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A Personal Foreword

Describing in a single book all existing approaches to design ligands targeting
G protein-coupled receptors (GPCRs) is an impossible challenge. However, giving
some clues to assist drug designers in their daily work is feasible. This is precisely
the aim of the current book whose contributors have been selected to reflect the
current knowledge on an extraordinary diverse family of protein targets. We have
chosen to address fundamental and methodological issues which are the most
likely to promote rational design of GPCR ligands. Ligand selectivity cannot be an-
swered without considering the entire protein family at a genomic level. Dissect-
ing the fine molecular mechanisms underlying GPCR function is also necessary
to design ligands with the desired pharmacological profile. Last, a precise knowl-
edge of current biostructural data is necessary to decide whether a ligand-based
and/or a receptor-based design strategy is the most adequate. Many design strate-
gies are indeed possible. Their potential is however very dependent on the current
knowledge about a particular target and their ligands. It is therefore of outmost
importance to be aware of all available information and design methods while be-
ginning a drug discovery program. We do hope that this book will provide the
reader with the necessary material to start with.

I would like to thank all contributors for their nice collaboration and their effort
to respect a few deadlines in submitting their chapters. The series editors are also
warmly acknowledged for their valuable comments in the early definition of the
Table of Contents. I am grateful to Frank Weinreich and Renate Doetzer from
Wiley-VCH for the nice collaboration over several months. Last, I extend my
thanks to my family for their continuous support.

Mlkirch, January 2006 Didier Rognan
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Preface

G protein-coupled receptors (GPCR) represent to the best of our knowledge more
at least 60 % of all receptors. This vast majority keeps them still alive as the most
interesting group of targets in drug finding and development. Some 18.000 re-
views are listed in Pubmed, many of them dealing with structural features and pe-
culiarities of G protein-coupled receptors. Especially their functional categoriza-
tion, association with other membrane-integral proteins and dimerization/oligo-
merization behaviour is still a hot topic in research.

Nevertheless, the existing body of knowledge at atomic resolution, enables us to
propose interaction mechanism and activation models for this type of receptor.
Here it is the merit of Didier Rognan, himself being on of the leading figures in
the field of molecular modelling of GPCRs, that he started to collect a number of
reputed researches sharing a history in the topic of GPCRs and edited a 12 chap-
ter volume on the state-of-the-art in ligand design for those targets.

The volume starts with a genomic overview on GPCRs, which is followed by an
appropriate review of the available data and their appearance and utilisation in da-
tabases. In more specialized chapters the question is raised how to de-orphanize
receptors. Strategies in these fields are urgently needed since by HTS strategies,
array technologies, etc., the number of orphan receptors has grown exponentially.

Ligand interaction does not mean at all that a drug will emerge from this knowl-
edge. So, druggability analysis, which has overcome its infant years of rule-based
estimates, has become a sophisticated methodology on its own. One chapter is de-
voted to druggability of human GPCRs. It’s the molecular mechanism which is il-
luminated in depth within the subsequent three chapters. Oligomerization or just
dimerzation, activation/inactivation processes and allosteric regulation are still
complex puzzles to solve, last but not least because of the difficulties of under-
standing the entropy contribution.

Further chapters are dedicated to computational procedures. Chemical geno-
mics approaches are going to be presented, the development detection of targeted
libraries and priviledged structures for GPCR interaction and laedhopping and vir-
tual screening approaches to ligand design.

The final three chapters deal with the 3D-structures of GPCRs and the useful-
ness as a basis for rational design of ligands. Both, modelling approaches as well
as virtual screening will be discussed in extenso.

Ligand Design for G Protein-coupled Receptors. Edited by Didier Rognan
Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-31284-6
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XIv

Preface

Thus, we expect this new volume in the series to be of fundamental interest to a
large community of scientists and researches devoted to GPCRs. The editors are
deeply convinced that the contents of this book will help to fathom the potential
of GPCRs and will generate new ideas and visions for their role in drug discovery.

The editors are indepted to Renate Doetzer and Frank Weinreich from Wiley-
VCH for their invaluable support in this project which is hereby gratefully
acknowledged.

Raimund Mannhold, Diisseldorf
Hugo Kubinyi, Weisenheim am Sand
Gerd Folkers, Ziirich
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1
G Protein-coupled Receptors in the Human Genome

Robert Fredriksson and Helgi B. Schisth

1.1
Introduction

The superfamily of G protein-coupled receptors (GPCRs) is one of the largest
families of proteins in the human genome [1, 2] and probably also in most other ver-
tebrate species [3]. GPCRs participate in a diversity of important physiological func-
tions and are targets for many modern drugs. Their ligands are particularly diverse,
and include ions, organic odorants, amines, peptides, proteins, lipids, nucleotides
and photons, which are all able to activate GPCRs. The main structural characteris-
tic of GPCRs is seven stretches of about 25-35 consecutive amino acid residues that
show a relatively high degree of hydrophobicity and represent a-helixes that span
the plasma membrane in an anti-clockwise manner. These sequences stretch from
the common area or a recognition and connection unit of all GPCRs, enabling an
extracellular ligand to exert a specific effect on the cell. This area of the receptors is
generally relatively well conserved and is used to identify and classify novel GPCRs
as other areas of the receptors are frequently much more diverse. The name GPCRs
indicates that these receptors interact with G-proteins. This has however not yet
been demonstrated for most of the proteins classified as GPCRs. Moreover, GPCRs
are known to have many alternative signaling pathways, interacting directly with a
number of other proteins such as arrestins and kinases. Hence, it would perhaps
be more technically correct to term this superfamily “seven transmembrane (TM)
receptors”, but the GPCR terminology has become more established.

Both physiological and structural features have been used to classify GPCRs.
The first classification system was introduced in 1994 by Attwood and Findley [4].
They used the term “clans” to designate the different GPCR families. The classi-
fied dataset at this time contained over 240 rhodopsin-like GPCRs from different
species. Many of these receptors were olfactory and light-recognizing receptors of
the opsin type. Independently, but around the same time, Kolakowski presented
the well known “Family A-F classification system” [5]. This system included recep-
tors shown to bind G-proteins while the other 7TM receptors were classified as O
(other). In conjunction with this classification system the database GPCRdb was
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developed and included at that time 777 unique GPCRs from various species.
Family A contained receptors similar to rhodopsin and biogenic amine receptors.
Family B contained receptors similar to the secretin and calcitonin receptors while
Family C contained the metabotropic glutamate receptors. Family D and E con-
tained only receptors that were not, and still have not been, identified in mam-
mals, namely the fungal pheromone receptors and the cAMP binding receptors,
respectively. Finally, Family F contained archebacterial opsins. The Kolakowski
classification system was later extended independently, and differently, by Josefs-
son and Flower in 1999 [6, 7]. Moreover, another classification system was sug-
gested in 1999 that contained in total five families based on the position of the
ligand-binding pocket and the sequence length of the receptors. This system ex-
cluded the receptors that are not present in vertebrates [8]. This system used both
structural and physiological features to classify the receptors. Recently, we have
undertaken large-scale systematic phylogenetic analyses including the majority of
the GPCRs in the human genome [9]. This provides us with the GRAFS system
showing five main families named Glutamate (G; previous family C/3), Rhodopsin
(R; previous family A/1), Adhesion (A; previously part of family B/2), Frizzled/
Taste2 (F; previously O/5 and not included) and Secretin (S; previously part of fa-
mily B/2). Moreover, we subdivided the large Rhodopsin family into 13 subgroups.
The grouping was carried out using strict phylogenetic criteria and only a few hu-
man receptors did not group into these clusters and these receptors were thus
placed into what we called Other 7TM receptors. There are several GPCRs that have
been discovered since we published this classification [10-13] and here we present
an updated version of the human repertoire. In this overview we describe each of
the families and groups within the GRAFS classification system and include phy-
logenetic trees which were derived by Maximum Likelihood and show branch
lengths.

1.2
The Adhesion Family

The Adhesion family is the second largest GPCR-family in humans with 33 mem-
bers. The group is called Adhesion GPCRs according to a recent GPCR classifica-
tion [9] and this nomenclature seems to prevail. This family has however been as-
signed various names through the years. These include EGF-TM7 to reflect the
presence of epidermal growth factor (EGF) domains in the N-termini [14, 15] and
LN-TM7 receptors where LN stands for long N-termini and B2/LNB-7TM to reflect
their vague similarity to secretin receptors [16]. The Adhesion family members
have several structural features that clearly separate them from all other groups of
GPCRs. In a recent article we showed the entire repertoire in human and mouse
where the diversity of their N-termini is highlighted [12]. Their long N-termini
contain a high percentage of Ser and Thr residues that can create O- and N-glyco-
sylation sites. These N-termini or stalk-like regions are thus thought to be highly
glycosylated and act as a mucin-like domain with a rigid erect structure protrud-
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ing from the cell surface. The long N-termini are believed to bind various proteins
that promote cell-to-cell and cell-to-matrix interactions. All of the Adhesion
GPCRs except GPR 123 contain a GPCR proteolytic domain (GPS). Additionally
their N-termini can contain a number of different domains that are also found in
various other proteins, such as cadherin, lectin, laminin, olfactomedin, immuno-
globulin or trombospondin. It is likely that the repertoire of these domains plays
an important role in the functional specificity of the receptors.

Phylogenetically, as can be seen in Fig. 1.1, this family forms three main subfa-
milies with the largest containing lectomedin, EGF-like module, cadherin EGF,
EGF lathrophilin, CD97 and GPR 127 receptors. It is interesting to note that all re-
ceptors in this group, with the exception of lectomedin receptors, contain EGF do-
mains and that no receptors outside this cluster contain this type of domain [12].
Continuing clockwise in Fig. 1.1 the second group contains 10 receptors termed
GPR 110, GPR 111, GPR 113, GPR 115, GPR 116, GPR 123, GPR 124, GPR 125,
GPR 133 and GPR 144. The receptors in this cluster have in general very few re-
cognizable domains in their long N-termini, with GPR 123 having no known do-
mains and GPR 110, GPR 111 and GPR 115 having only a GPS domain. The
other receptors contain immunoglobulin domains (GPR 124, GPR 125 and GPR
116), hormone-binding domains (GPR 113), leucine-rich repeats (GPR 124 and
GPR 125), a pentraxin domain (GPR 144) and a sea urchin sperm domain (GPR
116) [12]. The third family contains brain angiogenesis receptors, human epidy-
mal receptors, the very large GPR 1 (over 6300 amino acids long) and GPR 56,
GPR 97, GPR 112, GPR 114, GPR 126 and GPR 128. Also, several receptors in
this group are rather sparse in known domains with GPR 56, GPR 97, GPR 114,
GPR 126, GPR 128 and human epidymal receptor containing only GPS domains.
The three Brain Angiogenesis Inhibitor GPCRs (BAI) contain only hormone-bind-
ing and trombospdin domains while GPR 112 contains a pentraxin domain. The
very large GPR 1 contains several copies of the sodium—calcium exchange/integ-
rin beta domains [12]. Although several of the more recently discovered Adhesion
GPCRs have surprisingly few recognizable functional domains in their N-termini,
it is likely that these receptors contain novel domains that are not recognizable
using current bioinformatics tools. The majority of the Adhesion GPCRs are or-
phans and for the few that have been characterized with regard to ligand binding,
none has been shown to bind their ligand within the TM regions. CD97 is one of
the most studied receptors in this family and is found in several types of blood
cell. CD97 interacts with the 312-amino acid membrane protein CD55 (or decay
accelerating factor; DAF) which is expressed on most leukocytes [17]. Recently, it
was also shown that a glycosaminoglycan (chondroitin sulfate) acts as a cellular
ligand specific to the EGF-like domains of the EMR2 [15]. Receptors of the Adhe-
sion family are expressed in various parts of the human body and many of them
have prominent expression in the immune system, central nervous system, and
in the reproductive organs, suggesting that they might take part in a large variety
of physiological functions.
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Fig. 1.1 Phylogenetic trees for each family and
group of GPCRs. The topology is a consensus
tree from 100 bootstrap replicas calculated
using ordinary parsimony and the branch
lengths are optimized using the Maximum
Likelihood method with no assumptions of the
presence of a molecular clock and hence the
branch lengths correspond to protein dis-

tances, not evolutionary time. The calculations
are performed on the amino acid sequences
from transmembrane region 1 to the end of
transmembrane region 7, meaning that no
N-termini are used for the calculations as they
are very divergent for the different groups.

R is the abbreviation for receptors in the anno-
tation on the figures.
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1.3
The Secretin Family

The secretin family consists of 15 receptors and occurs widely in all animal spe-
cies [16, 18]. The N-terminal regions of these receptors share some primary se-
quence similarity with the Adhesion family of GPCRs and in the A-F classification
system both are considered to belong to the B family. Although this sequence
similarity is clearly recognizable, it is evident that the Secretin and the Adhesion
families are evolutionarily old and that they split into individual groups long ago.
Both families are present as multimember families in both insects such as D. mel-
anogaster and A. gambiae as well as in C. elegans [3] as are the other main families,
i.e. the Adhesion, Rhodopsin, Frizzled and Glutamate families. The phylogenetic
tree of this family has four main subgroups, the largest one consisting of the se-
cretin, Growth Hormone Releasing Hormone, Vasoactive Intestinal Peptide and
Pituitary Adenylate Cyclase-Activating Polypeptide (PACAP) receptors. The other
groups contain, in clockwise order in Fig. 1.2, the Corticotropin Releasing Hor-
mone/Calcitonin Gene Related Peptide Receptors, Glucagon/Glucagon-like Pep-
tide/Gastric inhibitory peptide receptors and the Parathyroid Hormone Receptors.
The receptors in the Secretin family bind rather large peptides and most often act
in a paracrine manner. The Secretin family name is related to the fact that the se-
cretin receptor was the first of this family to be cloned and the term secretin-like
receptors has also frequently been used in the literature with reference to recep-
tors in this cluster. The N-terminal, between about 60 and 80 amino acids long,
contains conserved Cys bridges and is particularly important for the binding of
the ligand to these receptors. For example, the N-terminal alone of the VIPR and
PACAP receptor constitutes a functional binding site for the ligand. The receptors
have a recognizable “hormone binding domain” in the N-termini and these recep-
tors bind rather large peptides that most often act in a paracrine manner.

1.4
The Frizzled/Taste 2 Family

Our phylogenetic studies on the human repertoire have indicated that two very
different groups of receptors cluster together. There are few elements in the con-
sensus sequence and the HMM models, such as the consensus sequence of IFL
in TM2, SFLL in TM5, and SxKTL in TM7 which are motifs that do not seem to
be present in the consensus sequences of the other four families, that could ex-
plain why these two groups of receptors cluster together. Further studies are
needed to investigate whether these two groups have a common evolutionary his-
tory. Below we look at these groups separately.
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Fig. 1.2 Phylogenetic trees for each family and group of GPCRs.

For further information see legend Fig. 1.1.

