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Abstract: 

 Molecular docking has materialized as a high-powered computational tool in the field of 

drug discovery and has revolutionized the process of designing novel therapeutics. This review 

provides a comprehensive overview of molecular docking, its principles, methodologies, and 

applications in drug discovery. We discuss the key steps involved in the molecular docking process, 

including ligand preparation, protein preparation, scoring functions, and pose analysis. Furthermore, 

we highlight the significance of molecular docking in virtual screening, lead optimization, and 

structure-based drug design. The versatility of molecular docking is showcased through various case 

studies, where it has successfully facilitated the identification of potential drug candidates for a range 

of diseases. Additionally, we explore the challenges and limitations associated with molecular 

docking and discuss current advancements and future directions in the field. Overall, this review 

emphasizes the pivotal role of molecular docking in Increasing the speed of drug discovery and its 

potential to contribute to the burgeoning of personalized medicine. 

KEY WORDS: Virtual screening, docking algorithms, Force fields, Scoring functions 

1. INTRODUCTION: 

A lot of new drug targets have been found since the human genome project was completed. Similarly, 

high-throughput protein purification, crystallography, and nuclear magnetic resonance spectroscopy 

techniques have made proteins and protein-ligand complexes much more structurally detailed.
 
As a 

result, computational strategies are now permeating every area of drug discovery, from hit detection 

to lead optimization 
(1)

. 

Molecular docking is a powerful computational technique used in the area of structural biology and 

drug discovery. It plays a crucial role in understanding the interactions in the middle of ligands and 

macromolecular targets such as proteins, nucleic acids, and other biological macromolecules 
(2)

. 

This technique is used to refine a model of a complex structure by optimizing the separation in the 

middle of partners, but with anchored relative orientations. In the future, this relative orientation was 

accepted to vary, but the intramural geometry of each partner remained constant. Modeling of this 

type is commonly referred to as rigid docking 
(3-4)

. 

An approach to molecular docking involves using a computer platform to simulate interactions 

between molecules (such as ligands and receptors) and predict their binding modes and affinities 
(5)

. 
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Due to the availability of more small molecules and protein structures and the ease of access to these 

structures, docking has become increasingly popular in both industrial and academic settings 
(6-10)

. 

 

Recently, deep learning has been extensively applied to the design of drugs, such as predicting the 

properties of molecules and the structures of proteins. Deep learning has also been applied to 

molecular docking in several recent studies 
(11)

. 

Through a 3D structure simulation, molecular docking shows the inclusion compound based on the 

CD and drug (guest) molecule
 (12-13)

. 

i. Recapitulation of drug discovery and the Need for computational methods 

 

Drug discovery is a complex and lengthy process aimed at identifying and developing new 

medications to treat various diseases. It involves the identification of suitable drug targets, the 

design and synthesis of chemical compounds, and extensive testing to evaluate their safety and 

efficacy. 

Traditionally, drug discovery relied heavily on experimental methods, such as high-throughput 

screening and medicinal chemistry, to identify potential drug candidates. However, this approach is 

time-consuming, expensive, and often fails to produce desired results due to the vast chemical space 

that needs to be explored. 

To address these challenges, computational methods have Contribute to the success of modern drug 

discovery. Computational techniques leverage the power of computers to analyze and model 

biological systems, chemical structures, and drug-target interactions. They offer several advantages 

and play a crucial role in numerous stages of the drug discovery: 

 Target Identification and Validation: Computational methods help identify and prioritize 

potential drug targets by analyzing biological databases, protein structures, and genetic data. 

They can also simulate protein interactions and predict the likelihood of a target's suitability 

for drug development. 

 Virtual Screening: Instead of testing millions of chemical compounds experimentally, virtual 

screening uses computational algorithms to rapidly screen vast databases of compounds and 

point out those with the highest potential for binding to a target. This approach significantly 

speeds up the initial stages of drug discovery. 

 Structure-Based Drug Design: Computational techniques can model the 3-D construction of 

a target protein and predict how small molecules may interact with it. This information aids to 

the drug candidate design and optimization, improving their binding affinity and selectivity. 

 Ligand-Based Drug Design: Computational methods analyze the structure and properties of 

known active compounds to identify structural features responsible for their activity. This 

knowledge is then used to design new compounds with similar properties, potentially leading 

to novel drug candidates. 

 ADME/Toxicity Prediction: Computational models can predict a drug candidate's 

absorption, distribution, metabolism, and excretion (ADME) properties, and also potential 

toxicity risks. These predictions help prioritize compounds with better chances of success and 

reduce the cost and time associated with experimental testing. 

 Drug Repurposing: Computational methods enable the exploration of existing drugs for new 

therapeutic indications. By analyzing large-scale biological and chemical datasets, 

computational tools can identify potential new uses for approved drugs, accelerating the drug 

discovery process. 
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ii. Importance of structure-based drug design in targeted therapies 

Structure-based drug design (SBDD) plays a crucial character in the evolution of targeted therapies. It 

involves using detailed understanding of the 3-Dimensional construction of a target protein (e.g., an 

enzyme, receptor, or other macromolecule) to design and optimize drugs that interact specifically with 

the target
 (19)

. 

Here are some key reasons why SBDD is important in targeted therapies: 

 Precise targeting: SBDD allows researchers to design drugs that specifically interact with the 

intended target protein. By understanding the structural details of the target and its binding site, 

drugs can be designed to bind with high affinity and selectivity, reducing off-target effects and 

improving therapeutic outcomes. 

