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ABSTRACT The amino acid sequences of 369
human nonolfactory G-protein-coupled receptors
(GPCRs) have been aligned at the seven transmem-
brane domain (TM) and used to extract the nature of
30 critical residues supposed—from the X-ray struc-
ture of bovine rhodopsin bound to retinal—to line
the TM binding cavity of ground-state receptors.
Interestingly, the clustering of human GPCRs from
these 30 residues mirrors the recently described
phylogenetic tree of full-sequence human GPCRs
(Fredriksson et al.,, Mol Pharmacol 2003;63:1256—-
1272) with few exceptions. A TM cavity could be
found for all investigated GPCRs with physicochem-
ical properties matching that of their cognate li-
gands. The current approach allows a very fast
comparison of most human GPCRs from the focused
perspective of the predicted TM cavity and permits
to easily detect key residues that drive ligand selec-
tivity or promiscuity. Proteins 2006;62:509-538.
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INTRODUCTION

G protein-coupled receptors (GPCRs) constitute a large
superfamily of very heterogeneous membrane receptors
characterized by a typical heptahelical membrane-span-
ning fold usually described as a seven-transmembrane
(TM) domain.? A striking feature of this protein superfam-
ily is the tremendous chemical diversity of possible ligands
including light, small molecular-weight ions (e.g., gluta-
mate, Ca®"), biogenic amines (e.g., dopamine, serotonin),
nucleosides and nucleotides (e.g., adenosine, adenosine
triphosphate), peptide and protein hormones (e.g., chemo-
kines, glucagon), lipids and eicosanoids (e.g., sphingolip-
ids, prostaglandins).® Activation of GPCRs upon ligand
binding induces a conformational change of the receptor,
thereby triggering a specific interaction with intracellular
G proteins and subsequent activation/inhibition of second-
ary messengers.* Because of the ubiquitous distribution of
GPCRs at the surface of many cells, these receptors are
regulating a wide array of physiological and pathological
processes. As a consequence, GPCRs are particularly
attractive targets for therapeutic intervention. Hence,
about 30% of top-selling drugs modulate the activity of this
family of receptors.® Until now, few GPCRs (ca. 40) have
been targeted by existing drugs. Analyzing human genomic
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sequences predicts the existence of about 400 nonolfactory
GPCRs® and opens a new avenue for drug discovery,
especially with respect to the 100 orphan receptors for
which even the endogenous ligand still has not been
characterized.®

Historically, GPCRs have been classified according to
the chemical nature of their ligands, their specificity for
known agonists/antagonists and the pharmacology associ-
ated with their activation/inhibition. The knowledge of the
amino acid sequence of cloned GPCRs widened the classifi-
cation to more receptors and resulted in a standard
classification into three different families of mammalian
GPCRs (from A to C, or I to III) depending on the
alignability of the corresponding amino acid sequences.”®
Because of their typical organization in seven membrane-
spanning a-helices, discriminating GPCRs and more gen-
erally 7-TM receptors from other genomic targets is rather
straightforward.® Classifying GPCRs into subfamilies has
been addressed by several methods including simple dis-
tance-based neighbor joining,° support vector machines,**
hidden Markov models,'? amino acid fingerprints,'® covari-
ant-discriminant analysis of amino acid composition,'*
and alignment-independent extraction of principal chemi-
cal properties of amino acid sequences.'® However, previ-
ous clustering analyses, despite methodological merits,
did not address the full dataset of human GPCRs. Re-
cently, an exhaustive phylogenetic analysis of 342 mono-
functional nonolfactory GPCRs'® led to a revised classifica-
tion consisting of five main families named glutamate (G
family), rhodopsin (R), adhesion (A), frizzled/taste2 (F),
and secretin (S). The classification can be used to search
for similarities/dissimilarities among selected receptors.
This information is crucial in drug discovery for many
reasons: (1) it can be used to prioritize binding studies of a
given ligand to GPCRs in order to address the ligand
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selectivity as early as possible. (2) It helps to locate poorly
studied or orphan targets in the GPCR universe by predict-
ing the druggability of selected GPCRs in the light of
known data on already investigated receptors. However,
establishing a direct link between such phylogenetic trees
and structure-based drug design is not straightforward. It
requires an exact alignment of amino acid sequences, an
accurate identification of amino acids lining the binding
cavity and a 3-D model for every GPCR. Looking at
similarities or differences at the binding sites would
provide information that can be easily translated into
ligand structures. Up to now, this chemogenomic approach
has only been applied to a small subset of GPCRs'" 22 for
which enough experimental information is available.

In the current study, we present an easy and straightfor-
ward classification scheme based on the alignment of 30
critical GPCR positions supposed to line the TM-binding
cavity for inverse agonists or antagonists. The analysis,
applied to a set of 369 nonredundant nonolfactory human
GPCRs, provides a binding site-driven phylogenetic tree,
as well as precise 2D and 3D structural determinants for
each cluster that can be translated into structure-based
ligand design.

MATERIALS AND METHODS
Input Data

Receptor sequences were extracted from the UniProt?3

release 3.1 and the NCBI Entrez Protein database®* and
parsed in plain text format, and further in XML format.
First, only human proteins were selected by the field name
“OS” (plain text version) or “organism” (XML version)
containing the value “Human.” Only GPCRs were re-
tained, by checking the field “KW” or “keyword” with the
value “G protein-coupled receptor.” Olfactory receptors
were then suppressed from the receptors list by checking
the same field with the value “Olfaction.” Last, receptors
fragments were removed from the dataset, by looking
whether the case-independent word “fragment” appeared
in the description field (“DE” or “protein name”). Through-
out this study, the UniProt entry name has been used to
describe each receptor. Therefore, the entry name de-
scribed herein does not necessarily map the gene name
coding for the corresponding receptor, especially for or-
phan receptors whose official gene’s name usually begins
with GPR (e.g., GPR110). In the UniProt nomenclature,
entries registered in the Swiss-Prot database are given a
four or five character identifier: GPRx (x = 9), GPRxx
(10 = xx = 99) or GPxxx (xxx = 100).

Amino Acid Alignment of the 7-TMs

The GPCRmod program was used to align the 7-TMs of
selected human GPCRs, as recently described.?® Briefly,
GPCRmod first predicts the rough location of TMs using
the TMHMM algorithm® and then, in each isolated TM,
looks for family and TM-specific amino acid patterns.'®
Upon family detection (rhodopsin, secretin, glutamate,
frizzled), the query TM is then aligned with that of the
corresponding family template (rhodopsin: bovine rhodop-
sin, secretin: human calcitonin receptor, glutamate: hu-
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man calcium-sensing receptor, frizzled: human frizzled
type 1) assuming TM lengths similar to that depicted in
the X-ray structure of bovine rhodopsin.?® No attempts
were made to align either N- or C-terminal domains or
intra- and extracellular loops. A filtering procedure was
then applied to suppress duplicate 7-TM sequences, usu-
ally keeping the Swiss-Prot entry and removing the
TrEMBL duplicates. The final GPCR dataset contained
369 entries when the manuscript was prepared (see Annex
1 in Supplementary Data).

Clustering Human GPCRS From 30 Discontinuous
Amino Acids

The selection of the 30 amino acids was performed as
follow: in the X-ray structure of the bovine rhodopsin—
retinal complex (pdb entry 1f88),%¢ we defined the receptor
cavity as the collection of 81 residues enclosed within a
10-A sphere centered on the bound ligand. The solvent-
accessible surface was then computed for the 81 selected
amino acids. We finally picked out the 30 residues (Fig. 1)
that present at least 25% of their surface accessible to a
putative ligand and whose side chain is pointing inward
the 7-TM bundle. Each GPCR was then described by an
ungapped sequence of 30 residues. The resulting 369
30-amino-acid-long sequences were hierarchically clus-
tered using the UPGMA method?” to yield a rooted phylo-
genetic tree. Protein pair-wise distances were measured by
computing sequence identity. The statistical significance
of the obtained binary tree was assessed by bootstrapping.
The starting dataset (369 sequences of 30 residues) was
bootstrapped 1,000 times by randomly selecting the se-
quences input order and allowing substituting not more
than 10% of the starting dataset by randomly selected
entries. The 1,000 bootstrapped datasets were clustered as
previously described to yield 1,000 binary trees, which
after normalization were used to derive a consensus tree
using the program CONSENSE, from the PHYLIP pack-
age (http://cmgm.stanford.edu/phylip/). Trees were visual-
ized with the NJplot program.®

3D Model Building and Cavity Detection

A 3D model of each GPCR in its ground state was
obtained using the GPCRmod program as recently de-
scribed.?® Briefly, the GPCRmod alignment of the 7 TMs
was converted into a 3D model using eight backbone
templates originating from previously described homology
models and two rotamer libraries for side chain position-
ing.?® For each model, all possible channels and cavities>®
were detected using the MOLCAD module (Multi channel
function) of the SYBYL package.?® Connolly surfaces and
channels were calculated using a 1.4-A radius probe and a
dot density of six points/area. The biggest cavity was
finally selected and its surface and volume computed.

RESULTS AND DISCUSSION
Classifying GPCRs According to the Discontinuous
Sequence of Amino Acids that Form the TM Ligand
Binding Site

The current study proposes a straightforward classifica-
tion of most druggable human GPCRs from the point of



CHEMOGENOMIC ANALYSIS OF A TRANSMEMBRANE BINDING CAVITY

511

Fig. 1.

Top view of 30 critical positions, labeled at the Ca position according to the Ballesteros numbering,®?

supposed to possibly line the generic TM binding cavity of GPCRs. Areas defining prototypical subsites 1 and 2

(see text) are circled.

view of a putative ligand. To achieve this task, 30 critical
amino acids disseminated on the 7-TM domain were
extracted for each receptor (Fig. 1).

Our clustering approach implies two assumptions: (1)
the overall fold of the 7-TM domain around the binding
crevice has been conserved along evolution; (2) critical
hotspots spread over the 7-TM domain repeatedly account
for ligand binding. Although very few structural informa-
tion is available for the three most important GPCR
classes (Classes A, B, C), numerous experimental data do
provide evidence in favor of strong structural similarities
among many GPCRs: (1) most of the residues known to
affect small molecular-weight ligand binding to unrelated
GPCRs are included in the selected 30 residues, suggest-
ing a common architecture of the TM pocket, (2) many
known ligands are promiscuous for even unrelated GPCRs?
and are usually anchored through so-called privileged
structures to common features of different GPCRs.?* Of
course, class B and class C GPCRs exhibit an additional
orthosteric site located outside the 7-TM bundle. There-
fore, conclusions drawn in the present paper only apply to
the 7-TM binding site.

TM-Cavity Based Clustering of 369 Human GPCRs
Recalls Classification Based on Full TM Sequences

Almost all nonredundant druggable human GPCRs have
been analyzed in the present study. Forty-six putative
GPCRs (see Annex 2 in supplementary data) were rejected
from our dataset for three main reasons: (1) seven TMs
could be detected but no satisfactory alignment with other
GPCRs could be found (e.g., Taste 2 receptors), (2) less/

more than seven TMs could be detected (e.g., GPR172A),
(3) no TM domain at all could be detected (e.g., CRCP_HU-
MAN).

The TM cavity-derived phylogenetic tree obtained from
369 human nonredundant nonolfactory GPCRs is shown
in Figure 2. A total of 22 clusters were defined in order to
encompass the maximum number of related entries within
a branch characterized by the highest possible bootstrap
value. Thirty-four out of 369 entries could not be assigned
to any of the existing 22 clusters (Annex 1). Instead of
generating very small-sized additional clusters, we prefer
to define them as singletons unrelated to any of the current
clusters. The resulting tree is very similar to the most
complete phylogenetic tree (GRAFS classification) known
to date'® although the latter has been obtained from full
TM sequences. In both classifications, GPCRs of the
Frizzled, Glutamate, Secretin, and Adhesion families clus-
ter in well separated groups. The large Rhodopsin family is
split into 18 different clusters. Remarkably, all known
GPCR subfamilies (e.g., receptors for biogenic amines,
purines, and chemokines) are reproduced with high boot-
strap support. The five main families (Glutamate, Rhodop-
sin, Adhesion, Frizzled, Secretin) reported in the GRAFS
classification'® are recovered with no overlaps between the
corresponding clusters. The single exception is a rhodopsin-
like GPCR (GPR88) which clusters with class C GPCRs.
Interestingly, receptors for which the orthosteric binding
site is not located in the TM domain (Adhesion, Secretin,
and Glutamate families) are nevertheless grouped into
homogeneous clusters. Furthermore, we have detected a
putative binding site in the TM cavity of each of these
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Fig. 2. TM cavity-derived phylogenetic tree for 369 human GPCRs. Numbers in parentheses indicate the
number of entries in each cluster. Numbers in italic represent bootstrap values to assess the statistical
significance of the tree. Receptors classified as singletons (see text) are not displayed here for sake of clarity.

receptors. We assume that a strong evolutionary pressure
has been applied to the 7-TM domain of class B and C
GPCRs to maintain a TM cavity whose function, besides
triggering G-Protein coupling, could be to define a putative
binding site for endogenous inverse agonists or allosteric
regulators. To ensure the statistical significance of class B
and C GPCRs clustering, a new tree was computed by
selecting the same number of amino acids (30), the same
proportion of residues per TM, but from amino acids whose
side chains do not point inward the TM cavity. No homoge-
neous clusters could be found in that case suggesting that
the herein selected 30 residues do have a clear functional
role.