1.4.1
The Frizzled Receptor Cluster

The Frizzled group consists of 10 frizzled receptors named Frizzled receptor 1-10
and the single Smoothened receptor. The topology of the tree in Fig. 1.3 shows
four main clusters: the cluster containing Frizzled 1, 2 and 7 which have approxi-
mately 75 % identity to each other; the Frizzled 8 and 5 that have 70 % identity, the
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Fig. 1.3 Phylogenetic trees for each family and
group of GPCRs. For further information see
legend Fig. 1.1.
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Frizzled 10, 9 and 4 that have around 65% identity; and finally Frizzled 6 and 3
that have 50 % amino acid identity. The identities shared by receptors from differ-
ent clusters are between 20 and 40 %, indicating that four parental genes from the
Frizzled family were initially formed and subsequently the four clusters originated
out of these. Smoothened is, as evident in Fig. 1.3, clearly the most divergent of
the receptors from the Frizzled family, sharing only 249% amino acid identity to
FZD2 and less to the others. The large evolutionary distance between the Smooth-
ened receptor and the other Frizzled receptors also reflects a large evolutionary
time of divergence as Smoothened are found as a distinct receptor back in C. ele-
gans, which diverged from the lineage leading to mammals more than 600 million
years ago [19]. Despite this large sequence divergence between Smoothened and
the other Frizzled receptors, all these receptors clearly belong to the same family,
which has been shown from phylogenetic analysis of the entire GPCR family [9].
The frizzled receptors control cell fate, proliferation, and polarity during metazoan
development by mediating signals from secreted glycoproteins termed Wnt. The
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frizzled name was first used for a receptor cloned from Drosophila, referring to
the curled and twisted Wnt ligand. It was for some time questionable whether the
Frizzled receptors were actually true GPCRs, but it has been shown that the Wnt
ligand binds to the rat Frizzled receptor 2 and can induce G-protein coupling [20]
providing evidence that the frizzled proteins are GPCRs. The frizzled family of re-
ceptors has about 200 amino acid-long N-termini with conserved cysteines that
are likely to participate in Wnt binding.

1.4.2
The Taste 2 Receptor Cluster

The Taste receptors type 2 (T2Rs) are GPCRs without introns and have very short
extracellular N-termini which are believed to be unable to bind ligands and hence it
has been suggested that the ligands bind in a pocket within the extracellular parts
of the TM regions [21]. The T2Rs show very low sequence similarity to the umami
and sweet taste receptors within the Glutamate family (see below), which indicates
that the function of recognizing the taste of substances has undergone at least two
developmental stages in animals. T2Rs recognizes bitter substances and the rela-
tively large number of T2Rs suggests that mammals have the capability of recogniz-
ing many different bitter-tasting substances. Because many poisonous compounds
have a bitter taste it has been suggested that this large repertoire of bitter taste re-
ceptors has evolved as a key defense mechanism [22]. To date, the majority of T2Rs
are orphan receptors without known identified ligands and the only human recep-
tor with a known ligand is T2R16, which has been shown to be activated by salicin
[23]. It has also been shown that two mouse and one rat receptor can be activated by
bitter compounds and it is highly plausible that the other T2Rs also respond to bit-
ter compounds [22]. Phylogenetically (Fig. 1.4) the relationship between the T2Rs
varies considerably with both long branches and clusters of receptors with relatively
short branches, such as the cluster of nine receptors containing Taste 2R62. As Taste
receptors type 2 are specific for vertebrates [3] and hence have only been around for
maybe 450 million years, this suggests that this family is evolving rapidly, perhaps
the most rapidly evolving among all GPCR groups. Additionally, it is likely that the
clusters of receptors with short branches have arisen rather recently and this is also
supported by the fact that these receptors are located in a gene cluster on human
chromosome 12 (Bjarnadottir et al., unpublished data).

1.5
The Glutamate Family

The Glutamate family, also known as the clan C receptors, is mostly known for
the metabotropic glutamate receptors, which for example mediate glutamate re-
sponses in a variety of CNS functions. Other subgroups within this family are the
GABA-receptors, the calcium-sensing receptors, a number of orphan GPCRs and
the chemosensory receptors, more specifically taste receptors type 1 (TASIR) and
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the Gy-coupled pheromone receptors (V2Rs; see Fig. 1.5). The V2Rs are specia-
lized in the detection of pheromones related to social and reproductive behavior
in most terrestrial vertebrates [24]. Although V2Rs are present in large numbers
in all non-primate mammalian genomes investigated, no functional V2Rs are pre-
sent in the human genome. TAS1R have been identified in mouse, rat and human
and are activated by sweet and amino acid taste compounds and these receptors
show no close evolutionary relationship to the bitter taste receptors and it is prob-
able that these two families of taste receptors have arisen independently. Surpris-
ingly though, both these types of taste receptors appear to be present only in verte-
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Fig. 1.5 Phylogenetic trees for each family and group of GPCRs.
For further information see legend Fig. 1.1.

brates [3] and might hence have evolved independently but at approximately the
same time. This functional diversity of receptors belonging to the same phyloge-
netic group, the Glutamate GPCRs, is seemingly only matched by the large Rho-
dopsin family. One of the most important structural features of many of the Glu-
tamate GPCRs is that they possess a large extracellular domain, usually around
600 amino acids. Two-thirds of the extracellular domain has been shown to partici-
pate in a two-lobe “Venus flytrap” mechanism which is critical for recognizing
and binding ligands among the subgroups of metabotropic glutamate-, GABA-
and calcium-sensing receptors. Also the taste receptors and the orphan receptors
related to GABA and calcium-sensing receptors have rather long extracellular
N-termini. The Glutamate family contains 22 receptors in the human genome
(Fig. 1.5) and these are phylogenetically divided into four main groups. The lar-
gest is the group of closely related metabotropic glutamate receptors which com-
prises eight members. Continuing clockwise along the tree, there is a group of
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five receptors containing two GABA receptors and three orphans. It is evident that
these receptors are clearly distantly related considering the branch lengths of the
tree. The next group contains four orphan receptors, GPR C 5A-Ds, which are the
only receptors in the Glutamate family that lack long N-termini. The fourth group
contains the three taste receptors of type 1, the calcium-sensing receptor and the
orphan receptor GPR C 6A.

1.6
The Rhodopsin Family

The Rhodopsin family is made up of the largest number of receptors with about
278 non-olfactory receptors. In addition there are at least 347 olfactory receptors
[25] and another 11 receptors currently placed in the “Other” group that are likely
to be of Rhodopsin type and this adds up to 636 known Rhodopsin GPCRs. The
Rhodopsin family corresponds to what has previously been called either the rho-
dopsin-like receptors or clan A in the A-E classification system. The crystal struc-
ture of bovine rhodopsin has been revealed [26] and this is the only animal GPCR
that has had its exact structure determined. Therefore bovine rhodopsin has fre-
quently been used as a template for modeling the structure of other GPCRs from
the rhodopsin family [27-29]. It should be noted that bacteriorhodopsin, which
has also had its three-dimensional structure determined, has no sequence similar-
ity with the GPCRs in the human genome [6]. The ligands for most of the rhodop-
sin receptors bind within a cavity between the TM regions [30]. There are however
important exceptions to this, in particular for the glycoprotein binding receptors
(LH, FSH, TSH and LG), where the ligand-binding domain is in the N-terminal.
Our analysis showed four main groups [9] which we have designated o, B, y and 9.
Since our original publication we have identified another 15 non-olfactory rhodop-
sin GPCR [13] (Gloriam et al., unpublished data) and although these are clearly
atypical most seem to belong to one of the four main groups.

1.6.1
The Rhodopsin a-Group

This group has five main branches namely the prostaglandin-, amine-, opsin-, mel-
atonin-, and M.E.C.A. receptor cluster as can be seen in Fig. 1.6. This is the largest
of the four main groups in the Rhodopsin family with 101 members in total.

1.6.1.1 The Prostaglandin Receptor Cluster

This cluster contains in total 15 receptors, the seven prostaglandin receptors and
the closely related tromboxane receptor together with seven orphan receptors. The
orphan receptors are divided into three groups: one containing the super con-
served receptor expressed in the brain, one containing group GPR 61 and GPR 62
and one containing GPR 26 and GPR 78.
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Fig. 1.6 Phylogenetic trees for each family and group of GPCRs.

For further information see legend Fig. 1.1.

1.6.1.2 The Amine Receptor Cluster

The Amine receptor cluster contains serotonin, dopamine, muscarinic, hista-
mine, adrenergic, and trace amine receptors. Interestingly this large group con-
tains only one orphan receptor, GPR 101. All the known ligands for the receptors
in this group are structurally related small amine molecules with a single aro-
matic ring. The serotonin receptors display a heterogeneous phylogenetic pattern
and two distinct subgroups can be seen, the serotonin receptor 1 and serotonin



1.6 The Rhodopsin Family |13

receptor 2 branches. Serotonin receptor 5 and 7 cluster basally of the serotonin
receptor 1 and 2 but the branches are relatively long which indicates that these re-
ceptors are still rather distantly related. Surprisingly serotonin receptors 4 and 6
do not cluster with the other serotonin receptors but rather basally in the Amine
group. This indicates that the evolutionary history of the serotonin receptors is
peculiar and complex and that the ability to bind the ligand serotonin may have
arisen several times in an independent manner during evolution. The trace
amine receptor branch contains the trace amine receptors 1 to 5, where trace
amine receptor 2 is a pseudogene in humans and hence excluded, and the other
four receptors are putative neurotransmitter receptors, also known to bind trace
amines. These receptors are closely related to each other with regard to amino
acid identity, which indicates that they have arisen recently. The repertoire of trace
amine receptors is also very dynamic as species-independent gene family expan-
sions have been shown to have taken place in rat (17 trace amine receptors),
mouse (13 trace amine receptors) and zebrafish (57 trace amine receptors; Glor-
iam et al., unpublished data). The five muscarinic acetylcholine receptors form a
homogenous cluster within the amine group, with a relatively high degree of se-
quence similarity. The adrenergic receptors A and B, also called adrenergic recep-
tors o and B, form separate clusters branching basally in the Amine receptor clus-
ter. This shows that the A and B adrenergic receptors are rather distantly related.
The dopamine receptors on the other hand do not cluster together but rather fall
into two groups containing two and three receptors each. One of these groups,
containing dopamine receptors 2, 3 and 4 is located basally in the adrenergic
A receptor branches and the group containing dopamine receptors 1 and 5 is po-
sitioned in the adrenergic B receptor branch. This prompts the speculation that
dopamine and adrenergic receptors share a relatively recent evolutionary origin.
Perhaps these two receptor families originate from two families consisting of pro-
miscuous dopamine- and adrenalin-binding receptors and in each of these
families specialization with regard to ligand preferences has evolved. One other
heterogeneous group of receptors in the Amine cluster is the histamine recep-
tors, three of these clusters have relatively long branches together with the
orphan receptor GPR 101 while histamine receptor 2 is placed in a position basal
to the trace amine receptors.

1.6.1.3 The Opsin Receptor Cluster

This cluster of Rhodopsin a-receptors comprises the rhodopsin receptor, the three
visual cone pigments for long, short and medium wavelength photons, peropsin,
encephalopsin, melanopsin, the retinal G-protein coupled receptor and GPR 136.
The opsins for long and medium wavelength light are found in the same chromo-
somal position, Xq28 only 23 700 bases apart, as a result of a gene duplication spe-
cific for primates. Unequal crossing over between these genes, resulting in either
loss of one of the genes or a hybrid (chimeric) version, is the cause of the com-
monest form of color blindness [31]. These two proteins are over 96% identical at
the amino acid level.
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1.6.1.4 The Melatonin Receptor Cluster

The two melatonin receptors cluster on a branch of their own together with or-
phan receptor GPR 50. Melatonin is a hormone that is mainly produced and se-
creted at night by the pineal gland. GPR 50 has been linked with a sex-specific
risk factor for susceptibility to bipolar disorder [32].

1.6.1.5 The MECA Receptor Cluster

This cluster consists of the melanocortin, endothelial differentiation sphingolipid,
cannabinoid, and adenosine receptors. The cluster also contains the three recep-
tors GPR 3, GPR 6 and GPR 12 that recently have been shown to bind lipid li-
gands [33]. It is interesting to note that the receptors in this group, although
clearly closely related phylogenetically, bind structurally very different ligands;
melanocortin receptors bind peptides (melanocortins), endothelial differentiation
sphingolipid receptors bind lysophosphatidic acid, cannabinoid receptors have
anandamide (arachidonylethanolamide) as their endogenous ligand, GPR 3, 6
and 12 bind lipids and adenosine receptors bind adenosine (a purine sugar deriva-
tive). The common feature of some of ligands in this group is that both lysopho-
sphatidic acid anadamide and the lipids binding GPR 3, 6 and 12 are derivatives
of phospholipids but the adenosine and peptide ligand-binding receptors in this
cluster are still peculiar.

1.6.1.6 Other Rhodopsin a-Receptors

A number of more or less unrelated orphan receptors that clearly belong to the
Rhodopsin a-cluster do not fall into any of the established groups of receptors.
These are the related receptors GPR 45 and GPR 63, GPR 119, GPR 148, the two
related GPR 162 and 163 receptors, GPR 84, GPR RE2 and the related receptors
GPR 52 and 21. As evident from Fig. 1.6, although they figuratively appear to be
related as they are positioned on a common branch, these receptors have long
branches to the other receptors in the Rhodopsin a-group, even those on the same
branch. Therefore the clustering, and hence the apparent relationship of these re-
ceptors, might be a result of a phenomenon known as long-branch attraction.
This means that in a dataset that has some long branches leading to the leaves, in
addition to some other branches which are short, the long branches will attract
each other and appear as a cluster in the tree, even if they are not closely related.
This results from the fact that it is more favorable from a scoring point of view, to
cluster dissimilar sequences together than to place them separately at the root.
The phenomenon of long-branch attraction is known to affect in particular, maxi-
mum parsimony algorithms although this type of artefact can present in various
types of phylogenetic tree regardless of the algorithm used.
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1.6.2
Rhodopsin p-Group

The B-group in the Rhodopsin family is not subdivided further into named sub
branches. All the known ligands to the receptors in this cluster are peptides. The
group includes the branch containing orexin-, neuropeptide FF-, tachykinin-,
cholecystokinin-, prolactin-releasing hormone receptor and the neuropeptide Y
receptors. As can be seen in Fig. 1.7, these receptors are relatively closely related
as they place on the same branch in the tree. On the same branch, containing
18 receptors in total, the four orphan receptors GPR 72, GPR 73, GPR 73L1 and
GPR 103 are also found. Continuing clockwise in Fig. 1.7, we find three orphan
receptors, GPR, GPR 19 and GPR 154 that do not cluster with any other receptor
but rather branch from the center of the tree. The next main cluster contains the
neurotensin, motilin, ghrelin, and neuromedin receptors. This group also con-
tain the orphan receptor GPR 39. Continuing further we find two orphan recep-
tors GPR 75 and GPR 150 that do not clearly group with any other receptors. As
can be seen the branches for these receptors are among the longest in the entire
tree which shows that they are only distantly related to all the other receptors in
the cluster. This is especially pronounced for GPR 75. The next group contains
the gonadotropin releasing hormone, angiotensin, vasopressin, and oxytocin
receptors. And finally the last group contains the endothelin, neuromedin B,
gastrin releasing peptide, and the bombesin-like 3 receptors. Noteworthy in this
group is that the neuropeptide Y receptors show a clearly heterogeneous phylo-
geny. In particular, the neuropeptide Y receptor 2 is not placed together with the
other NPY receptors but rather with the tachykinin, prolactin-releasing hormone
receptors and orphan receptors GPR 72, 73 and 73L1. It can also be seen that
the neuropeptide Y receptor 2 has a higher amino acid identity to prolactin-re-
leasing hormone receptor (36.5%) and GPR 72 (33.9%) than to the other NPY
receptors (30.9, 34.2, and 30.9% to neuropeptide receptors 1, 4 and 5 respec-
tively). The neuropeptide Y receptor 5 places equally distant to the neuropeptide
Y 1 and 4 pair of receptors and cholecystokinin receptors. The reason for this is
probably that neuropeptide Y receptor 5 has a long third extracellular loop due to
an insertion, which is also present in the cholecystokinin receptor. The evolution-
ary history of this group of peptide binding receptors is likely to be much more
complicated than it appears at first. For example, the prolactin-releasing hor-
mone receptor is likely to share a recent evolutionary ancestor with the NPY re-
ceptors (Lagerstrom et al., unpublished data).

