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The field of drug design has undergone remarkable advancements with the advent of in
silico methods, which utilize computational approaches that accelerate the discovery and
development of novel therapeutics. This review provides an overview of two essential
techniques in this domain: molecular docking and molecular dynamics simulation.
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drug-target interactions. This mini-review highlights the applications of molecular
docking and molecular dynamics simulation in drug design, emphasizing their utility in
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transformed the field of drug design, enabling researchers to significantly accelerate the
identification of novel drug candidates while optimizing their therapeutic properties. As

Publisher computational technologies continue to evolve, these techniques hold immense promise for
Fasa University of facilitating the discovery and development of safer, more effective drugs.
Medical Sciences \Keywords: Drug design, Molecular Docking, Molecular Dynamics Simulations, /n Silico ’ )

Cite this article: Sadeghi M, Karami M, Miroliaei M, Ghanadian M. In Silico Approaches for Rational
Drug Design and Enzyme Inhibitor Discovery: A Mini-Review. J Adv Biomed Sci. 2025; 15(1): 37-53.
DOI: 10.18502/jabs.v15i1.17550

Introduction a pursuit necessitates the collaborative efforts

The development of novel pharmaceutical of numerous entities, including but not limited
substances is an arduous and highly intricate to academic researchers, regulatory authorities,
endeavor in contemporary scientific inquiry. Such biotechnology companies, the pharmaceutical
[ Corresponding Author: Morteza Sadeghi, industry, and both public and private sectors. The
Department of Biochemistry, Sanandaj Branch, development of new drugs represents a multifaceted
Islamic Azad University, Sanandaj, Iran andinterdisciplinary process, whereinits complexity
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for progress (1-3). This effort has not only improved
human health by providing better medicines but has
also driven advances in scientific research (4, 5).
This phenomenon has spurred the refinement
and construction of more intricate and precise
tools and methodologies, aimed at discovering
and optimizing novel active compounds, as
well as deepening our comprehension of their
specific targets.

Following the culmination of the Human
Genome Project, it was anticipated that a
substantial influx of novel drug targets would
be swiftly discovered. Nevertheless, the
approximately 30,000 genes identified within
the human genome failed to present themselves
as a direct reservoir for drug development (6).
This limitation arises from the fact that it is the
proteins encoded by these genes, rather than the
genes themselves, that serve as the conventional
focal points for pharmacological interventions.
The proteome, which encompasses a substantially
larger and more complex repertoire than the
genome, proves to be markedly intricate (7, 8).
Proteins undergo post-translational modifications,
form associations with other molecules and
prosthetic groups, and participate in the creation
of multimeric complexes. Furthermore, many
of these proteins possess functions that remain
elusive or insufficiently characterized, and their
correlation with diseases frequently exhibits
complexity, defying precise definition. It quickly
became evident that indiscriminate expression,
purification, and in vitro evaluation of hundreds
or even thousands of proteins against libraries
containing hundreds of thousands or even
millions of compounds could not be construed
as a rational and efficient methodology (9-11).

Over time, the strategies and methodologies
employed in the realm of drug design have evolved
dramatically, capitalizing on and driving forward
new technological breakthroughs to overcome the
diverse impediments encountered throughout the
process. In earlier decades, up until the 1990s,
lead discovery and the synthesis of drug-like
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molecules were among the primary challenges
(12, 13). However, the advent of combinatorial
chemistry, gene technology, and high-throughput
screening assays prompted a shift in focus
toward addressing the inadequate absorption,
distribution, metabolism, and excretion (ADME)
properties exhibited by novel therapeutics.

Presently, the landscape of drug development
appears exceptionally promising, owing to the
exponential growth of information derived
from genomic and proteomic investigations
(14, 15). This vast wealth of knowledge not
only facilitates the identification of new drug
targets but also supports the application of
rational combinatorial chemistry to generate
extensive compound libraries. Additionally,
the creation of genetically modified animal
models has emerged as an invaluable tool for
the design and evaluation of novel drugs. These
developments are further complemented by the
prospect of employing ultra-high-throughput
screening techniques to analyze vast collections
of compounds (16-19). Nonetheless, despite these
notable advancements, the long-anticipated era
of revolutionary drug design remains elusive.