In the next sections, the physicochemical properties of
the predicted TM cavity will be described for each cluster.
Where possible, relationships were established between
the TM cavity and their respective ligands. For sake of
clarity, GPCRs are identified by their UniProt entry
names (see Annex 1 for an exhaustive description of all
entries) and TM residues by the Ballesteros numbering.>?
As expected from the reduced set of templates used for
comparative modelling, the modeled TM cavity of most
GPCRs share significant similarities, notably the presence
of two subsites, a first one delimited by TMs 1, 2, 3, and 7
(site 1, Fig. 1), and a second one delimited by TMs 3, 4, 5,
and 6 (site 2, Fig. 1). Throughout this study, subsites 1 and
2 will refer to this definition.

The Frizzled Receptor Cluster (11)

The frizzled receptor cluster regroups 11 receptors (10
frizzled receptors, smoothened) basically involved in cell

growth and proliferation [Fig. 3(A)]. Known ligands for the
frizzled receptors are Wnt proteins®® and are supposed to
bind to the N-terminal cystein-rich domain of frizzled
receptors. The cluster is identical to the frizzled family in
the GRAFS classification. The alignment shown in Figure
3(B) indicates six fully conserved residues (Phe®2°, Tyr®-32,
Phe®38 Val®>3° Pro®%2, and Ile”*®). The predicted 3D
structure is characterized by a large TM cavity (about
1,500 A®) extending very deep toward the intracellular
side between TMs 5 and 6. Interestingly, TMs 1-4 greatly
contribute to the cavity through hydrophilic and charged
residues whereas TMs 5-7 bring small aliphatic amino
acids [Fig. 3(B)]. Although TM-binding endogenous li-
gands of this GPCR family are still elusive, the herein
described topology of the TM cavity perfectly matches the
chemotype of known smoothened synthetic antagonists®*3°
which consists in bulky hydrophobic molecules with a
cationic head.

The Secretin Receptor Cluster (15)

The secretin receptor cluster is made of 15 GPCRs
belonging to the class of secretin-like receptors [Fig. 4(A)].
This very homogeneous cluster has recently been proposed
to form a homogeneous GPCR family.'® Ligands of GPCRs
belonging to this cluster are peptide hormones supposed to
bind to the long N-terminal extracellular tail via their
C-terminal residues and to contact the TM cavity through
their N-terminal residues.?®3” However, a typical GPCR
from this cluster (e.g., CALCR) presents a narrow and
hydrophobic TM cavity (ca. 1,000 A?) with a set of residues
(Ile/Val*®°, Phe/Leu?%8, Asp®®!, Ile/Leu/Val®*% Phe/
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Fig. 3. The frizzled receptor cluster: (A) Phylogenetic tree: Branch
lengths are proportional to the distance between two receptors. Number in
italic represent bootstrap values. (B) Cavity-based alignment of 30
discontinuous positions colored according to the degree of similarity
(white foreground/black background, 100%; white foreground/grey back-
ground, > 80%, black foreground/grey background, > 60%). Receptors
are labeled according to their UniProt entry names and amino acid
positions identified by the Ballesteros numering scheme.®? FZ10: Frizzled-
10; FZD1: Frizzled-1; FZD2: Frizzled-2; FZDS3: Frizzled-3; FZD4: Frizzled
4; FZD5: Frizzled-5; FZDG6: Frizzled-6; FZD7: Frizzled-7; FZD8: Frizzled-8;
FZD9: Frizzled-9; SMO: Smoothened.

Tyr®4°, Trp*©°, Ile/Val®*2, I1e®42, Pro®4¢, Phe®5!, Ile/Leu/
Met”-3%, Ser”*® and GIn"*®) rather conserved throughout
the cluster [Fig. 4(B)]. The TM cavity is predicted to be
large enough to accommodate small molecular-weight
ligands (notably though a salt bridge to Asp®®') that could
inhibit the action of the natural hormone at the remote
binding site.

It remains difficult to probe 3D models of this GPCR
cluster because of the paucity of known nonpeptide antago-
nists. For the glucagon receptor (GLR) however, there are
several small molecular weight antagonists available.?3~4°
The GLR cavity presents a rather hydrophilic centre
(GIn322, Ser”*2, GIn"-*?) surrounded by two hydrophobic
subsites. Consensus positions between TMs 1 and 2 (Val'*?,
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Fig. 4. The secretin receptor cluster: (A) Phylogenetic tree. (B)
Cavity-based alignment. CALCR: Calcitonin receptor; CALRL: Calcitonin
gene-related peptide type 1 receptor; CRFR1: Corticotropin releasing
factor receptor; CRFR2: Corticotropin releasing factor receptor 2; GH-
RHR: Growth hormone-releasing hormone receptor; GIPR: Gastric inhibi-
tory polypeptide receptor; GLP1R: Glucagon-like peptide 1 receptor;
GLP2R: Glucagon-like peptide 2 receptor; GLR: Glucagon receptor;
PACR: Pituitary adenylate cyclase activating polypeptide type | receptor;
PTHR1: Parathyroid hormone receptor 1; PTHR2: Parathyroid hormone
receptor 2; SCTR: Secretin receptor; VIPR1: Vasoactive intestinal polypep-
tide receptor 1; VIPR2: Vasoactive intestinal polypeptide receptor 2.

Ser'42, Gly'*¢, Val?>5? Leu®®®) as well as residues not
taken into account by our clustering scheme (Phe®®°,
Ala®%*) define a narrow and deep subsite 1. Subsite 2 is a
large pocket formed by TMs 4, 5 and 6 (Tyr®4°, Trp*©°,
Phe®39, 1le*2, Pro®¢, and Phe®®!). The TM cavity of a
few class B GPCRs (CRFR1, GLR, CGRP, GLP1) is prob-
ably an allosteric binding site for nonpeptide antagonists
that precludes for the activation of the receptor by endoge-
neous peptide agonists.*! Interestingly, site-directed mu-
tagenesis suggests that Phel84%®° and Tyr23934° are
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involved in the binding of the nonpeptide GLR antagonist
L-168049 whose binding site does not overlap that of the
endogenous hormone.*® Point mutation of position 3.36 in
the CRF,; receptor has also been shown to affect the
binding of a nonpeptide CRF, antagonist.*? Despite some
warnings about the druggability of the allosteric TM
binding site, notably regarding its hydrophobicity,*! it is
very likely that the potential of this GPCR cluster has not
been fully addressed yet.

The Adhesion Receptor Cluster (33)

Members of the adhesion receptor cluster [Fig. 5(A)] are
related to the secretin receptor cluster as being part of the
former secretin-like GPCRs, but are unambiguously clus-
tered with high bootstrap values into a separate family, in
agreement with the GRAFS classification.'® These GPCRs
exhibit specific repeats at the N-terminal extracellular
domain (EGF, cadherin, mucin) likely to be involved in cell
adhesion processes.*>** Many of these GPCRs are ex-
pressed at the cell surface as heterodimers consisting of a
large N-terminal domain associated with the 7-TM do-
main. A unique feature of some of these GPCRs is the
intracellular location of their ligands (e.g., CD55, chon-
droitin sulfate) that at first associate with the extracellu-
lar domain.*?

The binding cavity of adhesion GPCRs resembles that of
the former cluster of secretin-like hormone receptors. It is
of limited volume (around 1,000 A3) and centered on a
conserved histidine residue [His®>?2, Fig. 5(B)]. Side chains
of conserved aromatic amino acids at 3.36 and 3.40 limit
the width of the cavity center. Medium-sized amino acids
of both TM1 and TM2 (Ala, Val, Leu, and Ile) participate to
the formation of a deep hydrophobic subsite. Depending on
position 5.43, the cavity extents towards TMs 5 and 6. In
about a half of these receptors, a Phe at 5.43 restricts the
depth of the cavity between TMs 5 and 6. Smaller residues
are found at position 5.43 in the rest of adhesion-like
GPCRs and permit the extension of the TM cavity towards
TMs 5 and 6. By analogy to most rhodopsin-like GPCRs, an
important Trp is often present at position 6.48. In rhodop-

Fig. 5. The adhesion receptor cluster: (A) Phylogenetic tree. (B)
Cavity-based alignment. BAI1: Brain-specific angiogenesis inhibitor 1;
BAI2: Brain-specific angiogenesis inhibitor 2; BAI3: Brain-specific angio-
genesis inhibitor 3; CD97: Leucocyte antigen CD97; CELR1: Cadherin
EGF LAG seven-pass G-type receptor 1; CELR2: Cadherin EGF LAG
seven-pass G-type receptor 2; CELR3: Cadherin EGF LAG seven-pass
G-type receptor 3; ELTD1: latrophilin and seven transmembrane domain
containing protein 1; EMR1: Cell surface glycoprotein EMR1; EMR2:
EGF-like module EMR2; EMR3: EGF-like module containing mucin-like
hormone receptor-like 3; EMR4: EGF-like module containing mucin-like
hormone receptor-like 4; GP110: G protein-coupled receptor 110; GP111:
G protein-coupled receptor 111; GP112: G protein-coupled receptor 112;
GP113: G protein-coupled receptor 113; GP114: G protein-coupled
receptor 114; GP115: G protein-coupled receptor 115; GP116: G protein-
coupled receptor 116; GP123: G protein-coupled receptor 123; GP124:
Tumor endothelial marker 5; GP125: G protein-coupled receptor 125;
GP126: G protein-coupled receptor 126; GP128: G protein-coupled
receptor 128; GP133: G protein-coupled receptor 133; GP144: G protein-
coupled receptor 144; GPR56: G protein-coupled receptor 56; GPR64:
Epididymis-specific protein 6; GPR97: G protein-coupled receptor 97;
LPHN1: Lectomedin-2; LPHN2: Lectomedin-1 beta; LPHN3: Lectome-
din-3; Q8WXG9: Very large G protein-coupled receptor 1b.
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sin-like GPCRs, the residues at position 6.48 of the TM
cavity has been proposed to act as a molecular switch for
locking the GPCR either in a ground state or in an
activated form.3? It is tempting to speculate the involve-
ment of the conserved Trp®*® in the conformational changes
occurring upon activation of this cluster of receptors as
well.

No small molecular-weight ligands have ever been de-
scribed for this GPCR cluster. Therefore, it is currently
impossible to match the proposed cavity description to
known ligand chemotypes.

The Glutamate Receptor Cluster (23)

The glutamate receptor cluster regroups members of the
formerly known class C GPCRs. Class C RCPGs are
characterized by a long N-terminal domain which folds
into a bilobed venus-fly trap domain delimiting the orthos-
teric binding site of the endogenous ligand (GABA, gluta-
mate, Ca®").*® Their 7-TM domain is responsible for
receptor activation and G protein coupling®*® and contains
a cavity that is known to bind positive or negative alloste-
ric modulators.*”*® Bootstrap values clearly indicate the
presence of three separated branches [Fig. 6(A)].

A typical 7-TM cavity of a GPCR from this cluster has a
volume of ca. 1,500 A® and can be viewed as two hydropho-
bic subsites linked by charged and/or hydrophilic residues
at positions 3.28 and 3.29. Looking at the eight metabo-
tropic glutamate receptors, the ligand-accessible residue
at position 3.28 is a glutamine in MGR1 and MGR5
whereas it is an arginine in the six others receptors. This
may account for the functional similarity of MGR1 and
MGRS5. Conserved hydrophobic residues in TM1 (position
1.42), TM2 (position 2.58), TM3 (position 3.32), and TM7
(positions 7.43 and 7.45) delimit subsite 1. Subsite 2 is
lined by conserved aromatic residues in TM3 (position
3.40) and TM6 (positions 6.48, 6.51 and 6.55). Many of
these amino acids have been experimentally found to map
the binding site of both positive and negative allosteric
modulators of GPCRs belonging to this cluster (MGR1,
MGR2, MGR5, CASR).*"-?° Moreover, recent findings
proved that the MGR5 receptor does not require the
N-terminal venus fly-trap module for the recognition of
allosteric modulators.*® Hence, receptors of the current
cluster probably comprise at least two binding sites; the
extracellular binding site for endogenous ligands and the
transmembrane binding site for allosteric modulators. It
has been shown that the truncated MGR5 receptor which
lacks the N-terminal extracellular domain, exhibits consti-
tutive activity attributable to the 7-TM domain only.*®
Interestingly, Trp®“® is also found in class C GPCRs which
provides support to the hypothesis that the overall fold of
the 7-TM domain of most GPCRs in their ground states
has been rather conserved during evolution.

