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Abstract
G-protein coupled receptors (GPCRs) comprise a large superfamily of proteins that are targets for
nearly 50% of drugs in clinical use today. In the past, the use of structure-based drug design strategies
to develop better drug candidates has been severely hampered due to the absence of the receptor’s
three-dimensional structure. However, with recent advances in molecular modeling techniques and
better computing power, atomic level details of these receptors can be derived from computationally
derived molecular models. Using information from these models coupled with experimental
evidence, it has become feasible to build receptor pharmacophores. In this study, we demonstrate
the use of the Hybrid Structure Based (HSB) method that can be used effectively to screen and identify
prospective ligands that bind to GPCRs. Essentially; this multi-step method combines ligand-based
methods for building enriched libraries of small molecules and structure-based methods for screening
molecules against the GPCR target. The HSB method was validated to identify retinal and its
analogues from a random dataset of ∼300,000 molecules. The results from this study showed that
the 9 top-ranking molecules are indeed analogues of retinal. The method was also tested to identify
analogues of dopamine binding to the dopamine D2 receptor. Six of the ten top-ranking molecules
are known analogues of dopamine including a prodrug, while the other thirty-four molecules are
currently being tested for their activity against all dopamine receptors. The results from both these
test cases have proved that the HSB method provides a realistic solution to bridge the gap between
the ever-increasing demand for new drugs to treat psychiatric disorders and the lack of efficient
screening methods for GPCRs.
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Introduction
The family of GPCRs represents one of the most important classes of proteins. The sequencing
of the human genome has led to the identification of nearly 950 genes coding for GPCRs, of
which nearly 450 genes have been implicated as therapeutic targets [1]. There is an exceptional
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chemical diversity among the endogenous ligands that bind to these receptors. They include
biogenic amines, peptides, glycoproteins, nucleotides, metal ions and lipids [2]. They are also
involved in the transmission of various stimuli like light, odor and taste [3].

The mechanism of action of GPCRs involves a ligand-induced conformational change that
activates the receptor to bind to one or more G proteins leading to the release of GDP followed
by binding of GTP [4]. Further, the α-subunit of the G-protein that is bound to GTP dissociates
from the receptor and also from the stable βγ-subunits. The GTP bound α-subunit and the βγ-
subunits can further participate in various cellular signaling events [5]. Thus GPCRs can be
targeted at various stages of cellular signaling process for inhibiting or enhancing their effect
in physiological processes. The subfamily of biogenic amine binding GPCRs has provided
excellent targets for the treatment of various psychiatric disorders such as schizophrenia [6],
depression [7], attention deficit hyperactivity syndrome [8] and migraine [9]. They have also
been implicated in other disorders such as allergies, asthma [10], hypertension [11] and gastro
intestinal disorders.

Although they are excellent targets for some drugs, they also form good anti-targets for other
drugs leading to undesirable side effects. For example, antagonists binding to the α-1A subtype
of adrenergic receptors are known to be effective as anti-hypertensive agents, but they also
mediate cardiovascular side effects leading to hypotension and dizziness [12,13]. Similarly,
antipsychotic drugs that bind with high affinity to dopamine D2-like receptors and serotonin
5HT2A and 2C receptors reduce the positive symptoms of schizophrenia such as delusions and
hallucinations [14,15] but they also bind to other aminergic GPCRs leading to side effects such
as dizziness, depression and tardive dyskinesia [16].

