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Abstract Introduction The Erythroblastosis Oncogene B homolog 2 (ERBB2) protein, also
known as human epidermal growth factor receptor 2 (HER2), is a key player in cancer
growth, especially in neuroblastoma and gastric cancers. Targeting ERBB2 has led to
successful therapies, making it an important focus in cancer research with the potential
to improve treatment for HER2-positive cancers.
Objective The primary goal of this research is to employ a multifaceted computa-
tional approach to identify potential drug candidates targeting ERBB2. We aim to
combine virtual screening, protein–protein docking, and functional partner prediction
to provide insights into the molecular interactions and potential efficacy of the
identified compounds. Additionally, we intend to assess the safety profiles of these
compounds using advanced toxicity prediction tools.
Methods Relevant protein sequence and structural data for ERBB2 and epidermal
growth factor receptor (EGFR) were sourced from publicly available databases.
Potential inhibitors from the Enamine and LifeChemicals databases were identified
through virtual screening using AutoDock Vina. Functional partners of ERBB2 were
explored using STRING, KEGG, and REACTOME servers. The identified compounds were
subjected to toxicity prediction using the ProTox-II server.
Results Virtual screening led to the selection of 10 compounds with favorable binding
energies (–8.346 to –6.296 kcal/mol) and specific amino acid interactions (Thr5, Arg412,
Leu414, and Ser441) with the receptor. On the other hand, EGFR was identified as the best
functional partner for ERBB2. TheEGFR residuesGln408, Lys463,Phe412, andAsp436 found
key residues for the complex formation. The toxicity prediction analysis revealed that the
majority of compounds exhibited acceptable safety profiles, although a subset of com-
pounds showed lower prediction scores, suggesting the need for further consideration.
Conclusion This comprehensive computational approach, integrating virtual screen-
ing, protein–protein docking, functional partner identification, and toxicity prediction,
offers a systematic framework for efficient drug discovery. The identification of
potential lead compounds targeting ERBB2, with emphasis on both binding affinity
and safety, underscores the significance of such an approach in streamlining the drug
development process. By prioritizing compounds with promising efficacy, functional
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Introduction

The ERBB2 protein, also known as human epidermal growth
factor receptor 2 (HER2), plays a pivotal role in cell prolifer-
ation, survival, and differentiation.1 Dysregulation or over-
expression of ERBB2 has been linked to various cancers, such
as neuroblastoma, gastric, breast, and ovarian cancers, mak-
ing it an attractive therapeutic target.2 Human ERBB2 was
initially identified as an oncogene in rat brain tumors
induced by chemicals. Subsequent analysis of human tissues
revealed ERBB2 amplification in specific cases of salivary
carcinomas and breast cancers with poor prognosis. These
early findings sparked significant interest in ERBB2’s role in
human cancer, leading to amultitude of studies investigating
the biology and clinical relevance of ERBB receptor signal-
ing.3,4 In recent years, structure-based virtual screening and
in silico analysis have emerged as powerful approaches to
identifying potential inhibitors for specific protein targets.

This comprehensive study aimed to identify novel inhib-
itors for the ERBB2 protein through structure-based virtual
screening and in silico analysis. Leveraging the wealth of
available protein structural data, computational tools, and
advanced algorithms, we sought to identify small molecules
with the potential to interact with key binding sites on
ERBB2 and disrupt its activity.

By employing state-of-the-art computational techniques,
including molecular docking, protein–protein docking, and
binding free energy calculations, we conducted an extensive
screening of a diverse chemical library. Our focus on ERBB2-
specific binding sites aims to prioritize compounds with high
binding affinities and favorable aminoacid interactions, there-
by increasing the likelihood of successful inhibition. The
identification of novel ERBB2 inhibitors holds promise for
developing targeted therapies that can effectively combat
cancers associated with ERBB2 dysregulation.5 These findings
may contribute significantly to advancing personalized medi-
cine and improving the overall efficacy of cancer treatments.

