthone derivatives obtained IC50 
predictions against WiDr cells ranging from 0.011 to 
5.498 µM [14]. The in vitro study of hydroxyxanthone 
derivatives in treating WiDr, MCF7, and HepG2 cancer 
cells revealed that the addition of one hydroxyl group 

increased the potency of the anticancer activity [15, 16]. 
There is currently no published information on molecular 
docking, molecular dynamics simulation, or MM-PBSA 
binding energy calculations for xanthone derivatives with 
hydroxy and other alkoxy functional groups. The aim 
of this study was to investigate seven hydroxyxantone 
derivatives to determine their inhibitory mechanisms, 
interactions, and stability towards the active sites of 
CDK2 and EGFR proteins. The experiment consisted of 
molecular docking study, molecular dynamics simulation, 
bond energy calculation by MM-PBSA method, and 
ADMET prediction. 

Materials and Methods

Material
The protein tyrosine kinases, i.e., CDK2 and EGFR, 

were obtained from the RSCB Protein Data Bank database 
(www.rcsb.org) with the PDB ID of 2UZO and 1M17, 
respectively. Subsequently, a series of hydroxyxanthone 
derivatives (X1-X7) was used as ligands for an in silico 
study, and their chemical structures are displayed in 
Figure 1.

Molecular Docking
Two protein tyrosine kinases (CDK2, EGFR) were 

prepared using chimera software. The protein and ligand 
were first separated from water molecules. Subsequently, 
both structures were optimized using UCSF Chimera by 
adding hydrogen atoms, assigning appropriate charges, 
and completing any missing side chains. The optimized 
structures were then saved in PDB format for docking 
analysis [17]. Subsequently, the three-dimensional 
structures of the hydroxyxanthone derivatives (X1–X7) 
were constructed using the Avogadro software and 
subsequently subjected to geometric optimization with 
the ORCA program employing the DFT B3LYP/3-21G 

Figure 1. The Structure of Hydroxyxanthone Derivatives X1-X7
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(Rg), and Hydrogen Bond (H-bond).

Calculation of MM-PBSA Energy
The molecular mechanics Poisson-Boltzmann surface 

area (MM-PBSA) studies were performed to determine 
free energy, including van der Waals, electrostatic, polar 
solvation, SASA, and binding energies, during MD 
simulation. The free binding energies were calculated 
using the g_mmpbsa program [30]. The ligand-protein 
MD trajectory data and parameter file were utilized to run 
the g_mmpbsa using a single-step calculation.

ADMET prediction
The optimized hydroxyxanthone derivatives structure 

in PDB format was converted to SMILES format using 
the Discovery Studio Visualizer [31]. Afterward, those 
structures were submitted one by one to the pkCSM 
web server [32]. The physicochemical and ADMET 
parameters were chosen by selecting the ADMET menu. 
Subsequently, the pkCSM server gave information data 
for each compound, including Lipinski’s rule of five, 
absorption, distribution, metabolism, excretion, and 
toxicity. 

Results

Molecular docking of hydroxyxanthones towards the 
CDK2 protein

The compounds X1-X7 and doxorubicin were docked 
in the same position with C62 as a native ligand of the 
CDK2 protein. Table 1 displays the binding energy results 
between hydroxyxanthones X1-X7, native ligand C62, and 
doxorubicin with the CDK2 protein. Figure 2 shows the 
2D interaction of compound X7, native ligand C62, and 
doxorubicin against CDK2 protein. 

method [18, 19]. The optimized structures were saved 
in the PDB format. The molecular docking study of 
hydroxyxanthone derivatives started with the redocking 
process. AutoDock4 software was used for redocking 
and docking analysis of EGFR and PDGFR proteins in 
42×40×40 Å and 40×40×50 Å grid boxes, respectively 
[20, 21]. The Lamarckian Genetic Algorithm (LGA) 
was employed for 50 iterations, and the 2D interaction 
structure resulting from molecular docking was visualized 
using Discovery Studio Visualizer (DSV) [22, 23].

