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ABSTRACT
Background: Metastasis is the primary cause of cancer-related mortality and is driven by dysreg-
ulated signaling pathways, including AXL kinase and the transforming growth factor-beta (TGF-β)
receptor axis. Targeting these interconnected pathways represents a promising strategy to sup-
press epithelial–mesenchymal transition (EMT) and metastatic progression. Methods: This study
employed an integrated in silico approach to evaluate phytochemicals from Garuga pinnata and
Mitragyna speciosa as potential multi-target ligands. Molecular docking was performed using CB-
Dock, followed by interaction analysis with Discovery Studio Visualizer. Binding free energy estima-
tionwas conducted usingMM/GBSA andMM/PBSAmethods, and structural consistency of docked
complexes was assessed using RMSD analysis. Four receptors—AXL kinase (5U6B), TGF-β1 (3KFD),
TGF-βRII (3DKC), and TGF-βRI kinase (3ODU)—were selected for evaluation. Results: Selected phy-
tochemicals, including 7-acetoxymitragynine, mitraphylline-26, and 21-hydroxydammar-24-en-3-
one, exhibited favorable binding affinities (ΔG ≈ −16 to −14 kcal/mol) across multiple targets. In-
teraction analysis revealed consistent hydrogen bonding patterns, hydrophobic contacts, and π-
mediated interactions with key residues such as Asp70, Glu74, Arg163, and Tyr185. RMSD values
(< 2.5 Å) indicated consistent binding orientations within receptor pockets, supporting structural
compatibility. Conclusion: The findings demonstrated a scaffold-dependent, multi-target bind-
ing profile of phytochemicals against the AXL–TGF-β signaling axis. While the results provided a
computational basis for prioritizing candidate ligands, further validation through molecular dy-
namics simulations and experimental studies is required to confirm their therapeutic potential in
anti-metastatic drug discovery.
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INTRODUCTION
Metastasis remains the leading cause of cancer-
related mortality, contributing to nearly 90% of
cancer-associated deaths worldwide1. This multi-
step process is governed by a complex inter-
play of oncogenic signaling pathways, epithelial–
mesenchymal transition (EMT), extracellular matrix
remodeling, and immune evasion mechanisms that
collectively enable tumor dissemination and colo-
nization of distant organs 2. Among these regula-
tory networks, the receptor tyrosine kinase AXL and
the transforming growth factor-beta (TGF-β) sig-
naling axis have emerged as critical mediators of
tumor progression, therapeutic resistance, and ad-
verse clinical outcomes3,4. Their coordinated activa-
tion promotes EMT, enhances cellular plasticity, and
facilitates immune suppression, positioning them as

strategically important yet underexploited targets in
anti-metastatic intervention5.
The AXL receptor tyrosine kinase (PDB ID: 5U6B), a
member of the TAM (TYRO3–AXL–MERTK) family,
plays a pivotal role in regulating cell survival, mi-
gration, and invasion through activation of down-
stream pathways such as PI3K/Akt, MAPK, and NF-
κB 6. Aberrant overexpression of AXL has been doc-
umented across multiple malignancies, including
breast, lung, pancreatic, and hepatocellular cancers,
where it correlates strongly with metastatic poten-
tial and resistance to conventional therapies7. In
parallel, the TGF-β signaling pathway—mediated by
TGF-β1 (3KFD) and its receptors TGF-βRII (3DKC)
and TGF-βRI kinase (3ODU)—exhibits a context-
dependent dual role in oncogenesis, functioning as
a tumor suppressor in the early stages while pro-
moting EMT, stromal remodeling, and immune eva-
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sion during advanced disease progression8,9. Impor-
tantly, emerging evidence suggests that crosstalk
between the AXL and TGF-β signaling pathways
synergistically amplifies EMT and metastatic dis-
semination, thereby providing a compelling ratio-
nale for their dual targeting10.
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Despite their biological significance, currently avail-
able inhibitors targeting AXL and TGF-β receptors
are limited by issues such as suboptimal selectiv-
ity, off-target toxicity, and restricted clinical effi-
cacy 11. These challenges underscore the need for
alternative therapeutic strategies, particularly those
capable of modulating multiple signaling nodes si-
multaneously. In this context, phytochemical-based
therapeutics have gained increasing attention due
to their structural diversity, pharmacological versa-
tility, and generally favorable safety profiles12. Nat-
ural compounds derived from ethnomedicinal plants
represent a valuable and sustainable reservoir for
the discovery of multi-target bioactive molecules,
especially in complex diseases such as cancer where
network-level modulation is required13.
In this study, we explored a structure-based com-
putational framework to identify potential multi-
target phytochemical modulators from Garuga pin-
nata and Mitragyna speciosa, two ethnopharmaco-
logically significant species with documented anti-
inflammatory and anticancer properties14. Al-
though these plants are rich in bioactive alkaloids,
flavonoids, and terpenoids, their mechanistic roles
inmodulatingmetastasis-associated signaling path-
ways remain insufficiently characterized.

