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Introduction: Virtual screening (VS) has emerged as an important tool in iden-
tifying bioactive compounds through computational means, by employing
knowledge about the protein target or known bioactive ligands. VS has
appeared as an adaptive response to the massive throughput synthesis and
screening paradigm as necessity has forced the computational chemistry com-
munity to develop tools that screen against any given target and/or property
millions or perhaps billions of molecules in short period of time.

Areas covered: This editorial review attempts to catalog most commonly exer-
cised VS methods, available databases for screening, advantages of VS meth-
ods along with pitfalls and technical traps with the aim to make VS as one of
the most effective tools in drug discovery process. Finally, several case studies
are cited where the VS technology has been applied successfully.

Expert opinion: In recent times, many successful examples have been demon-
strated in the field of computer-aided VS with the objective of increasing the
probability of finding novel hit and lead compounds in terms of cost-
effectiveness and commitment in time and material. Despite the inherent
limitations, VS is still the best option now available to explore a large
chemical space.

Keywords: computer-aided drug design, docking, high-throughput screening, 7z silico,

virtual screening
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1. Introduction

In the context of costly clinical trials, animal models and depleted drug discovery
pipelines, high-content emerging virtual screening (VS) technologies have appeared
as crucial tools in drug discovery research. VS is increasingly used to come up with
hits of novel chemical structure from large chemical libraries that yield a unique
pharmacological profile. Thus, success of VS is defined in terms of finding interes-
ting new scaffolds rather than many hits. The enthusiasm to embrace rational
approaches is triggered in recent years following tremendous advances in the com-
putations and protein crystallography. Thus, VS approaches (Figure 1) have gained
immense popularity and have become an integral part of the industrial and
academic research, directing drug design and discovery [1-5].

2. Emergence of VS and available methods

Computational tools are becoming increasingly important to integrate structural
data with the more traditional lead optimization techniques. Among them, VS is
bringing a more cost-effective and sensible approach to drug discovery. An effort
is made in this article to present the commonly available VS methodologies and
to categorize them into various groups [6-10]. The theory and principles behind these
VS procedures are thoroughly discussed in Table 1.
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Figure 1. Schematic representation of commonly practiced VS process.

3. Necessity/advantages of VS

The use of complementary experimental and VS techniques
increases the chance of success in many stages of the
discovery process. VS has emerged as a reliable, cost-
effective and time-saving technique for the discovery of
lead compounds in recent times [11,12]. The main advantages
of this method compared to laboratory experiments are
noted below.

3.1 Cost-effective

As no compounds have to be purchased externally or
synthesized by a chemist, VS is one of the most cost-effective
methods in the preliminary stage of the drug discovery
processes.

3.2 Time effectual

Time required for synthesis can be extremely hefty, especially
in case of large database with millions of chemical com-
pounds. But using computational tools, VS approach is
always a time effectual tool in drug development.

3.3 Labor efficient

Synthesis and bioassays are always laborious and chance of
getting false positives is always present after spending lots of
physical and mental labor. Though one cannot deny the
chance of getting false positives in case of VS, it is always a
labor efficient tool in the drug development process.

3.4 Sensible alternative

It is possible to investigate compounds that have not been syn-
thesized yet. Conducting high-throughput screening (HTS)
experiments is expensive, time-consuming and laborious for
huge number of chemicals. As a result, VS is always a sensible

option to reduce the initial number of compounds before
using HTS methods.

4. Pitfalls, technical traps and cautionary
notes of VS

Identification of the target protein and the active site with an
ideal ligand is not sufficient to reach any logical end in a drug
discovery process. There are many obstructions, which come
in the way of designing a new drug compound to a final
drug molecule. Therefore, it is indispensable to take account
of small and subtle factors which play a crucial role in making
a drug candidate active. Therefore, exhaustive computational
treatments still fall short of providing a reliable answer [13-15].
We classified the commonly occurred drawbacks into the
following six categories.

