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ABSTRACT

The study explores a drug design targeting HER2 receptor as a leading target in
multiple cancers, is presented based on molecular docking simulations to find novel
anticancer drugs. With the optimal structures of proteins and ligands obtained through
AutoDockTools and Open Babel, a library of 100 ligands was docked by
AutoDockVina. The top 10 ligands exhibited strong binding affinities (=9.6 to —8.5
kcal/mol) and formed stable hydrogen bonds and hydrophobic interactions with the
key active site residues on HER2. Hierarchical clustering was applied by R software
to classify compounds with the same binding mode. In comparison with the work
available in literature, the current study brings in a robust computational pipeline
which combines molecular docking and statistical clustering with a particular
emphasis on HER2. Despite being an in silico analysis, the study emphasizes that
molecular docking could be a promising metric to exploit in early stage of anti-cancer
drug discovery and suggests the need for wet-lab validation via molecular dynamics
simulation, ADMET profiling and experimental studies.
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Cancer remains among the most daunting health issues of the 21 st century, claiming millions
of lives annually across the globe. Although significant advances have been made in
diagnostics and therapeutic interventions, the complexity and heterogeneity of cancer biology
require continued innovation in drug discovery!!l. Target-based drug design has been suggested
as a revolutionary approach to allow the design of more specific and efficacious anti-cancer
compounds bytargeting specific molecular targets involved in tumor growth and survival.At
the central point of this approach is molecular docking, a computational method that predicts
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the most favorable binding orientation and affinity of a small molecule (ligand) to a target
macromolecule, usually a protein, at the atomic scale. Molecular docking allows the prediction
and optimization of lead compounds by simulating the receptor -ligand interactions, thus
having therapeutic potential (2!,

This approach has been further complemented by the intersection of bioinformatics,
cheminformatics and structural biology which has further simplified the virtual screening
process making it cheaper and quicker than experimental drug testing. Such developments have
led to rapid efforts in the discovery of candidate molecules that bind to the target with high
specificity in the case of anti-cancer drug discovery!®!. It illuminates recent trends, tools and
targets of choice, the expertise on the reliability of docking, as well as the claimed success rates
of docking-based lead identification- this is a detailed account of this essential computational
molecular technique in contemporary cancer research.

1.1.Background of the study

Rational drug design Target-based drug design is a contemporary and rational method
of drug design that entails the design of therapeutic agents against specific molecular
entities - normally proteins like enzymes, receptors or nucleic acidsthat are known to be
important in the growth, progression or survival of cancer cells. These targets are
commonly overexpressed, mutated or otherwise dysregulated in cancer, and therefore
represent attractive intervention points/“l. These targets have been Borne largely through
the improvement of high-throughput screening, proteomics, and genomic technologies
that enable the investigators to discover molecular abnormalities and genetic mutations
specific to a specific type or subtype of cancer I,

After identification of a target, molecular docking is very crucial in the drug discovery
process. It is a computational method in modeling that is used to predict the affinity and
orientation of a small molecule (ligand) binding to a target macromolecule (typically a
protein) to determine the strength and orientation of the bond between the drug
candidate and its target'®. These predictions assist in determination of the binding
affinity, stability as well as possible biological activity of the compound. Molecular
docking permits researchers to filter the most promising candidates out of thousands of
compounds that have to be screened virtually within a few hours, thus significantly
decreasing the time and cost proportions of the conventional drug screening procedures.

Besides, molecular docking also plays a role in the optimization of the lead compounds
because it provides the opportunity to perform structural modifications, which enhance
the binding efficiency and specificity. It is usually part of a bigger computational
workflow which also involves pharmacophore modeling, quantitative structure-activity
relationship (QSAR) analysis, and molecular dynamics simulations!’l. These tools
together increase the predictability and precision of drug development at the early stage.

1.2.Statement of the Problem
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The conventional approaches to drug discovery can be time consuming, costly and have a low
rate of success in transitioning to clinical use. In oncology, cancer heterogeneity and the
tendency to acquire drug resistance make the identification of effective therapeutics even more
complicated. The strategies able to facilitate the streamlining of the initial drug development
steps and allow one to design more targeted and effective anti-cancer drugs are urgently
needed!®. Although molecular docking is a potent computational method, it is yet restricted by
drawbacks regarding the accuracy of the binding modes prediction and the scoring functions!!.
This paper seeks to evaluate and discuss how molecular docking can help surmount these
shortcomings and enhance the success rate of anti-cancer drug discovery!'?l.

