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Abstract: Structure-based pharmacophore approaches have become widely used in drug
discovery and design. This can be attributed to the development of new tools and methods over
the past decade. Various tools based on different premises have been developed, including active
site information in traditional pharmacophores. These tools have been widely used in virtual
screening, de novo design, and lead optimization and been proven to be highly successful.
Studies based on simultaneous use of structure-based pharmacophores, ligand-based phar-
macophores, and docking have also come into the picture recently. Here, the development of
structure-based pharmacophores as an alternative to traditional drug discovery approaches is
discussed, with emphasis on the advances and latest developments in tools and success stories
involving their application.

Keywords: structure-based pharmacophore, LigandScout, pocket, DS Catalyst SBP, Shape4,
docking, virtual screening

Introduction

The International Union of Pure and Applied Chemistry defines a pharmacophore as “an
ensemble of steric and electronic features that is necessary to ensure optimal supramo-
lecular interactions with a specific biological target structure and to trigger (or block)
its biological response”.'? Put simply, “a pharmacophore is a two-dimensional or three
dimensional arrangement of chemical features essential for biological activity”. Over
the years, pharmacophores have contributed a great deal in drug discovery efforts.>*
They have been predominantly considered as a tool for ligand-based drug design
where the structure of the receptor is not available.’ However, pharmacophores have
also been used as low-resolution models for off-target effects in a structure-based
design project, albeit to lesser extent.®® Their use as structure-based tools has been
steadily increasing over the years (Figure 1).

Generally speaking, pharmacophores can be classified into two categories based
on the method used to obtain them (Figure 2). The first category consists of mod-
els obtained by probing possible interaction points between the target and ligands.
Such pharmacophores are broadly referred to as structure-based pharmacophores.
Structure-based pharmacophores can themselves be obtained using two different
approaches, ie, by using a complex structure of ligand and target where the three-
dimensional structure of the target is available along with a certain number of ligands
or by using only the three-dimensional structure of the target if the ligands for the said
target are not available. The former approach involves generation of feature-based
pharmacophores using H-bond formation, charge, and hydrophobic contact between
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Figure | Graphic representation of results obtained by searching PubMed using a
keyword structure-based pharmacophore.

ligand and receptor atoms. Further refinement of the model
is performed by combining several models or by using bind-
ing data.” The latter approach is sometimes referred to as
a macromolecular approach and involves determination of
possible interaction points in the active site. The main chal-
lenge faced in this approach is the numerous interaction
points, which make the corresponding pharmacophore very
complex. However, solutions to this problem are available,
the most frequent being clustering of interaction point infor-
mation to reduce the number of points and then derivation
of a pharmacophore.!™!? The second category of pharma-
cophores is derived purely using the structures and binding
data of ligands without considering the three-dimensional
structure of receptors. Using this approach, pharmacophores
are obtained by superposing a set of active molecules and
extracting common chemical features that are essential for
their bioactivity. Such pharmacophores are known as ligand-
based pharmacophores.**

A survey of the literature reveals that pharmacophores
has mostly been used as a ligand-based drug design tool
whereby the three-dimensional structure of the receptor is
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Figure 2 Classification of pharmacophore development methods.

not normally considered."* ' The models thus fail to provide
the detailed structural information required during lead
optimization. Moreover, ligand-based pharmacophore tools,
when used for virtual screening, ignore the intricate details of
the binding site shape as well as interaction sites, and focus
only on the key pharmacophore elements of the ligands as
the query.'”'® Thus, screening based on conventional ligand-
based pharmacophores give many false positives. Ligand-
based pharmacophore modeling tools conventionally start
with the diverse conformation generation step. Although this
step has performed well in various applications, many studies
have revealed that the energy of the biological conformer of
a particular compound is usually well above its local energy
minimum.'?° Induced-fit theory also explains that a molecule
should rearrange itself to fit into the active site of the pro-
tein, and energy spent on rearrangement is compensated by
protein-ligand binding.?!>> Therefore, no protocol including
energy minimization could assure the prediction of the bio-
logical conformation of small molecules. This further limits
the applicability of ligand-based pharmacophores.

On the other hand, docking (a frequently used structure-
based drug design approach) when used as a tool for screen-
ing also poses serious limitations, the major one being the
fact that its use is highly target-dependent.?*?* Despite the
framing of some general rules, it is still very difficult to know
in advance which combination of docking program and scor-
ing function will give optimal results for a particular target,
and as such, it is normal practice to try in consensus a few
docking/scoring combinations to identify the most suitable
in each case.”? This makes the process slow, subjective,
and less suitable for screening experiments.