1.6.3
Rhodopsin y-Group

This group comprises three main clusters termed the SOG, MCH, and Chemo-
kine receptor clusters (Fig. 1.8).
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Fig. 1.7 Phylogenetic trees for each family and group of GPCRs.
For further information see legend Fig. 1.1.

1.6.3.1 The SOG Receptor Cluster

This cluster of receptors contains the somatostatin, opioid, galanin, and neuro-
peptide W receptors. It also contains the former orphan receptor GPR 54 which is
now known to bind RF-amid. The known ligands to the receptor on this branch
are thus all peptides but these ligands have, apart from their peptide nature, no
structural similarities. The receptors in this cluster form four phylogenetic clus-
ters (see Fig. 1.8), one containing only the five somatostatin receptors, one con-
taining the two neuropeptide W receptors, one containing the four opioid recep-
tors and finally one containing the three galanin receptors and GPR 54.
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1.6.3.2 The Melanocyte Concentrating Hormone Receptor Cluster

The two melanocyte concentrating hormone (MCH) receptors branch rather ba-
sally in the SOG cluster with relatively long branches. The branches connecting

the two MCH receptor leafs are also relatively long which indicates that either
these two receptors split quite early from a common ancestor or that they evolved
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at a much faster rate than the other receptors in the SOG cluster. The ligand is
MCH which is a cyclic neuropeptide of 19 amino acids that is involved in, among
other things, the regulation of feeding behavior.

1.6.3.3 The Chemokine Receptor Cluster

This cluster is by far the largest in the Rhodopsin y-group. The branch with most
receptors contains the classical chemokine receptors of the C-C (12 receptors) and
C-X-C types (eight receptors). These receptors are known to bind small immuno-
modulating peptides. At the base of the chemokine branch is a relatively long
branch containing the adrenomedulin receptor and one orphan chemokine-like
receptor has split off. Continuing clockwise along the tree in Fig. 1.8 is a cluster
containing the bradykinin and the two angiotensin receptors. The next branch
contains three orphan receptors, the angiotensin-like receptor 1, GPR 15 and
GPR 25. Further, the next branch contains the orphan receptor GPR 100 and the
relaxin 3 receptor 1. Finally the Chemokine branch contains another large branch
containing three complementary component receptors, three formyl peptide re-
ceptors, three orphan receptors and one chemoattractant receptor.

1.6.3.4 Other Rhodopsin y-Receptors

Similar to the Rhodopsin a-group there are a number of mainly orphan receptors
connected close to the center of the tree in a loose cluster with long branches.
Using reasoning similar to that for Other Rhodopsin a-group receptors these
should probably be considered to be more or less unrelated. The receptors in this
“branch” are the two leukotriene B4 receptors and 10 orphan receptors namely,
GPR 141, GPR 120, GPR 135, GPR 2037, GPR 146, GPR 35, chemokine-like
receptor 2, GPR 139, GPR 31, GPR 14 and GPR 152.

1.6.4
The Rhodopsin §-Group

This group (Fig. 1.9) has five main branches termed the MAS-related receptor
cluster, the Glycoprotein receptor cluster, the Purinergic receptor cluster, the Co-
agulation factor receptor cluster and the Olfactory receptor cluster (not shown in
Fig. 1.9).

1.6.4.1 The MAS-related Receptor Cluster

This group contains 10 receptors with the MAS oncogene receptor and the MAS-
related receptor branching most basally in the cluster. The four MAS-related
GPCR D-G are separated by relatively long branches while the MAS related GPCR
X1-4 are clearly highly similar. The MAS related GPCR X receptors have been
shown to bind small peptide fragments originating from opioid peptides and
these receptors are mainly expressed on small sensory neurons [34].
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1.6.4.2 The Glycoprotein Receptor Cluster

This cluster of receptors contains the classical glycoprotein hormone receptors,
follicle stimulating hormone receptor, tyrotropin releasing hormone receptor and
the leutropin-choriogonadotropin hormone receptor. It also contains the two re-
laxin receptors and three orphan receptors. The receptors in this cluster are differ-
ent from all other Rhodopsin receptors because they have long N-termini which
contain the ligand recognition domain, in common with most non-Rhodopsin
GPCRs. This cluster also contains the two orphan receptors GPR 18 and GPR 82.

1.6.4.3 The Coagulation Factor Receptor Cluster

This cluster contains four receptors for coagulation factors, one purinergic recep-
tor and a separate branch with the three free fatty acid binding receptors (pre-
viously known as GPR 40, 41 and 43) [35-37].

1.6.4.4 The Purinergic Receptor Cluster

This large branch consists of 13 nucleotide binding, or purinergic, receptors
(P2Ys), the platelet activating factor receptor, the two cysteinyl leuktriene receptors
and 14 orphan GPCRs and hence the known ligands for the receptors in this
group are extracellular nucleotides, leukotrienes and thrombin. Considering the
close phylogenetic relationship between the receptors with known ligands and the
large number of orphan receptors it is likely that additional purinergic receptors
will be discovered among the orphan GPCRs in the Purinergic cluster.

1.6.4.5 The Olfactory Receptor Cluster

The olfactory receptors clearly belong to the Rhodopsin y-group using both phylo-
genetic and sequence clustering methods and our phylogenetic analysis indicates
that the olfactory receptors form a stable phylogenetic cluster, which does not over-
lap with other groups of the rhodopsin family or with other families. Our previous
searches in the human genome databases indicated that there could be over 460
olfactory receptors in the human genome that we consider likely to represent un-
ique functional receptors [9]. A total of 347 putative human full-length odorant re-
ceptor genes have previously been identified and physically cloned [25]. It has also
been suggested that there are over 900 olfactory receptor-like sequences in the
human genome [2]. Further work is needed to identify the total number of olfac-
tory receptors.

1.6.4.6 Other Rhodopsin a-Receptors

As is the case with the Rhodopsin o and y groups, the Rhodopsin & group con-
tains four receptors that cannot be positioned phylogenetically on any branch of
the tree. These are the orphan receptors GPR 35, GPR 55, GPR 20 and GPR 92.
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1.7
Other GPCRs

There are currently 19 GPCRs that either cannot logically be placed into any of
the main families (eight) or are likely to belong to the Rhodpsin family but cannot
with certainty be placed into any of the four groups (11). Of these putative rhodop-
sin receptors six (VIRL1, VIRL2, VIRL4, FKSG46, FKSG83 and hGPCR23) are
clearly related to each other and hence form a small “cluster”. These are all related
to vomeronasal receptors type 1, a family of GPCRs with over 100 members in for
example the mouse and rat genomes. As humans do not appear to have a vomero-
nasal system for pheromone detection it is presently unclear whether these five
human receptors have a physiological function, although they appear to be func-
tional based on their amino acid sequence, or if they perform some other function
in humans unrelated to pheromone detection. The other receptors putatively be-
longing to the Rhodopsin family are the Dufty receptor, known to be involved in
immune system modulation and the four orphan receptors GPR 88, GPR 142,
GPR 160 and hGPCR 19. Of the non-Rhodopsin receptors in the “Other” group
two pairs of related receptors can be seen. TM7SF1 and C110RF4 are clearly
related to each other as are PERVAR1 and PERVAR?2. Interestingly none of these
receptors has any detectable sequence identity to any GPCR outside its pair and
the same is true for the last four “Other receptors”, IEDA, OA1, hGPCR29 and
hGPCR43.

1.8
Future Perspective

There are currently 19 GPCRs that either can not be placed clearly into any of the
main families (eight) or are likely to belong to the Rhodopsin family but can not
with certainty be placed into any of the four groups (eleven). Much work has
recently been carried out to organize the “functional” protein coding gene reper-
toire of GPCRs in the human genome. There is however considerable work re-
maining. Even though most of the genes have been identified, their exact genomic
structure, including all alternatively spliced isoforms, needs to be worked on, in
particular for those receptors that have recently been identified. Which genes are
pseudogenes and which are not? Do many of the pseudogenes have a functional
role even though they do not look like GPCRs with intact seven transmembrane
regions? Our recent understanding of RNA genes has also emphasized the need
to adopt a more “open minded” approach to what is functional and what is not.
This is an important problem among those groups of receptors that are either
rapidly expanding or shrinking in numbers in the human genome. Some groups
such as the olfactory receptors clearly need more work while the exact domain
composition of other groups such as the relatively newly established adhesion
family also need more fine tuning. Progress is being made on the repertoire of
GPCR in other genomes. In a recent article we created Hidden Markov Models
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based on the different groups of human GPCRs and added several other models
based on receptors not found in mammals [9, 38]. We searched the entire Genscan
datasets from 13 species whose genomes are nearly completely sequenced. We re-
ported over 5000 unique GPCRs that were divided into 15 main groups, and that
the Rhodopsin family was subdivided into 13 subclasses. This chapter shows that
all the five main families in the human genome arose prior to the split of nema-
todes from the chordate lineage and that several of the subgroups of the Rhodop-
sin family arose prior to the split of lineage which led to the vertebrates. We are
currently working on more detailed analysis in each species with emphasis on the
mouse, rat, and chicken genomes. This will provide a better understanding of the
origin of the human GPCRs and the subgroup-specific changes that have oc-
curred during the last 300 million years.

Table 1.1 All 19 receptors in the group “Other” were searched against a data-
base, using BLASTP with a cut-off at 0.01, containing only all human GPCRs
and the best non-self hit was recorded. The first column shows the overall best
hit and the second the best hit when all receptors from the “Other” group of
are excluded. E values from the BLASTP searches are presented in parentheses.
A putative family assignment based on the hit in the second column is also
presented.

Receptor name Best human BLAST-hit Best human BLAST-hit Putative
excluding "Other"" main family

C110RF4 TM7SF1 (3.0e-076) NA NA

DUFFY F2RL2 (0.001) F2RL2 (0.001) Rhodopsin (3)
FKSG46 VI1RL2 (8.4e-082) NA Rhodopsin ()
FKSG83 FKSG46 (1.26-031) TRHR (2.1e-004) Rhodopsin (3)
GPR 142 GPR139 (1.4e-062) GPR139 (1.4e-062) Rhodopsin (y)
GPR 160 TARS (1.2-004) TARS (1.26-004) Rhodopsin (o)
GPR 88 OPRLI (1.7€-005) OPRLI (1.7¢-005) Rhodopsin (y)
IEDA NA NA NA

OAl VIPR2 (3.0e-005) GPR144 (0.0006) NA

PERVAR1 PERVAR?2 (1e-139) NA NA
PERVAR2 PERVART1 (3e-148) NA NA

TM7SF1 C110RF4 (2.1e-096) CCRL2 (0.001) NA

VIRL1 FKSG46 (7.8¢-071) TRHR (1.5¢-005) Rhodopsin (3)
V1RI2 V1RL4 (9.5e-089) BRS3 (2.6e-006) Rhodopsin (f)
V1RL4 VIRL2 (4.0e-089) EDNRB (6.8¢-004) Rhodopsin (B)
hGPCR 19 EDG6 (6.2e-006) EDG6 (6.2e-006) Rhodopsin ()
hGPCR 23 FKSG46 (4.0e-015) NA Rhodopsin (3)
hGPCR 29 NA NA NA

hGPCR 43 NA NA NA
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Table 1.2 The number of GPCRs in each of the main families. The table also
shows the number of receptors in each family that recognize ligands of the
types, peptide, biogenic amine, lipids and other. The last column designates
the number of orphan receptors in each of the families.

Group Number Peptide Biogenic Lipid Other Orphan
ligand amine ligand ligand ligand
Adhesion 33 0 0 0 1 32
Secretin 15 15 0 0 0 0
Frizzled 11 0 0 0 11 0
Taste type 2 26 0 0 0 1 25
Glutamate 22 0 10 0 4 8
Rhodopsin (o) 101 7 40 22 7 25
Rhodopsin () 42 32 0 0 0 10
Rhodopsin (y) 72 54 0 0 2 18
Rhodopsin () 63 17 0 6 14 26
Other 20 1 0 0 0 19
Total 407 126 50 28 40 163
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Why G Protein-coupled Receptors Databases are Needed

Jacques Haiech, Jean-Luc Galzi, Marie-Claude Kilhoffer, Marcel Hibert,
and Didier Rognan

2.1
Introduction

G protein-coupled receptors probably comprise one of the largest families of
human receptors. This class of receptor represents the therapeutic targets of more
than 30% of the drugs now on the market [1].

G protein-coupled proteins are composed of seven transmembrane domains
associated with NH, and COOH terminus domains. Numerous data have been
collected in different databases and numerous lists of GPCRs are circulating on
the web. The two main databases are the ITUPHAR receptor database (http://
www.iuphar-db.org/ iuphar-rd) and the GPCR-DB; (http://www.gpcr.org/7tm/).
However, most of the data are not complete and moreover, these databases aim
to provide a general overview and therefore cannot fulfill the specific requests of
all types of user. For instance, the aforementioned databases are not ligand
oriented, therefore in order to provide answers to ligand-associated queries, a
ligand-oriented database has been compiled (http://gdds.pharm.kyoto-u.ac.jp/
services/glida/).

A database uses a data model that is derived from a biological model. In the fol-
lowing section, we will attempt to define a typology of the different GPCR data-
bases. In order to fulfill the needs of a set of specific users, data representation is
needed. A data model defines the manner in which the data is represented. Our
aim in this chapter is to illustrate the links between data models and data repre-
sentation in the GPCR field.

2.2
A Non-exhaustive List of the GPCR Data Models

One of the main problems that we face is the establishment of a unified nomen-
clature of potential human GPCR genes. As a starting point we have used data

Ligand Design for G Protein-coupled Receptors. Edited by Didier Rognan
Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-31284-6
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gathered from Uniprot and GPCRDB [2] and have focused on the endo-GPCR
genes, which means that the olfactory, taste and vomeronasal receptors have been
omitted.

As far as possible we have used the HUGO [3] and I[UPHAR nomenclatures to
name the genes. The locus ID appears to be the most practicable identification
number.

Some databases use the Swissprot name and the Swissprot identification num-
ber. We have established a correlation table between the different GPCR nomen-
clatures (see Appendix 2.1). This list will be used throughout this chapter to illus-
trate our points.

23
Using the Central Dogma of Biology

The central dogma of molecular biology is illustrated in Fig. 2.1 together with a
simple data model which has been based on it. Most of the generalist databases in
biology are compiled using this data model; the main databases are the NCBI
database [4, 5], the UCSC [6] and the EMBL ensemble database. This basic data
model may be enriched by adding sub-models or gathering databases from differ-
ent species.

In this data model, the main difficulty is to define the concept of genes. We will
use the following definition: a gene is a DNA segment that contains all the infor-
mation required to generate the different known transcripts.

The HUGO definition (a gene is a DNA segment that contributes to pheno-
type/function) is broader but less operational (http://www.gene.ucl.ac.uk/nomen-
clature/guidelines.html#Introduction).

Numerous data representations have been developed by different laboratories.
Cards have been largely used (genecards, famDbtools [7, 8]) but maps have also
been employed as exemplified by the browser of the UCSC or the Ensembl [9] da-
tabases or mapview from NCBI (http://www.ncbi.nlm.nih.gov/About/outreach/
gettingstarted/mapviewer/). Figure 2.2 illustrates such data representation.

