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ABSTRACT: The drug discovery process is a
rocky path that is full of challenges, with the result
that very few candidates progress from hit
compound to a commercially available product,
often due to factors, such as poor binding affinity,
off-target effects, or physicochemical properties,
such as solubility or stability. This process is
further complicated by high research and
development costs and time requirements. It is thus
important to optimize every step of the process in
order to maximize the chances of success. As a
result of the recent advancements in computer
power and technology, computer-aided drug design
(CADD) has become an integral part of modern
drug discovery to guide and accelerate the process.
Computer-aided drug discovery techniques reduce
the time and the costs needed to develop novel
drugs. Their relevance becomes more and more
evident with the needs due to health emergencies as
well as to the diffusion of personalized medicine.
Pharmacophore approaches represent one of the
most interesting tools developed, by defining the
molecular functional features needed for the
binding of a molecule to a given receptor, and then
directing the virtual screening of large collections
of compounds for the selection of optimal
candidates. Computational tools to create the
pharmacophore model and to perform virtual
screening are available and generated successful
studies. This article describes the procedure of
pharmacophore modelling followed by virtual
screening, the most used software, possible
limitations of the approach, and some applications
reported in the literature.

KEYWORDS: structure-based pharmacophore
modeling; ligand-based pharmacophore modeling;
virtual screening; drug discovery; bioinformatics;
computational biology.

l. INTRODUCTION:

The concept of pharmacophore was first
introduced in 1909 by Ehrlich[1],who defined the
pharmacophore as ‘a molecular framework that
carries (phoros) the essential features responsible
for a drug's (pharmacon) biological activity’. After
a century's development, the basic pharmacophore
concept still remains unchanged, but its intentional
meaning and application range have been expanded
considerably. According to the very recent
definition by IUPAC [2]Computer-Aided Drug
Discovery  (CADD) investigates  molecular
properties to develop novel therapeutic solutions by
way of computational tools and data resources. In
its broadest meaning, itincludes computational
approaches for designing or selecting compounds
as potential candidates before they are synthesized
and tested for their biological activity[3].
Bioinformatics and computational tools offer an in
silico approach to reducing costs and times, i.e., the
factors that influence the progress of the research
and, in the specific field of drug development, limit
the possibilities of fighting more pathologies. To
date, in vitro screening is expensive and time-
consuming, and  alternatives are  highly
desirable.Virtual Screening (VS) is a CADD
method that involves in silico screening of a library
of chemical compounds, to identify those that are
most likely to bind to a specific target [4].

Pharmacophoric modelling is based on the
theory  that having common  chemical
functionalities, and maintaining a similar spatial
arrangement, leads to biological activity on the
same target. The chemical characteristics of a
molecule capable of creating interactions with its
ligand are represented in the pharmacophoric
model as geometric entities such as spheres, planes
and vectors.
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Table 1: Programs and servers used in pharmacophore modeling

Program/Server

Brief Description

CATALYST-HipHop (3)

CATALYST is now part of the BIOVIA Discovery Studio. It
consists of algorithms used in pharmacophore generation: HipHop
and HypoGen. HipHop gives the alignment of active ligands against
a specific target and finds the three dimensional arrangements of
common features by overlapping various structures.

Pharma(Gist (6) It is a freely accessible server used in ligand-based pharmacophore
generation. This web server detects pharmacophores via multiple
flexible alignments of the input molecules.

Pharmer (7) It 15 a pharmacophore method that makes searching based on the

width and complexity of the query instead of the molecular library
screened. It 1s a very fast method and its source code is available
under an open-source license.

LigandScout (§)

Though it is possible to perform both structure-based and ligand
based phamacophore modeling with LigandScout, it 1s among the
first programs specialized in structure-based pharmacophore
modeling. Especially, if the structure of the target protein is present
in its ligand bound state, LigandScout is widely used.

GALAHAD (9)

The program uses modified genetic algorithm and fixes certain
shortcomings of the GASP program and thus increases its
performance. It increases the computational speed by using prebuilt
structures as a starting point.

