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Virtual Screening in Modern Computational Chemistry

Virtual screening is a firmly esta-
blished technique in computational 
drug design which has saved the 
pharmaceutical industry billions 
of dollars since its inception. The 
structure-based approach involves 
fitting potential small molecules to a 
protein target, to generate predicted 
ligand-protein interaction properties 
that can significantly reduce chemical 
search space. Ligand-based virtual 
screening does not involve direct use 
of a 3D representation of the biological 
target, but instead uses known active 
compounds as a reference structure 
for screening in chemical space. With 
a multitude of approaches available to 
the end-user, we discuss the technical 
and practical considerations for 
modern virtual screening to ensure 
projects are delivered efficiently, at 
optimal cost, and the time to get a drug 
to market is as short as possible.

Hit identification in drug discovery 
presents an immense task to researchers, 
with current estimates putting total chemical 
space at over 1060 plausible compounds. 
The odds of finding active molecules against 
a particular biological target are, therefore, 
stacked against researchers, prompting the 
need for high-throughput screening stages 
in most projects. The monetary, material, 
and time waste in lab-based screening is 
enormous, which has driven widespread 
adoption of in silico techniques for early-
stage hit identification. 

Virtual Screening Increases Efficiency  
in Early-stage Drug Design
Virtual screening of compounds has 
several benefits when compared to lab-
based approaches. Firstly, there are 
enormous gains in speed. Unlike lab-
based approaches, virtual techniques 
do not require the purchase of chemical 
compounds, and do not need to be 
physically loaded into laboratory apparatus 
prior to screening. A computational chemist 
only needs access to chemical structure 
databases, which are readily available in 
the modern era. There is also far less waste 
generated by computational approaches. 

Most compounds purchased for lab-based 
screening do not yield a hit, thereby wasting 
the chemical material and time investment 
in running the experiment, as well as 
incurring unnecessary environmental 
impact. In virtual screening however, waste 
is minimised, because the process can be 
heavily automated, and the only cost is 
computing time. In addition to speed and 
efficiency gains, in silico screening makes it 
possible to consider millions of compounds 
in a matter of hours, which is orders of 
magnitude higher than can be achieved in 
a lab-based screen. Virtual screening can, 
therefore, explore chemical space much 
more widely than lab-based wet screening 
setups, meaning that more hits can be 
identified in a given timeframe. 

Outsourcing Virtual Screening Enables 
Access to Specialised Knowledge without 
Incurring Overheads
Virtual screening can have significant 
implications for the success of drug 
discovery projects, which is why expert 
knowledge is needed to maximise hit rates. 
The demand for this specialised expertise 
has led to the formation of Contract 
Research Organisations (CROs), focussed 
on providing outsourced computational 
modelling for early-stage drug design. 
The benefit of this kind of working model 
is that drug discovery organisations can 
very quickly access specialised knowledge 
centres at different stages of the project, 
without incurring the initial overheads 
of hiring experts internally. This kind of 
model has become popular and has driven 
development of computational tools for 
collaboration between project stakeholders, 
specifically tailored to aid the collaborative 

Figure 1. Virtual screening server platforms can search millions of potential actives in a matter of hours.

Design-Make-Test-Analyse (DMTA) chemical 
design workflow.

In silico Virtual Screening Increasingly 
Performed by Non-computational Chemists
Computational chemistry is often perceived 
as being extremely challenging because it 
involves mastery of concepts from both 
physical and computational sciences, which 
are often less familiar to lab scientists, 
introducing a barrier to their widespread 
use. Though collaboration with CROs makes 
this specialist knowledge immediately 
accessible, there is benefit in medicinal 
chemists adopting in silico techniques as 
part of their standard workflows. Recent 
years have, therefore, seen a focus on the 
development of scientific software which 
emphasises user friendliness and the ability 
to be used ‘out-of-the-box’, meaning that 
virtual screening is becoming increasingly 
performed by non-computational chemists. 
Despite advances in the usability of 
computational modelling software packages, 
however, a good theoretical understanding 
of in silico methods remains essential 
in maximising the practical benefits of 
computational chemistry. As we discuss 
some of the key concepts from structure and 
ligand-based drug design in the following 
paragraphs, it should be emphasised that 
neither structure nor ligand-based screening 
is superior; they are often regarded as 
orthogonal/complementary techniques, 
providing value in different scenarios.  