MATERIALS & METHODS
Selection of Ethnomedicinal Plants and
Phytochemicals
Garuga pinnata and Mitragyna speciosa were se-
lected based on their well-documented ethnomedic-
inal use among tribal populations of the Narmada
Valley region (Alirajpur, Jhabua, and Dhar, Madhya
Pradesh, India), where they are traditionally em-
ployed in the management of inflammation, pain,
and fatigue-associated conditions15. Ethnopharma-
cological knowledge provides a biologically relevant
framework for identifying candidate molecules with
potential activity against complex, multi-pathway
diseases such as cancer16. A systematic phytochem-
ical profiling approach was performed using curated
chemical databases, including PubChem, IMPPAT,
and ChEMBL 17. Compounds were prioritized based
on reported pharmacological relevance, structural
diversity, and the availability of validated chemi-
cal structures. A total of fifteen phytochemicals

was selected, comprising seven compounds from G.
pinnata and eight from M. speciosa. These com-
pounds represented distinct chemical classes, in-
cluding diterpenoids and indole alkaloids, which are
known for their diverse pharmacological activities.
A summary of the selected compounds, their classi-
fication, and selection rationale is presented in Ta-
ble 1.
All ligand structures were retrieved in SDF format
and subjected to geometry optimization using Open
Babel (v2.4.1) to obtain energetically stable confor-
mations prior to docking 18. The optimized struc-
tures were converted into PDBQT format to en-
sure compatibility with docking algorithms. Drug-
likeness evaluation was performed according to Lip-
inski’s Rule of Five, assessing molecular weight,
lipophilicity (logP), hydrogen bond donors and ac-
ceptors, and rotatable bond count19. This screen-
ing ensured that the selected phytochemicals pos-
sessed favorable physicochemical properties consis-
tent with oral bioavailability and pharmacokinetic
suitability.

Receptor Selection and Preparation
Four metastasis-associated protein targets
were strategically selected based on their
well-established roles in regulating epithelial–
mesenchymal transition (EMT), tumor invasiveness,
and metastatic progression: AXL kinase (PDB ID:
5U6B), TGF-β1 (PDB ID: 3KFD), TGF-β receptor
II (PDB ID: 3DKC), and TGF-β receptor I kinase
(PDB ID: 3ODU) 20. The three-dimensional struc-
tures of these receptor proteins are illustrated
in Figure 1. The simultaneous targeting of these
receptors enabled the exploration of a multi-
pathway inhibition strategy within the AXL–TGF-β
signaling axis, which is known to synergistically
drive metastatic phenotypes. Three-dimensional
crystal structures were retrieved from the Protein
Data Bank (PDB) and subjected to standardized
preprocessing to ensure structural reliability for
docking simulations. This included the removal of
crystallographic water molecules, heteroatoms, and
co-crystallized ligands to eliminate potential steric
and electrostatic interference 21. Polar hydrogen
atoms were subsequently added, and structural
optimization was performed using Discovery
Studio Visualizer to stabilize protein geometry
and prepare the receptors for interaction analysis.
Binding pocket identification was performed using
complementary computational tools, including
CASTp and CB-Dock, allowing accurate detection
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Table 1: Summary of Selected Phytochemicals and Key Properties

Plant
Source

Compound
Class

No. of
Compounds

Representative Molecules Selection Rationale

Garuga
pinnata

Diterpenoids 7 21-hydroxydammar-24-en-3-one,
Garuganin-V derivatives

Large scaffolds suitable for
kinase binding

Mitragyna
speciosa

Indole
alkaloids

8 7-acetoxymitragynine,
Mitraphylline-26

Aromatic structures
enabling π–π interactions

of ligand-accessible cavities based on geometric
and topological features 22. The identified binding
sites exhibited significant variability in pocket
volume and residue composition, ranging from 630
Å3 (TGF-βRII) to 3503 Å3 (TGF-β1), highlighting
differences in ligand accommodation capacity and
physicochemical environments across targets. A
comparative summary of receptor characteristics,
including structural properties and binding pocket
features, is presented in Table 2, providing a
foundation for understanding differential ligand
binding behavior across the selected targets.

Molecular Docking and Binding Site Vali-
dation
Molecular docking was performed using CB-Dock
(v2.0), which integrates cavity detection with
Auto_Dock Vina scoring to predict ligand-binding
conformations 23. A blind docking approach was
employed to identify both canonical and poten-
tial allosteric binding sites without predefined bias.
The docking search space for each receptor was
defined based on the top-ranked predicted cavi-
ties, and detailed grid parameters including center
coordinates and box dimensions were provided in
Table 3 to ensure reproducibility. Binding affini-
ties were expressed as estimated Gibbs free energy
(ΔG, kcal/mol), where more negative values indi-
cated stronger predicted interactions. Post-docking
interaction profiling, including hydrogen bonding,
hydrophobic contacts, and π-mediated interactions,
was performed using Discovery Studio. Ligand effi-
ciency was calculated to normalize binding affinity
relative to molecular size.

