
Available online www.ijpras.com 
 

International Journal of Pharmaceutical Research & Allied Sciences, 2024, 13(2):24-40 
https://doi.org/10.51847/Une9jqjUCl 

 

 

Review Article 
ISSN : 2277-3657 

CODEN(USA) : IJPRPM 

 

© 2024 The International Journal of Pharmaceutical Research and Allied Sciences (IJPRAS). Open Access - This article is under the CC BY NC SA license 

(https://creativecommons.org/licenses/by-nc-sa/4.0).    

Exploring Recent Updates on Molecular Docking: Types, Method, 

Application, Limitation & Future Prospects 
 

Mahendra Kumar Sahu1*, Amit Kumar Nayak1, Bisrat Hailemeskel2, Ozan Emre Eyupoglu3 

1MATS School of Pharmacy, MATS University Raipur, CG, India. 
2College of Pharmacy, Howard University, USA. 

3Department of Biochemistry, School of Pharmacy, Istanbul Medipol University, Istanbul, Turkey. 

 

*Email: mahendrapharma0310@gmail.com 
 

ABSTRACT 
 

Molecular docking serves as a crucial computational tool in the realm of drug discovery and development, aimed 

at understanding the interactions between small molecules and target proteins. This abstract delves into the 

objective of elucidating the evolution of molecular docking techniques, their current applications, and potential 

future directions. Through a comprehensive review of the literature and analysis of recent advancements, this 

abstract provides insights into the methodologies employed in molecular docking studies. From the traditional 

rigid docking approaches to the more sophisticated flexible and ensemble docking methods, the evolution of 

techniques is discussed, highlighting their strengths and limitations. The past decade has witnessed significant 

strides in the field of molecular docking, with improvements in algorithms, scoring functions, and accessibility of 

computational resources. However, challenges persist, including accurate prediction of ligand binding affinities 

and consideration of protein flexibility. Additionally, the advent of hybrid approaches combining docking with 

molecular dynamics simulations presents exciting opportunities for more realistic modeling of ligand-protein 

interactions. In conclusion, molecular docking continues to be a cornerstone in structure-based drug design, 

facilitating the identification and optimization of lead compounds. Despite notable advancements, there remains 

a need for further refinement in docking methodologies to address current limitations and harness the full 

potential of computational techniques in accelerating the drug discovery process.   
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INTRODUCTION 

Molecular docking is a computational technique that plays a pivotal role in drug discovery and design by 

predicting the preferred orientation of small molecules when bound to target proteins. This process aids in 

understanding the interactions between molecules and proteins, facilitating the development of new therapeutic 

agents. The history of molecular docking traces back to the 1980s, with continuous advancements in algorithms 

and computational power enhancing its accuracy and efficiency [1]. Today, molecular docking is a fundamental 

tool in pharmaceutical research, enabling the identification of potential drug candidates and the optimization of 

their binding interactions. This abstract provides a concise overview of the significance and evolution of molecular 

docking in the field of drug discovery [2]. 

It allows researchers to simulate and analyze the interactions between the drug candidate and the target protein, 

helping to identify potential binding sites and optimize the drug's binding affinity and specificity. Molecular 

docking is a valuable tool for screening large libraries of compounds and predicting their potential as drug 

candidates [3]. On the other hand, manual drug study involves a more traditional approach where researchers 
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experimentally test and analyze the interactions between drug candidates and target proteins. This process often 

involves experiments, such as biochemical assays and crystallography, to understand the binding mechanisms and 

optimize the drug's efficacy. While molecular docking offers a faster and more cost-effective way to screen and 

analyze potential drug candidates, manual drug study provides more detailed and accurate information about drug-

target interactions [4]. Both approaches have their strengths and limitations, and they are often used in 

combination to complement each other in the drug discovery process. Ultimately, the choice between molecular 

docking and manual drug study depends on the specific research goals, resources available, and the complexity 

of the drug-target interactions being studied [5]. 

The era of molecular docking in drug discovery can be traced back to the late 20th century, with significant 

advancements and milestones marking its evolution over the years. In the 1980s, the first algorithms for molecular 

docking were developed, laying the foundation for predicting the binding modes of small molecules to target 

proteins. These early efforts focused on understanding the structural and energetic aspects of molecular 

interactions to facilitate drug design. During the 1990s, advancements in computational power and algorithms led 

to the refinement of molecular docking techniques, improving the accuracy and efficiency of predicting ligand-

protein interactions [6]. This era saw the development of various scoring functions and search algorithms to better 

simulate the binding process and identify potential drug candidates. In the early 2000s, molecular docking gained 

widespread recognition as a valuable tool in drug discovery, with pharmaceutical companies and research 

institutions incorporating it into their drug development pipelines [7].  

The integration of molecular docking with other computational and experimental methods further enhanced its 

utility in rational drug design and optimization. Today, molecular docking continues to play a pivotal role in drug 

discovery, enabling researchers to screen large compound libraries, predict binding affinities, and optimize drug 

candidates with greater precision. The field of molecular docking is constantly evolving, with ongoing research 

focusing on improving accuracy, speed, and applicability to diverse biological targets. Overall, the history of 

molecular docking reflects a progressive journey of innovation and refinement, shaping its significance as a key 

computational tool in modern drug discovery efforts. There are several types of molecular docking methods 

commonly used in drug discovery and computational biology given in Table 1. Some of the main types include: 

Table 1. Types of molecular Docking their method, application & limitation 

S. 

No. 