Three-dimensional structure-based pharmacophores
address the limitations of both ligand-based pharmacophores
as well as docking. Since three-dimensional pharmacophore
parameterization is not target-dependent, it handles target
flexibility quite well, so is not computationally expensive. It is
based on interaction residues and the shape of active sites, so
overcomes the limitations of conventional pharmacophores.
Many studies clearly demonstrate that inclusion of three-
dimensional structural information on the receptor in the phar-
macophore greatly improves its quality, especially in cases
where it is used for in silico screening experiments.>?’-%

This review is an attempt to present a structure-based
pharmacophore approach as an alternative to traditional
computational drug design strategies like ligand-based
pharmacophores and docking-based methods. Emphasis is
placed on applications of structure-based pharmacophores
in virtual screening based on recent publications. The paper
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is divided into two parts, the first elaborating the tools
available for obtaining structure-based pharmacophores, and
the second including an exhaustive discussion of successful
application of structure-based pharmacophores from the
published literature.

Structure-based pharmacophore

approach: tools

As discussed in the previous section, structure-based pharma-
cophore modeling works directly with the three-dimensional
structure of a macromolecular target or a macromolecule-
ligand complex. The general protocol of structure-based
pharmacophore modeling involves analysis of the comple-
mentary chemical features of the active site and their spatial
relationships, and a subsequent assembling of selected fea-
tures to obtain a pharmacophore. Structure-based pharma-
cophore modeling methods can be further classified into two
subcategories, ie, macromolecule-ligand-complex-based and
macromolecule (without ligand)-based. The macromolecule-
ligand-complex-based approach is specialized to detect the
ligand-binding site of the macromolecular target and deter-
mining the key interaction points between ligands.

When the three-dimensional structure of the binding
site (target) is available along with a certain number of
ligands, various programs are available for structure-based
pharmacophore modeling; of these, Catalyst (Accelrys,
Inc., San Diego, CA, USA)*® and Ligand Scout (Inte:Ligand
GmbH, Vienna, Austria)®! are the most widely used,

Table | Overview of tools available for structure-based pharma-
cophore modeling

Name of tool Modes Virtual Studies
screening reported in
capability PubMed (n)
LigandScout® Ligand-target complex- Yes <20
based
DS Catalyst® Ligand-target complex/ Yes >20
target structure-based
e-Pharmacophore® Ligand-target complex- Yes <I5
based
Shape4¢ Target structure-based No 2
Pocket v.2¢ Ligand-target complex- No 2
based
Snooker? Target structure-based No |

Notes: °Inte:Ligand GmbH, Vienna, Austria; *Accelrys, San Diego, CA, USA;
Schrodinger, LLC, New York, NY, USA; ‘Department of Pharmaceutical Sciences,
Biomanufacturing Research Institute Technology Enterprise (BRITE), North
Carolina Central University, Durham, NC, USA; cInstitute of Physical Chemistry,
Peking University, People’s Republic of China; and ‘Computational Drug Discovery
Group, CMBI, Radboud University Nijmegen, the Netherlands.

Abbreviations: DS, Discovery Studio; e-Pharmacophore, energy-optimized
Pharmacophore; v, version.

with others including energy-optimized Pharmacophore
(e-Pharmacophore; Schrodinger, LLC, New York, NY,
USA),3233 Pocket version 2 (Pocket v.2; Institute of Physical
Chemistry, Peking University, People’s Republic of China),’
and Snooker (Computational Drug Discovery Group, CMBI,
Radboud University Nijmegen, the Netherlands).** Herein,
the technical details of these tools are discussed, along with
their applicability and limitations in structure-based pharma-
cophore modeling. The methods of pharmacophore valida-
tion are almost the same for all tools, and include decoy set
screening and receiver operating characteristic curves. An
overview of these tools is shown in Table 1.

LigandScout
The LigandScout® (Inte:Ligand GmbH) enables users to
automatically derive a feature-based pharmacophore model
from a ligand-target complex structure.*>” The ligand may
be cocrystallized or docked with the target. In this program,
the first step is ligand perception, which involves the assign-
ment of ligand information on hybridization status and bond
characteristics that is not present in the input data files from
the Protein Data Bank. This is achieved by using an extended
heuristic approach together with template-based numeric
analysis. Ligand perception and interpretation are performed in
two steps: the perception and correction of probable molecular
topology along with ring perception; and the interpretation and
subsequent assignment of hybridization states and bond types
from (often ambiguous) geometric information. Feature-based
pharmacophores are then generated by determining interac-
tions between ligand and target atoms on the basis of H-bond
formation, charge, and hydrophobic contact.*® These models
can then be refined according to binding data or several models
can be combined into one common feature pharmacophore.
LigandScout enables the user to undertake virtual screening
within the program, eliminating the need to export results to
other programs. However, the program also allows export of
the pharmacophores into common pharmacophore format files,
which can be directly imported into standard software packages.
One of the positive features of LigandScout which hitherto
has not been highlighted is the ease with which it can be used
to derive a structure-based pharmacophore. This is especially
important for new users because the whole process involves
a few mouse clicks, this despite it being a very powerful tool.
Despite having many useful features, LigandScout suffers from
a major limitation, ie, it is not applicable in situations where
only the target structure is known, ie, no ligand structures are
available.?® Thus, it can be said that LigandScout is not a true
structure-based pharmacophore development program.
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The catalyst structure-based pharmacophore implemented in
Discovery Studio® (DS Catalyst SBP; Accelrys, San Diego,
CA, USA)¥ is the most widely used tool for structure-based
pharmacophore development, along with LigandScout.***
The first step in DS Catalyst SBP involves generation of
interaction maps using LUDI!" (a program for de novo ligand
design). In the next step, DS Catalyst SBP converts interac-
tion maps obtained by using LUDI into Catalyst*® pharma-
cophoric features, ie, an H-bond acceptor, an H-bond donor,
and a hydrophobe within the protein binding site.