Docking Protocol Validation
Given the blind docking framework employed by
CB-Dock, conventional validation through redock-
ing of co-crystallized ligands was not uniformly
feasible across all receptor systems. To address
this limitation, a residue-based validation strat-
egy was implemented, wherein predicted ligand-
binding poses were evaluated against literature-
reported active site residues of AXL kinase and TGF-
β receptors 24–26. The consistent involvement of

key residues—such as Asp70, Glu74, Arg163, and
Tyr185—supports the biological relevance and struc-
tural plausibility of the predicted binding modes.
Furthermore, docking poses and interaction geome-
tries were independently examined using Discovery
Studio Visualizer to verify hydrogen bonding pat-
terns, steric compatibility, and overall binding orien-
tation within the receptor cavities. The observed in-
teraction profiles, including hydrogen bonding and
π-mediated contacts within known functional do-
mains, were consistent with established ligand–
receptor interaction principles. Although this ap-
proach provided indirect validation, it is consis-
tent with accepted practices in blind docking work-
flows where experimentally resolved reference lig-
ands are unavailable 27. Nevertheless, it is acknowl-
edged that docking predictions represent static ap-
proximations; therefore, future studies will incor-
porate re-docking protocols, consensus docking ap-
proaches, and molecular dynamics simulations to
enhance predictive reliability and dynamic accu-
racy.

Binding Free Energy Estimation
(MM/GBSA and MM/PBSA)
To complement docking-based affinity predictions,
binding free energy calculations were performed
using MM/GBSA and MM/PBSA approaches,
which integrate molecular mechanics energy terms
with implicit solvation models to evaluate ligand–
receptor interaction energetics 28. These methods
were applied to comparatively assess binding favor-
ability and to identify key residue-level energetic
contributions involved in stabilizing the docked
complexes.

The calculated free energy profiles generally sup-
ported the molecular docking results, in which
top-ranked phytochemicals demonstrated favorable
energetic stabilization within the receptor bind-
ing pockets. However, it is important to em-
phasize that these calculations were performed on
energy-minimized static receptor–ligand complexes
rather than on conformational ensembles generated
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Table 2: Structural and Functional Characteristics of Selected Target Receptors

Receptor PDB
ID

Biological Role Pocket
Volume
(Å3)

Key Structural
Features

Functional Relevance

AXL Kinase 5U6B EMT, invasion,
survival signaling

2048 ATP-binding cleft; acidic
& aromatic residues

Regulates migration and
drug resistance

TGF-β1 3KFD EMT induction,
immune

modulation

3503 Large aromatic-rich
cavity

Promotes metastasis in
advanced cancer

TGF-βRII 3DKC Signal transduction
initiation

630 Compact amphipathic
pocket

Controls
ligand-mediated

signaling

TGF-βRI
Kinase

3ODU SMAD activation,
EMT signaling

2486 Balanced
donor–acceptor residues

Drives downstream
transcriptional
responses

Figure 1: Structural overviewof themetastasis-associatedprotein targets and their active ligand-bindingpockets.
Representative three-dimensional structures of AXL kinase (5U6B), TGF-β1 (3KFD), TGF-β receptor II (3DKC), and
TGF-β receptor I kinase (3ODU) are shown with enlarged views of the predicted active binding pockets used for
molecular docking and receptor–ligand interaction analyses. Protein structures were retrieved from the Protein
Data Bank and binding sites were identified using CASTp and CB-Dock.

through molecular dynamics simulations. There-
fore, the obtained ΔG values should be interpreted
as relative and comparative estimates of binding fa-
vorability rather than absolute thermodynamic pa-
rameters.

In addition, the present approach did not account
for time-dependent conformational flexibility, ex-
plicit solvent dynamics, or entropic contributions,
all of which can influence the accuracy of free en-
ergy estimation under physiological conditions 29.

Accordingly, the MM/GBSA and MM/PBSA anal-

yses in this study were used to support docking-

derived interaction trends and to prioritize struc-

turally compatible phytochemicals for further inves-

tigation, rather than to infer definitive binding sta-

bility. Future studies incorporating trajectory-based

molecular dynamics simulations and advanced free

energy calculations will be necessary to provide

deeper insight into kinetic stability and thermo-
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Table 3: Docking Parameters and Search Space Configuration

Receptor PDB
ID

Binding
Site Type

Grid
Box

Size (Å)

Grid Center
Coordinates (x, y,

z)

Exhaus-
tiveness

No. of
Binding
Modes

Key
Functional
Region

AXL
Kinase

5U6B ATP-
binding
cleft

25 × 25 ×
25

Defined by CB-Dock
predicted cavity

center

12 9 Catalytic
kinase domain

TGF-β1 3KFD Ligand-
binding
interface

30 × 30 ×
30

Defined by CB-Dock
predicted cavity

center

12 9 Cytokine
interaction
region

TGF-
βRII

3DKC Receptor
binding
pocket

22 × 22 ×
22

Defined by CB-Dock
predicted cavity

center

12 9 Signal
initiation
domain

TGF-
βRI

Kinase

3ODU Kinase
active site

26 × 26 ×
26

Defined by CB-Dock
predicted cavity

center

12 9 SMAD phos-
phorylation
domain

(Docking cavities and corresponding grid center coordinates were automatically predicted using the CB-Dock v2.0 blind
docking platform based on receptor surface topology and cavity detection algorithms.)

dynamic behavior of the identified ligand–receptor
complexes.

Conformational Assessment (RMSD Anal-
ysis)

Root Mean Square Deviation (RMSD) analysis was
performed using Discovery Studio to evaluate the
structural consistency and conformational deviation
of receptor–ligand complexes following energy min-
imization. RMSD values below 2.5 Å were con-
sidered indicative of limited structural fluctuation
and consistent ligand accommodation within the
predicted binding pockets. The analysis was used
to assess the reliability of docking-derived bind-
ing geometries and overall pose consistency across
receptor systems. However, it is important to
note that these RMSD measurements were derived
from static, energy-minimized complexes and there-
fore reflect structural consistency rather than time-
dependent dynamic stability under physiological
conditions 30.