Molecular Dynamics Simulation
Molecular Dynamics (MD) simulation was generated 

utilizing the GROMACS 2020 program [24]. Topology 
proteins CDK2 and EGFR were created using the 
charmm36 force for performing MD simulations [25]. 
The topology parameters of hydroxyxanthones were 
completed utilizing the cgenff server (cgenff.com) [26]. 
In these MD simulations, periodic boundary conditions 
(PBC) were utilized as a small representation of the 
real system, which in this system used a cubic unit 
cell shape. Subsequently, the energy minimization was 
performed with the steepest descent for 1 ns; minimization 
was terminated when the energy reached 10 kJ/mol. 
Equilibration was performed using the NVT and NPT 
systems with system conditions for 1 ns each with dt 2 fs 
at 300 K and 1 atm. System conditions were controlled 
as isotropic, PME (Particle Mesh Ewald) for long-range 
electrostatic, and v-rescale of modified Berendsen 
thermostat were conducted for temperature coupling [27-
29]. MD Production of hydroxyxanthones against CDK2 
and EGFR proteins was conducted for 200 ns under the 
same conditions. The results of a 200-ns MD simulation, 
including Root Mean Square Deviation (RMSD), Root 
Mean Square Fluctuation (RMSF), Radius of Gyration 

Figure 2. The 2D Interactions of compound (a) ligand C62, (b) doxorubicin, and (c) X7 against CDK2 protein
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Figure 3. The 2D Interactions of Compound (a) ligand Erlotinib, (b) doxorubicin, and (c) X7 against the EGFR protein 

Figure 4. (a) The RMSD ligand and (b) RMSD complex of C62, doxorubicin, and compounds X3, X4, X6, and X7

Molecular docking of hydroxyxanthones towards the 
EGFR protein

The compounds X1-X7 and doxorubicin were docked 
in the same position as erlotinib, a native ligand of the 

EGFR protein. Table 2 displays the binding energy 
results between hydroxyxanthones X1-X7, native ligand 
erlotinib, and doxorubicin with the EGFR protein. Figure 3 

Compound Binding Energy 
(kcal/mol)

H-bond

X1 -7.25 His84, Leu83, Glu81

X2 -7.26 His84, Leu83, Glu81, Asp86

X3 -8.14 His84, Leu83, Glu81

X4 -7.87 His84, Leu83, Glu81, Lys33

X5 -7.41 His84, Leu83, Glu81, Lys33, Asp86

X6 -7.97 His84, Leu83, Glu81

X7 -8.57 His84, Leu83, Glu81

C62 -9.49 Asp86, Asp145, Lys33

Doxorubicin -7.84 Leu83, Asp145, Ile10

Table 1. The Binding Energy of X1-X7, Ligand C62, 
Doxorubicin against CDK2 Protein Compound Binding 

Energy 
(kcal/mol)

H-bond

X1 -7.01 Asp831, Lys721, Thr766, Met769

X2 -7.23 Asp831, Lys721, Thr766, Met769

X3 -7.52 Asp831, Lys721, Met769

X4 -7.17 Asp831, Lys721, Thr766, Met769

X5 -7.29 Asp831, Lys721, Thr766, Met769

X6 -6.79 Asp831, Lys721, Gln767, Met769

X7 -8.31 Asp831, Lys721, Thr766, Met769

Erlotinib -7.05 Met769, Cys773

Doxorubicin -10.23 Asn818. Arg817. Asp831. Thr830. Met769

Table 2. The Binding Energy of X1-X7, Ligand Erlotinib, 
and Doxorubicin against the EGFR Protein 
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Figure 5. (a) RMSF and (b) Radius of gyration of C62, doxorubicin, and compounds X3, X4, X6, and X7 

Figure 6. The Hydrogen Bond of Ligand C62, Doxorubicin, and Compounds X3, X4, X6, and X7

shows the 2D interaction of compound X7, native ligand 
erlotinib, and doxorubicin against the EGFR protein. 