The major factor in the cross reactivities of these essential drugs leading to side effects can be
attributed to the common structural folds of all members of the Class-A GPCRs. They all share
the characteristic seven transmembrane (TM) spanning α-helical motifs connected by
alternating intra and extra cellular loops, with the amino terminus located on the extracellular
side and the carboxy terminus on the intracellular side. Although the overall sequence
homology among GPCRs is low, the high degree of conservation among a small subset of key
residues suggests that they may play an essential role in the structure and function of the
receptors leading to cross reactivities among their ligands [17]. However, structure based
studies to discover new compounds that have milder side effects have been hampered due to
the absence of experimental structural data for GPCRs except for the x-ray crystal structure of
bovine rhodopsin. Thus, drug design for GPCR targets has largely comprised either through
random screening of compounds using experimental high throughput screening methods and/
or virtual screening methods to identify molecules that have a potential to bind to GPCRs.
Virtual screening techniques can be broadly classified into two categories: (1) ligand-based
methods and (2) structure-based methods. Both these computational methods entail inherent
advantages and disadvantages [18-20]. Virtual screening using ligand-based methods such as
quantitative structure activity relationship (QSAR) models and (sub)structure searching,
although successful in identifying many lead compounds, depend solely on the elements of a
pharmacophore that is typically devoid of knowledge about the nature of interaction of the
ligand with the protein thus leading to severe receptor mediated side effects. Although
structure-based methods represent a potential solution to this problem, they still face technical
hurdles pertaining to the conformational flexibility of receptor side chains and ligand
molecules, entropic effects due to solvation/desolvation, and other issues associated with
docking and scoring based on the complex thermodynamics process of ligand-receptor binding.
Also, structure-based methods require detailed knowledge of the three-dimensional (3D)
structure of the receptor preferably in complex with the bound ligand.
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In the case of GPCRs, the only available crystal structure is that of bovine rhodopsin. However,
in a recent study [21] the use of rhodopsin-based homology models of GPCRs to discover new
lead molecules has been shown to be very reliable. In the present study, we propose a novel
HSB method that combines both ligand-based and structure-based techniques to discover a
new generation of molecules that have high affinity and selectivity towards a particular receptor
family. We previously demonstrated that certain 1,4 disubstituted aromatic piperidines and
piperazines have shown extreme selectivity towards dopamine D4 receptors. Using molecular
models of dopamine D2 and D4 receptors coupled with site directed mutagenesis studies [22,
23], we identified microdomains formed by residues from TM2 and TM3 to be coding for the
selectivity between dopamine D2 and D4 receptors. Inspired by the results from our previous
studies, molecular level details were incorporated in the HSB screening method that would
lead to identification of receptor specific compounds thereby reducing receptor-mediated side
effects.

The HSB method uses ligand-based methods to build enriched libraries of small molecules,
and then employs a combined receptor-ligand pharmacophore to screen molecules from the
enriched library and to further dock the molecules to their receptor. These docked complexes
were scored based on a number of scoring functions, including a customized weighted
knowledge-based scoring scheme to mark high ranking molecules. The results from this
detailed analysis of the dynamic mode of association between the receptor and ligand was used
to list candidate molecules that were suitable for biochemical testing. The method was tested
to identify retinal and its analogues that could bind to rhodopsin from a pool of nearly 300,000
randomly selected organic molecules. Results from this study show that the top-ranking
molecules are indeed analogues of retinal and have high affinity to rhodopsin. Similarly, the
HSB method was also helpful in identifying high affinity analogues of dopamine binding to
the dopamine D2 receptor. The HSB method is highly comprehensive and can be extended to
identification of highly selective compounds for other class-A GPCRs that could provide a
solution to minimizing the side effects that are commonly associated with drugs used to treat
psychiatric disorders.

Methodology
The HSB method for screening molecules binding to GPCRs combines ligand-based and
structure-based methods within a coherent framework. A flow chart describing various phases
of the screening procedure has been described in Fig. 1. Accordingly, the first phase of the
procedure involved the development of an enriched database of drug like molecules starting
from libraries of molecules randomly selected from the ZINC database [24]
(http://blaster.docking.org/zinc/). The newly developed Shape Signatures method was used to
identify molecules that had similar shape but varying structural compositions. The Shape
Signatures technology has been described in detail elsewhere [25] and only a brief summary
will be discussed here.

