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ABSTRACT

ARTICLE INFORMATION

Due to its central role in controlling apoptosis, Bcl-2 has attracted interest as a viable target in cancer
therapy. This research aims to explore the structural dynamics and stability of Bcl-2 upon binding
with the inhibitor Asiaticoside, while also identifying additional viable sites for drug targeting. We
employed insilico methods to gain insights into the ligand binding mechanism Bcl-2. Regulation of

apoptosis significantly depends on the flexible loop domain (FLD).
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1. Introduction

Cancer is widely acknowledged not only as a highly detrimental health
issue but also as a complex set of phenomena intricately linked to the essential
queries of evolution, multicellularity, pattern dysregulation, and the
relationship between the genome and the environment [1, 2]. Tumor
development is characterized by the acquisition of six key biological traits:
persistent growth signaling, the ability to bypass growth-inhibitory
mechanisms, evasion of apoptosis, unlimited replication potential, promotion
of blood vessel formation, and the capacity for tissue invasion and metastasis.
These hallmark features are supported by genomic instability and chronic
inflammation, which contribute to genetic variation and enhance the
manifestation of these cancer-driving processes [3]. Maintaining tissue
homeostasis depends on a tightly regulated balance between cellular
proliferation and programmed cell death. Disruptions in this balance,
particularly reduced rates of cell death, can contribute to tumor formation. As
discussed earlier, the ability of cancer cells to evade apoptosis is a hallmark
feature, typically driven by genetic alterations that affect the activity or
expression of key regulatory proteins [4]. This resistance mainly stems from
dysregulation of apoptotic pathways, where both genetic and epigenetic
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changes play critical roles [5, 6]. Many apoptotic signals converge on
mitochondria, where they can cause rapid permeabilization of the outer
mitochondrial membrane. The permeabilization of the mitochondrial outer
membrane (MOMP) represents a critical step in apoptosis, facilitating the
release of pro-apoptotic molecules such as cytochrome-c and Smac/DIABLO
into the cytosol [7]. Following its release, cytochrome-c binds to Apaf-1,
leading to the assembly of the apoptosome complex. This complex activates
initiator caspases, including Caspase-9, which in turn stimulate executioner
caspases such as Caspase-3 and Caspase-7. These proteases orchestrate the
systematic breakdown of the cell during apoptosis [8].

Studies show that cancer cells frequently exhibit decreased amounts of
proteins that promote apoptosis or elevated levels of anti-apoptotic molecules,
including inhibitors of apoptosis proteins (IAPs) and Bcl-2 family members,
which help them avoid programmed cell death [5, 6, 9]. Among these proteins,
Bcl-2 holds a particularly significant position. It was initially discovered as a
proto-oncogene in follicular B-cell lymphoma, where a chromosomal
translocation places it under the regulation of the immunoglobulin heavy chain
enhancer, causing its overexpression[10]. Bcl-2 shares homology with ced-9,
an apoptosis inhibitor in C. elegans. Bax, the first identified pro-apoptotic
member of the Bcl-2 family, has been shown to interact directly with Bcl-2
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[11]. In humans, there are at least 16 Bcl-2 homologs, some inhibit apoptosis
(e.g., Bcl-2, Bel-xL, Mcl-1), while others promote it (e.g., Bax, Bak, Bid,
Bim). Normal tissue homeostasis relies on the balance between these opposing
proteins; abnormal expression of Bcl-2 proteins has been linked to diseases
like autoimmunity, neurodegeneration, and cancer [12].

The main function of Bcl-2 family members is to regulate apoptosis.
Despite nearly a decade since their structures were elucidated, these proteins
continue to reveal functional complexity and diversity [13]. Beyond their role
in apoptosis, emerging evidence suggests Bcl-2 proteins influence many other
cellular processes, often independent of cell death regulation. Disruptions in
apoptosis regulation are involved in numerous diseases, including cancer and
neurodegenerative disorders [14]. In humans, Bcl-2 exists as two isoforms,
alpha and beta, with the alpha variant being the most extensively researched.
This protein features four Bcl-2 homology (BH) domains, a flexible loop
region, and a transmembrane segment. The BH1 through BH3 domains create
a hydrophobic pocket essential for binding pro-apoptotic BH3-only proteins
such as Bax and Bak. Targeting this interaction has become a promising
approach in cancer treatment, where BH3 mimetics, either synthetically
developed or naturally derived small molecules, serve to inhibit the function
of anti-apoptotic Bcl-2 proteins [4].

Among these mimetics, Asiaticoside, a naturally occurring triterpenoid
saponin derived from Centella asiatica, has emerged as a promising Bcl-2
inhibitor [15-17]. Liang et al. reported that Asiaticoside exhibits protective
properties against oxidative damage and apoptosis in endothelial cells by
triggering the ROS-mediated p53/Bcl-2/Caspase-3 signaling pathway [17].