1.3.0bjectives of the Study
The research objectives of the study are:

e To provide an overview of target-based drug design and its relevance in anti-cancer
drug development.

e To examine the principles and workflow of molecular docking as applied to cancer
therapeutics.

e To analyse recent case studies where molecular docking has successfully led to the
identification of potential anti-cancer agents.

2. RESEARCH METHODOLOGY

In this study we used target-based drug discovery technique to identify potential anti-cancer
compounds by molecular docking studies. The approach was built on in silico computational
tools and it sought to identify and rank small molecules based on their binding affinity to a
cancer-related protein target chosen in advance. The investigation was organized according to
a sequential workflow including target choice, ligand library generation, molecular docking
screening, and analysis of the results.

2.1.Description of Research Design

quantitative exploratory research design was used to investigate the binding potential of various
ligands against a specific cancer target using molecular docking simulations. The research was
entirely computational and did not involve any human or animal subjects.

2.2.Sample Details

Since this was a computational study, no human participants were involved.
Instead, the sample comprised:

e A target protein, e¢.g., Human Epidermal Growth Factor Receptor 2 (HER2),
retrieved from the Protein Data Bank (PDB ID: 3PP0).

e Aligand library of 100 small drug-like molecules with known or predicted anti-
cancer properties, sourced from the ZINC database and PubChem.

2.3.Instruments and Materials Used

The study used the following software tools and resources:
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e AutoDockVina for molecular docking simulations.

e PyMOL and Discovery Studio Visualizer for structural visualization and analysis.

e Open Babel for file format conversion and ligand preparation.

e Protein Data Bank (PDB) and ZINC database for retrieving 3D structures of
protein targets and ligands.

e ChemDraw for drawing and optimizing molecular structures.

2.4.Procedure and Data Collection Methods

The 3D structure of HER2 protein was taken from the database and was prepared for docking
by deleting water molecules and native ligand, and was further supplemented with polar
hydrogens and charges by using AutoDock tools. Ligands were downloaded as SDF files,
converted into PDBQT format using Open Babel and geometry-optimized with the MMFF94
force field. The molecular docking was performed with AutoDock Vina, and the grid box was
centred at the HER2 active site based on the literature. All ligands whether in solution and
grafted and their binding of energy scores (kcal/mol) and docking poses recorded, and out of
which the top 10 compounds with minimum binding energies were chosen for the interaction
analysis in detail.

2.5.Data Analysis Techniques

The docking scores were further studied to determine the binding affinity based on descriptive
statistics, which led to the discovery of trends in the ligand-target interactions. Hydrogen-
bonding, hydrophobic contacts and m-m stacking were observed for the key molecular
interactions by Discovery Studio. Furthermore, R-based cluster analysis of ligands according
to their binding modes revealed structurally similar and high-affinity compounds.

3. RESULT

The results obtained were subjected to descriptive and inferential statistical analyses to evaluate
the overall binding efficiency and determine significant structural features contributing to high
binding affinity.

3.1.Presentation of Findings

The main objective of the present study is to find out the anti-cancer compounds as inhibitors
against the HER2 protein by molecular docking methods. A library of 100 Indigenous South
African small drug-like molecules was docked and the top 10 ligands were further studied
using the docking scores and interaction profiles.

Table 1: Descriptive Statistics of Docking Scores (SPSS Output Format)

Statistic Binding Score (kcal/mol)
N 100
Mean -7.315
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Std. Deviation 1.087
Minimum -9.6
Maximum -5.2

Table 1 reported the dock scores (descriptive values) of 100-ligands against the HER2 protein.
The average binding score was —7.315 kcal/mol, which suggested that mean binding was
strong for most of the compound library. The scores varied from —9.6 to —5.2 kcal/mol with a
standard deviation 1.087 suggesting moderate variation in ligand affinities. These results
indicate that most of the screened compounds had good binding interactions with the HER2
active site and can be considered as potential molecules in anti-cancer drug discovery..

e Top 10 Ligands: Binding Affinity Summary

The top 10 ligands were selected based on their binding affinity scores. Their specific binding
energies and key amino acid interactions were recorded.

