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ABSTRACT  

Because it makes it easier to comprehend how tiny compounds interact with target proteins, molecular docking 

is an essential computational technique in drug discovery and development. The purpose of this study is to 

provide light on the development of molecular docking methods, their present uses, and their promise for the 

future. We investigate the approaches employed in molecular docking investigations by a comprehensive survey 

of the literature and analysis of current developments. We go over the evolution from conventional rigid 

docking techniques to more sophisticated flexible and ensemble docking approaches, emphasizing the 

advantages and disadvantages of each. Significant progress has been made in molecular docking over the last 

ten years, including advances in scoring functions, algorithms, and computational resource accessibility. There 

are still issues, though, especially when it comes to precisely estimating ligand binding affinities and taking 

protein flexibility into consideration. Furthermore, interesting prospects for more accurate modeling of ligand-

protein interactions are presented by the development of hybrid techniques that integrate docking with 

molecular dynamics simulations. To sum up, molecular docking continues to be a fundamental component of 

structure-based drug design, supporting lead compound discovery and optimization. Despite these 

developments, docking procedures still need to be improved in order to overcome current constraints and fully 

utilize computational techniques' promise to accelerate the drug discovery process. 
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INTRODUCTION 

Because it predicts the orientation of tiny 

molecules when they bind to target proteins, 

molecular docking is an essential computational 

tool in drug discovery and design. By improving 

our knowledge of how chemicals and proteins 

interact, this technique makes it easier to create 

novel therapeutic medicines. Since its inception in 

the 1980s, molecular docking has become much 

more accurate and efficient due to continuous 

improvements in algorithms and processing power. 

Today, molecular docking serves as a vital tool in 

pharmaceutical research, helping to find 

prospective drug candidates and enhance their 

binding interactions. An overview of the 

significance and development of molecular docking 

in drug discovery is provided in this study [1-3]. 

In order to find possible binding sites and 

maximize the medication's binding affinity and 

specificity, researchers can model and examine the 

interactions between drug candidates and target 

proteins. Molecular docking is a useful technique 

for evaluating vast chemical libraries and 

forecasting their potential as therapeutic candidates. 

Manual drug studies, on the other hand, use a more 

conventional method in which scientists test and 

examine drug candidates' interactions with target 

proteins through experimentation. In order to 

comprehend binding mechanisms and improve the 

drug's efficacy, this process frequently uses 

methods like crystallography and biochemical 

testing. Manual drug studies produce more precise 

and in-depth information regarding drug-target 

interactions, while molecular docking offers a 

quicker and more economical way to screen and 

analyze possible drug candidates.  

Both strategies have advantages and disadvantages, 

and they are frequently combined to enhance one 

another during the drug discovery process. The 
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decision between molecular docking and manual 

drug studies ultimately comes down to the 

particular study objectives, the resources at hand, 

and the intricacy of the drug-target interactions 

under investigation. 

Since its inception in the late 20th century, 

molecular docking in drug development has 

advanced significantly. Predicting how tiny 

compounds bind to target proteins was made 

possible by the development of the first molecular 

docking algorithms in the 1980s. In order to help in 

drug design, these early attempts sought to 

comprehend the structural and energetic elements 

of molecular interactions [4-7]. 

Predicting ligand-protein interactions became more 

accurate and efficient in the 1990s due to 

improvements in processing capacity and algorithm 

development. To better mimic the binding process 

and find possible medication candidates, a number 

of scoring systems and search algorithms were 

created during this time. Pharmaceutical 

corporations and academic organizations began 

integrating molecular docking into their drug 

development pipelines by the early 2000s, as it was 

widely acknowledged as an essential tool in drug 

discovery . 

The purpose of this paper is to shed light on the 

development of molecular docking methods, their 

present uses, and possible future paths. We offer 

insights into the approaches employed in molecular 

docking investigations by performing a thorough 

literature analysis and examining current 

developments [8, 9]. 

The integration of molecular docking with other 

computational and experimental methods has 

significantly enhanced its utility in rational drug 

design and optimization. Today, molecular docking 

plays a crucial role in drug discovery, allowing 

researchers to screen large compound libraries, 

predict binding affinities, and optimize drug 

candidates with increased precision. The field is 

continually evolving, with ongoing research 

focused on improving accuracy, speed, and 

applicability to various biological targets. Several 

types of molecular docking methods are commonly 

employed in drug discovery and computational 

biology [10-12]. 

RIGID DOCKING 

In this approach, both the ligand (a small molecule) 

and the receptor (the target protein) are kept fixed 

during the docking process. While this method is 

faster, it does not account for potential 

conformational changes in the protein that may 

occur upon ligand binding. In molecular modeling, 

rigid docking—also called rigid-body docking or 

geometric docking—is a computer method that 

predicts the atomic-level binding mechanism and 

affinity between a ligand and a receptor, usually a 

protein. It ignores any conformational changes that 

may occur upon binding and assumes that both the 

ligand and the receptor maintain rigid structures 

throughout the docking process [13-16]. The 

geometric complementarity between the ligand and 

receptor structures is essential to rigid docking. 

Predicting the ligand's most energetically 

advantageous conformation inside the receptor's 

binding region is the aim. This entails navigating 

the ligand's vast conformational space to find the 

position that minimizes steric conflicts and 

optimizes advantageous interactions, such as 

hydrophobic contacts, van der Waals forces, and 

hydrogen bonding. 

 

Figure 1: Salient types of docking. 
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Methods of Rigid Docking 

Various computational algorithms and software 

tools have been developed for rigid docking. These 

methods typically follow these steps: 

a) Preparation: Water molecules are eliminated, 

hydrogen atoms are added, partial charges are 

assigned, and the geometry is optimized as needed 

to create the receptor and ligand structures. 

b) Search Algorithm: To explore the ligand's 

conformational space and identify the ideal binding 

pose, docking algorithms employ a variety of 

search techniques. Geometric hashing, Monte Carlo 

techniques, evolutionary algorithms, and 

methodical grid-based searches are common 

tactics. 

c) Scoring Function:  

Following the creation of potential ligand poses, a 

scoring mechanism assesses and prioritizes these 

poses according to their anticipated binding 

affinities. Geometric complementarity, electrostatic 

interactions, van der Waals forces, and desolvation 

energy are commonly taken into account by scoring 

functions. 

d) Post-Processing and Analysis: Lastly, post-

processing methods examine intermolecular 

interactions and improve the predicted binding 

postures. Researchers can analyze the docked 

complexes and pinpoint important binding residues 

and interactions by using visualization tools [11-

19]. 

