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G-protein-coupled receptors (GPCRS) comprise alarge protein family of significant past and current interest
of pharmaceutical research. X-ray crystalography and molecular modeling combined with site-directed
mutagenesis studies suggest that most family A GPCRs share a small-molecule binding site located in the
outer part of the seven-transmembrane (7TM) bundle. Here we describe an automated method to derive
sequence-derived three-dimensional (3D) pharmacophore models capturing the key elements for addressing
this binding site by a small-molecule ligand. We have generated structure-based pharmacophore models
from 10 homology models and 3 X-ray structures of receptor—ligand complexes. These 13 pharmacophores
have been dissected into 35 different single-feature pharmacophore elements, each associated with a sequence
motif or chemoprint, describing its molecular interaction partner(s) in the receptor. Subsequently, the protein
sequences of 270 GPCRs have been searched for the presence of chemoprints and the appropriate single-
feature pharmacophores have been assembled into three- to seven-feature 3D-pharmacophore models for
each human family A GPCR. These models can be applied for virtua screening and for the design of
subfamily directed libraries. A case study demonstrates the successful application of this approach for the
identification of potent agonists for the complement component 3areceptor 1 (C3AR1) by virtual screening.

Introduction

G-protein-coupled receptors (GPCRs?) form a large protein
family that plays an important role in many physiological and
pathophysiological processes. GPCRs are located on the cell
surface and are responsible for the transduction of an endoge-
neous signal into an intracellular response.* The natural ligands
of this receptor superfamily are extremely diverse, comprising
peptide and protein hormones, biogenic amines, nucleosides and
nucleotides, lipids and eicosanoids, and others. Ligand binding
causes conformational changes of the receptor transferring the
signal to intracellular trimeric guanine nucleotide binding
regulatory proteins (G-proteins). These G-proteins act as intra-
cellular messengers, leading to an increase (or descrease) of
CAMP or calcium or triggering the phosphorylation and
internalization of the receptor.

Historically, the discovery of drugs acting at GPCRs has been
extremely successful. Looking at the U.S. market only, 13 of
37 drug molecules with sales of more than 1 billion U.S. dollars
each in 2007 act through GPCRs.? In 2007 the total sales of
these 13 GPCR-directed blockbusters sum up to 23.5 billion
U.S. dallars for the U.S. only. Furthermore, there are till
approximately 100 GPCRs representing a valid or promising
target of current pharmaceutical research. For many of these
receptors, most major pharmaceutical companies currently
profile drug candidates in preclinical studies or clinical trials
or have compounds still undergoing chemical lead optimization.
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In addition, several GPCRs are till lacking a small-molecule
chemical lead structure or even the physiological ligand (so-
called orphan GPCRs).2

Up to now experimenta three-dimensional (3D) structural
information is available for four GPCRs. bovine rhodopsin,*
the 2-adrenergic receptor,® the S1-adrenergic receptor,® and
the adenosine A2A receptor.” The 3D-structures reveal that the
outer half of the seven-transmembrane (7TM) bundle forms a
small-ligand binding site in its center. In the adenosine A2A
receptor this site extends further to the extracellular region of
the receptor, showing significant molecular interactions with the
second extracellular (ECL2) loop. On the basis of structural data
and on the basis of molecular modeling studies supported by
site-directed mutagenesis data, it has been suggested that all
(family A) GPCR receptors share a small-molecule binding
pocket located at asimilar spatial position as retina in rodopsin
(or as carazolol in the f2-adrenergic receptor, respectively). This
site has been proposed to be the switch for modulating the
functiona activity of the receptor by harboring agonists, inverse
agonists, or neutral antagonists.®

In order to identify achemical starting point targeting a GPCR
of interest, academic research groups and pharmaceutical
companies perform virtual screening in addition to random high-
throughput screening.®~*° Besides structure-based and ligand-
based virtual screening approaches, chemogenomics-based
virtual screening represents a possible approach, especialy when
ligand information for the target is insufficient or completely
missing.*® Following the chemogenomics paradigm “similar
receptors bind similar ligands” experimental testing of ligands
of a similar receptor on the target of interest is expected to
increase the chance of identifying bioactive molecules compared
to screening a random selection.*®*” In order to describe the
similarity of proteins, a classically applied similarity metric is
full-sequence homology. However, as only the similarity of the
putative ligand binding site isimportant for ligand recognition,
other concepts have been presented that focus the comparison
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Figure 1. Flowchart describing the generation of sequence-derived 3D-pharmacophore models in a schematic manner. The top part shows the
generation and analysis of structure-derived pharmacophore models for 13 reference GPCRs, resulting in 35 chemoprint rules and a database
containing single-feature pharmacophore elements. The bottom part shows the generation of sequence-derived 3D-pharmacophore models for all
family A GPCRs in an automated manner using the chemoprint rules and the pharmacophore element database derived from the 13 reference

GPCRs. Details are given in the text.