The known chemotypes of noncompetitive agonists/
antagonists for either metabotropic glutamate receptors
(mGluR) or calcium-sensing receptor nicely fits the above-
described cavity description. mGluR allosteric modulators
usually bear two aromatic groups separated by an amide/
sulfonamide moiety®?*"-%° that is likely to bind to one of
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Fig. 6. The glutamate receptor cluster: (A) Phylogenetic tree, (B)
Cavity-based alignment. CASR: Extracellular calcium-sensing receptor;
GABR1: Gamma-aminobutyric acid type B receptor, subunit 1; GABR2;
Gamma-aminobutyric acid type B receptor, subunit 2; GPC5B: A-69G12.1;
GPC5C: RAIG-3; GPC5D: G protein-coupled receptor family C group 5
member D; GPR88: Striatum-specific G protein-coupled receptor 88;
MGR1: Metabotropic glutamate receptor 1; MGR2: Metabotropic gluta-
mate receptor 2; MGR3: Metabotropic glutamate receptor 3; MGR4:
Metabotropic glutamate receptor 4; MGR5: Metabotropic glutamate recep-
tor 5; MGR6: Metabotropic glutamate receptor 6; MGR7: Metabotropic
glutamate receptor 7; MGR8: Metabotropic glutamate receptor 8; Q6QR81:
G protein-coupled receptor 158; Q8NFN8: GABAB-related G protein-
coupled receptor; Q8NHZ9: GPRC6A; Q8TDU1: Putative G protein-
coupled receptor Q8TDU1; RAI3: Orphan G protein-coupling receptor
PEIG-1; TS1R1: Taste receptor TAS1R1; TS1R2: Taste receptor TAS1R2;
TS1R3: Taste Receptor TAS1R3
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the three hydrophilic residues at the center of the cavity
(positions 3.28, 3.29, and 7.39). In CaSR allosteric ligands,
a positively charged secondary amine is anchored to
Glu83773%and is surrounded by two aromatic moieties
filling the hydrophobic subsites.*8:4°

By contrast to glutamate receptors, the GABA-B recep-
tor is a heterodimer consisting in two subunits; GABR1 is
responsible for ligand binding at the venus fly-trap domain
whereas GABR2 participates in G protein coupling.®! The
7-TM domain of GABR2 has recently been shown to bind a
positive allosteric regulator of the GABA-B receptor.?> The
7-TM binding cavity resembles that of the metabotropic
glutamate receptors but is more hydrophobic and signifi-
cantly smaller. Another striking difference is the presence
of small hydrophilic amino acids at position 6.48 and 6.51
that could be anchoring points for small-sized allosteric
regulators of the GABA-B receptor®®°* although their
binding site has not been precisely mapped up to now.

The above-cited data suggest that the 7-TM cavity of
class C receptors has a functional role in triggering
receptor activation, and can be viewed as an allosteric site
for putative ligands. Whether this role may be linked to
the existence of naturally occuring ligands targeting the
allosteric subsite for class C GPCRS (as well as for
members of the previously defined adhesion and secretin
clusters) still has to be demonstrated.

The Prostanoids Receptor Cluster (8)

The prostanoids receptor cluster contains eight recep-
tors classified in two main subgroups [Fig. 7(A)]. Prosta-
noids are cyclooxygenase metabolites and consist in C-20
unsaturated fatty acids. They comprise prostaglandins,
prostacyclins, and thromboxanes, and exert a variety of
actions, including the relaxation and contraction of vari-
ous types of smooth muscles. This branch is separated in
two parts according to their G protein coupling.®>-°® Strong
homology between the four G.-coupled prostaglandin recep-
tors (PD2R, PE2R2, PE2R4, and PI2R) and the four
G,/G;-coupled receptors (PE2R1, PE2R3, PF2R, and TA2R)
suggests that these receptors evolved from an ancestral
receptor. Receptors for prostanoids present a large TM
cavity (1,840 A? for PI2R) clearly composed of two separate
hydrophobic subsites. Subsite 1 is delimited by conserved
small or medium-sized residues at positions 1.46, 2.58,
2.61, and 7.43 [Fig. 7(B)], thereby extends relatively deep
between TMs 1 and 2. Subsite 2 located between TMs 3, 5,
and 6 is delimited by positions 3.29, 3.36, 5.38, 5.39, 5.42,
5.43, 6.51, and 6.55. This apolar subsite extends deep
toward the intracellular side of the cavity between small
and medium side chains at TMs 5 and 6. Main differences
between the two prostanoid receptor subgroups occurs at
two positions (6.48 and 7.35) of subsite 2, the latter being
polar for the first subgroup and hydrophobic for the second
one. Experimental evidences suggested that Arg”*°, a
conserved amino acid throughout prostanoid receptors but
not taken into account to define the current cluster,
interacts with the carboxylate moiety of prostanoids.®”
According to our 3D model of prostanoid receptor, the side
chain of Arg”*° is accessible and takes part in the first
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Fig. 7. The prostanoids receptor cluster: (A) Phylogenetic tree, (B)
Cavity-based alignment.PD2R: Prostaglandin D2 receptor; PE2R1: Pros-
taglandin E2 receptor, EP1 subtype; PE2R2: Prostaglandin E2 receptor,
EP2 subtype; PE2R3: Prostaglandin E2 receptor, EP3 subtype; PE2R4:
Prostaglandin E2 receptor, EP4 subtype; PF2R: Prostaglandin F2-alpha
receptor; PI2R: Prostacyclin receptor; TA2R: Thromboxane A2 receptor.

subsite of the TM cavity. More generally, site-directed
mutagenesis mapping of prostanoid binding sites®®~¢°
agrees well with the herein predicted TM cavities. The
cyclopentane ring of prostanoids is proposed to interact
with small aliphatic residues of TMs 1,2 and both alkyl
chains are directed towards TMs 3 and 7 with an ionic
bond between Arg’“° and the acidic moiety of the li-
gand.??:%° The recent mapping of the prostacyclin receptor
(PI2R) binding pocket®® revealed four important anchor-
ing residues: Tyr®®®, Phe®28, Phe”?° Arg”*°. Three of
them belong to our subset of 30 positions. Synthetic
agonists and antagonists of prostanoid receptors are likely
to bind in a similar way because of their high structural
similarity to endogenous prostanoids.%!:¢2

The Glycoproteins Receptor Cluster (8)

The well-defined glycoproteins receptor cluster regroups
eight members of the rhodopsin family [Fig. 8(A)]. All
representatives are receptors for glycoprotein hormones.
Their structure consists of a N-terminal domain contain-
ing several leucine-rich repeats (LRR), followed by the
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Fig. 8. The glycoproteins receptor cluster: (A) Phylogenetic tree, (B)
Cavity-based alignment. FSHR: Follicle stimulating hormone receptor;
LGR4: Leucine-rich repeat-containing G protein-coupled receptor 4;
LGR5: Leucine-rich repeat-containing G protein-coupled receptor 5;
LGR6: Leucine-rich repeat-containing G protein-coupled receptor 6;
LGRY7: Relaxin receptor 1; LGR8: Relaxin receptor 2; LSHR: Lutropin-
choriogonadotropic hormone receptor; TSHR: Thyrotropin receptor.

7-TM domain.®® The first domain is responsible for the
binding of the natural hormone and the second one is
involved in triggering receptor activation. Although the
natural hormone binds to the N-terminal ectodomain,
these GPCRs exhibit a clear TM cavity (ca. 1,230 A3 for
FSHR) composed by two subsites (hydrophobic site be-
tween TMs 1, 2, and 7; hydrophilic site between TMs 3, 5,
and 6) linked by an hydrophilic channel [Ser/Thr®3¢,
Asn™*%; Fig. 8(B)]. Several conserved polar side chains
(Ser/Thr?-3%; Asp/Asn®%%) could constitute excellent anchor-
ing points for any ligand lying in the TM cavity.

The MAS-Related Receptor Clusters (11)

This group includes the MAS proto-oncogen and related
receptors [Fig. 9(A)] expressed in specific subpopulations
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Fig. 9. The MAS-related receptor cluster: (A) Phylogenetic tree, (B)
Cavity-based alignment. SNSR5: G protein-coupled receptor SNSR5;
MAS: MAS proto-oncogene; MAS1L: Mas-related G protein-coupled
receptor MRG; MRGRD: MrgD; MRGRE: MAS-related G protein-coupled
receptor member E; MRGRF: Mas-related G protein-coupled receptor
MRGF; MRGX1: G protein-coupled receptor MRGX1 (SNRSR3, SNSR4);
MRGX2: G protein-coupled receptor MRGX2; MRGX3: MRGX3 G-protein-
coupled receptor SNSR1: MRGX4 G protein-coupled receptor SNSR6;
SNSR2: G protein-coupled receptor SNSR2.

of sensory neurons that detect painful stimuli and may
regulate nociceptive function and/or development.645° Few
data are available on these receptors. However, several
endogenous signaling molecules have recently been re-
ported for MAS-related (MRG) receptors. Angiotensin(1-7)
is a ligand for the MAS receptor,®® thereby counteracting
effects of Angiotensin II. 3-Alanine is a signaling molecule
for MRGRD, a receptor known to module neuropathic
pain.®” Adenine and neuropeptide RF-amide receptors in
rodents likely to be involved in nociception are close in
sequence to human SNS/MRG receptors.®®:%° Last, MRGX2
has been shown to be a receptor for a new neuropeptide,
corticostatin’®, which exerts a sleep regulation effect.
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Fig. 10. The SRB receptor clusters: (A) Phylogenetic tree, (B)
Cavity-based alignment. GP101: G protein-coupled receptor 101; GP161:
G protein-coupled receptor RE2; GP173: G protein-coupled receptor 173;
GPR27: G protein-coupled receptor 27; GPR85: G protein-coupled
receptor GPR85; Q14439: G protein-coupled receptor Q14439.

The predicted TM cavity of the MAS receptor has a
volume of ca. 1,250 A3, Subsite 2 is significantly more polar
than subsite 1 for most entries of this cluster [Fig. 9(B)].
Interestingly, several receptors of this cluster share a
negatively charged spot in subsite 2 (Glu*®°, Asp®3%)
which could be, like in chemokine receptors (see Chemo-
kines cluster), an important anchoring point for ligands of
that subfamily.

The SREB Cluster (6)

This cluster encloses six orphan receptors [Fig. 10(A)]
out of which three entries (GPR27, GPR85, GP173) are
subtypes of super-conserved receptors expressed in the
brain (SREBs) and highly conserved in vertebrates.”*
Three additional receptors (GP101, GP161, and Q14439)
whose function is currently unknown are proposed to
belong to this cluster. Members of the SREB family exhibit
a small apolar TM cavity (ca. 950 A3) with conserved
aliphatic residues at TMs 1, 2 and 6 [Fig. 10(B)]. A charged
residue is found for four out of the six GPCRs at position
1.35 (Arg/Lys) and represents a putative target for ligands
of these poorly characterized receptors.

The Opsins Receptor Cluster (10)

The opsins receptor cluster regroups ten opsin and
related receptors [Fig. 11(A)] activated by light. It includes
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Fig. 11.  The opsin receptor cluster: (A) Phylogenetic tree, (B) Cavity-

based alignment. OPN3: Opsin 3; OPN4: Opsin 4; OPSB: Blue-sensitive
opsin; OPSD: Rhodopsin; OPSG: Green-sensitive opsin; OPSR: Red-
sensitive opsin; OPSX: Visual pigment-like receptor peropsin; Q6U736:
Neuropsin; Q9UQSO0: Photopigment apoprotein; RGR: RPE-retinal G
protein-coupled receptor.

the only GPCR (OPSD) for which a high-resolution X-ray
structure is available.?® 11-Cis retinal covalently binds to
the conserved Lys”*3 via the formation of a Schiff base
with the aldehyde moiety of retinal. For many opsins, a
negatively charged residue at 3.28 helps stabilizing the
protonated Schiff base and closes the cavity between TMs
3 and 7. The cavity is about 1,100 A? large and mainly
consists in a very hydrophobic subsite 2 (Gly/Ala/Val®-32,
Val/Leu/Met®*2, Phe/Tyr/Leu®**, Trp/Tyr®*®) that serves to
anchor the B-ionone moiety of retinal. Activation of the
GPCR upon light induces an isomerization of 11-cis to
all-trans retinal and subsequent translational/rotational TM
motions triggering G protein coupling.* Strikingly, RGR
binds preferentially all-trans retinal’® despite the large
similarity with other opsins in the TM cavity [Fig. 11(B)].

The Lipids Receptor Cluster (14)

This homogeneous cluster [Fig. 12(A)] groups 11 recep-
tors for sphingosine-1-phosphate and lysophosphatidic
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Fig. 12. The lipids receptor cluster: (A) Phylogenetic tree, (B) Cavity-
based alignment. CNR1: Cannabinoid receptor 1; CNR2: Cannabinoid
receptor 2; EDG1: G protein-coupled receptor EDG-1; EDG2: Lysophos-
phatidic acid receptor Edg-2; EDG3: Lysosphingolipid receptor EDG-3;
EDG4: Lysophosphatidic acid receptor Edg-4; EDG5: Lysosphingolipid
receptor Edg5; EDG6: Putative G protein-coupled receptor, EDGS;
EDG?7: Lysophosphatidic acid receptor Edg-7; EDG8: Sphingosine 1-phos-
phate receptor Edg-8; GP119: G protein-coupled receptor 119; GPR12: G
protein-coupled receptor 12; GPR3: G protein-coupled receptor 3; GPR6:
G protein-coupled receptor 6.

acid (EDG1-8, GPR3, GPR6, GPR12), two cannabinoid
receptors (CN1R, CN2R), and an orphan receptor
(GP119).”® Our clustering approach manages to unambigu-
ously separate EDG receptor subtypes for sphingosine-1-
phosphate or S1P (EDG1, 3, 5, 6, and 8) from receptors for
lysophosphatidic acid or LPA (EDG2, 4, and 7). Interest-
ingly, three constitutively active GPCRs predominantly
expressed in the brain (GPR3, GPR6, GPR12) known to
bind S1P with nanomolar affinities” cluster just beneath
EDG receptors. Similarly, the clustering of cannabinoid
receptors with EDG receptors can be related to the chemi-
cally similar nature of their respective endogenous ligands
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(anandamide, S1P, LPA) consisting of a long alkyl chain
and a polar head (ethanolamine, phosphate).”® Four of the
30 analyzed residues are very well conserved throughout
the cluster (Val/Ile/Leu/Met*¢, Pro**®°, Trp®*® and
Asn”%%). If GP119, GPR3, GPR6, and GPR12 are discarded
from the analysis, three additional positions are well
conserved (Phe/Tyr®%7 Lys/Arg®28, Tyr®>®°). Looking at
the eight EDG receptors, receptors for LPA present a
unique combination of six conserved residues (Gly'*?,
GIn329 Asp®33, Ser®38 Trp®43 Gly®®!) that differentiate
them from S1P receptors [Fig. 12(B)]. Notably, physico-
chemical properties of position 3.29 (Gln for EDG2, 4, 7,
Glu for EDG1, 3, 5, 6, 8) is used as a discriminant to select
the most appropriate endogenous ligand through the estab-
lishment of specific hydrogen bonds with either a hydroxyl
group of LPA or a protonable amino group of S1P.”¢

The cavity of the 14 GPCRs can be clearly divided into a
hydrophilic subsite 1 (positions 1.35, 2.65, 3.28, 3.29) and a
long hydrophobic channel extending from the polar subsite
towards the center of the TM bundle between TMs 4 and 5
(positions 3.33, 4.56, 4.60, 5.38, 5.39, 5.42). Residues not
taken into account in the present clustering also contribute
to the TM binding cavity (e.g., position 7.36 for the hydro-
philic subsite 1 and 4.59 for the hydrophobic channel).

