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Abstract

Molecular docking has become a cornerstone technique in structure-based drug design (SBDD), allowing
researchers to predict the interaction and binding affinity between a small molecule (ligand) and a biological
macromolecule (receptor). Over the past two decades, rapid advances in computational biology, structural
genomics, and artificial intelligence have transformed molecular docking into a highly efficient and accurate
method for virtual screening, lead optimization, and mechanism elucidation. This review provides a
comprehensive overview of the principles, mechanisms, and recent advancements in molecular docking,
emphasizing its application in modern therapeutic discovery. It discusses the basic workflow of docking,
including target preparation, ligand optimization, binding site analysis, scoring functions, and result

coupled docking, and Al-driven predictive models are highlighted for their impact on improving docking
accuracy and computational efficiency. The article also explores the role of molecular docking in identifying
potential leads against diseases such as cancer, diabetes, neurodegenerative disorders, and viral infections.
By bridging theoretical chemistry and pharmaceutical innovation, molecular docking continues to play an
essential role in accelerating the drug discovery pipeline and shaping the future of personalized medicine.
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1. Introduction

Drug discovery has traditionally relied on
experimental approaches involving the
identification, isolation, and synthesis of
biologically active compounds. However, these
methods are often time-consuming, labor-
intensive, and expensive. In the last few decades,
the integration of computational chemistry and
bioinformatics has revolutionized the drug
discovery process, allowing researchers to predict
molecular interactions virtually before conducting
laboratory experiments. Among these
computational techniques, molecular docking has
emerged as one of the most powerful and widely
used tools for structure-based drug design

(SBDD).

Molecular docking is a computer-simulated
technique that predicts the preferred orientation of
a ligand (drug molecule) when bound to a
receptor (target protein or enzyme) to form a
stable complex. The goal of docking is to estimate
the binding affinity and interaction mode between
the ligand and its target, which provides critical
insights for the design of more effective and
selective therapeutic agents. This approach is
based on the principles of molecular recognition,
where both shape complementarity and energetic
compatibility between the ligand and receptor are

receptor-ligand  interaction  analysis, lead
optimization, and toxicity prediction. It plays a
crucial role in identifying compounds active
against infectious diseases, cancer,
neurodegenerative  disorders, and metabolic
syndromes. Moreover, with the incorporation of
machine learning and artificial intelligence (Al),
docking methodologies are becoming increasingly
accurate, adaptive, and capable of handling the

complexities of biological systems.

Recent advances in molecular docking focus on
the improvement of accuracy, computational
efficiency, and reliability of docking predictions.
These include the development of flexible
docking algorithms, enhanced scoring functions,
and integration with molecular dynamics (MD)
simulations to account for receptor flexibility and
solvent effects. Additionally, quantum mechanical
(QM) approaches, deep learning-based scoring
models, and hybrid simulation techniques are
shaping the future of in silico drug design.

In summary, molecular docking serves as a
cornerstone of modern drug discovery, bridging
theoretical chemistry and therapeutic innovation.
Its continuous evolution not only reduces the cost
and time of drug development but also enhances
the precision of  hit identification and
optimization. ~ As

technology  progresses,

considered.

In recent years, molecular docking has evolved
significantly due to advances in computational
algorithms, scoring functions, and structural
biology techniques such as X-ray crystallography,
cryo-electron microscopy, and NMR
spectroscopy, which have provided high-
resolution protein structures. Modern docking
programs such as AutoDock, Glide, GOLD,
DOCK, and MOE now enable high-throughput
virtual screening of thousands of compounds
against biological targets, thereby accelerating the
identification of potential drug candidates.

The application of molecular docking extends
across various domains of pharmaceutical
research, including enzyme inhibition studies,

molecular docking is expected to integrate more
closely with omics data, Al-driven analytics, and
personalized medicine, thereby transforming the
landscape of pharmaceutical research and
development.

2. Principles and Mechanism of Molecular
Docking

2.1 Basic Principle

Molecular docking is based on the principle of
molecular recognition, which refers to the specific
and stable interaction between a ligand (a small
drug-like  molecule) and a receptor (a
macromolecular target such as a protein or
enzyme). The interaction is governed by non-
covalent forces, including hydrogen bonding, van
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der Waals interactions, hydrophobic effects,
electrostatic interactions, and n—x stacking.

The core idea is to predict the best binding
orientation and conformation of a ligand within
the active site of a receptor, thereby estimating its
binding energy and affinity. The ligand with the
most stable conformation and lowest binding
energy is considered to have the highest potential
as a therapeutic candidate.