Using such a data model, information such as the distribution of the GPCR
gene on the different chromosomes (numbers and positions) may be obtained.

Figure 2.3 illustrates the distribution of the human GPCR genes on the differ-
ent chromosomes.

It is noteworthy that chromosome 21 does not possess any GPCR genes.

This distribution is not random on any given chromosome and GPCR genes
are sometimes clustered together on a chromosome. A group of GPCR genes is
considered to be clustered if the distance between two consecutive genes is less
that 200,000 base pairs and if the cluster contains more than three genes. Table 2.1
summarizes the GPCR clusters in the human genome. The gene name follows
our internal nomenclature (see Appendix 2.1 for the synonyms). It is noticeable
that the gene clusters are mainly composed of GPCRs from the same functional
cluster.



2.3 Using the Central Dogma of Biology |29

gene
CP Humber

" Rat Gene ID

" Rat Gene Symbol

n Mouse Gena ID

Mouse Gene Symbol
Human Genetic Localisation
Human Gene Symbol
Human Gene ID

CE1,12 |[mRANA_Number

h 4
mAMA
);" CP Number
3
I Rat Ral Saq
§} Mouse Ral Seq
A h] Human Ral Sag
/> CE1.12 | Protein_Mumber
CE1 Human Swiss Prot
r
Protein
cP.1
CP HNumber
I Mouse Swiss Prot
1 Rat Swiss Prot

D

Fig. 2.1 Schematic data model using the central dogma of molecular biology.

It can be seen that the clusters occur on chromosomes 3, 6 and 19 and concern
only the genes belonging to the rhodopsin or adhesion class. The first cluster is
composed of eight genes belonging to the chemokine family. Several other obser-
vations may be made from these types of database, such as the expression profiles
using the GEO database [10] (http://www.ncbinlm.nih.gov/projects/geo/), the
SNP map (http://www.ncbi.nlm.nih.gov/projects/SNP/) or the distribution of the
number of non-coding or coding exons in this family by comparing the mRNA se-
quences or the protein sequences with the genomic sequences. For instance, var-
ious tests can be applied to a section of DNA to elucidate specific areas such as
the segment of DNA is an object on which we applied different methods to find
specific patterns such as promoters, enhacers, exon—intron junctions, etc. (http://
www.expasy.org/tools/).

We will use the chemokine cluster to present and illustrate some other database
typologies [11-13].
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Fig. 2.2a Data representation of a human gene using a card representation
(FamDBTool) [8].

2.4
Using the Tree of Life

The existence of a gene cluster may be due to a recent duplication of genes or to
the fact that the proximity of these genes proved advantageous during the evolu-
tion. Insight into the reasons for the existence of clusters can be gained by follow-
ing the behavior of such clusters during the evolution.

In this case, a database needs to be compiled based on a data model which takes
into account the classification and evolution of the species; such databases are ex-
emplified by ACNUC, [14] and Taxonomy browser, NCBI. Orthologs (homologous
genes between species) and paralogs (homologous genes in a given organism)
need to be grouped together and tools have been developed that facilitate this pro-
cedure (Blinks at NCBI) leading to the compilation of databases which group
orthologous or paralogous genes (http://doop.abc.hu/)[15].

Figure 2.4 illustrates a simple data model and the use of such databases to com-
pare the CCR4 — a chemokine receptor — protein sequences from different species.
The result of this comparison is presented as a phylogenic tree (Fig. 2.4).
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Fig. 2.2b Data representation using a mapview representation.

This phylogenic tree illustrates the point that the chemokine receptor CCR4 is
only present in bony vertebrates [16-19].

This chemokine receptor is part of a chemokine receptor gene cluster localized
on human chromosome 3. A simple database can be used to collect the gene infor-
mation regarding this cluster from several species (Table 2.2).

From this human gene cluster we have devised a phylogenic tree by comparing
the protein sequences (Fig. 2.5).

This tree shows that the paralogous group of genes (CCRL2, CCR1, CCR3,
CCR2 and CCRS5) derives from a common ancestor probably by four duplication
events. By comparing the orthologous genes of this group in the chicken, we ob-
serve that it exists a unique gene orthologous both to CCR1 and to CCR3 and a
unique gene orthologous both to CCR2 and to CCRS5. This suggests that the two
last duplications took place after the separation of birds and mammals [16].
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Fig. 2.3 The number of GPCR genes is indicated for each human chromosome.
It is noteworthy that chromosome 21 does not possess any GPCR gene.

Table 2.1 Some human GPCR genes are clustered in the genome. This table
gathered together the existing human GPCR chromosomal clusters composed
of more than three genes.

Gene Class Functional LocusID Contig

name cluster

CCR9 Rhodopsin Chemokines 10803 chr3:45902023-45920671
CXCR6 Rhodopsin Chemokines 10663 chr3:45958977-45965849
XCR1 Rhodopsin Chemokines 2829 chr3:46036442-46039443
CCR1 Rhodopsin Chemokines 1230 chr3:46217732-46225819
CCR3 Rhodopsin Chemokines 1232 chr3:46257692-46284166
CCR2 Rhodopsin Chemokines 1231 chr3:46369644-46376913
CCR5 Rhodopsin Chemokines 1234 chr3:46385637-46393695
CCRIL2 Rhodopsin Chemokines 9034 chr3:46422754-46427017
GPR171 Rhodopsin Purines 29909 chr3:152397318-152404677
GPR105 Rhodopsin Purines 9934 chr3:152413789-152414802
GPRS87 Rhodopsin Purines 53836 chr3:152493595-152518334
GPRS86 Rhodopsin Purines 53829 chr3:152525794-152531033
P2RY12 Rhodopsin Purines 64805 chr3:152537074-152586242
TRAR3 Rhodopsin Amines 134860 chr6:132900120-132903168
TRARS5 Rhodopsin Amines 83551 chr6:132914525-132917553
TRAR4 Rhodopsin Amines 319100 chr6:132932154-132935191
PNR Rhodopsin Amines 9038 chr6:132950505-132953518
GPR57 Rhodopsin Amines 9288 chr6:132971082-132972108
GPR58 Rhodopsin Amines 9287 chr6:132978982-132981902
TRAR1 Rhodopsin Amines 134864 chr6:133006816-133009835
CD97 Adhesion Adhesion 976 chr19:14352266-14381533
PTGER1 Rhodopsin Prostanoid 5731 chr19:14443279-14448174
EMR3 Adhesion Adhesion 84658 chr19:14590052-14647810
EMR2 Adhesion Adhesion 30817 chr19:14703205-14751353
GPR40 Rhodopsin Purines 2864 chr19:40533295-40536197
GPR41 Rhodopsin Purines 2865 chr19:40540342-40544227
GPR42 Rhodopsin Purines 2866 chr19:40553102-40556142

GPR43 Rhodopsin Purines 2867 chr19:40631457-40634449
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Fig. 2.4 Phylogenic tree derived after alignment of CCR4 orthologs by using
the Mega3 software and the neighbor-joining method [20].
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Fig. 2.5 Phylogenic tree of the human chemokine receptor gene cluster on chromosome 3.
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Fig. 2.6 Protocol to generate a TM cavity- cluster. Numbers in italic represent bootstrap
driven phylogenetic tree: (1) selection of 30 values to assess the statistical significance of
critical positions, (2) definition of ungapped the tree. Receptors classified as singletons
sequences comprising the 7-TM cavity, (3) (see text) are not displayed here for sake of
TM cavity-derived phylogenetic tree for 372 clarity. Glutamate, Rhodospin, Adhesion,
human GPCRs. The consensus tree was Frizzled and Secretin subfamilies are colored
derived from 1000 trees. Numbers in paren- in green, cyan, yellow, pink and orange,
theses indicate the number of entries in each respectively.

2.5
Using a Chemogenomic Approach

Assuming that similar GPCRs recognize similar ligands, an accurate annotation
of all GPCR entries should take into account the similarities/differences at their
ligand binding cavity. As most small molecular-weight ligands probably bind to
the 7TM core, all human GPCR entries have been annotated using a chemoge-
nomic procedure [21] which fingerprints their 7TM binding cavity. Thirty posi-
tions lining the retinal binding site in bovine rhodopsin were extracted from all
entries and concatenated with ungapped sequences leading to the derivation of a
phylogenetic tree using the UPGMA clustering method (Fig. 2.6).
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Twenty-two clusters could be unambiguously detected from the present analysis
of 30 amino acid positions (Fig. 2.6). Of 372 entries 34 could not be assigned to
one of the existing 22 clusters and are considered as singletons. The tree pre-
sented herein is very similar to the most complete phylogenetic tree (GRAFS clas-
sification) known to date [22], although the latter has been obtained from full TM
sequences. In both classifications, GPCRs of the Frizzled, Glutamate, Secretin
and Adhesion families cluster in well-separated groups whereas the large Rhodop-
sin family can be classified into 18 different clusters. Remarkably, all known
GPCR subfamilies (e.g. receptors for biogenic amines, purines, and chemokines)
are reproduced with high statistical significance using bootstrap. The five main
families (Glutamate, Rhodopsin, Adhesion, Frizzled, Secretin) reported in the
GRAFS classification are recovered with no overlaps between the corresponding
clusters with the single exception of Q9GZNO (GPR88), a rhodopsin-like GPCR
clustered with class IIT 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. Relating cluster
members to precise molecular features is here greatly facilitated by the analysis of
a small subset of amino acids. For each of the 22 clusters, there is often a clear re-
lationship between known ligand chemotypes (e. g. amines, carboxylic acids, phos-
phates, peptides, eicosanoids, and lipids) and the cognate TM cavities. For exam-
ple, receptors for bulky ligands (e.g. phospholipids, prostanoids) have a TM cavity
significantly larger than those among receptors for smaller compounds (e.g. bio-
genic amines, nucleotides). Receptors for charged ligands (cationic amines, phos-
phates, mono and di-carboxylic acids) always present among the 30 critical resi-
dues one or more conserved amino acids exhibiting the opposite charge (e.g.
Asp3.32 for biogenic amines; Asp4.60/Glu7.39 for chemokines; Arg3.29/Lys6.55/
Arg?7.35 for nucleotides).

Our clustering approach implies two assumptions: (a) the overall fold of the
7IM domain around the binding cavity has been conserved along evolution;
(b) critical hotspots spread over the 7-TM domain repeatedly account for ligand
binding. Although solid biostructural data for the three most important GPCR
classes (class I, II, III) are missing, numerous experimental data do provide evi-
dence in favor of strong similarities among many GPCRs: (a) residues known to
affect small molecular-weight ligand binding to unrelated GPCRs are mostly
spread among the selected 30 residues suggesting a common architecture of the
TM pocket, (b) many known ligands are promiscuous for even unrelated GPCRs
and are usually anchored through so-called privileged structures to common sub-
pockets of different GPCRs [23]. Of course, we are aware that class II and class III
GPCRs exhibit an additional orthosteric site located outside the 7-TM bundle.
Therefore, conclusions drawn herein only apply to the 7-TM binding site.
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2.6
Conclusion

Although numerous tools have been built to integrate the various biological data,
there is no standard information system management in biology [24-30] that will
allow the comparison and evaluation of different sources of information and the
quality of the biological data produced by the different genomic centers.

Several web services deal with the GPCR family (for instance, [31, 32]) but do
not provide a unified platform that will allow the integration of various data
regarding this gene family. GPCR-DB [2] is the most successful in meeting the
requirements of this type of database but still does not integrate data, for exam-
ple, from ligand binding studies (agonists, antagonists and allosteric modulators)
or information concerning interaction with others partners [33, 34]. Some inte-
grative approaches have tried to compare sequence analysis and 3D-structure
modeling [35]. We may expect that in the near future, a better link between the
biological questions and the structure of the customized and specific databases
will allow biologists to use the data that they are now producing in a more in-
depth manner and at an accelerated pace due to the new high throughput tech-
nologies.
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Appendix 2.1

Appendix 2.1

GPCR human gene using our internal nomenclature (FamDBtool), the Rognan
nomenclature (Rognan-DB), the HUGO nomenclature and the [IUPHAR nomen-
clature. To each gene is associated a locus ID. Class and cluster as determined by
Rognan et al. are indicated. The table is subdivided according to the classes.
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FamDBtool UniProt HUGO Official ~ Provisional Class Cluster Locus ID

IUPHAR name

nomen-  [UPHAR

clature
ADORA1 AA1R ADORA1 Al Rhodopsin ~ Adenosine 134
ADORA2A  AA2AR ADORA2A  A2A Rhodopsin Adenosine 135
ADORA2B AA2BR  ADORA2B  A2B Rhodopsin ~ Adenosine 136
ADORA3  AA3R ADORA3 A3 Rhodopsin ~ Adenosine 140
GNRHR GNRHR GNRHR Rhodopsin ~ Adenosine 2798
GNRHR2  GNRR2  GNRHR2 Rhodopsin ~ Adenosine 114814
GPR148 GPR148 Rhodopsin ~ Amines 344561
ADRA1A ADA1 ADRA1A alA Rhodopsin ~ Amines 148
ADRAI1B ADA1B  ADRAIB alB Rhodopsin ~ Amines 147
ADRA1D ADA1D  ADRAI1D alD Rhodopsin ~ Amines 146
ADRA2A ADA2A  ADRA2A a2A Rhodopsin ~ Amines 150
ADRA2B ADA2B  ADRA2B a2B Rhodopsin ~ Amines 151
ADRA2C ADA2C  ADRA2C a2C Rhodopsin ~ Amines 152
ADRB1 ADRB1 ADRB1 bl Rhodopsin Amines 153
ADRB2 ADRB2  ADRB2 b2 Rhodopsin ~ Amines 154
ADRB3 ADRB3  ADRB3 b3 Rhodopsin ~ Amines 155
CHRM1 ACM1 CHRM1 M1 Rhodopsin Amines 1128
CHRM2 ACM2 CHRM2 M2 Rhodopsin ~ Amines 1129
CHRM3 ACM3 CHRM3 M4 Rhodopsin ~ Amines 1131
CHRM4 ACM4 CHRM4 M3 Rhodopsin ~ Amines 1132
CHRMS5 ACMS5 CHRMS5 M5 Rhodopsin ~ Amines 1133
DRD1 DRD1 DRD1 D1 Rhodopsin ~ Amines 1812
DRD2 DRD2 DRD2 D2 Rhodopsin ~ Amines 1813
DRD3 DRD3 DRD3 D3 Rhodopsin ~ Amines 1814
DRD4 DRD4 DRD4 D4 Rhodopsin ~ Amines 1815
DRD5 DRD5 DRD5 D5 Rhodopsin ~ Amines 1816
GPR57 TAAR3 GPR57 Rhodopsin ~ Amines 9288
GPR58 TAAR2 GPR58 Rhodopsin ~ Amines 9287
GPR61 GPR61 GPR61 Rhodopsin ~ Amines 83873
GPR62 GPR62 GPR62 Rhodopsin ~ Amines 118442
HRH1 HRH1 HRH1 H1 Rhodopsin Amines 3269
HRH2 HRH2 HRH2 H2 Rhodopsin ~ Amines 3274
HRH3 HRH3 HRH3 H3 Rhodopsin ~ Amines 11255
HRH4 HRH4 HRH4 H4 Rhodopsin Amines 59340
HTR1A SHT1A  HTRI1A 5-HT1A Rhodopsin ~ Amines 3350
HTR1B 5HT1B HTR1B 5-HT1B Rhodopsin ~ Amines 3351
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FamDBtool UniProt HUGO Official ~ Provisional Class Cluster Locus ID