3D Structure Fundamental  
to Virtual Screening
Structure-based virtual screening involves 
computer simulation of the interactions 
between a known biological target and 
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one-or-more ligand(s). To begin, structural 
representations of ligands and 3D biological 
targets must be obtained from chemical 
or biological database(s), such as the 
protein data bank (PDB). Structures from 
the PDB have usually been obtained from 
experimental techniques such as protein 
X-ray crystallography or cryogenic electron 
microscopy. In cases where a protein 
structure is not available, homology 
modelling techniques can be used to 
improvise a protein structure if sequence 
information for the unknown target is 
available.

Though protein structure determination 
represents cutting edge science, there are 
several important limitations of these 
methods when using an experimental 
structure for computational modelling. One 
of these considerations is that proteins are 
active in solution, where their structural 
and behavioural characteristics may be 
very different from the solid state which 
is typically used for protein structure 
determination. The structure of the protein, 
therefore, requires intensive manipulation 
before it can be used reliably. There are tools 
that can automate protein preparation and 
are incorporated into premium structure-
based screening software packages. 
However, due to the enormous complexity 
of proteins and the extreme sensitivity of 
structure-based virtual screening, some 
manual structural manipulation is usually 
required. 

3D structure is fundamental to virtual 
screening because biological activity is 
almost always attributable to specific 3D 
interactions, such as in a protein active 
site. Ligand-protein binding occurs when 

Figure 2. Computational chemistry tools can represent the binding contacts between a protein active site and an inhibitor.

Figure 3. Docking ligands into a protein active site can easily be performed using computational chemistry software 
packages. The protein is shown here with a hydrophobic surface.

an arrangement of chemical groups in 3D 
space (pharmacophore) matches the 3D 
arrangement of complementary chemistries 
in the biological target. Accordingly, the 
success of structure-based virtual screening 
can be critically dependant on the quality of 
3D representation for the protein.

Optimising Ligand Pose with docking in 
Structure-based Virtual Screening
Docking is a widely adopted method for 
structure-based virtual screening, where 
each ligand is placed into the biological 
target, e.g., a protein active site, and its 
structure adjusted to optimise binding 
contacts. A ‘docking score’ is then calculated, 
typically using an atomistic potential energy 
method to predict binding properties 
between the ligand with the protein. A 
new orientation of the ligand is then tried, 
and the score is recalculated at the new 

orientation, and so on. Each orientation is 
referred to as a pose, and the ligand pose 
is optimised with respect to the pseudo 
energy function using a global optimisation 
method, such as a genetic algorithm. 

Following the experiment, ligands that 
have high scoring poses can be regarded 
as having better theoretical potential for 
binding to the protein than ligands that 
have lower scoring poses. High scoring 
ligands are, therefore, hit candidates in 
structure-based virtual screening.

Though structure-based screening 
is extremely powerful, there are some 
limitations on its use. Firstly, a reliable 
protein structure is required. Proteins 
can be extremely difficult to isolate and 
characterise, therefore, it is quite common 
for drug discovery projects to start without 
a protein structure, meaning that structure-
based virtual screening cannot be employed.

Another limitation of structure-based 
methods is that due to the extreme 
complexity of ligand-protein binding, 
many approximations must be made in 
docking algorithms to enable reasonably 
fast compute times. This adversely affects 
accuracy, meaning that state-of-the-art 
docking scores can give an estimation of the 
ligand-protein binding physics, but cannot be 
strongly correlated with biological activity. 
Lastly, given that structure-based methods 
require full atomistic representation of the 
biological target, calculations can be very 
intensive. This means that structure-based 
screening of many millions of chemical 
compounds is only plausible with access 
to significant high-powered computing, 
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Figure 4. The electrostatics between a ligand and a protein can be calculated following a docking calculation and 
visualised using computational chemistry software packages, to help the prioritisation of the hits.

Figure 5. Partial bioisosteric replacement experiment imidazopyridine group in 1OIT cyclin-dependant kinase inhibitor 
compound. Results of a partial bioisosteric replacement experiment are shown overlayed on the reference, with electrostatic 

and hydrophobic interaction positions shown as points of molecular interaction.

which reduces the accessibility of the virtual 
screening method to those with sufficient 
resources.

Ligand-based Virtual Screening Using 
Molecular Similarity
Ligand-based virtual screening offers an 
alternative approach for computational hit 
identification. In ligand-based screening, 
knowledge of the biological target is 
not required. Here, only a known active 
ligand is required, which is referred to 
as the ‘query’ compound. Ligands from a 
chemical database are then compared to the 
reference structure, to try and find hits which 
are similar (according to a certain metric or 
score) to the query ligand, and accordingly 
have a higher likelihood of being active at 
the target of interest. The assumption here 
is that molecules that are ‘similar’ should 
have similar biological activity. 