Overall, this study represents a crucial step toward har-
nessing the power of computational approaches to expedite
the discovery of new and potent ERBB2 inhibitors, fostering
advancements in precision oncology and targeted therapeu-
tics. The implications of these findings in the context of
cancer therapy and future directions for experimental vali-
dation and drug development are also discussed.

Methodology

Data Collection
Relevant protein sequence and structural data for ERBB2 and
other targets were sourced from publicly available databases
and repositories, including PubMed, RCSB-PDB, and UniProt.6

Our primaryobjectivewas to identify potential inhibitors from
diverse natural databases, such as Enamine and LifeChemicals
for ERBB2.7,8 These databases are distinguished for their
wealth of natural compound derivatives and medicinal value.
The compounds pinpointed through virtual screening present
viable candidates for subsequent experimental studies. The
compound librarywasdownloaded fromtheofficialwebsiteof
the respective chemical compound database. A protein–pro-
tein docking protocol and pertinent data were acquired
through a comprehensive literature survey.

Protein and Ligand Preparation
Protein and ligandpreparationare essential steps inmolecular
docking studies, and AutoDock Vina serves as a powerful tool
for this purpose. In the initial phase, the protein structure is
prepared by removing anywater molecules, heteroatoms, and
cocrystallized ligands that are not part of the binding site. The
protein is then assigned appropriate atom types, charges, and
torsion angles, and polar hydrogens are added.9 Careful atten-
tion is given to the correct protonation states of ionizable
residues, ensuring accuracy in the simulation.

On the other hand, ligands are prepared by removing any
counterions, water molecules, or other nonessential entities.
The ligand’s three-dimensional structure is refined by opti-
mizing bond lengths, angles, and torsion angles. Proper
charges, atom types, and hybridization states are assigned
to the ligand’s atoms, ensuring compatibilitywith the chosen
force field. Additionally, for flexible ligand docking, multiple
conformations of the ligand were generated for a single
ligand to explore potential binding modes. Based on the
binding energy calculated for each ligand conformation, the
potential ligand and its binding pose were considered.

Overall, this meticulous preparation of both protein and
ligand ensures a reliable and accurate docking simulationwith
AutoDock Vina, enabling the exploration of protein–ligand
interactions and the prediction of potential binding poses,
ultimatelyaiding indrugdiscoveryand futuremoleculardesign
efforts.

Structure-Based Virtual Screening
Structure-based virtual screening is a valuable computation-
al approach employed to identify potential drug candidates
by predicting their binding affinities to a target protein
(ERBB2), using the AutoDock Vina tool.10 In this study, the
LifeChemicals and Enamine compound databases were uti-
lized as valuable sources of diverse small molecules. The
prepared protein structure and ligand molecules were uti-
lized for the virtual screening studies.

The virtual screening was conducted by docking each com-
pound from the LifeChemicals and Enamine databases into the
active site of the ERBB2 protein. AutoDock Vina exhaustively

relevance, and acceptable toxicity profiles, this study advances our understanding of
potential therapeutic agents, enhancing the likelihood of successful translation from
computational predictions to real-world drug candidates.
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sampled binding poses and ranked the compounds based on
their calculated binding energies, reflecting the strength of
their potential interactions with the protein. The top-ranking
compounds, with the most favorable binding energies, were
further analyzed to assess their predicted binding modes,
hydrogen bonding patterns, and key interacting residueswith-
in thebinding site. Default protocols of theAutoDockVinawere
implemented throughout the virtual screening analysis.

This structure-based virtual screening using AutoDock
Vina, coupled with the utilization of the LifeChemicals and
Enaminedatabases, provided a systematic and efficientmeans
to prioritize promising small molecules for potential ERBB2
inhibition.11,12 The results from this study contribute valuable
insights into the realmofdrugdiscovery, guidingexperimental
efforts toward the identification and development of novel
therapeutic agents targeting ERBB2-associated diseases.13