2.2 Mechanism of Molecular Docking

The molecular docking process involves several
sequential steps that integrate chemoinformatics,
structural biology, and computational algorithms.
Each step contributes to the prediction accuracy
and reliability of docking outcomes.

Step 1: Target (Receptor) Selection and
Preparation

The first step in molecular docking is the
identification and preparation of the biological
target. Typically, a protein, enzyme, or receptor is
selected based on its role in disease progression.
The three-dimensional (3D) structure of the
receptor is obtained from databases such as the
Protein Data Bank (PDB) or modeled using
homology modeling if experimental structures are

state, tautomeric form, and 3D geometry are
critical for  achieving docking
predictions.

accurate

Step 3: Grid Generation

In this step, a grid box is generated around the
active site of the receptor. This grid defines the
search space for docking and contains points
where the ligand’s potential energy is calculated.
The  grid-based approach allows  rapid
computation of interaction energies between the
ligand and receptor atoms, ensuring that the
docking simulation remains computationally
efficient.

Step 4: Docking Simulation

During docking, the ligand is virtually fitted into
the receptor’s active site using various search
algorithms, such as:

¢ Genetic algorithms

e Monte Carlo simulations

e Simulated annealing

o Systematic or stochastic search methods

These algorithms explore different ligand
conformations and orientations (poses) to identify

unavailable.

Receptor preparation involves removing water
molecules, adding hydrogen atoms, assigning
partial charges, and defining the binding site or
grid box where docking will occur. The binding
pocket is often identified using computational
tools or based on the co-crystallized ligand
present in the PDB structure.

Step 2: Ligand Preparation

Ligands can be selected from natural compound
libraries, synthetic databases, or designed de
novo. The chemical structure of the ligand is
optimized through energy minimization using
molecular mechanics force fields (such as
MMFF94 or AMBER). The correct protonation

the best fit within the binding pocket. The docking
software evaluates multiple possible poses to find
the one with the most favorable interaction
energy.

Step 5: Scoring and Ranking

After docking, each ligand-receptor complex is
evaluated using scoring functions that estimate
the binding affinity and stability of the complex.
Scoring functions combine mathematical models
that account for van der Waals forces, hydrogen
bonds, desolvation energies, and electrostatic
interactions. Common scoring methods include:

o Force-field-based scoring

o Empirical scoring
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e Knowledge-based scoring
o Consensus scoring

The ligand with the lowest binding energy (AG)
or highest docking score is considered to have the
strongest interaction potential with the target
receptor.

Step 6: Post-Docking Analysis and Validation

The final step involves analyzing the docked
complex for key interactions, such as hydrogen
bonds, hydrophobic contacts, and electrostatic
attractions between the ligand and receptor
residues.  Visualization tools like PyMOL,
Discovery Studio, or Chimera are commonly used
for interaction mapping. Validation of docking
results can be achieved through re-docking of
known inhibitors, molecular dynamics (MD)
simulations, or experimental bioassays, ensuring
the reliability of computational predictions.

3. Types of Molecular Docking

Molecular docking techniques can be broadly
classified based on the flexibility of the ligand and
receptor molecules during the simulation process.
Depending on how the algorithm handles
conformational changes, docking is categorized
into three main types: Rigid Docking, Flexible
Docking, and Induced Fit Docking. Each method

screening and preliminary docking studies when
computational resources are limited.

Applications:
o Initial screening of large compound libraries
e Prediction of ligand orientation (pose)

o Suitable when receptor structure is highly
rigid (e.g., enzymes with fixed active sites)

3.2 Flexible Docking

Flexible docking allows conformational changes
in the ligand and sometimes in specific amino
acid residues of the receptor during docking. This
method provides a more realistic representation of
ligand-receptor interactions, accounting for the
natural flexibility of biomolecules.

Ligand flexibility is typically handled by rotating
torsion angles in the molecule, while receptor
flexibility may involve side-chain movements of
residues within the binding pocket. Flexible
docking provides higher accuracy but requires
greater computational power.

Applications:

o Ontimization of lead comnounds
T T

has unique advantages and limitations that
influence the accuracy and computational cost of
the docking outcome.

3.1 Rigid Docking

Rigid docking is the simplest and fastest form of
docking, where both the ligand and receptor are
treated as rigid, inflexible bodies. The docking
algorithm evaluates different orientations of the
ligand within the receptor’s active site without
altering their internal conformations.

