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ABSTRACT

More recently in computational chemistry drug discovery involves modern concept of molecular docking which is in-silico
structure-based method. Utilization of time, money and human resources in effective manner is very much important
nowadays, in this context molecular docking become a key tool for recent drug development with purpose of enhanced
efficiency and research cost reduction. It is very important part of bioinformatics which deals with the interaction of protein
and ligand molecule. Based upon the properties of ligand and target molecule, it predicts the three-dimensional structure of
any complex. To optimize the conformational structures with the intention of possessing less binding free energy is the
objective which is of utmost importance in molecular docking. Molecular modeling based on effective utilization of all the
theoretical and computational techniques for imitate the behavior of molecules. The main aim of presenting this review is to
summaries the whole docking methodology for the purpose of knowledge transfer. This review article presents the brief
introduction of models of molecular docking, different approaches, scoring functions, software used in docking process and
applications of molecular docking.
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INTRODUCTION great reduction in the complexity of the system and allowing
many more particles (atoms) to be considered during
simulations which are the major benefit of molecular
modelling [2]. In recent years, the search for new drugs has
evolved from a trial-and-error process which is time
consuming with the uncertainty of results to a sophisticated
procedure that includes several computer-based approaches
with accuracy in results. To discover new compounds of
therapeutic relevance, structure-based design can be applied
in which the structures of known target proteins are used. In
structure-based drug design (SBDD) the main approaches
can be utilized which are classified roughly into two
categories: de novo design and docking [3] (Figure 1).

Nowadays, in computational chemistry, molecular modeling
is a very important tool for drug discovery and design. It
helps to understand the chemistry of any new molecule very
effectively, but the need is the adequate knowledge of the
available software and the appropriate interpretation of the
results. To describe the use of computers to construct
molecules and perform a variety of calculations on these
molecules to predict their chemical characteristics and
behavior, molecular modeling is applied. In general, the term
computational chemistry is often used as a synonym for the
term molecular modeling. But computational chemistry is a
broader term, referring to any use of computers to study
chemical systems. Some chemists often use the term
computational quantum chemistry to refer to the use of
computers to perform electronic structure calculations, where
the electrons in a chemical system are calculated [1].
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to model or mimic the behavior of molecules. To perform
detailed and result oriented study molecular systems ranging
from small chemical systems to large biological molecules
and sets of materials such techniques are used in the fields of
computational chemistry, computational biology, and
materials science. By applying molecular modeling there is
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Figure 1. Computational Drug Discovery Process

Molecular Docking

In the particular branch of molecular modeling, the molecular
docking method is wused for predicting the preferred
orientation of one molecule with respect to another when
linked to each other will constitute a stable complex.
Adequate knowledge of the preferred orientation is very
essential and, in turn, it can be useful to predict the strength
of the association, stabilities, less is the energy more will be
the stability or the binding affinity between two molecules
using the scoring functions. The interaction between
biologically important molecules such as carbohydrates,
proteins, nucleic acids, and lipids plays an essential role in
signal transduction. Furthermore, the type of signal produced

can be affected by the relative orientation of the two
interacting molecules. Therefore, molecular docking is very
useful for result oriented prediction in both the strength and
type of signal produced. Hence, molecular docking is
effective tool of computational method utilize to predict the
interaction of two molecules generating a stabilized binding
model. Molecular docking is applied in many drugs
discovery processes; previously docking is done between a
small molecule and a macromolecule for example, protein-
ligand docking only. But more recently, docking is also
applied for macro molecules, for example protein-protein
docking for prediction of the binding mode and stable
orientation between two [4] (Figure 2).
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Figure 2. Process of Molecular Docking.

Molecular Docking Models

Molecular docking generally utilizes two basic models which
are as follows:

1. Lock and Key Model: This model mainly emphasizes on
geometric complementarity. Rigid docking method is
based on this model. Both receptor and ligand are fixed
geometrically and binding occur only at a particular
conformation just like ‘Key’ fits into the ‘Lock’.