The interaction maps can be obtained either using the
target structure or the ligand-target complex structure. This
enables DS Catalyst SBP to obtain structure-based pharma-
cophores from either a ligand-target complex structure or from
a target structure (with no bound ligand).* Another important
feature of DS Catalyst SBP is that the protein structure phar-
macophore features can be integrated directly with ligand
features to create a complete model of the features critical for
binding.* The ability to integrate protein and ligand data can
be especially powerful when complete protein structures are
not available, as is the case for many kinases. Furthermore, it is
also possible to add excluded volumes observed from protein
structures or derived from ligand data to better correlate the
model with the steric constraints imposed by the target.

As far as virtual screening is concerned, Discovery Studio
has its own screening module that can be used without the
need to export data to other programs. The ability to edit and
cluster LUDI interactive maps of the target active site using
receptor knowledge to retain only the information essential
for virtual screening also helps in virtual screening.

The main limitation of the DS Catalyst SBP is that
interaction maps generally consist of hundreds of Catalyst
features, which means thousands of possible pharmacophoric
hypotheses, and this makes the pharmacophore-based screen-
ing of a compound library computationally expensive.*® DS
Catalyst SBP does not allow the export of pharmacophores
into common pharmacophore format files, so restricts the
import of pharmacophores to other programs. This means
that pharmacophores developed using DS Catalyst SBP can
neither be enhanced using other programs nor be used for
screening using other platforms.

e-Pharmacophore

Another tool that has attracted the attention of researchers
recently is e-Pharmacophore implemented in phase version
3.0.323 [t uses a novel methodology and is quite different from
other tools in this respect. e-Pharmacophores are structure-

based pharmacophores generated by energy optimization
of structure-based pharmacophores. They combine the
advantages of two principal computational approaches, ie,
the computational efficiency of ligand-based pharmacophore
screening and the accuracy of scoring from structure-based
docking. The methodology begins with refinement of the
ligand pose of the ligand-receptor complex and computation
of the Glide XP scoring terms. This is followed by mapping of
the energies onto atoms. The next step involves generation of
pharmacophore sites, followed by summation of the Glide XP
energies from the atoms that comprise each pharmacophore
site. Finally, the top scoring sites based on energetic ranking
are used to generate a pharmacophore hypothesis that is then
used for screening a database. The advantages of this method
for virtual screening experiments include better database
enrichments, greater diversity of retrieved actives, and faster
database screening as compared with other virtual screen-
ing approaches. The e-Pharmacophore method leverages
the strengths of both approaches to produce high enrich-
ments with good diversity of active molecules. Indeed, the
e-Pharmacophore method has been shown to retrieve a more
diverse set of actives than other structure-based pharmacoph-
ore methods, making it a potent tool for lead hopping.*’ Since
e-Pharmacophore includes an integrated screening module,
there is no need to export data to other screening programs. The
e-Pharmacophore program has been successfully applied for
structure-based pharmacophore design and virtual screening of
Mycobacterium tuberculosis 1-alanine dehydrogenase (MTB-
1-AlaDH) inhibitors,* vitamin D receptor inhibitors,* histone
deacetylase inhibitors, beta-secretase 1 inhibitors,*” and
catechol-O-methyl transferase inhibitors.*! Like LigandScout,
itis not applicable in situations where only the target structure
is available, so is not a true structure-based pharmacophore
development program. The program also lacks the option to
export pharmacophores to other programs.

Shape4
Shape4 (Department of Pharmaceutical Sciences, Biomanu-
facturing Research Institute Technology Enterprise [BRITE],
North Carolina Central University, Durham, NC, USA) is
another structure-based pharmacophore program designed to
increase the efficiency of database searching by taking into
account the topographical constraints of the target binding
site and incorporating them in the pharmacophore model.
This approach has been shown to help reduce the false posi-
tive rate.’>>