This research utilized molecular docking alongside molecular dynamics
(MD) simulations to examine the interaction patterns and stability of
Asiaticoside when bound to the human Bcl-2 protein. To address the solubility
issues associated with the full-length protein, we used a chimeric form of Bel-
2, wherein the flexible loop domain was replaced with a corresponding loop
from Bcl-xL, following the method established by Petros et al. Our
computational findings reveal that Asiaticoside forms a stable complex with
Bcl-2, inducing notable conformational changes and enhancing protein
stability. Moreover, we examined the impact of non-synonymous single
nucleotide polymorphisms (nsSNPs) in the Bcl-2 coding sequence on
structural flexibility and ligand interaction, offering insights into the genetic
variability that may influence apoptotic regulation and cancer susceptibility.

2. Materials and Methods
2.1. Chimeric Bcl-2: Asiaticoside Complexes

This study investigates the interactions between the human Bcl-2 protein
and ligands through computational approaches. Computational analyses
included comparisons between chimeric forms. Docking outcomes were

examined and visualized using PYMOL software, version 1.3.

2.2. Molecular Dynamics

Molecular dynamics simulations were performed with Gromacs version
4.6.5 to assess the impact of Asiaticoside binding on the chimeric Bcl-2
protein (PDB ID: 1GJH). Additionally, a full-length model of the human Bcl-
2 protein was constructed using the intensive mode protocol available in
Phyre2. Simulations of the chimeric Bcl-2 protein without any bound ligand
were carried out within a cubic box filled with water molecules. To mimic
physiological conditions and neutralize charges, sodium ions were included
along with over twelve thousand water molecules. After minimizing the
system’s energy and stabilizing temperature and pressure, the simulations
were performed at body temperature (37°C) and atmospheric pressure (1 bar).
For the complex involving Asiaticoside, the CHARMM?27 force field
(including CMAP corrections) was applied, and the molecular structure of
Asiaticoside was created using an automated topology generation tool. This
simulation employed a similar cubic water box setup but contained over
twenty-two thousand flexible water molecules, with sodium ions introduced
to maintain electrical neutrality. The simulation results were then examined
using the analysis functions embedded in the Gromacs software package.

3. Results and Discussion

3.1. Molecular Docking of the Bcl2: Asiaticoside Complex

Molecular dynamics simulations offer a valuable approach to studying
protein behavior over time, providing insights into their stability, flexibility,
folding, and dynamic properties, complementing docking calculations, which
typically treat the target protein as a static, rigid structure. Molecular dynamics
(MD) simulations enable the study of the movements and interactions of
proteins and their complexes with other biomolecules—such as proteins, small
molecules, carbohydrates, and lipids—within practical time scales and cost-
effective parameters. These analyses often yield essential structural insights,
including measures of overall atomic displacement (RMSD), localized atomic
movement (RMSF), compactness of the molecule (radius of gyration),
hydrogen bonding patterns within and between molecules, exposure of
molecular surfaces to solvent, distribution of secondary structural elements,
and the frequency with which specific residues occupy certain positions.

To investigate how Asiaticoside binds to Bcl-2, molecular docking studies
(Fig. 1 and 2) were conducted using its chimeric conformations. The docking
orientation of Asiaticoside within the Bcl-2 protein was examined. Fig. 1
presents a high-resolution cartoon model of Bcl-2 complexed with
Asiaticoside, with secondary structural elements displayed in a rainbow color
scheme. Asiaticoside is shown as green sticks, positioned intimately within
the binding groove. The interactions between Asiaticoside and key Bcl-2
residues, such as hydrogen bonds and hydrophobic contacts, are illustrated
and annotated with interatomic distances. This detailed view confirms that
Asiaticoside establishes multiple specific interactions within the Bel-2 groove,
involving the same critical residues as reported for well-characterized
inhibitors like venetoclax and navitoclax [18, 19].

Fig. 1. Docked conformation of Asiaticoside within the Bcl-2 binding site. The Bcl-2 protein is represented as a rainbow-colored cartoon, and Asiaticoside is depicted in green stick

format. Key interactions and distances between Asiaticoside and neighboring Bcl-2 residues are indicated. Visualization generated using PyMOL.
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Fig. 2. (a) Surface representation of the Bcl-2 protein displaying Asiaticoside (green sticks) bound within its binding pocket. The protein’s surface is visually represented by mapping
electrostatic charges, where areas of negative charge appear in red and regions of positive charge are shown in blue. (b) Cartoon representation of Bcl-2 (rainbow-colored ribbon)
complexed with Asiaticoside (green sticks), showing key interacting residues as sticks and labeled. Visualization generated using PyMOL. Stability and structural shape are two
fundamental characteristics influencing how ligands bind to proteins.

The close proximity and specific hydrogen bond networks suggest that
Asiaticoside fits tightly and selectively, supporting a stable binding mode.
Such molecular docking outcomes are consistent with previous computational
and crystallographic studies showing natural triterpenoids or glycosides
engaging Bcl-2 through similar key interactions [20]. Therefore, these results
provide computational validation that Asiaticoside can serve as a promising
Bcl-2 modulator, encouraging further biophysical and cellular studies to
confirm its functional inhibition properties.

