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ABSTRACT :

Molecular docking and molecular dynamics (MD) are two essential computer-based methods that have changed how new drugs are discovered today. Both methods
focus on understanding how biomolecules interact with possible drug molecules, but they work in different ways and offer useful information that complements
each other. Molecular docking is popular because it quickly predicts how small molecules will bind, their arrangements, and their strengths at specific binding sites.
It acts like a tool that helps scientists quickly reduce many compounds to find the most promising options. However, docking usually assumes that biomolecules
are rigid and might overlook the flexible nature of how proteins and ligands interact. On the other hand, molecular dynamics simulations give detailed insights into
how biomolecules can change shape, stay stable, and their energy changes over time. MD observes important processes, like how molecules fit together, how they
are surrounded by solvent, and long-term changes in their structure, which docking alone cannot fully show. Together, these techniques create a strong partnership
in systematic drug design: docking speeds up the process of finding possible drug candidates, while MD checks and improves docking results by examining the
structure and energy details more closely. Despite improvements in algorithms and computing resources, both methods have some challenges, such as inaccuracies
in scoring in docking and high computing expenses in MD. This review looks at molecular docking and molecular dynamics side by side, highlighting their basic
ideas, uses, strengths, and weaknesses. By combining these different methods, researchers can gain a deeper understanding of how drugs interact with their targets,

which can lead to better accuracy and success in drug discovery efforts.

Keywords: Molecular docking, Molecular dynamics, Drug discovery, Protein—ligand interactions, Computational chemistry, Structure-based drug
design, In silico methods

Introduction:

While methods like molecular docking and molecular dynamics mainly assess how well a drug works by estimating how it binds and stays stable with its
target, ADMET modeling is essential for determining whether a drug can succeed in clinical trials. The safety and effectiveness of drugs rely on a careful
balance of various factors related to how the body processes the drugs, which include absorption, distribution, metabolism, excretion, and toxicity,
collectively known as ADMET. Improving these mixed factors is still a big hurdle in drug research. As a result, there has been notable progress in creating
computer tools that can predict ADMET outcomes during the early stages of drug development, from finding potential drug leads to refining those leads
m

The skill to accurately simulate and forecast how molecules interact has significantly sped up the process of finding new drugs. This has helped in
discovering new compounds and advancing treatments for various diseases, including serious infectious diseases. Molecular docking has become a very
useful method in the drug development process, as it allows scientists to measure how well different substances bind, anticipate how they will fit together,
and check how stable the pairs of molecules are. By lessening the need for expensive and lengthy lab experiments, docking makes it easier to prioritize
and improve possible new medicines. In the end, this ability to predict helps in choosing which compounds should move forward for further testing in
the lab and eventually in clinical trials [>3456!

Molecular docking is a popular computer-based method that is very important in finding and creating new drugs by figuring out how small molecules fit
with certain target proteins. This process gives valuable information about how ligands and proteins work together, which helps in designing and making
new treatments. Starting in the 1980s, this area has changed a lot thanks to improvements in algorithms, scoring methods, and computer power, making
it much better at predicting how things will bind. Nowadays, molecular docking is a fundamental part of drug research, helping to find good medicine
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candidates and improve how well they connect with their targets. It helps scientists to model and study drug-target combinations, guess where they might
bind, and boost how strongly and specifically they connect. Additionally, molecular docking is widely used for quickly screening large collections of
compounds, speeding up the discovery of potentially useful molecules 79!,

The creation of new medicines is still one of the toughest tasks in today’s science, needing teamwork from the pharmaceutical sector, biotechnology
firms, regulatory bodies, university scientists, and both government and private organizations. This collaborative and demanding process has not only
resulted in finding safer and more efficient treatment options but has also helped improve scientific understanding by encouraging the creation of advanced
tools and methods for designing and refining drugs. A key achievement in this process was finishing the Human Genome Project, which was originally
thought to provide many new targets for drugs. However, the roughly 30,000 genes discovered did not create a straightforward way to develop drugs
because treatments usually target proteins instead of genes. The proteome is much larger and more complicated, adding extra difficulties since proteins
go through modifications after translation, interact with other molecules and cofactors, and combine into larger complexes, making it harder for them to
be used as targets for drug development %1,