Types of Molecular 

Docking 
Method Application Limitation References 

1.  Rigid Docking 

a. Preparation 
a. Post-processing and 

Analysis 
a. Neglect of Flexibility [8] 

b. Search Algorithm 
b. Protein-Protein 

Interactions 
b. Scoring Function Accuracy [9] 

c. Scoring Function c. Enzyme Mechanisms c. Computational Cost [10] 

d. Post-processing and 

Analysis 
d. Virtual Screening 

d. Treatment of Solvent 

Effects 
[11] 

2.  Flexible Docking 

a. Docking Algorithm a. Computational Cost a. Computational Cost [12] 

b. Scoring Function 
b. Scoring Function 

Accuracy 
b. Scoring Function Accuracy [13] 

c. Induced-Fit 

Modeling 

c. Conformational 

Sampling 
c. Conformational Sampling [14] 

d. Post-processing and 

Analysis 

d. Modelling Receptor 

Flexibility 

d. Modelling Receptor 

Flexibility 
[15] 

3.  Induced Fit Docking 

a. Conformational 

Sampling 
a. Lead Optimization a. Computational Cost [16] 

b. Docking Algorithm 
b. Fragment-Based Drug 

Design 
b. Scoring Function Accuracy [17] 

c. Scoring Function c. Virtual Screening c. Conformational [18] 

d. Post-processing and 

Analysis 

d. Understanding Binding 

Mechanisms 
d. Sampling [19] 

4.  Ligand-Based Docking 

a. Ligand Selection and 

Dataset Preparation 
a. Lead Identification 

a. Dependency on Reference 

Ligands 
[20] 

b. Pharmacophore 

Generation 
b. Virtual Screening 

b. Limited Structural 

Information 
[21] 
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c. Similarity Search and 

Virtual Screening 
c. Lead Optimization 

c. Scoring Function 

Performance 
[22] 

d. Scoring and 

Validation 

d. Bioisosteric 

Replacement 
d. Target Flexibility [23] 

5.  
Protein-Protein 

Docking 

a. Preparation of 

Protein Structures 
a. Structural Elucidation a. Conformational Sampling [24] 

b. Search Algorithm b. Drug Discovery b. Scoring Function Accuracy [25] 

c. Scoring Function c. Functional Annotation 
c. Treatment of Protein 

Flexibility 
[26] 

d. Post-processing and 

Analysis 
d. Virtual Screening d. Experimental Validation [27] 

6.  Blind Docking 

a. Grid Generation a. Target Identification a. Computational Cost [28] 

b. Ligand Sampling b. Virtual Screening b. Sampling Limitations [29] 

c. Docking Algorithm 
c. Fragment-Based Drug 

Design 
c. Scoring Function Accuracy [30] 

d. Scoring Function 
d. Protein Function 

Prediction 

d. Treatment of Receptor 

Flexibility 
[31] 

 

Rigid docking 

In this type, both the ligand (small molecule) and the receptor (target protein) are held fixed during the docking 

process. This method is faster but may not account for conformational changes in the protein upon ligand binding 

[32]. Rigid docking, also known as rigid-body docking or geometric docking, is a computational technique used 

in the field of molecular modeling to predict the binding mode and affinity between a ligand (small molecule) and 

a receptor (usually a protein) at the atomic level. This method assumes that both the ligand and the receptor 

maintain their rigid structures during the docking process, neglecting any conformational changes that may occur 

upon binding [33].  

Principles of rigid docking 

At its core, rigid docking relies on geometric complementarity between the ligand and receptor structures. The 

aim is to predict the most energetically favorable conformation of the ligand within the binding site of the 

receptor. This involves searching through the vast conformational space of the ligand to find the pose that 

maximizes favorable interactions such as hydrogen bonding, van der Waals forces, and hydrophobic interactions 

while minimizing steric clashes [34]. 

Methods of rigid docking 

Several computational algorithms and software tools have been developed for rigid docking. These methods 

generally involve the following steps: 

a) Preparation: The receptor and ligand structures are prepared by removing water molecules, adding 

hydrogen atoms, assigning partial charges, and optimizing the geometry if necessary [35]. 

b) Search algorithm: Docking algorithms employ various search strategies to explore the ligand's 

conformational space and find the optimal binding pose. Common search algorithms include geometric 

hashing, Monte Carlo methods, genetic algorithms, and systematic grid-based search. 

c) Scoring function: After generating candidate ligand poses, a scoring function is used to evaluate and rank 

these poses based on their predicted binding affinity [36]. Scoring functions typically consider factors such 

as geometric complementarity, electrostatic interactions, van der Waals forces, and desolation energy. 

d) Post-processing and analysis: Finally, post-processing techniques are applied to refine the predicted 

binding poses and analyze the intermolecular interactions. Visualization tools allow researchers to examine 

the docked complexes and identify key binding residues and interactions [37]. 

Applications of rigid docking 

Rigid docking has diverse applications in drug discovery, structural biology, and molecular design: 

a) Drug discovery: Rigid docking is widely used in computer-aided drug design (CADD) to screen large 

libraries of chemical compounds and identify potential drug candidates that bind to a target protein with 

high affinity and specificity [38]. 
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b) Protein-Protein interactions: Rigid docking can also be applied to predict the binding mode between two 

protein molecules, providing insights into protein-protein interactions and facilitating the design of protein 

inhibitors or modulators. 

c) Enzyme mechanisms: By docking small molecules into the active sites of enzymes, researchers can 

elucidate enzyme-substrate interactions and propose mechanisms of enzyme catalysis, aiding in rational 

drug design and enzyme engineering. 

d) Virtual screening: Rigid docking is an essential component of virtual screening workflows, where large 

databases of chemical compounds are screened computationally to prioritize compounds for experimental 

testing based on their predicted binding affinity to a target protein [39]. 