The Shape Signatures approach compactly encodes molecular shape information in
conjunction with other properties such as the molecular electrostatic potential mapped onto a
molecular surface. The procedure employs a customized ray tracing algorithm, in which the
volume of the molecule (defined by its solvent accessible surface area) is explored by a single
ray, propagated in the interior of the molecule by the rules of optical reflection. The triangulated
solvent accessible surface area was generated using the SMART algorithm [26]. A histogram
was obtained by binning ∼100,000 ray segments obtained from the ray-tracing procedure inside
the triangulated molecular surface area. The histograms, also called one-dimensional (1D)
Shape Signatures, are unique and reproducible for each molecule regardless of the point of
initiation of the rays and are invariant to the rotation of the molecule. Further, inclusion of a
surface property such as the molecular electrostatic potential yielded a 2D signature. The
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histograms of two or more molecules can be compared rapidly using a simple method such as
the L1 norm [27] or the χ2 metric. This measure of the deviation between the histograms
provides the dissimilarity score between two molecules under study.

To generate a signature for a molecule, only the atomic coordinates, atomic radii, and a solvent
probe radius are required. Once the Shape Signatures of the molecules in the dataset were
obtained, the CPU time required to compare signatures was exceedingly fast which is one of
the major strengths of the method. Searchable Shape Signatures libraries of molecules
belonging to a number of large databases such as the NCI repository and other sources listed
under the publicly available ZINC database were developed in our laboratory. In order to build
a customized library of aminergic GPCR binding molecules, Shape Signatures were produced
for the query set of molecules whose activity against aminergic receptors has been well
established. Using this set of GPCR-directed molecules as queries, various databases of small
molecules were virtually screened in search of additional molecules whose Shape Signatures
matched the query ligands. This highly enriched set of molecules constituted the in-house
GPCR ligand database that will be updated with new lead molecules periodically. In cases
where the 3D structure of the query small molecule was unavailable, molecular models were
constructed using the builder module in SYBYL (Ver 7.1 Tripos Inc., St. Louis, Missouri,
USA), with partial charges derived from molecular electrostatic potential calculations using
MOPAC [28]. The molecules were geometry optimized using ab initio quantum chemical
calculations. Systematic conformational searches for flexible molecules were performed using
a Monte Carlo simulated annealing method.

The second phase of the method involved building homology model of the dopamine D2
receptor whose crystal structure was not available. The primary sequence of the dopamine D2
receptor was retrieved from the Swiss-Prot repository [29]. Pairwise sequence alignment of
this sequence with the bovine rhodopsin sequence was done using CLUSTALW [30] (see Fig.
2). TM forming regions were identified using multiple sequence alignment of class-A GPCRs
from GPCR database (GPCRDB http://www.gpcr.org/7tm/index.html) [31]. Additionally the
beginning and ending regions of the transmembrane helices were identified using the procedure
previously described [32]. The TM regions of D2 receptors were built using the corresponding
TM regions of the bovine rhodopsin crystal structure (pdb code: 1U19) as template for the
molecular modeling program MODELER [33]. Care was taken to model regions of
inconsistencies such as kinks produced by Prolines [34,35] and multiple Glycines.

The loop forming regions was modeled using an ab initio method for predicting the 3D
structures of loop forming segments of GPCRs using only the amino acid sequence [36]. Details
of the method as applied to modeling the extra and intra cellular dopamine D2 and D4 receptors
have been described elsewhere [Kortagere et al. (under preparation)]. This approach used the
Screened Coulomb Potential-Implicit Solvent Model (SCP-ISM) [37] to represent solvent
effects implemented in CHARMM (ver 32 [58]) and was validated on a number of known
structures [38,39]. This multi-step loop modeling protocol utilizes a Monte-Carlo simulated
annealing method to explore the various conformations available to a loop segment that is
tethered at one end. Further, using a stochastic sampling technique based on the Scaled
collective variable Monte Carlo method, the loop segments are closed. The procedure is
repeated until a native like structural ensemble is found that can represent the final structure
of the loop segment. Complete details of the methodology and validation of this method has
been described by Mehler et al. [36].