Applications and Limitations of Rigid Docking 

It is widely used in computer-aided drug design 

(CADD) to find possible therapeutic candidates 

that bind to target proteins with high affinity and 

specificity by screening vast libraries of chemical 

compounds. Protein inhibitors and modulators can 

be designed with the use of rigid docking, which 

can also be used to predict the binding modes 

between two protein molecules. Researchers can 

support rational drug design and enzyme 

engineering by elucidating enzyme-substrate 

interactions and proposing mechanisms of enzyme 

catalysis by the docking of small molecules into the 

active sites of enzymes. A key component of 

virtual screening workflows is rigid docking, which 

involves computationally screening vast databases 

of chemical compounds to rank those for 

experimental testing according to their anticipated 

binding affinities to target proteins. 

Rigid docking assumes that both the ligand and 

receptor maintain rigid structures, overlooking any 

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. The 

reliability of rigid docking predictions relies 

heavily on the scoring function used to evaluate 

binding poses. However, many current scoring 

functions fail to capture all relevant molecular 

interactions accurately, which can result in false 

positives or false negatives. When performing 

high-throughput virtual screening or investigating 

vast conformational regions, docking simulations 

can be computationally demanding. The size of the 

systems that may be examined is restricted by this 

complexity, which also calls for effective methods 

and parallel computing resources. Rigid docking 

usually disregards the influence of solvent 

molecules on ligand-receptor interactions and 

assumes a dry binding site. However, binding 

affinity and selectivity can be greatly impacted by 

solvent effects, necessitating more advanced 

modeling techniques [20-22]. 

FLEXIBLE DOCKING 

During the docking process, flexible docking 

allows for flexibility in the ligand, receptor, or 

both. This method can produce more precise 

predictions of binding modes by accounting for 

conformational changes. It is a computational 

method in molecular modeling that predicts the 

binding mechanism and affinity between a ligand 

and a receptor while taking into account the 

flexibility of both structures. It is also known as 

flexible ligand docking or induced-fit docking. 

Flexible docking acknowledges that both the ligand 

and the receptor may undergo conformational 

changes upon contact, in contrast to rigid docking, 

which presumes that both remain in fixed 

conformations during interaction. Reflecting the 

dynamic character of biomolecular structures and 

the induced-fit phenomenon in ligand-receptor 

interactions is the fundamental idea behind flexible 

docking. In order to maximize their interactions 

and create a stable bound complex, both the ligand 

and the receptor may undergo conformational 

changes as they engage. In order to provide a more 

accurate depiction of the binding process, flexible 

docking attempts to anticipate both the binding 

pose and the accompanying conformational 

changes of the ligand and receptor. 

Methods of Flexible Docking 

Conformational Sampling: In contrast to rigid 

docking, flexible docking explores the 

conformational space and finds energetically 

advantageous binding poses by sampling several 

ligand and receptor conformations. Methods like 

normal mode analysis, systematic conformational 

search techniques, and molecular dynamics 

simulations are frequently used. 

Flexible docking methods typically involve several 

key steps: 1. Flexible docking algorithms anticipate 

the ideal ligand binding pose within the flexible 

binding site of the receptor by combining 

conformational sampling with conventional 

docking search techniques. These algorithms direct 

the search toward the most advantageous binding 

poses by using scoring functions to assess each 

ligand conformation's compatibility with the 
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receptor. 2. In flexible docking, scoring functions 

are crucial for ranking the anticipated binding 

poses and evaluating the energetics of ligand-

receptor interactions. Geometric complementarity, 

electrostatic interactions, van der Waals forces, 

solvation effects, and conformational strain are 

some of the variables that these functions usually 

take into account. 3. In order to explicitly account 

for conformational changes in the receptor during 

ligand binding, certain flexible docking systems 

use induced-fit modeling techniques. To precisely 

represent induced-fit effects, this may need loop 

refinement, flexible side-chain modeling, or even 

entire protein backbone flexibility. 4. Following the 

creation of potential ligand poses, post-processing 

methods improve the forecasts and examine 

interactions between molecules. Researchers can 

look at docked complexes and find important 

binding residues and conformational changes using 

visualization tools [23-27]. 

Applications and Limitations of Flexible 

Docking 

It is often utilized in lead optimization and virtual 

screening to forecast the selectivity and binding 

affinity of small molecule ligands to target proteins. 

Flexible docking can find ligands that rigid docking 

techniques might miss by accounting for receptor 

flexibility, leading to more precise predictions of 

binding affinity and efficacy. Flexible docking 

sheds light on the molecular mechanisms 

underlying interactions between proteins and 

ligands, particularly the induced-fit effects that 

follow ligand binding. Flexible docking clarifies 

the structural underpinnings of ligand recognition 

and binding selectivity by simulating 

conformational changes in the receptor. Flexible 

docking is used in enzymology to forecast the 

mechanisms and patterns of binding of enzyme 

inhibitors. Flexible docking makes it easier to 

create powerful and specific enzyme inhibitors with 

therapeutic potential by accounting for the 

flexibility of both ligands and receptors. In virtual 

screening operations, where large databases of 

chemical compounds are computationally 

processed to find possible drug candidates, flexible 

docking is essential. Flexible docking improves hit 

identification and lead optimization efforts by 

adding receptor flexibility, which increases the 

accuracy of virtual screening predictions. 

Flexible docking simulations can be resource-

intensive, particularly when modeling large 

biomolecular systems or conducting extensive 

conformational sampling. The high computational 

demands limit the scalability of flexible docking 

techniques and necessitate the use of efficient 

algorithms and parallel computing resources. The 

scoring algorithms used to evaluate ligand-receptor 

interactions and rank binding poses have a 

significant impact on the accuracy of flexible 

docking predictions. Predicted binding affinities 

and poses may be inaccurate if current scoring 

systems fail to completely capture all pertinent 

molecular interactions. Because it affects the range 

of ligand and receptor conformations investigated 

throughout the docking process, conformational 

sampling is essential to flexible docking. However, 

thorough sampling can be challenging, particularly 

for large biomolecular systems with complex 

energy landscapes. Accurately modeling receptor 

flexibility remains a significant challenge in 

flexible docking. While some methods, like 

induced-fit docking, allow for explicit modeling of 

receptor flexibility, others depend on simplified 

representations or predefined conformational 

ensembles [28-34]. 