A diverse range of computational
methodologies can be employed at various stages
of the drug design continuum. During the early
phases, the primary objective is to narrow down
the pool of potential ligands, while in the later
stages, particularly during lead optimization, the
emphasis shifts toward minimizing experimental
costs and reducing time consumption (20, 21).
Despite the seeming simplicity of this concept, it
has been pursued through numerous approaches,
of which only a handful have yielded notable
successes. The limited success in achieving
desired outcomes has underscored the need for
a thorough re-examination of the fundamental
principles underlying the process.

Recent scholarly works have highlighted the
necessity of refining certain hypotheses employed
in the enrichment steps, thereby encouraging
a critical evaluation of existing practices.
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While some drug developers have pursued
alternative experimental approaches to address
these challenges, others have concentrated their
efforts on enhancing computational protocols
(22). These advancements encompass a range
of strategies, including but not limited to
incorporating protein flexibility into docking
algorithms, conducting exhaustive explorations
of ligand conformations within binding sites,
refining and validating the stability of resulting
complexes, and accurately estimating binding
free energies (23, 24). Unsurprisingly, molecular
dynamics (MD) simulations have emerged as a
cornerstone of these endeavors, aimed at refining
docking methodologies. It is precisely these
simulations that constitute the primary focus of
the present review.

Our primary focus lies in articulating
protocols and methodologies, rather than delving
into the underlying theoretical foundations of
these techniques. Our goal is to provide the
reader with a practical and concise overview
of the potential benefits that can be realized
through the integration of docking and MD
simulations in the rational design of innovative
pharmaceutical compounds.

The initial segment, entitled “Drug Design
through In Silico Methods,” offers a succinct
introduction to the utilization of computational
strategies within the drug design process. Within
the subsequent section, titled “Drug Design by
Ligand-Based Methods,” we explore diverse
strategies for incorporating receptor flexibility
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into the docking procedure. Moving forward,
the section labeled “Role of MD Simulation in
Drug Design” scrutinizes the applications of
MD simulations for optimizing and validating
protein-ligand complexes. Lastly, the concluding
section, “MD Simulation Methods and
Techniques,” elucidates how docking a small
molecule into its protein target can be achieved
exclusively through MD simulations.

Drug Design through in silico Methods

Enzymes have garnered substantial scholarly
and pharmaceutical interest, as evidenced by the
extensive body of published research, resolved
crystalline structures, and the discovery of
small-molecule inhibitors targeting various
components of the human genome. The
remarkable progress achieved in this domain
owes much to the utilization of computational
methodologies, which have provided invaluable
insights into the structural attributes of both
enzymes and ligands, crucial for promoting
favorable interactions and achieving desired
inhibitory effects (25).

To effectively design enzyme inhibitors, it is
essential to thoroughly understand their structure,
how they recognize and bind substrates, their
conformational dynamics and reactions, how
they release products, and the distinctions
between their active and inactive states. Within
the realm of computer-aided drug design,
two primary methodologies are commonly
recognized, namely “ligand-based drug design”
and “structure-based drug design” (Figure 1).

| In silico drug design ‘

/\

Structure based ‘

QO Receptor structure is available
O Mechanism is identified

Q Biological activity is recognized/NOT-recognized

Ligand based

O Receptor structure is NOT-available
Q Mechanism is identified/NOT-identified

Q Biological activity is recognized

Figure 1. In silico drug design based on structure and ligand.
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The latter strategy relies on comprehensive
structural data derived from biological targets
and encompasses in silico techniques such as
molecular docking, structure-based virtual
screening, and MD simulation (26, 27).
Conversely, in cases where specific target
information is unavailable, the former approach,
“ligand-based drug design,” hinges upon the
knowledge of ligands that are known to interact
with a particular target. The methodologies
employed within this approach include ligand-
based virtual screening, similarity searching,
quantitative structure-activity relationship
(QSAR) modeling, and pharmacophore
generation (28, 29).

