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Abstract—A computational protocol has been devised to relate 7TM receptor proteins (GPCRs) with respect to physicochemical
features of the core ligand-binding site as defined from the crystal structure of bovine rhodopsin. The identification of such receptors
that already are associated with ligand information (e.g., small molecule ligands with mutagenesis or SAR data) is used to support
structure-guided drug design of novel ligands. A case targeting the newly identified prostaglandin D2 receptor CRTH2 serves as a

primary example to illustrate the procedure.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The G protein-coupled receptors (GPCRs) allow signals
from the exterior of cells to be communicated to second
messenger systems within the cells. The receptors are inte-
gral membrane proteins characterized by seven trans-
membrane (7TM) helical segments traversing the
membrane in an antiparallel way, with the N-terminal
on the extracellular side of the membrane and the C-ter-
minal on the intracellular side. This generic protein struc-
ture is extensively used for a variety of stimuli spanning
from protons, fatty acids, monoamines, peptide hor-
mones, glycoproteins to olfactory agents and light. The
7TM receptor superfamily is composed of many hundreds
of receptors that can be further divided into smaller sub-
families of receptors.! The largest of these sub-families is
composed of the rhodopsin-like receptors, also termed
family A receptors, named after the light-sensor in our
eye.

Despite the fact that drugs have been successfully devel-
oped for 7TM receptors, efficient structure-based drug
discovery is hampered by the lack of detailed structural
information. Hitherto only one G protein-coupled recep-
tor, bovine rhodopsin, has been subject to structural
determination by X-ray crystallography at atomic resolu-
tion in its inactive conformation with 11-cis-retinal.?
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Since the three-dimensional structure of only a single
receptor has been solved to date, the helical lengths, and
the beginning, centre and ends relative to the lipid bilayer
membrane of each of the seven helices for target receptors
are dissected by sequence analysis.> Homology models of
other rhodopsin-like 7TM receptors have been derived
from the bovine rhodopsin structure.? These models have
been used with varying success to drive the design and
optimisation of novel ligands.* Mutagenesis, metal-site
engineering, biophysical and spectroscopic studies have
supported the identification of a core-binding site located
in the upper part of the transmembrane helical bundle.’

Much of the success in structure-based drug design in
general for other target protein classes is driven by iter-
ative processes utilising target protein as well as ligand
information—especially ligand-protein complexes—in
the design. To compensate for the lack of detailed struc-
tural information for the 7TM receptors it was reasoned
that identification of receptors that already were associ-
ated with ligand information (e.g., small molecule
ligands with mutagenesis or SAR data) and which were
closely related to the target receptor could be used to
improve the rational drug design process.

7TM receptor proteins have traditionally been classified
based on their primary amino acid sequences, evolution-
ary phylogeny,® or their pharmacological profile.! How-
ever, from a drug discovery perspective, it is more
relevant to classify and characterize 7TM receptors
according to their ligand recognition properties.
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Here, we describe a computational strategy which classi-
fies 7TM receptors with respect to physicochemical fea-
tures of selected amino acid residues located in a
common structural framework constituting a core li-
gand-binding site as defined from the crystal structure
of rhodopsin. The classification procedure involves the
following steps: (i) primary sequence alignment (TM
domain) of all 7TM receptors;>’ (ii) identification and
selection of core-binding site residues potentially in-
volved in small molecule ligand binding and recogni-
tion;*># (iii) create binding site signatures and pseudo-
sequence strings; (iv) assign physicochemical descriptors
or indicator variables;>!° (v) compare, rank and cluster
7TM receptors of interest.

2. 7TM sequence alignment (step i)

To allow for this type of comparison the protein
sequences must be properly aligned using conventional
alignment algorithms such as ClustalW.” The resulting
alignment is manually inspected and refined if necessary,
so that conserved generic sequence signatures within the
seven transmembrane helices are satisfied.

3. Definition of core-binding site (step ii)

Based on the conserved key residues in each transmem-
brane segment, a generic numbering system has been
suggested.>® For example, in TM-II the highly con-
served aspartate (Asp) is given the generic number 10,
i.e., Aspll:10, and all other residues in the helix are
hence numbered on this basis (cf. Fig. 1).® A large body
of research has been dedicated to identify which amino
acid residues that are associated with binding of small
molecules.*> A proposed core-binding site consisting
of 22 amino acids facing the binding cavity is shown
in Figure 2 for the CRTH2 receptor (vide infra).