INDUCED FIT DOCKING 

Both rigid and flexible docking techniques are 

incorporated into induced fit docking. In order to 

accommodate induced fit effects, the complex is 

refined by adjusting flexible side chains or 

backbone motions after initial docking utilizing 

stiff structures. This computational method is used 

in molecular modeling to explicitly account for 

conformational changes in both structures during 

interaction while predicting the binding mode and 

affinity between a ligand and a receptor. Induced fit 

docking acknowledges the dynamic character of 

biomolecular interactions and the induced-fit 

phenomenon in ligand-receptor binding, in contrast 

to rigid docking, which presumes that both the 

ligand and the receptor stay in fixed conformations 

throughout the binding process. The fundamental 

principle of induced fit docking is to capture the 

dynamic nature of biomolecular interactions, where 

both the ligand and receptor can undergo 

conformational changes to optimize their 

interaction and form a stable bound complex. 

Initially, the ligand and receptor structures undergo 

independent conformational sampling to explore 

their respective conformational spaces. This step 

involves generating multiple conformations of both 

the ligand and receptor using techniques such as 

molecular dynamics simulations, normal mode 

analysis, or systematic conformational search 

algorithms. The ligand is placed inside the binding 

site of the receptor during the docking process, 

which enables both entities to simultaneously 

modify their conformations. Because the receptor is 

regarded as flexible, it can adjust its conformation 

to accommodate the binding ligand. This 

adaptability makes it easier for the receptor to 

adopt conformations that improve interactions with 

the ligand and produce a stable bound complex. 

Methods of Induced-Fit Docking 

It involves steps: 1. Conformational Sampling: 

Conformational sampling is used to generate an 

ensemble of conformations that represent the 

flexibility of both the ligand and the receptor. This 
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could entail systematic conformational search 

techniques, normal mode analysis, or molecular 

dynamics simulations. 2. To determine the ideal 

binding position of the ligand inside the flexible 

binding site of the receptor, induced fit docking 

algorithms combine conformational sampling with 

conventional docking search techniques. In order to 

direct the search toward the most advantageous 

binding poses, these algorithms usually use scoring 

functions to assess each ligand conformation's 

compatibility with the receptor conformations. 3. In 

induced fit docking, scoring functions rank 

anticipated binding poses according to geometric 

complementarity, electrostatic interactions, van der 

Waals forces, solvation effects, and conformational 

strain in order to assess the energetics of ligand-

receptor interactions. From the ensemble of docked 

complexes, these functions are essential for 

choosing the most stable and physiologically 

relevant binding poses. 4. Post-processing methods 

improve predictions and examine intermolecular 

interactions following the generation of candidate 

ligand poses. Researchers can study docked 

complexes and find important binding residues, 

conformational changes, and induced-fit effects by 

using visualization techniques [35-39]. 

Applications and Limitations of Induced Fit 

Docking 

In lead optimization, induced fit docking is used to 

forecast the selectivity and binding affinity of small 

molecule ligands for target proteins. This method 

finds ligands that rigid docking techniques might 

miss by explicitly taking receptor flexibility into 

account, resulting in more precise estimates of 

binding affinity and efficacy. To screen fragment 

libraries and forecast how small molecular 

fragments will attach to target proteins, fragment-

based drug design employs induced fit docking. 

This approach finds fragment hits that can be 

refined into high-affinity lead compounds by 

utilizing receptor flexibility. In virtual screening 

procedures, where massive chemical compound 

databases are computationally examined to identify 

possible drug candidates, induced fit docking is 

essential. Induced fit docking improves prediction 

accuracy, hit identification, and optimization 

efforts by taking receptor flexibility into account. 

The molecular mechanisms of ligand-receptor 

interactions, in particular the induced-fit effects 

that arise upon ligand binding, can be better 

understood by the use of induced fit docking. It 

makes clear the structural underpinnings of ligand 

recognition and binding selectivity by simulating 

conformational changes in the receptor. 

Simulations can be computationally demanding, 

particularly when modeling large biomolecular 

systems or conducting extensive conformational 

sampling. These high costs can limit the scalability 

of induced fit docking approaches and necessitate 

the use of efficient algorithms and parallel 

computing resources. The predictions made by 

induced fit docking largely depend on the accuracy 

of the scoring functions that evaluate ligand-

receptor interactions and rank binding poses. 

Existing scoring functions may not fully capture all 

relevant molecular interactions, potentially leading 

to inaccuracies in predicted binding affinities and 

poses. The breadth of conformational sampling is 

vital in induced fit docking, influencing the range 

of ligand and receptor conformations explored 

during the process. However, exhaustive sampling 

can be challenging, especially for large 

biomolecular systems with complex energy 

landscapes. Accurately modeling receptor 

flexibility is a significant challenge in induced fit 

docking. While some methods allow for explicit 

flexibility modeling, others depend on simplified 

representations or predefined conformational 

ensembles [40-44]. 

LIGAND-BASED DOCKING 

In ligand-based docking, the ligand molecule's 

characteristics are prioritized over the receptor's 

structure. When the receptor structure is unknown 

or challenging to obtain, this method is especially 

helpful. This computational method, also known as 

ligand-centric docking or structure-based 

pharmacophore modeling, forecasts a ligand's 

binding mechanism and affinity to a target receptor 

or enzyme without specifically taking the receptor's 

structure into account. Ligand-based docking only 

uses data from the ligand itself, such as its 

structure, chemical characteristics, and interactions 

with the target, as opposed to receptor-based 

docking techniques, which necessitate knowledge 

of the receptor structure. By comparing a ligand's 

resemblance to known ligands with empirically 

verified activities, the basic idea behind ligand-

based docking is to deduce the binding mechanism 

and affinity of a ligand to a target receptor. These 

techniques use pharmacophore mapping and 

molecular similarity to pinpoint crucial structural 

elements and functional groups necessary for 

ligand binding and biological activity. Ligand-

based docking predicts the binding affinity and 

selectivity of novel ligands for the target receptor 

by examining the molecular characteristics and 

spatial configurations of ligands. 