Molecular dynamics simulation and MM-PBSA binding 
energy of hydroxyxanthone derivatives toward CDK2 
Protein

A 200-ns molecular dynamics simulation was 
performed involving the native ligand (C62), doxorubicin, 
and hydroxyxanthones X3, X4, X6, and X7 against 
the CDK2 protein. The stability of the ligand-protein 
complex was measured using the root mean square 
deviation (RMSD) of the ligand and protein complex 

(Figure 4), the root mean square fluctuation (RMSF) of 
the simulation system backbone (Figure 5a), the radius 
of gyration (Rg) (Figure 5b), and the hydrogen bond 
(Figure 6). Table 3 displays the binding energies of native 
ligand (C62), doxorubicin, and hydroxyxanthones X3, 
X4, X6, and X7 during MD simulation by MM-PBSA 
methodology.

Molecular dynamics simulation and MM-PBSA binding 
energy of hydroxyxanthone derivatives toward EGFR 
Protein

A 200-ns molecular dynamics simulation was 

Compound van der Waal's 
energy 

(kcal/mol)

Electrostatic 
energy 

(kcal/mol)

Polar solvation 
energy 

(kcal/mol) 

Nonpolar 
solvation energy 

(kcal/mol)

Gas-phase 
free energy 
(kcal/mol)

Solvation 
free energy 
(kcal/mol)

Binding 
energy 

(kcal/mol)

X3 -32.90  -13.18 33.64 -3.46 -46.08 30.17 -15.91

X4 -32.77 -31.87 47.79 -3.43 -64.63 44.36 -20.27

X6 -33.73 -15.14 44.36 -4.06 -48.87 40.30 -8.57

X7 -32.74 -7.27 32.78 -3.91 -40.01 28.86 -11.15

C62 -32.57 -39.51 33.08 -3.66 -72.08 29.41 -42.66

Doxorubicin -33.12 9.92 13.35 -4.45 -23.20 8.90 -14.30

Table 3. MM-PBSA Binding Energy of Ligand C62, Doxorubicin, and Compounds X3, X4, X6, and X7 toward CDK2 
Protein
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Figure 7. (a) The RMSD ligand and (b) RMSD complex of erlotinib, doxorubicin, and compounds X2, X3, X5, and X7

Figure 8. (a) RMSF and (b) Radius of gyration of erlotinib, doxorubicin, and compounds X2, X3, X5, and X7

performed involving the native ligand (erlotinib), 
doxorubicin, and hydroxyxanthones X3, X4, X6, and X7 
against the EGFR protein. The stability of the ligand-
protein complex was measured using the root mean square 
deviation (RMSD) of the ligand and protein complex 
(Figure 7), the root mean square fluctuation (RMSF) of 
the simulation system backbone (Figure 8a), the radius 
of gyration (Rg) (Figure 8b), and the hydrogen bond 
(Figure 9). Table 4 displays the binding energies of native 
ligand (erlotinib), doxorubicin, and hydroxyxanthones X3, 
X4, X6, and X7 during MD simulation by MM-PBSA 

methodology.

Pharmacokinetic Properties of Hydroxyxanthones
Table 5 displays the physicochemical and ADMET 

data for hydroxyxanthones X2, X3, X5, and X7. 

Discussion

Molecular docking studies of hydroxyxanthones X1–
X7 were conducted against two types of cancer proteins, 
namely, CDK2 and EGFR. The docking parameters were 

Compound van der Waal's 
energy 

(kcal/mol)

Electrostatic 
energy 

(kcal/mol)

Polar solvation 
energy 

(kcal/mol) 

Nonpolar 
solvation energy 

(kcal/mol)

Gas-phase 
free energy 
(kcal/mol)

Solvation 
free energy 
(kcal/mol)

Binding 
energy 

(kcal/mol)