Our modeled cavities are in good agreement with site-
directed mutagenesis experiments on EDG1 and EDG2
receptors’’ as well as on the cannabinoid receptors.”®"® As
an example, the positively charged residue at 3.28 represents
the main anchoring atom for both receptor agonists and
antagonists. Although GPR3, GPR6, and GPR12 also bind to
S1P, it is very unlikely that their binding modes resemble
that proposed for SIP/EDG receptors. Indeed, the two key
residues in EDG receptors (Arg>?® and Glu®2°) are both
absent in GPR3, GPR6, and GPR12 receptors [Fig. 12(B)].

The Peptides Receptor Cluster (26)

The peptides receptor cluster includes 26 receptors for
peptide ligands that can be classified in four main branches
[Fig. 13(A)]. The low conservation of amino acids in the
7-TM cavity [Fig. 13(B)] reflects the large heterogeneity of
the cognate peptide ligands and the shifted location of the
peptide binding site towards the extracellular loops. Be-
sides the quasi invariant location of an aromatic residue at
positions 1.39, 6.44, 6.48 and the presence of aliphatic
amino acids at positions, 1.42 and 3.36, the TM cavity of
peptide ligands receptors show a very diverse pattern.
Interestingly, many of the receptors of this cluster (20 out
of 26) exhibit a cysteine at position 2.57. Throughout 369
human GPCRs, 40 entries share a Cys at 2.57. Out of these
40 entries, there are 16 orphan receptors. For 23 of the 24
liganded GPCRs, the endogenous ligand is a peptide (the
exception refers to the histamine H3 receptor which
belongs to the cluster of biogenic amine receptors). Site-
directed mutagenesis data on cholecystokin receptors
(GASR, CCKAR) have previously identified Cys®®” as
important for either nonpeptide ligand binding or G Pro-
tein coupling.5°-81

A typical cavity of a peptide receptor comprises following
subsites; site 1 between TMs 1-2, 3, and 7 is either
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hydrophobic (e.g., galanine, NPFF, and NPY receptors) or
more hydrophilic (endothelin, bombesin, and orexin recep-
tors). Subsite 2 delimited by TMs 4-5-6 is a large aromatic
cage for most receptors (aromatic residue often found at
positions 4.56, 5.38, 5.43, 5.46, 6.51, 6.53, and 6.55 in
addition to conserved Phe®** and Trp/Tyr®*®). Since most
peptides bind to a surface delimited by extracellular loops

I
T GPRAE3
- GPRIY
||—N};w.
To00 MKIR
we
Mk
KISSR
- GALRI
e ’——‘(il\L.RE
e gALRS
o [ UXIR
I_Dth
ORFPR
as [ NPFF2
ErT) I—NP‘FFI
GFRI1D
. i NEYSR
»”
_J.c|——NP‘YLR
Fry ————————NPVIR
MPYIR
| GASR
| ]
COKAR
ol GRPR
BRS3
£ [ EDNRE
) n- 4
M EpnRA
GPRAZ :
GPR19 :
MELR
ME3R
HEZR
KIBSR :
GALR1 :
GALRZ :
GALRZ :
OX2R
OX1R
QREER :
NPFF2 :
HEFF1 :
GER1D :
NPFYSR :
MEY1R :
MEY4R :
NEYZR
GASR
CCEAR :
NMER
GRER
ERE3 :
EDNRE :
EDNRA :

J.-S. SURGAND ET AL.

and the upper part of the TM bundle,®? our selected 30
residues only partially account for peptide recognition. For
some peptides (e.g., galanine), the N-terminal tail is buried
in the TM region®® and the C-terminus contacts extracellu-
lar loops at the receptor surface. Other peptides (e.g.,
neuropeptide Y, cholecystokinin, tachykinins) probably
bind in a reverse orientation.®':3* Many studies agree to
conclude that peptide and nonpeptide ligand binding sites
although sharing some key residues significantly dif-
fer.85-87 Even the same nonpeptide antagonist can use
distinct binding sites for two subtypes of the same receptor
(e.g., NK1R, NK2R).®8 Due to the very large heterogeneity
of possible binding mode to peptide receptors, it is impos-
sible to draw general conclusions about the TM cavity. It is
also very difficult to match target and ligand chemical
spaces in this cluster. We will therefore analyze few key
molecular determinants of peptide receptors on an indi-
vidual basis.

Receptors for bombesin peptides (GRPR, NMBR, BRS3)
are characterized by a conserved triad Asp®%Y/Glu®%/
Arg”39 out of which the first two residues have been shown
to be of crucial importance for activation of the gastrin-
releasing peptide receptor.®® Bombesins as well as peptidic
antagonists are believed to mainly bind to the third
extracellular loop of bombesin receptors®®°! and also to
some TM residues (e.g., 3.32, 6.55, 7.43).°%-°2 Furthermore,
position 5.42 which is variable within the subfamily [Fig.
13(B)] has been demonstrated to account for the specific
recognition of a peptoid NMBR antagonist.®®

The two receptors for endothelins (EDNRA, EDNRB)
share 27 out of 30 identical residues. Thus their TM
cavities are very similar. This explains why many endothe-
lin receptor antagonists exhibit a poor selectivity among
the two subtypes. Subtype selective antagonists have
nevertheless been reported® and are likely to take advan-
tage of the variability at position 3.28 (Phe for EDNRA,
Val for EDNRB). The remarkable feature of EDNRA and
EDNRB TM cavities is their high hydrophilicity: out the 30
amino acids studied, seven are conserved charged residues
[Asp??7, Lys®33, Glu®6°, Lys®38, Asp®3°, Arg®55, Asp”35;
Fig. 13(B)]. Accordingly, nonpeptide ligands of these recep-
tors are very polar and usually share an acidic moiety.®”
Distinct binding sites for peptide agonists and nonpeptide
antagonists have been located to subsites 1 and 2, respec-
tively.®® The four charged amino acids Asp®®?, Lys®33,

Fig. 13. The peptides receptor cluster: (A) Phylogenetic tree, (B)
Cavity-based alignment. BRS3: Bombesin receptor subtype-3; CCKAR:
Cholecystokinin type A receptor; EDNRA: Endothelin-1 receptor; ED-
NRB: Endothelin B receptor; GALR1: Galanin receptor type 1; GALR2:
Galanin receptor type 2; GALR3: Galanin receptor type 3; GASR:
Gastrin/cholecystokinin type B receptor; GPR10: Prolactin-releasing pep-
tide receptor; GPR19: G protein-coupled receptor 9; GPR83: G protein-
coupled receptor 83; GRPR: Gastrin-releasing peptide receptor; KISSR:
G protein-coupled receptor 54; NK1R: Substance-P receptor; NK2R:
Substance-K receptor; NK3R: Neuromedin K receptor; NMBR: Neurome-
din-B receptor; NPFF1: Neuropeptide FF receptor 1; NPFF2: Neuropep-
tide FF receptor 2; NPY1R: Neuropeptide Y receptor type 1; NPY2R:
Neuropeptide Y receptor type 2; NPY4R: Neuropeptide Y receptor type 4,
NPY5R: Neuropeptide Y receptor type 5; OX1R: Orexin receptor type 1;
OX2R: Orexin receptor type 2; QRFPR: Orexigenic neuropeptide QRFP
receptor.
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Arg85° Asp”-3® have been found to delimit the nonpeptide
antagonist binding site.?%°%°7 Lys3-33 has been proposed
to form a salt bridge with the carboxylic acid moiety of
many endothelin receptor antagonists.”® However, be-
cause of the spatial proximity of some charged residues
(e.g., Arg®55/Asp”-2°, Lys>33/Glu*®%/Lys®38), its is difficult
to ascertain whether these amino acids contact nonpeptide
ligands and/or form intramolecular salt bridges for stabiliz-
ing the receptor. It should be noticed that the Endothelin B
receptor-like protein-2 (ETBR2) does not cluster with
known endothelin receptor subtypes, nor with any other
GPCR cluster.

Receptors for tachykinins (NK1R, NK2R, and NK3R)
present a much more hydrophobic TM cavity [Fig. 13(B)].
Substance P and Neurokinin A binding sites in their
cognate receptors (NK1R, NK2R, respectively) are deeply
buried in the TM cavity. The substance P binding site
strongly involves conserved residues at TM2 (Asn®®7,
Asn?%Y) and TM7 (Tyr”3%)°8%% whereas neurokinin A
mainly interacts with TM3 (GIn®-28), TM5 (His®39, I1e®42),
and TM6 (Tyr®>!, His®2, Phe%-5%),98-100 Since the peptide
binding sites are significantly buried in the TM cavity,
binding areas for peptidic and nonpeptide ligands largely
overlap, especially at the aromatic cage between TMs 5, 6,
and 7.85:1°! Conformational adaptation of the ligand to its
receptor is likely to play an important role for tachykinin
receptors since mutation of residues conserved among the
three subtypes (e.g., His®%2, Tyr"-3®) differentially affects
the binding the same nonpeptide antagonist.®®

Receptors for cholecystokinin (CCKAR, GASR) exhibit a
rather apolar TM cavity. The binding site of the biologi-
cally important C-terminal tail of the cholecystokinin
CCK8 has been mapped to the herein predicted TM
cavity.®! Nine out of the 10 residues shown to line the
peptide binding site are included in the 30 critical posi-
tions taken into account in our study. Interestingly, the
peptide binding site, which is deeply buried in the TM
cavity, involves residues from five TMs (2, 3, 5, 6, and 7)
and is shared with that of a nonpeptide agonist.®! Like for
neurokinin receptors, it seems that the binding modes of
peptide/nonpeptide agonists and nonpeptide antagonists
to both CCK receptors (CCKAR, GASR) are different.®”

Last, site-directed mutagenesis data on NPY receptors
have mapped binding site for the C-terminal tail of neu-
ropeptide Y to a hydrophobic pocket between TMs 1, 2, 6,
and 7. More especially Tyr*%* (not taken into consider-
ation in our analysis) appears to be a critical anchoring
point. And once more, binding sites for peptidic and
nonpeptide ligands are distinct although some overlap
exists depending on the ligand. 192103

The Melatonin Receptor Cluster (7)

The melatonin receptor cluster contains seven receptors
predominantly expressed in the brain and divided in two
branches [Fig. 14(A)]. Members of the melatonin cluster
present in their TM cavity (ca. 1,050 A3 for MTR1A) a clear
hydrophobic-aromatic subsite 2 (hydrophobic/aromatic side
chains frequently observed at position 3.36, 3.40, 5.42,
5.43, 5.46, 6.44, 6.48, and 6.51) with a possible polar
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Fig. 14. The melanotonin receptor cluster: (A) Phylogenetic tree, (B)
Cavity-based alignment. GPR22: G protein-coupled receptor 22; GPR45:
G protein-coupled receptor 45; GPR63: G protein-coupled receptor 63;
MTR1A: Melatonin receptor type 1A; MTR1B: Melatonin receptor type 1B;
MTR1L: Melatonin-related receptor; 043898: High-affinity lysophospha-
tidic acid receptor homolog.

contribution of two residues (Asn/Ser*%° and Tyr®3®) at
one end of the cavity [Fig. 14(B)]. The concomitant pres-
ence of bulky side chains at 2.58 (Tyr/Met), 7.39 (Tyr/Leu),
and 7.43 (Tyr) restricts the width of the cavity between
TMs 2 and 7. At the other side of the cavity, several small
side chains at 3.44 and 3.47 (two positions not considered
for the phylogenetic tree) allow the formation of a hydropho-
bic needle between TMs 3 and 5.

The proposed cavity for melatonin receptors (MTR1A,
MTR1B) is in perfect agreement with experimental data
delineating the crucial role of few residues (Ser®5, Ser-3°,
Asn*®°, His®*5, Gly®®®) for endogenous and synthetic
agonist binding.'*~'%% Receptor antagonists (e.g., Luzin-
dole, 2-Phenylmelatonin, and 4-P-ADOT) are structurally
and chemically related to synthetic agonists yet are usu-
ally bulkier with an extra aromatic ring. Their binding
mode to melatonin receptor resembles that of synthetic
agonists'®® but also involves additional interactions with
Trp®*® and the hydrophobic needle between TMs 3 and 5.
The latter area may nicely fit the extra phenyl ring often
found in melatonin receptor antagonists.