 Efficient lead identification: SBDD enables the efficient identification of lead compounds by 

virtually screening large compound libraries against the target structure. Computational strategies 

namely molecular docking and virtual screening can rapidly explore a vast chemical space, 

allowing researchers to prioritize and select the most promising compounds for further 

experimental validation. 

 Optimization of drug properties: SBDD facilitates the optimization of drug properties such as 

binding affinity, selectivity, and pharmacokinetic properties. By iteratively designing and testing 

new analogs, researchers can modify the chemical structure of the lead compounds to enhance their 

efficacy, reduce toxicity, improve solubility, and optimize drug-like properties. 

 Understanding structure-activity relationships: SBDD provides insights into the molecular 

interactions between the drug and its target. By studying the binding mode and the specific protein-

ligand interactions, researchers can uncover the structural basis of drug activity and identify key 

features that contribute to binding affinity. This knowledge can guide further drug optimization 

and aid in the expansion of structure-activity relationships (SARs) for the target. 

 Overcoming drug resistance: Targeted therapies are often vulnerable to the development of drug 

resistance. SBDD can help to grasp the molecular mechanisms of resistance and guide the design 

of new drugs that can overcome or circumvent resistance mutations. By studying the target's 

structure and the changes associated with resistance, researchers can develop strategies to design 

more effective drugs or drug combinations. 

 Accelerating drug discovery process: SBDD accelerates the drug discovery process by 

integrating computational modeling and experimental validation. It helps to focus experimental 

efforts by providing insights into the binding interactions and guiding the synthesis and testing of 

new compounds. This iterative process saves time and resources by enabling rational drug design 

and reducing the need for trial-and-error approaches. 

In summary, SBDD is of paramount importance in targeted therapies as it enables the design of drugs 

with improved specificity, potency, and pharmacokinetic properties. It provides a rational and 

efficient approach to drug discovery, facilitating the development of effective treatments for various 

diseases, including cancer, infectious diseases, and neurological disorders. 
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                                            Fig-1: Structure- based drug design (SBDD) 

 

2. PRINCIPLES OF MOLECULAR DOCKING 

 

 MOLECULAR DOCKING WORKFLOW: 

                 The workflow of a typical molecular docking study involves several steps to 

anticipate the binding interactions in the middle of a ligand as well as target molecule. Here’s 

an overview of the molecular docking workflow. By following this workflow, you can 

provide a comprehensive overview of the steps involved in molecular docking and how they 

contribute to the understanding of ligand-receptor interactions and drug discovery. 

The molecular docking workflow is an iterative process, where the results of each step inform 

subsequent steps, allowing for refinement and optimization of the ligand-receptor 

interactions. This iterative cycle can be repeated until satisfactory results are achieved or 

further insights are obtained for subsequent studies. 

 

i. Preparation of Target Protein and Ligand: Obtain the 3-Dimensional structure of 

the target protein (receptor) from experimental methods or predict it using 

computational techniques like homology modeling. Remove any water molecules or 

co-crystallized ligands that are not relevant to the docking study. Prepare the ligand 

by obtaining its three-dimensional structure and optimizing its geometry. 

ii. Preparation of Binding Site: Define the binding site or active site on the target 

protein where the ligand is expected to bind. This can be determined based on the 

experimental knowledge or by using computational tools that identify potential 

binding pockets. 

iii. Ligand Conformational Sampling: Generate multiple conformations or flexible 

states of the ligand to explore its possible binding modes within the binding site. This 

can be achieved through techniques such as molecular dynamics simulations or 

conformational searching algorithms. 

iv. Docking Algorithm Selection: Choose an appropriate docking algorithm based on 

the nature of the problem and the available computational resources. Common 

docking algorithms include rigid docking (e.g., rigid-body docking or docking with a 

flexible receptor), flexible docking (e.g., flexible ligand or induced-fit docking), and 

hybrid methods that combine different strategies. 
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v. Docking Simulation: Perform the docking simulation, where the ligand is 

systematically positioned and oriented within the binding site of the receptor. The 

docking algorithm evaluates and scores different ligand poses based on factors such 

as steric clashes, hydrogen bonding, electrostatic interactions, and hydrophobic 

interactions. The goal is to find the ligand pose with the highest predicted affinity. 

vi. Scoring and Ranking: Analyze the docking results and rank the ligand poses based 

on their scores or predicted binding affinities. Scoring functions are used to estimate 

the strength of the ligand-receptor interactions and determine the most likely binding 

mode. 

vii. Validation and Refinement: Validate the docking results by comparing them with 

experimental data, if available. Experimentally determined binding affinities or 

structural information can help assess the accuracy and reliability of the docking 

predictions. If necessary, refine the ligand-receptor complexes through post-docking 

optimization techniques, such as molecular dynamics simulations or energy 

minimization, to improve the accuracy of the predicted binding mode. 

viii. Analysis and Interpretation: Analyze the docking results to gain insights into the 

ligand-receptor interactions. Identify key residues taking part in the binding, 

hydrogen bonding patterns, hydrophobic interactions, and other important features 

that contribute to the ligand's binding affinity. This information can provide a deeper 

understanding of the molecular recognition process and guide further experimental or 

computational studies. 