Shape4 employs computational geometry algorithms
(Delaunay tessellation/R-shape analysis) to detect the bind-
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ing site atoms and generate a negative image of the target
binding site. This negative image is first represented by a set
of spheres of different sizes. A variety of techniques can then
be applied to represent the overall surface shape of this set
of spheres. This involves various steps: the a-shape-based
program is first used to detect potential binding site (pocket)
atoms and the Delaunay tetrahedra formed by these atoms
for a given protein structure; nCast is then used to calculate
orthogonal centers defined by the vertices of the above Delau-
nay tetrahedra followed by generation of inner spheres around
each orthogonal center, with filters potentially used to exclude
the spheres that are unlikely to be useful for ligand discov-
ery. The overall shape of this collection of spheres is then
represented by Gaussian functions based on the OpenEye
SHAPE library, and the shape representation is then used
by Shape4 to query a database of molecules, the conformers
of which are pregenerated, eg, using the program Omega.
This protocol implements an efficient, basic structure-based
shape-matching method for virtual screening.>*>¢

Shape4 is a fast, effective, and intuitive tool for structure-
based pharmacophore development and virtual screening.
The main feature of the Shape4 method is its applicability in
situations where known inhibitors are not there. In addition,
the computational hits obtained in virtual screening are found
to be much more diverse than ligand-based pharmacophore
or docking-based screening methods.

The main limitation of Shape4 is the fact that it does not
take into consideration the ligand binding information at
all. Thus, it ignores crucial information of ligand receptor
interaction which may result in pharmacophores with some
important pharmacophore features missing. However, this
limitation helps in improving the diversity of hits obtained
by virtual screening because it reduces ligand bias.

Pocket v.2

Pocket v.2 is a standalone program that has been developed
based on the Pocket module in the popular de novo drug design
program LigBuilder (the Institute of Physical Chemistry).>”*
It is an automatic pharmacophore development program, ie,
it can derive a pharmacophore model directly from a given
protein-ligand complex structure without human intervention.’
This makes it similar to LigandScout and DS Catalyst SBP.
Like these programs, Pocket v.2 also reduces the key features
in the pharmacophore model to a reasonable number auto-
matically. The steps involved in pharmacophore generation by
Pocket v.2 are: binding site analysis by grid generation on the
region surrounding the ligand;*’ ¢! generation of an interaction
model from the grid to identify interaction features; deduction

of the pharmacophore model by correlating interaction features
and ligand atoms followed by clustering of features to reduce
them to a reasonable number; and identification of additional
binding features which are not essential for binding but can
improve affinity.

The usefulness of Pocket v.2 has been established by its
application to several targets, including cyclin-dependent
kinase 2 (CDK2), HIV-1 protease, the estrogen receptor, and
170-hydroxysteroid dehydrogenase.” The pharmacophores
produced by Pocket v.2 are very similar to the previously
published models in all the above-mentioned cases. One
notable feature of Pocket v.2 is that it can tolerate minor
conformational changes on the protein side upon binding
of different ligands to give a consistent pharmacophore
model. Another important feature of Pocket v.2 is its abil-
ity to give similar pharmacophore models for different
proteins that bind with the same ligand, thereby making
it possible to categorize protein molecules according to
their vital binding features. This will also be helpful for
predicting potential side effects of known compounds of
pharmaceutical importance. The program is available free
for academic users, although it lacks many features of
commercial programs, ie, it lacks a screening module and
is unable to save pharmacophores in common file formats
for export to other programs. Pocket v.2 also lacks the
ability to generate a pharmacophore when only the target
structure is available.

Snooker

Snooker is another approach which is a specifically macro-
molecule (without ligand)-based pharmacophore approach
and applicable only for the G-protein-coupled receptor class
A subfamily. The tool was designed mainly for pharmacoph-
ore modeling of G-protein-coupled receptor apoproteins.>
The modeling protocol involves the following steps: template
selection, where templates are selected from previously
available templates, custom-made homology models, future
crystal structures, or a combination thereof; a homology
model is constructed based on the alignment of the model
receptor sequence with this template; rotamer sampling,
where an o helix-specific rotamer library is used to add a
rotamer ensemble to account for possible inaccuracy of the
initial homology model; the pocket is detected by Delaunay
tessellation of the Co. atom and average side chain atom
positions; residues are scored on ligand binding probability
by multiple sequence alignment analysis;**® “interaction”
points are placed inside the pocket volume using the inter-
action geometries described in literature with densities cor-
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responding to the residue score and rotamer probability;*
pharmacophore features are then generated with a fuzzy
pharmacophore algorithm applied on the interaction points;*
and finally, ligands fulfilling all pharmacophore constraints
are aligned to the pharmacophore.®

At present, this method is suitable only for pharma-
cophore development and design of compounds targeting
the small class A subfamily of G-protein-coupled receptors.
Another limitation is that the pharmacophores obtained are
of low resolution and thus may require further refinement.
Despite the fact that Snooker is still an approach or concept
rather than a tool, it is worth mentioning that many features
of other programs must be included to make this approach a
widely applicable one.