Interestingly, some residues proved to be essential for
ligand binding in several GPCR clusters (e.g., 3.28 and
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Fig. 15. The vasopeptides receptor cluster: (A) Phylogenetic tree, (B)
Cavity-based alignment. OXYR: Oxytocin receptor; PKR1: Prokineticin
receptor 1; PKR2: Prokineticin receptor 2; Q6W5P4: GPRA isoform A,
V1AR: Vasopressin Via receptor; VIBR: Vasopressin V1b receptor;
V2R: Vasopressin V2 receptor.

3.32) are not anchoring points in melatonin receptors.'®
The orphan MTRI1L receptor is closely related to MTR1A
and MTR1B receptors with respect to sequence alignment
[Fig. 14(B)] but is not a receptor for melatonin. Main
differences observed in the TM cavity resides in five
positions (2.61, 3.28, 3.32, 5.38, 6.55, 7.35). Site-directed
mutagenesis'®®1% suggests that only the Gly/Thr®°° and
the Phe/Tyr®3® mutations located between two critical
residues (Asn*®® and His®“¢) are likely to be responsible
for the singularity of MTR1L whose endogenous ligand
still remains to be identified.

The Vasopeptides Receptor Cluster (7)

The vasopeptides receptor cluster is small group of only
seven receptors [Fig. 15(A)]: the orphan Q6W5P4 receptor
(GPR154) recently proposed to be involved in the pathogen-
esis of atopy and asthma,''° four receptors for vasoconstric-
tive peptides (oxytocin, vasopressin), and two receptors for
prokineticins.'?*

The TM cavity of these GPCRs is about 1,500 A3 large
and uses overlapping but distinct binding sites for agonists
and antagonists. The endogenous peptidic ligands and
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analogs fit the rather hydrophilic subsite 1 at the top of the
7-TM bundle''! and nonpeptide antagonists bind to sub-
site 2 between TMs 3, 5, 6, and 7.1117114 A clear difference
between vasopressin and prokineticin receptors lies in the
physiochemical properties of the second subsite which is
quite polar in prokineticin receptors and much more
hydrophobic in vasopressin receptors [see positions 3.32,
5.46, and 7.39; Fig. 15(B)]. This explains why typical
vasopressin receptor antagonists are very hydropho-
bic.'*%116 Due to the high similarity between vasopressin
and oxytocin receptors, it is difficult to find selective
nonpeptide agonists for these receptors, especially for the
oxytocin receptor (only moderately selective oxytocin recep-
tor agonists have been described yet).!'” Fine subtype
selectivity for antagonists is easier to tackle and may be
regulated by single amino acid differences at the receptor
level (e.g., positions 5.42 and 7.39 for vasopressin V,, and
V., receptors).’** The close proximity of GPR154 and
vasopressin/oxytocin receptors in our tree suggests that
vaspopressin/oxytocin receptor antagonists may represent
good starting points for identifying GPR154 antagonists.

The Adenosine Receptor Cluster (6)

The adenosine receptor cluster groups six receptors in
two well separated branches [Fig. 16(A)]. The first one
encloses two receptors for gonadotropin-releasing hor-
mones GnRH and GnRH II'?2, the second branch com-
prises four receptors for adenosine.'®® Clustering GnRH
with adenosine receptors is unexpected with respect to the
GRAFS classification.'® However, a conserved pattern in
the TM cavity of GnRH and adenosine receptors can be
clearly identified [Fig. 16(B)]. Similarities mainly involve
hydrophobic residues. As an example, four of the five 100%
conserved residues in the TM cavity are hydrophobic. By
contrast, polar side chains undergo a clearly different
distribution [Fig. 14(B)] and may be responsible for recep-
tor selectivity. Indeed two charged residues (Asp®®?,
Lys®?2) conserved only in GnRH receptors are crucial
anchoring amino acids for the GnRH hormone. GnRH
binding site has been extensively investigated by site-
directed mutagenesis and has been mapped to TMs 2, 5,
and 6.1'87129 Eight of the 12 TM amino acids (Asp®®!,
Asn?%% Lys®32 Tyr®38, Asn®39, Thro42, Tyr6-5!, Tyr652)
experimentally shown to line the hormone binding site are
comprised in the 30 critical residues analyzed herein.
Three of the four other important residues (2.50, 2.53,
2.64, and 5.41) are either accessible to a putative ligand
(2.53, 2.64) or involved in the structural integrity of the
receptor (Asn?5°).

The TM cavity of GnRH receptors (1,500 A3 for GNRHR)
is surprisingly hydrophilic, notably at subsite 1 (Arg"?,
Glu?®3, Asp?®!, Asn?%° Lys332). A remote aromatic pocket,
delimited between TMs 5 and 6 (Tyr®3%, PheS** Trp®*8,
TyrS-5!, Tyr®52) interacts with aromatic amino acids of the
GnRH peptide. The chemotypes of known nonpeptide
GnRH antagonists'?! match rather well the properties of
the TM cavity. The heterocyclic scaffold (quinolone, indole)
could H-bond to the numerous polar side chains at TMs 1
and 2, the basic amine (piperidine, guanidine) may inter-
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Fig. 16. The adenosine receptor cluster: (A) Phylogenetic tree, (B)
Cavity-based alignment. AA1R: Adenosine A1 receptor; AA2AR: Adeno-
sine A2a receptor; AA2BR: Adenosine A2b receptor; AA3R: Adenosine
A3 receptor; GNRHR: Gonadotropin-releasing hormone receptor; GNRR2:
Gonadotropin-releasing hormone Il receptor.

act with Glu®®® or Asp?®!, and one or two substituted
aromatic rings could fill the aromatic subsite between TMs
5 and 6.

Adenosine receptors exhibit a quite conserved TM cavity
[Fig. 16(B)]. Polar residues at positions 1.39 (Glu) and 6.55
(Asn), conserved in adenosine receptors, are believed to
contribute both to interhelical hydrogen-bonding and li-
gand binding.'?? Interestingly, Glu'?° seems to be an
anchoring point for agonists only,*?® whereas Asn®®° has
been shown to be important for both agonist and antago-
nist binding.'?? The adenine moiety found in many nonse-
lective adenosine receptor ligands is proposed to interact
with conserved TM3 residues (e.g., Thr®3®) whereas the
ribose ring probably interacts with hydrophilic residues at
TMs 3 and 7 (Thr3-26, Ser”*2, His"*3).124 Positions not
taken into account herein (e.g., 3.31, 3.37) have been
proposed to mediate ligand selectivity although it is un-
clear whether the observed mutagenesis effects are result-
ing form direct or indirect alteration of ligand binding.!2*
The variable position 7.35 which has been shown to be
accessible in the binding crevice of the AA1R receptor is
likely to play an important role for directing the fine
selectivity towards the adenosine receptor subtypes.
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The Amines Receptor Cluster (42)

The amines receptor cluster is the largest one of our
classification. Although it includes 42 representatives
[Fig. 17(A)], it shows a remarkable homogeneity as indi-
cated by the high bootstrap value (Fig. 2). Because of the
extraordinarily vast literature on this receptor cluster, we
will not discuss in details the binding site cavity of each
receptor but rather concentrate on main general features
explaining either selectivity or promiscuity.

Receptors from the amines receptor cluster present a
well-defined TM cavity (e.g., 1070 A® for 5SHT2A) with two
hydrophobic/aromatic subsites on both side of the con-
served Asp®?2. Subsite 2 between TMs 4, 5, and 6 (posi-
tions 4.56, 4.60, 5.38, 5.42,5.43, 5.46, 6.44, 6.48,6.51, 6.52,
7.35) has a strong aromatic character whereas subsite 1
contributes mainly by aliphatic residues [Val/Ile'-3®, Leu/
Ile/Met/Thr'3°, Val/lle/Leu/Gly**2?, Met/Leu/Val/Ile?®8,
Leu/Phe/Tyr/Trp”-3%, Val/Phe,Tyr/Asn”-3°, Tyr/Trp”*® and
Ser/Asn”*%; see Fig. 17(B)].

A typical hallmark of this cluster is a conserved aspartic
acid at position 3.32 (excepted for the two orphans GPR61
and GPR62 which present a serine) and a cluster of
aromatic residues at TM6 (Phe/Tyr%** Trp%® Phe/
Tyr®5!, Phe®%?) and TM7 (Tyr/Trp”*®). The carboxylate of
Asp®3? is the counter ion of the basic amine,'” and all
above-cited aromatic amino acids are known to be crucial
for recognition of the aromatic moiety common to biogenic
amines. #7127 For the 5-HT4 receptor, a network of in-
tramolecular interactions between Asp®32, Trp®4® and
Phe®®! has been proposed to stabilize the receptor in a
silent state suitable for inverse agonist binding.'?® The
aromatic cluster (notably Trp®+®) seems to act as a molecu-
lar switch in triggering receptor activation by a cascade of
changes. The modification of the rotameric states of these
aromatic residues is followed by the alteration of the
Pro®%° kink'?® and the disruption of an ionic lock between
TMs3 and 6.13°

The nature of three residues on top of TM5 (5.42, 5.43,
5.46) allows a clear differentiation of amine receptors. The
5-HT1 branch (including 5HT5A and 5HT7R) presents a
“STA” fingerprint whereas 5-HT2 subtype presents a
“GSA/S” sequence [Fig. 17(B)]. Receptors for cat-
echolamines (dopamine, adrenaline) are enriched in Ser
residues (e.g., “SSS” for dopamine and adrenergic recep-
tors). Receptors for acetylcholine exhibits a “TAA” se-
quence. Receptors for trace amine present a more diverse
pattern of residues. This variability reflects the variety of
substituents on the aromatic rings of the endogenous
ligands (phenyl, phenol, catechol, imidazole, indole).'?*
Some additional specific amino acids also account for the
selectivity of ligand recognition. Hence, Asn®°? is typical
of acetylcholine receptors. It is important for both agonist
and antagonist binding, with a more pronounced effect for
antagonist recognition.'3? Likewise, Asn®?® found mainly
in B-adrenergic receptors has been shown to account for
the stereospecific recognition of B-adrenergic receptor ago-
nists.’®® In the case of histamine receptors, although
residues at positions 5.42, 5.43, and 5.46 of TM5 are not
strictly conserved, they do participate to the selective
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recognition of the histamine imidazole ring. Asp®*? and
Glu®“¢ are responsible for the selective binding of the
histamininergic agonists to HRH2, and HRH3/HRH4 sub-
types respectively'®#135 by establishing an ion pair with
the protonated imidazole ring. The HRH1 subtype lacks a
negatively charged residue at TM5 yet utilizes an aspara-
gine side chain (Asn®*®) for H-bonding the imidazole ring
of histamine. Thus, the example of histamine receptors
demonstrates that the endogenous ligand must adapt its
conformation and binding mode to the local TM5 environ-
ment.*®* The HRH1 subtype is unique among histamine
receptors in possessing a Lys®3° which has been shown to
be a selective anchoring point for second-generation HRH1
antagonists sharing an acidic moiety (e.g., acrivastine,
etirizine).'®® It is now widely accepted that agonists and
antagonists of biogenic amine receptors share overlapping
but not identical binding sites; both agonists and antago-
nists occupy subsite 2 whereas subsite 1 is predominantly
filled by antagonists.'*”"132 Out of the four TM2 residues
used in our clustering scheme, three positions (2.57, 2.61,
and 2.65) have been demonstrated to be occluded upon
antagonist binding.'®® The pseudo-symmetrical distribu-
tion of two hydrophobic cavities around the central Asp?-32
explains why many biogenic amine receptor ligands also
exhibit nonspecific chemotypes (a symmetrical distribu-
tion of aromatic rings around a central basic amine).'9-139
However, subsite 1 can be used to design selective antago-
nists since it has been shown to be responsible for the
selective binding of dopamine D2 versus D4 antago-
nists.'3? Interestingly, in the two orphan receptors GPR61
and GPR62, the prototypical Asp®3?is replaced by a serine
but a conserved Glu”-3® might be an alternative anchoring
residue for putative ligands of these receptors.