2. Induced fit Model: This type of model is widely used
which utilizes geometric complementarity and the
energy complementarity. Docking process is so flexible
that receptor and ligand have to change their
conformations to provide most stable in such a manner
that minimizes the free energy [5].

Methods of Molecular Docking (Table 1)

Table 1. Molecular Docking Methods.

Molecular Docking Methods

S No Rigid Docking Flexible Rigid Docking Flexible Docking
Only change position of molecule during . . .
Fixed conformation of receptor macro The conformations of both receptor and
1 docking. The receptor and ligand conformations
o molecule during docking ligand are flexible
are rigid
Cannot change spatial shape during docking . . _ Higher requirements of computer software,
2 Conformation of small molecule is flexible .
process hardware and conformational accuracy
5 An early docking method, used for docking of More accurate than rigid docking and widely Greatly improve the accuracy of docking

macromolecules
APPROACHES IN MOLECULAR DOCKING

Simulation Approach: This is much more complicated
approach in docking process.

Method

e In this approach, there is a certain physical distance
between the protein and the ligand molecule, and after a
number of ‘movements’ in the conformational space, the
ligand finds its position at the active site of the protein.

e Due to such moves, there will be incorporation of rigid
body transformations (externally), such as translations

used method

process

and rotations, as well as internal changes in the ligand
structure may occur (internally) such as, torsion angle
rotations.

e In the ligand conformation space, each of these
movements induces a “Total Energy” cost of the system
and, therefore, after each movement the total energy of
the system is calculated [6].

Advantages
e It is more compatible to incorporate ligand flexibility
into its modeling while shape complementarily
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techniques have to incorporate some ingenious methods
to incorporate flexibility in ligands.

e It is more real to evaluate the molecular recognition
between flexible ligand and protein target.

Disadvantage

It takes longer to evaluate the optimal bonding pose as they
need to explore a rather large energy landscape. However,
grid-based techniques and rapid optimization methods have
significantly improved these problems.

Docking can be between:

e Protein/ ligand

e Protein / peptide

e Protein / protein

e Protein / nucleotide

SHAPE COMPLEMENTARITY APPROACH
Method

e Geometric matching/ shape complementarily methods
describe the protein and ligand as a set of characteristics
that make them dock able.

e These features may include
complementary surface descriptors.

molecular surface/

e In geometric matching, solvent-accessible surface area
expressed the molecular surface of receptor while
matching surface description expressed the molecular
surface of ligand.

e The shape matching between the two surfaces described
by the complementarily.

e By utilizing this complementary pose (shape matching)
of docking the target protein and the ligand molecules
can easily be find out.

Advantages

e The geometric matching based approaches of molecular
docking are typically fast and robust.

e Recent advancements allow these methods to also
investigate ligand flexibility.

e Complementary methods can steadily scan through
several thousand ligands in a matter of seconds and
really assess if they are able to bind at the active site of
the protein, and are generally scalable for even protein-
protein interactions.

e For pharmacophore-based approaches, these methods are
much more compatible also, because they utilize
geometric descriptions of the ligands to find optimal
binding [7-9].
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Search Algorithms

Molecular Docking can be categories by their search
algorithms, which are interpreted by a set of rules and
parameters applied to predict the conformations. In docking
method, flexibility of the ligand and/or the receptor docking
algorithms can be classified in two main groups: rigid-body
and flexible docking. The rigid-body docking method does
not allow flexibility of neither ligand nor receptor
considering essentially geometrical complementarities
between two molecules but, limits the specificity and
accuracy of results. These types of docking simulations were
able to predict the correct position of ligand, while
comparing the crystallographic structures [10-14]. ZDOCK
can be used for all rigid-body docking simulations, and
superposition of the best results, estimated using empirical
scoring functions, against crystallographic structures
generated RMSD lower than 1.0 A. This method has been
utilized as the fastest way to perform an initial screening of a
small molecule database and also employed for virtual-
screening initiatives. It has a relatively high accuracy, as
compared to crystallographic structures.