The success of today's treatments for tuberculosis (TB) has been greatly affected by the rise of drug resistance. This resistance mainly happens due to
changes in the genes that are targeted by medications, which makes the standard treatments less effective. The situation is made worse when TB occurs
alongside human immunodeficiency virus (HIV), creating difficulties in treatment results and increasing the overall impact of the disease worldwide. In
recent years, the worrisome growth of multidrug-resistant tuberculosis (MDR-TB), extensively drug-resistant tuberculosis (XDR-TB), and recently,
totally drug-resistant tuberculosis (TDR-TB), has deepened the problem and represents a serious risk to global public health. These resistant strains greatly
reduce the available treatment options, making it harder to manage TB and highlighting the urgent need for new medicines and effective treatment plans
[11,12,13]

On the flip side, simulations of molecular dynamics that include clear solvent molecules make it possible to closely look at how these solvents affect the
shape of proteins, their ability to change form, and their general stability. These types of simulations give important information about the general features
of biomolecular systems, such as their density, ability to conduct electricity, and dipole moment. Additionally, they allow for the assessment of key
thermodynamic factors like interaction energies, shifts in free energy, and entropy, thus providing a thorough insight into how biomolecules act in
conditions that are relevant to living organisms 4.

Over Review Molecular docking

Molecular docking is a computer-based method commonly used in the search for new drugs to simulate and forecast how small substances interact with
biological receptors. This technique imitates a natural process in cells, where molecules quickly come together to create stable combinations in just a few
seconds. Using sophisticated algorithms, molecular docking estimates how and where these small molecules, known as ligands, attach to their target
proteins. This helps scientists understand the structural aspects of how molecules recognize each other and allows them to focus on compounds that show
a good potential to become effective drugs. Typically, docking studies produce multiple ways the ligands can bind, which are then ranked using scoring
functions that measure both the strength and stability of the interaction. For ligand docking tests, it is usually necessary to have a specific protein structure,
a small molecule ligand, a database of virtual compounds, and a computer system that can effectively search through different shapes of the molecules.
In many docking methods, the protein is generally treated as a stable structure, while ligands are seen as flexible, allowing them to take on various forms.
Various computational techniques are used to make precise predictions, such as clique searching, geometric hashing, and clustering different poses.
Additionally, special algorithms like point complementarity, Monte Carlo simulations, methods based on fragments, genetic algorithms, and distance
geometry improve the accuracy and efficiency of docking, aiding in the thoughtful design of medications [1516:17:18.19.20.21,22.23.24]

Molecular docking has three main goals: to screen large chemical collections, to predict how ligands will bind, and to estimate how strong the binding is.
For docking to work well, it needs to tell apart real binding sites from areas where binding does not happen, while also describing the molecular
interactions that hold the ligand and receptor together. Additionally, when used with large groups of compounds, strong docking methods should be able
to identify which molecules are active and which are not and rank the active ones as the most promising candidates 252!,

X-ray crystallography and nuclear magnetic resonance (NMR) spectroscopy are two of the most effective methods used to find out the precise three-
dimensional shapes of biomolecules when they are functioning. These techniques give important information about key amino acids, how molecules
interact with each other, the strength of weak bonds, the energy involved in binding, and how well the shapes of interacting molecules fit together.
However, these methods face some difficulties, like problems with crystallizing certain proteins, restrictions on size, and the high cost and time it takes
to gather data. Because of these challenges, the three-dimensional shapes of many proteins are still unknown and missing from the Protein Data Bank
(PDB).To address these issues, bioinformatics-based methods like homology modeling have been created, helping scientists predict the structure of a
target protein when there is no experimental data available. Homology modeling is based on the idea that proteins that have similar sequences of amino
acids usually have similar shapes, showing their common evolutionary background. By using the structure of a known protein as a guide, researchers can
model the three-dimensional shape of a related target quite accurately. One of the most popular online tools for homology modeling is the Swiss-Model
Server. It offers automated steps for finding templates, aligning sequences, building models, and validating them, making it easy for both experts and
beginners to use. These computer-based methods have become essential for current structural biology, discovering new drugs, and designing effective

therapies 12"
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Types Of Molecular Docking and Its Methods
Rigid docking