Structure-based pharmacophore

approach: applications
This section reviews some of the selected applications of
the structure-based pharmacophore approach that have been
successfully applied for ligand design, virtual screening,
and lead discovery. The recent literature demonstrates that
the structure-based pharmacophore approach has been a
significant improvement over other structure-based methods
like docking. In the future, this would be a true alternative to
other methods, provided that some of the shortcomings are
overcome. The applications discussed in this section clearly
demonstrate that this approach is similar or better in terms of
accuracy, s, faster, is applicable to diverse targets, and is rela-
tively flexible compared with other structure-based methods.
The above advantages of the structure-based pharmacophore
are more perceptible when it is used for virtual screening.
In one of the most recent studies, which was designed
to identify new chemical entities as carbonic anhydrase
inhibitors targeting human carbonic anhydrase VII,
a structure-based pharmacophore approach was used.®’
Using LigandScout software, pharmacophore models were
built from crystal structures of two well-known carbonic
anhydrase inhibitors in complex with human carbonic
anhydrase VII. The three-dimensional structures of human
carbonic anhydrase VII bound with the well-known sul-
fonamide inhibitors, acetazolamide (3MDZ, Protein Data
Bank) and ethoxzolamide (3MLS5, Protein Data Bank), were
chosen as the input for structure-based pharmacophore gen-
eration. Two three-dimensional pharmacophore hypotheses
representing the main interactions between the enzyme and
inhibitor 1 or 2 were obtained in this manner. Later, a new
structure-based pharmacophore model was generated by
superimposing the two structure-based hypotheses and

removing the overlapped features. The model was validated
and could successfully filter the most active compounds from
a series of carbonic anhydrase inhibitors, thus having good
discriminatory power. Subsequently, a focused library of
compounds with only those compounds containing a sulfon-
amide moiety (6313) was prepared from the ZINC database.
This library was screened against the pharmacophore model.
A total of 299 compounds having high fit values were
selected, and among them, 22 of those found were already
known carbonic anhydrase inhibitors. This result indicated
a good predictive capability of the pharmacophore model.
The most interesting hits (34) were docked into the crystal
structure of human carbonic anhydrase VII. As a result, two
compounds, ie, 4-bromo-2-chloro-N-[4-(sulfamoylmethyl)
phenyl] benzenesulfonamide and N-[4-(sulfamoylmethyl)
phenyl]cyclohex-3-ene-1-carboxamide, were identified.
These compounds were then tested for carbonic anhydrase
inhibition activity. Both the compounds displayed signifi-
cant carbonic anhydrase inhibitory effects in the nanomolar
range. This study proves the worth of structure-based phar-
macophores as a virtual screening and lead identification
tool and also as an alternative to traditional tools used for
the same purpose.

In another study, a very simple manual approach to
development of structure-based pharmacophores for
highly cyclooxygenase (COX)-2 selective inhibitors using
Catalyst 3.0 was described recently.®® The first step involved
identification of common features shared by 16 diverse COX-2
inhibitor ligands without considering activity values.** The
simple feature-based pharmacophore obtained in this manner
consisted of an H-bond acceptor, two hydrophobic groups,
and an aromatic ring, which was consistent with available
structure-activity relationship data. The pharmacophore
model was then transformed into a structure-based pharma-
cophore by adding exclusion spheres representing important
residues of the COX-2 binding site based on human COX-2,
modeled from crystallized murine COX-2 in complex with
SC-558 (Protein Data Bank code 6COX). Such a pharma-
cophore is known to reduce the number of hits, and also the
number of false positives in a hit list, by a factor of 2-5 in
virtual screening.® The resulting pharmacophore was used to
screen the Maybridge database. The first 300 hits were then
selected for further analysis. From bioavailability, scoring,
and flexibility criteria, 40 compounds were retained, and eight
of these were assayed on the basis of their high scoring values.
Five compounds preferentially inhibited COX-2, two had a
pharmacological profile similar to rofecoxib and one was a
potent COX-2 selective compound with a original scaffold.
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BTB 09656 (6,8-dibromo-3-carbethoxycoumarin) was identi-
fied as the most potent COX-2 inhibitor among the selected
compounds. The impressive performance of structure-based
pharmacophore in getting promising hits through virtual
screening has been illustrated in this study.

The results of a study reported by Zhang et al clearly
demonstrate the ability of structure-based pharmacophores to
identify actives from large databases. In this case, Pocket v.2
was used to obtain a structure-based pharmacophore model
for the main proteinase of severe acute respiratory syndrome
coronavirus (SARS-CoV).” The experimental structure of
the SARS-CoV main proteinase complexed with its peptide
inhibitor CMK (Protein Data Bank ID 1UK4), along with the
predicted structures of the SARS-CoV main proteinase with
six drugs were used for creating pharmacophore models. The
Pocket module in the LigBuilder program (the Institute of
Physical Chemistry) was used to obtain the pharmacophore
models. A set of seven eight-point pharmacophore models was
developed in this manner. Based on these models, a common
four-point pharmacophore distance pattern was extracted.
This pharmacophore distance pattern was subsequently used
to search the National Cancer Institute three-dimensional
database containing 250, 251 compounds. Thirty existing
drugs containing the pharmacophore query were obtained
as hits, among them six compounds (azauridine, pyrazofu-
rin, ribavirin, 2’,3’-dideoxycytidine, dideoxyguanosine, and
5-bromo-2’-deoxycytidine) that already showed anti-SARS-
CoV activity experimentally, thereby establishing the ability
of a pharmacophore to identify antiviral structural elements
as well as to screen a large database rapidly.