Methods of Ligand-Based Docking 

Ita steps are: 1. Ligand Selection and Dataset 

Preparation: Choosing a dataset of structurally 

varied ligands with proven actions against the 

target receptor is the first step in ligand-based 

docking. When creating pharmacophore models 

and doing similarity searches, these ligands are 

used as reference molecules. Typically, the dataset 

is selected from virtual screening libraries or 

experimental databases. 2. Pharmacophore 

Generation: The spatial arrangement of important 
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functional groups and molecular characteristics that 

support ligand binding and biological activity is the 

basis for the creation of pharmacophore models. 

Aromatic rings, hydrophobic areas, hydrogen bond 

donors, and acceptors are common pharmacophore 

characteristics. Pharmacophore creation algorithms 

define the spatial interactions between active 

ligands and find common features. 3 Once the 

pharmacophore model has been created, it is used 

to look for molecules with comparable chemical 

characteristics and spatial configurations in virtual 

compound libraries. Candidate ligands that match 

the pharmacophore model are found using ligand-

based similarity search techniques such shape-

based similarity, 3D pharmacophore overlays, and 

2D fingerprints. Virtual screening predicts these 

potential ligands' binding affinity to the target 

receptor and ranks them according to how similar 

they are to known active molecules. 4. To 

determine their binding affinity and selectivity, 

candidate ligands found through virtual screening 

are further assessed using scoring functions. These 

scoring functions consider factors such as 

pharmacophore fit, molecular properties, and 

energy calculations to prioritize ligands for 

experimental testing. Validating ligand-based 

docking models is crucial to assess their predictive 

accuracy and reliability, using benchmark datasets 

and experimental assays [45-47]. 

Applications and Limitations of Ligand-Based 

Docking 

This approach helps identify lead compounds with 

potential activity against specific receptors or 

enzymes. By searching virtual compound libraries 

for molecules that share chemical features and 

biological activities with known ligands, ligand-

based docking facilitates the discovery of novel 

leads for further experimental testing. Ligand-based 

docking plays a crucial role in virtual screening 

workflows, where large databases of chemical 

compounds are computationally screened to 

prioritize candidates for experimental testing. By 

utilizing molecular similarity and pharmacophore 

mapping, this method allows for the rapid 

identification of potential drug candidates with 

desirable pharmacological profiles. In the lead 

optimization phase, ligand-based docking guides 

the design of new compounds with enhanced 

binding affinity and selectivity. By analyzing the 

structure-activity relationships of known ligands 

and pinpointing key pharmacophore features, it 

aids in optimizing chemical scaffolds and 

functional groups for improved ligand potency and 

drug-like properties. Ligand-based docking 

supports bioisosteric replacement by identifying 

structurally similar compounds that can replace key 

functional groups or chemical moieties in known 

ligands. By exploring chemical space and finding 

analogs with comparable pharmacological profiles, 

this technique assists in designing novel ligands 

that offer improved efficacy and reduced off-target 

effects. 

The availability of reference ligands with proven 

activity against the target receptor is a prerequisite 

for this approach. The predictions generated by 

ligand-based docking may be erroneous if 

appropriate reference ligands are absent or if the 

dataset is skewed or deficient. Ligand-based 

docking is appropriate for targets with unknown or 

challenging-to-obtain structures because it does not 

require knowledge of the target receptor's structure. 

However, the lack of structural knowledge may 

limit the predictions' interpretability and accuracy, 

particularly for targets with allosteric modulation or 

complex binding sites. The scoring algorithms used 

to rank potential ligands have a significant impact 

on the accuracy of ligand-based docking 

predictions. The intricacy of ligand-receptor 

interactions may not be well captured by current 

scoring systems, which could lead to false positives 

or negatives in virtual screening results. This 

method ignores conformational changes or 

induced-fit effects that might occur upon ligand 

binding by assuming that the target receptor retains 

a rigid shape throughout ligand binding. Prediction 

accuracy may be impacted by this restriction, 

especially for targets with dynamic or flexible 

binding sites [48-53]. 

PROTEIN-PROTEIN DOCKING 

Understanding protein complexes and signaling 

pathways depends on the ability to predict 

interactions between two protein molecules through 

protein-protein docking. Protein molecules' three-

dimensional structure and mode of interaction are 

predicted using this computational method in 

molecular modeling. It is essential for 

understanding the mechanisms of protein-protein 

interactions (PPIs), which are essential to many 

biological processes, including gene regulation, 

immunological response, and signal transduction. 

The concepts, procedures, uses, and constraints of 

protein-protein docking in molecular modeling will 

all be covered in this essay. 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 

proteins, where specific amino acid residues form 

intermolecular contacts, including hydrogen bonds, 

hydrophobic interactions, and electrostatic 

interactions. The goal of protein-protein docking is 

to model these interactions and predict the spatial 

arrangement of the interacting proteins in the 

bound complex. 

Methods of Protein-Protein Docking 

Protein-protein docking methods generally involve 
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the following steps: 1. The initial step in protein-

protein docking is preparing the protein structures. 

This includes removing water molecules, adding 

missing atoms, assigning partial charges, and 

optimizing hydrogen bond networks. Protein 

structures are often derived from experimental 

techniques such as X-ray crystallography or NMR 

spectroscopy. 2. To investigate the conformational 

space of the interacting proteins and find possible 

binding poses, protein-protein docking systems use 

a variety of search techniques. Geometric hashing, 

Monte Carlo techniques, genetic algorithms, and 

stochastic optimization approaches are examples of 

common search algorithms. Based on geometric 

complementarity and intermolecular interactions, 

these algorithms assess the compatibility of various 

protein orientations and conformations. 3. 

Following the generation of candidate binding 

poses, a scoring function assesses and ranks these 

poses according to their anticipated stability and 

binding affinity. Shape complementarity, 

electrostatic interactions, van der Waals forces, 

desolvation energy, and interface area are all 

commonly taken into account by scoring functions. 

Differentiating between non-specific interactions 

and native-like binding postures is the goal of the 

scoring function. 4. Lastly, post-processing 

methods examine intermolecular interactions and 

improve the anticipated binding postures. 

Researchers can analyze the docked complexes and 

pinpoint important binding residues and interaction 

surfaces by using visualization tools. To further 

optimize the docked structures and investigate their 

dynamic behavior, energy minimization methods or 

molecular dynamics simulations may be used [54, 

55]. 