Visualization and Interaction Mapping

Receptor–ligand complexes were visualized using
Discovery Studio Visualizer. Two-dimensional and
three-dimensional interaction maps were generated
to illustrate hydrogen bonds, hydrophobic interac-
tions, and electrostatic contacts within the bind-
ing pockets. Structural visualization facilitated the
identification of key residues involved in ligand sta-
bilization and provided insights into binding orien-
tation and interaction networks31.

Computational Workflow
The computational framework employed in this
study comprised a structured, multi-step pipeline
integrating receptor selection, ligand preparation,
blind molecular docking, interaction profiling, bind-
ing free energy estimation, and structural devia-
tion analysis (Figure 2, 3). Ethnomedicinally rel-
evant phytochemicals were initially identified and
prepared through energy minimization and format
conversion, while target receptor structures were re-
trieved and processed to ensure suitability for dock-
ing simulations.
Binding pockets were identified using cavity de-
tection tools, followed by blind docking to ex-
plore ligand–receptor interactions across multiple
potential binding sites. Post-docking analyses in-
cluded interaction mapping to characterize hydro-
gen bonding, hydrophobic contacts, and π-mediated
interactions. Binding free energy estimation using
MM/GBSA and MM/PBSA methods was performed
to evaluate relative interaction favorability. Struc-
tural analysis using RMSD was conducted to as-
sess conformational deviation of the docked com-
plexes. This workflow enabled the systematic evalu-
ation of ligand–receptor interactions and facilitated
the identification of phytochemicals with potential
multi-target binding affinity toward components of
the AXL–TGF-β signaling axis.

RESULTS
Receptor Structural Characterization and
Binding Pocket Topology
Structural characterization of the selected
metastasis-associated receptors revealed distinct
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Figure 2: Comprehensive physicochemical profiling of selectedMitragyna speciosa phytochemicals. Representa-
tive 2D and 3D structures together with molecular surface properties, including hydrophobicity, hydrogen-bond
donor/acceptor regions, and ionizable surfaces, illustrating the structural features that may influence receptor
recognition and molecular docking performance.

Figure 3: Comprehensive physicochemical profiling of selected Garuga pinnata phytochemicals. Representative
2D and 3Dmolecular structures together withmolecular surface properties, including hydrophobicity, hydrogen-
bond donor and acceptor regions, and ionizable surfaces, illustrating the structural features that influence ligand–
receptor recognition and docking performance.
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variations in binding pocket architecture, residue
composition, and physicochemical properties that
influenced ligand accommodation and interaction
behavior (Table 4). Pocket volumes ranged from 630
Å3 (TGF-βRII) to 3503 Å3 (TGF-β1), indicating sub-
stantial variability in cavity size and flexibility. The
AXL kinase domain (5U6B) exhibited a well-defined
ATP-binding cleft enriched with acidic residues
(Asp70, Glu74, Asp179) and aromatic residues
(Phe36, Tyr187), forming a favorable electrostatic
and hydrophobic environment for ligand binding.
In contrast, TGF-β1 presented the largest and most
aromatic-rich cavity, characterized by residues
such as Trp30, Phe54, and Tyr69, supporting π–π
interactions and preferential binding of aromatic
ligands. TGF-βRII displayed a comparatively com-
pact, amphipathic pocket dominated by Asp119,
Arg163, and Tyr185, suggesting selective ligand
accommodation. Meanwhile, TGF-βRI kinase
exhibited a balanced donor–acceptor distribution
(Arg80, Asp84, Tyr401), supporting stable ligand
anchoring within its catalytic domain.
Overall, the presence of conserved acidic, basic, and
aromatic residues across all receptors established a
structurally compatible framework for multi-target
ligand binding within the AXL–TGF-β signaling axis.

Molecular Docking and Binding Affinity
Analysis
Molecular docking analysis demonstrated that phy-
tochemicals derived from both Garuga pinnata
and Mitragyna speciosa exhibited favorable binding
affinities across all selected receptors, with clear
differences observed based on ligand class and re-
ceptor topology (Table 5). Among Garuga pin-
nata compounds, 21-hydroxydammar-24-en-3-one
showed consistently strong binding across multiple
targets, with the highest affinity observed against
TGF-βRII (ΔG = −16.8 kcal/mol) and AXL kinase
(ΔG = −16.3 kcal/mol). Other diterpenoids, in-
cluding Garuganin-V1_Et and Garuganin-V1_Me,
also demonstrated favorable binding (ΔG ≈ −14.5 to
−13.5 kcal/mol), indicating broad receptor compat-
ibility. For Mitragyna speciosa, alkaloid derivatives
such as 7-acetoxymitragynine and mitraphylline-
26 exhibited strong binding interactions, particu-
larly against AXL kinase (ΔG = −12.7 kcal/mol) and
TGF-βRII (ΔG = −14.6 kcal/mol). These compounds
showed consistent affinity across kinase and recep-
tor targets, suggesting potential multi-target en-
gagement. RMSD values for most ligand–receptor
complexes remained within a low deviation range,

indicating stable docking conformations and min-
imal structural perturbation within the predicted
binding pockets.