This approach assumes that the binding site and
ligand do not undergo structural changes during
interaction, which can limit its biological realism.
However, it is wuseful for high-throughput

e Prediction of induced conformational changes
e More reliable estimation of binding affinity
3.3 Induced Fit Docking (IFD)

Induced Fit Docking is an advanced approach that
models simultaneous flexibility in both the
receptor and ligand. It is based on the “induced fit
theory”, which states that the binding of a ligand
can cause conformational rearrangements in the
receptor to achieve the best possible fit.

This method combines molecular docking and
molecular dynamics (MD) to simulate real
biological interactions. Although computationally
expensive, IFD provides the most accurate
prediction of binding mechanisms and is
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particularly valuable for

inhibitors.

Applications:

designing selective

e Detailed mechanistic studies

o Rational drug design for flexible targets

e Validation of experimental results and
hypothesis testing.

Table 1: Comparison of Different Types of Molecular Docking

Parameter Rigid Docking Flexible Induced Fit Docking
Docking
Ligand Flexibility | No flexibility (fixed | Ligand flexible | Both ligand and receptor
conformation) flexible

Receptor Rigid Partially flexible | Fully flexible

Flexibility

Accuracy Low to moderate High Very high

Computational Low Moderate Very high

Cost

Speed Very fast Slower Slowest

Biological Realism | Simplified Realistic Highly realistic

Suitable For High-throughput screening Lead Precise mechanism studies

optimization
Common Tools DOCK, AutoDock Vina (rigid | Glide, GOLD Schrédinger IFD, MOE,
mode) FlexX

Table 2: Examples of Docking Types and Their Applications

Docking Type Example Application Target/Protein | Outcome

Rigid Docking Virtual  screening  of | HIV protease Rapid identification of hits

inhibitors

Flexible Docking | Ligand optimization COX-2 Improved binding affinity
enzyme prediction

Induced Fit | Validation of inhibitor | EGFR kinase Accurate modeling of receptor

Docking binding flexibility

4. Scoring Functions in Molecular Docking

The accuracy of any molecular docking study

greatly depends on how well the binding affinity
between the ligand and receptor is estimated. This

evaluation is performed by mathematical models
known as scoring functions.

A scoring function is used to predict the binding
energy (AG) and to rank different ligand poses
based on their likelihood of forming a stable
complex. The lower the predicted binding energy,
the stronger the ligand-receptor interaction is
considered to be.
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Scoring functions help distinguish true binders
from false positives, making them essential in

virtual

screening,

drug

optimization processes.

4.1 Objectives of Scoring Functions

ranking,

and lead

e To estimate the binding affinity between
ligand and receptor.

e To differentiate correct poses (native-like)

o To guide the optimization of lead molecules.

4.2 Types of Scoring Functions

There are several types of scoring functions, each

based on a different theoretical framework and set

of parameters. The most widely used are force-

field-based,

empirical,

consensus scoring functions.

knowledge-based,

and

Table 3: Types of Scoring Functions Used in

from incorrect ones. Molecular Docking
e To rank compounds based on their docking
scores.

Type of | Principle / Basis Key Features Common Advantages | Limitations

Scoring Tools /

Function Examples

Force-Field- | Calculates total | Considers van der | AutoDock, Physically Computationally

Based interaction energy | Waals, DOCK, realistic and | expensive;
between ligand and | electrostatic, and | CHARMM, | interpretable | ignores solvation
receptor using | hydrogen  bond | AMBER effects
classical force | interactions.
fields (bonded -+
non-bonded terms).

Empirical Derived from | Combines GlideScore, | Fast and | Accuracy depends
experimentally weighted  terms | ChemScore, | suitable = for | on training data
determined binding | (hydrogen bonds, | X-Score virtual set
data using | hydrophobicity, screening
rearession-analysis——electrostaties;

etc.).

Knowledge- | Uses statistical | Estimates PMF, Captures Dependent on

Based potentials  derived | probability of | DrugScore complex quality of
from known | atom—atom interaction database
protein—ligand contacts from patterns structures
complexes. structural

databases.