Applications and Limitations of Protein-Protein 

Docking 

To ascertain the three-dimensional architectures of 

protein complexes and comprehend the molecular 

underpinnings of protein-protein interactions, 

protein-protein docking is utilized. This method 

sheds light on the mechanisms of complex 

formation and activity by forecasting the binding 

modalities and interface residues of interacting 

proteins. Protein-protein docking is essential for 

finding possible inhibitors or modulators of 

protein-protein interactions in structure-based drug 

design. It makes it easier to rationally design tiny 

compounds or peptides that disrupt abnormal 

protein complexes and stop the progression of 

disease by focusing on particular interfaces 

involved in disease pathways. By anticipating the 

interaction partners and binding modalities of 

proteins, this method helps annotate their functions. 

Protein-protein docking provides important insights 

into the function and regulation of proteins by 

identifying complexes engaged in cellular 

processes and signaling cascades through the 

analysis of the protein-protein interaction network. 

To find possible inhibitors of protein-protein 

interactions, libraries of small compounds or 

peptides are computationally screened using 

protein-protein docking, a crucial component of 

virtual screening procedures. Candidates for 

experimental testing are ranked according to 

expected binding affinity and interaction specificity 

by docking these chemicals into the binding sites of 

target proteins. 

Finding the ideal binding position of interacting 

proteins requires navigating a large conformational 

space. However, comprehensive conformational 

sampling can be computationally challenging, 

especially for large protein complexes containing 

dynamic or flexible areas. Sampling restrictions 

may make it impossible to determine the native-

like complex structure and explore all pertinent 

binding postures. The scoring function used to 

assess binding poses has a significant impact on 

how reliable docking predictions are. The 

complexity of protein-protein interactions may not 

be fully captured by current scoring systems, which 

could lead to false positives or negatives in 

complex structure identification as well as 

inaccurate binding affinity estimates. Protein-

protein docking frequently ignores conformational 

changes or induced-fit effects that might arise 

during complex formation by assuming that both 

interacting proteins maintain rigid conformations 

throughout binding. Protein flexibility is still a 

major problem, especially for big complexes with 

allosteric regulation or flexible binding sites. 

Although protein-protein docking offers insightful 

information on the structure and modalities of 

interaction of protein complexes, experimental 

validation is essential to validate predicted binding 

poses and evaluate the biological significance of 

interactions found. To verify docking predictions 

and clarify the functional importance of protein-

protein interactions, methods like X-ray 

crystallography, NMR spectroscopy, or 

biochemical experiments are required [56-60]. 

BLIND DOCKING 

A technique known as "blind docking" entails 

binding a ligand to a receptor's whole surface 

without designating a binding location. This 

method works especially well for identifying 

possible interactions and binding locations. This 

computer method, also known as global docking or 

blind protein-ligand docking, is used in molecular 

modeling to predict a ligand's binding mechanism 

and affinity to a receptor without knowing the 

receptor's binding location beforehand. Blind 

docking looks at the entire surface of the receptor 

to find potential binding sites and discover the best 

ligand binding configurations, in contrast to typical 

docking approaches that rely on specific structural 

information to guide the docking process. The 
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fundamental idea behind blind docking is to 

anticipate the binding mechanism and affinity of 

ligands while searching the whole receptor surface 

for possible binding sites. This method is perfect 

for targets with unknown or flexible binding sites 

because it doesn't require any prior knowledge 

about the position or structure of the binding site. A 

grid or mesh of points encompassing the whole 

receptor surface is sampled by blind docking 

algorithms, which assess possible binding 

configurations at each location using scoring 

functions and intermolecular interactions. 

Methods of Blind Docking 

Blind docking typically involves the following 

steps: 1. The full surface of the receptor structure is 

depicted as a three-dimensional grid or mesh. The 

resolution of the search space is determined by the 

grid spacing; smaller spacing permits finer 

sampling but raises computing expenses. Masking 

or eliminating portions of the receptor surface that 

are unlikely to bind ligands, such as solvent-

exposed areas or regions with high conformational 

flexibility, may also be part of this stage. 2. To 

dock ligands into the receptor grid, a library of 

ligand conformations is created or chosen. Random 

sampling, systematic sampling, and fragment-based 

techniques are examples of ligand sampling 

techniques. Usually, the ligand conformations are 

obtained by either sampling from a database of 

known ligand structures or by investigating the 

ligand's conformational space. 3. Using a variety of 

methodologies, including geometric hashing, 

Monte Carlo methods, evolutionary algorithms, and 

stochastic optimization techniques, blind docking 

programs look for possible binding poses of the 

ligand within the receptor grid. Potential binding 

poses are assessed using geometric 

complementarity and intermolecular interactions 

with the receptor after ligand conformations are 

arranged either methodically or randomly within 

the grid. 4. Following the generation of candidate 

binding poses, these poses are assessed and ranked 

according to their anticipated binding affinity and 

stability using a scoring function. Geometric 

complementarity, electrostatic interactions, van der 

Waals forces, desolvation energy, and contact area 

are all taken into account by this function. 

Differentiating between non-specific interactions 

and native-like binding poses is the aim. 5. Lastly, 

post-processing methods examine intermolecular 

interactions and improve the anticipated binding 

postures. Researchers can study the docked 

complexes and find possible binding sites on the 

receptor surface using visualization techniques. To 

further optimize the docked structures and 

investigate their dynamic behavior, energy 

minimization methods or molecular dynamics 

simulations may be used [61-63]. 

 

Applications and Limitations of Blind Docking 

Potential binding sites on target proteins can be 

found via blind docking, which can also forecast 

ligand affinities and binding modalities. Blind 

docking finds new binding sites that might not be 

seen from homology models or experimental 

structures by looking at the receptor's whole 

surface. To find possible drug candidates, blind 

docking scans chemical compound libraries as a 

crucial part of virtual screening operations. It 

makes it easier to find ligands with a variety of 

chemical scaffolds and binding mechanisms by 

examining the whole receptor surface. This results 

in the identification of new lead compounds for 

additional experimental validation. Blind docking 

is used in fragment-based drug design to screen 

libraries of small molecular fragments and 

anticipate how they will attach to target proteins. 

Blind docking helps find fragment hits that can be 

improved into high-affinity lead compounds via 

linking or growth procedures by examining the 

entire surface of the receptor. By locating possible 

ligand binding sites and describing ligand binding 

behaviors, blind docking helps predict protein 

function. It aids in the annotation of protein 

activities and regulation by examining the whole 

receptor surface and offering insights into the 

structural underpinnings of protein-ligand 

interactions. 