Interaction Mapping and Residue-Level
Binding Analysis
Post-docking visualization of the receptor–ligand
complexes (Figures 4 and 5) revealed that the se-
lected phytochemicals adopted well-defined orien-
tations within the binding pockets of AXL kinase
and TGF-β receptors, demonstrating consistent spa-
tial accommodation and alignment with key func-
tional regions. In AXL kinase, ligands were pre-
dominantly positioned within the ATP-binding cleft,
exhibiting a stable orientation along the catalytic
groove, where their hydrophobic cores aligned with
aromatic residues while polar functional groups ex-
tended toward solvent-accessible regions, facilitat-
ing hydrogen bonding. Similarly, in TGF-β recep-
tors, ligands occupied central cavity regions with
orientations that maximized surface complementar-
ity, allowing simultaneous engagement of polar and
hydrophobic residues within the pocket. The visual
representations further indicated that high-affinity
phytochemicals maintained compact and well-fitted
conformations, with minimal steric clashes and fa-
vorable pocket occupancy. Diterpenoid scaffolds
tended to occupy deeper regions of larger cavities,
whereas indole alkaloids aligned along aromatic-
rich surfaces, supporting π-mediated interactions.
Overall, the observed ligand orientations and bind-
ing site conformations demanded (or demonstrated)
a high degree of geometric compatibility between
phytochemicals and receptor pockets, reinforcing
their ability to effectively engage multiple targets
within the AXL–TGF-β signaling axis.

Binding Free Energy Analysis (MM/GBSA
and MM/PBSA)
Binding free energy calculations using MM/GBSA
and MM/PBSA were performed to refine docking-
based rankings and to quantify residue-level con-
tributions to ligand stabilization (Table 6). Across
targets, the calculated ΔG values were consistently
negative, indicating energetically favorable ligand–
receptor associations and supporting the trends ob-
served in molecular docking. Among Mitragyna
speciosa alkaloids, 7-acetoxymitragynine exhibited
the most favorable binding against AXL kinase (ΔG
≈ −45.2 kcal/mol), characterized by a combination
of hydrogen bonding and electrostatic interactions
within the catalytic domain. Mitraphylline-26 also
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Table 4: Structural Topology and Binding Pocket Characteristics of Target Receptors Relevant to Ligand
Accommodation

Receptor
(PDB
ID)

Pocket
Vol-
ume
(Å3)

Pocket
Nature

Key
Donor
Residues

Key
Acceptor
Residues

Aromatic /
Hy-

drophobic
Residues

Structural
Interpretation

Docking
Relevance

AXL
Kinase
(5U6B)

2048 Moderately
large,

catalytic
cleft

Lys56,
Ser73,
Thr64

Asp70,
Glu74,
Asp179

Phe36,
Leu182,
Met58,
Tyr187

ATP-binding
pocket with

strong
electrostatic
gradient and
aromatic

stabilization

Favors bulky
hydrophobic
ligands with
π-interaction
capability

TGF-β1
(3KFD)

3503 Large,
aromatic-
rich cavity

Lys31,
Arg52,
Ser60

Asp104,
Glu99

Trp30,
Trp32,
Phe54,
Tyr69

Highly flexible
cavity enriched
with π-active
residues

Suitable for
aromatic
alkaloids

enabling π–π
stacking

interactions

TGF-
βRII

(3DKC)

630 Compact,
amphi-
pathic
pocket

Arg163,
Lys187

Asp119,
Asp177

Tyr185,
Met166

Small, selective
binding pocket
with mixed
polarity

Prefers compact
ligands with
balanced

polarity and size

TGF-
βRI

Kinase
(3ODU)

2486 Deep
kinase
domain
cavity

Arg80,
Lys410

Asp84,
Glu288

Tyr401,
Phe423,
Tyr476

Balanced
donor–acceptor

and
hydrophobic
environment

Supports stable
ligand

anchoring and
multi-point
interactions

demonstrated strong stabilization, primarily driven
by cation–π and electrostatic contributions within
receptor cavities. For Garuga pinnata, diterpenoid
scaffolds showed consistent energetic stabilization
across receptors, with key contributions from hy-
drogen bonding and hydrophobic interactions in-
volving residues such as Asp161, Asp179, and Phe36
within the kinase-associated regions. Importantly,
these energy estimates were derived from energy-
minimized static complexes and therefore repre-
sented relative binding favorability rather than ab-
solute thermodynamic parameters. Within this con-
text, theMM/GBSA andMM/PBSA results served to
corroborate docking-derived trends and supported
the prioritization of phytochemicals exhibiting sta-
ble and energetically favorable interaction profiles.