Table 1. Structural Models of Receptor—Ligand Complexes Used To Generate Structure-Based Pharmacophore Models and To Derive Chemoprint

Information®
GPCR type ligand reference

/32 adrenergic receptor X-ray structure 1, carazolol 5
1 adrenergic receptor X-ray structure 2, cyanopindolol 6
ola adrenergic receptor homology model 3, sertindol 27—-29
5HT2A receptor homology model 4, MDL 100,907 in-house data
dopamine D2 receptor homology model 5, HP873 metabolite 27, 30
muscarinic M1 receptor homology model 6 31
angiotensin AT1 receptor homology model 7, losartan 32
adenosine A2A receptor X-ray structure 8, ZM241385 7
cannabinoid CB1 receptor homology model 9, rimonabant 33
chemokine CCR2 receptor homology model 10, RS-504393 34
chemokine CXCR2 receptor homology model 11 35
EDGL1 receptor homology model 12, sphingosin-1-phosphate 36
NARL1 receptor homology model 13, acifran 37

@ Chemical structures of the ligands are shown in Scheme 1.

on the physicochemical properties of the amino acids facing
the putative binding site.® Another view angle to define
similarity is the comparison of common sequence motifs for
recognition of ligand fragments, so-called chemoprints (e.g.,
Asp3.32 of biogenic amine receptors interacting with a positively
ionizable nitrogen).*” With 3D-structural information on GPCRs
and their ligand complexes still being limited, homology
modeling supported by site-directed mutagenesis data can be
used to generate reliable 3D-structural information on GPCRs
and their ligand complexes.™® These experimentally supported
homology models can be used as a source to derive chemoprints
for GPCRs.

In this article we describe a novel automated approach for
the generation of sequence-derived 3D-pharmacophore models
for family A GPCRs (Figure 1). In the first step, we have
generated 10 homology models for receptor—ligand complexes
using the pB2-adrenergic receptor as template. In these 10
homology models and in 3 receptor—ligand complex structures
determined by X-ray crystallography the molecular interaction
partners have been identified and 35 chemoprints have been
captured. We hypothesize that GPCRs with the same (or similar)
sequence motifs could recognize the same ligand feature or
fragment at asimilar spatial position. Guided by this hypothesis,
we generated structure-based pharmacophore models from all
13 reference receptor structures. These reference pharmacoph-
ores have been dissected into 35 different single-feature phar-
macophore elements. For each pharmacophore element the 3D-
coordinates, the feature type, and the link to the corresponding

amino acid sequence motif have been stored in a pharmacophore
building block database. Subsequently, the protein sequences
of al 270 family A GPCRs have been searched for the presence
of chemoprints (Figure 1, lower part). The corresponding single-
feature 3D-pharmacophore building blocks have been assembled
into three- to seven-feature 3D-pharmacophore models for each
GPCR in an automated manner. Many of these sequence-derived
3D-pharmacophore models have a degree of complexity allow-
ing their application in virtual screening. Here we describe a
successful application of a sequence-derived pharmacophore
model generated using this Pharma®™® approach in virtual
screening, leading to the discovery of potent agonists of the
complement component 3a receptor 1 (C3AR1).

Methods and Results

Generation of Reference 3D Receptor —Ligand Complexes.
We have generated 10 experimentally supported homology
models of diverse GPCRsin complex with their small-molecule
ligands (Table 1 and Scheme 1). For these 10 GPCRs sufficient
site-directed mutagenesis data and ligand structure—activity data
are available to guide the 3D-modeling procedure for the
receptor—ligand complexes. We applied a modified version of
the MOBILE approach'®?° (modeling binding sites including
ligand information explicitly), which models proteins by homol-
ogy while explicitly including information about protein—ligand
interactions as restraints. For each GPCR given in Table 1,
molecular recognition data are translated into a topographical
interaction model after analysis of all available mutagenesis data
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Figure 2. Generation of 3D-homology model for the AT1 receptor in complex with losartan using the MOBILE approach:° (a) topological
interaction model for the molecular recognition of losartan in the AT1 receptor; (b) sequence alignment between the AT1 and the 52-adrenergic
receptor used as template structure for homology model generation; (c) proposed 3D-model of the binding site of losartan in the AT1 receptor.
Those residues interacting with the small-molecule ligand are labeled (nomenclature according to Weinstein—Ballesteros).
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Figure 3. Generation of pharmacophore building block database, example AT1 receptor. Analysis of the complex of the AT1 receptor with losartan
resultsin a structure-derived five-feature pharmacophore (&), which is in agreement with aligand-derived pharmacophore based on losartan derivatives
published by Langer et al.?® The 3D-pharmacophore is dissected into single-feature pharmacophores, keeping their spatial position and associating

each feature to the sequence-motif it is addressing (b).