4. Descriptors applied to binding site signatures
(steps iii and iv)

The binding site signature, represented by a ‘pseudo-se-
quence string’ of the 22 amino acid positions, is encoded

T™M-1 TM-II T™-l TM-IV T™M-V TM-VI  TM-VII o
Cyslil:01 H
Asnl:18 Aspll:10 Arglll:26 TrplV:10 ProV:16  ProVI:15 ProVII:17

Figure 1. Schematic representation of the secondary structure elements
of a rhodopsin-like 7TM receptor. The conserved key residues numbered
according to the generic numbering system are highlighted in black.®

CRTH2

Figure 2. Helical wheel diagram of the amino acid positioning in the
transmembrane domain of the CRTH2 receptor. Highly conserved
sequence positions within the rhodopsin-like 7TM receptor family are
shown in black and binding site residues in gray.®

with physicochemical descriptors relevant for ligand
binding and recognition, such as ionic, ion—dipole,
dipole—-dipole, hydrogen bonding, hydrophobic,
n-stacking, edge-on aromatic, and cation-interaction
forces. The physicochemical descriptors can be experi-
mentally derived and/or theoretically calculated.”!°
Such descriptors have successfully been employed in
various types of quantitative structure—activity relation-
ships (QSAR) analyses of drug/ligand responses.”!°

A more simplistic analysis can be based on indicator
variables, e.g., 1 and 0, to denote absence or presence
of selected features as illustrated in Figure 3 for a tyro-
sine residue capable of hydrophobic, aromatic and polar
interactions. The resulting 5-digit bit string 11001 will
encode for its interaction features and the remaining res-
idues are handled analogously to produce a combined
bit string reflecting the interaction properties in the
selected site. This binary representation allows for
mathematically fairly simple Tanimoto-type compari-
sons between corresponding binding sites of large
numbers of receptor proteins.!!

5. Computational classification procedure (step v)

Having defined the core ligand-binding site and associ-
ated physicochemical descriptors it is possible to com-
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Figure 3. Bit map representation of potential ligand interactions with
tyrosine.
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pare, rank and cluster 7TM receptors with respect to
their potential to interact with a given ligand or structur-
ally similar ligands. By analogy to phylogenetic analysis,
this process has been referred to as physicogenetic
analysis.

Following the procedure above it is possible to quantify
how similar a given receptor-binding site or subsite is to
other receptor-binding sites and/or subsites. In general,
binary descriptors are intuitively and computationally
attractive due to their flexibility and the possibility to
handle large data sets. In this work, we have used Cosine
Coefficients to assess the similarity between binding site
signatures providing a statistically easily normalized
readout reflecting the percentage of overlap.'!'> More
advanced types of descriptors and other similarity mea-
sures rely on pattern recognition methods and principal
component analysis (PCA) (data not shown).!!

6. Results and discussion

The rhodopsin-like receptor, CRTH2, was recently iden-
tified as the second high-affinity prostaglandin D2 recep-
tor.!3 It is expressed on eosinophils, basophils and Th2
cells, and it has attracted attention as a novel target
for treatment of allergic diseases like asthma and rhini-
tis. It was selected as an appropriate target for applying
a structure-guided approach of identifying ligands since
indomethacin was the only identified ligand for this
receptor at the time we initiated the study descried in
this report.

Itisimportant to emphasize that the relationship between
proteins derived on these assumptions in most cases and
for several reasons will be different from sequence align-
ment comparisons or a phylogenetic analysis based on
substitution tables such as PARM, BLOSSUM, etc.®
Other means to compare monoamine related 7TM recep-
tors based on ligand and chemogenomics input have also
been devised.'* Examples of receptors where sequence
alignment gives comparable relationships as physico-
genetic approaches are typically illustrated by certain
receptors with subclasses such as the neurokinin NK1 to
NK4 receptors and muscarinic M1 to M5 receptors.

In this study, a model using binary codes describing ab-
sence or presence of aromatic, hydrophobic, negatively
charged, positively charged and polar interactions was
used to rank the human receptors with the Cosine Coef-
ficient relative to the first noted receptor given in paren-
thesis.!?> Thus, the closest receptors to the muscarinic
M3 was M2 (1.00), M4 (1.00), M1 (0.97) and M5
(0.97), which is in accordance with findings that musca-
rinic antagonists are in principle fairly subtype unselec-
tive.!> Likewise, the model ranks the receptors closest to
the neurokinin NK1 as NK4 (0.88), NK3 (0.88), NK2
(0.87) and CXCR3 (0.63).

In contrast, the model applied to histamine H2 will rank
the closest receptors as 5-HT5 (0.76), onc (0.69), whereas
the other histamine receptors are more remote, i.e., his-
tamine H3 (0.61), H1 (0.59) and H4 (0.54).