Structural Consistency Assessment
Structural consistency of the top-ranked
phytochemical–receptor complexes was evaluated
using RMSD analysis derived from docking-based
energy-minimized structures. As summarized
in Table 7 and illustrated in Figure 6, most
ligand–receptor complexes exhibited low RMSD
values, generally below 3.0 Å, indicating limited

conformational deviation and consistent ligand ac-
commodation within the predicted receptor binding
pockets. These findings supported the structural
reliability of the docking-derived binding geome-
tries and suggested favorable spatial orientation of
the phytochemicals within metastasis-associated
receptor cavities.
Among the evaluated compounds, 21-
hydroxydammar-24-en-3-one from Garuga pinnata
demonstrated the lowest RMSD value against
TGF-βRII (3DKC) (0.586 Å), reflecting highly
consistent pocket accommodation and favorable
structural stabilization within the compact re-
ceptor cavity (Table 7; Figure 5, 6). Similarly,
the indole alkaloids 7-acetoxymitragynine and
7-hydroxymitragynine from Mitragyna speciosa
exhibited low RMSD values against AXL kinase
(5U6B), supporting favorable ligand orientation
and structurally coherent interaction geometry
within the catalytic region. Other phytochemicals,
including Garuganin-V1_Et, Garuganin-V1_Me,
and Mitraphylline-26, also maintained relatively
low conformational deviation, suggesting consistent
docking conformations across multiple receptor
environments. Comparative RMSD analysis further
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Table 5: Integrated Comparative Molecular Docking and Stability Profile of Phytochemicals fromGaruga
pinnata andMitragyna speciosa

Ligand Source Chemical
Class

Best
Target

Receptor

Binding
Affinity
(ΔG,

kcal/mol)

Structural
Interpretation

Multi-
Target

Potential

21-
Hydroxydammar-

24-en-3-one

Garuga
pinnata

Diterpenoid TGF-βRII
(3DKC)

−16.8 Bulky hydrophobic
scaffold fits deep

catalytic pocket with
strong van der Waals

stabilization

High

Garuganin-V1_Et Garuga
pinnata

Diterpenoid TGF-βRII −14.5 Flexible side chains
enhance conformational

adaptability

High

Garuganin-V1_Me Garuga
pinnata

Diterpenoid TGF-βRII −13.8 Compact derivative
supports stable binding

geometry

High

6-
Hydroxygaruganin-

V

Garuga
pinnata

Diterpenoid AXL
kinase
(5U6B)

−13.6 Balanced polarity
enables hydrogen
bonding and

electrostatic interactions

Moderate–
High

7-
Acetoxymitragynine

Mitragyna
speciosa

Indole
Alkaloid

TGF-βRII −14.6 Aromatic scaffold
supports π–π and

cation–π interactions

High

Mitraphylline-26 Mitragyna
speciosa

Indole
Alkaloid

TGF-βRII −13.1 Rigid structure ensures
stable orientation in

pocket

High

7-
Hydroxymitragynine

Mitragyna
speciosa

Indole
Alkaloid

AXL
kinase

−11.9 Highly stable
conformation with
minimal structural

deviation

High

Mitragynine Mitragyna
speciosa

Indole
Alkaloid

Multiple −8.9 to
−9.3

Moderate polarity limits
deep pocket interaction

Moderate

Mitragynaline /
Mitraciliatine

Mitragyna
speciosa

Indole
Alkaloid

Multiple −8.4 to
−9.4

Reduced aromatic
interaction limits
stabilization

Moderate

Garuganin-III / IV
/ Desmethyl
derivatives

Garuga
pinnata

Diterpenoid Multiple −6.7 to
−9.1

Lower hydrophobic
surface reduces binding

strength

Moderate

indicated scaffold-dependent accommodation
patterns, in which diterpenoid compounds prefer-
entially aligned within deeper hydrophobic cavities,
while indole alkaloids demonstrated effective
adaptation within aromatic-rich binding regions, as
represented in Figure 5, 6.

Importantly, the structural consistency observed
through RMSD evaluation correlated well with
the molecular docking, interaction mapping, and
MM/GBSA–MM/PBSA analyses, collectively sup-
porting the structural compatibility of these phyto-
chemicals with key components of the AXL–TGF-
β signaling axis. Within the limitations of a static

computational framework, these findings provided
additional structural validation for the predicted
ligand–receptor interactions and supported the pri-
oritization of selected ethnopharmacological scaf-
folds for future experimental investigation.

Integrated Multi-Target Binding Perspec-
tive
Collectively, the integrated computational analy-
ses demonstrated that phytochemicals derived from
Garuga pinnata and Mitragyna speciosa exhibited
consistent binding trends, favorable interaction pro-
files, and structurally coherent docking conforma-
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Table 6: MM/GBSA andMM/PBSA Binding Free Energy Profile of Selected Phytochemical–Receptor Complexes

Ligand Source Target
Receptor

MM/
GBSA
ΔG

(kcal/mol)

MM/
PBSA
ΔG

(kcal/mol)

Dominant
Interac-
tion Type

Key
Residues
In-

volved

Energetic
Interpretation

21-
Hydroxy-
dammar-
24-en-3-
one

Garuga
pinnata

TGF-βRII −36.8 −34.5 Hydrophobic
+ H-bond

Asp119,
Tyr185

Deep pocket
accommodation
with hydrophobic

stabilization

Garuganin-
V1_Et

Garuga
pinnata

TGF-βRI
(3ODU)

−34.2 −32.7 Hydrophobic
+ Electro-
static

Glu288,
Tyr401

Flexible scaffold
enables multi-point

interaction

Garuganin-
V1_Me

Garuga
pinnata

AXL
Kinase

−32.5 −30.8 Hydrophobic Phe36,
Met58

Moderate
stabilization via

non-polar
interactions

7-
Acetoxymi-
tragynine

Mitragyna
speciosa

AXL
Kinase
(5U6B)