IUPHAR name

nomen-  [UPHAR

clature
HTR1D S5HT1D HTR1D 5-HT1D Rhodopsin Amines 3352
HTRIE SHT1E HTR1E 5-HT1E Rhodopsin ~ Amines 3354
HTR1F SHI1TF HTRI1F 5-HT1F Rhodopsin ~ Amines 3355
HTR2A 5HT2A HTR2A 5-HT2A Rhodopsin ~ Amines 3356
HTR2B SHT2B HTR2B 5-HT2B Rhodopsin ~ Amines 3357
HTR2C SHT2C HTR2C 5-HT2C Rhodopsin ~ Amines 3358
HTR4 SH4R HTR4 5-HT4 Rhodopsin ~ Amines 3360
HTRS5A S5HTS5A HTRS5A 5-HT5A Rhodopsin ~ Amines 3361
HTRG6 5H6R HTRG6 5-HT6 Rhodopsin ~ Amines 3362
HTR7 5H7R HTR7 5-HT7 Rhodopsin ~ Amines 3363
PNR 014804  PNR Rhodopsin ~ Amines 9038
TRAR1 TARO1 TRARI1 TA1 Rhodopsin ~ Amines 134864
TRAR3 TARO3 TRAR3 TA3 Rhodopsin Amines 134860
TRAR4 TARO4 TRAR4 TA4 Rhodopsin ~ Amines 319100
TRARS TARO5 TRARS TAS Rhodopsin ~ Amines 83551
GHSR GHSR GHSR ghrelin Rhodopsin ~ Brain-gut peptides 2693
GPR145 MCHR2 GPR145 MCH2 Rhodopsin ~ Brain-gut peptides 84539
GPR24 MCHR1 GPR24 MCH1 Rhodopsin ~ Brain-gut peptides 2847
GPR39 GPR39 GPR39 Rhodopsin ~ Brain-gut peptides 2863
MLNR MTLR MLNR motilin Rhodopsin ~ Brain-gut peptides 2862
NMUR1 Q9HB89 NMURI1 NMU1 Rhodopsin Brain-gut peptides 10316
NMUR2 Q9GZQ4 NMUR2 NMU2 Rhodopsin ~ Brain-gut peptides 56923
NTSR1 NTR1 NTSR1 NTS1 Rhodopsin ~ Brain-gut peptides 4923
NTSR2 NTR2 NTSR2 NTS2 Rhodopsin ~ Brain-gut peptides 23620
TRHR TRFR TRHR TRH Rhodopsin ~ Brain-gut peptides 7201
AGTR1 AG2S AGTR1 AT1 Rhodopsin ~ Chemoattractants 185
AGTR1 AG2R AGTR1 AT1 Rhodopsin ~ Chemoattractants 185
AGTR2 AG22 AGTR2 AT2 Rhodopsin ~ Chemoattractants 186
AGTRL1 APJ AGTRL1 Rhodopsin ~ Chemoattractants 187
BDKRB1 BKRB1 BDKRB1 B1 Rhodopsin ~ Chemoattractants 623
BDKRB2 BKRB2 BDKRB2 B2 Rhodopsin ~ Chemoattractants 624
C3AR1 C3AR C3AR1 Rhodopsin ~ Chemoattractants 719
C5R1 C5AR C5R1 Rhodopsin ~ Chemoattractants 728
CMKLR1 CML1 CMKLR1 Rhodopsin ~ Chemoattractants 1240
FPR1 FPR1 FPR1 Rhodopsin ~ Chemoattractants 2357
FPRL1 FPRL1 FPRL1 ALX Rhodopsin ~ Chemoattractants 2358
FPRL2 FPR2 FPRIL2 Rhodopsin ~ Chemoattractants 2359
GPR1 GPR1 GPR1 Rhodopsin ~ Chemoattractants 2825
GPR15 GPR15 GPR15 Rhodopsin ~ Chemoattractants 2838
GPR25 GPR25 GPR25 Rhodopsin ~ Chemoattractants 2848
GPR44 GPR44 GPR44 Rhodopsin ~ Chemoattractants 11251
GPR77 CS5ARL GPR77 Rhodopsin ~ Chemoattractants 27202
GPR146 GPR146 Rhodopsin ~ Chemokines 115330
CCBP2 CCBP2 Rhodopsin ~ Chemokines 1238




Appendix 2.1

FamDBtool UniProt HUGO Official ~ Provisional Class Cluster Locus ID

IUPHAR name

nomen-  [UPHAR

clature
CCRL1 CCRL1 Rhodopsin ~ Chemokines 51554
ADMR ADMR ADMR Rhodopsin ~ Chemokines 11318
BLR1 CXCR5  BLR1 CXCRS Rhodopsin ~ Chemokines 643
CCR1 CCR1 CCR1 CCR1 Rhodopsin ~ Chemokines 1230
GPR2 CCR10 CCR10 CCR10 Rhodopsin ~ Chemokines 2826
CCR2 CCR2 CCR2 CCR2 Rhodopsin ~ Chemokines 1231
CCR3 CCR3 CCR3 CCR3 Rhodopsin ~ Chemokines 1232
CCR4 CCR4 CCR4 CCR4 Rhodopsin ~ Chemokines 1233
CCR5 CCR5 CCR5 CCRS Rhodopsin ~ Chemokines 1234
CCR6 CCR6 CCR6 CCR6 Rhodopsin ~ Chemokines 1235
CCR7 CCR7 CCR7 CCR7 Rhodopsin ~ Chemokines 1236
CCRS8 CCR8 CCRS8 CCRS8 Rhodopsin ~ Chemokines 1237
CCR9 CCR9Y CCR9 CCR9 Rhodopsin ~ Chemokines 10803
CCRIL2 075307  CCRL2 Rhodopsin ~ Chemokines 9034
CMKOR1  RDC1 CMKOR1 Rhodopsin ~ Chemokines 57007
CX3CR1 C3X1 CX3CR1 CX3CR1 Rhodopsin ~ Chemokines 1524
CXCR3 CXCR3  CXCR3 CXCR3 Rhodopsin ~ Chemokines 2833
CXCR4 CXCR4  CXCR4 CXCR4 Rhodopsin ~ Chemokines 7852
CXCR6 CXCR6  CXCR6 Rhodopsin ~ Chemokines 10663
IL8RA CXCR1 IL8RA CXCR1 Rhodopsin Chemokines 3577
IL8RB CXCR2 IL8RB CXCR2 Rhodopsin Chemokines 3579
XCR1 XCR1 XCR1 XCR1 Rhodopsin ~ Chemokines 2829
GPRS88 GPR88 GPR88 Rhodopsin ~ Glutamate 54112
FSHR FSHR FSHR Rhodopsin  Glycoproteins 2492
GPR48 LGR4 LGR4 Rhodopsin ~ Glycoproteins 55366
GPR49 LGR5 LGRS Rhodopsin  Glycoproteins 8549
LGR6 LGR6 LGR6 Rhodopsin ~ Glycoproteins 59352
LGR7 LGR7 LGR7 Rhodopsin  Glycoproteins 59350
LGR8 LGR8 LGR8 Rhodopsin  Glycoproteins 122042
LHCGR LSHR LHCGR Rhodopsin ~ Glycoproteins 3973
TSHR TSHR TSHR Rhodopsin  Glycoproteins 7253
CNR1 CNR1 CNR1 CB1 Rhodopsin ~ Lipids 1268
CNR2 CNR2 CNR2 CB2 Rhodopsin Lipids 1269
EDG1 EDG1 EDG1 S1P1 Rhodopsin  Lipids 1901
EDG2 EDG2 EDG2 LPA1 Rhodopsin  Lipids 1902
EDG3 EDG3 EDG3 S1P3 Rhodopsin  Lipids 1903
EDG4 EDG4 EDG4 LPA2 Rhodopsin  Lipids 9170
EDGS5 EDGS5 EDG5 S1P2 Rhodopsin  Lipids 9294
EDG6 EDG6 EDGG6 S1P4 Rhodopsin Lipids 8698
EDG7 EDG7 EDG7 LPA3 Rhodopsin  Lipids 23566
EDG8 EDG8 EDG8 S1P5 Rhodopsin  Lipids 53637
GPR119 GPR119  GPR119 Rhodopsin Lipids 139760
GPR12 GPR12 GPR12 Rhodopsin  Lipids 2835
GPR3 GPR3 GPR3 Rhodopsin  Lipids 2827
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FamDBtool UniProt HUGO Official ~ Provisional Class Cluster Locus ID