ix. Integration with Experimental Data: Integrate the docking results with 

experimental data and other computational methods to validate and support the 

findings. This can involve comparing docking predictions with experimental binding 

affinities, SAR analysis, or identifying novel chemical scaffolds for lead 

optimization. 

x. Conclusion and Future Directions: Summarize the findings from the molecular 

docking study and discuss their implications in the context of the research question or 

objectives. Highlight the power and limitations of the approach and propose future 

directions or applications of molecular docking in the field. 
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                       Fig-2: molecular docking workflow 

 

 

 

DIFFERENT TYPES OF MOLECULAR DOCKING ALGORITHMS: 

 
i. Rigid Docking: Rigid docking algorithms assume both the ligand and receptor to be 

rigid in the time of docking simulation. They explore the conformational space of the 

ligand within the binding site while keeping the receptor fixed. Examples of rigid 

docking algorithms include AutoDock, DOCK, and Glide SP
 (20)

. 

ii. Flexible Docking: Flexible docking algorithms account for flexibility in either the 

ligand, receptor, or both. Ligand flexibility is usually considered by generating 

multiple conformations of the ligand during the docking simulation. Receptor 

flexibility can be incorporated by allowing side chains or backbone movements 

within the binding site. Examples of flexible docking algorithms include AutoDock 

Vina, FlexX, and GOLD. 

iii. Induced-Fit Docking: Induced-fit docking algorithms capture the conformational 

changes that occur in both the ligand and the receptor upon binding. They use a two-
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step approach where an initial docking is performed with rigid components, and then 

refinement is carried out by allowing flexibility in both ligand and receptor. Examples 

include Glide Induced Fit Docking and MOE Induced Fit Docking. 

iv. Hybrid Docking: Hybrid docking approaches combine multiple docking strategies to 

improve the accuracy of predictions. They may involve a combination of rigid 

docking, flexible docking, or induced-fit docking methods. By leveraging the 

strengths of different algorithms, hybrid approaches aim to attain a better equilibrium 

in the middle of speed and accuracy. Examples include RosettaLigand and 

Schrödinger's PrimeX. 

v. Ligand-Based Docking: Ligand-based docking methods do not rely on the explicit 

structure of the receptor. Instead, they exploit the knowledge of known ligands or 

ligand databases to predict the binding mode. These methods employ techniques such 

as molecular fingerprints, pharmacophore-based approaches, or shape-based 

matching. Ligand-based docking can be useful when the target protein structure is 

unavailable or challenging to determine. 

vi. Ab Initio Docking: Ab initio docking algorithms predict the binding mode without 

relying on any prior knowledge of the target structure or ligand database. They use 

physics-based force fields, energy calculations, and optimization algorithms to 

inspect the conformational space of the ligand and receptor and identify the best 

docking pose. Ab initio methods are computationally demanding and generally 

suitable for mini systems. Examples include RosettaDock and MCDOCK. 

vii. Machine Learning-based Docking: Machine learning techniques are increasingly 

being applied to molecular docking to improve accuracy and speed. These algorithms 

learn from a training dataset of known ligand-receptor complexes and use the learned 

models to predict the binding affinity or docking poses of new ligands. Machine 

learning-based docking methods can complement traditional approaches and enhance 

the efficiency of virtual screening. Examples include RF-Score, XGBoost, and 

DeepDock. 

 

FORCE FIELDS AND SCORING FUNCTIONS FOR ENERGY CALCULATIONS: 

 

In molecular docking, force fields and scoring functions are used for energy calculations to 

assess the strength of interactions in the middle of ligand and the receptor. Here are some 

commonly used force fields and scoring functions in molecular docking: 

 

o Force Fields: 

i. CHARMM (Chemistry at Harvard Molecular Mechanics): CHARMM force field 

is widely used for molecular dynamics simulations and energy calculations. It 

incorporates parameters to describe bonded and non-bonded interactions, including 

bond stretching, angle bending, torsional rotations, and van der Waals forces. 

ii. AMBER (Assisted Model Building with Energy Refinement): AMBER force field 

is another popular force field used in molecular dynamics simulations. It accounts for 

bonded and non-bonded interactions, including bond stretching, angle bending, 

torsional rotations, electrostatic forces, and van der Waals interactions. 

iii. OPLS-AA (Optimized Potential for Liquid Simulations - All Atom): OPLS-AA 

force field is designed for accurately reproducing thermodynamic as well as structural 

properties of organic molecules. It accounts for bonded and non-bonded interactions, 

including bond stretching, angle bending, torsional rotations, electrostatic forces, and 

van der Waals interactions. 
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iv. GROMOS (Groningen Molecular Simulation): GROMOS force field is commonly 

used for biomolecular simulations. It includes parameters for bonded and non-bonded 

interactions, including covalent bonds, angles, dihedrals, electrostatic forces, and van 

der Waals forces. 

o Scoring Functions: 

A scoring function is a mathematical function used in computational chemistry and molecular 

modeling to approximate the binding affinity in the middle of two molecules after docking. Scoring 

functions have also been developed to anticipate the strength of intermolecular interactions in the 

middle of two proteins or between protein as well as DNA
 (14-15)

. 

I. EMPIRICAL SCORING FUNCTIONS: Empirical scoring functions guess the binding 
affinity of a ligand-receptor complex based on simplified empirical potentials

 (16)
. Examples 

include: 

 AutoDock Scoring Functions: AutoDock scoring functions, such as AutoDock Vina and 

AutoDock 4, utilize empirical terms to calculate the binding affinity. These terms include van 

der Waals interactions, electrostatic interactions, hydrogen bonding, and desolvation energies. 