−45.2 −42.8 H-bond +
Electro-
static

Asp70,
Glu74,
Asp179

Highly favorable
stabilization with
strong electrostatic

contribution

Mitraphyl-
line-26

Mitragyna
speciosa

TGF-βRII
(3DKC)

−41.6 −39.2 Cation–π +
Electro-
static

Arg163,
Tyr185

Stable interaction
via aromatic and
charged residue
engagement

7-
Hydroxymi-
tragynine

Mitragyna
speciosa

AXL
Kinase

−38.5 −36.9 H-bond +
Hydropho-

bic

Asp70,
Phe36

Balanced interaction
with strong

conformational
stability

Table 7: RMSD-Based Structural Consistency of Representative Ligand–Receptor Complexes

Ligand Source Target
Receptor

RMSD
(Å)

Binding
Affinity
Trend

Structural Interpretation

21-
Hydroxydammar-

24-en-3-one

Garuga
pinnata

TGF-βRII
(3DKC)

0.586 Very strong Highly stable binding pose with
favorable deep-pocket accommodation

Garuganin-V1_Et Garuga
pinnata

TGF-βRII 1.284 Strong Flexible scaffold supports consistent
pocket alignment

Garuganin-V1_Me Garuga
pinnata

TGF-βRII 1.567 Strong Compact structure maintains stable
binding orientation

7-
Acetoxymitragynine

Mitragyna
speciosa

AXL
kinase
(5U6B)

1.890 Very strong Stable conformation with effective
electrostatic anchoring

Mitraphylline-26 Mitragyna
speciosa

TGF-βRII 1.245 Strong Rigid scaffold ensures limited
structural deviation

7-
Hydroxymitragynine

Mitragyna
speciosa

AXL
kinase

1.303 Strong Low structural deviation indicates
stable docking geometry
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Figure 4: Comparative post-docking receptor–ligand interaction profiles of selected Garuga pinnata andMitrag-
yna speciosa phytochemicals across the AXL–TGF-β signaling axis. Representative three-dimensional binding con-
formations and two-dimensional interaction diagrams of the highest-ranked phytochemicals docked with AXL
kinase (PDB ID: 5U6B), TGF-β1 (3KFD), TGF-β receptor II (3DKC), and TGF-β receptor I kinase (3ODU) are shown,
illustrating binding orientations, key interacting residues, and intermolecular interactions within the predicted
active sites.

tions across multiple metastasis-associated targets.
The convergence of docking affinities, residue-level
interaction mapping, and MM/GBSA–MM/PBSA
energy estimates indicated that these compounds
were capable of engaging conserved functional re-
gions within both AXL kinase and TGF-β receptor
systems.

Notably, the complementary binding behavior ob-
served between diterpenoid and indole alkaloid scaf-
folds suggested a scaffold-dependent multi-target
interaction pattern, enabling effective accommoda-
tion within diverse receptor pocket environments.
Within the constraints of a static computational
framework, these findings supported the prioritiza-
tion of selected phytochemicals as candidate multi-
target ligands with potential relevance to the mod-
ulation of metastatic signaling pathways.

DISCUSSION
The present study integrated molecular docking, in-
teraction mapping, binding free energy estimation,
and structural consistency analysis to examine how
phytochemicals from Garuga pinnata andMitragyna

speciosa interacted with metastasis-associated re-
ceptors, including AXL kinase and the TGF-β sig-
naling system. Taken together, the results indi-
cated that selected diterpenoid and indole alkaloid
scaffolds adopted favorable binding orientations,
formed coherent interaction networks, and exhib-
ited energetically consistent conformations within
receptor binding pockets, supporting their ability to
engage conserved functional regions across multiple
targets 32.

A key novelty of this work lay in the simul-
taneous multi-target evaluation of ethnomedici-
nal phytochemicals against the AXL–TGF-β sig-
naling axis, a synergistic pathway critically impli-
cated in epithelial–mesenchymal transition (EMT)
and metastatic progression33,34. Unlike conven-
tional single-target in silico studies, this investi-
gation adopted an integrated framework to as-
sess cross-target binding behavior, revealing a
scaffold-dependent interaction pattern. Diter-
penoid compounds preferentially occupied deeper
catalytic clefts dominated by hydrophobic inter-
actions, whereas indole alkaloids aligned along
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Figure 5: Comparative post-docking receptor–ligand interaction profiles of selected Mitragyna speciosa phyto-
chemicals across the AXL–TGF-β signaling axis. Representative three-dimensional binding conformations and
two-dimensional interaction diagrams of the highest-rankedMitragyna speciosaphytochemicals dockedwith AXL
kinase (PDB ID: 5U6B), TGF-β1 (3KFD), TGF-β receptor II (3DKC), and TGF-β receptor I kinase (3ODU) are shown, il-
lustrating ligand-binding orientations, key interacting amino acid residues, and intermolecular interactionswithin
the predicted active sites.