The model applied to CRTH2 will rank the closest
receptors as chemokine-like receptor 1 (0.79), angioten-
sin AT2 (0.74) and leukotriene 1 (0.64). Besides angio-
tensin ATI1 (0.61), a few less investigated GPCRs were
identified but since they are not associated with any
ligand information they were omitted. In the ordinary
phylogenetic analysis of the CRTH2 receptor, relation-
ships with a number of chemotactic receptors (CysLTs,
BLTs, FPRLs) and prostanoid receptors (TP, FP, IP,
EPs, DP) are revealed.!3. In the physicogenetic analysis,
the chemotactic receptors are also identified, albeit with
a more distant relationship. Notably, the ATI1 and AT2
receptors are not identified as close neighbours accord-
ing to the conventional evolutionary relationship model
and hence provide novel opportunities.

Having identified 7TM receptors which resemble each
other with respect to the physicochemical environment
in the binding site (physicogenetics), it is possible to uti-
lise known ligands which interact with one receptor as
chemical starting points for drug development on relat-
ed receptors (target jumping). It is generally recognized
that structurally related small organic molecules tend to
bind the same biological target proteins.!® Conversely,
related biological targets also tend to bind the same or
similar small organic molecule ligands. The transfer of
a specific chemical starting point from one target to
another related target could be seen as an example of
chemogenomics. Thus, an efficient physicogenetic meth-
od to compare 7TM receptors having known small mol-
ecule ligands (known or potential drug molecules) with
novel receptors lacking identified ligands allows for pos-
sibilities to identify lead structures for drug development
since no previous information regarding ligands binding
to the new receptor under investigation is needed. Our
recent identification of the related dopamine receptors
D, and Dj to provide structural input in the design of
melanin-concentrating hormone (MCH) antagonists
may serve as an example of this process.!” Alternatively,
one can derive pharmacophore models based on specific
ligands binding to the receptors related to the receptor
under investigation. Furthermore, one can use informa-
tion supported by mutagenesis and SAR on how known
ligands are thought to be binding to a known receptor to
derive a pharmacophore based on the new target recep-
tor homology model and the ligand interaction features
obtained from the related receptor—ligand information.

The latter approach was applied to CRTH2 which at the
start of the project only had been associated with the li-
gand indomethacin besides prostaglandin D2.!3 As de-
scribed above, physicogenetic analysis identified the
related receptors angiotensin AT2 and ATI1, which are
associated with a wealth of ligand and mutational infor-
mation which were used in the construction of the phar-
macophore model. Especially, AT1 ligands and
mutational data'®!'® were used to identify crucial inter-
action sites in the AT1 receptor, which were transformed
into the corresponding sites in the CRTH2 homology
model?° of the receptor to construct the pharmacophore
model. The assumed binding site is characterised by
a hydrophobic pocket surrounded by several phenylala-
nines, e.g., PheVI:13, PheV:09, PheV:13, Phelll:08,
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Phelll:09, PheVII:10 and the tyrosine TyrVI:16. An an-
chor point for a carboxyl functionality is LysV:08, and
potential hydrogen-bonding sites can be located at As-
nlll:11, HisIII:04 and SerIIl:05. Thus, the pharmaco-

Figure 4. Pharmacophore used for in silico mining. Red, green, blue
and yellow are clusters of hydrophobic interaction sites. Red sticks are
ionic and/or hydrogen bond donor/acceptor interactions identified by
use of the structure-based focusing (SBF) module of Cerius 2.%' Gray
areas represent excluded volumes.
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Figure 5. Binding affinity of hits identified by in silico screening (grey
balls) on the target receptor CRTH2 and the physicogenetically related
receptors AT1 and AT2.%* The profile of a comparative set of AT1 and
AT?2 ligands is represented by black triangles.

phore model contains elements for hydrophobic,
aromatic, anionic, and hydrogen bond donating and
accepting interactions as illustrated in Figure 4.

This pharamacophore model was used to mine a data-
base containing commercial compound libraries and
in-house libraries that have been converted to multi-con-
former libraries using CATALYST.?? By in silico min-
ing of this 3D multi-conformer library of 1.2 million
compounds?? a focused library was obtained after clus-
tering and diversity analysis. Thus, a selection of 600
compounds was identified and screened in a CRTH2
receptor-binding assay with a hit rate of 10% with the
cut-off of ICsy < 10 uM.>* As a reference set 30 reason-
ably sized aromatic carboxylic acids were screened with-
out producing any hits. In addition a set of 40 AT1 and
AT?2 ligands were included (25% hit rate) to provide
information regarding the possibility to identify lead
structures that could be modified into selective CRTH2
ligands (Fig. 5). Notably, the compounds identified rep-
resented a broad array of chemotypes. This is illustrated
in Table 1 by a Tanimoto comparison of 10 of the most
potent compounds plus the most active AT1 ligand can-
desartan and indomethacin (Figure 6). The low Tanim-
oto scores indicate that the compounds identified are
chemically distinct from indomethacin and candesartan.
Some related compounds, e.g., TM27632, and other car-
boxylic compounds such as TM3170 were also identified
(Figure 7). These findings underline that the process is
not utilising any specific AT1 ligand scaffold or structur-
al input which could have been an alternative way of
capitalising on the related AT receptor class. More
importantly, it is also evident from the Tanimoto scores
that the 10 hits in Table 1 also are chemically distinct
from each other. This fact is attributed to the approach