The Melanocortins Receptor Cluster (5)

The melanocortins receptor cluster comprises five re-
lated receptors for melanocortins [Fig. 18(A)]. A unique
feature of this cluster is the availability of an endogenous

Fig. 17. The amines receptor cluster: (A) Phylogenetic tree, (B)
Cavity-based alignment. 5HT1A: 5-hydroxytryptamine 1A receptor; 5SHT1B:
5-hydroxytryptamine 1B receptor; 5SHT1D: 5-hydroxytryptamine 1D recep-
tor; SBHT1E: 5-hydroxytryptamine 1E receptor; SHT1F: 5-hydroxytrypta-
mine 1F receptor; 5HT2A: 5-hydroxytryptamine 2A receptor; 5HT2B:
5-hydroxytryptamine 2B receptor; SHT2C: 5-hydroxytryptamine 2C recep-
tor; 5HT4R: 5-hydroxytryptamine 4 receptor; SHT5A: 5-hydroxytrypta-
mine 5A receptor; 5HT6R: 5-hydroxytryptamine 6 receptor; 5HT7R:
5-hydroxytryptamine 7 receptor; ACM1: Muscarinic acetylcholine recep-
tor M1; ACM2:Muscarinic acetylcholine receptor M2; ACM3: Muscarinic
acetylcholine receptor M3; ACM4: Muscarinic acetylcholine receptor M4;
ACMB5: Muscarinic acetylcholine receptor M5; ADA1A: Alpha-1A adrener-
gic receptor; ADA1B: Alpha-1B adrenergic receptor; ADA1D:Alpha-1D
adrenergic receptor; ADA2A: Alpha-2A adrenergic receptor; ADA2B:
Alpha-2B adrenergic receptor; ADA2C: Alpha-2C-adrenergic receptor;
ADRB/1: Beta-1 adrenergic receptor; ADRB2: Beta-2 adrenergic receptor;
ADRB3:Beta-3 adrenergic receptor; DRD1: D1A dopamine receptor;
DRD2: D2 dopamine receptor; DRD3: D3 dopamine receptor; DRD4: D4
dopamine receptor; DRD5: D1B (D5) dopamine receptor; GPR61: G
protein-coupled receptor 61; GPR62: G protein-coupled receptor 62;
HRH1: Histamine H1 receptor; HRH2: Histamine H2 receptor; HRH3:
Histamine H3 receptor; HRH4: Histamine H4 receptor; O14804: Putative
neurotransmitter receptor; TARO1: Trace amine receptor 1; TARO3; Trace
amine receptor 3; TAR04: Trace amine receptor 4; TARO5: Trace amine
receptor 5.
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Fig. 18. The melanocortins receptor cluster: (A) Phylogenetic tree, (B)
Cavity-based alignment. ACTHR: Adrenocorticotropic hormone receptor;
MC3R: Melanocortin-3 receptor; MC4R: Melanocortin-4 receptor; MC5R:
Melanocortin-5 receptor; MSHR: Melanocyte stimulating hormone recep-
tor.

inverse agonist (Agouti-related protein) for two receptor
subtypes (MC3R and MC4R).!*° The sequence alignment
shown in Figure 18(B) is characterized by a high propor-
tion of hydrophobic or aromatic residues among conserved
amino acids (Phe'?°, lle/Leu’*?, Ile/Phe®2® Val/Leu/
Met?36, Ile/Leu/Met?“°, Met/Phe*¢°, Phe/Leu®*2, Leu/Met/
Phe®48, Phe®44, Trp%48 Phe®®!, Val/Phe®®2, Val/Leu®*®?,
Phe” 3%, Ile/Met”*3). The predicted TM cavity (1,280 A2 for
MSHR) is formed by two subsites around a conserved
aspartic acid residue (Asp®?2°). Subsite 1 is delimited by
hydrophobic side chains of TMs 1, 2 (at positions 1.39, 1.42
and 2.58) and two hydrophilic residues of TMs 2, 7
(Asn/Ser/Lys®®7, Asn”*%). Subsite 2 is more voluminous
and defined by aromatic and aliphatic side chains (Leu/Val/
Met?-3¢, Ile/Leu/Met>*°, Phe/Met*%°, Leu/Phe®*3, Trp®*8,
and Val/Phe®?2). The proposed cavity agrees very well
with site-directed mutagenesis data.'*''** It demon-
strates the importance of both the acidic residues (Asp®2°,
as well as Asp®>2?® not used for the classification yet
conserved in the receptors of the cluster) and the numer-
ous hydrophobic/aromatic side chains (3.28, 3.40, 4.56,
6.51, 7.35) for peptide agonist binding and fine subtype
selectivity. It is also compatible with the chemotypes of
known nonpeptide agonists or antagonists of melanocortin
receptors (arylpiperazines, phenylguanidines, tetrahy-
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Fig. 19. The brain-gut peptides receptor cluster: (A) Phylogenetic
tree, (B) Cavity-based alignment. GHSR: Growth hormone secretagogue
receptor type 1; GPR39: G protein-coupled receptor 39; MCHR1: G
protein-coupled receptor 24; MCHR2: Melanin-concentrating hormone 2
receptor; MTLR: Motilin receptor; NTR1: Neurotensin receptor type 1;
NTR2: Neurotensin receptor type 2; Q9GZQ4: Neuromedin U receptor 2;
Q9HB89: Neuromedin U receptor 1; TRFR: Thyrotropin-releasing hor-
mone receptor.

droisoquinoleines)'*® that are likely to bind through an
H-bond assisted salt bridge to one of the two above-cited
important acidic residues

The Brain-Gut Peptides Receptor Cluster (10)

The brain-gut peptides receptor clusteris defined by ten
receptors organized into two branches [Fig. 19(A)]. Our
classification for this cluster significantly differs from that
proposed by Fredriksson.'® Hence, GPR38 is assigned to
be the ghrelin receptor in the GRAF'S classification and not
the motilin receptor as herein or in the Swiss-Prot (the
ghrelin receptor being the growth-hormone segretagogue
receptor GHSR). The related GPR39 receptor is not classi-
fied in the GRAF'S classification whereas we find it close to
GPR38 (MTLR) in agreement with a previous report.'*5
Last, the receptors for hypothalamic peptides (MCHRI,
MCHR2, TRFR) are far form each other and from the
neurotensin receptors in the GRAF'S classification.

This cluster is characterized by conserved medium-sized
and small aliphatic residues [Fig. 19(B)] in TM 1 (Ile/
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Leu'*2, Gly'*%) and a cluster of aromatic residues in TM6
(Phe/Tyr%** Trp®*® and Phe/Tyr®®!, His/Tyr%52%). Their
cavity (e.g., 1250 A® for GHSR) is typically formed by two
hydrophobic subsites; subsite 1 between TMs 1, 2, and 7
involves positions 1.35, 1.42, 2.57, 2.65 and subsite 2
between TMs 5 and 6, centered around position 3.40
(generally apolar) involves positions 5.39, 5.42, 6.44, 6.48,
and 6.52. At the center of the cavity, several polar residues
(Asp/Arg®32, Asp/Glu®33, and GIn/Arg®®®) connect both
hydrophobic subsites and provide anchoring atoms for
putative ligands.

Position 3.33 is indeed an anchoring amino acid to the
basic amine found in most GHSR ligands.'*” In agreement
with our cavity model, a hydrophobic subsite involving
Met?3° and His®®2 has been confirmed by side-directed
mutagenesis.’*” Our predictions are also consistent with
the experimentally-determined binding site between TMs
6 (TyrS®') and 7 (Tyr’3®) for a neurotensin-1 receptor
antagonist.'*® It should be noted that a charged residue
(Arg®®*) not taken into account herein but vicinal to the
above-described Arg®®® is proposed to neutralize the
negative charge of the NTR1 agonist SR-48692.148

Several key residues (3.33, 5.46, 6.48, 6.51, 6.52, 7.39)
have been found to map the thyrotropin-releasing hor-
mone (TRH) binding site to its receptor (TRFR).}49~152
They are all among the 30 critical positions used for the
current analysis. The binding mode of TRH (PyroGlu-His-
Pro-NH,) has been thoroughly investigated and is in
perfect agreement with our TRFR predicted cavity.
Tyr1063-33 interacts with the pyroglutamyl carbonyl group,
Tyr2826-5! faces the His aromatic ring, and Arg3067-3° is
H-bonded to the C-terminal carboxamide moiety of the
peptide. Amino acid at position 3.33 plays a noticeable role
in ligand binding.'®%'5* It is an acidic residue in seven
receptors [GHSR, GPR39, MTLR, NTR1, NTR2, Q9GZQ4,
and Q9HB89; Fig. 19(B)]. In two other receptors (MCHR1
and MCHR2), an aspartate is observed at the preceding
position (Asp®32). The concomitant presence of an acidic
residue in TM3 and an aromatic cluster in TMs 5 and 6
(excepted for TRFR) explains why many receptor antago-
nists from this cluster (e.g., MCHR1) can be derived from
biogenic amine receptor ligands.'®

The Acids Receptor Cluster (5)

The acids receptor group comprises five receptors [Fig.
20(A)] for which few information is available, excepted
that known ligands share a carboxylic acid moiety. G109B
(HM74) and Q8TDS4 (HM74a) have recently been shown
to bind nicotinic acid. Their function could be to decrease
lipolysis in adipose tissues, although nicotinic acid is
unlikely to be the endogenous ligand.'®® GPR31 and
GPR81 are two orphan receptors of unknown function
sharing 41% and 65% sequence identity to HM74, respec-
tively. Last, Q8TDS5 has recently been demonstrated to be
a chemotactic receptor for 5-oxo ETE, an inflammatory
eicosanoid expressed in eosinophils and neutrophils.*®?

All these receptors exhibit some sequence identity to
purine, chemokine, chemoattractant, and somatostatin
receptors which are grouped nearby into four independent
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Fig. 20. The acids receptor cluster: (A) Phylogenetic tree, (B) Cavity-
based alignment. G109B: G protein-coupled receptor HM74; GPR31: G
protein-coupled receptor 31; GPR32: G protein-coupled receptor 32:
GPR81: G protein-coupled receptor 31; Q8TDS4: G protein-coupled
receptor HM74a; Q8TDS5: G protein-coupled receptor TG1019; UR2R:
Urotensin Il receptor (UR-II-R).

clusters (Fig. 2). Typical features from the latter four
clusters, notably at TMs 1 and 2 [Gly'*¢, Leu®®?, Pro®%8,
Ile/Val/Met34°, Fig. 20(B)] are also present in the current
cluster. However, it significantly diverges from related
clusters at TM1 (Glu'#2 in four out of five members), TM3
(conserved Arg®36) and TM5 (Gluw/Gln®*%)

A representative cavity (e.g., G109B, volume of 1,310 A3)
shows two clear subsites linked by a polar channel. Subsite
1 is a small hydrophobic pocket, with a polar contribution
of the accessible Glu'*2, Its size is often restricted by the
presence of a bulky Tyr”-*? [Fig. 19(B)]. Subsite 2 is larger,
hydrophobic and lined by medium-sized hydrophobic resi-
dues at 3.40 and 5.42 and a small side chain at 6.51.

G109B, GPR31, and GPR81 are likely receptors for
anionic ligands due to the conserved presence of two
arginine residues in the center of the cavity (positions 3.36
and 6.55). It is worth noting that receptors for carboxylic
acids are also found in adjacent clusters (chemokines,
chemoattractant, purinoreceptors, Fig. 2).

The Chemokines Receptor Cluster (23)

The chemokines receptor cluster contains 23 receptors
[Fig. 21(A)] whose endogenous ligands are small-sized
proteins (chemokines, adrenomedullin). The present clus-
ter is nearly identical to that proposed by Fredriksson.®
Members of the chemokines cluster present in their TM
cavity (ca. 970 A3 for CCR5) a clear hydrophobic subsite 1
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(Lew/Val'-?®, Tyr/Leu’3°, Ala/Met/Val/Ile®¢!, Phe/Ala/Leu/
Val/Ile?28, Tyr/Phe®32, Met/Leu/Ile/Val/Phe”35, and Met/
Tyr/Phe/Leu/Ile”*%). As in several other clusters (Opiates,
Chemoattractants) a conserved Gly'*¢/Leu?®*7/Pro®*® mo-
tif is likely to induce a kink at the C-terminal part of TM2
[Fig. 21(B)]. In the center of the cavity, four aromatic side
chains (Phe/Tyr/His®?2, Phe/Tyr®36, Phe/Tyr®+*, Trp®48,
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and Tyr/Phe®®') form an aromatic cage, typical of this
cluster. Last, a much more polar subsite 2 is formed
between TMs 3, 4 and 5 involving notably positions 3.33
(Glu, Lys), 4.60 (Asp, Glu, Gln), 5.42 (Glu, Arg, Lys, Gln),
and 5.43 (Asn). The proposed TM cavities are in good
agreement with experimental data. Likewise, many chemo-
kine receptors (e.g., CCR2, CCR4, CCR5) have been shown
to use a negatively-charged residue (Asp/Glu*¢°, Glu”-3)
to recognize the protonable amine of typical chemokine
receptor antagonists.'®®71%! Notably a negative charge at
7.39 is close in space to the prototypical position 3.32 used
by biogenic amine receptors, thus explaining why chemo-
kine receptor antagonists may also bind to biogenic amine
receptors.® Besides the conserved Asp/Glu at 7.39, the
above-described aromatic cage between TMs 3 and 6 is also
an important anchoring site for aromatic moieties of
chemokine receptor antagonists.*¢*

The Opiates Receptor Cluster (13)

The opiates receptor cluster contains 13 receptors that
can be divided into four main branches [Fig. 22(A)].
Endogenous ligands for receptors of this cluster are all
short peptides (from 5 to 30 amino acids) usually rich in
basic residues likely to interact with a conserved Asp®*2in
TMS3. The proposed classification is in agreement with that
of Fredriksson.'® This large cluster is characterized by
conserved hydrophobic residues at TMs 1 and 2 [Ile/Leu/
Vall35 Tyr!-39 Ile/Val'2, Gly' ¢, Val/Leu/Met>®7, Pro®°%;
Fig. 22(B)] and hydrophilic amino acids at TM 7 (His/
Tyr”4%, Asn”*%). A conserved proline at 2.58, which might
induce a kink at the TM2, is typical of this cluster and also
present in chemokines and purinoreceptors clusters.