Wherever, in flexible docking methods modifications in
several possible conformations of ligand or receptor, as well
as for both molecules at the same time, at a higher
computational time cost can be considered. For applying a
more specific refinement and lead optimization after initial
rigid body docking procedure, flexible docking has been
utilized. Various search algorithm method is described below
which can be utilized for docking:

Fast Shape Matching (SM)

In this type of algorithms, the geometrical overlap between
two the molecules take into consideration. Different
algorithms are used in order to achieve different alignments
between ligand and receptor. This approach can identify
possible protein binding sites by means of a macromolecular
surface search. Furthermore, specific SM algorithms
establish possible conformations of the expected binding
sites [15].

Incremental Construction (IC)

This method divides the ligand into fragments that are
docked separately at the receptor site. On docking of the
fragments, docked the parts are fused together. This
fragmentation allows the algorithm to consider ligand
flexibility. Initially, the docked rigid fragments function as
"anchors" that are secondarily joined by flexible parts of the
ligand that have rotatable linkages. In this way, the ligand
gradually "builds" within the receptor binding site. It is also
known as anchor and-grow method; IC algorithm has been
employed in several docking programs such as DOCK,
FLEXX etc. [16-18].

Monte Carlo (Mc) Simulations
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MC simulations were originally introduced as an energy
minimization procedure in molecular dynamics applications,
such as those implemented in GROMACS and GROMOS
[19-21] and have recently been adapted for flexible docking
algorithms such as MCDOCK and ICM [22,23]. It is a good
method to carry out analysis of bio molecular systems under
different thermodynamic conditions.

Simulated Annealing (SA)

This method has various applications and has been subject of
several studies, which includes conformational-analysis,
protein structure prediction studies, and molecular docking
search methods. By a specific kind of dynamic simulation, a
bio molecular system is simulated. Each docking
conformation is led to a simulation where the temperature
gradually decreases over regular time intervals in each
simulation cycle. It may give a higher accuracy result when
compared with MC, since it considers more detailed the
conformational state and flexibility of both protein and
ligand in different thermodynamic states during an interval of
time [24,25].

Nevertheless, SA docking may be more time consuming,
since the annealing cycle must be repeated for each ligand
placed inside receptor site. In order to minimize
computational cost, filtering procedures may be carried out
between ligand placement and SA cycles. SA may be
combined with MC, as in Auto Dock, one of the most
popular software packages for docking, that uses a Monte
Carlo Simulated Annealing (MCSA) protocol, where random
changes are made in ligand orientation inside protein binding
site during each SA temperature cycle. The energy of current
state is compared with previous state energy and the lowest
energy is chosen to be compared with next state. Otherwise,
the configuration is accepted or rejected basing on
Boltzmann equation that follows: P =e (- AE/ KT)

Where P is the acceptance probability, AE is the difference in
energy from the previous step, T is the absolute temperature
in kelvin, and & is the Boltzmann constant.

Genetic Algorithm (GA)

In this algorithm, crossover is applied, which is a genetic
operator that combines (pairs) two chromosomes (parents) to
produce a new chromosome (offspring), if it takes the best
characteristics of each parent then generated offspring may
be better than both parents. This process that swaps large
regions of the “parents,” is permitted in genetic algorithms.
Many complex scoring functions are used in this process,
taking into account a set of parameters, such as mutation
rates, crossing rates, and the number of evolutionary rounds.
This algorithm is also applied in the program DOCK, which
is able to dock either whole ligand inside active site or a rigid
fragment of the ligand [16].