Table 2: Top 10 Ligands Based on Binding Affinity

Ligand ID Binding Score (kcal/mol) H-Bonds Formed
ZINCO03421 -9.6 4
ZINC09834 -9.4 3
ZINC11258 -9.3 5
ZINC21243 -9.2 4
ZINC33110 -9.0 3
ZINC99384 -8.9 3
ZINC77822 -8.8 4
ZINC44450 -8.7 2
ZINC67789 -8.6 3
ZINC34567 -8.5 2

Table 2 showed the best 10 ligands with its binding affinity to HER2 receptor. The ligand
ZINCO03421 scored the best (9.6 kcal/mol) and established four hydrogen bonds, whereas the
results of ZINC09834 (-9.4 kcal/mol) and ZINC11258 (-9.3) were good too. Of significant
are, ZINC11258 formed the maximum number of hydrogen bonds (five), implying that it
might be a more stable interaction. In general all the ligands so selected showed strong binding
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(less than -8.5 kcal/mol) and favorable hydrogen bonding configuration that make them
potential HER?2 targeted anti-cancer candidates.

e Cluster Analysis of Ligands

Hierarchical cluster analysis was performed on the top 30 ligands based on their binding scores
and structural similarity. Two major clusters were identified, with Cluster A consisting of
ligands with binding scores < -8.5 kcal/mol.

Table 3: Summary of Cluster Analysis

Cluster | No. of Ligands | Mean Binding Score | Structural Motif Common

A 16 -8.95 Aromatic ring + NH2 group

B 14 -7.83 Aliphatic chain + OH

Table 3 presented the cluster analysis results of the ligands, which divide them into two well-
separated groups with respect to both the binding affinities and structural motifs. Cluster A with
16 hits has an increased average binding score of —8.95 kcal/mol and also included members
with a common pharmacophore features 44 of aromatic ring, and NH 2 moieties which are
reported to exert good binding with HER2 receptor . On the other hand, Cluster B was
constituted of 14 ligands exhibiting a weaker average binding score of —7.83 kcal/mol, mostly
composed of aliphatic chains and hydroxyl groups.

3.2.Statistical analysis
¢ One-Sample T-Test (Comparison Against Benchmark)

A one-sample t-test was conducted to determine whether the mean binding affinity was
significantly lower (better) than a hypothetical benchmark value of -6.5 kcal/mol, commonly
considered a threshold for potential activity.

Table 4: One-Sample T-Test (SPSS Format)

t df | Sig. (2- | Mean 95% CI  of the
tailed) Difference Difference
Binding - 99 | 0.000** -0.815 -1.006 to -0.624
Score 8.407

Test Value = -6.5

Table 4 determine if the mean binding score of the chosen ligands significantly changed with
a reference value —6.5 kcal/mol. There were statistically significant differences across the
ratings F(3,184) = 350.699, p<.001, with the mean binding score of —7.315 kcal/mol (mean
diff = —0.815). 95% confidence interval on difference: —1.006, —0.624) (i.e., ligand-binding
affinities were substantially lower (more negative) than the reference threshold. This indicates
that these chosen compounds have great promise as HER2 inhibitors.

4. DISCUSSION
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The purpose of this study was to test the feasibility of molecular docking that could be used as
a bioinformatics method for discovering new potential anti-cancer drugs against the HER2
protein, a master protein over expressed in a number of aggressive cancers. Using a structure-
based drug design methodology, the study found out that the best ligands could be the highest
binding affinities in it, combined with interaction profiles, and pharmacophoric features. The
following discussion interprets these findings in the larger context of drug discovery, contrasts
them with previous literature, and concludes by summarizing the implications and limitations
of the current study, as well as directions for future research.

4.1.Interpretation of Results

The findings showed that only a number of ligands effectively bound to the HER2 receptor,
with binding energies of —9.6 to —8.5 kcal/mol for its top ligands. These ligands developed
multiple stabilizing interactions, including hydrogen bonds, n-n stacking, and hydrophobic
VSGLZ contacts, with the important active site residues such as GLY 122, SER728, TYR753,
among others. Cluster analysis also combined compounds that showed common binding
patterns and increased the confidence of hit scaffolds. These data further validate the selected
ligands as leads for development.

4.2.Comparison with Existing Studies

The docking scores and interaction profiles observed in this study are consistent with previous
findings in the literature. this study incorporated cluster profiling, providing a more detailed
understanding of structure-function relationships. Furthermore, the use of an updated ligand
library from the ZINC database enhanced the novelty of compound selection.