aromatic and amphipathic regions, enabling π-
mediated and electrostatic stabilization. This com-
plementary binding behavior highlighted a struc-
turally driven adaptability that may be advanta-
geous for multi-target modulation35,36.
At the residue level, conserved acidic and basic
amino acids (e.g., Asp, Glu, Arg, Lys) contributed
to directional hydrogen bonding and electrostatic
stabilization, while aromatic residues facilitated π–
π and cation–π interactions37. These interac-
tion features were consistent with the observed
docking affinities and MM/GBSA–MM/PBSA en-
ergy trends, particularly for top-ranking ligands
such as 21-hydroxydammar-24-en-3-one and 7-
acetoxymitragynine, which demonstrated stable
and well-accommodated binding geometries across
multiple receptors. The integration of structural
topology, interaction mapping, and energetic profil-
ing further represented a methodological advance-
ment for prioritizingmulti-target candidates derived
from ethnopharmacological sources.
The RMSD-based assessment supported the con-
sistency of docked conformations, with low devia-
tion values indicating stable binding poses within
predicted pockets. However, these findings were

derived from energy-minimized static structures
and did not account for time-dependent conforma-
tional flexibility, solvent dynamics, or entropic con-
tributions. Accordingly, the reported stability re-
flected structural consistency rather than dynamic
stability, aligning with the scope of a hypothesis-
generating computational study.
From a biological perspective, the ability of these
phytochemicals to interact with both AXL ki-
nase and TGF-β receptors suggested potential rel-
evance in modulating EMT, cellular migration, and
metastatic progression. The observed multi-target
interaction pattern aligned with emerging thera-
peutic strategies aimed at overcoming pathway re-
dundancy in complex diseases such as cancer38,39.
Nevertheless, these implications remained predic-
tive and exploratory, pending experimental valida-
tion.
Several limitations should be acknowledged. The
reliance on static docking and post-docking en-
ergy calculations provided relative binding esti-
mates but did not fully capture the dynamic be-
havior of ligand–receptor complexes. The absence
of molecular dynamics simulations limited insight
into long-term conformational stability, and no ex-
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Figure 6: Structural consistency and conformational stability of thehighest-rankedphytochemical–receptor com-
plexes. RMSD-based comparison demonstrates the structural reliability of docking-derived binding conforma-
tions for selectedGarugapinnataphytochemicals interactingwith AXL kinase (5U6B), TGF-β1 (3KFD), TGF-β recep-
tor II (3DKC), and TGF-β receptor I kinase (3ODU). LowRMSDvalues indicateminimal conformational deviation and
favorable ligand accommodation within receptor binding pockets, corroborating the docking, interaction map-
ping, and MM/GBSA–MM/PBSA analyses.

perimental validation was conducted to confirm bi-
ological activity 40,41. Future work should there-
fore incorporate trajectory-based molecular dynam-
ics simulations to evaluate kinetic stability and sol-
vent effects, followed by experimental validation, in-
cluding biochemical binding assays and cell-based
functional studies targeting EMT and metastatic
markers. Additionally, structure-guided optimiza-
tion and pharmacokinetic evaluation would be es-
sential to translate these findings into viable thera-
peutic candidates 42. Overall, this study presented a
novel integration of ethnomedicinal knowledge with
multi-target structure-based computational screen-
ing, offering a rational framework for identifying
phytochemical scaffolds with potential relevance in
metastasis-related pathways. The identification of
scaffold-dependent, multi-receptor binding behav-
ior provided new insight into the design of multi-
target therapeutic strategies and supported further
investigation into phytochemical-based drug dis-
covery.

CONCLUSION
This study highlights the potential of Garuga pin-
nata and Mitragyna speciosa as valuable sources

of natural compounds that may target the AXL–
TGF-β signaling axis, a key regulator of epithelial–
mesenchymal transition (EMT), tumor invasion,
and metastasis. By combining molecular docking,
MM/GBSA–MM/PBSA binding free-energy calcula-
tions, and RMSD-based structural assessment, we
identified several phytochemicals that consistently
showed favorable binding affinities, stable inter-
action patterns, and reliable structural conforma-
tions across multiple metastasis-associated recep-
tors. Interestingly, the two plant species exhib-
ited complementary binding characteristics. Diter-
penoids from Garuga pinnata interacted effectively
within hydrophobic receptor pockets, whereas in-
dole alkaloids fromMitragyna speciosa adapted well
to aromatic-rich binding environments. Despite
these structural differences, both groups of com-
pounds formed stable hydrogen bonds, hydropho-
bic contacts, and π-mediated interactions, suggest-
ing their potential to modulate multiple compo-
nents of themetastatic signaling network. Although
these findings are based on computational analy-
ses, the strong agreement among docking, binding
energy, and structural consistency results provides
confidence in the predicted ligand–receptor interac-
tions. Future molecular dynamics simulations and
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experimental validation will be essential to confirm
their biological activity. Overall, this study demon-
strates how integrating traditional medicinal knowl-
edge with modern computational approaches can
accelerate the identification of promising natural-
product leads for the development of future anti-
metastatic therapies.

ABBREVIATIONS
AXL: AXL receptor tyrosine kinase
EMT: Epithelial–mesenchymal transition
MM/GBSA: Molecular Mechanics/Generalized
Born Surface Area
MM/PBSA: Molecular Mechanics/Poisson–
Boltzmann Surface Area
RMSD: Root Mean Square Deviation
TGF-β: Transforming Growth Factor-beta
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