PRINCIPLES OF

PHARMACOPHORE

size restrictions in the form of a shape or exclusion

MODELING:

Pharmacophore is a pattern of features
responsible for the biological activity of a
compound. This shows that the concept of
pharmacophore is more of about features than
chemical groups. Each atom or group of a
compound that shows features associated with
molecular recognition can be converted into a
pharmacophore pattern[10,11].

The most important pharmacophoric
feature types are: hydrogen bond acceptors
(HBAs); hydrogen bond donors (HBDs);

hydrophobic areas (H); positively and negatively
ionizable groups (PI/NI); aromatic groups (AR);
and metal coordinating areas (Figure 1). Additional

volumes (XVOL)—forbidden areas—can be added
to represent the size and the shape of the binding
pocket. Since the models themselves do not focus
on actual atoms, but on chemical functionalities,
they are good tools in recognizing similarities
between molecules. Pharmacophore activity is
independent of the scaffold, and this explains why
similar biological events can be triggered by
chemically divergent molecules. The use of these
models as a query allows performing searches in
the large libraries of compounds made available on
the computational platform in order to select
molecules of interest for the next vs. or in the
chemo-informatics field [12].
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PHARMACOPHORIC
FEATURES

Figure 1. Pharmacophoric features. Main pharmacophoric feature types are represented by geometric entities
and include: 1—hydrogen bond acceptor (HBA), 2—hydrogen bond donor (HBD), 3—negative ionizable (NI),
4—positive ionizable (Pl), 5—hydrophobic (H), 6—aromatic (AR), 7—exclusion volume (XVVOL).[13]

Pharmacophore models can be generated
using two different approaches depending on the
input data employed for model construction, which
are, namely, “structure-based” and “ligand-based”
pharmacophore modelling. The structure-based
approach uses the structural information of the
target proteins like enzymes or receptors, to
identify compounds that can potentially be used as
a drug. On the other hand, the ligand-based
approach consists of the development of 3D

' Structure basedrf

Pharmacophore

pharmacophore models and modelling quantitative
structure-activity ~ relationship ~ (QSAR)  or
quantitative structure-property relationship (QSPR),
using only the physicochemical properties of
known ligand molecules for drug development. The
choice of the best approach to use depends on
several factors such as data availability, data
quality, computational resources and also the
intended use of thegenerated pharmacophore
models.

"' I;irgandrbased ]

! . d
Y

7

Virtual screening ] QsiA}V

| Denovo ligand design

Optimised drug like molecule

DOI: 10.35629/4494-0906669677

Impact Factor value 7.429 | 1SO 9001: 2008 Certified Journal Page 671



International Journal of Pharmaceutical Research and Applications

UPRA Journal

) Volume 9, Issue 6 Nov - Dec 2024, pp: 669-677 www.ijprajournal.com

Structure-Based Modeling of Pharmacophores
The three-dimensional structure of a
macromolecule target is a necessary precondition
for creating a structure-based pharmacophore,
which is how the structure-based method got its
name. A protein's three-dimensional structure
offers important details at the atomic level, which
can be highly helpful in the development or
discovery of novel medications. As explained
above, a pharmacophore is an abstract image that
displays the stereo-electronic characteristics that,
when combined with the protein target's 3D
structure in either its holo or apo form, render a
ligand bioactive toward a particular target.
Generally, the structure-based approachincludes the
following steps: ligand binding prediction,
identification, or protein production.[14]
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The 3D structure of the target or the
ligand—target complex is the required starting point
of this methodology. The RCSB Protein Data Bank
(PDB) [www.rcsb.org] (accessed on 20 May 2022)
includes thousands of protein structures at high
resolution alone or in the presence of a bound
ligand, mainly solved by X-ray crystallography or
NMR spectroscopy. In case experimental structural
data are lacking, computational techniques such as
homology modelling may be an alternative strategy
to retrieve a 3D model and machine learning-based
methods are successfully applied to retrieve protein
structures, a powerful example is ALPHAFOLD?2.
[15,16] Molecular docking is another method to
study in silico the interaction of a known active
compound towards a specific receptor and derive
protein-ligand complexes from the most favorable
binding poses [17].
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Figure 2:3D Structure based pharmacophore modeling.[18]