Fig. 1 illustrates the ribbon model of the Bcl-2 protein in complex with
Asiaticoside, emphasizing the spatial orientation of key residues and their
direct interactions with the ligand. The protein is color-coded by secondary
structure, progressing through the spectrum (red to violet) to reflect the
orientation of a-helices and connecting loops. Asiaticoside is displayed in
green stick representation, docked into the hydrophobic groove of Bcl-2, an
area corresponding to the BH3-binding domain responsible for interactions
with pro-apoptotic proteins.

Several critical residues are observed forming direct hydrogen bonds or
non-covalent interactions with Asiaticoside. Notably, the hydrogen bond
distances are labeled (e.g., 2.5-2.6 A), confirming strong and favorable
binding. Such proximity is indicative of energetically stable interactions,
reinforcing the proposed inhibitory role of Asiaticoside on Bcl-2 function. The
alignment of Asiaticoside within this groove suggests it effectively mimics the
BH3-domain binding motif, thus potentially displacing or preventing binding
of native pro-apoptotic partners.

The clear visualization of hydrogen bonds and spatial geometry further
validates Asiaticoside’s ability to stably occupy and interact with the active
site of Bcl-2. These results support the concept of natural product-derived Bel-
2 inhibitors and underscore Asiaticoside’s promise as a lead compound for
apoptosis-inducing cancer therapeutics [21].

4. Conclusion

In this study, the interaction between human Bcl-2 protein and the natural
ligand Asiaticoside was investigated using a computational approach. Our
results reveal that binding of Asiaticoside induces significant conformational
and dynamic changes in the Bcl-2 protein, suggesting a stabilizing effect upon
complex formation. Insilico modeling further elucidated the atomic-level
interactions between Asiaticoside and Bcl-2, including key hydrogen bonds
and hydrophobic contacts within the BH3-binding groove. These interactions
contribute to the ligand’s high binding affinity and specificity.

Asiaticoside demonstrated strong and stable binding to the chimeric Bcl-2
structure, supporting its potential as a natural Bcl-2 inhibitor. Notably, its
binding was effective regardless of the presence of the full-length domain,
indicating that the modified construct retains the critical structural features
required for ligand recognition. The computational findings provide
mechanistic insight into Asiaticoside’s mode of action and reinforce its
candidacy as a promising lead compound for apoptosis-targeted cancer
therapy.

Panel (a) in Fig.2. displays the molecular surface of Bcl-2 colored by
electrostatic and hydrophobic properties, with Asiaticoside clearly positioned
within the binding groove. The ligand, depicted as green sticks, occupies a
pocket surrounded by both charged and neutral regions, suggesting favorable
interactions in a chemically diverse environment. Panel (b) in Fig. 2. presents
a detailed ribbon (cartoon) view of the Bcl-2 protein, highlighting key
interacting, directly involved in Asiaticoside binding. These amino acids are
shown forming multiple contacts with the ligand, and the cartoon is rainbow-
colored to show chain orientation.

The visualization demonstrates that Asiaticoside binds strongly within the
canonical groove of Bcl-2, overlapping with the regions known to be
important for the recognition of small-molecule inhibitors [22]. The presence
of both charged (red/blue) and hydrophobic (yellow/green) surface patches at
the binding interface may enhance the ligand’s affinity via a combination of
electrostatic and van der Waals interactions. The network of Asiaticoside
interactions shows how natural and synthetic compounds can inhibit Bcl-2,
indicating that similar mechanisms may drive Asiaticoside’s biological
activity This molecular evidence supports the notion that Asiaticoside
could act as an effective Bcl-2 inhibitor by stabilizing the protein in
an inactive conformation through multifaceted binding.

The interaction between Asiaticoside and the anti-apoptotic Bcl-2 protein
was investigated through molecular docking, and the results are illustrated in
Fig. 2. Panel (a) shows the molecular surface of Bcl-2, highlighting the
physicochemical characteristics of the binding pocket. Asiaticoside is
positioned within a prominent hydrophobic groove, corresponding to the
BH3-binding domain, a critical site for protein—protein interactions involved
in apoptosis regulation [23]. The surface is color-coded to reflect the
distribution of electrostatic and hydrophobic regions, with red indicating
negatively charged residues, blue for positively charged, green and yellow for
hydrophobic, and white for polar residues. The spatial fit and chemical
complementarity suggest a stable interaction between Asiaticoside and the
Bcl-2 surface.

Panel (b) provides a detailed ribbon representation of Bcl-2, emphasizing
the specific molecular interactions stabilizing the Asiaticoside-Bcl-2 complex.
The ligand is shown interacting with several key amino acid residues. These
interactions are indicative of hydrogen bonding, electrostatic attractions, and
n-n stacking, particularly involving aromatic residues. The anchoring of
Asiaticoside within the hydrophobic pocket of Bcl-2 likely mimics the binding
mode of native pro-apoptotic BH3-only proteins, thereby potentially
inhibiting Bcl-2’s function and promoting apoptosis in cancer cells. These
findings support the hypothesis that Asiaticoside can act as a natural Bcl-2
antagonist and may serve as a promising lead compound in anticancer drug
development [24, 25].
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