The somatostatin receptor cavity (ca. 1,070 A2 for SSR1)
exhibits two hydrophobic subsites. Subsite 1 is delimited
by Val*2) Val/Leu?®%”, Pro®%® and Tyr”*3. Subsite 2 is
lined by Leu/Met32° Ala/Gly®33 Val/Met*®¢ Ile/Leu/
Val*¢°, Phe®38 Trp®*® and Tyr/Phe®52. Phe®*7, which is
not included in the 30 selected amino acids, is conserved in
all the somatostatin receptors and contributes to the
second subsite. Both subsites are linked by a hydrophilic
channel formed by two polar side chains conserved in
almost all the cluster members (Asp®®2 and Asn”*%).
Structure—function relationships studies indicate that the
somatostatin (SST-14) core residues (spanning Phe® to
Phe'?) interact with a binding pocket located between TMs

Fig. 21. The chemokines receptor cluster: (A) Phylogenetic tree, (B)
Cavity-based alignment. ADMR: Adrenomedullin receptor; C3X1: CX3C
chemokine receptor 1; CCBP2: Chemokine binding protein 2; CCR1: C-C
chemokine receptor type 1; CCR10: C-C chemokine receptor type 10;
CCR2: C-C chemokine receptor type 2; CCR3: C-C chemokine receptor
type 3; CCR4: C-C chemokine receptor type 4; CCR5: C-C chemokine
receptor type 5; CCR6: C-C chemokine receptor type 6; CCR7: C-C
chemokine receptor type 7; CCR8: C- C chemokine receptor type 8;
CCR9: C-C chemokine receptor type 9; CCRL1: C-C chemokine receptor
type 11; CXCR1: High affinity interleukin-8 receptor A; CXCR2: High
affinity interleukin-8 receptor B; CXCR3: C-X-C chemokine receptor type
3; CXCR4: C-X-C chemokine receptor type 4; CXCR5: C-X-C chemokine
receptor type 5; CXCR6: C-X-C chemokine receptor type 6; O75307:
Putative chemokine receptor; RDC1: G protein-coupled receptor RDC1
homolog; XCR1: Chemokine XC receptor 1.
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Fig. 22. The opiates receptor cluster: (A) Phylogenetic tree, (B)
Cavity-based alignment. GPR7: G protein-coupled receptor 7; GPR8: G
protein-coupled receptor 8; OPRD: Delta-type opioid receptor; OPRK:
Kappa-type opioid receptor; OPRM: Mu-type opioid receptor; OPRX:
Nociceptin receptor; R3R1: Somatostatin- and angiogenin-like peptide
receptor; R3R2: Relaxin 3 receptor 2; SSR1: Somatostatin receptor type
1; SSR2: Somatostatin receptor type 2; SSR3: Somatostatin receptor
type 3; SSR4: Somatostatin receptor type 4; SSR5: Somatostatin recep-
tor type 5.

3-7.162 Several studies agree to define positions 3.32, 6.55,
and 7.35 as key residues for agonist binding.16%:164 Al-
though some nonpeptide somatostatin receptor ago-
nists'®® and antagonists'®® have been described recently,
residues lining their binding pocket have still not been
elucidated.

The opioid-receptor cavity resembles that of somatosta-
tine receptors; it is centered around the conserved aspartic
acid (Asp®?2) although its role might not be as crucial as
for somatostatin and biogenic amine receptors.'®” The
subsite located between TMs 3, 5, and 6 is mostly com-
posed of aromatic residues (Tyr3-33, Phe®*3 and Trp6.48).
All these residues are conserved across d, u and k-opioid
receptors [Fig. 22(B)] suggesting a well conserved TM
binding domain. In agreement with the modeled cavity,

site-directed mutagenesis studies have clearly identified
the important role of two tyrosine residues (Tyr>-33, Tyr”-43)
for anchoring most 8-opioid receptor ligands.'®® Interest-
ingly, a single amino acid variation between classical
opioid receptors (OPRD, OPRK, OPRM) and the nociceptin
receptor (OPRX) at position 5.39 [Lys vs. Ala, Fig. 22(B)]
has been shown to be related to the selective binding of
opioid alkaloids (e.g., naltrexone, bremazocine) to classical
opioid receptors only.’®® The presence of a conserved
aspartic acid at 3.32 and of aromatic residues at 6.48 and
6.51 for other poorly-studied members of that family (e.g.,
GPR7, GPRS,) suggests that biogenic amine ligands shar-
ing an aromatic moiety and a protonated amine could bind
to these two orphan receptors as well.

The Chemoattractants Receptor Cluster (17)

The chemoattractants receptor cluster groups receptors
for chemoattractants, angiotensin II, and bradykinin into
three branches [Fig. 23(A)]. This cluster is nearly identical
to that proposed in the GRAFS classification.’® A typical
hallmark of this cluster is the very hydrophobic nature of
the transmembrane cavity (positions 1.39, 2.57, 2.58, 3.32,
3.36, 3.40, 6.44, 6.48, 6.51, 7.43) topped by charged amino
acids [e.g., Asp/Lys®33 Arg®3® Arg/Lys/His>*% Asp/
Glu”35; see Fig. 23(B)]. Few site-directed mutagenesis
studies have been undertaken to map the binding site of
natural anaphylactic peptide ligands. All conclude that the
N-terminal part of these ligands is recognized by charged
residues of the receptor N-terminal domain'”® whereas the
C-terminus interacts with charged residues at the top of
the TM cavity (Glu®3%, Arg®+2, Asp”3°).171-173 A nega-
tively-charged anchoring amino acid at 7.35 is specific of
anaphylactic peptide receptors and may ensure the abso-
lute specificity of the activation. Interestingly, the chemo-
types of nonpeptidic C5a receptor ligands (agonists, antago-
nists) perfectly match observed physicochemical properties
of the computed TM cavity. C5a agonists usually share a
positively charged substituent that is likely to mimic one
of the two important basic residues of C5a (Lys68, Arg74)
that interacts with the conserved negatively charged side
chains at the top of the 7-TM bundle (Glu®3?, Asp”-35) 174:175
Cba receptor antagonists'”® are much more hydrophobic
and probably interact with the hydrophobic core of the
cavity as suggested by one site-directed mutagenesis
study.'”® Ile®3? and Val”-3° are important anchoring resi-
dues, in addition to Glu®?® and Asp”’-3® that may also
contact the positively charged group of the ligand.

The modeled TM cavity of formyl peptide receptors
(FPR1R, FRRL1, FPRL2) is also in agreement with experi-
mental data.’”® Charged residues, either conserved
throughout the cluster (Arg®*?) or among formyl peptide
receptors (Asp®33, Arg53%) have been demonstrated to
directly interact with both the N-formyl and the C-
terminal carboxylate moieties of endogenous peptide li-
gands.'”® The peptide backbone is probably parallel to the
main axis of TM5 with hydrophobic side chains contacting
the numerous hydrophobic residues of the cavity, espe-
cially at TM2. Few antagonists of formyl peptide receptors
(small peptides, bile acids) have been described up to
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Fig. 23. The chemoattractants receptor cluster: (A) Phylogenetic tree,
(B) Cavity-based alignment. AG22: Type-2 angiotensin Il receptor; AG2R:
Type-1 angiotensin Il receptor; AG2S: Type-1B angiotensin Il receptor;
APJ: Apelin receptor; BKRB1: B1 bradykinin receptor; BKRB2: B2
bradykinin receptor; C3AR: C3a anaphylatoxin chemotactic receptor;
C5AR: Cba anaphylatoxin chemotactic receptor; C5ARL: C5a anaphyla-
toxin chemotactic receptor C5L2; CML1: Chemokine receptor-like 1
(ChemR23); FPR1: fMet-Leu-Phe receptor; FPRL1: FMLP-related recep-
tor I; FPRL2: FMLP-related receptor Il; GPR1: G protein-coupled receptor
1; GPR15: G protein-coupled receptor 15 (BOB); GPR25: G protein-
coupled receptor 25; GPR44: G protein-coupled receptor 44.

now.'”"17? Like previously described C5a receptor antago-
nists, they all share a very hydrophobic core and a
negatively-charged group likely to interact with Arg®-3® in
the TM cavity.

The predicted cavity for angiotensin II type 1 receptors
(AG2R, AG2S) perfectly agrees with the site-directed
mutagenesis used to map the binding sites for nonpeptide
antagonists; for instance, insurmountable antago-
nism'8%!81 is induced by the interaction of biphenyltetra-
zole substructure (e.g., Losartan) with both Lys®“2 and the
neighboring aromatic cage at TM6.
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Bradikynin receptors are herein clustered with angioten-
sin II receptors. Significant similarities between these two
receptor types have already been noticed.'®? Bradykinin
type I and II receptors do not recognize the same ligand
(des-Arg®-bradykinine for BKRBI1, bradykinin for
BKRB2).183 A simple explanation is given by looking at the
corresponding TM cavities [Fig. 23(B)]. Lys®®% which is
seen only for BKRBI1 (replaced by Ser in BKRB2) prevents
recognition of the C-terminal Arg9 of bradykinin.'®* No
ligands have been described up to now for the four orphan
receptors of this cluster. The identification of specific basic
residues in the cavity of these receptors (Lys/Arg®®® for
GPR15 and GPR25, Lys®“2 for GPR1 and GPR44) close to
the aromatic cage at TM6 suggests that aromatic carboxy-
lic acids may represent a good starting point to design
focused libraries towards these receptors.

The Purine Receptors Cluster (35)

The purine receptors cluster is one the largest in our
classification [Fig. 24(A)] and contains 35 members with a
significant proportion of orphan targets (nine in total). All
known endogenous ligands are anionic molecules (carboxy-
lates or phosphates). The major difference between the
GRAFS classification and ours resides in the location of
monocarboxylic acids receptors (GPR40, 41, 42, 43) which
could not been classified by Fredriksson et al.'® whereas
we cluster them with known receptors for dicarboxylic
acids (GPR80, GPR91).The large purinoreceptors cluster
is characterized by basic residues [less than five per
sequence; Fig. 24(B)] found at various spots in the TM
cavity (2.65, 3.29, 3.32, 3.33, 4.56, 5.38, 5.39, 5.42, 6.52,
6.55, 7.39). Side chains of these arginine, lysine, and
histidine residues are likely to neutralize the negative
charges of the ligands. TMs 1, 2, and 3 contribute mainly to
the hydrophobic part of the cavity (Phe/Tyr/Leu-3°, Ile/
Val“2, Gly'#%, Leu/Phe?%”, Pro®®%, Phe/Tyr/Leu®?3?, Leu/
Met/Ile3-3¢, and Val/Ile/Met>4°). A bunch of aromatic resi-
dues in TM6 (Phe/Tyr%**, Phe/Tyr®4® Phe/Tyr/His®®?) is
much conserved throughout the cluster. Interestingly,
position 6.48, which is known to play a well-defined role in
molecular activation of rhodopsin-like GPCRs is a phenyl-
alanine for most members of this cluster.

In the case of carboxylic acid receptors, the distribution
of charges at the protein surface is consistent with the
structure of their ligands. Receptors for dicarboxylic acids
(GPR80, GPR91) present five basic residues organized into
two positively charges areas whereas receptor for monocar-
boxylic acids (GPR40, GPR41, GPR42, GPR43) present
only four basic residues all involved in a single positive
spot around Arg®3®® and Arg”®. The first basic area of
dicarboxylic acid receptors is located at TM3 (Arg®?2°,
His®3%) and the second one involves TMs 6 and 7 (His®*2,
Arg®®®, Arg”-3°). Four of these residues have been shown
to be anchoring points for succininic acid and a-ketoglu-
taric acid to GPR80/GPR91.18% The modeled TM cavity of
carboxylic acid receptors is also coherent with respect to
ligands’ size and shape. Hence, the cavity of the long chain
fatty acid receptor (GPR40) extends much deeper into an
hydrophobic subsite between TMs 3, 5, and 6 than the
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corresponding cavity of short chain fatty acid receptors

(GPR41, GPR43). The bulkiness of side chains at positions
A 6.44 and 6.48 is the suggested molecular explanation for

this feature [Fig. 24(B)].

GPRAD Receptors for cationic glyco- and phospholipids (G2A,
arrei  GPR4, SPR1, and PSYR) share a conserved Arg®“Z that is
i = }Z:’::i likely the anchoring residue of the phosphate group of
s endogenous ligands (LPC: lysophosphatidylcholine, SPC:
GPRIT sphingosylphosphorylcholine, psychosine). No negatively-

PR charged residues are present in the TM cavity for counter-
Lt;' balancing the choline positive charge. The choline moiety
—————BYI0 therefore probably interacts with either the aromatic
w6 ——————GPIT4 cluster at TM6 (Phe®*4, Phe/Tyr®4®, Phe/Tyr®>1, His®5°)
s o or the very acidic second extracellular loop of SPC/LPC
WA receptors. Last, the fatty carbon chain of SPC/LPC is
= GPRSG proposed to fill a shallow hydrophobic needle between TMs
}‘::’.—II 1 and 2 terminating at conserved positions between TM1
o (Val**2, Gly/Ser™*6) and TM2 (Tyr*®3, Gly” ).
PARS Recent studies'®® demonstrated that a patch of basic
PARS residues (Arg®?°, Arg/Lys®®®, Arg”35 Arg”-?°) in nucleo-

ET’“ tide receptors participate to ligand recognition.*®7-18 Inter-

GERS? estingly, Gq-coupled receptor subtypes (P2RY1, P2RY2,
PIRY? P2RY4, P2RY6) are well separated from Gi-coupled recep-
”ﬁ” tor subtypes (GPR86, P2Y12, P2Y14) and present slightly
v different basic patches. The first subgroup share basic
GPR4 residues at positions 3.29, 6.55, and 7.39. The second
FIYL subgroup share basic amino acids at positions 6.55 and
o :f::,: 7.35. A thorough study of purinergic receptors recently
mryv:  agrees with our conclusion and additionally proposes that
FIRY] a Lys residue in the second extracellular loop to replace

