
ABSTRACT
Helicobacter pylori (H. pylori), a Group I carcinogen, is associated with a range of gastrointestinal and extra-gastric diseases. This study 
aimed to evaluate the interaction of selected bioactive compounds, rosmarinic acid and stigmasterol, with key H. pylori virulence proteins, 
CagA (PDB ID: 4DVY) and VacA (PDB ID: 2QV3), using molecular docking analysis. The three-dimensional structures of the target 
proteins were retrieved from the Protein Data Bank, and docking simulations were performed using AutoDockTools 1.5.7, followed by 
interaction analysis in PyMOL. Rosmarinic acid demonstrated a binding energy of −5.1 kcal/mol and an inhibitory constant (Ki) of 18.35 
mM against CagA, with interactions involving residues such as LEU475 and LYS613, while stigmasterol showed a binding energy of −3.39 
kcal/mol and Ki of 3.25 mM, interacting with residues including ARG399 and GLU406. In the case of VacA, stigmasterol exhibited a binding 
energy of −4.38 kcal/mol (Ki 6.16 mM), whereas rosmarinic acid showed −2.93 kcal/mol (Ki 7.1 mM), with interactions observed at 
residues such as LYS680 and TYR729. These findings indicate that both compounds are capable of interacting with key residues of CagA 
and VacA proteins, with variations in binding affinity; however, as molecular docking provides only predictive insights into ligand–protein 
interactions, further experimental validation is required to confirm their biological activity and potential therapeutic relevance.
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INTRODUCTION
Helicobacter pylori (H. pylori) is a Gram-negative, spiral-
shaped bacterium that chronically colonizes the human 
gastric mucosa and infects approximately half of the 
global population, with higher prevalence reported in 
developing regions.¹ The organism possesses unique 
adaptive mechanisms, including urease production, 
which enables survival in the highly acidic gastric 
environment. Persistent infection with H. pylori is a well-
established risk factor for several gastrointestinal 
disorders, including chronic gastritis, peptic ulcer disease, 
and gastric carcinoma.² The pathogenicity of H. pylori is 
largely attributed to its virulence factors, which facilitate 
colonization, immune evasion, and host tissue damage. 
Chronic colonization leads to sustained inflammatory 
responses that may induce epithelial alterations and 
increase the risk of malignant transformation.³
Emerging evidence suggests that H. pylori infection may 
also be associated with extra-gastric conditions, including 
diseases of the oral cavity and head and neck region.⁴⁻⁶ 
Although the exact mechanisms remain unclear, chronic 
inflammation, immune modulation, and possible 
colonization of the oral environment have been proposed 
as contributing factors. Persistent inflammatory signaling 
is known to promote genomic instability, dysregulated cell 
proliferation, and impaired apoptosis, all of which are 
implicated in carcinogenesis.⁷ Furthermore, the detection 
of H. pylori in oral biofilms and saliva supports the 
possibility of its involvement in local pathological 
processes.⁵ ⁶ However, current evidence remains 
inconclusive, highl ighting the need for further 
investigation into the molecular interactions underlying 
these associations.
Among the various virulence determinants of H. pylori, 
cytotoxin-associated gene A (CagA) and vacuolating 
cytotoxin A (VacA) are extensively studied due to their 
critical roles in host–pathogen interactions. CagA is 
translocated into host cells, where it disrupts intracellular 
signaling pathways, alters cytoskeletal organization, and 
promotes inflammatory responses.⁸ ⁹ Similarly, VacA 
contributes to cellular damage by inducing vacuolation, 
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mitochondrial dysfunction, and modulation of immune 
responses, thereby facilitating bacterial persistence.¹⁰ 
These proteins are therefore considered important 
molecular targets for investigating potential inhibitory 
compounds.
Natural bioactive compounds have gained considerable 
attention as potential modulators of microbial virulence due 
to their diverse pharmacological properties. Rosmarinic 
acid, a polyphenolic compound, has demonstrated 
antioxidant, anti-inflammatory, and antimicrobial activities 
in several experimental models.¹¹ ¹² Stigmasterol, a plant-
derived phytosterol, has also been reported to exhibit anti-
inflammatory and cytomodulatory effects.¹³ ¹⁴ While these 
compounds have shown biological activity in various 
contexts, their direct interaction with H. pylori virulence 
proteins such as CagA and VacA has not been extensively 
explored. Investigating such interactions using 
computational approaches may provide preliminary 
insights into their potential inhibitory behavior.
Molecular docking is a widely used in silico technique that 
predicts the binding affinity and interaction patterns 
between ligands and target proteins, thereby aiding in the 
identification of potential lead compounds.¹⁵ In this context, 
the present study aims to evaluate the interaction of 
rosmarinic acid and stigmasterol with the H. pylori 
virulence proteins CagA and VacA using molecular docking 
analysis. This approach seeks to provide a computational 
basis for understanding ligand–protein interactions, which 
may guide future experimental studies.