Limitations of rigid docking 

While rigid docking is a valuable tool in molecular modeling, it has several limitations: 

a) Neglect of flexibility: Rigid docking assumes that both the ligand and receptor maintain rigid structures, 

neglecting conformational changes that may occur upon binding. This limitation can lead to inaccuracies 

in predicting binding affinities and modes, particularly for flexible ligands or receptors. 

b) Scoring function accuracy: The accuracy of rigid docking predictions depends heavily on the scoring 

function used to evaluate binding poses. However, current scoring functions may not capture all relevant 

molecular interactions accurately, leading to false positives or false negatives in the predictions. 

c) Computational cost: Docking simulations can be computationally intensive, especially when exploring 

large conformational spaces or performing high-throughput virtual screening. This limits the size of the 

systems that can be studied and requires efficient algorithms and parallel computing resources [40]. 

d) Treatment of solvent effects: Rigid docking typically assumes a dry binding site and neglects the influence 

of solvent molecules on ligand-receptor interactions. However, solvent effects can significantly affect 

binding affinity and selectivity, necessitating more sophisticated modeling approaches. In conclusion, rigid 

docking is a powerful computational technique for predicting the binding mode and affinity of ligand-

receptor interactions at the molecular level. Despite its limitations, rigid docking has found widespread 

applications in drug discovery, structural biology, and molecular design, helping researchers understand 

biomolecular recognition processes and accelerate the development of novel therapeutics. Continued 

advancements in docking algorithms, scoring functions, and computational resources promise to enhance 

the accuracy and efficiency of rigid docking simulations in the future [41]. 

 

Flexible docking 

Flexible docking allows for flexibility in either the ligand, receptor, or both during the docking process. This 

accounts for conformational changes and can provide more accurate predictions of binding modes. Flexible 

docking, also known as flexible ligand docking or induced-fit docking, is a computational technique used in 

molecular modeling to predict the binding mode and affinity between a ligand and a receptor while accounting 

for flexibility in both the ligand and the receptor structures. Unlike rigid docking, which assumes that both the 

ligand and receptor maintain rigid conformations during binding, flexible docking considers the conformational 

changes that may occur in both the ligand and receptor upon binding [42].  

Principles of flexible docking 

The key principle behind flexible docking is to account for the dynamic nature of biomolecular structures and 

the induced-fit phenomenon observed in ligand-receptor interactions. When a ligand binds to a receptor, both 

the ligand and receptor may undergo conformational changes to optimize their interactions and achieve a stable 

bound complex. Flexible docking aims to predict both the binding pose and the conformational changes of the 

ligand and receptor, allowing for a more accurate representation of the binding process [43]. 

Methods of flexible docking 

Methods typically involve the following steps: 

Conformational Sampling: Unlike rigid docking, flexible docking involves sampling multiple conformations of 

both the ligand and receptor structures to explore the conformational space and identify energetically favorable 

binding poses. This can be achieved using techniques such as molecular dynamics simulations, normal mode 

analysis, or systematic conformational search algorithms. 
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a) Docking algorithm: Docking algorithms in flexible docking often combine conformational sampling with 

traditional docking search strategies to predict the optimal binding pose of the ligand within the flexible 

binding site of the receptor. These algorithms may use scoring functions to evaluate the compatibility of 

each ligand conformation with the receptor and guide the search towards the most favorable binding poses. 

b) Scoring function: Scoring functions in flexible docking are crucial for assessing the energetics of ligand-

receptor interactions and ranking the predicted binding poses. These scoring functions typically consider 

factors such as geometric complementarity, electrostatic interactions, van der Waals forces, solvation 

effects, and conformational strain. 

c) Induced-Fit modeling: In some flexible docking approaches, induced-fit modeling techniques are used to 

explicitly model conformational changes in the receptor upon ligand binding. This may involve flexible 

side-chain modeling, loop refinement, or even full protein backbone flexibility to capture the induced-fit 

effects accurately. 

d) Post-processing and analysis: After generating candidate ligand poses, post-processing techniques are 

applied to refine the predictions and analyze the intermolecular interactions. Visualization tools allow 

researchers to examine the docked complexes and identify key binding residues and conformational 

changes [32]. 

Applications of flexible docking 

Flexible docking has diverse applications in drug discovery, structure-based drug design, and understanding 

molecular recognition processes: 

a) Drug discovery: Flexible docking is widely used in virtual screening and lead optimization to predict the 

binding affinity and selectivity of small molecule ligands to target proteins. By considering receptor 

flexibility, flexible docking can identify ligands that may not be captured by rigid docking methods, leading 

to more accurate predictions of binding affinity and efficacy. 

b) Protein-ligand binding mechanisms: Flexible docking can provide insights into the molecular mechanisms 

of protein-ligand interactions, including the induced-fit effects that occur upon ligand binding. By 

modeling conformational changes in the receptor, flexible docking helps elucidate the structural basis of 

ligand recognition and binding specificity. 

c) Enzyme inhibition: In the field of enzymology, flexible docking is used to predict the binding modes and 

mechanisms of enzyme inhibitors. By considering both ligand and receptor flexibility, flexible docking 

enables the design of potent and selective enzyme inhibitors with therapeutic potential [44]. 

d) Virtual screening: Flexible docking is an essential component of virtual screening workflows, where large 

databases of chemical compounds are screened computationally to identify potential drug candidates. By 

accounting for receptor flexibility, flexible docking improves the accuracy of virtual screening predictions 

and enhances hit identification and lead optimization efforts. 

Limitations of flexible docking 

Despite its advantages, flexible docking has several limitations: 

a) Computational cost: Flexible docking simulations can be computationally expensive, especially when 

modeling large biomolecular systems or performing extensive conformational sampling. High 

computational costs limit the scalability of flexible docking approaches and require efficient algorithms 

and parallel computing resources [45].  

b) Scoring function accuracy: The accuracy of flexible docking predictions relies heavily on the scoring 

functions used to evaluate ligand-receptor interactions and rank binding poses. Current scoring functions 

may not accurately capture all relevant molecular interactions, leading to inaccuracies in the predicted 

binding affinity and pose [46]. 

c) Conformational sampling: Conformational sampling is a critical aspect of flexible docking, as it 

determines the diversity of ligand and receptor conformations explored during the docking process. 