‘I—n-,-l :s::: Arg®2® for Gi-coupled subtypes.'®¢ Other purinoreceptor
subtypes (P2Y10, P2RY5, P2RY9), which do not recognize
nucleotides present much less accessible basic residues in
the TM cavity. For example, P2RY9 has recently been

a1l

g::jg shown to be a receptor for lysophosphatidic acid (LPA).*®°
GPR4Z : Interestingly, it presents together with other atypical P2Y
g,fi;; subtypes and related GPCRs (GP174, GPR92, P2Y10) a
GER1T : conserved glutamic acid at position 5.43. P2Y9 is not
ashnt | related to EDG receptors (EDG2, EDG4, and EDG7) which
CLTR2 : also recognize LPA but use Arg®?® and GIn®?° as main
iii-l.rg anchoring residues (see Lipids cluster). These findings
GERAT : suggest that a single ligand can be recognized by unrelated
P2¥l4 :

P2yi2 :

GPREE :

GP171 :

DAR1 :

PARZ Fig. 24. The purines receptor cluster: (A) Phylogenetic tree, (B)
PARY Cavity-based alignment. CLTR1: Cysteinyl leukotriene receptor 1; CLTR2:
PAR3 Cysteinyl leukotriene receptor 2; EBI2: EBV-induced G protein-coupled
PEYR receptor 2; G2A: Lysophosphatidylcholine receptor G2A; GP171: G
EBIZ : protein-coupled receptor 171; GP174: Putative P2Y purinoceptor FKSG79;
WERSE GPR17: P2Y purinoceptor GPR17; GPR34: G protein-coupled receptor
gg’;:; % 34; GPR4: G protein-coupled receptor 4; GPR40: G protein-coupled
oA s receptor 40; GPR41: G protein-coupled receptor 41; GPR42: G protein-
2pRl coupled receptor 42; GPR43: G protein-coupled receptor GPR43; GPR80:
GFR4 - G protein-coupled receptor 80; GPR86: FKSG77 protein; GPR87: FKSG88
P2Y1l : protein; GPR91: G protein-coupled receptor 91; GPR92: G protein-
PZRYE : coupled receptor 92; P2RY1: P2Y purinoceptor 1; P2RY2: P2Y purinocep-
P2RYY : tor 2; P2RY4: P2Y purinoceptor 4; P2RY5: P2Y purinoceptor 5; P2RY6:
P2RYZ : P2Y purinoceptor 6; P2RY9: P2Y purinoceptor 9; P2Y10: P2Y purinocep-
P2RYL : tor 10; P2Y11: P2Y purinoceptor 11; P2Y12: P2Y purinoceptor 12;
z:]‘:gg P2Y14: UDP-glucose receptor; PAR1: Proteinase activated receptor 1;

PAR2: Proteinase activated receptor 2; PARS3: Proteinase activated
receptor 3; PAR4: Proteinase activated receptor 4; PSYR: T cell-death
associated protein; PTAFR: Platelet activating factor receptor; SPR1: G
protein-coupled receptor 68.
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GPCRs using quite different binding modes. It is likely
that P2RY5 which shares 70% sequence identity with
P2RY9 on our 30 consensus positions is also a phospholipid
receptor.

PAR receptors exhibit a much more hydrophobic cavity,
notably at the center between TMs 3 and 6, with a few
conserved small-sized polar residues (Ser/Thr®?!, Asn®%2
and Ser/Thr”-*%). Accordingly, known PAR antagonists are
quite hydrophobic with several aromatic rings along a
pseudopeptide main chain.!®°

CONCLUSIONS

We have reported an exhaustive classification of human
G protein-coupled receptors based on the analysis of 30
critical positions supposed to delimit the binding cavity of
the typical transmembrane domain of ground-state recep-
tors. The proposed phylogenetic tree is coherent and
compatible with numerous experimental data, notably in
identifying important residues for small molecular-weight
ligand recognition. The present study does not claim that
only the 30 selected residues are of interest for explaining
ligand binding. It simply attempts to draw general struc-
ture-binding relationships over the entire family of human
receptors on a minimal set of common positions.

We are confident about the alignment of members of a
particular family (e.g., rhodopsin-like receptors) because
the alignment method matches conserved fingerprints.?*
The alignment of members from different families (e.g.,
rhodopsin-like versus glutamate-like receptors) is more
questionable. Recent mutagenesis studies on glutamate-
like receptors suggest that the proposed alignment of class
C to class A receptors is compatible with many experimen-
tal data.*64753:54 However, we admit that the comparison
of class A/class C with class B receptors is still speculative
although many of the consensus positions used herein for
the clustering have been experimentally shown to be of
importance for antagonist binding. The current study
pinpoints relationships between a few critical positions of
the 7-TM domain and ligand binding. The confomational
dynamics of the cavity that is likely to play a key role in
ligand recognition has not been investigated here for many
reasons (irrelevance of unrestrained MD simulations re-
garding the paucity of 3D information about the membrane-
embbeded receptor, unknown status of oligomerization,
unknown membrane regulatory proteins). Studying the
plasticity of the ligand—receptor interactions should thus
be realized on a case-by-case basis. Our high-throughput
3D models provide a reasonable start for such studies at
the condition that extracellular loops are build and joined
to the 7-TM helices.

Privileged Structures of GPCR Ligands Can Be
Matched with TM Cavity Hotspots

Reducing the complexity of chemogenomic data is likely
to facilitate the rational design of ligands or focused
libraries and to better predict selectivity towards a family
of therapeutically relevant macromolecular targets. Relat-
ing cluster members to precise molecular features is here
greatly facilitated by the analysis of a small subset of
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amino acids. For each of the 22 clusters, there is often a
clear relationship between known ligand chemotypes (e.g.,
amines, carboxylic acids, phosphates, peptides, eico-
sanoids, and lipids) and the cognate TM cavities. For
example, receptors for bulky ligands (e.g., phospholipids,
prostanoids) have a TM cavity significantly larger than
that for smaller compounds (e.g., biogenic amines, nucleo-
tides). Receptors for charged ligands (cationic amines,
phosphates, mono and di-carboxylic acids) always present,
among the 30 critical residues, one or more conserved
amino acid exhibiting the opposite charge (e.g., Asp®*2 for
biogenic amines; Asp*%/Glu”-3° for chemokines; Arg®29/
Lys®55/Arg”-3® for nucleotides). Such complementarity has
already been pointed out by several previous studies on
subsets of the GPCR proteome for which numerous data
exist for both receptors and cognate ligands.'9-22:31.186
However, the present report exemplifies for the first time
such considerations to the entire collection of nonolfactive
human GPCRs.

GPCR ligands sharing a common substructure (“privi-
leged structure”) and exhibiting promiscuous binding to
unrelated GPCRs are a current important source for
GPCR library design.®3' Assuming that conserved moi-
eties of the ligands are likely to bind to conserved subsites
of the targets,®! matching privileged structures with TM
hotspots can be achieved very easily without biasing the
match by a manual or automated 3D docking. What is
required is access to a GPCR ligand database'®'~1% in
which both ligand structures and known GPCR targets are
listed.

As an example, biphenyltetrazoles and biphenylcarboxy-
lic acids are known to bind to at least six GPCRs (AG22,
AG2R, AG2S, GHSR, LT4R1, LT4R2).181:194195 Fine de-
tails of 3D recognition of this privileged substructure by
GPCR hotspots have been recently investigated by a
thorough mutagenesis-guided manual docking of several
GPCR ligands.?* We propose here a much simpler ap-
proach leading to the same outcome; looking at the 30
residues lining the TM cavity of the later six GPCRs allows
us to clearly identify putative TM residues able to interact
with this substructure (Fig. 25). Conserved aromatic resi-
dues are likely to interact with the biaryl moiety cluster
between TMs 6 and 7 (Phe®*, Trp%“® Phe/Tyr/His®??,
Phe/Tyr”*3). A positively-charged residue that probably
interacts with the bioisosteric tetrazole and carboxylate
groups should be located nearby the aromatic cluster.
Hence, three basic residues (Lys®*Z, Arg®5° and Arg”-3°)
fulfill this requirement. Last, a polar side chain at position
6.52 (His/Gln) is conserved for the six investigated GPCRs
and might H-bond to the acidic moiety of the privileged
structure. By simply looking at sequence alignments of TM
cavity-lining amino acids, and without relying on any 3D
docking data, we managed to find out the same important
anchoring residues than Bondensgaard et al.?! Searching
our TM cavity database for additional GPCRs fulfilling the
above-described requirements (Phe®%*4 Trp®*® Phe/Tyr/
His®5!, Phe/Tyr”*3, and Lys®“2 or Arg®?° or Arg”-3® and
His/GIn®52) extracts 17 new GPCRs that might accommo-
date biphenyl-tetrazoles and biphenyl-carboxylic acids (Fig.
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Fig. 25. Matching privileged structures of known GPCR ligands to TM hotspots. An in-house GPCR ligand
database is searched to retrieve privileged structures common to multiple GPCRs and to find conserved
residues within the 7-TM cavity of selected entries. Browsing the in-house GPCR cavity database (sequence of
30 critical positions lining the 7-TM cavity of 369 human GPCRs) allow to retrieve new GPCR entries satisfying
the query and likely to accommodate the privileged structure.

25). Among putative targets are ten chemoattractant
receptors (APJ, C3AR, C5AR, C5ARL, CML1, FPRI1,
FPRL1, GPR15, GPR44, and GPR1), three brain-gut pep-
tide receptors (MTLR, NTR1, and Q9GZQ4), two cationic
phospholipid receptors (G2A, SPR1) and two peptide recep-
tors (GALR1, GALR2). This target list contains receptors
recently identified by Bondensgaard et al. (e.g., APJ,

NTR1).2! It also suggests totally new putative targets for
the investigated privileged structure that might serve as a
common scaffold for small-sized combinatorial libraries
targeting the new receptors list. Several ligand-based
approaches based on known privileged structures have
been reported for designing GPCR focused libraries.'96:197
However, the use of “generic” privileged structures (e.g.,
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TABLE 1. Possible Ligand Source for Some Orphan GPCRs

Orphan receptor(s) Cluster Source

GPR88, QONFNS8 Glutamate GABA-B allosteric ligands

Q8NHZ9, Q8TDU1 Glutamate CaSR allosteric ligands

LRG4, LRG5, LRG6 Glycoproteins LH/FSH nonpeptide ligands

GP119 Lipids Cannabinoid receptors ligands
GPR19, GPR83 Peptides Tachykinin receptors ligands

KISSR Peptides Galanine receptor ligands

Q6W5P4, PKR1, PKR2 Vasopeptides Oxytocin/vasopressin receptor ligands
014804 Amines Biogenic amine receptors ligands
GPR39 Brain-gut peptides Neuromedin U receptors ligands
075307, RDC1 Chemokines Chemokine receptor ligands

GPR7, GPR8 Opiates Somatostatine receptor ligands
GPR15, GPR25, GPR44, GPR1 Chemoattractants Angiotensin II receptor ligands

EBI2, GPR92, P2RY5 Purines LPC/SPC receptor ligands

GP171, GPR87 Purines Purinergic nucleotide receptor ligands
GPR17, GPR34, GP174 Purines Cysteinyl Leukotriene receptor ligands

aryl-4-piperazine, biphenyl) is conceptually incompatible
with the design of innovative compounds. It is therefore of
outmost importance to generate novel templates by incor-
porating structure-based knowledge. The herein proposed
approach may contribute to identify such substructures by
an exhaustive prioritization of fragments according to
their likelihood to bind predicted TM cavities of particular
clusters.

Prioritizing Ligand/Library Selection and Design
for Receptor Deorphanization

Matching TM hotspots to privileged structures may be
useful for finding out ligands of orphan targets. Consider-
ing not only the target orphan receptor but also other
receptors present in the same cluster enables to derive
sufficient information to generate compound libraries.
Receptors very close in the current phylogenetic tree
present significant similarities in their TM binding cavity.
A rationale source for putative ligands of an orphan
receptor is thus to evaluate first known ligands of GPCRs
which are the closest to the orphan target. There are still
numerous orphan GPCRs spread over nearly all clusters
presented in the current study (see a nonexhaustive list in
Table D).

GPR88 represents an interesting example. Although
rather close to dopamine D1 and D5 receptors when
considering the 7-TM domain, this receptor clusters with
class C GPCRs [Fig. 6(A)] when looking at the 30 residues
lining the putative TM binding site. Finding starting hits
for this receptor could then be addressed by evaluating
first, known noncompetitive ligands for class C GPCRs,
especially allosteric ligands of the GABA-B receptors.
Likewise, known ligands for Angiotensin II receptors (Fig.
23) should represent good starting points for identifying
putative ligands of closely related orphan targets (APJ,
GPR15, GPR25, GPR44, GPR1). An experimental valida-
tion of this approach has been recently reported by the
identification of GPR44 ligands by evaluating known
Angiotensin II receptor ligands.!®® In the absence of any
strongly conserved anchoring residues within the GPCR
subfamily under investigation, a more systematic ap-

proach could be to dock a library of preselected scaffolds to
pick out the best scored structures and prioritize scaffolds
enriched among the top scorers when considering the
target receptor or even better the whole cluster branch to
which this receptor belongs to.

As a conclusion, the herein presented phylogenetic tree
can be used to study the selectivity profile of either a ligand
or a receptor under investigation. Knowing whether the
ligand (receptor) is likely to be permissive for numerous
receptors (ligands) is of crucial importance for drug discov-
ery. The location of a precise receptor on the tree quickly
indicates the number and identity of close GPCR neigh-
bors. Looking then at the TM cavity alignment of this
GPCR subset may help in the identification of selective or
permissive residues that may favor or hinder design of
selective ligands. Conversely, designing promiscuous li-
gands for either related or unrelated receptors may be
guided by the analysis of their TM cavity and the identifi-
cation of common anchoring amino acids that direct li-
brary design.
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