X2 -32.97 -24.92 48.63 -3.67 -57.90 44.97 -12.93

X3 -27.17 -11.06 27.03 -3.30 -38.22 23.73 -14.49

X5 -35.13 -26.25 41.59 -3.35 -61.37 38.24 -23.13

X7 -35.75 -6.81 20.37 -3.77 -42.55 16.60 -25.96

Erlotinib -40.35 -17.39 30.34 -4.90 -57.74 25.44 -32.30

Doxorubicin -32.06 -168.62 183.19 -4.35 -200.68 178.84 -21.84

Table 4. MM-PBSA Binding Energy of Ligand Erlotinib, Doxorubicin, and Compounds X3, X4, X6, and X7
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Figure 9. The Hydrogen Bond of Ligand Erlotinib, Doxorubicin, and Compounds X2, X3, X5, and X7 

validated in the initial docking step through a redocking 
process. The redocking results revealed that ligand C62 
had a binding energy of -9.49 kcal/mol and an RMSD 
of 1.52 Å. Meanwhile, erlotinib had a binding energy of 
-7.05 kcal/mol with an RMSD value of 1.59 Å. These 
ligands have RMSD values less than 2, demonstrating 
that the docking parameters were sufficiently accurate 
for the molecular docking study of hydroxyxanthone 
derivatives [33, 34].  

The binding energy analysis of the hydroxyxanthone 
derivatives against the CDK2 protein revealed notable 
differences in their binding affinities, reflecting the 
influence of structural variations on ligand–protein 
interactions. Among the tested compounds, X7 exhibited 
the most favorable binding energy of –8.57 kcal/mol, 
suggesting the strongest affinity toward the CDK2 active 
site and a high degree of binding stability. This was 
followed by X3 (–8.14 kcal/mol) and X6 (–7.97 kcal/

Properties Compound
X2 X3 X5 X7

Physicochemical Molecular weight 302.282 300.31 301.254 342.391
log P 2.852 3.361 2.021 4.531
Rotatable bond 3 0 1 4
H-bond acceptor 6 5 6 5
H-bond donor 3 3 4 3
Surface area 124.352 125.604 122.585 144.698

Absorption CaCO2 permeability 0.027 1.32 -0.317 1.132
Intestinal absorption 90.799 95.086 85.695 94.49
Skin permeability -2.736 -2.735 -2.735 -2.735

Distribution VDss 0.032 -1.014 -0.249 -0.643
BBB permeability -1.12 -0.973 -1.422 -1.147
CNS permeability -2.414 -1.887 -2.649 -2.018

Metabolism CYP2D6 substrate No No No No
CYP3A4 substrate No No No No
CYP2D6 inhibitor No No No No
CYP3A4 inhibitor No No No No

Excretion Total clearance 0.251 0.039 0.357 0.334
Renal OCT2 substrate No No No No

Toxicity AMES Toxicity Yes Yes Yes Yes
Max. Tolerated dose 0.818 0.564 0.843 0.667
hERG I inhibitor No No No No
hERG II inhibitor Yes Yes Yes Yes
Hepatoxicity No No Yes Yes
Skin sensitization No No No No

Table 5. Physicochemical and ADMET Properties of Compounds X2, X3, X5, and X7
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mol), both of which demonstrated strong and stable 
interactions indicative of effective engagement with key 
residues within the CDK2 catalytic pocket. Compound 
X4 (–7.87 kcal/mol) and the standard drug Doxorubicin 
(–7.84 kcal/mol) showed comparable binding energies, 
suggesting moderate but meaningful interactions with 
the target protein. In contrast, X1 (–7.25 kcal/mol), X2 
(–7.26 kcal/mol), and X5 (–7.41 kcal/mol) exhibited 
slightly weaker binding affinities, implying reduced 
stabilization within the CDK2 binding site. The reference 
inhibitor C62, with a binding energy of –9.49 kcal/mol, 
displayed the strongest interaction overall, serving as a 
benchmark for comparison. Notably, the binding energy of 
X7 is relatively close to that of the reference compound, 
indicating that this derivative may possess comparable 
inhibitory potential. 