Notably, over recent years, a substantial body
of research has reported significant advancements
in utilizing computer-aided drug design to
facilitate the discovery and development of novel
therapeutic agents.

Drug Design by Ligand-Based Methods

QSAR modeling involves establishing a
complex mathematical framework, wherein
a detailed interplay is established between
experimentally determined biological activity and
meticulously quantified chemical attributes. These
attributes, commonly referred to as descriptors,
intricately delineate the intrinsic nature of the
scrutinized molecule within a well-defined set of
structurally similar compounds (30). The primary
objective of QSAR modeling is to leverage the
insights gained from a relatively small dataset,
encompassing both structural and activity-related

Table 1. QSAR methods and type of their descriptors.
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aspects, to enable the judicious selection of
optimal lead compounds for further investigation.
In doing so, this methodology streamlines the
drug development process while simultaneously
mitigating time and cost constraints (31).

Classical 2D-QSAR models establish
correlations between various physicochemical
parameters, including steric, hydrophobic, and
electronic properties of compounds, and their
corresponding biological activities. In contrast,
more advanced 3D-QSAR models incorporate
quantum chemical parameters into their analysis.
One of the pioneering approaches in generating
3D-QSAR models is comparative molecular field
analysis (CoMFA). This technique characterizes
molecules based on their electrostatic and
steric fields and subsequently correlates these
characteristics with biological activity using
partial least squares regression (32, 33). A
summary of recent QSAR studies that provide
valuable insights into the design of potent
enzyme inhibitors is presented in Table 1.
Applications of Molecular Docking in Drug
Design

Molecular docking has revolutionized drug
discovery and development by enabling the
virtual screening of large chemical libraries
to identify potential drug candidates with
high binding affinity and specificity for target
enzymes (34, 35). This computational technique
plays a pivotal role in accelerating the drug
design process, reducing both the time and costs
associated with experimental screening.

QSAR methods Type of descriptors

2D

3D
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Virtual screening using molecular docking
involves generating multiple conformations of
small-molecule ligands that could potentially
bind to the active site of the target enzyme.
These ligands are then docked into the
receptor’s binding pocket, and their binding
conformations and affinities are assessed using
scoring functions. Scoring functions estimate
binding free energy by considering factors
such as steric complementarity, electrostatic
interactions, hydrogen bonding, hydrophobic
effects, and desolvation energies (36, 37). The
ligands are ranked based on their predicted
binding energies or scores, enabling researchers
to prioritize the most promising candidates
for further experimental validation. One of
the key advantages of molecular docking
is its ability to explore structure-activity
relationships (SAR) and predict modifications
that enhance binding interactions. By analyzing
the interactions between ligands and the target
enzyme, researchers can identify the key
molecular features responsible for binding
affinity and selectivity (38). This information
guides the rational design and optimization of
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lead compounds, improving their potency and
pharmacokinetic properties (Figure 2).

In the drug discovery process, molecular
docking is often integrated with complementary
computational techniques such as MD
simulations, quantum mechanics calculations,
and homology modeling (39). MD simulations
provide valuable insights into the dynamic
behavior of the ligand-receptor complex,
capturing conformational changes and exploring
the flexibility of both the protein and ligand during
binding. Quantum mechanics calculations offer
precise descriptions of molecular interactions,
particularly in systems involving metal ions or
covalent bonding. Homology modeling enables
the construction of three-dimensional models of
target enzymes when experimental structures
are unavailable, thereby facilitating docking
studies across a wide range of proteins (40).