Material and Methodology
The three-dimensional crystal structures of the 
Helicobacter pylori virulence proteins CagA (PDB ID: 
4DVY) and VacA (PDB ID: 2QV3) were retrieved from the 
Protein Data Bank (PDB).¹⁶ Protein preparation was 
performed using Molegro Molecular Viewer version 7.0, 
where co-crystallized ligands, water molecules, and non-
essential chains were removed to obtain a clean protein 
structure suitable for docking. Polar hydrogen atoms were 
added, and Kollman charges were assigned using 
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AutoDockTools version 1.5.7 to ensure accurate 
representation of electrostatic interactions.¹⁷
The ligand structures of rosmarinic acid and stigmasterol 
were obtained from the PubChem database (CID: 
5281792 and 5280794, respectively) in SDF format and 
converted to PDB format using Open Babel.¹⁸ Ligand 
preparation was carried out using AutoDockTools 1.5.7, 
where torsional degrees of freedom were defined (1–6 
rotatable bonds), hydrogen atoms were added, Gasteiger 
charges were assigned, and aromaticity was detected. 
These steps are essential for enabling flexible ligand 
docking and accurate conformational sampling.¹⁹
The active site regions of CagA and VacA were identified 
based on previously reported binding residues and 
structural analysis of the proteins.¹⁰ ¹⁶ A grid box was 
generated using AutoGrid with dimensions of 50 × 64 × 78 
Å and a grid spacing of 0.5 Å, centered at coordinates x = 
83.35, y = 49.60, and z = 50.60, encompassing the 
predicted binding pockets.¹⁷
Molecular docking simulations were performed using 
AutoDock 4.2, employing the Lamarckian Genetic 
Algorithm (LGA), which is widely used for predicting 
ligand–protein interactions.²⁰ For each ligand–protein 
complex, 100 independent docking runs were carried out 
with a population size of 250, a mutation rate of 0.02, and a 
crossover rate of 0.8. The maximum number of energy 
evaluations was set to 2.5 × 10 ⁶ to ensure adequate 
conformational sampling. Docking parameter files (DPF) 
were generated for each simulation.
To validate the docking protocol, standard docking 
procedures were followed, and the consistency of binding 
poses was assessed through clustering analysis using a 
root mean square deviation (RMSD) tolerance of 1.0 Å.²¹ 
The lowest energy conformation from the most populated 
cluster was selected as the representative binding mode. 
Binding energy values (kcal/mol) and estimated inhibition 
constants (Ki) were recorded as indicators of interaction 
strength. The total energy represents the combined 
contribution of intermolecular interaction energy and 
torsional free energy.
The resulting protein–ligand complexes were visualized 
and analyzed using BIOVIA Discovery Studio Visualizer 
version 25.1.0, enabling identification of key interacting 
residues and types of interactions such as hydrogen 
bonding, hydrophobic interactions, and electrostatic 
contacts.²²

RESULTS
Molecular Docking Analysis of CagA Protein
The docking results of rosmarinic acid and stigmasterol 
with the CagA oncoprotein of Helicobacter pylori are 
summarized in Table 3. Rosmarinic acid exhibited a 
binding energy of −5.1 kcal/mol, with a ligand efficiency of 
−0.2 kcal/mol and an estimated inhibition constant (Ki) of 
18.35 mM. The intermolecular energy was calculated as 
−8.68 kcal/mol, and the total energy was −3.7 kcal/mol. 
The ligand interacted with residues LEU475, ASP477, 
LYS613, LYS617, GLU620, and ARG624 in chain A 
(Figure 1).
Stigmasterol demonstrated a binding energy of −3.39 
kcal/mol, with a ligand efficiency of −0.08 kcal/mol and a Ki 
value of 3.25 mM. The intermolecular energy was −6.97 
kcal/mol, and the total energy was −3.61 kcal/mol. The 
interacting residues identified for stigmasterol included 
ARG399, GLU406, GLN410, LYS421, LYS425, ALA601, 
and LYS604 in chain A (Figure 1).
Molecular Docking Analysis of VacA Protein
The docking results of rosmarinic acid and stigmasterol 
with the VacA protein are presented in Table 4. Rosmarinic 

acid showed a binding energy of −2.93 kcal/mol, with a 
ligand efficiency of −0.11 kcal/mol and a Ki value of 7.1 mM. 
The intermolecular energy was −6.51 kcal/mol, and the 
total energy was −3.35 kcal/mol. The interacting residues 
included ALA431, GLY432, SER433, PHE461, PHE483, 
ASN484, SER504, THR505, ASN506, GLY527, GLU528, 
and TYR529 in chain A (Figure 2).
Stigmasterol exhibited a binding energy of −4.38 kcal/mol, 
with a ligand efficiency of −0.11 kcal/mol and a Ki value of 
6.16 mM. The intermolecular energy was −7.96 kcal/mol, 
and the total energy was −3.73 kcal/mol. The residues 
involved in interaction were LYS680, TYR729, ASN732, 
ARG734, CYS738, VAL739, ALA748, and CYS749 in 
chain A (Figure 2).