Functional Partner Discovery with Bioinformatics
Tools
Functional partners in a pathway are crucial components
that interact with each other to execute specific biological
processes, such as cancer pathogenesis. Identifying these
partners is essential for understanding the intricate molecu-
lar mechanisms that govern cellular functions. Tools and
servers such as STRING,14 KEGG,15 and REACTOME16 provide
valuable resources to unravel these interactions and uncover
the network of relationships within a pathway. STRING is a
powerful bioinformatics resource that specializes in predict-
ing protein–protein interactions. It integrates various sour-
ces of experimental and computational data to construct a
comprehensive network of functional associations between
proteins. KEGG is a widely used resource for understanding
biological pathways and the interactions among genes and
proteins in various organisms. REACTOME is another valu-
able resource for pathway analysis, providing a curated
knowledge base of biological pathways. Consolidating all
the results and identifying the potential functional partner
will be subjected to further computational analysis.

Protein–Protein Docking
The protein–protein docking between two or more proteins
was performed using the HADDOCK 2.4 server, an advanced
computational tool specifically designed for modeling mac-
romolecular interactions.17 The main objective of this dock-
ing study was to predict the potential binding modes and
interface interactions between these two important pro-
teins, which play crucial roles in signaling pathways and
cellular processes. Parameters were set to define ERBB2 as
the “receptor” and the identified functional protein as the
“ligand,” given their respective roles in the interaction.

Active residues, crucial for the protein–protein interac-
tion, were defined based on the known literature and bio-
logical context. These active residueswere set to be unbound
and flexible during the docking simulations. The initial
docking runs were performed using the rigid body docking
mode, allowing for a global search of possible binding
orientations. HADDOCK generated an ensemble of docking
solutions for further refinement. The top-scoring docking

solutions were selected for the semiflexible refinement
stage. During this step, the side chains of the active residues
were allowed to optimize their positions, employing a simu-
lated annealing protocol. The resulting docked complexes
were analyzed to identify the most probable binding mode,
interface residues, hydrogen bonding, and hydrophobic
interactions between ERBB2 and functional proteins.5,18

The binding energy of the top-ranked solution was used as
an indicator of the stability of the predicted complex.

Toxicity Prediction Analysis
The toxicity prediction of the identified lead compounds was
performed using the ProTox-II server, a widely recognized
computational tool specifically designed for predicting the
potential toxicity of small molecules.19 This step was crucial
in the drug discovery process to assess the safety profile of the
identified lead compounds before further experimental inves-
tigations. The top five potential lead compounds were selected
basedontheir favorablebindingenergiesandpredictedbinding
modes from our structure-based virtual screening analysis.
ProTox-II provided predictions for multiple toxicity endpoints,
including mutagenicity, hepatotoxicity, carcinotoxicity, and
others, using validated models. The predicted toxicity scores
were interpreted, considering both the individual toxicity
endpoints and the overall toxicity profile.20 The toxicity
predictions were critically analyzed in the context of the
intended therapeutic application and the known safety stand-
ards for pharmaceutical compounds. This approach ensures
that the lead compoundswith themost promisingefficacyand
favorable safety profiles are advanced in the drug discovery
pipeline, enhancing the overall success rate of the drug devel-
opment process.

Ethics
No human participants/subjects were involved in this study.

Results

Virtual Screening Studies
The structure-based drug design study conducted using Auto-
Dock Vina yielded promising results in the search for potential
drug candidates from the Enamine and LifeChemicals data-
bases. After rigorousfilteringbasedon the Lipinski Ruleof Five,
which ensures drug-likeness and favorable pharmacokinetic
properties, a total of 385,000 and 137,000 compounds were
retained from the LifeChemicals and Enamine databases,
respectively, for further analysis. The AutoDock Vina program
automatically generates the grid map and presents clustered
results to users in a transparent manner. Within Vina, diverse
stochastic global optimization techniques, including genetic
algorithms, simulated annealing, and particle swarm optimi-
zation, were employed. The active site cavity was carefully
chosen, followed by postdocking steps involving energy mini-
mization and H-bond optimization.