Molecular docking has been successfully
employed across various therapeutic areas,
including cancer, infectious diseases,
neurological disorders, and metabolic disorders.
In cancer research, for instance, molecular
docking has facilitated the discovery of small-
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Figure 2. Applications of Molecular Docking in Drug Design

41



http://dx.doi.org/10.18502/jabs.v15i1.17550
http://journal.fums.ac.ir/article-1-3111-en.html

[ Downloaded from journal .fums.ac.ir on 2025-07-13 ]

[ DOI: 10.18502/jabs v15i1.17550 ]

W

Journal of Advanced
Biomedical Sciences

Sadeghi M, et al
molecule inhibitors that selectively target
oncogenic proteins or enzymes involved in
tumor growth pathways (41). These inhibitors
can disrupt critical protein-protein interactions
or interfere with enzymatic activity, thereby
inhibiting tumor progression. Similarly,
molecular docking in infectious disease research
has aided the identification of potential drugs
targeting essential enzymes in pathogens,
such as proteases and polymerases, which are
crucial for their survival and replication (42,
43). Furthermore, molecular docking enables the
exploration of drug repurposing opportunities by
screening existing approved drugs or compounds
against new targets. This strategy significantly
reduces the time and cost required for developing
new drugs, as repurposed drugs have already
undergone extensive safety testing. Despite its
numerous advantages, molecular docking faces
several challenges (44). Accurate prediction
of binding affinities remains a significant
hurdle due to the limitations of current scoring
functions, which are often empirical and rely
on simplified representations of molecular
interactions. Capturing protein flexibility and
accounting for solvent effects further complicate
the process. Protein conformational changes
upon ligand binding, the presence of water
molecules within the active site, and explicit
consideration of solvation effects demand
sophisticated algorithms and computationally
intensive approaches (45).
Enzyme Inhibitor Design

Enzyme inhibitors are molecules that
selectively bind to specific enzymes and modulate
their activity, making them valuable therapeutic
agents for a wide range of diseases. The design
and development of effective enzyme inhibitors
necessitate a deep understanding of their binding
modes and interaction patterns within the active
site of the target enzyme (46). Molecular docking,
a key computational tool, plays a crucial role in
elucidating these molecular interactions and
assists in optimizing inhibitor potency, selectivity,
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and pharmacokinetic properties.

The active site of an enzyme is the region
where substrates bind and undergo chemical
reactions. It typically contains specific amino
acid residues that facilitate substrate recognition
and catalysis (47). When designing enzyme
inhibitors, researchers aim to develop molecules
that can efficiently bind to the active site and
disrupt or regulate enzymatic function. Molecular
docking techniques provide valuable insights
into inhibitor binding modes by predicting how
inhibitors interact with active site residues.

During a molecular docking simulation,
the three-dimensional structure of the target
enzyme serves as the receptor, while potential
inhibitor molecules function as ligands (48).
The ligands are systematically docked into the
active site, exploring a range of conformations
and orientations. By considering factors such as
steric complementarity, electrostatic interactions,
hydrogen bonding, hydrophobic effects, and
other molecular interactions, docking algorithms
evaluate the fitness of each ligand within the
active site (49). Through scoring functions, the
ligands are ranked based on their predicted
binding affinity or energy. Molecular docking
offers several critical insights for enzyme
inhibitor design. Firstly, it reveals the binding
modes and key interactions between the inhibitor
and active site residues. This information helps
researchers identify the specific molecular
features required for optimal binding and guides
the modification of lead compounds to improve
their potency and selectivity. For example, if
a specific residue forms a critical hydrogen
bond with the inhibitor, modifications to the
inhibitor’s chemical structure can enhance this
interaction. Furthermore, molecular docking
can predict the pharmacokinetic properties of
enzyme inhibitors (50). This includes assessing
factors such as solubility, permeability through
cell membranes, metabolism, and the potential
for drug-drug interactions. By considering these
properties during the design phase, researchers
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can prioritize compounds with favorable
pharmacokinetic profiles, thereby increasing
the likelihood of successful translation into
therapeutic interventions.