and comparative affinity determinations based on ligand binding
(as shown in Figure 2a for the angiotensin |l receptor type 1
(AT1)). Following the MOBILE approach, 100 preliminary
homology models of the target receptor are generated (with
MOE)?* using the X-ray structure of the 52-adrenergic receptor
as structura template (Figure 2b). The target ligand is then
docked into each of the 100 preliminary protein models (using
GOLD),?? imposing the known receptor—ligand interactions as
docking constraints. The best-scored docking pose is considered
for the next iteration. In this next iteration, 100 new homology
models are generated, again using the X-ray structure of the
B2-adrenergic receptor as template, now considering the docking
pose from the previous step as additional restraint in the protein
modeling procedure. The final model is composed by merging
the amino acids with the best interactions to the reference ligand
into one model. In order to relax the composed model, the entire
binding pocket is minimized with the MMFF94 force field
availablein MOE, keeping ligand and protein residues flexible.
Since knowledge about protein—ligand interactions is used to
guide the GPCR modeling process, the resulting models are in
agreement with these data, as shown in Figure 2c for the
modeled complex of the AT1 receptor with bound losartan. The
resulting receptor—ligand models are used for the identification
of chemoprints (next section).

Identification of Chemoprints, Sequence Motifs for
Ligand Recognition. The 3D-models of the generated recep-
tor—ligand complexes have been analyzed to identify and
capture the key receptor—ligand interaction pairs (e.g., Asp3.32
connected to a positively ionizable nitrogen in the ligand). In
addition to the homology model-based complex structures, the
experimental complex structures of the 2-adrenergic (PDB
entry 2RH1), the fl-adrenergic (PDB entry 2VT4), and the
adenosine A2A receptor (PDB entry 3EML) with bound
antagonists have been analyzed.> " Table 1 lists al reference
GPCRs, together with the key references reporting the molecular
recognition data (or describing the complexes determined by
means of X-ray crystallography, respectively). Table 2 lists all
receptor—ligand interaction pairs, which have been identified
in the 13 reference complex models. We have coined the term
chemoprints for these motifs in the GPCR sequence, which are
hypothesized to be necessary to recognize and bind a specific
ligand feature or fragment.*” The numbering of the sequence
motifs is given according to the nomenclature of Ballesteros—
Weinstein, allowing identification of topological identical
residues in GPCR sequences (the helix number is followed by
an index representing the position of the residue relative to the
most conserved residue in the helix, to which is arbitrarily

assigned the index 50). It is evident that for some GPCRs the
same molecular interaction pair is used (e.g., Asp3.32 in al
biogenic amine GPCRs to recognize a positively ionizable
nitrogen), resulting in some redundancy for several chemoprints.
In total, 35 different chemoprints have been extracted from the
reference models capturing the key interaction sites addressed
by ligands within the 7TM binding site.

Generation of Structure-Based Reference Phar macophore
Models. Structure-based 3D-pharmacophore models have been
generated for each of the 13 reference complexes using Catalyst.
Toward this end, for each receptor—ligand complex the ligand
has been extracted from the complex model and imported into
Catalyst.>® Using the pharmacophore feature dictionary of
Catalyst (HBA, hydrogen bond acceptor; HBD, hydrogen bond
donor; HY D, hydrophaobic; HY DArom, hydrophobic aromatic;
NI, negatively ionizable; Pl, positively ionizable; RA, ring
aromatic), pharmacophore features are placed onto the ligand
reflecting the receptor—ligand interaction pairs observed in the
complex structures (Table 2).

Figure 3 illustrates the workflow using the AT1 receptor in
complex with losartan as an example. The expected binding
mode of losartan, which is supported by ligand structure—activity
relationship (SAR) and site-directed mutagenesis data, is shown
in Figure 2c. Analysis of the complex alows us to derive the
structure-based pharmacophore model (Figure 3a). Each of the
pharmacophore features is in agreement with ligand SAR data
and is linked to an interaction partner in the GPCR binding
site. Following the same workflow, structure-based pharma
cophore models have been generated for all 13 GPCR—ligand
complexes.

Single-Feature Phar macophor e Building Blocks. In order
to generate a database of pharmacophore building blocks, each
structure-based pharmacophore model has been dissected into
single-feature pharmacophore elements (see AT1 example in
Figure 3b). The dissection of each pharmacophore model in its
elements has been performed using a Perl script: The script reads
the pharmacophore hypothesis file generated by Catalyst and
writes files containing the single-feature pharmacophore ele-
ments. In total, 35 different single-feature pharmacophores have
been generated, each having the spatial position as found in 1
of the 13 receptor—ligand complexes. Each single-feature
pharmacophore is associated with the chemoprint information,
forming the respective interaction partner in the 7TM binding
site.