Consensus | Combines results | Averages or re- | CScore, Reduces false | Computationally

Scoring from multiple | ranks scores from | GOLD positives; demanding; may
scoring functions to | other methods. Consensus increases introduce bias
improve reliability. prediction

accuracy
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4.3 Force-Field-Based Scoring

These scoring functions calculate the binding
energy as a sum of all interaction energies
between atoms of the ligand and receptor.
The general equation is:

Ebind = EvdW + Eelec + Ehb + Etors + Esolv

Where:
o E<sub>vdW</sub> = van der Waals
interactions

e E<sub>elec</sub> = electrostatic energy
o E<sub>hb</sub> = hydrogen bonding energy
o E<sub>tors</sub> = torsional strain

o [E<sub>solv</sub> = solvation/desolvation

energy

This method provides physically meaningful
results but is computationally demanding,
especially for flexible docking.

4.4 Empirical Scoring

Empirical functions use experimental data (e.g.,
binding constants, inhibition values) to calibrate
mathematical terms that approximate the total

binding energy.

The scoring function sums up individual
contributions such as  hydrogen bonds,
hydrophobic contacts, and desolvation energies.
They are widely used in high-throughput
screening due to their speed and simplicity,
though
interactions.

they may oversimplify complex

4.5 Knowledge-Based Scoring

These scoring functions derive statistical
potentials by analyzing known protein—ligand
complexes from the Protein Data Bank (PDB).
They assume that frequently observed atom—atom
contacts contribute more favorably to binding
affinity.

This method effectively captures biological
realism but depends heavily on the quality and

diversity of structural data.
4.6 Consensus Scoring

Consensus scoring combines multiple scoring
functions to obtain a balanced and accurate
ranking of ligands. It reduces false positives and
enhances predictive power by leveraging the
strengths of different methods.
This approach is particularly valuable in virtual
screening - pipelines where large numbers of
compounds are tested computationally.

[\WaYN

Scoring Function | Best Used For Accuracy | Computation Example
Type Time Software
Force-field based Detailed binding energy | %k kv | Slow AutoDock,
estimation AMBER
Empirical Virtual screening and QSAR | %% k¥ | Fast Glide,
correlation ChemScore

Knowledge-based Statistical prediction of binding | % % ¢ ¥c | Moderate PMF, DrugScore

Consensus Re-ranking and hit validation Y% * %% | Slow to moderate | GOLD, CScore
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5. Recent Advances and Computational
Innovations in Molecular Docking

Over the last decade, molecular docking has
undergone rapid advancements driven by
improvements in computational algorithms,
structural biology, and artificial intelligence (Al).
These developments have greatly enhanced the
accuracy, efficiency, and predictive power of
docking simulations.
Modern docking not only identifies potential
binders but also predicts binding kinetics, receptor
flexibility, solvent effects, and drug-likeness,
which were previously overlooked in traditional
docking.

5.1 Evolution of Docking Software and

Algorithms

The earliest docking programs, such as DOCK
and AutoDock, used rigid-body approximations
that treated both ligand and receptor as static.
inherently

However, biological

dynamic — proteins undergo conformational

systems are

changes upon ligand binding.

Recent algorithms incorporate flexible
docking, ensemble docking, induced-fit

docking to simulate these conformational changes

now
and

more realistically. These approaches significantly
improve pose prediction and binding affinity
estimation.

Table 5: Evolution of Molecular Docking Tools and Their Key Features

Software / | Developer / | Docking | Scoring Key Features Applications
Tool Year Type Function Used
DOCK UCSEF, 1982 Rigid /| Force-field First docking | Structure-based
Semi- based software; shape | drug design
flexible complementarity
AutoDock | Scripps, 1998 Flexible Empirical + | Ligand flexibility, | Enzyme inhibition
Lamarckian GA | genetic algorithm | studies
optimization
Glide Schridinger, Flexible /| Empirical + | High accuracy, grid- | Virtual screening
2004 Induced- | Force-field based docking & lead
fit optimization
GOLD CCDC, 2005 Flexible Genetic Handles diverse | Protein—ligand
algorithm + | targets, multiple | docking
Consensus scoring modes
AutoDock | Scripps, 2010 Flexible Hybrid Fast, accurate, multi- | Large-scale virtual
Vina (Empirical + | threaded engine screening
Knowledge-
based)
MOE Chemical Flexible / | Empirical Integrated with | Pharmacophore
Dock Computing Induced- QSAR, ADMET | modeling
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Group, 2013 fit

prediction

PLANTS | University of | Flexible Empirical

Konstanz, 2012

Ant-colony Natural ~ product
optimization screening
algorithm

5.2 Flexible and Induced-Fit Docking

Traditional rigid docking considers the receptor as
a static structure. However, in biological reality,
both ligand and receptor undergo conformational
adjustments upon binding — known as the
induced-fit effect.
Modern docking programs, such as Glide’s
Induced Fit Docking (IFD) and AutoDockFR,
now allow partial receptor flexibility, enabling
better prediction of native-like poses and binding
modes.