In rigid docking, which is also known as rigid-body or geometric docking, the ligand, which is a small molecule, and the receptor, which is a target
protein, are both considered unchanging during the docking process. This method is quick and works well for predicting how these substances bind at the
atomic level, making it ideal for large virtual screening projects. However, because it does not account for the shape changes that can happen when a
ligand attaches, rigid docking may overlook how proteins and ligands can move. As a result, even though it gives valuable initial information, it might

not be as accurate as flexible docking methods 221,

Methods of rigid docking
Several computational algorithms and software tools have been developed for  rigid docking. These methods generally involve the following steps
Preparation:

In molecular docking, it is important to carefully prepare the shapes of both the receptor and the ligand to make sure the results are precise. This usually
means taking out water molecules that are part of the crystal structure, adding hydrogen atoms, giving correct partial charges, and adjusting the shapes of
the molecules if needed. These steps before the actual docking are crucial for enhancing the trustworthiness and effectiveness of the predictions.

Search algorithm:

Docking methods use different searching techniques to carefully examine the shape and arrangement of ligands and find the best fitting positions within
the active site of a target. The goal of these techniques is to find a good balance between speed and correctness in predicting where the ligand will fit.
Frequently used strategies consist of geometric hashing, Monte Carlo methods, methodical grid searches, and evolutionary approaches like genetic
algorithms, each providing unique benefits in tackling the challenges of ligand-receptor interactions and improving binding efficiency.

Scoring function:

After creating several possible positions for the ligand, docking software uses scoring methods to assess and rank these shapes based on expected binding
strength. These methods look at how stable the ligand-receptor combination is by examining important physical and chemical factors, such as shape
matching, electrical attractions, van der Waals forces, and the energy involved in removing water molecules. By measuring these connections, scoring
methods assist in finding the most likely ways the ligand can bind and aid in choosing ligands for additional testing and development of new drugs.

Post-processing and analysis:

Finally, techniques for post-processing are used to enhance the suggested binding arrangements and give a clearer evaluation of how ligands and receptors
interact. These techniques usually include reducing energy, re-evaluating scores, or using molecular dynamics simulations to enhance the accuracy of
shapes. Moreover, advanced visual tools allow scientists to closely study the linked complexes, making it easier to find important binding sites, hydrogen
bonds, hydrophobic connections, and other essential interactions that help maintain ligand stability and specificity in the active site P23
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Flexible docking

Flexible docking gives room for movement in either the ligand, the receptor, or sometimes when they connect. This helps to recognize changes in shape
and can lead to better guesses about how they fit together. Flexible docking, which can also be called flexible ligand docking or induced-fit docking, is a
computer method used in molecular modeling. It helps to estimate how a ligand will bind to a receptor and how strong that bond will be while considering
that both the ligand and the receptor can change shape. Unlike rigid docking, which assumes that the ligand and receptor stay stiff and unchanging when

they connect, flexible docking looks at how both the ligand and receptor might change shape when they latch onto each other 14,

Methods of flexible docking
Methods typically involve the following steps:
Conformational Sampling:

Unlike fixed docking methods, flexible docking allows for different shapes by examining various structural forms of both the ligand and the receptor
while they connect. This method provides a better understanding of the different shapes that can occur, helping to find binding positions that are both
energetically stable and biologically important. Flexibility is achieved through computer-based methods like molecular dynamics simulations, which
track how atoms move over time, normal mode analysis, which looks at how structures change collectively, or systematic search algorithms that test
many different angles and shapes to improve the interactions between the ligand and the receptor more effectively!s!,

Docking algorithm:

Docking algorithms used in flexible docking combine the exploration of different shapes with traditional searching methods to better determine the best
fitting position of a ligand in a flexible receptor binding area. These approaches create several shapes of the ligand and receptor, which are then evaluated
using scoring tools that measure how well they stick together and how stable they are. By analyzing how well each shape fits, the algorithms effectively
steer the search towards the most advantageous binding positions, enhancing prediction accuracy in comparison to fixed docking techniques ¢!,

Scoring function:

In flexible docking, scoring functions are very important for measuring how the ligand and receptor interact with each other and for ordering predicted
binding positions based on their stability and attraction. These functions usually include various factors, such as the shape fit, electrical interactions, van
der Waals forces, the effects of being surrounded by solvents, and the changes in shape of the ligand or receptor. By bringing all these elements together,
scoring functions assist in finding the best binding arrangements and aid in choosing possible drug options 7!,

Induced-Fit modeling:

In some adaptable docking methods, techniques for induced-fit modeling are used to clearly show the shape changes in the receptor when a ligand
attaches. These techniques can involve adjusting flexible side chains, refining loops, or, in more sophisticated instances, allowing for complete backbone
flexibility. By considering structural changes at various levels of the receptor, induced-fit docking offers a more accurate depiction of how molecules

recognize each other and enhances the reliability of predicted binding arrangements, especially in cases where the ability to change shape is very important
138]

Post-processing and analysis:

After creating several possible positions for the ligands, additional processes are used to improve the predicted docking results and give a clearer picture
of ligand-receptor interactions. These processes might involve reducing energy, re-evaluating scores, or running brief molecular dynamics simulations to
enhance shapes. Furthermore, sophisticated visualization tools help scientists take a closer look at the docked complexes, making it easier to find important
binding sites, hydrogen bond connections, non-polar interactions, and changes in shape that are crucial for grasping molecular recognition and enhancing
binding predictions *I.

Table:1 Tools And Software in Molecular Docking Drug Design [4041:421

Tool / Software Application in Drug Design

Auto Dock / Auto Dock Vina Widely used for predicting ligand—receptor binding modes and affinities; supports flexible ligand
and receptor docking.

Glide (Schridinger) High-accuracy docking and scoring; widely applied in lead optimization and structure-based drug
design.

GOLD (Genetic Employs genetic algorithms, effective for flexible docking and screening compound libraries.

Optimization for

Ligand Docking)

MOE (Molecular Integrates molecular docking with QSAR, pharmacophore modelling, and visualization, useful for

Operating drug discovery pipelines.

Environment)




International Journal of Research Publication and Reviews, Vol (6), Issue (10), October (2025), Page — 1166-1174 1170

Swiss Dock Web-based, user-friendly docking server for virtual screening in early drug discovery.

DOCK (DOCK6) One of the earliest docking programs; applies fragment-based and flexible “i"¢ approaches for
ligand screening.

Py Rx GUI-based virtual screening tool integrating Auto Dock and Vina; suitable for large compound
libraries.

Le Dock Lightweight, fast, and accurate docking tool; useful in high throughput drug design studies.

Flex X Fragment-based incremental construction approach; effective for structure-based drug design.

R Dock Open source docking program; optimized for both protein and nucleic acid targets.

Over Review of Molecular Dynamics

Molecular dynamics (MD) simulations have significantly improved many areas of science, such as chemical physics, materials science, and biophysics.
This computer-based approach has proven useful for deeply understanding biomolecular systems. It works well alongside experimental data, helps
optimize experimental designs, and predicts important characteristics of chemical systems that are hard or costly to study in labs. One of the many uses
includes examining how diseases develop and supporting the early phases of creating and developing medicines. MD simulations can be applied in
various ways, including studying the structure and arrangement of membranes, how membranes allow substances to pass through, interactions between
lipids and proteins, interactions between lipids and drugs, connections between proteins and ligands, and the structure and movement of proteins. The
articles in this Special Issue demonstrate how adaptable MD simulations can be in this field. In this Special Issue, Cardoso et al. investigated how kojic
acid (KA) derivatives made from aromatic aldehydes and malononitrile affect the activity of tyrosinase, an enzyme 3!, Tyrosinases are a group of proteins
that contain copper and can cause issues in skin cancer when their functions are not normal. MD simulations showed that these derivatives interact well
with tyrosinase, indicating that they might serve as strong competitors against the natural substances the enzyme usually works with. Hernandez-Ochoa
et al. examined 55 different compounds to explore their potential as new drugs that inhibit the activity of Helicobacter pylori glucose-6-phosphate
dehydrogenase (HpG6PD) 4,

Fig:2 Molecualr Dynamics of Simulation 145!
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Types And Methods of Molecular Dynamics
Accelerated Molecular Dynamics (aMD)