Sequence-Derived Pharmacophore Models for Family
A GPCRs. The single-feature pharmacophores with spatial
positions as derived from the 13 reference complexes served
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Journal of Medicinal Chemistry, 2009, Vol. 52, No. 9 2927

chemoprint no. reference GPCR sequence motif pharmacophoric feature
1 B2/51 adrenergic Asp3.32 pos ionizable
1 ala adrenergic Asp3.32 pos ionizable
1 5HT2A Asp3.32 pos ionizable
1 D2 Asp3.32 pos ionizable
1 M1 Asp3.32 pos ionizable
2 32/51 adrenergic Val3.33, Phe5.47, Pheb.52 hydrophobic aromatic
2 ola adrenergic Val3.33, Phe5.47, Tyr6.52 hydrophobic aromatic
2 5HT2A Val3.33, Phe5.47, Phe6.52 hydrophobic aromatic
2 D2 Val3.33, Phe5.47, Phe6.52 hydrophobic aromatic
3 B2/51 adrenergic Ser5.42 hydrogen bond donor
4 B2/51 adrenergic Asn7.39 hydrogen bond acceptor
5 2 adrenergic Ala5.39, Phe6.51 (Phe5.32) hydrophobic aromatic
5b ola adrenergic Val5.39, Phe6.51, Met6.55 hydrophobic
6 ola adrenergic Phe2.64, Trp3.28 hydrophobic
7 5HT2A Trp3.28 hydrophobic aromatic
8 5HT2A Asn6.55 hydrogen bond acceptor
9 5HT2A Ser5.43 hydrogen bond donor
10 D2 Leu2.64, Phe3.28 hydrophobic aromatic
11 D2 Ser7.39 hydrogen bond acceptor
12 M1 Ala3.36, Phe5.47, Trp6.48 hydrophobic aromatic
13 M1 Trp2.61, Trp3.28, Ala3.36 hydrophobic aromatic
14 M1 Asn6.52 hydrogen bond acceptor
15 M1 Alab.43, Va6.55 hydrophobic
16 AT1 Lys5.42 neg ionizable, ring aromatic
17 AT1 11€3.36, Phe5.47, Trp6.48 hydrophobic aromatic
18 AT1 Ser3.29 hydrogen bond acceptor
19 AT1 Val3.32 hydrophobic aliphatic
20 A2A Asn6.55 (Glu5.30) hydrogen bond donor
21 A2A Asn6.55 hydrogen bond acceptor
22 A2A Leu3.32, Trp6.48, Tyr6.51 hydrophobic aromatic
23 A2A 11€7.39 (Phe5.29) ring aromatic
24 CB1 Phe5.42 hydrophobic aromatic
25 CB1 Phe5.43, Trp6.48 hydrophobic aromatic
26 CB1 Phe2.61, Phe2.64 hydrophobic
27 CB1 Lys3.28 hydrogen bond acceptor
28 CCR2 Glu7.39 pos ionizable
29 CXCR2 Arg5.39 neg ionizable
30 CXCR2 Tyr6.51 hydrogen bond acceptor
31 CXCR2 Phe3.36, Tyr6.51 ring aromatic
32 CXCR2 Lys3.32, Glu7.39 hydrogen bond donor
33 EDG1 Arg3.28 neg ionizable
34 EDG1 Glu3.28 pos ionizable
35 NAR1 Arg6.55 neg ionizable
HYD HBA
Tyr7.40 5 Asn6.55
> T2 )

TM1 YINIIMPSVFGTICLLGIIGNSTVIFAVVKK @ HYDAr

TM2 CNNVPOIFIINLSVVDLLFLLGMPFMIHQLM Trpo.48
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TM5 LYWFTLYQFFLAFALPFVVITAAYVRILQRM Asp3.32
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TM7 TEVY l AAISLGYANSCLNPFVYIVLC HYDAr

Trp6.48

Figure 4. Seguence-derived 3D-pharmacophore model: example, MCH receptor. The sequence of the MCH receptor (7TM region) is searched for
the presence of chemoprints. Several chemoprints can be identified, and for each chemoprint the respective 3D-pharmacophore feature is placed to
assemble the sequence-derived 3D-pharmacophore. The redundancy of the positively ionizable (PI) feature with slightly varying spatial positions
results from the fact that the feature is found in four different reference complexes and is thus stored in the 3D-pharmacophore database four times

with dlightly varying coordinates.