The molecular docking analysis revealed that all 
designed compounds (X1–X7) exhibited stable hydrogen 
bond interactions within the ATP-binding site of CDK2, 
supported by additional van der Waals, alkyl, π–σ, and 
π-alkyl interactions (Figure 2). The hydrogen-bonding 
profiles varied slightly among compounds but consistently 
involved key residues within the active site. Compounds 
X1, X3, X6, and X7 established hydrogen bonds primarily 
with His84, Leu83, and Glu81. Compounds X2 and X4 
additionally formed hydrogen bonds with Asp86 and 
Lys33, residues also engaged by the native ligand C62, 
while X5 displayed the broadest interaction network 
involving His84, Leu83, Glu81, Lys33, and Asp86. 
Subsequently, a native ligand C62 interacted with Asp86, 
Asp145, and Lys33, while doxorubicin formed hydrogen 
bonds with Leu83, Asp145, and Ile10 (Table 1). These 
findings align with crystallographic studies that identified 
Lys33, Glu51, Phe80, Leu83, and Asp145 as essential 
residues for CDK2 function and inhibitor recognition [35, 
36]. The interactions of critical residues such as Lys33 
and  Leu83 by the designed compounds, particularly X2, 
X4, and X5, indicate their potential to emulate the binding 
features of established CDK2 inhibitors. The consistent 
hydrogen bonding with Leu83 and His84, located within 
the hinge region, further supports the structural stability of 
the complexes. Collectively, these results suggest that the 
designed ligands, especially X5 and X7, exhibit favorable 
and specific hydrogen-bonding interactions conducive to 
potent CDK2 inhibition.

The docking results of the hydroxyxanthone derivatives 
against the EGFR protein revealed that X7 exhibited the 
strongest binding affinity (–8.31 kcal/mol), indicating 
the most stable interaction with the active site. While 
compound X3 also showed a favorable binding energy 
(–7.52 kcal/mol), followed by X2, X4, and X5, which 
demonstrated comparable affinities in the range of –7.17 
to –7.29 kcal/mol. In contrast, X1 (–7.01 kcal/mol) and X6 
(–6.79 kcal/mol) displayed slightly weaker interactions. 
The reference inhibitor Erlotinib had a binding energy 
of –7.05 kcal/mol, suggesting that several derivatives, 
particularly X7, may possess stronger inhibitory potential. 
Meanwhile, Doxorubicin showed a markedly higher 
binding affinity (–10.23 kcal/mol), likely due to its distinct 
structure and binding mode. Overall, these results identify 
X7 as the most promising hydroxyxanthone derivative for 

further evaluation as a potential EGFR inhibitor.
The molecular docking analysis revealed that all 

designed compounds (X1–X7) formed stable hydrogen 
bond interactions within the ATP-binding site of EGFR 
(PDB ID: 1M17). Additional interactions, including van 
der Waals, alkyl, π–σ, π-alkyl, and carbon–hydrogen 
bonds, further stabilized the ligand–protein complexes 
(Figure 3). The predominant hydrogen-bonding residues 
Asp831, Lys721, Thr766, and Met769 were consistently 
engaged across most ligands, suggesting a conserved 
binding orientation. Compounds X1–X5 displayed 
similar hydrogen-bonding profiles, whereas X6 formed 
an additional interaction with Gln767, and X7 maintained 
hydrogen bonds with all four key residues (Table 2). In 
comparison, the reference inhibitor erlotinib interacted 
with Met769 and Cys773, while doxorubicin formed 
broader but less specific hydrogen bonds involving 
Asn818, Arg817, Asp831, Thr830, and Met769. Previous 
structural analyses have identified Met769, Glu767, 
Gly700, Gly695, Tyr845, Gly833, Asp818, Arg812, 
and Asp831 as essential residues contributing to EGFR 
inhibition and regulation of cancer cell proliferation 
[37]. Among these, Met769 represents a critical hinge 
residue responsible for stabilizing inhibitor binding. The 
hydrogen-bonding interactions observed in this study, 
particularly those involving Met769 and Asp831, indicate 
that all compounds had the key interactions of potent ATP-
competitive EGFR inhibitors, underscoring their potential 
as selective and stable EGFR-targeting candidates.