IUPHAR name

nomen-  [UPHAR

clature
GPR6 GPR6 GPR6 Rhodopsin  Lipids 2830
MRGX4 MRGX4 MRGX4 Rhodopsin MA+D215 117196
MAS1 MAS MAS1 Rhodopsin MAS 4142
MAS1L MAS1L MASI1L Rhodopsin MAS 116511
MRGPRD  MRGPD MRGPRD Rhodopsin MAS 116512
MRGE MRGPE MRGPRE Rhodopsin MAS 116534
MRGPRF MRGPF  MRGPRF Rhodopsin MAS 219928
MRGPRG MRGPRG Rhodopsin MAS 386746
MRGX1 MRGX1 MRGX1 Rhodopsin MAS 259249
MRGX2 MRGX2  MRGX2 Rhodopsin MAS 117194
MRGX3 MRGX3 MRGX3 Rhodopsin MAS 117195
MC1R MSHR MCIR MC1 Rhodopsin ~ Melanocortine 4157
MC2R ACTHR  MC2R MC2 Rhodopsin ~ Melanocortine 4158
MC3R MC3R MC3R MC3 Rhodopsin ~ Melanocortine 4159
MC4R MC4R MC4R MC4 Rhodopsin ~ Melanocortine 4160
MC5R MCS5R MCS5R MC5 Rhodopsin ~ Melanocortine 4161
GPR22 GPR22 GPR22 Rhodopsin ~ Melatonin 2845
GPR45 GPR45 GPR45 Rhodopsin ~ Melatonin 11250
GPR50 MT1RL  GPR50 Rhodopsin ~ Melatonin 9248
GPR63 GPR63 GPR63 Rhodopsin ~ Melatonin 81491
MTNRI1A MTR1IA  MTNRIA MT1 Rhodopsin Melatonin 4543
MTNR1B MTR1B  MTNRIB MT2 Rhodopsin ~ Melatonin 4544
GPR109A  Q8TDS4 GPRI109A Rhodopsin ~ Miscellaneous 338442
GPR109B  G109B GPR109B Rhodopsin ~ Miscellaneous 8843
GPR31 GPR31 GPR31 Rhodopsin ~ Miscellaneous 2853
GPR32 GPR32 GPR32 Rhodopsin ~ Miscellaneous 2854
GPR81 GPR81 GPRS81 Rhodopsin ~ Miscellaneous 27198
OXER1 Q8TDS5 OXER1 OXE Rhodopsin ~ Miscellaneous 165140
UTS2R UR2R UTS2R UT Rhodopsin ~ Miscellaneous 2837
PGR10 GPR149 Rhodopsin n.d. 344758
FY DUFFY Rhodopsin ~ n.d. 2532
GPBAR1 Q8TDU6 GPBARI1 Rhodopsin ~ n.d. 151306
GPR120 GP120 GPR120 Rhodopsin n.d. 338557
GPR135 GP135 GPR135 Rhodopsin ~ n.d. 64582
PGR3 Q6DW]J6 GPR139 Rhodopsin ~ n.d. 124274
GPR141 GP141 GPR141 Rhodopsin n.d. 353345
GPR142 GP142 GPR142 Rhodopsin n.d. 350383
GPR150 GP150 GPR150 Rhodopsin n.d. 285601
GPR151 GP151 GPR151 Rhodopsin n.d. 134391
GPR152 GP152 GPR152 Rhodopsin n.d. 390212
GPR153 QG6NV75  GPR153 Rhodopsin ~ n.d. 387509
GPR160 GP160 GPR160 Rhodopsin ~ n.d. 26996
GPR18 GPR18 GPR18 Rhodopsin n.d. 2841
GPR20 GPR20 GPR20 Rhodopsin ~ n.d. 2843
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GPR21 GPR21 GPR21 Rhodopsin n.d. 2844
GPR26 GPR26 GPR26 Rhodopsin ~ n.d. 2849
GPR30 CML2 GPR30 Rhodopsin n.d. 2852
GPR35 GPR35 GPR35 Rhodopsin ~ n.d. 2859
GPR37 GPR37 GPR37 Rhodopsin ~ n.d. 2861
GPR37L1 ETBR2 GPR37L1 Rhodopsin  n.d. 9283
GPR52 GPR52 GPR52 Rhodopsin ~ n.d. 9293
GPR55 GPRS55 GPRS55 Rhodopsin  n.d. 9290
GPR75 095800 GPR75 Rhodopsin n.d. 10936
GPR78 GPR78 GPR78 Rhodopsin n.d. 27201
GPRS82 GPR82 GPR82 Rhodopsin  n.d. 27197
GPR84 QINQS5 GPR84 Rhodopsin  n.d. 53831
GRCA Q16538  GRCAD Rhodopsin ~ n.d. 27239
LTB4R LT4R1 LTB4R BLT1 Rhodopsin n.d. 1241
LTB4R2 LT4R2 LTB4R2 BLT2 Rhodopsin n.d. 56413
GPR7 GPR7 GPR7 Rhodopsin ~ Opiates 2831
GPR8 GPRS8 GPRS8 Rhodopsin ~ Opiates 2832
OPRD1 OPRD OPRD1 d Rhodopsin ~ Opiates 4985
OPRK1 OPRK OPRK1 k Rhodopsin ~ Opiates 4986
OPRL1 OPRX OPRL1 NOP Rhodopsin Opiates 4987
OPRM1 OPRM OPRM1 m Rhodopsin Opiates 4988
SALPR R3R1 RLN3R1 Rhodopsin ~ Opiates 51289
GPR100 R3R2 RLN3R2 Rhodopsin ~ Opiates 339403
SSTR1 SSR1 SSTR1 sstl Rhodopsin ~ Opiates 6751
SSTR2 SSR2 SSTR2 sst2 Rhodopsin ~ Opiates 6752
SSTR3 SSR3 SSTR3 sst3 Rhodopsin ~ Opiates 6753
SSTR4 SSR4 SSTR4 sst4 Rhodopsin ~ Opiates 6754
SSTRS SSR5 SSTRS sst5 Rhodopsin ~ Opiates 6755
OPN1LW  OPSR Rhodopsin ~ Opsins 5956
OPNIMW  OPSG Rhodopsin ~ Opsins 2652
OPN1SW  OPSB Rhodopsin ~ Opsins 611
OPN4 OPN4 Rhodopsin ~ Opsins 94233
RGR RGR Rhodopsin ~ Opsins 5995
RHO OPSD Rhodopsin ~ Opsins 6010
RRH OPSX Rhodopsin ~ Opsins 10692
OPN3 OPN3 OPN3 Rhodopsin ~ Opsins 23596
OPNS5 Q6U736  OPN5 Rhodopsin ~ Opsins 221391
NPY6R Rhodopsin ~ Peptides 4888
BRS3 BRS3 BRS3 BB3 Rhodopsin ~ Peptides 680
CCKAR CCKAR  CCKAR CCK1 Rhodopsin  Peptides 886
CCKBR GASR CCKBR CCK2 Rhodopsin  Peptides 887
EDNRA EDNRA  EDNRA ETA Rhodopsin ~ Peptides 1909
EDNRB EDNRB  EDNRB ETB Rhodopsin ~ Peptides 1910
GALR1 GALR1 GALR1 GAL1 Rhodopsin ~ Peptides 2587
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GALR2 GALR2 GALR2 GAL2 Rhodopsin Peptides 8811
GALR3 GALR3  GALR3 GAL3 Rhodopsin ~ Peptides 8484
GPR10 GPR10 GPR10 PRP Rhodopsin Peptides 2834
GPR103 QRFPR GPR103 Rhodopsin Peptides 84109
GPR147 NPFF1 GPR147 Rhodopsin ~ Peptides 64106
GPR19 GPR19 GPR19 Rhodopsin ~ Peptides 2842
GPR54 KISSR GPR54 Rhodopsin ~ Peptides 84634
GPR74 NPFF2 GPR74 Rhodopsin ~ Peptides 10886
GPRS83 GPRS83 GPR83 Rhodopsin Peptides 10888
GRPR GRPR GRPR BB2 Rhodopsin Peptides 2925
HCRTR1 OX1R HCRTR1 OX1 Rhodopsin ~ Peptides 3061
HCRTR2 OX2R HCRTR2 0X2 Rhodopsin ~ Peptides 3062
NMBR NMBR NMBR BB1 Rhodopsin Peptides 4829
NPY1R NPY1IR  NPYIR Y1 Rhodopsin ~ Peptides 4886
NPY2R NPY2R NPY2R Y2 Rhodopsin Peptides 4887
NPY5R NPY5R  NPY5R Y5 Rhodopsin ~ Peptides 4889
PPYR1 NPY4R  PPYR1 Y4 Rhodopsin ~ Peptides 5540
TACR1 NK1R TACR1 NK1 Rhodopsin ~ Peptides 6869
TACR2 NK2R TACR2 NK2 Rhodopsin ~ Peptides 6865
TACR3 NK3R TACR3 NK3 Rhodopsin ~ Peptides 6870
PTGDR PD2R PTGDR DpP Rhodopsin Prostanoid 5729
PTGER1 PE2R1 PTGERI1 EP1 Rhodopsin ~ Prostanoid 5731
PTGER2 PE2R2 PTGER2 EP2 Rhodopsin ~ Prostanoid 5732
PTGER3 PE2R3 PTGER3 EP3 Rhodopsin ~ Prostanoid 5733
PTGER4 PE2R4 PTGER4 EP4 Rhodopsin ~ Prostanoid 5734
PTGFR PF2R PTGFR FP Rhodopsin ~ Prostanoid 5737
PTGIR PI2R PTGIR IP1 Rhodopsin ~ Prostanoid 5739
TBXA2R TA2R TBXA2R TP Rhodopsin ~ Prostanoid 6915
5-HT5B-like Rhodopsin ~ pseudogene 343958
HTR7-like Rhodopsin ~ pseudogene 93164
GPR33 GPR33 Rhodopsin ~ pseudogene 2856
CYSLTR1 CLIR1 CYSLTR1 CysLT1 Rhodopsin ~ Purines 10800
CYSLTR2 CLTR2 CYSITR2 CysLT2 Rhodopsin ~ Purines 57105
EBI2 EBI2 EBI2 Rhodopsin ~ Purines 1880
F2R PAR1 F2R PAR1 Rhodopsin ~ Purines 2149
F2RL1 PAR2 F2RL1 PAR2 Rhodopsin ~ Purines 2150
F2RL2 PAR3 F2RL2 PAR3 Rhodopsin ~ Purines 2151
F2RL3 PAR4 F2RL3 PAR4 Rhodopsin ~ Purines 9002
GPR132 G2A GPR132 Rhodopsin ~ Purines 29933
GPR17 GPR17 GPR17 Rhodopsin ~ Purines 2840
GPR171 GP171 GPR171 Rhodopsin ~ Purines 29909
FKSG79 GP174 GPR174 Rhodopsin Purines 84636
GPR23 P2RY9 GPR23 Rhodopsin ~ Purines 2846
GPR34 GPR34 GPR34 Rhodopsin ~ Purines 2857
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GPR4 GPR4 GPR4 Rhodopsin ~ Purines 2828
GPR40 GPR40 GPR40 Rhodopsin ~ Purines 2864
GPR41 GPR41 GPR41 Rhodopsin ~ Purines 2865
GPR42 GPR42 GPR42 Rhodopsin ~ Purines 2866
GPR43 GPR43 GPR43 Rhodopsin  Purines 2867
GPR65 PSYR GPR65 Rhodopsin ~ Purines 8477
GPR68 SPR1 GPR68 Rhodopsin ~ Purines 8111
P2Y3L GPR79 Rhodopsin ~ Purines 27200
GPRS87 GPR87 GPR87 Rhodopsin  Purines 53836
GPR92 GPR92 GPR92 Rhodopsin Purines 57121
OXGR1 GPRS80 OXGR1 Rhodopsin Purines 27199
P2RY1 P2RY1 P2RY1 P2Y1 Rhodopsin ~ Purines 5028
P2RY10 P2Y10 P2RY10 Rhodopsin Purines 27334
P2RY11 P2Y11 P2RY11 P2Y11 Rhodopsin Purines 5032
P2RY12 P2Y12 P2RY12 P2Y12 Rhodopsin Purines 64805
GPR86 GPR86 P2RY13 P2Y13 Rhodopsin Purines 53829
GPR105 P2Y14 P2RY14 Rhodopsin ~ Purines 9934
P2RY2 P2RY2 P2RY2 P2Y2 Rhodopsin Purines 5029
P2RY4 P2RY4 P2RY4 P2Y4 Rhodopsin ~ Purines 5030
P2RY5 P2RY5 P2RY5 Rhodopsin ~ Purines 10161
P2RY6 P2RYG6 P2RY6 P2Y6 Rhodopsin Purines 5031
P2RY8 P2RY8 Rhodopsin ~ Purines 286530
PTAFR PTAFR PTAFR PAF Rhodopsin ~ Purines 5724
SUCNR1 GPR91 SUCNR1 Rhodopsin ~ Purines 56670
GPR Q14439 GPR Rhodopsin SREBs 11245
GPR101 GP101 GPR101 Rhodopsin SREBs 83550
GPR161 GP161 GPR161 Rhodopsin SREBs 23432
SREB3 GP173 GPR173 Rhodopsin ~ SREBs 54328
GPR27 GPR27 GPR27 Rhodopsin ~ SREBs 2850
GPR85 GPRS85 GPRS85 Rhodopsin SREBs 54329
AVPRI1A V1AR AVPR1A V1A Rhodopsin ~ Vasopeptides 552
AVPR1B V1BR AVPR1B V1B Rhodopsin ~ Vasopeptides 553
AVPR2 V2R AVPR2 V2 Rhodopsin ~ Vasopeptides 554
GPR154 Q6W5P4 GPR154 Rhodopsin ~ Vasopeptides 387129
GPR73 PKR1 GPR73 PK1 Rhodopsin ~ Vasopeptides 10887
GPR73L1 PKR2 GPR73L1 PK2 Rhodopsin ~ Vasopeptides 128674
OXTR OXYR OXTR oT Rhodopsin ~ Vasopeptides 5021
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GPR157 GPR157 Secretin Secretin 80045
ADCYAP1IR1 PACR ADCYAP1R1 PAC1 Secretin Secretin 117
CALCR CALCR CALCR CT Secretin Secretin 799
CALCRL CALRL CALCRL CGRP1 Secretin Secretin 10203
CRHR1 CRFR1 CRHRI1 CRF1 Secretin Secretin 1394
CRHR2 CRFR2 CRHR2 CRF2 Secretin Secretin 1395
GCGR GLR GCGR glucagon Secretin Secretin 2642
GHRHR GHRHR GHRHR GHRH Secretin Secretin 2692
GIPR GIPR GIPR GIP Secretin Secretin 2696
GLPIR GLP1R GLPIR GLP-1 Secretin Secretin 2740
GLP2R GLP2R GLP2R GLP-2 Secretin Secretin 9340
PTHRI1 PTHRI1 PTHRI1 PTH1 Secretin Secretin 5745
PTHR2 PTHR2 PTHR2 PTH2 Secretin Secretin 5746
SCTR SCTR SCTR secretin Secretin Secretin 6344
VIPR1 VIPR1 VIPR1 VPAC1 Secretin Secretin 7433
VIPR2 VIPR2 VIPR2 VPAC2 Secretin Secretin 7434
GPR133 GP133 Adhesion Adhesion 283383
BAI1 BAI1 BAI1 Adhesion Adhesion 575
BAI2 BAI2 BAI2 Adhesion Adhesion 576
BAI3 BAI3 BAI3 Adhesion Adhesion 577
CD97 CD97 CD97 Adhesion Adhesion 976
CELSR1 CELR1 CELSR1 Adhesion Adhesion 9620
CELSR2 CELR2 CELSR2 Adhesion Adhesion 1952
CELSR3 CELR3 CELSR3 Adhesion Adhesion 1951
ELTD1 ELTD1 ELTD1 Adhesion Adhesion 64123
EMR1 EMR1 EMR1 Adhesion Adhesion 2015
EMR2 EMR2 EMR2 Adhesion Adhesion 30817
EMR3 EMR3 EMR3 Adhesion Adhesion 84658
GPR127 EMR4 EMR4 Adhesion Adhesion 326342
GPR110 GP110 GPR110 Adhesion Adhesion 266977
GPR111 GP111 GPR111 Adhesion Adhesion 222611
GPR112 GP112 GPR112 Adhesion Adhesion 139378
GPR113 GP113 GPR113 Adhesion Adhesion 165082
GPR114 GP114 GPR114 Adhesion Adhesion 221188
GPR115 GP115 GPR115 Adhesion Adhesion 221393
GPR116 GP116 GPR116 Adhesion Adhesion 221395
GPR123 GP123 GPR123 Adhesion Adhesion 84435
GPR124 GP124 GPR124 Adhesion Adhesion 25960
GPR125 GP125 GPR125 Adhesion Adhesion 166647
GPR126 GP126 GPR126 Adhesion Adhesion 57211
GPR128 GP128 GPR128 Adhesion Adhesion 84873
GPR144 GP144 GPR144 Adhesion Adhesion 347088
GPR56 GPR56 GPR56 Adhesion Adhesion 9289
GPR64 GPR64 GPR64 Adhesion Adhesion 10149
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GPR97 GPR97 GPR97 Adhesion Adhesion 222487
LPHN1 LPHN1 LPHN1 Adhesion Adhesion 22859
LPHN2 LPHN2 LPHN2 Adhesion Adhesion 23266
LPHN3 LPHN3 LPHN3 Adhesion Adhesion 23284
MASS1 Q8WXG9 MASS1 Adhesion Adhesion 84059
GPR143 GP143 Adhesion n.d. 4935
GPR158L1 GPR158L1 Glutamate Glutamate 440435
LOC344760 Q8TDU1 Glutamate  Glutamate 344760
TAS1R1 TS1R1 Glutamate Glutamate 80835
TAS1R2 TS1R2 Glutamate Glutamate 80834
TAS1R3 TS1R3 Glutamate Glutamate 83756
CASR CASR CASR CaS Glutamate Glutamate 846
GABBRI1 GABR1 GABBRI1 GABAB1 Glutamate Glutamate 2550
RAI3 RAI3 GPCR5A RAIG1 Glutamate Glutamate 9052
GPR156 Q8NFN8 GPR156 GABABL Glutamate Glutamate 165829
GPR158 Q6QR81 GPR158 Glutamate Glutamate 57512
GPR51 GABR2 GPR51 GABAB2 Glutamate Glutamate 9568
GPRC5B GPC5B GPRC5B RAIG2 Glutamate Glutamate 51704
GPRC5C GPC5C GPRC5C RAIG3 Glutamate Glutamate 55890
GPRC5D GPC5D GPRC5D Glutamate Glutamate 55507
GPRC6A Q8NHZ9 GPRC6A Glutamate Glutamate 222545
GRM1 MGR1 GRM1 mGlul Glutamate Glutamate 2911
GRM2 MGR2 GRM2 mGlu2 Glutamate Glutamate 2912
GRM3 MGR3 GRM3 mGlu3 Glutamate Glutamate 2913
GRM4 MGR4 GRM4 mGlu4 Glutamate Glutamate 2914
GRM5 MGR5 GRM5 mGlu5 Glutamate Glutamate 2915
GRM6 MGR6 GRM6 mGlu6 Glutamate Glutamate 2916
GRM7 MGR7 GRM7 mGlu7 Glutamate Glutamate 2917
GRMS8 MGRS8 GRMS8 mGlu8 Glutamate Glutamate 2918
FzZD1 FzD1 FZD1 FZD1 Frizzled Frizzled 8321
FZD10 FZ10 FZD10 FZD10 Frizzled Frizzled 11211
FZD2 FZD2 FZD2 FZD2 Frizzled Frizzled 2535
FZD3 FZD3 FZD3 FZD3 Frizzled Frizzled 7976
FZD4 FZD4 FZD4 FZD4 Frizzled Frizzled 8322
FZD5 FZD5 FZD5 FZD5 Frizzled Frizzled 7855
FZD6 FZD6 FZD6 FZD6 Frizzled Frizzled 8323
FZD7 FZD7 FZD7 FzD7 Frizzled Frizzled 8324
FZD8 FZD8 FZD8 FZD8 Frizzled Frizzled 8325
FZD9 FZD9 FZD9 FZD9 Frizzled Frizzled 8326
SMO SMO SMO SMO Frizzled Frizzled 6608
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A Novel Drug Screening Assay for G Protein-coupled Receptors
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3.1
Introduction

3.1.1
History

GPCRs are proven targets for drug discovery [1], and are by far the largest sub-
group of cell surface receptors that transduce signals for molecules such as mono-
amines, peptides, glycoprotein hormones and the large class of odorant molecules
[2]. The range of therapeutic areas targeted by GPCRs is diverse and the commer-
cial potential of these receptors is not yet fully realized. For instance, among the
~367 GPCRs (not including odorant receptors), there are 195 for which the endo-
genous ligands are known, but only 30 of these have been targeted by drugs in
use presently [3]. GPCR drugs are estimated to represent 40-50% of the current
prescription market [4].

The remaining ~170 GPCRs are orphan receptors, for which the endogenous
ligands are as yet unidentified [2, 5]. The recently decoded orphan GPCRs illus-
trate the enormous untapped potential represented by these receptors for drug
discovery [5, 6]. Although various methods have hastened the discovery of the
genes encoding GPCRs, the identification of their endogenous ligands and novel
compounds targeting these receptors has lagged far behind and there is a critical
need for highly effective novel approaches [7]. As the signal transduction pathways
involved in the activation of an orphan GPCR cannot be predicted, an assay sys-
tem which is independent of the G protein employed by the receptor is highly de-
sirable. Although several methods are currently available to discover the endogen-
ous ligands and screen for drugs targeting GPCRs [8-10], no single method has
surpassed the capabilities of the others. Many of the present screening assays in
use have varying requirements for specific G protein coupling to generate a sig-
nal, or prior identification of an agonist in order to screen for antagonists. Among
the methods that are currently in use, is one that uses the major principle of
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B-arrestin translocation to detect agonist activation of the GPCR, and another that
uses inhibition of constitutive receptor activity to detect antagonist action.