The complete model of the dopamine D2 receptor was refined using standard molecular
dynamics procedures with a production run of 2ns. All simulations were performed using the
Implicit Membrane Model (IMM1-pore) implemented in CHARMM. The IMM1-pore model,
which has been well tested on a number of membrane proteins, can also account for the intra
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and inter helical hydrogen bonding patterns [40,41]. Placement of the helices in our structural
model for the D2 receptor was based on the bovine rhodopsin crystal structure, which served
as the template for homology modeling. Accordingly, the TM4 helix that has been known to
be approximately perpendicular to the plane of the membrane was used to adjust the positioning
of the other helices with reference to the membrane axis.

The study involved identifying analogues of dopamine, an endogenous agonist to dopamine
receptors. Hence, the agonist model of dopamine D2 receptor was built using the complete
model of dopamine D2 receptor (described above) as an initial structure. Experimental
evidence has suggested that activation of class-A GPCRs by agonists involved the movement
of TM3 and an anticlockwise rotation of TM6 on its axis by 30° [42-45]. Thus to derive a
functional agonist model, experimental mutational data for dopamine D2 receptor was obtained
from GPCRDB (31). These pieces of experimental evidence were incorporated into the D2
receptor model as harmonic distance constraints between the various residues listed as mutants
during the refinement protocol. Specifically, residues involved in binding agonists such as
D3.32, F6.51, F6.52, S5.42, S5.43, S5.46 were given higher weightage as opposed to residues
that were distant from the binding site. These constraints were reduced over cycles of
refinement and the final 1ns production run was devoid of any constraints. Dopamine was
docked in the binding site and the complex was further refined using AMBER (ver 8.0 [46]).

Combined pharmacophore
For the two case studies described here, the combined pharmacophore was derived using the
docked protein—ligand complex of rhodopsin with retinal and D2 receptor with dopamine.
The binding site of retinal was extracted from the bovine rhodopsin crystal structure complex
(pdb code: 1U19). All residues that were within 15 Å radius from C10 atom of retinal were
considered to represent the binding site. All interactions with the hydrophobic ring were
mapped onto the hydrophobic regions of the retinal molecule and the covalent linkage of C15
atom with LYS296 (K7.43) was treated with a steric constraint (see Fig. 3). Similarly, for the
case of dopamine binding to D2 receptor, hydrophobic interaction of the catechol ring with the
aromatic cluster in the binding site of D2 receptor was mapped to the catechol ring, while the
catechol hydroxyls and amine interactions with the Ser residues in TM5 and Asp in TM3
respectively were treated as hydrogen bond donor—acceptor complexes. The UNITY search
module of SYBYL was used to query the combined pharmacophore against the enriched GPCR
ligand database to identify small molecules that had a higher propensity to bind to the D2
receptor.

Docking methodology
The GOLD program (ver 3.0 [47]) was used for docking ligands to the binding sites of the
receptor. The “library screening mode” option was used for fast docking. Further, given the
non-deterministic nature of genetic algorithms, 20 independent docking runs were performed
for each ligand. The “early-termination” option was applied when the top three solutions were
within 0.5 Å root-mean-square deviation (RMSD). The docked protein-ligand complexes were
energy minimized using SYBYL.