Molecular docking is particularly valuable in
the design of enzyme inhibitors for diseases such
as cancer, infectious diseases, and metabolic
disorders (51). In cancer research, for instance,
molecular docking has proven instrumental in
identifying small-molecule inhibitors that target
specific enzymes involved in aberrant signaling
pathways or tumor growth. These inhibitors can
disrupt critical protein-protein interactions or
interfere with enzymatic activities essential for
cancer cell survival and proliferation (52). In
the context of infectious diseases, molecular
docking aids in the discovery of enzyme
inhibitors that selectively target crucial enzymes
in pathogens. By inhibiting these enzymes,
the replication and survival of pathogens can
be disrupted, offering potential treatments
for various infections. Examples include the
development of protease inhibitors for HIV/
AIDS therapy and polymerase inhibitors for

QSAR Comput@ional ”
i S — Studies  |T——> Vil
GHTLET Screening
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antiviral drugs targeting the hepatitis C virus
(53), a-glucosidase and a-amylase inhibitors for
antidiabetic drugs (54), and acetylcholinesterase
and butyrylcholinesterase inhibitors for
Alzheimer’s disease (55) (Figure 3).

Moreover, molecular docking facilitates the
exploration of enzyme inhibitors as potential
therapies for metabolic disorders such as diabetes
and hypercholesterolemia. By designing inhibitors
that target specific enzymes involved in metabolic
pathways, it becomes possible to regulate the
abnormal biochemical processes associated with
these diseases. While molecular docking has
significantly advanced the design and optimization
of enzyme inhibitors, some challenges remain.
Accurate prediction of binding affinity and
energy remains a complex area of research due
to the intricacies of molecular interactions and
the limitations of current scoring functions.
Incorporating protein flexibility, accounting
for solvent effects, and accurately representing
conformational changes upon ligand binding
continue to pose challenges in computational
modeling. Nevertheless, advancements in
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Figure 3. Application of in silico manner in enzyme inhibitor design.
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algorithms, force fields, and scoring functions are
steadily improving the accuracy and reliability of
molecular docking predictions.

Methods of Molecular Docking

One widely used technique in molecular
docking is rigid docking, which assumes that
both the protein and ligand maintain fixed
conformations throughout the binding process
(56). Rigid docking algorithms typically generate
numerous ligand conformations or poses
within the protein’s binding site and evaluate
them using scoring functions that estimate
the binding affinity (57). While rigid docking
offers a computationally efficient approach for
screening ligands against a protein target, it
does not sufficiently account for conformational
changes in either the protein or the ligand.

To address the limitations of rigid docking,
flexible docking techniques have been
developed. Flexible docking allows for limited
conformational flexibility in either the protein
or the ligand during the binding process. This
flexibility can be introduced by permitting the
protein or ligand to undergo conformational
changes, such as side-chain rotations or backbone
movements (58). By incorporating flexibility,
flexible docking methods capture a broader
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spectrum of ligand-protein interactions and
potentially improve the accuracy of binding
predictions. Induced-fit docking is another
notable strategy in molecular docking that
explicitly accounts for conformational changes
in the protein upon ligand binding (59). Unlike
rigid and flexible docking approaches, induced-
fit docking models the dynamic nature of the
protein by allowing its structure to adapt to the
presence of the ligand. This adaptation may
involve local rearrangements, loop closures, or
global conformational changes in the protein
(60). Induced-fit docking methods often employ
iterative optimization algorithms to explore the
conformational space of both the protein and the
ligand, resulting in a more accurate representation
of the ligand-protein complex (Figure 4).
Additionally, fragment-based docking is a
technique that involves decomposing ligands
into smaller molecular fragments for efficient
screening against the protein target. This
approach leverages the observation that small
molecular fragments can often bind to proteins
with high affinity and specificity. Fragment-
based docking algorithms reconstruct these
fragments within the binding site to generate
larger, more complete ligands (61). By exploring

| Soft docking ‘

~—1 Receptor flexibility

Fragment-based docking |

Receptor-ligand | ___~
docking

Side chain flexibility |

Induced-fit docking |

| Force field

~——  Docking score

Figure 4. Type of molecular docking methods.