4.1 Erroneous assumptions and expectations

4.1.1 Predicting the wrong binding pose

Docking-based VS can accidentally produce the right
result for the wrong reasons; that is, it can correctly assign
high scores to many true hits but still predict the wrong
binding poses.
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4.1.2 Variable water-mediated binding interactions
Water-mediated hydrogen bonds can be taken into account
in a structure-based VS study, but it is very difficult to
predict the exact number, position and orientation of these
interactions.

4.1.3 Single versus multiple/allosteric binding pockets
Both structure- and ligand-based VS approaches have the
intrinsic shortcoming that they cannot identify bioactive
ligands for binding pockets which are not explicitly docked
against or implicitly represented in the training set.

4.1.4 Post-VS compound selection

A better approach might be to cluster the compounds into related
families and select a small number of molecules from each
cluster. While this approach is perfectly sensible, it introduces a
bias in the VS protocol, rendering comparisons difficult.

4.1.5 Prospective validation
External validation on new data sets is not considered during
the model development and it is rarely discussed in VS.

4.1.6 Drug-likeness

Many VS approaches are based on ‘drug-like’ compounds, as
defined by Lipinski in his ‘rule-of-five’ work. However, it
should be kept in mind that this only applies to oral bioavail-
ability and that many bioactivity classes, such as antibiotics,
routinely fall outside the scope of this rule. Hence, VS proto-
cols are generally applied and validated on a relatively small
fraction of chemical space.

4.1.7 Chemical characteristics

There are at least three areas of context-dependent chemical
characteristics that are relevant to VS: i) tautomeric form, where
the selection of a wrong tautomer can misguide the assignment
of hydrogen bond acceptors (HBA) or donors, ii) ionization,
where the protonation state of chemical groups at physiologi-
cally relevant pH can be miscalculated and iii) chirality, where
for racemic structures one needs to calculate the conformations
for all possible chiral configurations.

4.2 Regarding data design and content

4.2.1 Hit rate in standard data sets

Two factors that complicate benchmarking of VS algorithms
are the size and diversity of the chemical libraries. Standard
libraries are either too small or they contain too many closely
related analogs or often both.

4.2.2 ‘Bad or problematic’ molecules

Datasets may include molecules that contain chemically reac-
tive groups or other undesirable functionalities that interfere
with the HTS detection techniques. In short, these ‘bad’
molecules encompass chemically reactive, assay-interfering
compounds and are often referred to as PAINS (pan-assay
interfering substances) or frequent hitters.

4.2.3 Feature weights

Ligand-based VS, based on a single query, typically shows
equal importance on all parts of the molecule. However,
some substructural features may not be required for activities
against a specific target of interest.

4.3 Concerning conformational sampling as well as
ligand and target flexibility

4.3.1 Conformational coverage

One of the major challenges in 3D VS is generating a manage-
able set of conformations that adequately cover the molecule’s
conformational space.

4.3.2 Size of conformational ensemble

One should not expect that every conformation generator is
capable of producing the bioactive conformation of interest.
Therefore, a practical question that is often asked is how
many conformations need to be calculated to have sufficient
confidence that the bioactive one is included in the resulting
ensemble.

4.3.3 Ligand flexibility

A common practice in many 3D database search systems is to
set a limit on the number of conformations stored for each
molecule. The number of conformations accessible to a mol-
ecule largely depends on its size and flexibility.

4.3.4 High-energy conformations

While good conformational coverage is very important, high
energy or physically unrealistic conformations can be detri-
mental to VS. Some conformational sampling methods do
not employ energy minimization to refine and properly
rank the resulting geometries, and as a result high-energy
conformations can make it into the final ensemble.

4.3.5 Target flexibility

Indeed, it is not only the ligands but also the biological targets
that are flexible. Protein flexibility is probably the most
unexploited aspect of VS.

4.3.6 Assumption of ligand overlap

In 3D shape-based VS, most programs attempt to maximize
the overlap between the query and the database molecules.
Indeed, different ligands may occupy different regions in the
same protein, even in the same binding site, and the overlap
between them in 3D space can be much less than assumed
by a shape-based VS tool.