Upon thorough docking simulations, we identified 10
compounds that exhibited notably favorable binding ener-
gies, suggesting strong interactions with the receptor
(►Table 1). The binding energy calculated for the top
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compounds ranged from –8.346 to –6.296 kcal/mol. The
interacting residues were Thr5, Arg412, Leu414, and
Ser441 with the docked ligands (►Fig. 1). These compounds
demonstrated specific amino acid interactions within the
binding site or active site of the receptor, reinforcing the
potential for selective binding and biological activity. The
identification of these 10 compounds with both promising
binding energy and significant interactionswith the receptor
represents a significant outcome of our study.

From the results we observe, most of the potential com-
pounds were identified from the LifeChemicals database. Out
of the 10 compounds, 7 from LifeChemicals and 3 are from the
Enamine database. The identified compounds were found to
have hydrogen bond, salt-bridge, and pi–pi interactions.

Protein Functional Partners
The comprehensive analysis of functional partners using
STRING, KEGG, and REACTOME has yielded crucial insights

Fig. 1 Two-dimensional interaction diagram of the top five compounds in the active site of the protein. (A) LC_87763; (B) LC_33378;
(C) LC_27122; (D) Enamine_101102; and (E) LC_87632.

Table 1 List of potential compounds identified through structure-based virtual screening

Compound ID Binding energy (kcal/mol) Interacting residues

LC_87763 –8.346 Thr5, Arg412

LC_33378 –7.858 Thr5, Arg412

LC_27122 –7.409 Thr5, Leu414, Ser441

Enamine_101102 –7.359 Thr5, Gly6, Gly411, Leu414

LC_87632 –7.221 Thr5, Arg412

Enamine_95473 –6.729 Thr5, Leu414

Enamine_68284 –6.489 Thr5, Gly6, Gly411

LC_48628 –6.385 Thr5, Leu414

LC_12121 –6.337 Thr5, Gly411

LC_34889 –6.296 Thr5
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into the intricate network of interactions involving the
ERBB2 protein. Through STRING, we uncovered a multitude
of potential interaction partners, which were further
enriched and contextualized within biological pathways
and processes using the KEGG and REACTOME databases.
The rigorous exploration highlighted a significant finding:
among the various candidates, epidermal growth factor
receptor (EGFR) emerged as the most prominent and
compelling functional partner for the ERBB2 protein
(►Fig. 2). This outcome was supported by multiple lines
of evidence, including high-confidence protein–protein in-
teraction scores, shared pathways, and known biological
relevance. The identification of EGFR as the best functional
partner of ERBB2 underscores its central role in cellular
signaling and its potential significance in various physio-
logical and pathological contexts. Further experimental
validation and functional studies will be crucial to decipher
the specific mechanisms through which this interaction
contributes to cellular processes and disease pathways,
potentially opening new avenues for therapeutic interven-
tions targeting the ERBB2–EGFR complex.

Protein–Protein Docking
The protein–protein docking studies conducted using HAD-
DOCK 4.2 server provided critical insights into the binding
interactions between ERBB2 as the receptor protein and

EGFR as the ligand. The docking simulations yielded a range
of potential binding modes, allowing us to explore the
diverse conformations in which these two proteins may
interact. Through comprehensive analysis, we identified a
highly favorable binding mode that demonstrated strong
binding energy, indicative of stable and specific interactions
between ERBB2 and EGFR (►Table 2). The best cluster is
observed as Cluster 1 with a Haddock score of –95.3, lowest
rootmean square deviation (RMSD) of 0.6 Å, –384kcal/mol of
Electrostatic energy, and –95.9 kcal/mol of Van der Walls
energy. The structure selected from the initial cluster exhib-
its a Haddock score of –91.46, a minimal RMSD of 0.4 Å, and
recorded energy values of –311 kcal/mol for Electrostatic
forces and –90.2 kcal/mol for Van derWaals interactions. The
important residues of EGFR found in/around the active site
comprises nearly 30 amino acids from 353 to 359 and 448 to
464; specifically, Gln408, Lys463, Phe412, and Asp436 are
vital residues. The detailed examination of the docked com-
plex revealed keyamino acid residues involved in thebinding
interface, highlighting the precise molecular interactions
contributing to the formation of the ERBB2–EGFR complex
(►Fig. 2). These findings shed light on the potential func-
tional implications of this protein–protein interaction, fur-
ther underscoring the significance of the ERBB2–EGFR
interaction in cellular signaling pathways and disease
contexts.