However, exhaustive conformational sampling can be challenging, particularly for large biomolecular 

systems with complex energy landscapes. 

d) Modelling receptor flexibility: Modeling receptor flexibility accurately remains a significant challenge in 

flexible docking. While some methods allow for explicit modeling of receptor flexibility, such as induced-

fit docking, others rely on simplified representations of receptor flexibility or predefined conformational 

ensembles. In conclusion, flexible docking is a valuable computational technique for predicting the binding 
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mode and affinity between ligands and receptors while accounting for flexibility in both structures. By 

considering conformational changes in the ligand and receptor, flexible docking provides more accurate 

predictions of binding affinity and enables the exploration of induced-fit effects in molecular recognition 

processes. Despite its limitations, flexible docking has diverse applications in drug discovery, structure-

based drug design, and understanding biomolecular interactions, contributing to the development of novel 

therapeutics and molecular design strategies. Continued advancements in docking algorithms, scoring 

functions, and computational resources promise to further enhance the accuracy and efficiency of flexible 

docking simulations in the future [46]. 

 

Induced fit docking 

Induced fit docking combines aspects of both rigid and flexible docking. It involves initial docking with rigid 

structures followed by refinement of the complex with flexible side chains or backbone movements to account 

for induced fit effects. It is a computational technique used in molecular modeling to predict the binding mode 

and affinity between a ligand and a receptor while explicitly considering conformational changes in both the 

ligand and receptor structures upon binding. Unlike rigid docking, which assumes that both the ligand and receptor 

maintain rigid conformations during binding, induced fit docking accounts for the dynamic nature of biomolecular 

interactions and the induced-fit phenomenon observed in ligand-receptor binding [47]. 

Principles of induced fit docking 

The principle behind induced fit docking is to capture the dynamic nature of biomolecular interactions, where 

both the ligand and receptor may undergo conformational changes to optimize their interactions and achieve a 

stable bound complex. In induced fit docking, the binding process is considered as a two-step mechanism: 

a) Pre-docking conformational sampling: Initially, the ligand and receptor structures are subjected to 

conformational sampling independently to explore their respective conformational spaces. This involves 

generating multiple conformations of the ligand and receptor using techniques such as molecular dynamics 

simulations, normal mode analysis, or systematic conformational search algorithms. 

b) Docking with flexible receptor: In the docking step, the ligand is docked into the binding site of the 

receptor, allowing both the ligand and receptor to adjust their conformations simultaneously. The receptor 

structure is treated as flexible during the docking process, allowing it to undergo conformational changes 

to accommodate the bound ligand. This flexibility enables the receptor to adopt conformations that 

optimize interactions with the ligand, leading to a stable bound complex. 

Methods of induced-fit docking 

Induced-fit docking methods typically involve the following steps: 

a) Conformational sampling: Conformational sampling of both the ligand and receptor structures is 

performed to generate an ensemble of conformations representing their respective flexibility. This may 

involve techniques such as molecular dynamics simulations, normal mode analysis, or systematic 

conformational search algorithms [1]. 

b) Docking algorithm: Induced fit docking algorithms combine conformational sampling with traditional 

docking search strategies to predict the optimal binding pose of the ligand within the flexible binding site 

of the receptor. These algorithms often use scoring functions to evaluate the compatibility of each ligand 

conformation with the ensemble of receptor conformations and guide the search toward the most favorable 

binding poses. 

c) Scoring function: Scoring functions in induced fit docking assess the energetics of ligand-receptor 

interactions and rank the predicted binding poses based on factors such as geometric complementarity, 

electrostatic interactions, van der Waals forces, solvation effects, and conformational strain. These scoring 

functions are essential for selecting the most stable and biologically relevant binding poses from the 

ensemble of docked complexes. 

d) Post-processing and analysis: After generating candidate ligand poses, post-processing techniques are 

applied to refine the predictions and analyze the intermolecular interactions. Visualization tools allow 

researchers to examine the docked complexes and identify key binding residues, conformational changes, 

and induced-fit effects. 

Applications of induced fit docking 
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Induced fit docking has diverse applications in drug discovery, structure-based drug design, and understanding 

molecular recognition processes: 

a) Lead optimization: Induced fit docking is used in lead optimization to predict the binding affinity and 

selectivity of small molecule ligands to target proteins. By explicitly considering receptor flexibility, 

induced fit docking enables the identification of ligands that may not be captured by rigid docking methods, 

leading to more accurate predictions of binding affinity and efficacy. 

b) Fragment-based drug design: In fragment-based drug design, induced fit docking is employed to screen 

fragment libraries and predict the binding modes of small molecular fragments to target proteins. By 

considering receptor flexibility, induced fit docking facilitates the identification of fragment hits that can 

be optimized into high-affinity lead compounds. 

c) Virtual screening: Induced fit docking is an essential component of virtual screening workflows, where 

large databases of chemical compounds are screened computationally to identify potential drug candidates. 

By accounting for receptor flexibility, induced fit docking improves the accuracy of virtual screening 

predictions and enhances hit identification and lead optimization efforts [48]. 

d) Understanding binding mechanisms: Induced fit docking provides insights into the molecular mechanisms 

of ligand-receptor interactions, including the induced-fit effects that occur upon ligand binding. By 

modeling conformational changes in the receptor, induced fit docking helps elucidate the structural basis 

of ligand recognition and binding specificity. 

Limitations of induced fit docking 

Despite its advantages, induced fit docking has several limitations: 

a) Computational cost: Induced fit docking simulations can be computationally expensive, especially when 

modeling large biomolecular systems or performing extensive conformational sampling. High 

computational costs limit the scalability of induced fit docking approaches and require efficient algorithms 

and parallel computing resources. 

b) Scoring function accuracy: The accuracy of induced fit docking predictions relies heavily on the scoring 

functions used to evaluate ligand-receptor interactions and rank binding poses. Current scoring functions 

may not accurately capture all relevant molecular interactions, leading to inaccuracies in the predicted 

binding affinity and pose. 

c) Conformational sampling: Conformational sampling is a critical aspect of induced fit docking, as it 

determines the diversity of ligand and receptor conformations explored during the docking process. 