Blind docking simulations can be computationally 

taxing, especially when sampling multiple ligand 

conformations and investigating the full receptor 

surface. The scalability of blind docking techniques 

is restricted by these high computational costs, 

which call for the adoption of effective algorithms 

and parallel computer resources. Blind docking 

may have sampling problems, particularly in areas 

of the receptor surface that are solvent-exposed or 

show considerable conformational flexibility. 

Potential binding poses or locations may be 

overlooked if subterranean cavities or inaccessible 

binding sites are not sufficiently sampled. The 

scoring function used to assess binding poses has a 

significant impact on the accuracy of blind docking 

predictions. The intricacy of protein-ligand 

interactions may not be fully taken into account by 

current scoring systems, which could lead to false 

positives or negatives in binding site identification 

as well as inaccurate estimates of binding affinity. 

Blind docking frequently ignores conformational 

changes or induced-fit effects that might happen 

during ligand binding by assuming the receptor 

stays rigid. In blind docking, addressing receptor 

flexibility is a major difficulty, especially for 

targets with dynamic binding sites [64-66]. 

CONCLUSION 

Molecular docking has significantly evolved from a 

basic tool to a sophisticated computational 

technique with broad applications in drug 
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discovery, structural biology, and molecular 

modeling. As we reflect on its past achievements 

and current state, we can also envision future 

directions and advancements that will shape the 

field in the coming years. Molecular docking is 

now a crucial component of computational drug 

development workflows, supporting lead 

optimization initiatives and enhancing experimental 

methods. More precise and effective docking 

simulations have been made possible by the 

advancement of sophisticated docking algorithms, 

machine learning techniques, and high-

performance computer resources, enabling 

researchers to investigate broader chemical spaces 

and tackle challenging biological problems. Virtual 

screening, fragment-based drug design, and 

structure-based optimization are important uses of 

molecular docking in modern drug development. 

While fragment-based techniques use docking to 

screen small molecule fragments and create high-

affinity inhibitors via fragment linking or growth 

strategies, virtual screening campaigns use docking 

simulations to find lead compounds with possible 

action against target proteins. Furthermore, by 

clarifying methods of ligand recognition, protein 

dynamics, and allosteric control, it keeps improving 

our knowledge of protein-ligand interactions and 

the structural underpinnings of therapeutic action. 

This offers important information for developing 

treatments that target receptor modification, 

enzyme inhibition, and protein-protein interactions. 

Author(s) Contribution: data collection, M. A. 

Naeem; proofreading, M. H. Munawar. 

Funding: Nill 

Ethical Approval: NA 

Conflict of Interest: There is no conflict of 

interest.  

Consent for Publication: All authors approved the 

manuscript for publication and agreed to be 

responsible for all aspects of this article. 

 

REFERENCES 
1. Norel R, Fischer D, Wolfson HJ, Nussinov R. 

Molecular surface recognition by a computer vision-

based technique. Protein Eng. 1994;7(1):39–46. doi: 

10.1093/protein/7.1.39. 

2. Miller MD, Kearsley SK, Underwood DJ, Sheridan 

RP. FLOG: a system to select ‘quasi-flexible’ 

ligands complementary to a receptor of known 

three-dimensional structure. J Comput Aided Mol 

Des. 1994;8(2):153–174. doi: 

10.1007/BF00119865.  

3. Burkhard P, Taylor P, Walkinshaw MD. An 

example of a protein ligand found by database 

mining: description of the docking method and its 

verification by a 2.3 A X-ray structure of a 

thrombin-ligand complex. J Mol Biol. 

1998;277(2):449–466. doi: 

10.1006/jmbi.1997.1608.  

4. Kuntz ID, Leach AR. Conformational analysis of 

flexible ligands in macromolecular receptor sites. J. 

Comput. Chem. 1992;13:730–748.  

5. Ewing TJ, Makino S, Skillman AG, Kuntz ID. 

DOCK 4.0: search strategies for automated 

molecular docking of flexible molecule databases. J 

Comput Aided Mol Des. 2001;15(5):411–428. doi: 

10.1023/a:1011115820450. 

6. Welch W, Ruppert J, Jain AN. Hammerhead: fast, 

fully automated docking of flexible ligands to 

protein binding sites. Chem Biol. 1996;3(6):449–

462. doi: 10.1016/s1074-5521(96)90093-9.  

7. Schnecke V, Kuhn LA. Virtual Screening with 

Solvation and Ligand-Induced Complementarity. 

Perspectives in Drug Discovery and Design. 

2000;20:171–190. 

8. Zsoldos Z, Reid D, Simon A, Sadjad BS, Johnson 

AP. eHiTS: an innovative approach to the docking 

and scoring function problems. Curr Protein Pept 

Sci. 2006;7(5):421–435. doi: 

10.2174/138920306778559412.  

9. Miranker A, Karplus M. Functionality maps of 

binding sites: a multiple copy simultaneous search 

method. Proteins. 1991;11(1):29–34. doi: 

10.1002/prot.340110104.  

10. Eisen MB, Wiley DC, Karplus M, Hubbard RE. 

HOOK: a program for finding novel molecular 

architectures that satisfy the chemical and steric 

requirements of a macromolecule binding site. 

Proteins. 1994;19(3):199–221. doi: 

10.1002/prot.340190305.  

11. Bohm HJ. LUDI: rule-based automatic design of 

new substituents for enzyme inhibitor leads. J 

Comput Aided Mol Des. 1992;6(6):593–606. doi: 

10.1007/BF00126217.  

12. Goodsell DS, Lauble H, Stout CD, Olson AJ. 

Automated docking in crystallography: analysis of 

the substrates of aconitase. Proteins. 1993;17(1):1–

10. doi: 10.1002/prot.340170104.  

13. Hart TN, Read RJ. A multiple-start Monte Carlo 

docking method. Proteins. 1992;13(3):206–222. doi: 

10.1002/prot.340130304.  

14. Goodsell DS, Olson AJ. Automated docking of 

substrates to proteins by simulated annealing. 

Proteins. 1990;8(3):195–202. doi: 

10.1002/prot.340080302.  

15. Abagyan R, Totrov M, Kuznetsov D. ICM-A new 

method for protein modeling and design: 

Applications to docking and structure prediction 

from the distorted native conformation. J. Comput. 