 X-Score: X-Score is an empirical scoring function that considers various terms such as van 

der Waals interactions, hydrogen bonding, electrostatics, hydrophobicity, and solvation 

energies. 

 ChemScore: ChemScore calculates the binding affinity based on hydrophobic interactions, 

hydrogen bonding, enthalpy changes, and metal coordination. 

 Physics-Based Scoring Functions: Physics-based scoring functions employ more 
sophisticated techniques to estimate the binding affinity.  

 MM-PBSA (Molecular Mechanics Poisson-Boltzmann Surface Area): MM-PBSA 

calculates the binding free energy using a combination of molecular mechanics (force field-

based) and continuum electrostatics (Poisson-Boltzmann) methods. It considers various 

energy terms, including van der Waals, electrostatic, solvation, and entropy contributions. 

 MM-GBSA (Molecular Mechanics Generalized Born Surface Area): MM-GBSA is 

similar to MM-PBSA but uses a generalized Born model for solvation calculations instead of 

the Poisson-Boltzmann equation. 

 Prime: Prime is a physics-based scoring function offered by the Schrodinger suite. It 

combines molecular mechanics force fields with a continuum solvent model to estimate the 

binding affinity. 

II. MACHINE LEARNING-BASED SCORING FUNCTIONS: Machine learning methods 

have been employed to develop scoring functions that can better estimate binding affinities 

based on training data. Examples include: 

 RF-Score uses random forest machine learning algorithms to predict binding affinities based 

on various features derived from the ligand-receptor complex, including molecular 

descriptors, shape complementarity, and atomic interactions. 

 

3. LIGAND AND PROTEIN PREPARATION: 

 

o Ligand database creation and curation: 

Creating and curating a high-quality ligand database is crucial for molecular docking studies. Here are 

the key steps involved in ligand database creation and curation: 

i. Data Collection: Gather ligand structures from various sources such as chemical databases, 

literature, or in-house compound libraries. Commonly used databases include PubChem, 

ChEMBL, DrugBank, ZINC, and the Protein Data Bank (PDB). 
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ii. Data Filtering: Apply filters to remove unwanted compounds and ensure the quality of the 

ligand database. Filters may include removing duplicates, removing compounds with low-

quality or ambiguous structures, and filtering by properties such as molecular weight, 

Lipinski's rule of five violations, and drug-likeness criteria. 

iii. Standardization: Standardize the ligand structures to ensure consistency and compatibility 

during docking simulations. This involves applying procedures to correct protonation states, 

tautomeric forms, and ionization states based on pH conditions and experimental knowledge. 

iv. Proper Representation: Convert ligand structures into a suitable format for docking 

simulations. Popular formats include Protein Data Bank (PDB) format, Mol2, SDF (Structure 

Data File), or SMILES (Simplified Molecular Input Line Entry System) notation. 

v. Database Preparation: Prepare the ligand database by assigning partial charges, adding 

missing atoms or bonds, and optimizing the ligand geometries. Tools like Open Babel, 

RDKit, or Schrödinger's LigPrep can assist in database preparation. 

vi. Diversity Analysis: Perform diversity analysis to ensure a representative and diverse ligand 

set. Analyze the physicochemical properties, chemical space coverage, and chemical diversity 

metrics (e.g., Tanimoto coefficient, principal component analysis) to assess the diversity of 

the ligand database. 

vii. Curation and Validation: Curate the ligand database by manually reviewing and validating 

the ligand structures. This may involve removing compounds with known errors or 

inconsistencies, correcting potential errors, and cross-checking with experimental data or 

literature information. 

viii. Quality Control: Implement quality control measures to make sure the accuracy and 

reliability of the ligand database. This includes verifying the ligand structures against 

experimental binding data, checking for potential toxic or reactive compounds, and 

addressing any known issues or limitations of the ligand set. 

ix. Updating and Maintenance: Regularly update and maintain the ligand database by 

incorporating new compounds, removing outdated or deprecated compounds, and staying up-

to-date with the latest literature and databases to ensure the database remains relevant and 

reliable. 

 

 

LIGAND CONFORMATIONAL SAMPLING AND GENERATION: 

In molecular docking, ligand conformational sampling and generation are essential steps to explore 

the different possible conformations of the ligand within the binding site. Here's an overview of ligand 

conformational sampling and generation techniques used in molecular docking
 (18)

. 

i. Systematic Conformational Search: Systematic conformational search methods explore the 

ligand's conformational space by systematically sampling different torsional angles of 

rotatable bonds. Techniques like systematic torsion-angle searching or systematic rotamer 

searching can be employed to generate a set of diverse ligand conformations. However, these 

methods are limited by the exhaustive sampling of the whole conformational space, which 

can be computationally expensive. 

ii. Molecular Dynamics (MD) Simulations: MD simulations can be utilized to sample ligand 

conformations by considering the ligand's flexibility in a dynamic environment. By subjecting 

the ligand to molecular forces and simulating its motion over time, MD simulations can 

explore different conformations and capture conformational changes. Methods such as 

molecular dynamics, replica exchange molecular dynamics, or accelerated molecular 

dynamics can be employed to sample ligand conformations. 