as building blocks for the generation of sequence-derived 3D-
pharmacophores for all family A receptors. As mentioned above,
we hypothesized that GPCRs with the same (or similar)
sequence motif could recognize the same ligand feature or
fragment at a similar spatial position. On the basis of amultiple
alignment of the 7TM regions of all GPCRs, the sequences of
all receptors are searched for the presence of chemoprints. Thus,
a 35-digit chemoprint vector is generated for all 270 human

family A GPCRs. A chemoprint “bit” is set on, not only if the
exact chemoprint signature is present but even if similar amino
acids are present, which would alow the same type of
interaction as observed in the reference complex at a similar
spatial position (for exact chemoprint conditions, see Table 3).
If, for example, the interaction partner in the reference receptor
isavaline residue forming a hydrophobic interaction to aligand
fragment (e.g., chemoprint 19), it is assumed a valine residue



Downloaded by Jonathan Berry on September 11, 2009 | http://pubs.acs.org
Publication Date (Web): April 17, 2009 | doi: 10.1021/jm9001346

2928 Journal of Medicinal Chemistry, 2009, Vol. 52, No. 9

Table 3. Chemoprint Conditions®

Klabunde et al.

sequence motif

chemoprint no. reference GPCR
1 2/51 adrenergic
1 ola adrenergic
1 5HT2A
1 D2
1 M1
2 B2/51 adrenergic
2 ola adrenergic
2 5HT2A
2 D2
3 [2/51 adrenergic
4 [2/51 adrenergic
5 /32 adrenergic
5b ola adrenergic
6 ola adrenergic
7 5HT2A
8 5HT2A
9 5HT2A
10 D2
11 D2
12 M1
13 M1
14 M1
15 M1
16 AT1
17 AT1
18 AT1
19 AT1
20 A2A
21 A2A
22 A2A
23 A2A
24 CB1
25 CB1
26 CB1
27 CB1
28 CCR2
29 CXCR2
30 CXCR2
31 CXCR2
32 CXCR2
33 EDG1
34 EDG1
35 NAR1

D3.32
D3.32
D3.32
D3.32
D3.32

(V3.331IA3.33/IT3.33/113.33/IL. 3.33/IG3.33IF3.33) & (F5.47I1Y5.471115.47)

& (F6.521Y6.52/IW6.52)

(V3.331A3.33T3.33/113.33L.3.331G3.33) & (F5.47IIY5.47) &
(F6.523Y6.52)

(V3.331A3.33T3.33/113.33L.3.331G3.33) & (F5.47IIY5.47) &
(F6.521Y6.52)

(V3.331A3.33T3.33/113.33L.3.33/IG3.33) & (F5.47IlY5.47) &
(F6.521Y6.52)

S5.42IIT5.42

N7.39

(F6.511Y6.51) & (A5.3911G5.391V/5.391115.391T5.3911L 5.391S5.39)

F6.51 & M6.55 & V5.39

(W3.28Y3.28/IF3.28) & (F2.64IY2.64) & !(F2.61Y2.61IIW2.61)

W3.28 & [(F2.6411Y2.641I\W2.64)

N6.5511Q6.55

S5.43/IT5.43

(F3.28/IY3.28) & !(F2.611IY2.611IW2.61) & (L2.641112.64/\V2.64)

T7.391S7.39

W6.48 & (F5.47I1Y5.47) & (A3.3611S3.36/1G3.36)

W3.28 & (L3.291V3.291113.29) & (F2.61I1Y 2.611IW2.61)

N6.521106.52

(V6.55/1L6.55/116.55) & (A5.431V5.431L5.43115.43)

K5.42IIR5.42

W6.48 & (F5.47I1Y5.47) & (13.3611V3.361IL.3.361M3.36) &!
(W6.52IF6.5211Y 6.52)

S3.20IIT3.29

V3.32113.321IL3.32

N6.5511Q6.55

N6.5511Q6.55

W6.48 & (F6.511Y6.51IL6.51) & (L3.33)

17.391V7.3911L.7.39

(F5.421Y5.42)

W6.48 & (W5.431Y5.43IF5.43)

(F2.611Y2.61) & (F2.64I1Y 2.64)

K3.28

(E7.39ID7.39) &!K3.32

R5.39K5.39

Y651

(F3.36/IW3.3611Y3.36) & (F6.5111Y6.51)

E7.39 & K3.32

E3.291ID3.29

R3.28/IK3.28

R6.55K 6.55

@ The required conditions for setting a chemoprint are given (Il = OR; & = AND; &! = AND NOT).
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Figure5. Refinement of initia 3D-pharmacophore model: example, MCH receptor. The sequence-derived 3D-pharmacophore for the MCH receptor
is simplified by merging overlapping pharmacophore features of the same type (positively ionizable features). The resulting simplified

3D-pharmacophore is shown on the right.

or any other aliphatic amino acid could recognize a ligand
fragment at the same spatial position. As each chemoprint is
associated with a single-feature pharmacophore from the phar-
macophore building block database, a 3D-pharmacophore can
be generated by assembling the appropriate pharmacophore
building blocks. The “pharmacophore synthesis’ is performed
in an automated manner by reading the files of the single-feature
pharmacophore building blocks and by combining them into

the final 3D-pharmacophore file for the respective receptor.
Figure 4 exemplifies the approach for the melanin-concentrating
hormone (MCH) receptor.