DISCUSSION 
Helicobacter pylori (H. pylori) infection is widely recognized 
for its role in gastrointestinal diseases, with its 
pathogenicity primarily mediated by virulence factors such 
as cytotoxin-associated gene A (CagA) and vacuolating 
cytotoxin A (VacA).⁸⁻¹⁰ These proteins contribute to host 
cell dysfunction through disruption of intracellular signaling 
pathways, induction of cellular stress, and modulation of 
immune responses. Due to their critical involvement in 
bacterial pathogenic mechanisms, they are considered 
important molecular targets for computational and 
experimental investigations.
In the present study, molecular docking analysis was 
performed to evaluate the interaction of rosmarinic acid 
and stigmasterol with CagA and VacA proteins. The 
docking results demonstrated that both compounds were 
able to bind within the predicted active regions of these 
proteins, with variations observed in binding energy values 
and interacting residues. Rosmarinic acid exhibited 
comparatively lower binding energy toward CagA, 
whereas stigmasterol showed relatively favorable 
interaction with VacA. These differences may reflect 
variat ions in molecular structure, polari ty, and 
conformational flexibility of the ligands, which influence 
their binding orientation and interaction profiles.
It is important to note that molecular docking provides a 
theoretical prediction of ligand–protein interactions based 
on structural complementarity and energy minimization.¹⁵ 
Therefore, the binding affinities reported in this study 
should be interpreted as indicative of potential interactions 
rather than definitive evidence of biological activity. The 
interaction of ligands with specific amino acid residues 
identified in this study may provide a basis for further 
structural and functional investigations.
Previous studies have reported that rosmarinic acid 
possesses antimicrobial, antioxidant, and anti-
inflammatory properties, and has demonstrated biological 
activity in various in vitro models.¹¹ ¹² Similarly, stigmasterol 
has been shown to exhibit anti-inflammatory and 
cytomodulatory effects in experimental studies.¹³ ¹⁴ While 
these findings support the potential biological relevance of 
these compounds, their direct inhibitory effects on H. pylori 
virulence proteins such as CagA and VacA have not been 
extensively validated experimentally.
The present findings therefore provide preliminary 
computational insight into the interaction of these natural 
compounds with key H. pylori virulence factors. However, 
several limitations should be considered. Molecular 
docking does not account for dynamic protein behavior, 
solvent effects, or cellular complexity, which may influence 
actual biological interactions. Additionally, the absence of 
experimental validation limits the ability to confirm 
inhibitory activity or therapeutic relevance.
Future studies involving molecular dynamics simulations, 
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in vitro assays, and in vivo models are required to further 
investigate the stability, specificity, and biological effects 
of these interactions. Such approaches would provide a 
more comprehensive understanding of the potential role 
of these compounds in modulating H. pylori pathogenic 
mechanisms.
CONCLUSION 
This study employed molecular docking analysis to 
evaluate the interaction of rosmarinic acid and 
stigmasterol with key Helicobacter pylori virulence 
proteins, CagA and VacA. The findings indicate that both 
compounds exhibit binding affinity toward these target 
proteins, with variations observed in interaction profiles 
and energy values. These results provide preliminary 
computational insight into ligand–protein interactions 
involving important virulence factors of H. pylori. 
However, as molecular docking represents a predictive 
approach, the biological activity and inhibitory potential of 
these compounds cannot be confirmed without further 
investigation. Additional studies, including molecular 
dynamics simulations and experimental validation 
through in vitro and in vivo models, are necessary to 
determine their functional relevance and potential 
applicability.
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RMSD Rosmarinic Acid Stigmasterol 
Binding Energy -5.1 kcal/mol -3.39 kcal/mol 
Ligand Efficiency -0.2 kcal/mol -0.08 kcal/mol 
Inhibitory 
Constant 

18.35 mM 3.25 mM 

Intermolecular 
energy 

-8.68 kcal/mol -6.97 kcal/mol 

Total Energy -3.7 kcal/mol -3.61 kcal/mol 
Amino acid 
residue 

Chain A: LEU475; ASP477; LYS613; 
LYS617; GLU620; ARG624;   

Chain A: ARG399; GLU406; GLN410; 
LYS421; LYS425; ALA601; LYS604  

 

RMSD Rosmarinic Acid Stigmasterol 
Binding Energy -2.93 kcal/mol -4.38 kcal/mol 
Ligand 
Efficiency 

-0.11 kcal/mol -0.11 kcal/mol 

Inhibitory 
Constant 

7.1 mM 6.16 mM 

Intermolecular 
energy 

-6.51 kcal/mol -7.96 kcal/mol 

Total Energy -3.35 kcal/mol -3.73 kcal/mol 
Amino acid 
residue 

Chain A: ALA431; GLY432; SER433; 
PHE461; PHE483; ASN484; SER504; 
THR505; ASN506; GLY527; GLU528; 
TYR529 

Chain A: LYS680; TYR729; 
ASN732; ARG734; CYS738; 
VAL739; ALA748; CYS749  

 

Table 3. Docking parameters of rosmarinic acid and stigmasterol with CagA protein (PDB ID: 4DVY).

Table 4. Docking parameters of rosmarinic acid and stigmasterol with VacA protein (PDB ID: 2QV3).

Note: Binding energy is expressed in kcal/mol. Ki: inhibition constant. RMSD: root mean square deviation.
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