iii. Monte Carlo Methods: Monte Carlo methods use random sampling to explore the 

conformational space of the ligand. Techniques like Monte Carlo Multiple Minimum 
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(MCMM) or simulated annealing can be employed to generate ligand conformations by 

randomly changing torsional angles and accepting or rejecting moves based on energy 

calculations or scoring functions. 

iv. Fragment-Based Methods: Fragment-based methods divide the ligand into smaller 

fragments or pharmacophoric features and sample their conformations individually. These 

confirmations are then assembled to generate diverse ligand conformations. Techniques like 

growing, linking, or merging fragments can be used to generate ligand conformations based 

on fragment libraries or databases. 

v. Enhanced Sampling Methods: Enhanced sampling methods aim to overcome the limitations 

of traditional conformational sampling techniques by biasing the sampling towards relevant 

conformations. Techniques like accelerated molecular dynamics, metadynamics, or replica 

exchange, can be used to enhance the sampling of ligand conformations, particularly in 

regions of high energy barriers or low probability. 

vi. Quantum Mechanical Methods: Quantum mechanical (QM) calculations can be employed 

to generate ligand conformations using methods like QM-based conformational searching or 

QM/MM (Quantum Mechanics/Molecular Mechanics) simulations. These methods consider 

the electronic structure and energetics of the ligand, allowing for a more accurate sampling of 

conformations. However, QM-based methods are computationally demanding and are usually 

applied to smaller ligands or specific regions of interest. 

 

o PROTEIN STRUCTURE PREPARATION AND OPTIMIZATION: 

Protein structure preparation and optimization are crucial steps in molecular docking to make sure the 

accuracy and reliability of the docking results. Here's an overview of the protein structure preparation 

and optimization process in molecular docking
 (17)

. 

i. Protein Structure Retrieval: Obtain the protein structure from a reliable source such as the 

Protein Data Bank (PDB) or generate a homology model if the experimental structure is 

unavailable or of low quality. 

ii. Removal of Water Molecules and Heteroatoms: Remove water molecules, cofactors, ions, 

and other heteroatoms that are not directly involved in the protein-ligand interaction. 

However, retain essential water molecules or metal ions present in the binding site when they 

play an important role in ligand binding. 

iii. Addition of Hydrogen Atoms: Add hydrogen atoms to the protein structure to complete the 

protonation states of amino acids. Consider the pH conditions relevant to the binding site, and 

assign appropriate protonation states to histidine residues and termini (N- and C-termini) 

using tools like Reduce or Propka. 

iv. Handling Missing Atoms and Side Chains: Check for any missing atoms or side chains in 

the protein structure and repair them using tools like Modeller or Prime. If the missing region 

is large, consider generating a homology model or consulting experimental structures or 

related homologs for guidance. 

v. Protein Energy Minimization: Perform energy minimization to optimize the protein 

structure and remove steric clashes or bad contacts using molecular mechanics force fields 

such as AMBER, CHARMM, or OPLS. Employ optimization algorithms like steepest descent 

or conjugate gradient to iteratively adjust atom positions and minimize the energy of the 

protein structure 

vi. Protein Refinement: Further refine the protein structure through techniques like molecular 

dynamics simulations, allowing the protein to relax and equilibrate in a solvent environment. 

This step can help improve the protein's conformational sampling and overall structural 

quality. 

vii. Validation and Quality Assessment: Validate the protein structure to ensure its quality and 

reliability. Use tools like PROCHECK, MolProbity, or WHAT_CHECK to assess the 
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stereochemistry, bond lengths, angles, and overall structure quality. Check for potential 

errors, clashes, or artifacts that might affect the docking process. 

viii. Binding Site Identification: Identify and define the binding site or active site residues where 

the ligand is expected to interact with the protein. This information is crucial for guiding the 

ligand docking process. 

ix. Protein Pocket Refinement: Refine the protein pocket or binding site region by removing 

any solvent molecules or heteroatoms within the site, adjusting the side chain conformations 

of critical residues, and optimizing the pocket's shape and size. This step can be performed 

manually or using tools like AutoGrid or SiteMap. 

 

4. APPLICATIONS OF MOLECULAR DOCKING IN DRUG DISCOVERY: 

These applications highlight the versatility of molecular docking in various phases of the drug 

discovery process, assisting in the identification, optimization, and understanding of potential drug 

candidates. 

1. Virtual Screening: Virtual screening is a widely used application of molecular docking in 

drug discovery. It involves screening large libraries of small molecules against a target 

protein to identify potential lead compounds. Docking helps predict the binding affinity as 

well as binding modes of the ligands, allowing for the identification of promising drug 

candidates. 

2. Lead Optimization: Molecular docking aids in lead optimization by evaluating and refining 

lead compounds to enhance their binding affinity and selectivity towards the target protein. 

Docking simulations can guide medicinal chemists in modifying the chemical structure of the 

lead compounds to improve their interactions with the target and optimize drug-like 

properties. 

3. Binding Mode Prediction: Docking can provide insights into the binding modes of small 

molecules within the active site of the target protein. It helps elucidate the specific 

interactions and key binding residues involved in ligand-protein interactions. This knowledge 

is valuable for understanding the mechanism of action and rational design of new drug 

candidates. 

4. Structure-Activity Relationship (SAR) Analysis: Molecular docking facilitates SAR analysis 

by exploring the binding affinity and interactions of structurally related compounds. By 

docking a series of analogs or derivatives, researchers can identify structural features that 

contribute to binding affinity and guide the design of new compounds with improved activity. 