“Lamarckian” GA (LGA) is also very much applicable in
docking algorithms. The LGA switches between “genotypic
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space” and “phenotypic space.” In genotypic space mutation
and crossover occur, while phenotypic space is described by
the energy function to be optimized. After genotypic changes
have been made to the population (global sampling) in
phenotypic space, energy minimization (local sampling) is
performed, which is conceptually similar to MC
minimization. Phenotypic changes of energy minimization
are mapped back to genes (changing the coordinates of the
ligand on the chromosome) [26] One of the most popular
molecular docking programs that use LGA is the program
AUTODOCK [27].

Tabu Search (TS)

Tabu search (TS) is an iterative procedure designed for
obtaining solution of optimization problems. It was
developed and described by Glover and has been used to
solve a large variety of hard optimization problems. This
procedure can be defined as a Meta-Heuristic methodology
that can move from a solution to another being able to save
in memory the already visited solutions. Recently, the
probabilistic heuristic algorithms have been given wider
applications. The TS docking algorithm has demonstrated
high accuracy, being able to avoid that the simulation which
can trapped in local minima and avoiding visiting known
minimum energy conformations. Currently, it has been
utilized to predict the conformations of a test set of 50 binary
complexes, presenting the RMSD below 1.5 A [28].

Scoring Functions

Another major hurdle in docking is imperfection in scoring
function. Scoring functions is another important parameter in
docking which provide optimum conformation with
minimum binding energy just like search algorithm; also, it
should also be able to differentiate true binding modes from
all the other parallel modes. A scoring function should have
the properties of computationally economical, unfavorable
for analyzing various binding modes. To assess optimum
ligand affinity scoring functions make number of suggestions
according to accuracy. The physical features i.e., electrostatic
interactions and entropy are not considered in scoring
schemes. So, the unavailability of appropriate scoring
function, both in terms of speed and accuracy, is the major
bottleneck in molecular docking programming [29].

The main objective of the scoring function is to describe the
correct poses from incorrect poses, or binders from inactive
compounds in an appropriate computation time. Moreover,
the scoring functions are based on estimation of the binding
affinity rather than calculation between the protein and the
ligand and through these functions, adopting various
hypotheses and simplifications. Scoring functions are
classified as force-field-based, empirical, knowledge-based,
and consensus scoring functions [30].

Force-field-based scoring functions [31-33] based on the
calculation of the sum of the interaction energies of protein-
ligand complex such as electrostatics and van der Waals
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(non-bonded) for the evaluation of the binding energy. By
the use of Coulombic formulation, the electrostatic terms are
calculated and by Lennard-Jones potential function van der
waals terms are described. Utilizing different parameter sets
for the Lennard-Jones potential which defines closeness of
contact between protein and ligand atoms so that they can be
acceptable. Generally, cut-off distance is used to tackle the
non-bonded interactions because force-field-based scoring
functions have the disadvantage of slow computational
speed. Software programs, such as DOCK, GOLD and Auto
Dock [16,26,34] are the examples of such scoring functions.

Empirical scoring functions [35-39] based on break down of
binding energy into several energy components, such as
hydrogen bond, ionic interaction, hydrophobic effect and
binding entropy. Further multiplication of each component is
done by a coefficient and then summation will give a final
score. By the use of regression analysis, coefficients are
obtained which then fitted to a test set of ligand-protein
complexes with known binding affinities. For the analysis
purpose, empirical scoring functions have relatively more
simplified energy terms. Also, by using different software,
each term in the empirical scoring functions can be treated
differently, and the numbers of the terms included are also
different. LUDI, Chem Score [40,41] are software’s derived
for empirical scoring functions.

Knowledge-based scoring functions [42-47] based on
statistical analysis of ligand-protein complexes crystal
structures. The main concern is to obtain inter atomic
contact frequencies and/or distances between the ligand and
protein. This method is founded on the hypothesis that the
more favorable the interaction is, more will be the frequency
of occurrence. Further these frequency distributions are
converted into pair wise atom-type potentials. The
calculation of score is done by favoring preferred contacts
and penalizing the repulsive interactions between each atom
in the ligand and the protein within a given limit. The
computational simplicity is the major advantage of this
scoring function, which can be utilized to screen large
libraries of compound databases. Some uncommon
interactions like sulphur-aromatic or cation-m can also be
model by this, which are often limited in empirical
approaches. DrugScore, SMoG [48,49] and Bleep are
examples of knowledge-based functions.