44

Empirical



http://dx.doi.org/10.18502/jabs.v15i1.17550
http://journal.fums.ac.ir/article-1-3111-en.html

[ Downloaded from journal .fums.ac.ir on 2025-07-13 ]

[ DOI: 10.18502/jabs v15i1.17550 ]

W

Journal of Advanced
Biomedical Sciences

a reduced chemical space, fragment-based
docking methods can efficiently sample a diverse
array of ligand conformations and identify
potential hits for further optimization. It is
worth noting that the selection of an appropriate
molecular docking strategy depends on various
factors, including the structural characteristics
of the protein target, the nature of the ligands,
and the specific research objectives (62).
Researchers frequently employ a combination
of docking techniques or integrate docking with
other computational methods to enhance the
accuracy and reliability of their predictions. The
continuous development of novel algorithms and
software tools in molecular docking has greatly
contributed to advancing our understanding of
ligand-protein interactions and facilitates the
rational design of new therapeutic agents (63).
Molecular Docking Challenges and Future
Directions

Molecular docking has emerged as a powerful
tool in the field of drug discovery and enzyme
inhibitor design, aiding in the identification and
optimization of potential drug candidates (64).
However, despite its successes, several challenges
persist, driving continued research efforts.

One of the primary challenges is the
development of more accurate scoring functions.
Scoring functions play a pivotal role in molecular
docking by evaluating the binding affinity
between a ligand (small molecule) and a target
protein. These functions enable researchers to
prioritize and rank potential ligands based on
their predicted binding affinities (65). However,
current scoring functions often struggle to
reliably predict these affinities, leading to
inaccuracies in the ranking and selection of
compounds. This can result in wasted resources
and effort during the experimental validation of
poorly ranked candidates (66). Consequently,
there is an ongoing need for the refinement of
scoring functions to better capture the intricacies
of ligand-protein interactions. Another
challenge lies in accurately accounting for
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protein flexibility during the molecular docking
process. Proteins are dynamic entities that
undergo conformational changes upon ligand
binding. Traditional molecular docking methods
typically assume rigid protein structures,
overlooking the dynamic nature of proteins (67).
This oversimplification can lead to inaccurate
predictions, as it fails to account for the
induced-fit phenomenon, where ligand binding
triggers structural adaptations in the protein.
Incorporating protein flexibility into docking
simulations is therefore essential for accurately
modeling and predicting ligand-protein
interactions (68). Additionally, considering
solvent effects is critical for reliable molecular
docking. In a cellular environment, proteins and
ligands exist in a solvent medium, such as water,
which profoundly influences their interactions.
Solvent molecules can form hydrogen bonds,
modulate electrostatic interactions, and mediate
hydrophobic effects. However, many traditional
docking approaches simplify the system by
treating the solvent implicitly or ignoring it
altogether. This simplification overlooks the
complex interplay between the ligand, protein,
and solvent, potentially leading to inaccurate
predictions (69). Incorporating solvent effects
into docking simulations is therefore crucial for
generating more realistic and reliable predictions.

To address these challenges, the integration of
machine learning (ML) approaches and advanced
simulation techniques has gained considerable
attention. ML algorithms can effectively learn from
large datasets of experimentally determined ligand-
protein complexes to develop scoring functions
with enhanced predictive capabilities. These
algorithms can identify key molecular descriptors
and capture complex, non-linear relationships
between these descriptors and binding affinities
(70, 71). By training on diverse chemical libraries
and experimental data, ML models can offer
more accurate predictions of binding affinities,
overcoming the limitations of traditional scoring
functions. Advanced simulation techniques, such
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as MD simulations, have also been employed to
address protein flexibility and solvent effects in
molecular docking. MD simulations model the
motion of atoms over time, enabling the study
of conformational changes in proteins and the
dynamic behavior of ligands within a solvent
environment. Integrating MD simulations into
the docking process allows researchers to explore
ligand binding pathways, identify key residues
involved in binding, and develop a comprehensive
understanding of ligand-protein interactions (72).