5. Fragment-Based Drug Design: Docking is broadly used in fragment-based drug design 

(FBDD), where small fragments are docked into the target protein to identify hotspots and 

generate initial hits. Docking helps guide the assembly and optimization of fragment hits into 

larger drug-like compounds through fragment growing, merging, or linking strategies. 

6. Protein-Protein Interaction (PPI) Modulation: Molecular docking can be applied to study and 

modulate protein-protein interactions by targeting specific interfaces or binding sites involved 

in protein complexes. Docking can identify small molecules that disrupt or stabilize protein-

protein interactions, providing potential therapeutic strategies for diseases mediated by 

aberrant PPIs. 

7. De Novo Drug Design: Docking is employed in de novo drug design approaches, where new 

compounds are generated in silico based on specific constraints and design principles. 

Docking helps evaluate the fitness and binding affinity of the designed compounds within the 

target protein's active site, aiding in the choosing and optimization of novel drug candidates. 

8. Drug Repurposing: Molecular docking can be utilized for drug repurposing efforts by 

screening approved drugs or compounds with known pharmacological properties against new 

targets. Docking helps identify potential off-target interactions or novel indications for 

existing drugs, enabling the discovery of new therapeutic applications. 
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5. CASE STUDIES: 

Highlighting successful applications of molecular docking in various therapeutic areas: 

Molecular docking has been successfully applied in various therapeutic areas to aid in drug discovery 

and development. 

i. Cancer Therapeutics: Molecular docking has been instrumental in identifying and optimizing 

small molecule inhibitors for cancer targets. For instance, the discovery of selective kinase 

inhibitors like imatinib (Gleevec) for the treatment of chronic myeloid leukaemia (CML) 

involved molecular docking to understand the binding interactions and optimize the 

compounds. Docking has also been used to design inhibitors targeting proteins involved in 

cancer pathways, such as EGFR (epidermal growth factor receptor), HER2 (human epidermal 

growth factor receptor 2), and BRAF (serine/threonine-protein kinase B-raf). 

ii. Infectious Diseases: Docking has played a pivotal role in the expansion of drugs targeting 

infectious diseases. In the case of HIV, docking was used to identify and optimize inhibitors 

targeting the viral protease (e.g., saquinavir, lopinavir). Docking has also aided in the 

discovery of inhibitors for other pathogens, including influenza virus neuraminidase inhibitors 

(e.g., oseltamivir) and hepatitis C virus protease inhibitors (e.g., telaprevir). 

iii. Neurological Disorders: Molecular docking has contributed to the development of drugs 

targeting neurological disorders. In the case of Alzheimer's disease, docking has been used to 

design compounds that interact with the enzyme acetylcholinesterase (AChE) to increase 

cholinergic neurotransmission. Docking has also aided in the discovery of selective ligands 

for G protein-coupled receptors (GPCRs) involved in neurological disorders, such as 

dopamine receptors in Parkinson's disease. 

iv. Cardiovascular Diseases: Docking has been employed in the expansion of drugs for 

cardiovascular diseases. For example, docking studies played a crucial role in the design of 

angiotensin-converting enzyme (ACE) inhibitors (e.g., captopril, enalapril) for the treatment 

of hypertension and heart failure. Docking has also aided in the discovery of ligands for other 

cardiovascular targets like beta-adrenergic receptors and calcium channel blockers. 

v. Anti-inflammatory and Immunomodulatory Agents: Molecular docking has been utilized in 

the design of anti-inflammatory and immunomodulatory drugs. Docking studies have aided in 

the development of selective COX-2 (cyclooxygenase-2) inhibitors (e.g., celecoxib) for the 

treatment of inflammation and pain. Furthermore, docking has contributed to the discovery of 

ligands targeting immune checkpoints, such as PD-1 (programmed cell death protein 1) and 

CTLA-4 (cytotoxic T-lymphocyte-associated protein 4), for cancer immunotherapy. 

vi. Metabolic Disorders: Docking has been applied to the development of drugs targeting 

metabolic disorders. In diabetes, docking studies have been used to design inhibitors of key 

enzymes involved in glucose metabolism, such as dipeptidyl peptidase-4 (DPP-4) inhibitors 

(e.g., sitagliptin) and sodium-glucose co-transporter 2 (SGLT2) inhibitors (e.g., 

dapagliflozin). Docking has also aided in the discovery of ligands for nuclear hormone 

receptors involved in lipid metabolism, such as peroxisome proliferator-activated receptors 

(PPARs). 

 

 

Examples of target proteins and their associated drug candidates identified through docking: 

i. Epidermal Growth Factor Receptor (EGFR): EGFR is a tyrosine kinase receptor involved 

in various cancers. Molecular docking has helped identify EGFR inhibitors such as erlotinib 
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(Tarceva) and gefitinib (Iressa). These Tiny molecules bind to the ATP-binding site of EGFR 

and inhibit its activity, leading to the suppression of tumour growth. 

ii. HIV-1 Protease: HIV-1 protease is an enzyme crucial for the maturation of the HIV virus. 