3.1.2
Nuclear Translocation of Endogenous GPCRs

In this chapter, we describe a novel method, which harnesses a well-characterized
physiological cellular mechanism for transport of proteins to the nucleus. This
transport pathway was adapted for the identification of chemicals blocking both
known GPCRs and orphan GPCRs. The translocation of cytosolic proteins to the
nucleus occurs by well-characterized mechanisms, often involving nuclear trans-
port proteins that recognize distinct motifs called nuclear localization sequences
(NLSs) [11], and mediate the translocation of “cargo” proteins to the nucleus. Few
of the GPCRs contain NLSs [12-14]. GPCRs with a recognized nuclear localiza-
tion are limited, with little evidence of known nuclear function as yet. One exam-
ple, the angiotensin AT1 receptor contains an endogenous NLS, which reportedly
serves to direct the receptor into the nucleus in response to an agonist [12]. Nu-
clear import of proteins requires the docking of the “cargo” protein to an importin
a/B heterodimer. Importin B recognizes cargo proteins by binding to NLS se-
quences which usually consist of short stretches of basic amino acids, arginine
and lysine [11].

We reported an agonist-independent nuclear localization of the angiotensin
AT1, bradykinin B2 and apelin receptors [15]. The cytoplasmic tail of the AT1 re-
ceptor contains an NLS sequence KKFKR [12] downstream of the transmembrane
domain 7 within helix 8. A similar NLS-like sequence is also present in helix 8 of
the bradykinin B2 receptor. Thus the AT2 and the B2 receptor were observed to
have similar NLS sequence situated within helix 8, located in the receptor carboxyl
tails. The apelin receptor also demonstrated agonist-independent nuclear localiza-
tion [15]. We reported that a sequence RKRRR is a functional NLS sequence
located in the third intracellular loop of the apelin receptor. In total our search of
the rhodopsin family GPCR sequences revealed 17 GPCRs with an NLS sequence
in helix 8, including adenosine, growth hormone secretagogue, motilin, puriner-
gic and orphan receptors in addition to the angiotensin, bradykinin and endothe-
lin receptor [15].

313
The MOCA Method

We have now shown that genetically incorporating the NLS from the AT1 receptor
into other GPCRs, introduced into a conformationally sensitive site, mediated a
time-dependent and ligand-independent translocation of the GPCR from the cell
surface to the nucleus. Since the optimal placement of the NLS provided confor-
mational sensitivity, this engineered translocation pathway has been exploited to
identify interacting compounds, which were able to modulate the ligand-indepen-
dent transfer of the GPCR away from the cell membrane.
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3.2
The MOCA Strategy Demonstrated with the D1 Dopamine Receptor

3.2.1
Development of the Assay

The dopamine D1 receptor was selected as the prototype membrane protein with
which to investigate the MOCA experimental strategy. The optimal placement of
the NLS was investigated by its introduction into various positions within the
three intracellular loops and cytoplasmic tail of the D1 receptor. Multiple sites of
incorporation were tested and from this we determined that the preferred place-
ment of the NLS was in helix 8 of the D1 dopamine receptor, where conformation-
dependent effects of ligand occupancy were demonstrated. One of the major ad-
vantages of the NLS-incorporation method is the ability to perform these studies
in cells transiently expressing the receptor to be tested, allowing for rapid, high
throughput screening without the delays associated with the generation of cell
lines stably expressing the proteins.

The D1 dopamine receptor with an NLS inserted in the first intracellular cyto-
plasmic loop (D1-IC1-NLS-GFP) was expressed and detected in the nucleus of
85% of cells. Treatment with either of the antagonists (+)butaclamol (1 uM) or
SCH-23390 (1 pM) resulted in retention of the receptor at the cell surface in 82
and 77 % of the cells respectively, compared to receptor expression in the nucleus
in 76 % of cells undergoing vehicle treatment.

The D1 dopamine receptor with an NLS inserted in the second intracellular cy-
toplasmic loop (D1-IC2-NLS-GFP) was expressed and detected in the nucleus of
51% of cells. However over 40 % of cells had detectable receptors on the cell sur-
face indicating that incorporation of the NLS at this position was not as efficient
in translocating the receptor from the cell surface.

The D1 dopamine receptor with an NLS inserted in the third intracellular cyto-
plasmic loop (D1-IC3-NLS-GFP) was detected in the nucleus of 85% of cells.
However, treatment with various concentrations of SCH-23390 revealed ~84% of
cells with receptors in the nucleus, indicating that there was little response to the
drug treatment. We investigated the role of the incorporated NLS further by ana-
lyzing the engineered NLS after it was mutated or shifted, in order to prove that
this sequence mediated the nuclear transfer. We mutated the NLS sequence
KKFKR to KKAKR in the D1-NLS receptor, and found a marked reduction in the
ability of the receptor to translocate to the nucleus.

When expressed in cells, the D1 receptor tagged with GFP (D1-GFP) was loca-
lized exclusively on the cell surface at 48 h post-transfection as determined by
confocal microscopy. The majority, > 90%, of the cells demonstrated cell surface
expression of the receptor (Fig. 3.1a). Cells transfected with the D1 receptor con-
taining an NLS in helix 8 at the base of transmembrane domain 7 (D1-NLS-
GFP), revealed a time-dependent appearance and localization of the receptor on
the cell surface (9 to 10 h post-transfection) and then translocation to the nu-
cleus (24-48 h post-transfection) was observed in the majority of cells, with no



54 | 3 A Novel Drug Screening Assay for G Protein-coupled Receptors

a)

D1-GFP

b) D1-NLS-GFP SCH 23390

Vehicle

1 uM

Fig. 3.1 (legend see page 55)
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cell surface receptors visible (Fig. 3.1Db, left panel). Thus, incorporation of an
NLS into the D1 receptor sequence in helix 8 resulted in a very efficient removal
of the receptor from the cell surface under basal conditions with trafficking to
the nucleus.

3.2.2
Concentration-dependent Antagonist Blockade of Nuclear Transport

Cells expressing D1-NLS-GFP were treated with the antagonists SCH-23390 or
(+)butaclamol in varying concentrations. Control cells received only vehicle treat-
ment. With SCH-23390 (10 nM to 10 pM) or (+)butaclamol (10 nM to 10 pM)
treatment for 48 h, there was a dose-dependent retention of the D1-NLS-GFP re-
ceptor on the cell surface with marked diminution of the translocation to the
nucleus (see examples of drug-treated cells in Fig. 3.1b and c). Stereoselectivity
for the drug effect was demonstrated by the lack of effect of (-)butaclamol (1 uM),
in contrast to the robust effects of equivalent concentrations of (+)butaclamol to
inhibit nuclear translocation of D1-NLS-GFP. Thus, treatment with D1-selective
antagonists efficiently prevented, in a dose-responsive manner with nanomolar ef-
fectiveness, the nuclear translocation of the NLS-containing receptor.

The specificity of the antagonist effect on receptor translocation was tested by
treating cells expressing D1-NLS-GFP with the D2-selective antagonist raclopride
(500 nM). Following this treatment, D1-NLS-GFP was present in 87 % of cell nu-
clei and in 0% at the cell surface, indicating that raclopride was unable to retain
D1-NLS-GFP on the cell surface.

3.23
Measurement of Receptor Cell Surface Expression: Antagonist Binding
of Receptors at Cell Surface

Radioligand binding was used to provide a direct quantification of the D1-NLS re-
ceptor density in the plasma membrane, isolated by sucrose density gradient frac-
tionation. Cells expressing D1-NLS were treated with a range of antagonist (+)bu-
taclamol concentrations or vehicle. The receptor density on the cell surface was
quantified by specific binding of [*H]-SCH23390.

Fig. 3.1 Effect of incorporation of an NLS into
helix 8 of the D1 dopamine receptor and treat-
ment with dopamine antagonists. The recep-
tor—-GFP fusion protein was expressed in HEK
cells and visualized by confocal microscopy.
Live cells expressing GFP [17] fusion proteins
were visualized with an LSM510 Zeiss confo-
cal laser microscope. Nuclei were identified by
co-expression with DsRed2-nuc. D1-GFP was
localized largely on the cell surface and was
absent from the nucleus (a). D1-NLS-GFP-

expressing cells were treated with vehicle, the
D1-selective antagonist SCH 23390 (b), the
non-selective antagonist (+)butaclamol (c)
and the D2-selective antagonist raclopride (d).
Incorporation of the NLS into the receptor
caused efficient removal of D1-NLS-GFP from
the cell surface with localization in the
nucleus. Treatment with the D1 antagonists
prevented the translocation, whereas the

D2 antagonist had no effect.
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Fig. 3.2 Expression of the dopamine D1
receptor with an inserted NLS, treatment with
antagonist and quantification of plasma mem-
brane receptor density by radioligand binding.
Cells expressing D1-NLS were treated with
varying doses of (+)butaclamol or vehicle.
Plasma membranes were harvested by su-
crose density gradient and receptor density
measured. D1-NLS left untreated was present
on the cell surface in very low density and an-
tagonist treatment resulted in a dose-depen-
dent retention of receptor in the plasma mem-
brane. Radioligand binding: cells expressing

the membrane protein were treated with an
antagonist for 48 h. Plasma membranes were
isolated by discontinuous sucrose density gra-
dient centrifugation and receptor density de-
termined by radioligand binding of [*H]-SCH
23390 with specific binding defined by (+)bu-
taclamol 1 uM, as described [18]. The mem-
branes were incubated with radioligand and
varying drug concentrations for 2 h at room
temperature and collected using a Brandell
cell harvester for scintillation counting. The
binding analyses were performed in duplicate
and the experiment was repeated three times.

Untreated control cells expressing D1-NLS revealed plasma membrane receptor
density of 1.42 + pmol/mg protein; whereas in cells treated with (+)butaclamol
(500 nM), the plasma membrane D1 receptor density was 13.15 + pmol/mg pro-
tein. The effect of a range of concentrations (10 nM to 10 uM) of (+)butaclamol
was tested and revealed a significant dose-response effect (Fig. 3.2).

33
Development of Quantitative Methodology Suitable for High Throughput Analysis

Quantitative analysis suitable for high throughput analysis was achieved by the
use of fluorescence cell surface labeling with the entire method performed in
multi-well plates with the signal detected by a plate-reader fluorimeter. Cells ex-
pressing HA-tagged D1-NLS receptors were treated with a (+)butaclamol concen-
trations (10 nM to 10 pM). There was a dose-dependent effect of SCH 23390
(Fig. 3.3a) and (+)butaclamol (Fig. 3.3D) to retain the receptor on the cell surface,
indicating that these antagonists reduced receptor trafficking from the cell surface
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Fig. 3.3 Expression of the dopamine D1 re-

ceptor with an inserted NLS, treatment with

the antagonist and quantification of cell sur-
face receptor density by fluorimetric analysis.
Cells expressing HA-tagged D1-NLS receptor
were treated with antagonist and cell surface
receptors quantified by the fluorescent signal

of a FITC-conjugated second antibody
directed at the HA antibody. Treatment with
the antagonists SCH 23390 (a) and (+)buta-
clamol (b) revealed robust dose-dependent
effects to retain HA-D1-NLS at the cell sur-
face, indicating that the antagonists reduced
translocation from the cell surface.

and fluorimetric analysis permitted detection and quantitation of the receptor re-
tained at the cell surface and was adaptable to a multi-well format. In this method
~ 50,000 cells were added to each well (in a 96-well plate) and transfected with
0.5 pg cDNA. Medium containing the drug at varying concentrations was added
to the wells. After 48 h, cells were fixed with paraformaldehyde and incubated
with the primary antibody (rat anti-HA antibody) and secondary antibody conju-
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gated to FITC (goat anti-rat antibody). Cell surface fluorescence was detected
using a Cytofluor 4000 (PerSeptive Biosystems, Framingham, MA, USA).

331
Nuclear Translocation of Orphan GPCRs

An NLS was incorporated into helix 8 of GPR54, a recently deorphanized receptor
that was first identified in our laboratory [16]. When expressed in cells, this modi-
fied receptor was efficiently translocated to the nucleus, in contrast to the wild-type
GPR54 receptor which had a predominantly cell surface expression, demonstrating
that this method can be used to screen for ligands targeting orphan receptors.

34
Discussion of the MOCA Method

The novel assay described and validated utilizing the D1 dopamine receptor has
unique and original features, namely an agonist-independent translocation of the
GPCR to the nucleus by the strategic introduction of an NLS into the protein se-
quence, with sequestration of the GPCR away from the cell surface and into the
nucleus, likely by interaction with an importin protein. Blockade of this pathway
was used as the basis for detection of the antagonists. The validation and reliabil-
ity of the MOCA method for the GPCRs tested are features which predict that the
use of this assay will contribute significantly to the process of drug discovery for
GPCRs, including orphan GPCRs, for many of which there are no convenient and
reliable drug screening methods. In our laboratory the MOCA strategy has de-
monstrated its versatility with respect to the multiple receptor detection systems
employed and provides a convenient and simple to use tool for screening candi-
date compounds for their ability to interact with GPCRs.

For GPCRs, the assay provides several significant advances over the currently
available assay methodologies. The method is applicable to drug discovery for
GPCRs coupling to any type of G protein or interacting with different types of en-
dogenous ligands and does not require any prior knowledge of the natural effector
system or second messenger linkage of the GPCR, unlike the disadvantages asso-
ciated with many commercially utilized GPCR drug discovery assays. The method
is particularly suitable for orphan GPCRs.

The actions of the GPCR antagonists demonstrated sensitive dose-response ef-
fects at nanomolar concentrations and maintained specificity to subtype-selective
compounds. Using the D1 dopamine receptor, we have demonstrated that the
method is suitable for detecting antagonists ((+)butaclamol, and SCH23390), dis-
played stereoselectivity (lack of effect of (—)butaclamol) and a high degree of speci-
ficity, with a lack of effect of the D2 receptor antagonist raclopride.

This method has capitalized on the physiological mechanism whereby short se-
quences of amino acids, specifying an NLS, when incorporated into cytoplasmic
proteins enable the proteins to be relocated to the nucleus [11], likely by the impor-
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tin translocation pathway. Most GPCRs do not have an endogenous NLS, and pre-
dictably do not traffic to the nucleus in their unmodified states. Therefore, the in-
corporation of an NLS into a GPCR and its basal translocation off the cell surface
into the nucleus has formed the basis for the assay. To take advantage of the high
throughput potential, a fluorescence plate reader methodology was also devel-
oped. These different capabilities and properties within a single assay provide a
novel platform that will be a convenient, rapid and easy to use tool that will pro-
vide a unique alternative within the spectrum of drug screening assays currently
available.

3.5
Conclusion

The highly novel general strategy we have employed involves the robust transloca-
tion of the GPCR with a specific genetic modification from the cell surface in a ba-
sal time-dependent and ligand-independent manner with no recycling of the pro-
tein back to the cell surface. Interaction of the GPCR with structurally compatible
compounds prevents translocation away from the cell surface and is measured as
protein retained on the cell surface.

There is general recognition from pharmaceutical companies that a novel and
fresh drug discovery platform would have a significant place in the drug discovery
arena. The target users for MOCA will include the large pharmaceutical compa-
nies and numerous middle-ranged drug companies, many of whom have active
GPCR drug discovery programs. The competitive advantage stems from the un-
iqueness of the assay product.