In another study, structure-based pharmacophores for
angiotensin-converting enzyme 2 (ACE2) inhibitors were
developed and used successfully for virtual screening to get
hits with micromolar half maximal inhibitory concentration
(IC,,) values. The active site of ACE2 in complex with a
bound ACE2 inhibitor (MLN-4760) was first studied using
LigandScout.”’ Multiple chemical features were detected
and mapped onto the ligand functional groups, and alterna-
tive hydrogen bond donor and/or acceptor sites were also
considered simultaneously on the protein within the limits
of geometric constraints. Exclusion volume spheres were
added to the structure-based models against the coordinates
defined by protein side chain atoms in order to character-
ize inaccessible areas for any potential ligand. Further
model refinement, such as addition of shape constraints,
was carried out using Catalyst version 4.9 software. The
ACE2 pharmacophore hypothesis was used to screen the
ACE inhibitor database and the Derwent World Drug Index

comprising 63,307 drugs and pharmacologically active
compounds. The Catalyst program was used for screening
purposes, and 25 compounds were shortlisted for bio-
logical testing based on the screening results. Some of the
molecules demonstrated micromolar activity in the ACE2
inhibition assay. The most potent ACE2 inhibitor among the
compounds identified was 4S-16659 [(E)-3-[5-(5-chloro-2-
methylphenyl)furan-2-yl]-2-[(5-methyl-1H-1,2,4-triazol-
3-yl)sulfanyl]prop-2-enoic acid].

Shape pharmacophore models are some of the structure-
based pharmacophores that have been explored and validated
recently for virtual screening and lead discovery. In one such
study, shape pharmacophore models were validated for virtual
screening of anesthetic compounds.’ The three-dimensional
structure of apoferritin (poferritin complexed with isoflurane
[1XZ3] and halothane complexed with apoferritin [1XZ1])"
was used as the basis for development of several shape phar-
macophore models using the Shape 4 program. The models
were validated for their application in virtual screening by
demonstrating that they can efficiently recover known anes-
thetic agents from a database of diverse compounds. It was
observed that the shape pharmacophore scores a significant
linear correlation with the measured apoferritin site binding
affinities of several known anesthetic compounds. The shape
pharmacophore models derived were quite remarkable in their
ability to recover known anesthetic molecules from a diverse
set of decoys randomly sampled from the Asinex database.
Thus, shape pharmacophore models can qualitatively distin-
guish anesthetic molecules from other unrelated compounds.
These results are consistent with the fact that the ferritin
binding pocket is largely hydrophobic, so shape and size play
a dominant role in binding. The further advantage of a faster
screening speed was also observed in this study.

Structure-based pharmacophore models obtained using
single-target/ligand-target structures have proved their
worth as an alternative to the traditional approaches. This
is particularly evident by their role in the virtual screening
process, where they have taken center stage in many studies.
However, such models are likely to miss some important
interaction information. Recently, some studies have reported
the multicomplex-based comprehensive pharmacophore
mapping technique, where multiple protein-ligand com-
plexes available in the Protein Data Bank are used to devise
the pharmacophore map. These pharmacophores are able to
identify even more critical interaction information than the
conventional structure-based pharmacophores and can prove
more useful in virtual screening. Studies using such models
successfully are discussed in the following paragraphs.
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Arooj et al illustrated the application of a multiple
pharmacophore approach to identify structurally diverse
hits as chymase inhibitors.” X-ray crystallographic data
for chymase in complex with different inhibitors were used
to generate four structure-based pharmacophore models.
Pharmacophores were generated using the Pharmacophore
module of Discovery Studio version 3.0 (Accelrys Software,
Inc., San Diego, CA, USA) with default parameters. Four
different crystal structures for chymase cocrystallized with
four different inhibitors (3N70, 1T31, 3SON, and 2HVX)
were used. One ligand-based pharmacophore model was
also developed from experimentally known inhibitors.
After successful validation, all pharmacophore models were
employed in database screening to retrieve hits with novel
chemical scaffolds. Four structurally diverse compounds
were selected as final hits. The top scoring hit was KM
09155 (2-[[4-methyl-5-[2-0x0-2-(phenylamino)ethyl]sulfa-
nyl-1,2,4-triazol-3-yllmethylsulfanyl]-N-phenylacetamide).
The identified ligands are expected to bind to all possible
bioactive conformations available in the active site of the
enzyme.