Role of ML and Artificial Intelligence (Al)
in Improving Docking Predictions

Emerging trends in molecular connectivity are
being profoundly influenced by advancements in
ML and Al, which are transforming the fields
of chemistry and molecular biology. Neural
networks and other ML models are increasingly
used to predict molecular properties such as
solubility, reactivity, and binding affinity based
on known connections and historical data (73). Al
can rapidly analyze and process data from high-
throughput screening experiments, identifying
potential molecular interactions and connectivity
patterns that may not be immediately obvious.
Moreover, AI models can accelerate molecular
simulations by predicting their outcomes with
greater speed and reduced computational
requirements, leveraging knowledge gained from
previous simulation data. ML also enhances
the accuracy of force fields used in simulations,
enabling a more precise representation of
molecular forces and interactions (74). As Al
and ML techniques continue to evolve, their
integration into molecular docking is expected
to substantially improve prediction accuracy,
reduce computational costs, and advance the
rational design of novel therapeutic agents.
Role of MD Simulation in Drug Design

MD simulation is a powerful computational
technique widely employed in various scientific
disciplines, particularly in the fields of chemistry,
physics, and biology. It involves simulating the
behavior of atoms and molecules in a virtual
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environment, allowing researchers to gain
valuable insights into the intricate dynamics and
interactions that govern their behavior (75, 76).

Atits core, MD simulation models the movement
of atoms and molecules by numerically solving
Newton’s equations of motion, incorporating
interatomic forces derived from empirical potential
energy functions. These functions capture the
physical and chemical properties of the system
under investigation, providing a mathematical
representation of how atoms and molecules interact
with one another (77, 78). In the realm of drug
design, MD simulation serves as an indispensable
tool for understanding the dynamic behavior
of biomolecules, such as proteins and nucleic
acids. Proteins, for instance, exhibit complex
movements and structural fluctuations that are
crucial to their proper functioning. By subjecting
these biomolecules to MD simulation, scientists
can observe and analyze their conformational
changes, flexibility, and interactions with ligands
or other molecules (79, 80).

One of the most significant applications of
MD simulation in drug design is the prediction
of ligand-receptor interactions. Ligands are small
molecules, including drug candidates, that bind
to specific protein receptors, influencing their
activity and modulating biological processes.
MD simulation enables researchers to explore the
binding process in detail, unveiling the molecular
mechanisms underlying ligand recognition and
binding affinity (81, 82). This knowledge can
inform the discovery and optimization of novel
drug candidates by providing insights into their
interactions with target proteins. Moreover,
MD simulation facilitates the study of drug
molecules in different environments, such as
lipid membranes or aqueous solutions, offering
a more realistic representation of their behavior
in biological systems (83). These simulations can
elucidate factors influencing drug permeability,
solubility, stability, and transport across cell
membranes, thereby aiding in the design of
drug delivery systems and the optimization
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of drug formulations. Advancements in
computer hardware and simulation algorithms
have significantly enhanced the accuracy
and efficiency of MD simulations (84). High-
performance computing clusters and specialized
software packages now enable researchers to
simulate increasingly larger systems over longer
timescales, capturing more realistic dynamics in
complex biological systems (Figure 5).

MD Simulation Methods and Techniques

In the field of MD simulations, force fields
play a crucial role in accurately representing the
interactions between atoms within a biomolecular
system (85). A force field is a mathematical
model that parameterizes the potential energy
functions governing the behavior of atoms and
molecules. It provides a set of equations that
describe bond lengths, angles, dihedral angles,
and non-bonded interactions (86). Force fields
are specifically designed to capture the complex
interplay of forces, such as electrostatic, van der
Waals, and bonded interactions, with the goal of
accurately reproducing experimental data and
theoretical predictions.