Automated Refinement of Sequence-Derived Phar macoph-
ores. It is evident from Figure 4 that the resulting sequence-
derived pharmacophores might have overlapping pharmacophore
features. Thisis due to the fact that for some chemoprints severa
single-feature pharmacophores have been stored within the
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Figure 6. Sequence-derived pharmacophore model for U2 receptor (a) and mapping of a nonpeptidic ligand (14) SB706375 (b). The reference
ligand has been used to define an additional shape restraint. Each pharmacophore feature is labeled by identity and origin (e.g., the positively

ionizable feature has a position as observed in the 52-adrenergic structure).

Table 4. Number of Pharmacophore Features of Sequence-Derived
Pharmacophore Models*

Table 5. Application of Sequence-Derived 3D-Pharmacophore Models
in Virtual Screening: Example, U2 Receptor®

<4 features 4 features >4 features
orphan GPCRs 37 22 34
novel GPCRs 30 12 28

@ Novel receptors are defined as GPCRs with less than 5 small-molecule
ligands in the Aureus GPCR ligand database.>*

database with dightly different 3D-coordinates. Another pos-
sibility is that a chemoprint signature has been found to make
different types of interactions in the given set of reference
receptors, e.g., interacting once with a hydrogen bond donor of
the ligand and once with a hydrogen bond acceptor (e.g.,
Asn6.55). This results in overlapping pharmacophore features
having different properties. Thus, in order to avoid overlapping
features the initial 3D-pharmacophores are cleaned in a second
step, again using an automated approach (Figure 5). The initial
sequence-derived pharmacophore models of all family A
receptors are searched for overlapping pharmacophore features.
Identical features are then merged into one feature; overlapping
features of a different type are separated and saved as two
different 3D-pharmacophore models capturing two different
pharmacophore representations of the 7TM binding site of the
respective receptor.

By use of the automated approach, sequence-derived 3D-
pharmacophore models have been generated for all human
family A GPCRs. Table 4 lists the number of pharmacophore
features present in the sequence-derived pharmacophore models
for orphan GPCRs and novel GPCRs (receptors with less than
five known small-molecule ligands within the GPCR ligand
database from Aureus).* In our experience, 3D-pharmacophore
hypotheses with only three pharmacophore features do not
provide the necessary “selectivity” when applied in virtual
screening, as the number of false positivesistoo high. However,
four- and five-feature hypotheses most often provide a reason-
able number of virtual hits when applied in virtual screening
of large compound databases. Together with the data shown in
Table 4 this suggests that sequence-derived pharmacophore
models are applicable for virtual screening of 60% of all orphan
GPCRs and for 70% of al novel GPCRS, respectively.

Validation Study: Virtual Screening To Identify Urotensin-
I (U2) Receptor Ligands. The sequence-derived pharmacophore
model generated for the urotensin-11 (U2) receptor is shown in
Figure 6a (model 1). The four-feature pharmacophore suggests

U2 receptor virtual hits
ligands retrieved  yield (%) from WDI (%) hit rate (%)
model 1 233 85 6 7
model 2 81 30 0.6 26

2Yield, selectivity (versus WDI), and hit rate are given for the sequence-
derived pharmacophore without (model 1) and with shape restraints (model
2).

Scheme 2

(14)Ki 5.4 nM

two hydrophobic aromatic groups, one hydrogen-bond acceptor,
and one positively ionizable group in the shown spatial
arrangement as common features of small-molecule U2 receptor
ligands. How does this sequence-derived 3D-pharmacophore
match to the chemical structures of known U2 receptor ligands?
The 275 nonpeptidic ligands of the U2 receptor with binding
affinities below 1 uM (comprising six different chemical series)
have been retrieved from the Aureus database,* and a Catalyst
database has been generated. The database has been virtually
screened using the sequence-derived 3D-pharmacophore model.
As aresult, 233 hits are retrieved, indicating that 85% of the
known nonpeptidic ligands fulfill the pharmacophore require-
ments captured in the sequence-derived 3D-pharmacophore
model.