Another study describing the multicomplex/structure-
based pharmacophore for CDK2 was recently reported.”
In this case, a comprehensive pharmacophore map was
generated based on a collection of 124 crystal structures of
the human CDK2-inhibitor complex. This ensemble of struc-
tures is expected to contain almost all the chemical features
important for CDK2-inhibitor interactions.” A comparison
with previously reported ligand-based pharmacophores
showed that the ligand-based models are just a subset of
this comprehensive map. The developed model not only
successfully discriminated between known CDK2 inhibitors
and the molecules of the focused inactive dataset, but was
also capable of correctly predicting the activities of a wide
variety of CDK2 inhibitors in an external active dataset. The
superiority of multicomplex/structure-based pharmacophores
over ligand-based methods has been further demonstrated by
the results of this study.

The applicability of multicomplex-based pharmacophore
models for screening large databases has also been described
by Moser et al, who developed a receptor-based pharmacoph-
ore model of soluble epoxide hydrolase.” Thirteen crystal
structures (Protein Data Bank numbers 1S80, 1VJ5, 1ZD2,
1ZD3, 1ZD4, 1ZD5, 3ANS, 3ANT, 311Y, 3128, 3KOO,
30TQ, and 3PDC) of soluble epoxide hydrolase were used
for this purpose. The Protein Ligand Interaction Finger-
prints assistant together with the QueryGenerator tool of
the Molecular Operating Environment package (Chemical

Computing Group Inc., Montreal, QC, Canada) was used
to model the shape of the binding pocket as excluded vol-
umes.”® The clusters of receptor pharmacophore annotation
points within the binding pocket were examined, and cor-
responding features were created, leading to a total of nine
features. The pharmacophore was then used to perform
a virtual screening on the “merged libraries” database
provided by Asinex for novel compounds. They identified
3,191 unique hits which were further subjected to Lipinski,
ADMET filters, and docking to get lead compounds.
Evaluation of the leads led to identification of the most
potent lead compound, ie, (3-chloro-phenyl)-carbamic acid
3-(3-nitro-benzenesulfonylamino)-propyl ester, with an IC_
value of 3.2 UM. As in previous examples, multicomplex/
structure-based pharmacophores have been used as the
principal tool to screen a large database in order to reach
a smaller dataset. However, unlike previous examples, the
smaller dataset was further screened by docking and other
tools to obtain the lead compounds.

The examples discussed above highlight the principal role
played by structure-based pharmacophores in the process of
virtual screening and lead generation, thereby providing an
alternative to docking and other traditional methods. Despite
the success of structure-based pharmacophores in virtual
screening and the lead discovery process, its combined
application along with docking and other tools has led to
improved performance in database screening. The following
paragraphs provide an insight into some studies where the
combined approach has been used.

In a study designed to discover new structures as inhibi-
tors of di-zinc metallo-b-lactamase, virtual screening based
on structure-based pharmacophores followed by docking was
used.” Pharmacophore models were generated based on suc-
cinic acid crystallized with IGF2 mRNA-binding protein 1
(IMP-1) (Protein Data Bank code 1JJT) and mercaptocar-
boxylate ligand crystallized with IMP-1 (Protein Data Bank
code 1DD6). Catalyst 4.6 was used for pharmacophore gen-
eration as well as a database search. Seventy-four hits were
obtained from the database search, and the inhibitory effect
was tested for 13 of these compounds. Different criteria were
used to select compounds for experimental determination of
the IC, value. First, they needed to fit into the active site of
the enzyme; second they needed to fit the pharmacophore ele-
ments; and finally, had to be relatively small. In addition, the
ligands were required to have different types of groups with
metal binding ability. The ligand with the highest IC_ value
was found to be 2,5-diphenyl-furan-3,4-dicarboxylic acid.
The experimental results showed that this way of selecting
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ligands worked reasonably well. However, the docking score
alone should be used with caution, because it might lead to
too many false positives.

Another study used the combined approach of structure-
based pharmacophores for virtual screening followed by
docking for identification of Trypanosoma brucei leucyl-
tRNA synthetase (TbLeuRS) inhibitors.* The crucial inter-
action patterns between TbLeuRS and Leu-AMS (stable
analog of endogenous substrate Leu-AMP) were analyzed
using LigandScout.*! Four structure-based pharmacophore
models were generated and subsequently evaluated by a set
of 20 molecules including substrate analog Leu-AMS, ten
known LeuRS inhibitors, and nine random compounds from
the SPECS database. The pharmacophore models were used
to screen SPECS database, and a number of 2-pyrrolinones
were discovered to be TbLeuRS inhibitors. The most potent
compound was 5-(3-fluoro-phenyl)-3-hydroxy-1-[2-(1H-
indol-3-yl)-ethyl]-4-(4-methoxy-benzoyl)-1,5-dihydro-
pyrrol-2-one, with an IC_ of 170.3 uM. Based on this lead
compound, new molecules were designed, synthesized, and
evaluated by docking and experimental evaluation, with
promising results.