Accelerated Molecular Dynamics, or aMD, is a special technique that helps lengthen simulation periods by changing the potential energy landscape of a
system. In aMD, a positive boost is added to areas with low energy, which helps reduce energy barriers that usually keep the system stuck in certain
states. This change allows the system to move past rare transitions more often, making it easier to explore different shapes and arrangements. Unlike
methods such as Replica Exchange or Meta dynamics, aMD does not need multiple copies of the system or set collective variables, which makes it easier
to use. This method has proven helpful for exploring how proteins change shape, how ligands attach, and for observing large molecular movements.
However, since aMD modifies the basic potential, careful adjustments are needed to ensure accurate thermodynamic properties, which can be tough to
handle for very complex systems 41,

Methods Of Acceralated Molecular Dynamics

Accelerated Molecular Dynamics, or aMD, is an advanced method that improves the sampling of molecular shapes by changing the potential energy
landscape to lower energy obstacles. The main idea is to introduce a boost in potential energy whenever the system’s energy dips below a certain level,
which speeds up the transition over barriers and helps in exploring shapes that would usually be hard to reach. This method has been used in different
molecular dynamics software like AMBER and NAMD to examine intricate biological molecular systems 47!,
»  Dual-Boost aMD

The most common method used in fast molecular dynamics is to apply extra forces separately to the dihedral energy and the overall potential energy.
This two-way boosting technique successfully manages to increase local twisting movements while also encouraging larger shape changes, allowing for
a better investigation of the different shapes that biomolecules can take. By supporting small side-chain movements as well as bigger structural shifts,
this method has been especially useful for examining proteins, nucleic acids, and various other complex biological systems.
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»  Dihedral-Boost aMD
In these fast molecular dynamics method, the added energy is only used for the twisting (dihedral) energy parts, specifically improving the sampling
of how things can rotate. This focused method is really helpful for studying changes in shape of proteins and nucleic acids, where the ability to twist is
the main factor in how the structure behaves. By concentrating on twisting movements, this technique allows for a smarter searching of shape states that
don’t often get explored, giving important information about how biomolecules work, their folding routes, and changing structures.
»>  Total Potential-Boost aMD
In these fast molecular dynamic's methods, a boost potential affects the whole potential energy surface, leading to a significant speedup of local and
global movements. Although this overall technique allows for a wide range of shape sampling, using too high of a boost can create errors or change the
natural energy landscape, making it necessary to fine-tune parameters carefully.
»  Selective aMD
A new improvement in fast molecular dynamics includes intentionally using boost potentials in certain parts of the system, like enzyme active sites or
the places where proteins and ligands meet. This aimed acceleration helps improve the sampling of shapes in important areas while keeping other parts
of the biomolecule less disturbed. By focusing computing resources where they are most required, this method lowers the total expense of simulations
and decreases the risk of artifacts, leading to better understanding of biomolecular dynamics 148450

Steered Molecular Dynamics (SMD)

Steered Molecular Dynamics (SMD) adds outside forces to molecular dynamics simulations to explore how biomolecules react mechanically. In this
method, a fake “spring” or a steady speed force is applied to chosen atoms, simulating conditions like what is used in atomic force microscopy (AFM).
By “pulling” or “pushing” molecules in a certain direction, SMD can show the processes of unfolding, unbinding, or moving that would be hard to see
on normal timescales. The force-extension results obtained can be directly compared to what is measured in experiments, giving valuable insights into
how stable molecules are and how they interact. SMD has been used extensively to examine protein unfolding, DNA stretching, and the breaking apart
of receptor and ligand pairs. However, a major drawback of this technique is that the outcomes are heavily influenced by the speed of pulling and the
force constant, which means that choosing the right parameters is crucial to prevent errors. Even so, SMD is still a strong method to study the mechanics
and energy landscapes of biomolecules under outside pressure 11,

Methods of Steered Molecular Dynamics (SMD)

Steered Molecular Dynamics (SMD) is a computational technique in which external mechanical forces are applied to specific atoms or molecular groups
to investigate structural transitions, binding interactions, and mechanical properties of biomolecules. By simulating the effects of controlled forces, SMD
effectively mimics experimental single-molecule force spectroscopy methods, including atomic force microscopy (AFM) and optical tweezers. This
approach provides detailed mechanistic insights into molecular processes and is implemented through several commonly used SMD methodologies

>  Constant Velocity SMD (cv-SMD)
In the method of steered molecular dynamics, a virtual spring is attached to a specific atom or group of molecules, and its reference point is shifted at a
steady speed. As the molecule undergoes mechanical stretching or tension, the force—extension relationship that emerges can be observed and studied.
This technique is commonly used to explore essential biomolecular processes, such as the unfolding of proteins, the stretching of DNA and RNA strands,
and the detachment of ligands from their receptor sites, offering in-depth insights into molecular mechanics.