Scoring methodology
The docked receptor—ligand complexes were scored using a customizable knowledge based
scoring function that was developed based on the nature of interaction of ligand atoms with
amino acids in known protein ligand complexes. Normalized interaction propensities of various
functional groups such as halogens, keto, hydroxyl and sulfonamide with the side chains of all
the amino acids were derived from these contact maps. The propensity of interaction of atoms
of the functional group X with 19 amino acids in the entire data set was recorded as the observed
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frequency (OBS-Freq). Also, the expected frequency (EXP-Freq) for each such interacting pair
was determined as follows:

(1)

where,  and  are the probabilities of occurrence of the
interacting pairs A and B in the pool of N(X,X) interactions. The observed propensities were
normalized according to

(2)

where Xi is the propensity of interaction of the functional group of the ligand with the ith amino
acid side chain atom. These interaction propensities were used to rank and score the docked
protein—ligand complexes. Accordingly, an in-house program was used to scan the docked
complexes for contacts between the ligand and protein atoms. These contacts were then scored
based on the normalized contact propensities. To avoid a bias towards scoring based on contact
propensities, a consensus-scoring scheme was developed. A contact score weight wi was
assigned to each of the ligand i docked into the protein such that:

(3)

The weighted docking score of an active compound j with i conformations was described as

(4)

where sij was the original GOLD docking score for the compound j in its ith conformation. The
best docking score of the compound j with N conformations was calculated as:

(5)

In general, the GOLDscore could be replaced by C-score that comprises of various scoring
functions such as D-score [48], PMF-score [49], Chemscore [50], G-score and F-score. This
scoring scheme has been customized to every receptor by computing only the required contacts
for the activity of the receptor—ligand complex, thereby incorporating key experimental
information that was available for a particular ligand class interacting with the receptor.

Results and discussion
The HSB method was developed as a screening tool to identify new lead compounds that could
bind to GPCRs with high affinity and selectivity. The goal was to effectively combine ligand-
based and structure-based methods in order to circumvent the inherent technical problems
involved in virtual screening of GPCRs. Thus a multi-step protocol (Fig. 1) was developed that
used ligand-based methods such as the Shape Signatures to build a customized, enriched library
of small molecules from databases of random drug-like molecules (such as the ZINC database).
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Beginning with a database of ∼300,000 molecules, the enrichment led to identification of nearly
383 molecules that had a better propensity to bind to rhodopsin and 500 molecules to bind to
dopamine D2 receptor. The protocol was validated based on two case studies detailed below:

Identification of retinal like molecules from a random set of compounds using the HSB
method

Bovine rhodopsin, closely related to biogenic amine binding GPCRs, is the only GPCR for
which a high-resolution x-ray crystal structure with its cognate ligand retinal is available in the
Protein Data Bank (PDB [51]). Ever since this first GPCR crystal structure was determined
[52], molecular level details of the interaction of retinal with rhodopsin has been well studied
by many researchers. The 11-cis isomer of retinal mediates the detection of a light photon in
the dark state of rhodopsin, followed by conversion of 11-cis retinal to its trans isomeric form,
leading to activation of the receptor and initiation of the visual cascade [53-56].
Crystallographic studies have provided a snapshot of the binding of the chromophore retinal
to rhodopsin (Fig. 3). Several analogues of retinal have also been co-crystallized and their mode
of binding has been found to be very similar to that of retinal. In general the binding mode of
retinal has been defined by a covalent linkage of the C15 carbon with LYS296 (K7.43), the
beta-ionone ring with a hydrophobic core formed by residues PHE212 (F5.47), PHE261
(F6.44), TRP265 (W6.48) and other residues such as MET207 (M5.42), GLY121 (G3.36),
HIS211 (H5.46) and GLU122 (E3.37). Apart from the covalent interaction with LYS296
(K7.43), the hydrophobic tail also interacts with TYR268 (Y6.51), THR118 (T3.33), ALA117
(A3.32), ALA292 (A7.39) and GLU113 (E3.28). In this study, we tested the ability of the HSB
method to identify retinal and its analogues from a random data set of 300,000 molecules. The
dataset randomly selected from the ZINC database, included retinal and various other
analogues apart from numerous inactive and unrelated compounds.