However, exhaustive conformational sampling can be challenging, particularly for large biomolecular 

systems with complex energy landscapes. 

d) Modeling receptor flexibility: Modeling receptor flexibility accurately remains a significant challenge in 

induced fit docking. While some methods allow for explicit modeling of receptor flexibility, others rely on 

simplified representations of receptor flexibility or predefined conformational ensembles. In conclusion, 

induced fit docking is a valuable computational technique for predicting the binding mode and affinity 

between ligands and receptors while explicitly considering conformational changes in both structures [49]. 

By capturing the induced-fit effects that occur upon ligand binding, induced fit docking provides more 

accurate predictions of binding affinity and enables the exploration of molecular recognition mechanisms. 

Despite its limitations, induced fit docking has diverse applications in drug discovery, structure-based drug 

design, and understanding biomolecular interactions, contributing to the development of novel therapeutics 

and molecular design strategies. Continued advancements in docking algorithms, scoring functions, and 

computational resources promise to further enhance the accuracy and efficiency of induced fit docking 

simulations in the future. 

 

Ligand-based docking  

In ligand-based docking, the docking process is guided by the properties of the ligand molecule rather than the 

receptor structure. This method is useful when the receptor structure is unknown or difficult to obtain. Ligand-

based docking, also known as ligand-centric docking or structure-based pharmacophore modeling, is a 

computational technique used in molecular modeling to predict the binding mode and affinity of a ligand to a 

target receptor or enzyme without explicit consideration of the receptor structure. Unlike receptor-based docking 

methods, which require knowledge of the receptor structure, ligand-based docking relies solely on information 

derived from the ligand itself, such as its structure, chemical properties, and interactions with the target [50]. 
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Principles of ligand-based docking 

The principle behind ligand-based docking is to infer the binding mode and affinity of a ligand to a target 

receptor based on its similarity to known ligands with experimentally determined activities. Ligand-based 

docking methods exploit the concept of molecular similarity and pharmacophore mapping to identify key 

structural features and functional groups that are essential for ligand binding and biological activity. By 

comparing the molecular properties and spatial arrangement of ligands, ligand-based docking can predict the 

binding affinity and selectivity of new ligands to the target receptor. 

Methods of ligand-based docking 

This method typically involves the following steps: 

a) Ligand selection and dataset preparation: Ligand-based docking begins with the selection of a dataset 

comprising structurally diverse ligands with known activities against the target receptor. These ligands 

serve as reference compounds for generating pharmacophore models and similarity searches [51]. The 

dataset is typically curated from experimental databases or virtual screening libraries. 

b) Pharmacophore generation: Pharmacophore models are generated based on the spatial arrangement of key 

functional groups and molecular features that contribute to ligand binding and biological activity. Common 

pharmacophore features include hydrogen bond donors, acceptors, hydrophobic regions, and aromatic 

rings. Pharmacophore generation algorithms identify common features shared among active ligands and 

define their spatial relationships. 

c) Similarity search and virtual screening: Once the pharmacophore model is generated, it is used to search 

virtual compound libraries for molecules with similar chemical features and spatial arrangements. Ligand-

based similarity search methods, such as 2D fingerprints, 3D pharmacophore overlays, or shape-based 

similarity, are employed to identify candidate ligands that match the pharmacophore model. Virtual 

screening ranks candidate ligands based on their similarity to known active compounds and predicts their 

binding affinity to the target receptor. 

d) Scoring and validation: Candidate ligands identified through virtual screening are further evaluated using 

scoring functions to estimate their binding affinity and selectivity. Scoring functions consider factors such 

as pharmacophore fit, molecular properties, and energy calculations to prioritize ligands for experimental 

testing. Validation of ligand-based docking models is essential to assess their predictive accuracy and 

reliability using benchmark datasets and experimental assays. 

Applications of ligand-based docking 

 Ligand-based docking has diverse applications in drug discovery, virtual screening, and lead optimization: 

a) Lead identification: Ligand-based docking is used to identify lead compounds with potential activity 

against a target receptor or enzyme. By searching virtual compound libraries for molecules with similar 

chemical features and biological activities to known ligands, ligand-based docking facilitates the discovery 

of novel lead compounds for further experimental testing. 

b) Virtual screening: Ligand-based docking is an integral part of virtual screening workflows, where large 

databases of chemical compounds are screened computationally to prioritize molecules for experimental 

testing. By exploiting molecular similarity and pharmacophore mapping, ligand-based docking enables the 

rapid identification of potential drug candidates with desired pharmacological profiles [52]. 

c) Lead optimization: Ligand-based docking is used in lead optimization to guide the design of new 

compounds with improved binding affinity and selectivity. By analyzing the structure-activity 

relationships of known ligands and identifying key pharmacophore features, ligand-based docking helps 

optimize chemical scaffolds and functional groups to enhance ligand potency and drug-like properties [53]. 

d) Bioisosteric replacement: Ligand-based docking facilitates bioisosteric replacement by identifying 

structurally similar compounds that can substitute key functional groups or chemical moieties in known 

ligands. By exploring chemical space and identifying analogs with similar pharmacological profiles, 

ligand-based docking aids in the design of novel ligands with improved efficacy and reduced off-target 

effects [54]. 