Chem. 1994;15:488–506.  

16. McMartin C, Bohacek RS. QXP: powerful, rapid 

computer algorithms for structure-based drug 

design. J Comput Aided Mol Des. 1997;11(4):333–

344. doi: 10.1023/a:1007907728892.  

17. Muhammed MT, Aki-Yalcin E. Molecular 

docking: Principles, advances, and its 

applications in drug 

18. discovery. Lett Drug Des Discov. 2024;21(3):480-

95. 

19. Oshiro CM, Kuntz ID, Dixon JS. Flexible ligand 

docking using a genetic algorithm. J Comput Aided 

Mol Des. 1995;9(2):113–130. doi: 

10.1007/BF00124402.  

20. Verdonk ML, Cole JC, Hartshorn MJ, Murray CW, 

Taylor RD. Improved protein-ligand docking using 



92 
 

GOLD. Proteins. 2003;52(4):609–623. doi: 

10.1002/prot.10465.  

21. Clark KP. Ajay, Flexible ligand docking without 

parameter adjustment across four ligand- receptor 

complexes. J Comput Chem. 1995;16:1210–1226.  

22. Taylor JS, Burnett RM. DARWIN: a program for 

docking flexible molecules. Proteins. 

2000;41(2):173–191. 

23. Cornell WD, Cieplak P, Bayly CI, Gould IR, Merz 

KM, Ferguson DM, Spellmeyer DC, Fox T, 

Caldwell JW, Kollman PA. A Second Generation 

Force Field for the Simulation of Proteins, Nucleic 

Acids, and Organic Molecules. J. Am. Chem. Soc. 

1995;117:5179–5197. 

24. Kollman PA. Free energy calculations: Applications 

to chemical and biochemical phenomena. Chem. 

Rev. 1993;93:2395–2417.  

25. Aqvist J, Luzhkov VB, Brandsdal BO. Ligand 

binding affinities from MD simulations. Acc Chem 

Res. 2002;35(6):358–365. doi: 10.1021/ar010014p.  

26. Semenov VA, Krivdin LB. Combined 

computational NMR and molecular docking 

scrutiny of potential natural SARS-CoV-2 Mpro 

inhibitors. J Phys Chem B. 2022;126(11):2173-87. 

27. Wu Z, Xu J, Ruan J, Chen J, Li X, Yu Y, et al. 

Probing the mechanism of interaction between 

capsaicin and myofibrillar proteins through 

multispectral, molecular docking, and molecular 

dynamics simulation methods. Food Chem X. 

2023;18:100734. 

28. Shi J, Zhao LX, Wang JY, Ye T, Wang M, Gao S, 

et al. The novel 4-hydroxyphenylpyruvate 

dioxygenase inhibitors in vivo and in silico 

approach: 3D-QSAR analysis, molecular docking, 

bioassay, and molecular dynamics. Arab J Chem. 

2022;15(7):103919. 

29. Chigurupati S, Al-Murikhy A, Almahmoud SA, 

Almoshari Y, Ahmed AS, Vijayabalan S, et al. 

Molecular docking of phenolic compounds and 

screening of antioxidant and antidiabetic potential 

of Moringa oleifera ethanolic leaves extract from 

Qassim region, Saudi Arabia. Saudi J Biol Sci. 

2022;29(2):854-9. 

30. Rizk HF, El-Borai MA, Ragab A, Ibrahim SA, 

Sadek ME. A novel of azo-thiazole moiety 

alternative for benzidine-based pigments: Design, 

synthesis, characterization, biological evaluation, 

and molecular docking study. Polycyclic Aromat 

Comp. 2023;43(1):500-22. 

31. Mohanty M, Mohanty PS. Molecular docking in 

organic, inorganic, and hybrid systems: A tutorial 

review. Monatsh Chem. 2023;154(7):683-707. 

32. Jin W, Barzilay R, Jaakkola T. Antibody-antigen 

docking and design via hierarchical structure 

refinement. International Conference on Machine 

Learning 2022 Jun 28 (pp. 10217-10227). PMLR. 

33. Kwon S, Seok C. CSAlign and CSAlign-Dock: 

Structure alignment of ligands considering full 

flexibility and application to protein-ligand docking. 

Comput Struct Biotechnol J. 2023;21(7873):1-0. 

34. Jin Z, Wei Z. Molecular simulation for food protein-

ligand interactions: A comprehensive review on 

principles, current applications, and emerging 

trends. Compr Rev Food Sci Food Saf. 

2024;23(1):1-29. 

35. Carlson HA, Jorgensen WL. An extended linear 

response method for determining free energies of 

hydration. J Phys Chem. 1995;99:10667–10673. 

36. Shoichet BK, Stroud RM, Santi DV, Kuntz ID, 

Perry KM. Structure-based discovery of inhibitors 

of thymidylate synthase. Science. 

1993;259(5100):1445–1450. doi: 

10.1126/science.8451640.  

37. Michel J, Verdonk ML, Essex JW. Protein-ligand 

binding affinity predictions by implicit solvent 

simulations: a tool for lead optimization? J Med 

Chem. 2006;49(25):7427–7439. doi: 

10.1021/jm061021s.  

38. Briggs JM, Marrone TJ, McCammon JA. 

Computational Science New Horizons and 

Relevance to Pharmaceutical Design. Trends 

Cardiovasc. Med. 1996;6:198–206. doi: 

10.1016/S1050-1738(96)00068-0.  

39. Bohm HJ. Prediction of binding constants of protein 

ligands: a fast method for the prioritization of hits 

obtained from de novo design or 3D database search 

programs. J Comput Aided Mol Des. 

1998;12(4):309–323. doi: 

10.1023/a:1007999920146.  

40. Mijit A, Wang X, Li Y, Xu H, Chen Y, Xue W. 

Mapping synthetic binding proteins epitopes on 

diverse protein targets by protein structure 

prediction and protein-protein docking. Comput 

Biol Med. 2023;163:107183. 

41. Boyles F, Deane CM, Morris GM. Learning from the 

ligand: Using ligand-based features to improve 

binding affinity prediction. Bioinformatics. 

2020;36(3):758-64. 

42. Cleves AE, Jain AN. Structure-and ligand-based 

virtual screening on DUD-E+: Performance 

dependence on approximations to the binding 

pocket. J Chem Inf Model. 2020;60(9):4296-310. 