This has improved docking accuracy for kinases,
GPCRs, and enzyme sites  where
conformational movement is critical for activity.

active

5.3 Incorporation of Solvent Models and Free
Energy Calculations

Recent methodologies integrate solvent effects
using implicit (GB/SA, PB/SA) or explicit water
models to simulate physiological environments
accurately.

Born Surface Area (MM/GBSA) and Molecular
Mechanics/Poisson—Boltzmann ~ Surface  Area
(MM/PBSA) methods are used to refine docking
results by estimating binding free energies post-
docking.

These approaches bridge the gap between simple
docking and full molecular dynamics (MD)
simulations, improving energy estimation and hit
validation.

5.4 Integration with Molecular Dynamics (MD)
Simulations

A major innovation is the integration of docking
with molecular dynamics simulations. Docking
provides initial poses, while MD refines them by
motion time.

simulating  atomic

This combined approach helps in:

over

o Identifying stable ligand—protein complexes
o Understanding conformational transitions
o Estimating binding free energy fluctuations

Programs such as GROMACS, AMBER, and
Desmond are now commonly used in post-
docking MD refinement.

5.5 AI and Machine Learning in Docking

Artificial Intelligence (Al) and Machine Learning
(ML) have recently transformed the landscape of
molecular docking.
datasets of protein—ligand complexes, allowing
affinities, and

with

prediction of binding poses,
pharmacokinetic ~ properties minimal

computational effort.

Al models such as DeepDock, AtomNet, and
GNINA employ deep convolutional neural
networks (CNNs) to evaluate docking poses and
predict accurate binding energies.
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ﬁ Table 6: Modern AI-Based Docking Tools and Innovations

Tool / | Developer / | Core Methodology Unique Features Advantages

Model Institution

DeepDock | University of | Deep Learning Pose  scoring  with | High prediction
Cambridge CNNs accuracy

GNINA University of | 3D CNN Integrates Al  with | Improved binding
Pittsburgh AutoDock Vina energy prediction

AtomNet Atomwise Inc. Deep Neural Network | Trained on millions of | Large-scale virtual

compounds screening
DeltaDock | OpenEye Reinforcement Adaptive docking Fast and dynamic
Learning simulations
DeepScore | Independent Graph Neural | Ligand—-receptor Enhanced affinity

Research

Networks (GNN)

interaction prediction estimation

5.6 Cloud Computing and High-Performance
Docking

With the expansion of cloud computing and GPU-
based processing, large-scale virtual screening of
millions of compounds can now be performed in

hours instead of days.
Platforms like Google Colab, AWS, and
Schrodinger  LiveDesign  provide  scalable

resources for parallel docking workflows.

These high-performance solutions are particularly

Over the past decades, remarkable progress has
been achieved through the development of
flexible docking algorithms, enhanced scoring
functions, and Al-driven predictive models. These
innovations have significantly. improved the
accuracy, speed, and  scalability of virtual
screening processes. The integration of docking
with molecular dynamics simulations and free
energy calculations now allows for the realistic
modeling of biological interactions under near-
physiological conditions

beneficial for pharmaceutical industries and
academic research, reducing both time and
computational cost.

6. Conclusion

Molecular docking has become a cornerstone in
modern drug discovery, bridging computational
chemistry, molecular biology, and pharmacology.
It enables researchers to predict the binding
orientation, affinity, and stability of small
molecules with their biological targets, thus
accelerating  the identification of novel

therapeutics.

Recent advances, such as deep learning-based
scoring functions (e.g., GNINA, DeepDock),
cloud-based docking platforms, and quantum
(QM/MM)
hybrid methods, have made molecular docking
not only more precise but also more accessible to
the global scientific community.

mechanics/molecular mechanics

Furthermore, docking plays a pivotal role in
identifying lead compounds against various
diseases, including cancer, Alzheimer’s disease,
diabetes, microbial infections, and cardiovascular
disorders. It serves as an efficient pre-screening
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tool, reducing both time and cost associated with
experimental drug development.

In conclusion, molecular docking continues to
evolve as a multidimensional computational
technique that supports the discovery of safe,
potent, and selective therapeutic agents. Its future
lies in the integration of Al, molecular dynamics,
and big data analytics, which will undoubtedly
enhance the accuracy and efficiency of drug
design, paving the way toward personalized and

precision medicine.
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