The ligand to ligand RMSD profiles indicated that 
all candidate compounds maintained high structural 
stability throughout the 200 ns molecular dynamics 
simulation (Figure 4a). Compounds X3, X4, X6, X7, 
and C62 exhibited RMSD values consistently below 
2 Å, demonstrating minimal internal conformational 
deviations. Although the reference ligand doxorubicin 
displayed slightly larger fluctuations. The ligand to 
backbone RMSD trajectories corroborated these findings 
by revealing that all designed ligands sustained stable 
positions relative to the CDK2 active site without 
evidence of significant displacement or partial unbinding 
(Figure 4b). Doxorubicin showed higher RMSD values, 
indicating greater mobility and a comparatively less stable 
binding mode. 

The RMSF analysis showed that the CDK2 backbone 
remained predominantly stable across all ligand-bound 
systems, including within the binding pocket region 
spanning residues 18–150 identified from docking (Figure 
5a). Moderate fluctuations were restricted to flexible 
regions, particularly around residues 40–60, 150–170, and 
230–245, without affecting the structural integrity of the 
ligand-binding site. Consistently, the radius of gyration 
profiles indicated that all complexes retained stable 
global compactness throughout the 200 ns simulation 
(Figure 5b). Among the systems, Ligands X3, X4, X6, 
and C62 promoted slightly higher structural compactness, 
whereas X7 exhibited modestly increased flexibility 
but remained structurally stable. The hydrogen-bond 
analysis demonstrated clear differences in the stability 
of ligand–CDK2 interactions over the 200 ns simulation 
(Figure 6). Ligand C62 exhibited the highest and most 
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persistent hydrogen-bonding profile, typically maintaining 
four to six bonds, indicating strong and sustained polar 
interactions within the binding pocket. While compound 
X4 similarly formed frequent hydrogen bonds, X3, X6, 
and X7 showed fewer and more transient interactions. 
Doxorubicin maintained only one to three hydrogen bonds, 
reflecting comparatively weaker polar stabilization. 

Based on the integrated evaluation of RMSD, RMSF, 
radius of gyration, and hydrogen-bonding profiles, it 
demonstrated the most favorable overall stability among 
the designed ligands. All Hydroxyxanthones maintained 
consistently low RMSD values, induced minimal 
fluctuations within the critical 18–150 binding region, and 
preserved a stable global protein compactness throughout 
the simulation. 

The MM/PBSA results align well with the 
molecular dynamics findings and collectively provide a 
comprehensive picture of ligand performance. Compound 
X4 exhibits the most favorable binding free energy (–20.27 
kcal/mol), driven by strong van der Waals and electrostatic 
contributions, which is consistent with its frequent 
hydrogen-bonding interactions observed during the MD 
simulations. Compounds X3 and X7 show intermediate 
behavior, with moderate MD stability parameters 
and correspondingly moderate MM/PBSA energies. 
Collectively, these results indicate that X4 possesses the 
strongest thermodynamic affinity for CDK2. 