Several widely used force fields for
biomolecular simulations include CHARMM
(Chemistry at HARvard Macromolecular
Mechanics), AMBER (Assisted Model
Building with Energy Refinement), and

GROMOS (Groningen Molecular Simulation)
(87). CHARMM, for instance, combines
quantum chemical calculations with empirical
parameters to model the behavior of diverse
biomolecules, including lipids, proteins,
nucleic acids, carbohydrates, and small organic
molecules. AMBER, in contrast, is designed for
a broad range of systems, from small organic
molecules to large biomolecular complexes, and
incorporates both classical and semi-empirical
potentials. Meanwhile, GROMOS focuses
primarily on biomolecular simulations and
employs a generalized treatment of molecular
mechanics parameters (88, 89). By utilizing
these force fields, researchers can simulate
the behavior of complex biomolecular systems
over time, gaining insights into their structure,
dynamics, and function (Figure 6). Integration
algorithms are essential to MD simulations,
as they enable the numerical solution of the
equations of motion. These algorithms govern
how a system’s positions and velocities evolve
over time. One commonly used integration
algorithm is the Verlet algorithm, which relies
on Taylor series expansions to approximate the
positions and velocities of atoms at discrete time
steps. The Verlet algorithm is widely recognized
for its simplicity and computational efficiency,
as it effectively conserves energy by accurately
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accounting for changes in both potential
and kinetic energy. Another widely adopted
algorithm is the Leapfrog algorithm, a modified
version of the Verlet algorithm. The Leapfrog
algorithm updates positions and velocities at
half-time steps relative to one another, resulting
in improved stability and accuracy compared to
the standard Verlet algorithm (90, 91). Integration
algorithms play a crucial role in maintaining
the stability and accuracy of MD simulations,
ensuring that the simulated system evolves in a
physically meaningful manner while adhering
to constraints such as bond lengths, angles, and
dihedral angles. Moreover, these algorithms
enable researchers to investigate various
dynamic processes, including protein folding,
ligand binding, and conformational changes (92).

Molecular docking has played a pivotal role
in drug discovery by helping researchers identify
new drugs and enzyme inhibitors. The following
are a few notable case studies and examples:
Imatinib (Gleevec) for Chronic Myeloid
Leukemia

Imatinib is one of the first success stories of
a drug developed using a structure-based drug
design approach, which includes molecular
docking. This technique was instrumental in
identifying compounds capable of inhibiting the
BCR-ABL kinase, a protein that, when mutated,
drives chronic myeloid leukemia (CML). As a

48

highly specific inhibitor of BCR-ABL, Imatinib
revolutionized CML treatment, significantly
improving survival rates (93).
Oseltamivir (Tamiflu) for Influenza

Influenza neuraminidase is a key target for
antiviral drugs, and molecular docking has been
extensively utilized in the design of its inhibitors,
including Oseltamivir. By leveraging the crystal
structure of neuraminidase, researchers applied
docking techniques to develop a novel scaffold
for potent inhibitors. This process led to the
development of Oseltamivir, a widely used
antiviral drug that effectively alleviates influenza
symptoms and reduces transmission (94).
HIV Protease Inhibitors

Molecular docking played a crucial role in
the development of Saquinavir, the first HIV
protease inhibitor to gain regulatory approval.
Docking simulations guided the design of
molecules that fit precisely into the active site of
the HIV protease enzyme. As a result, Saquinavir
became a cornerstone of antiretroviral therapy,
significantly advancing HIV management (95).
SARS-CoV-2 Main Protease Inhibitors

The COVID-19 pandemic accelerated the
search for inhibitors targeting the SARS-CoV-2
main protease (Mpro). Molecular docking was
widely employed in virtual screening campaigns
to identify potential inhibitors both from existing
drug libraries and newly designed compounds. This
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approach facilitated the identification of several
promising lead compounds, including repurposed
drugs, thereby expediting the drug development
process for COVID-19 treatments (96).

Conclusion

In conclusion, molecular docking is a
powerful tool in drug discovery and development,
enabling virtual screening, lead optimization,
and structure-activity relationship analysis. By
aiding in the identification of potential drug
candidates with high affinity and specificity for
target enzymes, molecular docking accelerates
the drug design process, substantially reducing
both the time and costs associated with
experimental screening. As computational
methodologies continue to advance, tackling
challenges such as enhancing scoring function
accuracy and better incorporating protein
flexibility, molecular docking is poised to play
an increasingly significant role in the discovery
of novel therapeutics.
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