Limitations of ligand-based docking 

Despite its advantages, ligand-based docking has several limitations: 
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a) Dependency on reference ligands: Ligand-based docking relies on the availability of reference ligands 

with known activities against the target receptor. If suitable reference ligands are not available or if the 

dataset is biased or incomplete, ligand-based docking may produce inaccurate predictions [55]. 

b) Limited structural information: Ligand-based docking does not require knowledge of the target receptor 

structure, making it suitable for targets with unknown or difficult-to-obtain structures. However, the lack 

of structural information may limit the accuracy and interpretability of ligand-based docking predictions, 

particularly for targets with complex binding sites or allosteric modulation [56]. 

c) Scoring function performance: The accuracy of ligand-based docking predictions depends on the 

performance of scoring functions used to rank candidate ligands. Current scoring functions may not fully 

capture the complexity of ligand-receptor interactions, leading to false positives or false negatives in virtual 

screening results [57]. 

d) Target flexibility: Ligand-based docking assumes that the target receptor adopts a rigid conformation 

during ligand binding, neglecting conformational changes or induced-fit effects that may occur upon ligand 

binding. This limitation may affect the accuracy of predictions, particularly for targets with flexible or 

dynamic binding sites. In conclusion, ligand-based docking is a valuable computational technique for 

predicting the binding mode and affinity of ligands to target receptors based on molecular similarity and 

pharmacophore mapping [58]. By exploiting the concept of molecular similarity and pharmacophore 

mapping, ligand-based docking enables the rapid identification of lead compounds, virtual screening of 

chemical libraries, and optimization of ligand potency and selectivity. Despite its limitations, ligand-based 

docking has diverse applications in drug discovery and lead optimization, contributing to developing novel 

therapeutics and molecular design strategies. Continued advancements in docking algorithms, scoring 

functions, and virtual screening methodologies promise to further enhance the accuracy and efficiency of 

ligand-based docking in the future [59]. 

 

Protein-protein docking  

Protein-protein docking predicts the interactions between two protein molecules. It is essential for understanding 

protein complexes and signaling pathways. Protein-protein docking is a computational technique used in 

molecular modeling to predict the three-dimensional structure and interaction mode between two or more protein 

molecules [60]. It plays a crucial role in understanding the mechanisms of protein-protein interactions (PPIs), 

which are fundamental to various biological processes such as signal transduction, immune response, and gene 

regulation. In this essay, we will explore the principles, methods, applications, and limitations of protein-protein 

docking in molecular modeling [61]. 

 

Principles of protein-protein docking 

The principle behind protein-protein docking is to predict the binding mode and affinity between two protein 

molecules by exploring their conformational space and identifying energetically favorable binding 

configurations. Protein-protein interactions are mediated by complementary surfaces on the protein molecules, 

where specific amino acid residues form intermolecular contacts such as hydrogen bonds, hydrophobic 

interactions, and electrostatic interactions. Protein-protein docking aims to model these interactions and predict 

the spatial arrangement of the interacting proteins in the bound complex [62]. 

Methods of protein-protein docking 

Protein-protein docking methods typically involve the following steps: 

a) Preparation of protein structures: The first step in protein-protein docking is the preparation of protein 

structures, including the removal of water molecules, the addition of missing atoms, the assignment of 

partial charges, and the optimization of hydrogen bond networks [63]. The protein structures are often 

obtained from experimental techniques such as X-ray crystallography or NMR spectroscopy. 

b) Search algorithm: Protein-protein docking algorithms employ various search strategies to explore the 

conformational space of the interacting proteins and identify potential binding poses. Common search 

algorithms include geometric hashing, Monte Carlo methods, genetic algorithms, and stochastic 

optimization techniques [64]. These algorithms sample different orientations and conformations of the 

proteins and evaluate their compatibility based on geometric complementarity and intermolecular 

interactions [65]. 
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c) Scoring function: After generating candidate binding poses, a scoring function is used to evaluate and rank 

these poses based on their predicted binding affinity and stability. Scoring functions typically consider 

factors such as shape complementarity, electrostatic interactions, van der Waals forces, desolvation energy, 

and interface area. The scoring function aims to distinguish between native-like binding poses and non-

specific interactions [66]. 

d) Post-processing and analysis: Finally, post-processing techniques are applied to refine the predicted 

binding poses and analyze the intermolecular interactions. Visualization tools allow researchers to examine 

the docked complexes and identify key binding residues and interaction interfaces. Molecular dynamics 

simulations or energy minimization algorithms may be employed to further optimize the docked structures 

and explore their dynamic behavior [67]. 

Applications of protein-protein docking 

Protein-protein docking has diverse applications in structural biology, drug discovery, and understanding 

disease mechanisms: 

a) Structural elucidation: Protein-protein docking is used to elucidate the three-dimensional structure of 

protein complexes and understand the molecular basis of protein-protein interactions. By predicting the 

binding mode and interface residues of interacting proteins, protein-protein docking provides insights into 

the mechanisms of complex formation and function [68]. 

b) Drug discovery: Protein-protein docking plays a crucial role in structure-based drug design by identifying 

potential protein-protein interaction inhibitors or modulators. By targeting specific protein-protein 

interfaces involved in disease pathways, protein-protein docking enables the rational design of small 

molecules or peptides that disrupt pathological protein complexes and inhibit disease progression [69]. 

c) Functional annotation: Protein-protein docking helps annotate the function of proteins by predicting their 

interaction partners and binding modes. By analyzing the protein-protein interaction network, protein-

protein docking facilitates the identification of protein complexes involved in cellular processes and 

signaling pathways, providing valuable insights into protein function and regulation [70]. 

d) Virtual screening: Protein-protein docking is an essential component of virtual screening workflows, 

where libraries of small molecules or peptides are screened computationally to identify potential protein-

protein interaction inhibitors. By docking small molecules or peptides into the binding sites of target 

proteins, protein-protein docking enables the prioritization of candidate compounds for experimental 

testing based on their predicted binding affinity and interaction specificity [71]. 