The RMSD analyses provide clear insight into the 
dynamic stability of the designed EGFR inhibitors during 
the 200-ns simulation. The ligand-to-ligand RMSD 
profiles show that all four designed compounds (X2, X3, 
X5, and X7) maintain low internal fluctuations, generally 
below 1.5 Å, indicating strong conformational stability 
and minimal intramolecular distortion upon binding 
(Figure 7a). In contrast, Erlotinib exhibits greater internal 
flexibility, and Doxorubicin shows substantial structural 
fluctuations, reflecting poor geometric compatibility with 
the EGFR binding pocket. The ligand to backbone RMSD 
further highlights the differences in binding stability 
among the compounds (Figure 7b). Compound X5 
demonstrates the most stable binding profile, consistently 
maintaining low positional deviation relative to the protein 
backbone, and in some regions performing comparably to 
or better than Erlotinib. Compounds X2, X3, and X7 also 
achieve stable binding modes with controlled fluctuations. 
Doxorubicin exhibits the greatest drift, underscoring its 
lack of compatibility with EGFR. 

The docking results showed that position ligand 
interactions within EGFR residues 690–850, the RMSF 
profiles across this region offer a direct assessment of 
binding-induced stabilization (Figure 8a). Compounds 
X3, X5, and X7 elicit moderate and well-controlled 
fluctuations, indicating stable interactions with the 
binding site, whereas X2 induces notably higher mobility. 
Erlotinib maintains low fluctuations as expected for a 
well-characterized EGFR inhibitor, while the minimal 
RMSF observed for Doxorubicin likely reflects limited 
binding rather than true stabilization. The radius of 
gyration analysis shows that all EGFR–ligand complexes 
reach stable compactness after the initial equilibration 
phase (Figure 8b). Among the designed compounds, 

X3 and X7 maintain Rg values comparable to Erlotinib, 
indicating effective preservation of global structural 
integrity. X5 exhibits slightly higher variability yet 
remains stable overall, whereas X2 induces larger early 
fluctuations, reflecting weaker structural stabilization. 
Doxorubicin displays the lowest Rg values, likely due 
to minimal engagement with the binding site rather than 
true stabilizing effects. 

The hydrogen-bond analysis shows that the designed 
ligands form consistent polar interactions with EGFR 
throughout the 200-ns simulation (Figure 9). Compound 
X5 exhibits the most frequent H-bonds, indicating strong 
stabilizing contacts within the binding pocket, while X2, 
X3, and X7 maintain intermittent but recurrent interactions. 
In contrast, Erlotinib forms fewer hydrogen bonds, and 
Doxorubicin shows only sporadic contacts. Overall, the 
designed ligands, particularly X5, demonstrate superior 
stability during the simulation.

The MMPBSA binding energies reinforce the trends 
observed in the MD simulations (Table 4). Compound 
X7 (–25.96 kcal/mol) and X5 (–23.13 kcal/mol) display 
the most favorable binding among the designed ligands, 
consistent with their stable RMSD, compact Rg profiles, 
and persistent hydrogen bonding. Ligands X3 and X2, 
with weaker energies (–14.49 and –12.93 kcal/mol), 
correspondingly show greater structural fluctuations and 
reduced stability during simulation. Erlotinib exhibits the 
strongest binding energy (–32.30 kcal/mol), in line with 
its known high affinity and stable MD behavior, whereas 
Doxorubicin, despite a moderate value (–21.84 kcal/mol), 
shows limited stabilizing interactions and poorer dynamic 
compatibility. Collectively, the data highlight X5 and 
X7 as the most promising EGFR inhibitors among the 
designed compounds.

Based on the Lipinski’s rule of five, the drug 
candidate needs to possess the requisite physicochemical 
characteristics, which include the following: molecular 
weight <500 daltons, 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 Å 
[38]. All compounds meet those parameters. However, 
only compound X7 is unsuitable for the parameter of 
polar surface area.