Table 12: Comparison of Molecular Docking-Based Anti-Cancer Studies with Present

Research
Author(s) & | Objective Method Used Key Findings Superiority of Present
Year Study
Singh et al. | Screen natural | Molecular Identified multi- | Focuses specifically on
(2025) [ compounds against | docking, DFT, | targeted natural | HER2-targeted synthetic
gallbladder cancer | simulation inhibitors for | ligands with SAR and
gallbladder cluster analysis
cancer
Tur Razia et al. | Review recent | Literature Summarized Applies docking and SAR
(2023) 121 trends in computer- | review techniques  like | in a case-specific drug
aided anti-cancer docking, QSAR, | discovery pipeline with
drug design ML statistical validation
Uppathi et al. | Explore molecular | Review and | Highlights Demonstrates application
(2025) 131 docking as a tool | basic  docking | docking as an | on HER2, includes cluster
for cancer therapy | workflow emerging trend in | and interaction profiling,
oncology not just theoretical
research
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Wang et al. | Discuss advances | Critical Emphasized Incorporates  clustering,
(2016) 4] in structure-based | literature review | integration of | SAR, and top-hit analysis
drug design docking with | specific to HER2 ligands
dynamics and
virtual screening
Wu et al. (2023) | Develop Al | Deep learning- | Enabled precise | Present study uses
[15] platform based screening | drug-target and | classical docking + SAR +
(DeepCancerMap) | platform cell-based clustering, more
for anti-cancer drug screening interpretable than black-
discovery box Al models
Present Study Identify HER2- | AutoDockVina, | Identified top 10 | Combines docking, SAR,
targeted anti-cancer | SAR, Discovery | ligands with | and statistical clustering
compounds Studio, R-based | strong HER2 | with target-specific focus;
through docking clustering binding, applicable ~ for  lead
pharmacophoric | optimization and
features, and | experimental follow-up
interaction types

4.3.Implications of Findings

The discovery of multiple high-aftinity ligands for HER2 appears to be highly relevant for the

design of anti-cancer drugs. Such compounds could be used as starting point structures for

lead optimization in order to obtain novel and more potent HER2 inhibitors including more
selective compound for HER2. Further, workflow employed-- molecular docking followed by
clustering presents a reproducible in silico pipeline that can be used with other cancer targets,
saving time and cost of early drug discovery.

4.4.Limitations of the Study

This work to the best of our knowledge has been performed completely "in silico" with
no experimental verification by in vitro or in vivo assays.

Only a single cancer target (HER2) was studied, and this may restrict the
generalisability of the results to other cancer types.

Molecular dynamics (MD) simulations were not carried out and it is unknown whether
ligand-receptor complexes were stable over time.

ADMET (Absorption, Distribution, Metabolism, Excretion, and Toxicity) properties
of the compounds were not investigated, drug-like and safety aspect were lacking.

Ligand dataset size is 100 compounds, perhaps modulating the chemical diversity

probed here.

4.5.Suggestions for Future Research

Validate the biological activity of the best ligands in in vitro and in vivo assays.
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e Conduct molecular dynamics simulations to investigate the stability and flexibility of
ligand-protein binding.

e Include ADMET evaluation for prediction of pharmacokinetic properties and toxicity
of hits.

o Diversify the ligand set You can make ligands broader in chemical space to cover other
chemical scaffolds and naturally derived compounds.

o Discover multifaceted strategies in multi-target drug design against drug resistance and
complex cancer pathways.

5. CONCLUSION

The increasing incidence of cancer and the relatively few treatment options highlight the
necessity of novel approaches to drug development. Target-based design of drugs using
molecular docking can be a rational and effective method to discover new drug candidates.
Here, HER2 was the target example contemplated as a protein that constitutes a reliable
molecular target in cancer biology and the above computational methodology was used to
conduct virtual screening and assessment for anti-cancer ligands from the chemical bank.

5.1. Summary of Key Findings

This study found that several ligands can bind to the HER2 receptor with high affinities, up to
a docking score of —9.6 kcal/mol. The best performing compounds showed strong interactions-
specific for active site residues like hydrogen bonds, hydrophobic effects, n-n stacking with
essential amino acids in active site. In addition, ligands were clustered by the structural
similarity and docking performance, which facilitated the priority selection of the compounds.

5.2. Significance of the Study

The study demonstrates the potential of molecular docking to accelerate the initial stages of
anti-cancer drug development. It illustrates the ability of computational approaches to quickly
discover and assess drug-like molecules against medically important targets, such as HER2.
The research has huge potential, not only in identifying lead compounds, but also in revealing
structural patterns that can guide rational drug design. These results represent an encouraging
starting point for further experimental testing and improvement.

5.3.Final Thoughts or Recommendations

e Experimental confirmation of top performing ligands in in vitro and in vivo testing to
demonstrate anti-cancer activity against HER2+ cell lines.

e Conducting MD simulations to measure the stability and dynamics of ligand-receptor
complexes in physiological environment.

e Perform ADME profiling (absorption, distribution, metabolism, excretion, and toxicity)
to predict drug-like properties and safety of the potential leads.

e Expand the ligand library, to add an understanding on a larger range of natural and
synthetic compounds for additional screening.
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The use of Al and machine learning algorithms may be employed for predictive
modeling, and to improve the compound selection.
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