The applicability of the sequence-derived pharmacophore
model (model 1) in virtual screening is evaluated by screening
the World Drug Index (WDI) database containing approximately
50 000 druglike molecules combined with the 275 U2 receptor
ligands described above. The virtual screening retrieved more
than 6% of the database compounds, showing that the selectivity
of the four-feature pharmacophore is insufficient for its direct
application in virtual screening (Table 5 model 1). The
selectivity of a 3D-pharmacophore can be significantly increased
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Figure 7. Virtual screening for C3ARL1 ligands. (a) The sequence-derived pharmacophore (model 1) consists of four pharmacophore features (ring
aromatic, negative ionizable, hydrophobic, and hydrophobic aromatic). For application in virtual screening it is refined by addition of the molecular
shape of losartan as additional restraint. (b) The resulting 3D-pharmacophore is applied for virtual screening of the companies’ compound database.
(c) Mapping of the most potent C3AR1 agonists (15) is identified by virtual screening, with an ECs, of 300 nM as measured in a functional FLIPR

assay.

by adding shape restraints, which can be derived from any potent
reference compound. Toward this end, the most active nonpep-
tidic U2 receptor ligand (14, Scheme 2) is mapped onto the
sequence-derived 3D-pharmacophore and used as additional
shape restraint (Figure 6b, model 2). The shape-refined phar-
macophore model (Table 5, model 2) has been applied to
virtually screen the WDI database enriched with U2 receptor
ligands. The resulting hit list contains 81 (of 275 embedded)
U2 receptor ligands (of three different chemical series). Ad-
ditionally 235 WDI compounds with no reported activity on
U2 receptor have been retrieved (putative false positives). Thus,
the sequence-derived pharmacophore in combination with shape
restraints taken from areference ligand shows agood selectivity.
The pharmacophore retrieves 30% of the known U2 receptor
ligands (half of all embedded chemical classes) with a hit rate
of 26%. The retrieval rate of active U2 receptor ligands is 50
times higher than a random selection (calculated hit rate of
0.55%). These results from a retrospective virtual screening
study encourage the application of sequence-derived pharma
cophore models to virtual screening, especially when combined
with shape restraints from a reference ligand.

Application Study: Virtual Screening for Ligands of
the Complement Component 3a Receptor 1 (C3AR1). In
order to support lead finding for the C3AR1, avirtual screening
of the companies' compound database has been performed. At
the time the virtual screening has been initiated no small
molecule ligand of C3AR1 was known. Thus, a sequence-
derived 3D-pharmacophore has been generated using the
Pharma® approach described above. The pharmacophore is
composed of one ring aromatic feature, a negatively ionizable

group, a hydrophobic aromatic group, and a hydrophobic group
(Figure 73). All chemoprints and pharmacophore building blocks
originate from the AT1 receptor in complex with losartan (a
potent antagonist of the AT1 receptor), indicating a significant
similarity between the 7TM binding site of the two peptide-
binding GPCRs. This similarity between the C3AR1 and the
ATL1 receptor is not visible in a classical phylogenic tree based
on full sequence homology or by comparison of the receptors
based on the physicochemical properties of the amino acids
forming the 7TM binding site (using our in-house tool). Asthe
four-feature hypothesis retrieves too many virtual hits when
applied for virtual screening of the companies compound
collection, we have added an additional shape restraint. Because
of the indicated similarity between C3AR1 and the AT1
receptor, we have used the shape of the losartan molecule,
aligned onto the sequence-derived C3AR1 pharmacophore, as
additional restraint (Figure 7b). The 650 virtual hits have been
retrieved from our companies’ collection, and a diverse selection
of 157 available compounds has been selected for experimental
testing in a functional assay. The compounds have been tested
in afluorometric imaging plate reader (FLIPR) assay using RLB
cells expressing the human C3ARL1. A total of 4 of the 157
compounds have been found to activate the calcium release with
a potency (ECsp) below 10 uM (with no activation of the
parental RLB cell line lacking the C3AR1). The most potent
agonist (mapped onto the pharmacophore model in Figure 7¢)
shows an ECsy of 310 nM (15). The potency in the functional
assay and the chemical structures of al four C3AR1 agonists
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(15) EC50 310 nM

(16) EC50 530 nM

identified by pharmacophore-based virtual screening are shown
in Scheme 3.
Discussion

The Pharma®® approach presented here allows the fast
generation of sequence-derived 3D-pharmacophore models for
GPCRs. The method captures pharmacophore features used in
well-studied GPCRs for ligand recognition and extracts the
location and identity of pharmacophore features from known
GPCR~—ligand complexes into a sequence-derived pharmacoph-
ore for the GPCR of interest. One retrospective validation study
for the human U2 receptor and one prospective application study
on C3AR1 demonstrate that these sequence-derived pharma-
cophore models can be applied in virtual screening. In a
retrospective validation study to identify known U2 receptor
antagonists the approach provided a hit rate 50 times higher
than random screening and identified more than 30% of the U2
ligands hidden in the validation data set. The prospective
application study to identify ligands of the C3AR1 by virtual
screening of the companies’ compound collection and subse-
guent experimental testing of 157 virtua hits provided four
agonists with a potency below 10 uM. The most potent
compound (15) shows an ECs, of 300 nM.