The 11-cis-retinal molecule devoid of the carbonyl group was used as the query for retrieving
molecules using Shape Signatures. A number of top-scoring molecules ranked according to
their dissimilarity score were retrieved that formed the enriched dataset (Fig. 4). This enriched
small molecule library consisted of 383 molecules (i.e., roughly 0.1% of the total data set). The
crystal structure of bovine rhodopsin (pdb code 1U19-chain A) was used as the target for
docking studies. The binding site of rhodopsin was defined as all those residues that were found
within a sphere of radius 10 Å, with the atom C9 of retinal molecule as the center. In order to
simplify the system, all hetero-atoms (such as ions, water molecules) other than retinal
molecule were removed for docking studies, although two water molecules around the
chromophore were known to be involved in hydrogen bonding network. The protein was treated
as a rigid body, while torsional flexibility was allowed for the ligands. Our aim in this study
was to validate our method in identifying retinal like molecules that could bind to the receptor
and not to understand the dynamic nature of binding of the ligand, which justified the
simplifications assumed in this protocol.

In the second phase of the study, a combined receptor—ligand pharmacophore was built (Fig.
5a) to screen the enriched library of 383 molecules to filter out molecules that lacked the
essential functional features to bind to rhodopsin. The combined pharmacophore screening
included key information from the binding site such as a steric constraint at C15 (representing
the covalent linkage with LYS296 of the protein) and the fixed hydrophobic centers denoting
the hydrophobic core surrounding the retinal molecule. However, the pharmacophore also
included flexible regions in order to choose molecules that mimicked retinal but did not
essentially have the same structural components. The screening was divided into two stages,
the first involved screening based on the rigid pharmacophore which resulted in molecules
shown in Fig. 5b; the second involved a search based on a flexible pharmacophore (Fig. 6a)
that resulted in additional molecules (Fig. 6b). The only difference in the rigid vs. flexible
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pharmacophore was the change in the distance constraints that led to the identification of not
only retinal but also other structural analogues.

This second phase of screening led to the selection of 110 molecules that were then docked
using the program GOLD. Ten random conformations for each of the ligands were sampled
for docking to the protein. The docked poses were scored using Gold score, Chemscore, and
our customized in-house scoring function. The customized scoring scheme consisted of
scanning all the rhodopsin—ligand contacts using an in-house script; all ligands that docked
in a manner similar to the retinal binding mode in the crystal structure complex were scored
positively and ligands that docked in other modes were penalized. A comparison of the 10 top-
ranking molecules based on Chemscore and customized score is summarized in Table 1.

The results from this study indicated that the customized scoring scheme outperformed
Chemscore in correctly identifying top-ranking molecules in seven of ten cases. There was
consensus between the two scoring schemes in identifying three molecules. Thus using this
protocol, we were able to identify retinal like molecules as the best set of molecules that can
bind to rhodopsin binding site. The final scoring was obtained using the consensus-scoring
scheme with the contact map scores as the weighting factor.

Identification of dopamine analogues to bind to dopamine D2 receptor
Dopamine receptors, which typify the aminergic GPCR family, share the rhodopsin-like
structure. In our previous studies we have demonstrated that using homology models of the
TM regions of the receptors, we were able to explain the molecular mechanisms involved in
the selectivity of certain 1,4-disubstituted piperizines and piperidines towards the D4 receptor.
In the absence of detailed 3D structural information for these proteins, the structure of the only
crystallized GPCR rhodopsin has enabled homology modeling of the TM regions, but not the
loop segments due to the generally low homology between corresponding loops in GPCRs.
Ab initio methods have been used to model the loop forming regions of dopamine D2 receptor.