Molecular docking has facilitated the discovery of HIV protease inhibitors like darunavir 

(Prezista) and atazanavir (Reyataz). These inhibitors bind to the active site of the protease, 

preventing its function and inhibiting viral replication. 

iii. Angiotensin-Converting Enzyme (ACE): ACE is an enzyme involved in regulating blood 

pressure. Molecular docking has aided in the design of ACE inhibitors such as enalapril 

(Vasotec) and lisinopril (Prinivil). These inhibitors bind to the active site of ACE, blocking 

the conversion of angiotensin I to angiotensin II, thereby reducing blood pressure. 

iv. Acetylcholinesterase (AChE): AChE is an enzyme involved in the breakdown of the 

neurotransmitter acetylcholine. Molecular docking has played a part in the discovery of AChE 

inhibitors like donepezil (Aricept) and rivastigmine (Exelon). These inhibitors bind to the 

active site of AChE, preventing the degradation of acetylcholine and enhancing cholinergic 

neurotransmission in Alzheimer's disease. 

v. Neuraminidase (NA): Neuraminidase is an enzyme crucial for the release and spread of 

influenza virus particles. Molecular docking has aided in the identification of neuraminidase 

inhibitors like oseltamivir (Tamiflu) and zanamivir (Relenza). These inhibitors bind to the 

active site of neuraminidase, blocking its activity and inhibiting the release of viral particles.  

vi. Dipeptidyl Peptidase-4 (DPP-4): DPP-4 is an enzyme taking part in the degradation of 

incretin hormones, which regulate glucose metabolism. Molecular docking has contributed to 

the discovery of DPP-4 inhibitors like sitagliptin (Januvia) and saxagliptin (Onglyza). These 

inhibitors bind to the active site of DPP-4, prolonging the activity of incretin hormones and 

enhancing glucose-dependent insulin secretion in diabetes. 

vii. Programmed Cell Death Protein 1 (PD-1): PD-1 is an immune checkpoint receptor 

involved in regulating immune responses. Molecular docking has aided in the identification of 

PD-1 inhibitors like pembrolizumab (Keytruda) and nivolumab (Opdivo). These inhibitors 

bind to PD-1, preventing its interaction with its ligands and enhancing anti-tumour immune 

responses in cancer immunotherapy. 

 

6. ADVANCEMENTS AND FUTURE DIRECTIONS: 

o Integration of molecular docking with other computational methods: 

Integrating molecular docking with other computational methods enhances the accuracy and 

reliability of drug discovery efforts. Here are some common computational methods that can be 

integrated with molecular docking: 

i. Molecular Dynamics (MD) Simulations: MD simulations can be used to refine the protein-

ligand complex obtained from molecular docking. By simulating the dynamic behaviour of 

the complex over time, MD simulations provide insights into the stability of the binding 

interaction, the flexibility of the protein and ligand, and the binding free energy. This 

integration helps to greater understand the dynamic nature of the complex and refine the 

predicted binding modes. 

ii. Quantum Mechanics (QM) Calculations: QM methods can be employed to study specific 

regions of the protein-ligand complex that require high-level quantum mechanical treatment. 

For example, QM calculations can provide accurate descriptions of the electronic properties 

and chemical reactions occurring in the active site. By integrating QM calculations with 

molecular docking, researchers can gain a deeper understanding of complex systems, 

elucidate reaction mechanisms, and refine binding affinity predictions. 

iii. Homology Modeling and Comparative Protein Structure Prediction: Homology modeling 

is often used when the experimental construction of the target protein is unavailable. By 

integrating homology modeling with molecular docking, researchers can generate accurate 
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three-dimensional models of the target protein and perform docking studies on these models. 

This approach aids in identifying potential binding sites, predicting binding modes, and 

guiding lead optimization. 

iv. Machine Learning and Artificial Intelligence (AI): Machine learning and AI techniques 

can be integrated with molecular docking to upgrade the accuracy and speed of predictions. 

For e.g., machine learning models can be trained on large datasets of known protein-ligand 

interactions to predict binding affinity, assess ligand draggability, and prioritize compounds 

for experimental validation. These models can complement the docking results and provide 

additional insights into ligand-target interactions. 

v. Ligand-Based Virtual Screening: Ligand-based virtual screening methods, such as 

pharmacophore modeling or molecular shape-based methods, can be combined with 

molecular docking. Ligand-based methods utilize the knowledge of known active compounds 

or ligand structural features to screen large databases of compounds for potential hits. The hits 

identified from ligand-based screening can then undergo molecular docking to assess their 

binding modes and interactions with the target protein. 

vi. Free Energy Calculations: Free energy calculations, such as molecular mechanics Poisson-

Boltzmann surface area (MM-PBSA) or molecular mechanics generalized Born surface area 

(MM-GBSA), can be integrated with molecular docking to estimate binding free energies. 

These calculations account for solvation effects and entropy changes, affording an exact 

assessment of ligand binding affinities and aiding in lead optimization. 

vii. Structural Bioinformatics and Data Mining: Integrating structural bioinformatics and data 

mining techniques with molecular docking allows for the exploration and analysis of large-

scale protein-ligand interaction databases. By analyzing known binding data, researchers can 

identify common binding motifs, derive structure-activity relationships, and gain insights into 

ligand binding preferences across related targets. 