Different methods use different defi-
nitions of similarity, from computing 
similarity in terms of the molecular graph 
(using fingerprints or the like), to using 3D 
properties such as shape and electrostatics. 
As protein-ligand binding is a 3D interaction, 
the expectation is that 3D metrics can 
capture more interesting details of molecular 
similarity and hence are attractive despite 
their increased computational cost.

Descriptors based on molecular inter-
action points, which are a simplified model 
of the molecular interaction potential, 
have been shown as extremely effective 
for quantifying molecular similarity. The 3D 
arrangement of certain modes of interaction, 
e.g., regions of positive and negative 
electrostatics, and regions of hydrophobicity, 

are used to quantify molecular similarity, 
rather than molecular structure. This 
approach focusses on the important 
physical properties that contribute to ligand 
binding with the biological target and can 
generate high scoring molecules even if the 
molecular structure is very different. This 
facilitates identification of analogues with 
very different chemistries to the reference.

Ligand-based virtual screening with an 
effective similarity descriptor allows for 
very rapid exploration of many millions 
of chemical compounds, at a much lower 
computational cost than equivalent 
structure-based approaches. The technique 
may be further divided into two categories. 
The first is screening whole molecules, which 
aims to identify novel active compound 
analogues, with similar electrostatics 

to the reference. The other approach 
involves screening for partial bioisosteric 
replacement, where only part of the refence 
molecule is searched against a database of 
fragments. 

Often, bioisosteric replacement of just a 
small portion of a molecule can enhance the 
binding properties of the ligand with respect 
to the biological target. This approach 
often allows for significant gains in ligand 
chemistry during the screening experiment, 
while incurring a lower computational cost 
than full molecule screening, making it 
an attractive option for high-throughput 
workflows.

Establishing Virtual Screening as a 
Widespread Solution
Despite significant efforts to improve the 
accessibility of virtual screening in recent 
years, computational chemistry can never 
be recommended for use as a ‘black box’, 
meaning that the user will always need 
some theoretical knowledge to make 
informed decisions about the computational 
experiment. Though this may be daunting 
for some life scientists, this is paralleled 
by prior knowledge required to run an NMR 
experiment or a Suzuki cross-coupling 
reaction. There is, therefore, a lower limit 
on how far computational methods can be 
simplified to aid accessibility before the 
integrity of the experiment is compromised. 

However, it is the job of scientific 
software developers and product managers 
to increase the usability of computational 
chemistry tools, such that barriers for 
new users are minimised. Computational 
chemistry has long been the domain of 
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expert computer users, who interact with 
complex codes using nothing more than 
a black-and-white computer terminal. 
Development of easy-to-use graphical 
user interfaces along with extensive user 
training and support is slowly changing this 
perception, with computational chemistry 
tools now resembling everyday computer 
applications. 

Despite the availability of open-source 
software, premium software products 
encourage user confidence, offering an 
intuitive experience so that a wide range 
of scientific staff can perform in silico virtual 
screening experiments, without needing 
an extensive computational chemistry 
background. With premium software 
products, the user feels that they are making 
informed decisions on the computational 
experiment, and, therefore, confident that 
they are gaining excellent scientific insight. 
This maximises return on investment for 
any organisation investing in premium  
in silico computational chemistry tools, and 

ultimately improves efficiency of chemical 
discovery workflows globally.  

Conclusion
Virtual screening offers significant improve-
ments for hit identification by increasing 
time efficiency and cost effectiveness during 
the initial stages of a drug development 
project, compared to lab-based high-
throughput screening. Virtual screening can 
be categorised as either structure-based or 
ligand-based.

In the structure-based approach, know-
ledge of the biological target is required 
such that prospective drug candidates 
can be screened against the receptor for 
their binding physics. In the ligand-based 
approach, knowledge of the biological target 
is not required and instead, compounds 
are assessed in terms of their similarity 
to a reference compound that is known 
to be active. Similarity can be effectively 
assessed using a molecular descriptor that 
is not based on 2D molecular structure, but 
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is instead a simplified interaction model 
of the ligand electrostatics and hydro-
phobics.

Virtual screening techniques are already 
widely adopted by computational chemists 
in modern drug discovery, but there are 
several benefits to increasing accessibility 
of virtual screening software such that drug 
discovery scientists with a wider range of 
backgrounds feel confident employing the 
techniques. Premium software solutions 
on the market today offer easy-to-use 
interfaces, such that the barrier to using 
virtual screening techniques for non-
computational chemists is significantly 
reduced.

In cases where expert use is still required, 
outsourcing to specialist computational 
chemistry CROs remains a popular choice.
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