Limitations of protein-protein docking 

Despite its advantages, protein-protein docking has several limitations: 

a) Conformational sampling: Protein-protein docking involves searching through a vast conformational 

space to identify the optimal binding pose of interacting proteins. However, exhaustive conformational 

sampling can be computationally intensive, particularly for large protein complexes with flexible or 

dynamic regions [72]. Sampling limitations may fail to explore all relevant binding poses and identify 

the native-like complex structure. 

b) Scoring function accuracy: The accuracy of protein-protein docking predictions depends heavily on the 

scoring function used to evaluate binding poses. However, current scoring functions may not fully 

capture the complexity of protein-protein interactions, leading to inaccuracies in binding affinity 

predictions and false positives or false negatives in complex structure identification [73]. 

c) Treatment of protein flexibility: Protein-protein docking often assumes that both interacting proteins 

maintain rigid conformations during binding, neglecting conformational changes or induced-fit effects 

that may occur upon complex formation. The treatment of protein flexibility remains a significant 

challenge in protein-protein docking, particularly for large protein complexes with flexible binding sites 

or allosteric regulation. 

d) Experimental validation: While protein-protein docking provides valuable insights into the structure and 

interaction modes of protein complexes, experimental validation is essential to confirm predicted binding 

poses and characterize the biological relevance of predicted interactions. Experimental techniques such 

as X-ray crystallography, NMR spectroscopy, or biochemical assays are needed to validate protein-

protein docking predictions and elucidate the functional significance of protein-protein interactions. In 

conclusion, protein-protein docking is a powerful computational technique for predicting the three-
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dimensional structure and interaction mode between protein molecules [74]. By exploring the 

conformational space of interacting proteins and identifying energetically favorable binding poses, 

protein-protein docking provides valuable insights into the mechanisms of protein-protein interactions 

and enables the rational design of protein-protein interaction inhibitors for drug discovery and therapeutic 

intervention. Despite its limitations, protein-protein docking has diverse applications in structural 

biology, drug discovery, and functional annotation, contributing to our understanding of biological 

processes and disease mechanisms at the molecular level. Continued advancements in docking 

algorithms, scoring functions, and experimental validation techniques promise to further enhance the 

accuracy and utility of protein-protein docking in the future [75]. 

 

Blind docking 

Blind docking involves docking a ligand to the entire surface of a receptor without specifying a binding site. This 

method is useful for exploring potential binding sites and interactions. Blind docking, also known as global 

docking or blind protein-ligand docking, is a computational technique used in molecular modeling to predict the 

binding mode and affinity between a ligand and a receptor without prior knowledge of the binding site on the 

receptor. Unlike traditional docking methods, which rely on information about the receptor structure to guide the 

docking process, blind docking explores the entire surface of the receptor to identify potential binding sites and 

predict the optimal binding poses of ligands.  

 

Principles of blind docking 

The principle behind blind docking is to search the entire surface of the receptor for potential binding sites and 

predict the binding mode and affinity of ligands to these sites. Blind docking does not require prior knowledge 

of the binding site location or structure, making it suitable for targets with unknown or flexible binding sites. 

Instead, blind docking algorithms sample a grid or mesh of points covering the entire receptor surface and 

evaluate potential binding poses at each point based on intermolecular interactions and scoring functions [76]. 

Methods of blind docking 

These are typically involve the following steps: 

a) Grid generation: The receptor structure is represented as a three-dimensional grid or mesh covering the 

entire surface of the protein. The grid spacing defines the resolution of the search space, with smaller 

spacing allowing for finer sampling but increasing computational cost. Grid generation may also involve 

masking or excluding regions of the receptor surface that are unlikely to accommodate ligand binding, 

such as solvent-exposed regions or areas with high conformational flexibility [77]. 

b) Ligand sampling: A library of ligand conformations is generated or selected for docking into the receptor 

grid. Ligand sampling methods may include random sampling, systematic sampling, or fragment-based 

approaches [78]. The ligand conformations are typically generated by exploring the ligand's 

conformational space or by sampling from a database of known ligand structures. 

c) Docking algorithm: Blind docking algorithms search for potential binding poses of the ligand within the 

receptor grid using various search strategies, such as geometric hashing, Monte Carlo methods, genetic 

algorithms, or stochastic optimization techniques. The ligand conformations are systematically or 

randomly placed within the grid, and potential binding poses are evaluated based on geometric 

complementarity and intermolecular interactions with the receptor [79]. 

d) Scoring function: After generating candidate binding poses, a scoring function is used to evaluate and rank 

these poses based on their predicted binding affinity and stability. The scoring function considers factors 

such as geometric complementarity, electrostatic interactions, van der Waals forces, desolvation energy, 

and interface area. The scoring function aims to distinguish between native-like binding poses and non-

specific interactions [80]. 

e) Post-processing and analysis: Finally, post-processing techniques are applied to refine the predicted 

binding poses and analyze the intermolecular interactions. Visualization tools allow researchers to examine 

the docked complexes and identify potential binding sites on the receptor surface [81]. Molecular dynamics 

simulations or energy minimization algorithms may be employed to further optimize the docked structures 

and explore their dynamic behavior. 

Applications of blind docking 
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Blind docking has diverse applications in drug discovery, virtual screening, and understanding protein-ligand 

interactions: 

a) Target identification: Blind docking can be used to identify potential binding sites on a target protein and 

predict the binding mode and affinity of ligands to these sites. By exploring the entire surface of the 

receptor, blind docking enables the discovery of novel binding sites that may not be apparent from 

experimental structures or homology models [82]. 

b) Virtual screening: Blind docking is an essential component of virtual screening workflows, where libraries 

of chemical compounds are screened computationally to identify potential drug candidates [83]. By 

exploring the entire receptor surface, blind docking enables the discovery of ligands with diverse chemical 

scaffolds and binding modes, leading to the identification of novel lead compounds for further 

experimental testing. 

c) Fragment-based drug design: Blind docking can be used in fragment-based drug design to screen libraries 

of small molecular fragments and predict their binding modes to the target protein. By exploring the entire 

receptor surface, blind docking facilitates the identification of fragment hits that can be optimized into 

high-affinity lead compounds through fragment linking or growing strategies [84]. 

d) Protein function prediction: Blind docking can help predict the function of proteins by identifying potential 

ligand binding sites and characterizing the binding modes of ligands to these sites. By exploring the entire 

surface of the receptor, blind docking provides insights into the structural basis of protein-ligand 

interactions and aids in the annotation of protein function and regulation [85]. 