Using the Shape Signatures method and with dopamine molecule as a query compound, nearly
500 molecules were retrieved from various databases of small molecules. These molecules
formed the enriched database for further screening experiments. Dopamine was docked into
the agonist model of the dopamine D2 receptor. The binding site for most of the biogenic amine
binding GPCRs has been well characterized using site-directed mutagenesis and spectroscopic
experiments [57]. The binding mode of dopamine in the D2 receptor derived from various
biochemical experiments suggested favorable hydrogen bonded interactions of the catechol
hydroxyls with SER residues in TM5 (S5.42 and S5.43) and aromatic interactions of the
catechol ring with residues in TM6 and TM7 (F6.51, F6.52 and H6.55). Similar to other
biogenic amines, the protonated amine group of dopamine engaged in favorable ionic
interaction with ASP in TM3 (D3.32) (see Fig. 7a). Based on these interactions, a combined
receptor—ligand pharmacophore was built as shown in Fig. 7b. A flexible combined
pharmacophore was used to screen the enriched dopamine ligand database to identify 183
molecules that could potentially bind to dopamine D2 receptor (Fig. 7c). These molecules were
then docked to the D2 receptor binding site using GOLD program with 20 random starting
conformations for each ligand. The docked complexes were scored using GOLD score and
were then re-scored with our customized scoring scheme that ranked the complexes based on
the nature of interaction of the ligands with important residues in the binding site. All those
molecules that had an interaction profile similar to dopamine in the D2 binding site were scored
positively and other docking poses were penalized. Finally, the molecules were ranked based
on the consensus-scoring scheme. Table 2 shows the set of six top-ranking molecules and their
2D structure, that are known analogues of dopamine, while, experiments are being conducted
to evaluate the affinity of molecules ranked 7–40 (see supplementary information), the results
of which will be discussed elsewhere.
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Conclusions
In the past, drug discovery for GPCRs has been primarily ligand-based due to the absence of
experimental structural information. However, advances in homology-based and ab initio
modeling methods, together with the availability of the crystal structure of the rhodopsin—
retinal complex have led to an increase in the use of structure-based methods for virtual
screening. A suitable combination of both the ligand- and structure-based methods may guide
the discovery of new lead compounds that possess high affinity and specificity for their targets
leading to minimizing receptor mediated side effects. Further, applying the ligand based shape
signature technology to a large database not only reduces the number of compounds to ∼0.1%
of its original size, but also enriches the nature of the dataset by including only those compounds
that either share a similar scaffold or a similar shape as that of the query molecule. This
reductionist approach provides a major savings in computational time and effort as opposed
to screening the entire database of 300,000 molecules using the combined pharmacophore.
Based on this hypothesis, the HSB method was developed to identify new lead compounds
binding to GPCRs. The method was validated for two well-studied cases. In the case of
rhodopsin, the HSB method was employed to identify retinal and its analogues from a pool of
∼300,000 molecules comprising of retinal and its analogues and other random molecules. The
results from this study showed that all the 10 top-ranking molecules were known binders to
rhodopsin with high affinity and are, indeed, analogues of retinal. In a study on dopamine
binding to dopamine D2 receptor, the HSB method was adept in identifying dopamine and five
other analogues as the best six compounds including a known prodrug. In addition, thirty-four
new molecules were predicted to exhibit high affinity for the D2 receptor. These newly
identified molecules will be tested for their affinity against all members of the dopamine
receptor family (D1—D5).