[6]
’i\
T~
N” O N=N 0 OH
o N NH )
OH O N N
candesartan indometacin

Figure 6. AT1 ligand candesartan which showed the highest affinity
for the CRTH2 receptor (ICsqp, 2.1 pM) and indomethacin (ICsq, 9.0
uM) which are used in the Tanimoto comparison in Table 1.

Table 1. Tanimoto analysis using 2D fingerprints® to compare chemotypes of 10 submicromolar hits and the angiotensin AT1 ligand candesartan

(cand) and indomethacin (indo)!

Indo Cand 27464 27483 27527 27567 27603 11821 12535 13766 14121 23347
Indo 1.00 0.40 0.36 0.28 0.32 0.29 0.32 0.31 0.31 0.32 0.27 0.30
Cand 1.00 0.36 0.38 0.41 0.28 0.27 0.32 0.29 0.35 0.31 0.29
27464 1.00 0.35 0.38 0.39 0.40 0.32 0.40 0.40 0.40 0.44
27483 1.00 0.46 0.24 0.31 0.25 0.34 0.41 0.34 0.27
27527 1.00 0.27 0.28 0.38 0.29 0.44 0.44 0.36
27567 1.00 0.35 0.35 0.32 0.32 0.34 0.45
27603 1.00 0.22 0.45 0.31 0.27 0.35
11821 1.00 0.24 0.33 0.40 0.29
12535 1.00 0.35 0.36 0.45
13766 1.00 0.62 0.38
14121 1.00 0.38
23347 1.00
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Figure 7. Some representative chemotypes identified after the in silico
screening: TM27632 (ICsg, 2.4 uM) and TM3170 (ICsq, 1.9 uM).

of using a pharmacophore query that focuses on the
interaction features of the ligands rather than on identi-
fied chemotypes or scaffolds from ligands to related
receptors, e.g., candesartan. The graph also illustrates
that an approach utilising AT ligands as structural start-
ing points would have required substantial optimisation
to suppress the AT affinities and turn them into useful
lead structures. A diverse set of compounds with ICsq’s
as low as 20-30 nM and selectivity over AT1 and AT2
were obtained. Several chemotypes have indeed served
as starting points for internal drug discovery efforts.

In summary, a novel approach to identify 7TM receptors
related with respect to ligand-binding features has been
described. By incorporation of ligand information from
related receptors identified by this protocol several
approaches of structure-guided ligand design can be envi-
sioned. A pharmacophore-based approach to retrieve a
small library targeted for the novel receptor CRTH2 pro-
duced 10% hits having a large spread in chemotypes.

Conceptually, a smaller library requires less optimisa-
tion of the assay in comparison to the throughput and
robustness needed for a conventional high-throughput
screening (HTS) campaign. The smaller library size also
permits more information-rich assays to be used and the
post-screening work of validating the hits and sorting
out non-wanted chemistries is considerably reduced.
The limitation is obviously that the smaller number of
compounds limits the possibility of covering enough
chemotypes or providing SAR information upfront.
The latter aspect is handled by using iterative loops to
enrich the library with analogs of identified hits. An
inherent risk with the small library size is that active
compounds may be removed in the clustering and diver-
sity analysis procedure, leaving only inactive representa-
tives. However, we are convinced that the advantages in
speed and saved work should in most cases outweigh
such drawbacks, which is supported by this study on
CRTH2 producing a large number of drugable hits.
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by competition binding using [*H]-PGD2. Nonspecific
binding was determined as the binding in the presence of
10 M PGD2. Data were analyzed and ICsy values deter-
mined by non-linear regression. AT receptor binding was
done according to Perlman, S.; Costa-Neto C. M,;
Miyakawa, A. A.; Schambye, H.; Hjorth, S. A.; Paiva,
A. C.; Rivero, R. A.; Greenlee, W. J.; Schwartz, T. W.;
Mol. Pharmacol. 1997, 51, 301.
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