Limitations of blind docking 

Despite its advantages, blind docking has several limitations: 

a) Computational cost: Blind docking simulations can be computationally intensive, especially when 

exploring the entire surface of the receptor and sampling a large number of ligand conformations. High 

computational costs limit the scalability of blind docking approaches and require efficient algorithms and 

parallel computing resources [86]. 

b) Sampling limitations: Blind docking may suffer from sampling limitations, particularly in regions of the 

receptor surface with high conformational flexibility or solvent-exposed regions. Inaccessible binding sites 

or buried cavities may not be adequately sampled, leading to the failure to identify potential binding poses 

or binding sites [87]. 

c) Scoring function accuracy: The accuracy of blind docking predictions depends heavily on the scoring 

function used to evaluate binding poses. However, current scoring functions may not fully capture the 

complexity of protein-ligand interactions, leading to inaccuracies in binding affinity predictions and false 

positives or false negatives in binding site identification [88]. 

d) Treatment of receptor flexibility: Blind docking often assumes that the receptor maintains a rigid 

conformation during ligand binding, neglecting conformational changes or induced-fit effects that may 

occur upon ligand binding. The treatment of receptor flexibility remains a significant challenge in blind 

docking, particularly for targets with flexible or dynamic binding sites. In conclusion, blind docking is a 

powerful computational technique for predicting the binding mode and affinity between a ligand and a 

receptor without prior knowledge of the binding site location or structure [89]. By exploring the entire 

surface of the receptor, blind docking enables the discovery of novel binding sites and the prediction of 

binding modes for diverse chemical compounds. Despite its limitations, blind docking has diverse 

applications in drug discovery, virtual screening, and understanding protein-ligand interactions, 

contributing to the development of novel therapeutics and molecular design strategies. Continued 

advancements in docking algorithms, scoring functions, and computational resources promise to further 

enhance the accuracy and efficiency of blind docking simulations in the future. 

 

CONCLUSION  

 

Molecular docking has undergone significant evolution since its inception, transforming from a rudimentary tool 

to a sophisticated computational technique with widespread applications in drug discovery, structural biology, 

and molecular modeling. As we reflect on its past achievements and current state, we can also envision the future 

directions and potential advancements that will shape the field of molecular docking in the years to come.  
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Past achievements: In its early stages, molecular docking primarily focused on predicting the binding mode and 

affinity between small molecule ligands and target proteins. The development of scoring functions, geometric 

search algorithms, and empirical force fields laid the foundation for accurate docking predictions and enabled the 

virtual screening of compound libraries to identify potential drug candidates. These advancements revolutionized 

the drug discovery process, allowing researchers to screen large chemical databases computationally and prioritize 

compounds for experimental testing, thereby accelerating the drug development pipeline. Furthermore, molecular 

docking played a crucial role in elucidating the three-dimensional structures of protein-ligand complexes and 

understanding the molecular mechanisms of ligand binding. By providing insights into the interactions between 

small molecules and target proteins, docking studies have facilitated structure-based drug design efforts and 

rationalized the design of novel therapeutics with improved potency, selectivity, and pharmacokinetic properties. 

 

Present state: In the present era, molecular docking has become an integral part of computational drug discovery 

workflows, complementing experimental techniques and guiding lead optimization efforts. The development of 

advanced docking algorithms, machine learning approaches, and high-performance computing resources has 

enabled more accurate and efficient docking simulations, allowing researchers to explore larger chemical spaces 

and tackle complex biological problems. Virtual screening, fragment-based drug design, and structure-based 

optimization are among the key applications of molecular docking in contemporary drug discovery projects. 

Virtual screening campaigns leverage docking simulations to identify lead compounds with potential activity 

against target proteins, while fragment-based approaches utilize docking to screen small molecular fragments and 

design high-affinity inhibitors through fragment linking or growing strategies. Additionally, molecular docking 

guides the optimization of lead compounds by predicting their binding modes, estimating binding affinities, and 

rationalizing structure-activity relationships. Moreover, molecular docking continues to contribute to our 

understanding of protein-ligand interactions and the structural basis of drug action. Docking studies elucidate the 

mechanisms of ligand recognition, protein dynamics, and allosteric regulation, providing valuable insights into 

the design of therapeutics targeting protein-protein interactions, enzyme inhibition, and receptor modulation. 

Future directions: Looking ahead, the future of molecular docking holds great promise, driven by advancements 

in computational methodologies, data integration, and interdisciplinary collaborations. Several key areas are 

poised for significant development and innovation in the coming years. Integration of Machine Learning: Machine 

learning techniques, including deep learning and reinforcement learning, are increasingly being integrated into 

molecular docking workflows to enhance prediction accuracy, speed, and efficiency. By leveraging large datasets 

of protein-ligand complexes and chemical structures, machine learning algorithms can learn complex patterns and 

relationships in docking data, leading to more accurate scoring functions, better conformational sampling 

strategies, and improved virtual screening outcomes. Incorporation of Quantum Mechanics: Quantum mechanical 

approaches are being explored to improve the accuracy of docking predictions, particularly for systems involving 

metal ions, covalent inhibitors, or non-covalent interactions with high polarization effects. By incorporating 

quantum mechanical calculations into docking simulations, researchers can better capture the electronic structure 

and energetics of protein-ligand interactions, leading to more reliable binding affinity predictions and a deeper 

understanding of molecular recognition processes. 
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