The proposed HSB method can be used for screening and identification of new lead compounds
binding to class-A GPCRs. The method is being currently tested for applicability against other
GPCRs and globular proteins, and the results will be discussed in future publications.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
A flowchart describing the workflow for the HSB method is shown. The various interdependent
phases and the objectives to be achieved in the workflow are labeled Phase-I—IV and colored
blue, cyan, purple and red respectively
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Fig. 2.
Pairwise alignment of dopamine D2 rat sequence with bovine rhodopsin sequence is shown.
The corresponding transmembrane forming residues are highlighted in red, while the putative
binding site residues are colored blue
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Fig. 3.
The binding site of retinal in bovine rhodopsin crystal structure is shown along with the
combined pharmacophore mapped onto retinal. The residues in the binding site are displayed
as sticks and colored atom type with Carbon in green, oxygen in red and nitrogen in blue and
labeled according to the generic numbering scheme for GPCRs [59]. Retinal is rendered as ball
and stick and colored purple. Hydrophobic features are depicted as blue spheres and steric
constraint is shown as red sphere on C15
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Fig. 4.
a list of retinal analogues derived from shape signature search method that form the enriched
retinal database is shown. The molecule along with its 1D and 2D scores and their parent
database referencing number are shown
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Fig. 5.
(a) Schematic representation of the combined pharmacophore for retinal in the binding pocket
of bovine rhodopsin. The ligand retinal is depicted as ball and stick and colored grey. Blue
spheres indicate regions of the ligand strictly interacting with hydrophobic residues and the
red sphere indicates a steric interaction signifying the covalent linkage between C15 of the
ligand and LYS296 of the receptor. The pharmacophore is shown along with the distance
constraints. (b) 2D representations of various retinal analogues that were retrieved from the
enriched database using the combined pharmacophore. Note that all the molecules shown here
strictly follow the pharmacophore and skeletal structure of the query ligand retinal
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Fig. 6.
(a) Schematic representation of the relaxed combined pharmacophore for retinal is shown.
Note the change in shape of the pharmacophore and relaxing the distance constraints leads to
a selection of a larger number of molecules that have more variations in the skeletal structure.
(b) 2D representations of some of the molecules that were retrieved based on the relaxed
combined pharmacophore. A total of 110 molecules were retrieved from the enriched database
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Fig. 7.
(a) The binding site of dopamine in the modeled dopamine D2 receptor is shown along with
the combined pharmacophore mapped onto dopamine. The residues in the binding site are
displayed as sticks, numbered according to the generic numbering scheme and colored pink.
Dopamine is rendered as ball and stick and colored atom type with carbon in green, oxygen in
red and nitrogen in blue. Hydrophobic feature is depicted as cyan spheres. Hydrogen bonding
interactions of dopamine with the binding site residues are shown as dotted black lines. For
sake of clarity the hydrogen atoms from both dopamine and the binding site residues are not
shown. (b) Schematic representation of the combined pharmacophore mapped onto dopamine
is shown. Dopamine is represented as ball and stick and colored atom type with Carbon in
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green, Nitrogen in blue and oxygen in red. The catechol ring interacts favorably with the
aromatic residues in the binding site and hence is mapped to a hydrophobic feature and the
catechol hydroxyls and amine group are mapped as hydrogen bond donors. (c) Molecules that
were retrieved from combined pharmacophore search are listed in their 2D form. A total of
183 molecules were chosen that obeyed the pharmacophore
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Table 1
Ten best ranking analogues of retinal and their ranking based on Chemscore and Customized scoring scheme are shown.
The ligand names relate to the database from which they were chosen and their 2D structure is depicted for clarity

Ligand
name

Ligand structure Chemscore Custom
score

Aldrich-
294332

12 1

Aldrich-
223018

31 2

Retinal 11 3

Aldrich-
294314

18 4

Retinoic
acid

36 5

All-trans-
4-
oxoretinol

4 6
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Ligand
name

Ligand structure Chemscore Custom
score

N-ethyl-
retinamide

5 7

Aldrich-
223026

23 8

All-trans-
axerophthe
ne

10 9

Tripos-
611983

85 10
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Table 2
Final results from the HSB method for the query ligand dopamine. Six best ranking compounds that are analogues of
dopamine and identified using Consensus scoring scheme are shown along with their 2D structure

Ligand name Ligand structure Consensus rank

L-Dopamine 1

Dimethoxydopamine 2

Dopaminequinone 3
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Ligand name Ligand structure Consensus rank

3-benzyl dopamine 4

Fluorodopamine 5
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Ligand name Ligand structure Consensus rank

(2S)-N-[2-(3,4-
dihydroxyphenyl)ethyl]-
2-[3-(2,5-
dimethoxyphenyl)prop-
2-enoy
lamino]-3-hydroxy-
propanamide

6
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