Consensus scoring [50] is a recently widely used method that
combines various different scores to evaluate the docking
conformation. A ligand conformation or a potential binder
could be accepted when qualified well under several different
scoring schemes. This scoring function substantially
enhances enrichments (i.e., the % of strong binder among the
high scoring ligands) in screening, and increase the
prediction efficiency of bound conformations and poses [51].
Furthermore, the utility of consensus scoring decreases when
the terms in different scoring functions are significantly
correlated; CScore [52] which is the combination of various
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other scoring software; DOCK, ChemScore, PMF, GOLD,
and FlexX is an example of consensus scoring function.

APPLICATIONS OF MOLECULAR DOCKING

In current scenario of computational chemistry, there are
several applications of molecular docking due high demand
of drug discovery with more accuracy in result prediction
along with the requirement of optimum time duration and
computationally economic too. Docking may be applied to:

e Hit Identification - Docking combined with a scoring
function can be used to quickly detect large databases of
potential drugs insilico to identify molecules that can
favorably bind to the target protein of interest.

e Lead Optimization - it can be utilized to predict the best-
defined location and in which relative conformation a
ligand binds to a protein (binding mode or pose
prediction). This information in turn can be used to
design more powerful, selective and efficient analogs.

e Bioremediation - Protein ligand docking can also be
used to predict pollutants and contaminants that can be
degraded by enzymes.

e Estimation of the binding affinity
e Searching for lead structures for protein targets
e Comparing a set of inhibitors

e Estimating the influence of modifications in lead
structures

e De Novo Ligand Design

e Design of targeted combinatorial libraries Predicting the
molecule complex

¢ Understanding the binding mode / principle

e  Optimizing lead structures

e  Vaccines preparation by structural recognition
CONCLUSION

Molecular Docking is very safe, easy and efficient tool in
computational chemistry helps in investigating, interpreting,
explaining, identification and by using various scoring
functions optimization of molecular properties can be done
using three-dimensional structures. It attempts to predict the
structure of the intermolecular complex formed with
optimum stability between two or more constituent molecules
and assess binding energy also provides the best
conformational pose. These techniques greatly help to create
libraries of compound within optimum computational time
duration and are applied in the fields of computational
chemistry, computational biology and materials science for
studying molecular systems ranging from small chemical
systems to large biological molecules. Most of the docking
programs presently being used simulate the binding and their
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energies of a flexible ligand to a rigid biological receptor. This
model does not reflect the actual physical process of binding
and limits or in some cases even prevents the correct

S. No. | Name of Software

1. AUTODOCK4

23 DOCK

3. RDOCK

4. GOLD

S. GLIDE

6. FLEX X

7. IGEMDOCK

8. MEGADOCK
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identification of potential drug candidates. But it is very
remarkable development in the drug discovery process.

Software Used for Docking (Table 2)
Table 2. Details of Software Used in Docking

Type Features and Application areas

Academic Flexible-rigid docking.
This software is always used with

Autodock-tools

Academic Flexible docking

Academic Rigid docking.
It is especially designed for high
throughput virtual screening (HTVS)

campaigns

Commercial | Flexible docking.
The accuracy and reliability of this

software has been highly evaluated

Commercial = Flexible docking.
This software uses domain knowledge to

narrow the searching range

Commercial | Flexible-rigid docking.
It can be used for virtual screening of

small molecule databases

Academic The accuracy and reliability of this

software has been highly evaluated.

Commercial | It generates docking conformations in a

grid-based 3D space.
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