Some of the studies employing both structure-based
pharmacophores and ligand-based pharmacophores in the
screening process have clearly established the superiority
of the former over the latter for this purpose. Karkola et al
performed one such study on the 17B-hydroxysteroid dehy-
drogenase type 1 (17B-HSD1) enzyme, a potential anticancer
target.’! Structure-based pharmacophores were generated
based on: the crystal structure of 173-HSD1; the crystal
structure of 17B-HSD1 with bound estradiol (Protein Data
Bank entry code 1FDT); and the interactions of a potent
inhibitor and the enzyme. The first pharmacophore was
generated by applying the Catalyst protocol of Discovery
Studio 2.1 using the 178-HSDI crystal structure, while the
other two pharmacophores were generated by applying the
LigandScout program’s automatic pharmacophore genera-
tion protocol using the 17B-HSDI1 crystal structure bound
to estradiol and a potent inhibitor. LigandScout was used
for the latter two cases because Catalyst cannot generate
pharmacophores based on ligand receptor interactions. The
Maybridge HitFinder™ Collection database with generated
conformers was searched to find compounds that fitted the
pharmacophoric requirements. Twenty compounds were
obtained using pharmacophore-based screening. The com-
pounds were further screened using docking and different
scoring functions. The screening protocol was successful in
identification of compounds having diverse structures quite

different from the ligand complexed with 173-HSDI. This
study also involved generation of a ligand-based pharma-
cophore. However, the structure-based model proved more
informative and superior for screening purposes. The hits
obtained when a structure-based pharmacophore was used
for screening were more diverse than those obtained using
a ligand-based pharmacophore. The application of docking
following pharmacophore-based database screening helped to
rank the hits accurately and as per their reported activity.

In a report by Saxena et al, application of energy-
optimized pharmacophores and docking were described for
designing novel MTB-I-AlaDH inhibitors. They used the
e-Pharmacophore program implemented in phase version 3.0
to generate a pharmacophore hypothesis for MTB-1-AlaDH
inhibitors.* Since no inhibitors were reported for 1-alanine
dehydrogenase, co-factor NAD* bound with the protein along
with pyruvate as the substrate was used for generation of a
pharmacophore hypothesis. In the first step, the ligand NAD*
was docked into the active site of the protein I-AlaDH from
MTB (Protein Data Bank code 2VHW) using Glide XP. The
best conformer of the docked compound along with the bind-
ing pose (Xpdes file of the Glide XP output) was then used to
obtain pharmacophores using the e-Pharmacophore program.
This pharmacophore model was then used as a query for
screening of the Asinex database containing 500,000 unique
structure records. This was followed by ranking the hits by
docking using Glide XP. Five top hit compounds with a good
docking score and interaction pattern were obtained finally.
In vitro enzymatic inhibition studies of these five ligands
yielded two compounds with micromolar IC, values. The
top scoring lead compound, 2,2’-(4,4’-biphenyldiyldiimino)
bis[6-(hydroxymethyl)tetrahydro-2H-pyran-3,4,5-triol],
demonstrated the best IC, value of 35.54 UM. As seen in
previous examples, the application of structure-based phar-
macophores for virtual screening followed by docking of
hits to rank them proved to be a useful strategy for virtual
screening and lead discovery.

In all the studies involving use of structure-based pharma-
cophores, the hits obtained showed structural diversity and
the lead compounds identified contained functional groups
quite different from the original ligand of the ligand-target
complex. This is an important advantage offered by the
structure-based pharmacophore approach with compared
with the traditional approaches.

Conclusion
Recent advances in the development of tools for structure-
based pharmacophores have brought this approach into focus
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for medicinal chemists who are now using it widely for
de novo drug design, lead discovery, and virtual screening.
The flexibility of the manner in which this approach can be
used makes this technique ideal for situations where other
traditional drug design approaches do not provide answers.
The tools, which are available now, are very simple and
indeed involve a few clicks only, thus making the process
of pharmacophore generation very rapid. The advantages
offered by structure-based pharmacophores are most evident
in cases where they are used for virtual screening and lead
discovery. Virtual screening carried out using structure-based
pharmacophores is much faster than docking-based screening,
while the accuracy is similar, with fewer cases of complete
failures. Thus, structure-based pharmacophore approaches
have succeeded as a viable alternative to docking and other
structure-based approaches in virtual screening. However,
as shown by many studies, screening of large databases
using structure-based pharmacophores should be followed
by docking studies of the most interesting hits to select final
lead compounds. Therefore, it is worth mentioning that
despite having emerged as a viable alternative to docking
for virtual screening, structure-based pharmacophores when
combined with docking lead to more accurate results than
pharmacophore-based screening, while being much faster
than docking-based screening. Despite all the advantages
offered by structure-based pharmacophores, there are some
challenges which need to be addressed in the future. Some of
these challenges include consideration of receptor flexibility
and selection of appropriate pharmacophore features from
the large pool available. In conclusion, the tools for structure-
based pharmacophore discovery continue to evolve, and are
having a steadily wider impact as an alternative to traditional
approaches. They are now an essential part of lead discovery,
and every computer-aided drug discovery scientist should be
familiar with them.
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