Fig. 2 (A) Protein–protein docking interaction and molecule binding pose representing the interaction site. (B) Interacting amino acid residues
from chain A (ERBB2) and chain B (epidermal growth factor receptor).
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Toxicity Prediction
The toxicity analysis of the 10 compounds performed using
the ProTox-II server has yielded encouraging results. The
comprehensive evaluation encompassing multiple toxicity
endpoints has revealed that the majority of the compounds
demonstrated favorable profiles with no indication of signif-
icant toxicity concerns (►Table 3). Remarkably, 6 out of the
10 compounds exhibited excellent prediction scores, indi-
cating their potential safety in terms of the assessed toxicity
endpoints. It is worth noting that, while the majority of
compoundswere in an acceptable stage in terms of predicted
toxicity, four compounds did exhibit relatively lower predic-
tion scores, suggesting the need for cautious consideration or
further assessment before advancing them for experimental
testing.

Discussion

Virtual screening’s ability to expedite lead discovery, opti-
mize resources, and streamline the drug development pipe-
line underscores its vital role in modern pharmaceutical
research, offering a critical bridge between computational
analysis and experimental validation, ultimately driving the
development of innovative therapeutic agents that hold the
potential to address unmet medical needs and improve
patient outcomes. Recently, a study investigated similar
workflow using Zinc database with 300 natural compounds.
The successful docking of ERBB2 and EGFR using HADDOCK
4.2 demonstrates the utility of this computational tool in
deciphering protein–protein interactions, paving the way
for future experimental validation and the design of tar-
geted interventions aimed at modulating this critical inter-
action for therapeutic purposes. These results underscore
the importance of such computational toxicity analysis in
early stage drug discovery, enabling the identification of
compounds with favorable safety profiles and highlighting
those that may require additional scrutiny. Further valida-
tion through in vitro and in vivo toxicity studies is essential Ta
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Table 2 Haddock score for the docked complex of ERBB2 and
EGFR of Cluster 1

Parameters Values

Cluster size 53

Haddock score –95.3�12.5

Van der Waals energy –95.9�5.1

Electrostatic energy –384.2�42.6

RMSD from the overall
lowest-energy structure

0.6� 0.4

Desolvation energy 0.0� 3.3

Restraints violation energy 774.2�27.8

Buried surface area 3,259.9� 151.7

Z-score –2.1

Abbreviations: EGFR, epidermal growth factor receptor; ERBB2,—; MSD,
root mean square deviation.
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to confirm these predictions and refine our understanding
of the overall safety profile of the identified compounds.
Nonetheless, the majority of the compounds showing
promising results in the ProTox-II analysis represent en-
couraging candidates for further investigation in drug de-
velopment efforts.

Conclusion

The results obtained from the combination of various
bioinformatics tools and computational methodologies in
our study provide a comprehensive understanding of the
molecular interactions, binding affinities, functional part-
nerships, and toxicity profiles of the identified lead com-
pounds. Through protein–protein docking studies utilizing
HADDOCK 4.2, we elucidated the binding modes between
ERBB2 and EGFR, shedding light on potential interaction
mechanisms crucial for cellular processes. Our analysis of
functional partners using STRING, KEGG, and REACTOME
revealed the pivotal role of EGFR as a functional partner of
ERBB2, enhancing our understanding of their interplay in
biological pathways. The subsequent toxicity prediction
using ProTox-II enabled the early assessment of potential
safety concerns, and the identification of compounds dem-
onstrating acceptable toxicity profiles highlights the impor-
tance of computational tools in prioritizing lead compounds
for further experimental validation. This integrated ap-
proach, encompassing molecular docking, pathway analysis,
and toxicity assessment, serves as a robust framework for
efficient and informed decision-making in drug discovery,
accelerating the identification and development of promis-
ing candidates while minimizing the risk of adverse effects
in the later stages of drug development.
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