The assessment of the pharmacokinetic properties of 
compounds X2, X3, X5, and X7 is essential to evaluate 
potential absorption, distribution, metabolism, excretion, 
and toxicity. In the absorption parameter, the Caco-2 
model serves as a widely adopted in vitro representation of 
the human mucosa, playing a crucial role in the prediction 
of oral medication absorption. A pharmaceutical candidate 
is deemed to possess substantial Caco-2 permeability 
if its performance exceeds a value of 0.90 [39]. The 
Caco-2 permeability values of compounds X3 and X7 
have exceeded the acceptable threshold. The Intestinal 
Absorption (IA) parameter denotes the portion of the drug 
that is absorbed by the human intestine. An absorption rate 
of 80% is considered favorable, while a rate below 30% is 
seen as unfavorable [40]. The IA values of all compounds 
surpassed 80%, signifying their appropriateness for 
absorption in the human intestine.
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The distribution of hydroxyxanthone derivatives was 
quantified using the volume distribution (VDss). This 
parameter reflects the total quantity of a drug present in 
the body and is associated with a low value (log VDss 
<- 0.15) [41]. Compounds X3 and X7 exhibited a VDss 
value of less than -0.15, signifying their lower distribution 
in tissue compared to plasma [42, 43]. Afterward, the 
determination of BBB permeability explains how drugs 
pass through the blood-brain barrier. Molecules that 
have a logBB exceeding 0.3 are easily taken in by the 
brain, whereas those with a logBB lower than -1 are not 
effectively distributed to the brain [44]. Another approach 
involves the blood-brain permeability-surface area product 
(logPS), also recognized as Central Nervous System 
(CNS) permeability [45]. The LogPS value higher than -2 
suggests penetration into the CNS, while a LogPS value 
lower than -3 suggests that it is not able to reach the CNS. 
Compound X3 exhibits the ability to readily permeate both 
the blood-brain barrier and the central nervous system, as 
evidenced by its BBB and CNS values.

The results of the metabolism parameters indicate 
that the hydroxyxanthones were found to be unsuitable as 
substrates for CYP2D6 and CYP3A4. It is also noteworthy 
that these compounds did not exhibit inhibitory activity 
against these specific substrates. These two substrates are 
particularly essential for the metabolism of Cytochrome 
P450. Cytochrome P450 is a crucial detoxifying enzyme 
found primarily in the human liver [46]. Moreover, 
the excretion characteristics suggested that each of the 
compounds X2, X3, X5, and X7 revealed a total clearance 
value within the range of 0.039 to 0.357. However, it’s 
important to note that these compounds did not meet the 
criteria for Renal Organic Cation Transporter 2 (OCT2) 
parameters. The OCT2 parameter is significant as it relates 
to the drug’s disposition and clearance [47].

The toxicity analysis revealed that all hydroxyxanthone 
derivatives (X2, X3, X5, and X7) exhibited mutagenic 
potential in the AMES test and showed inhibitory activity 
toward hERG II, indicating possible cardiotoxic risk 
through potassium channel blockade leading to long QT 
syndrome. Although the maximum tolerated dose values 
suggested low overall toxicity, these findings highlight 
critical safety concerns. Despite X7 demonstrating the 
most favorable docking and MD results, its potential 
as a drug candidate should be approached with caution. 
Accordingly, X7 is better regarded as a promising in 
silico lead requiring further optimization to mitigate 
mutagenic and cardiotoxic risks. Future studies should 
include confirmatory AMES and hERG assays, metabolite 
analysis, and structure–activity-based modifications. 
Additionally, hepatotoxicity predictions were negligible 
for X2 and X3, and none of the derivatives were associated 
with skin sensitization effects.

In conclusion, the comprehensive in silico investigation 
integrating molecular docking, molecular dynamics 
simulations, MM-PBSA free energy calculations, and 
ADMET profiling identified hydroxyxanthone X4, X5, 
and X7 as the most promising candidates, exhibiting 
strong and stable binding affinities toward both CDK2 and 
EGFR targets implicated in colorectal cancer pathogenesis. 
Nonetheless, the predicted mutagenic potential and hERG 

II inhibitory activity necessitate cautious interpretation and 
underscore the need for structural refinement to mitigate 
these liabilities. Accordingly, hydroxyxanthones  X4, 
X5, and X7 should be regarded as a lead compound for 
further optimization and subjected to rigorous in vitro and 
in vivo validation to substantiate its therapeutic efficacy 
and safety profile.
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