43. Thomas M, Smith RT, O’Boyle NM, de Graaf C, 

Bender A. Comparison of structure-and ligand-

based scoring functions for deep generative models: 

A GPCR case study. J Cheminf. 2021;13(1):39. 

44. Azevedo L, Serafim MS, Maltarollo VG, 

Grabrucker AM, Granato D. Atherosclerosis fate in 

the era of tailored functional foods: Evidence-based 

guidelines elicited from structure-and ligand-based 

approaches. Trends Food Sci Technol. 

2022;128(S13):75-89. 

45. Krupa P, Karczyńska AS, Mozolewska MA, Liwo 

A, Czaplewski C. UNRES-Dockprotein-protein and 

peptide-protein docking by coarse-grained replica-

exchange MD simulations. Bioinformatics. 

2021;37(11):1613-5. 

46. Lensink MF, Nadzirin N, Velankar S, Wodak SJ. 

Modeling protein-protein, protein-peptide, and 

protein- oligosaccharide complexes: CAPRI 7th 

edition. Proteins. 2020;88(8):916-38. 

47. Zacharias M. Computational protein-protein 

docking. Protein interactions: The molecular basis 

of interactomics. 2022:53-76. 

48. Soofi A, Taghizadeh M, Tabatabaei SM, Rezaei 

Tavirani M, Shakib H, Namaki S, et al. Centrality 

analysis of protein-protein interaction networks and 

molecular docking prioritize potential drug targets 

in type 1 diabetes. Iran J Pharm Res. 

2020;19(4):121-34. 



93 
 

49. Gehlhaar DK, Verkhivker GM, Rejto PA, Sherman 

CJ, Fogel DB, Fogel LJ, Freer ST. Molecular 

recognition of the inhibitor AG-1343 by HIV-1 

protease: conformationally flexible docking by 

evolutionary programming. Chem Biol. 

1995;2(5):317–324. doi: 10.1016/1074-

5521(95)90050-0.  

50. Verkhivker GM, Bouzida D, Gehlhaar DK, Rejto 

PA, Arthurs S, Colson AB, Freer ST, Larson V, 

Luty BA, Marrone T, Rose PW. Deciphering 

common failures in molecular docking of ligand-

protein complexes. J Comput Aided Mol Des. 

2000;14(8):731–751. doi: 

10.1023/a:1008158231558.  

51. Jain AN. Scoring noncovalent protein-ligand 

interactions: a continuous differentiable function 

tuned to compute binding affinities. J Comput 

Aided Mol Des. 1996;10(5):427–440. doi: 

10.1007/BF00124474. 

52. Head RD, Smythe ML, Oprea TI, Waller CL, Green 

SM, Marshall GR. VALIDATE: A New Method for 

the Receptor-Based Prediction of Binding Affinities 

of Novel Ligands. J. Am. Chem. Soc. 

1996;118:3959–3969.  

53. Gehlhaar DK, Moerder KE, Zichi D, Sherman CJ, 

Ogden RC, Freer ST. De novo design of enzyme 

inhibitors by Monte Carlo ligand generation. J Med 

Chem. 1995;38(3):466–472. doi: 

10.1021/jm00003a010.  

54. Eldridge MD, Murray CW, Auton TR, Paolini GV, 

Mee RP. Empirical scoring functions: I. The 

development of a fast empirical scoring function to 

estimate the binding affinity of ligands in receptor 

complexes. J Comput Aided Mol Des. 

1997;11(5):425–445. doi: 

10.1023/a:1007996124545.  

55. Muegge I, Martin YC. A general and fast scoring 

function for protein-ligand interactions: a simplified 

potential approach. J Med Chem. 1999;42(5):791–

804. doi: 10.1021/jm980536j.  

56. Andreani J, Quignot C, Guerois R. Structural 

prediction of protein interactions and docking using 

conservation and coevolution. Wiley Interdiscip 

Rev Comput Mol Sci. 2020;10(6):e1470. 

57. Xiong G, Shen C, Yang Z, Jiang D, Liu S, Lu A, et 

al. Featurization strategies for protein-ligand 

interactions and their applications in scoring 

function development. Wiley Interdiscip Rev 

Comput Mol Sci. 2022;12(2):e1567. 

58. Shree P, Srivastava S, Chaube R, Tripathi YB. 

Protein-Protein docking interaction of Nephrin 

protein with the expression of MMP-9: An anti-

inflammatory agent. Res J Biotechnol. 

2022;17(6):67-72. 

59. Perez-Sanchez H, Kumar DT, Doss CG, Rodríguez-

Schmidt R, Cerón-Carrasco JP, Peña-García J, et al. 

Prediction and characterization of influenza virus 

polymerase inhibitors through blind docking and 

ligand- bassed virtual screening. J Mol Liq. 

2021;321:114784. 

60. Che X, Chai S, Zhang Z, Zhang L. Prediction of 

ligand binding sites using improved blind docking 

method with a machine learning-based scoring 

function. Chem Eng Sci. 2022;261:117962. 

61. Mazzini S, Musso L, Dallavalle S, Artali R. Putative 

SARS-CoV-2 Mpro inhibitors from an in-house 

library of natural and nature-inspired products: A 

virtual screening and molecular docking study. 

Molecules. 2020;25(16):3745. 

62. Kawsar SM, Hosen MA, Chowdhury TS, Rana KM, 

Fujii Y, Ozeki Y. Thermochemical, PASS, 

molecular docking, drug-likeness and in silico 

ADMET prediction of cytidine derivatives against 

HIV-1 reverse transcriptase. Rev Chim. 

2021;72(3):159-78. 

63. Mitchell JBO, Laskowski RA, Alex A, Thornton 

JM. Bleep-potential of mean force describing 

protein-ligand interactions: I. generating potential. J. 

Comput. Chem. 1999;20(11):1165–1176.  

64. Ishchenko AV, Shakhnovich EI. SMall Molecule 

Growth 2001 (SMoG2001): an improved 

knowledge-based scoring function for protein-

ligand interactions. J Med Chem. 

2002;45(13):2770–2780. doi: 10.1021/jm0105833.  

65. Feher M, Deretey E, Roy S. BHB: a simple 

knowledge-based scoring function to improve the 

efficiency of database screening. J Chem Inf 

Comput Sci. 2003;43(4):1316–1327. doi: 

10.1021/ci030006i.  

 

 

 

 

 

 

 

 

 

 

 

 

  