4.4 Choice of software

4.4.1 Input-output errors and format incompatibilities
An ordinary but serious problem is error introduced while
interconverting different molecular formats. It is often the
case that information may get lost or altered when converting
one file format to another, or even when using the same
formar in different pieces of software.
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4.4.2 Molecule preparation

Adding implicit hydrogen atoms and assigning the correct
charges can easily be forgotten in many VS algorithms that
critically depend on these parameters.

4.4.3 Feature definition

In pharmacophore queries, the definition of pharmacophore
features needs to be applied with caution. For example, it is
known from crystallographic evidence that nitrogen and
oxygen atoms in the same heterocycle, such as an oxazole,
do not both behave as HBA simultaneously.

4.4.4 Fingerprint selection and algorithmic
implementation

In similarity-based screening, performance depends critically
on the choice of descriptors. Also, as with all software,
descriptors may be implemented in a different way within
different software packages.

4.5 Selection of suitable database library for VS
Chemically diverse libraries are particularly attractive for iden-
tifying novel scaffolds for new or relatively unexplored targets,
such as those from diversity-oriented synthesis. If the goal of
the screening is directed at a specific target family, one may
use target-oriented synthesis, focused or targeted libraries.

4.6 Single predictors versus ensembles

A common experience for the VS practitioners is that differ-
ent screen methods retrieve different molecules from the
same database. Thus, one needs to run several VS methods
for any given target and additively collect the outcome.

5. Case studies: successful application of VS
for identifying new chemical entities

The number of applications of VS is rapidly escalating in
recent times. Several successful cases have been reported
which resorted to the synthesis of lead compounds by VS
methods for various targets. In this article, we have tried to
provide an overview of these studies in Table 2.

6. Databases for VS

One needs to remember that the database library must fit the
purpose of the experiment before its selection for screening.
Table 3 summarizes a representative list of public and commer-
cial chemical databases that are commonly screened in
real practices.

7. Expert opinion

VS approaches have been dynamically adopted by pharma-
ceutical companies with intent to obtain as many potential
compounds as possible hoping for the greater chance of

finding hits from chemical libraries. Many successful exam-
ples have been demonstrated in recent years in the field of
computer-aided VS for lead identification, using receptor-
based or ligand-based approaches. However, the initial excite-
ment has collapsed considering the less than desired outcomes
from these combinatorial screening methods. There appears
to be no universal method to carry out these studies as each
biological target system is unique in nature. What has led to
these successes is an in-depth understanding of the target
under investigation and fine-tuning of the VS scheme to
achieve the desired result. In most cases, this was done by
applying all the available information to generate and validate
the models. It wisely includes the course of database screening
with known actives and then defining the workflow so as to
identify the known ligands as high ranking hits. Some of the
key challenges in VS are the appropriate treatment of ioniza-
tion, tautomerization of ligand and protein residues, target/
ligand flexibility, choice of force fields, solvation effects,
dielectric constants, exploration of multiple binding modes,
consideration of water molecules in proteins and, most
importantly, the approximations in the scoring functions
that lead to false-positives and miss true-hits.

Though one cannot ignore the inherent limitations of VS,
still it is one of the best options now available to explore a large
chemical space in terms of cost-effectiveness and commitment
in time and material. It allows access to a large number of
possible ligands to explore and most importantly many of
them are easily available for purchase and subsequent test.
The number of therapeutic targets that have been fully charac-
terized by crystallography is currently limited but this situation
is set to significantly change in the immediate future as struc-
tural genomics and proteomics initiatives begin to yield fruitful
results. With the development of new docking methodologies,
ligand-based screening techniques and machine learning tools,
VS techniques are capable of predicting better hit rates. VS
methodologies will play front runner role in drug design in a
near future either as a complementary approach to HTS or as
standalone approach. In the opinion of the present authors,
the technologies are there and they just need to be employed
in right way and in right direction to identify novel new chem-
ical entities with the scientific utilization of the VS techniques.
In consequence, the newer, safer and effective drug innovation
will be a matter of time and dedicated research continues
keeping our hope for blockbuster drugs alive.
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