As shown for both application examples, further refinement
of the sequence-derived pharmacophore model using the shape
of areference molecule as additional restraint can be beneficial.
It increases the selectivity of the model when applied in virtual
screening. Alternatively the sequence-derived pharmacophore
models can be refined by mapping them onto ligands of the
target GPCR resulting, for example, from a low- or medium-
throughput screening before application in virtual screening.

Researchers at Roche have recently presented a similar
automated approach to derive 3D-pharmacophore models for
GPCRs.% Kratochwil et a. derive GPCR pharmacophores from
coarse homology models placing pharmacophore features next
to all amino acids of the 7TM binding site. The resulting 3D-
pharmacophores are complex with large coordinate uncertainties
for each pharmacophore feature due to the side chain flexibility
of the respective interacting amino acid. Thus, according to the
authors, these homology-model derived pharmacophore models
are found to be useful for the classification of GPCRs but cannot
be applied in virtual screening.

Clearly the presented Pharma®® approach to derive sequence-
derived pharmacophore models for GPCRs has limitations. First,
(family A) GPCRs might not al share the same architecture of
the 7TM binding site. A similar architecture of the 7TM binding

mg\ j N
cl 0 O
o
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(17) EC50 2 pM (18) EC50 2.7 uM

site, however, is a prerequisite for the generation of meaningful
pharmacophore models for the target GPCRs using pharma-
cophore elements of the reference receptors. Second, the current
set of 35 pharmacophore building blocks might be insufficient
to capture all major interaction sites of all GPCR ligands. Third,
interacting residues from the second extracellular loop (ECL2),
which can have a contribution to binding (e.g., in the adenosine
A2A receptor), are not included in the multiple sequence
alignments and are thus currently not considered. All these
factors lead to a limited accuracy of the sequence-derived
pharmacophore models. We clearly consider the segquence-
derived pharmacophore models being of lower quality than 3D-
pharmacophore models derived directly from areceptor—ligand
cocrystal structure or derived from ligand-based pharmacophore
modeling.

After having summarized the limitations of sequence-derived
pharmacophores, we emphasize some advantages of this ap-
proach. First, the generation of a pharmacophore model in
Pharma®® is extremely fast. By use of the database of pharma-
cophore elements and the chemoprint rules as input, 3D-
pharmacophore models can be generated in less than 1 min for
al family A receptors. Second, especidly for GPCRs with
limited (or no) ligand information, not allowing the generation
of a ligand-based 3D pharmacophore, the sequence-derived
pharmacophore models offer the only opportunity to perform
pharmacophore-based virtua screening for these targets. Third,
the chemoprint information can be used to cluster GPCRs based
on common ligand-interaction opportunities. It thus focuses the
comparison of binding sites on those residues which are known
from other GPCRs to be involved in ligand binding. In addition,
common sequence-derived pharmacophore models can be
derived addressing a subset of GPCRs and can be applied to
direct the design of chemical libraries, targeting a subset of
GPCRs (example not shown here). Findly, as seen in the
retrospective application example for the U2 receptor, the
sequence-derived pharmacophore models often contain elements
of different reference receptors (in the U2 receptor study
pharmacophore, e.g., elements of the 52-adrenergic receptor and
the 5HT2a receptor). Thus, hybrid pharmacophore models are
generated that differ from the pharmacophore models of the
individual reference receptors. These models thus alow us to
address a completely different chemical space when applied in
virtual screening compared to searches using the pharmacophore
models or reference ligands of the reference receptors as queries.

The Pharma’® approach presented here currently relies mainly
on homology models and GPCR—ligand complexes supported
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by molecular recognition data and SAR data. The reference
complexes derived by homology modeling and used as a source
for generation of the 3D-pharmacophore building blocks do not
have the quality and accuracy of 3D-structures generated by
X-ray crystallography. With the expected increasing number of
experimental structural data for GPCR—ligand complexes,
however, the approach can be based on more experimental
structural data. With the data source further improving, the
quality and accuracy of the resulting sequence-derived phar-
macophore models should also increase in the near future. Thus,
we believe that the future of the broad and successful application
of the Pharma® approach for virtual screening and lead finding
for novel and orphan GPCRs is still to come.
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