Since the goal of the structure-based
method is to generate a pharmacophore model from
the interactions between an active molecule (the
ligand) and its protein target (enzyme or receptor),
the characterization of the ligand-binding site can
be used to derive a map of interaction and to build
accordingly one or more pharmacophore
hypotheses describing the type and the spatial
arrangement of the chemical features required for a
ligand to interact with the residues of the binding
region. Initially, many features are detected with
this approach and therefore only those that are
essential for ligand bioactivity should be selected
and incorporated into the final model to have a
more reliable and selective pharmacophore
hypothesis. This operation can be accomplished in

different ways, such as removing features that do
not strongly contribute to the energy binding,
identifying the most conserved interaction if
multiple  protein-ligands  structures  exist,
preserving residue with key functions from
sequence alignments or variation analysis, and
incorporating spatial constraints from the receptor
information[19,20].

Ligand-based pharmacophore modeling:
Ligand-based pharmacophore modeling
has become a key computational strategy for
facilitating drug discovery in the absence of a
macromolecular target structure. It is usually
carried out by extracting common chemical
features from 3D structures of a set of known
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ligands representative of essential interactions
between the ligands and a specific macromolecular
target. In general, pharmacophore generation from
multiple ligands (usually called training set
compounds) involves two main steps:creating the
conformational space for each ligand in the training
set to represent conformational flexibility of
ligands, and aligning the multiple ligands in the

Ligand 1

Ligand 2

training set and determining the essential common
chemical features to construct pharmacophore
models. Handling conformational flexibility of
ligands and conducting molecular alignment
represent the key techniques and also the main
difficulties in  ligand-based  pharmacophore
modeling[21].
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.
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Fig. Ligand-based pharmacophore modeling.

Despite the great advances, several key
challenges in  ligandbased  pharmacophore
modeling still exist. The first challenging problem
is the modeling of ligand flexibility. Currently, two
strategies have been used to deal with this problem:
the first is the pre-enumerating method, in which
multiple conformations for each molecule are
precomputed and saved in a database.The second is
the on-the-fly method, in which the conformation
analysis is carried out in the pharmacophore
modeling process [22].

The first approach has the advantage of
lower computing cost for conducting molecular
alignment at the expense of a possible need for a
mass storage capacity. The second approach does
not need mass storage but might need higher CPU
time for conducting rigorous optimization. It has
been demonstrated that the preenumerating method
outperforms the on-the-fly calculation approach
[23].
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Fig:Pharmacophore models of cyclin-dependent kinase 2 (CDK2) inhibitors. (a) Pharmacophore models of
CDK?2 inhibitors developed using Catalyst by Hecker et al. [24], Toba et al. [25] and Vadivelan et al. [26]. (b)
The basic process for the generation of multicomplex-based comprehensive pharmacophore map of CDK2
inhibitors. The chemical features are color coded: green, hydrogen-bond acceptor; magenta, hydrogen-bond
donor; light blue, hydrophobic feature; orange, aromatic ring.

Virtual screening based pharmacophore
modelling:

Once a pharmacophore model is generated
by either the ligandbased or the structure-based
approach, it can be used for querying the 3D
chemical database to search for potential ligands,
which is so-called ‘pharmacophore-based virtual
screening’ (VS). Pharmacophore-based VS and
docking-based VS represent the mainstream of VS
tools at the present time. In contrast to its
counterpart, the docking-based VS method,
pharmacophore-based VS reduces the problems
arising from inadequate consideration of protein
flexibility or the use of insufficiently designed or
optimized scoring functions by introducing a
tolerance radius for each pharmacophoric feature.
In the pharmacophore-based VS approach, a
pharmacophore hypothesis is taken as a template.
The purpose of screening is actually to find such
molecules (hits) that have chemical features similar
to those of the template. Some of these hits might
be similar to known active compounds, but some
others might be entirely novel in scaffold. The
searching for compounds with different scaffolds,
while sharing a biological activity is usually called
‘scaffold hopping’ [27].The screening process
involves two key techniques and difficulties:

handling the conformational flexibility of small
molecules and pharmacophore pattern
identification. The strategies for handling the
flexibility of small molecules in pharmacophore-
based VS are very similar to those used in
pharmacophore modeling. Again, the flexibility of
small molecules is handled by either pre-
enumerating multiple conformations for each
molecule in the database or conformational
sampling at search time. Pharmacophore pattern
identification,  usually  called  ‘substructure
searching’, is actually to check whether a query
pharmacophore is present in a given conformer of a
molecule. The frequently used approaches for
substructure searching are based on graph theory,
which include Ullmann [28], the backtracking
algorithm [29], and the GMA algorithm [30].
Pharmacophore-based VS can be very time-
consuming, especially in cases of screening large
chemical databases with flexible molecules, which
is currently a key challenge in pharmacophore
based VS. A commonly used method to speed up
the screening process is the multilevel searching
approach [31]. In this approach, a series of
screening filters are applied to the molecules in an
increasing order of complexity so that the first
filters are fast and simple, whereas successive ones
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are more time-consuming but are applied only to a
small subset of the entire database.

De-novo based Pharmacophore modelling:

Besides the pharmacophore-based VS
described above, another application of
pharmacophore is de novo design of ligands. The
compounds obtained from pharmacophore-based
VS are usually existing chemicals, which might be
patent protected. In contrast to pharmacophore-
based VS, the de novo design approach can be used
to create completely novel candidate structures that
conform to the requirements of a given
pharmacophore. The first pharmacophore-based de
novo design program is NEWLEAD [32], which
uses as input a set of disconnected molecular
fragments that are consistent with a pharmacophore
model, and the selected sets of disconnected
pharmacophore  fragments are  subsequently
connected by using linkers (such as atoms, chains
or ring moieties). Actually, NEWLEAD can only
handle the cases in which the pharmacophore
features are concrete functional groups (not abstract
chemical features). Other shortcomings of the
NEWLEAD program include that the sterically
forbidden region of the binding site is not
considered and that, as in traditional de novo
design programs, the compounds created by the
NEWLEAD program might be difficult to
chemically synthesize. Other programs such as
LUDI4 and BUILDER [33] can also be used to
combine identification  of  structure-based
pharmacophore with de novo design. They,
however, need the knowledge of 3D structures of
the macromolecular targets. To overcome
drawbacks of the current pharmacophore-based de
novo design software, we have developed a new
program, PhDD (a pharmacophore-based de novo
design method of drug-like molecules) [34]. PhDD
can automatically generate drug-like molecules that
satisfy the requirements of an input pharmacophore
hypothesis. The pharmacophore used in PhDD can
be composed of a set of abstract chemical features
and excluded volumes that are the sterically
forbidden region of the binding site. PhDD first
generates a set of new molecules that completely
conform to the requirements of the given
pharmacophore model[35].

Il.  CONCLUSION:
Pharmacophore is a pattern of features

responsible for the biological activity of a molecule.

There are various programs used in the generation
of pharmacophore models. The pharmacophore

models developed are used to identify new
molecules that satisfy the pharmacophore
requirements and thus expected to be biologically
active.Pharmacophore approaches have evolved to
be one of the most successful concepts in medicinal
chemistry through the collective efforts of many
researchers in the past century. In particular,
considerable  progress  of  pharmacophore
technology in the past two decades has made
pharmacophore approaches one of the main tools in
drug discovery. Despite the advances in key
techniques of pharmacophore modeling, there is
still room for further improvement to derive more
accurate and optimal pharmacophore models,
which include better handling of ligand flexibility,
more efficient molecular alignment algorithms and
more accurate model optimization. Lower
efficiency (computational time cost) and poor
effect (lower hit rate) of pharmacophore-based VS
seriously ~ obstructs  the  applications  of
pharmacophore in drug discovery. The former,
however, will be further reduced and diminished by
the increasing capacity and reducing cost of
computer hardware. ‘Synergistic’ combination of
pharmacophore method and other molecular
modeling approaches such as docking is a good
strategy to further improve the effect.
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