 

o Enhanced sampling techniques and scoring function development: 

Enhanced sampling techniques and scoring function development are crucial aspects of molecular 

docking that aim to improve the accuracy and efficiency of ligand binding predictions. Here are some 

commonly used techniques in each area: 

Enhanced Sampling Techniques: 

i. Monte Carlo (MC) Methods: MC techniques, such as Metropolis Monte Carlo (MMC) or 

Replica Exchange Monte Carlo (REMC), are used to investigate the conformational space of 

ligands and proteins. These methods sample different conformations by iteratively accepting 

or rejecting proposed moves based on a Metropolis criterion, allowing for a more 

comprehensive exploration of the binding modes. 

ii. Molecular Dynamics (MD) Simulations: MD simulations are widely used to study the 

dynamics of ligand-protein complexes. Enhanced sampling methods, such as accelerated MD 

(aMD) or replica exchange MD (REMD), can be employed to overcome energy barriers and 

sample rare conformations. These techniques enhance the exploration of ligand binding 

modes and improve the accuracy of binding affinity predictions 

iii. Steered Molecular Dynamics (SMD): SMD is a technique used to simulate the unbinding 

process of a ligand from a protein. It applies external forces to pull the ligand away while 

monitoring the response of the system. SMD simulations provide insights into the binding 

energetics, unbinding pathways, and lead interactions between the ligand and protein during 

the dissociation process. 

iv. Free Energy Perturbation (FEP): FEP methods calculate the free energy differences 

between different ligands or conformations. FEP simulations can be used to estimate the 
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relative binding affinities of ligands by perturbing their structures or chemical groups. By 

sampling different ligand states and calculating the corresponding free energy changes 

 

7. CHALLENGES AND LIMITATIONS: 

Understanding challenges and limitations is crucial for interpreting the outcomes of molecular 

docking studies appropriately and guiding the design of experimental validation strategies. 

Addressing these limitations and developing improved methodologies are active areas of research to 

enhance the accuracy and applicability of molecular docking in drug discovery 

i. Scoring Function Accuracy: The accuracy of scoring functions used in molecular docking is 

a major challenge. Scoring functions rely on simplified energy models and assumptions, 

which may not fully capture the complexities of ligand-protein interactions. Improving 

scoring function accuracy is an ongoing research area, and further advancements are needed 

to better predict binding affinities. 

ii. Sampling Conformational Space: Molecular docking methods often sample a limited 

portion of the conformational space, which can result in missing relevant binding modes or 

failing to account for ligand flexibility adequately. Exploring a more extensive 

conformational space remains challenging due to computational limitations and the 

combinatorial explosion of possible ligand and protein conformations. 

iii. Treatment of Solvent Effects: Accurately accounting for solvent effects, such as solvation 

and desolvation, is crucial for reliable docking predictions. However, accurately modeling 

solvents computationally can be challenging, especially for large protein-ligand systems. 

Simplified solvation models used in docking may not fully capture the complexities of solvent 

interactions, leading to inaccuracies in binding affinity predictions. 

iv. Flexibility and Dynamics: Proteins and ligands can exhibit conformational flexibility and 

dynamics, which can affect their binding interactions. Molecular docking methods often 

assume rigid protein structures, neglecting the dynamic nature of proteins. Incorporating 

protein flexibility and dynamics into docking calculations is an active research area, but it 

remains computationally demanding. 

v. Sampling Ligand Flexibility: Ligands can adopt various conformations, which can impact 

their binding to a protein target. However, efficiently sampling ligand flexibility is 

challenging, especially for large ligands with multiple rotatable bonds. Insufficient sampling 

of ligand conformations can lead to overlooking potential binding modes and inaccurate 

predictions. 

vi. Limited Accuracy for Novel Targets and Uncharacterized Binding Sites: Molecular 

docking relies on knowledge of the target protein's structure and binding site. For novel 

targets or binding sites with limited structural information, docking predictions may be less 

accurate. Homology modeling or comparative modeling techniques can be employed, but they 

introduce uncertainties in the predicted protein structure, potentially impacting docking 

results. 

vii. Computational Resources and Time: Molecular docking calculations can be 

computationally demanding, especially for large protein-ligand systems or extensive 

conformational sampling. Adequate computational resources and time are required to perform 

comprehensive docking studies, limiting the scale and scope of calculations that can be 

performed within practical time frames. 

viii. Overestimation of Ligand Binding Affinities: Molecular docking methods often 

overestimate ligand binding affinities, leading to a higher false positive rate. This limitation 

arises due to the simplifications in energy models, neglecting entropy contributions, and the 

challenges in accurately capturing solvation effects. 
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CONCLUSION: 

In conclusion, molecular docking has materialized as a powerful tool in the field of drug discovery, 

enabling scientists to predict and analyze the interactions in the middle of tiny molecules and target 

proteins. Its role in accelerating the drug discovery process cannot be overstated, as it provides 

irreplaceable insights into the binding affinity and mode of action of potential drug candidates. 

Moreover, molecular docking holds great promise for personalized medicine by aiding in the design 

of tailored therapies. By considering individual variations in protein structures and genetic profiles, 

researchers can utilize molecular docking to optimize drug selection and dosage, maximizing 

treatment efficacy while minimizing adverse effects. This approach has the potential to revolutionize 

patient care, offering personalized treatment regimens that consider an individual's unique biological 

makeup. 

However, it is necessary to acknowledge the limitations of molecular docking, including the 

challenges in accurately capturing protein flexibility and accounting for solvent effects. Ongoing 

research efforts are focused on addressing these limitations and integrating other computational 

approaches to further enhance the reliability of docking results. 
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