»  Constant Force SMD (cf-SMD)

In the constant-force steered molecular dynamics (cf-SMD) method, an ongoing external force is exerted on the system, unlike constant-velocity SMD
(cv-SMD), which emulates the action of a moving cantilever. By applying a persistent mechanical load, cf-SMD allows for an in-depth analysis of how
molecules respond to consistent stress. This technique is especially useful for examining rupture forces, assessing structural stability, and defining the
mechanical strength of proteins, nucleic acids, and protein-ligand complexes.

>  Adaptive or Targeted SMD
In adaptive steered molecular dynamics (ASMD), the direction of the pull and the strength of the applied force are continuously modified according to
the system's reactions or to guide the molecule toward a specific target conformation or binding site. This flexible method enables more effective
exploration of important conformational pathways, minimizes the chances of creating artifacts, and is especially beneficial for simulating intricate
structural changes, investigating folding and unfolding processes, or precisely directing ligands to their binding locations.

»  Jarzynski’s Equality in SMD
Using the Jarzynski equality, one can reweight non-equilibrium steered molecular dynamics (SMD) trajectories to determine differences in equilibrium
free energy. This method successfully connects non-equilibrium pulling simulations with equilibrium thermodynamics, allowing for the precise

calculation of binding affinities, stability of conformations, and other important molecular properties related to energy 525354,

Table: 2 Comparative Aspects of Molecular Docking and Molecular Dynamics 15556571

Aspect Molecular Docking Molecular Dynamics (MD)

Purpose / Role Predicts binding pose, orientation, and rough binding | Simulates time-dependent behaviour of molecular
affinity of small molecules to a target; used for high | systems; provides insights into stability, binding
throughput screening. pathways, kinetics, and thermodynamics.

Flexibility Often treats protein as rigid; some methods allow | Simulates both ligand and receptor flexibility (including

Consideration limited side-chain flexibility or ensemble docking. solvent) explicitly over time.

Throughput and Speed Fast and inexpensive; suitable for screening Computationally intensive; best for detailed analysis of a
large libraries (e.g. millions of compounds). few selected complexes.
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Accuracy of
Binding
Prediction

Provides approximate ranking; scoring functions
have limitations and approximations.

Offers improved accuracy—accounts for induced fit,
solvent, dynamic flexibility; can refine docking results
and compute more accurate binding energies.

Typical Usage Strategy

First pass: quickly narrows down potential hits.

Used after docking to refine, validate, and analyse details
of shortlisted molecules.

Limitations May miss important conformational effects; static | Requires significant computational resources; longer
nature; scoring can mis-rank poses. timescales; complex setup and analysis. (inferred general
knowledge)
Fig:3 A Comparative Drug Discovery Structure of Molecular Docking and Molecular Dynamics 5%
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Conclusion

Molecular docking and molecular dynamics (MD) serve as complementary computational techniques frequently used in drug discovery, each bringing

its own advantages and drawbacks. Docking creates fast, high-volume predictions regarding ligand—receptor binding configurations and initial binding

strengths, making it ideal for virtual screening and identifying potential leads. On the other hand, MD simulations grant in-depth, time-based views of

the dynamic nature of biomolecular systems. They capture the flexibility of receptors, the effects of induced fit, and interactions influenced by solvents,

aspects that docking cannot completely address. By combining docking with MD, the accuracy of binding predictions is improved, providing a better

evaluation of ligand stability, binding rates, and the ability to adapt conformationally. These two methods together speed up rational drug development

by merging efficiency with an understanding of mechanisms, not only enhancing the discovery but also the refinement of effective therapeutic candidates.
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