There is an untapped and untested number of potential drug targets and inter-
est from the pharmaceutical companies to utilize these targets for drug develop-
ment. We have described an entirely novel method for the identification of chemi-
cal compounds that block GPCRs. This method will not only lead to an accelera-
tion of the process by which new drug molecules are recognized but will also pave
the way for the discovery of therapeutically active drugs with potential medical
and quality-of-life implications for all. There is a recognized need to have im-
proved, versatile assay systems, where not just endogenous ligands, but synthetic
novel ligands can be tested and identified in a quick and efficient manner that is
amenable to automation.
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4
Importance of GPCR Dimerization for Function:
The Case of the Class C GPCRs

Laurent Prézeau, Cyril Goudet, Philippe Rondard, and Jean-Philippe Pin

4.1
Introduction

Most membrane receptors, including ligand-gated channels, tyrosine kinase recep-
tors, cytokine receptors and guanylate cyclase receptors form oligomers. This was
rapidly recognized as being crucial for the functioning of these receptors. In the
case of ligand-gated channel receptors, association of three to five subunits is re-
quired to form an ion channel. In the case of receptors that have a single transmem-
brane domain, it was rapidly proposed that ligand binding in the extracellular
domain induces receptor dimerization, allowing the associated intracellular effec-
tor domains to interact with each other and to be activated. More recent data arising
from the determination of the 3D structure of the extracellular domains of such re-
ceptors with and without agonists revealed that they can even be constitutive
dimers, the agonists stabilizing a specific active conformation of the dimer [1, 2].
For many years, G protein-coupled receptors (GPCRs) were therefore the only
membrane receptors assumed to function as monomeric entities. These proteins
have a large membrane core domain (HD, heptahelical domain) composed of
seven transmembrane-spanning helices (TM) that are responsible, in most cases,
for both ligand recognition and activation of the intracellular effectors, i. e. the het-
erotrimeric G-protein. Biochemical and biophysical data even confirmed that
these proteins can oscillate between various conformations, the active conforma-
tions being stabilized by agonists, whereas the fully inactive conformations are
stabilized by inverse agonists. Accordingly, there was no apparent need for oligo-
merization to explain GPCR activation of G-proteins. Moreover, both biochemical
and biophysical data were consistent with monomeric rhodopsin being able to ac-
tivate transducin [3]. However, it was difficult to explain the cooperativity phenom-
enon observed in ligand binding in many GPCRs, suggesting that these proteins
could form oligomers. This was then firmly demonstrated for most GPCRs using
both co-immunoprecipitation experiments and energy transfer technologies [4].
Within the last few years, a number of studies indicated that this phenomenon is
involved in trafficking the receptor to and from the plasma membrane, and in spe-
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cific cross-talk between receptor subtypes [5]. However, the precise role and impor-
tance of GPCR oligomerization in the activation process remains unknown. Un-
derstanding the functional significance of this process is crucial for drug develop-
ment. Indeed, if GPCRs really need to form dimers to activate G-protein, it is to
be expected that cross-talk between the binding sites may open new possibilities
for the development of drugs which specifically target GPCR dimers. In addition,
this may also help unravel the functional role of many orphan receptors that may
possibly function only when associated with another GPCR.

Five main classes of GPCRs have been defined in mammals based on sequence
similarity [6-8]. Class A comprises the large number of rhodopsin-like receptors,
whereas the secretin-like and metabotropic glutamate (mGlu)-like receptors are
members of classes B and C, respectively. The two other classes correspond to the
Frizzled-like receptors and a subgroup of pheromone receptors, respectively.
Among these various GPCR types, those of the class C are constitutive dimers,
both subunits being linked in most cases by a disulfide bridge. These receptors
therefore represent an appropriate model for the study of the functional relevance
of GPCR dimerization. Class C GPCRs include the receptors for the main neuro-
transmitters, glutamate and GABA, as well as receptors activated by arginine, ex-
tracellular Ca®*, some pheromones, and sweet and umami taste compounds [9].

In this chapter, we will summarize our current knowledge regarding the func-
tioning of class C GPCRs, and illustrate how allosteric interactions between the
subunits play a fundamental role in their activation. Although these findings may
well be specific for this class of GPCRs, they suggest new possibilities concerning
the functioning of receptors from the other classes.

4.2
Class C GPCRs are Multidomain Proteins

Members of class C GPCRs can sense a large variety of molecules, ranging from
amino acids (mGlul-8, GABAB receptors, and OR5.24), to calcium ions (CaS, cal-
cium-sensing receptors), and volatile pheromones or soluble taste molecules (V2R,
T1R2/T1R3 sugar and T1R1/T1R3 umami taste receptors, and OR5.24 odorant re-
ceptor) [9]. These receptors share a common complex structure (Fig. 4.1). First, as
with all GPCRs, they possess a HD which couples to the G proteins. This HD do-
main is formed by seven TMs (TM1 to 7) connected by extracellular and intracellu-
lar loops (e and i loops, respectively), and terminates with an intracellular C-term-
inal tail (C-tail). But second, the original feature of these receptors is the presence
of alarge extracellular domain (ECD), divided in two regions, a large Venus Fly-Trap
module (VFT) that binds the endogenous ligand, and in most of the class C recep-
tors a smaller Cysteine Rich Domain (CRD) located between the VFT and the HD
[9]- The modular composition of these receptors together with their dimerized nat-
ure, make their functioning more complex than that of most of the other GPCRs.
We will see how these receptors function, i.e. how each module plays its own
part in producing a surprising symphony of action through allosteric interaction.
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Agonists and
competitive
antagonists
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HD-7TM Allosteric
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Fig. 4.1 Schematic representation of the main
domains of class C GPCRs. Class C GPCRs are
composed of several main structural domains,
the Venus Flytrap domain (FVT) where ago-
nists and competitive antagonists bind, the
cysteine rich domain (CRD) that interconnects

Recognition and activation
of heteratrimeric G-proteins

the VFT to the third domain, i.e. the hepta-
helical domain (HD) similar to rhodopsin-like
GPCRs, and a variable C-tail. The ligand bind-
ing site and the site of action of the allosteric
compounds are indicated in the VFTand in the
HD, respectively. G = G protein.

4.2.1
The VFT

Among the GPCRs, the class C receptors (except orphan members related to the
protein Boss [9]) have a large VFT of around 500 residues.

Very early on, the VFT was shown to contain the endogenous ligand binding site,
either by mutagenesis or by expressing the VFTalone in a soluble form able to bind
the ligands [10-14]. One of the most important findings in the field was the obser-
vation made by O’Hara in 1993 who first reported a sequence homology between
the VFTand some periplasmic bacterial proteins (PBP), suggesting that they have a
similar structure [15]. This allowed the generation of 3D models of mGlu, CaS and
GABAB receptor VFT which were validated by mutagenesis studies (e.g. [16-19]).
Thus, according to the functioning of the PBP, it was assumed that the VFT was
folded into two lobes separated by a cleft in which the ligand binds (Fig. 4.1), a
structure which resembles a fly-trapping carnivore plant. As is the case with PBPs,
it was thought that the lobes exist in two different states, open and closed, driven by
an equilibrium constant between the two forms [15]. This was confirmed by the de-
termination of the crystal structure of the VFTof mGlul [20, 21].

Indeed, the VFT of mGlul was crystallized in several open and close states [20, 21].
Without any ligand or in the presence of an antagonist, the VFT was open, but both
open and closed forms were also obtained in the presence of glutamate. This led to
the conclusion that an agonist stabilizes the closed form and an antagonist the open
form, leading to a ligand affinity that does not only depend on its binding in the cleft,
but also on the equilibrium constant controlling the open and closed states [22].

The glutamate amino-acid moiety interacts with the conserved residues serine,
Ser165, and threonine, Thr188, in mGlul, and the distal carboxylic group interacts

63



64

4 Importance of GPCR Dimerization for Function: The Case of the Class C GPCRs

with the conserved lysine, Lys409, and arginine, Arg78, in mGlul, the four of
them being located in the lobe I. However, glutamate also interacts with lobe II re-
sidues, especially the tyrosine Tyr236, aspartate, Asp318, and glutamate, Glu292,
in mGlul, which are important for stabilizing the closed state upon agonist bind-
ing. This pocket is conserved in mGlu receptors, and is similar to that of the PBPs
[9]- The residues involved in the binding of the amino acid moiety were conserved
in receptors known to bind amino acids, such as the CaS and some of the taste re-
ceptor subunits and in the fish olfactory receptor OR5.24 and its mammalian
ortholog GPRCGA, or partly conserved, as in the GABAB1 receptor [9].

4.2.2
The CRD

The CRD is a 70-residue domain, containing nine conserved cysteines, and is pre-
sent in mGlu, CaS, taste and pheromone receptors, but not in GABAB receptors.
A recent publication proposed a folding of the CRD of mGlul receptor with 4
strands and three disulfide bridges [23] but no data supporting this model have
been published as yet.

The CRD seems to be necessary for receptor activation, as the CaS receptor is
not functional after deletion of its CRD [24]. The human CaS receptor in which
the CRD is replaced by the CRD of the fish FuGu CaS receptor is functional, how-
ever. The replacement of the CRD by the CRD of mGlul receptor led to a receptor
still activated by Ca but with greatly reduced function. Moreover, a chimeric
receptor containing the VFT of CaS and the HD of mGlul needs a CRD from
either the CaS or the mGlul receptor to become functional. The CRD could be in-
volved in the transduction of the signal between the VFT and the HD. But
although the VFT and the CRD have few free cysteine residues which are not in-
volved in intradomain disulfide bonds, both domains are probably not linked by
disulfide bond [25].

It is noteworthy that several natural mutations leading to disease have been
found in the CRD of the CaS receptor [23, 26]. The mutation C582Y is thus asso-
ciated with severe neonatal primary hyperparathyroidism, and mutations G549R
and G557E in the human CaS receptor correlate with familial hypocalciuric hyper-
calcemia.

Interestingly, in the heterodimeric T1R2/T1R3 sweet taste receptor, the CRD of
T1R3 is required to recognize the specific sweet taste of the protein Brazzein,
a naturally-occurring sweet-tasting plant protein, and is also required but to a les-
ser extent to recognize the sweet taste of another plant protein, Monellin [27].
Thus, the CRD may participate in the detection of some ligands.

In any case, the precise function of this region is not yet known. Nevertheless,
as the CRD is located between the VFT and the HD, it is tempting to hypothesize
that it plays a role in the activation process [22] or that it could be involved in the
interaction with regulatory proteins or in dimerization. The discrepancy with the
GABAB receptor, which does not possess a CRD but is perfectly functional, has
yet to be elucidated.
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The HD

The first function of the HD is to couple to G proteins via the i loops and an H8
helix located just after the TM7. The H8 region in rhodopsin is an amphipatic he-
lix parallel to the plasma membrane that regulates the coupling efficiency. Indeed,
as in rhodopsin-like receptors, mutations in i2, i3 loops or H8 impaired the cou-
pling to G proteins in mGlu, Cas and GABAB receptors [28-31]. It has also been
shown that the protein coupling is regulated by phosphorylation of the loops or
the C-tail [32, 33]. Moreover, it should be noted that the i3 loop of mGlu6 can func-
tionally replace the i2 loop in rhodopsin [34], supporting the assertion that the
loops in class C receptors and rhodopsin-like receptors play the same role, i.e. to
couple with the G proteins.

To achieve G protein stimulation, the HD should be turned on, but the mechan-
ism of activation is still unknown. The activation of class A and B receptors is bet-
ter understood, but the HD of class C receptors does not share significant se-
quence homology with the HD of class A and B GPCRs. Nevertheless, several
clues suggest that they fold and function in a similar way.

First, GPCRs from the different classes couple to the same G proteins, and the
regions of the receptors dedicated to G protein coupling are the same [35].

Second, few residues are nevertheless conserved between receptors of classes A,
B and C, consistent with the hypothesis that these HDs originated from a com-
mon ancestor. The two cysteine residues in the extracellular face of TM3 and in
the e2 loop known to form a disulfide bond in class A GPCRs, are conserved in
the class C GPCRs. Moreover, the tryptophan in TM6, important for the activation
mechanism of class A receptors, is also found in most class C members. An argi-
nine residue at the intracellular face of TM3 may correspond to the arginine of
the class A DRY (aspartate-arginine—tyrosine) motif, known to be involved in acti-
vation of class A GPCRs (for review see [9]).

The third argument comes from the analysis of the hydrophobicity of TM3. Ac-
tually, TM3 in mGlu receptors is weakly hydrophobic, suggesting that as in the
rhodopsin-like receptor, TM3 may be central in the organization of the HD struc-
ture of mGlu receptors.

Fourth, it is also worth noting that 3D models of the HD of mGlu receptors,
based on the crystal structure of rhodopsin [36] correlate well with mutagenesis
studies. For example, the binding pocket of the allosteric modulators in the HD is
compatible with the position of the TMs defined by such 3D models [37-40].

As seen above, the endogenous binding site is located in the VFT. But in the
last few years, an increasing number of molecules have been described which
act directly in the HD of mGlu, CaS, sweet taste or GABAB receptors [41, 42].
Indeed, negative and positive allosteric modulators inhibit or facilitate the action
of classical agonists respectively, by direct binding to a pocket delineated by
TM3, 5, 6 and 7, that may correspond to the binding pocket of the retinal in rho-
dopsin [41]. This pocket could thus be a fossil binding pocket of the common an-
cestral HD.
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Moreover, in contrast to the glutamate ligand binding pocket that is highly
conserved in the VFT of the different mGlu receptors, the site of action in the HD
allows a greater selectivity of action. For example, MPEP and CPCCOEt or
BAY367620 specifically inhibit mGlu5 and mGlul respectively, while the competi-
tive antagonists usually inhibit both of them. The positive allosteric modulators
for mGlu, GABAB, CaS, or taste receptors, generally have little effect by them-
selves, but serve to increase the action of the agonists [41]. This property makes
them interesting therapeutic molecules, as they will probably induce fewer side-ef-
fects, such as desensitization of receptors, because they act only in the presence of
the agonist.

More surprisingly, agonists have also been described to act in the HD, especially
for the dimeric sweet taste receptor TIR2/T1R3, as some sweeteners such as cy-
clamate activate the HD of the sweet taste receptor [43]; since these agonists act
on the T1R3 subunit which is common to sweet (T1R2/T1R3) and umami (T1R1/
T1R3) receptors, cyclamate is also an allosteric regulator of umami taste. Allosteric
compounds with agonist activity have also been described to act in the HD of
GABAB receptor [44].

424
C-Tail

We consider the C-tail to start after the H8 loop described above. The C-tail is very
variable in size (between 10 to 360 residues long) due to receptor diversity and al-
ternative splicing.

In addition to the fact that the C-tail possesses phosphorylation sites serviced by
kinases which regulate the activity of the receptors, the C-tail usually contains nu-
merous identified regions (acidic, serine-rich or proline-rich regions), and many
interaction sites or motifs that allow association with regulating (calmodulin,
G protein receptor kinases (GRK), etc.), scaffolding (Homer, 14-3-3, PICKI, etc.)
or signal transduction (protein kinase C (PKC), a, B, v subunits of G proteins,
etc.) proteins (for review see [45]). These interacting proteins may control about
every step in the life of a receptor: targeting to the correct membrane compart-
ment, its activity, its association with other receptors, its desensitization and inter-
nalization, etc.

The modular structure of these receptors makes their functioning quite com-
plex. But their dynamic mechanism is even more complex, as these receptors are
dimeric functional entities.

4.3
Class C GPCRs are Constitutive Dimers

Our view of the structural complexity of class C GPCRs further increased when
Romano et al. reported that mGlu5 receptors exist as constitutive homodimers,
both in transfected cells and in native brain tissue [46]. Indeed, data indicated that
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each subunit is likely linked by a disulfide bridge at the level of the VFT. A disul-
fide covalent linkage between the subunits was later further documented for most
mGlu receptors, as well as for the CaS receptor [47-49]. The Cys involved was
identified in mGlul, mGlu5 and the CaS receptors [47-50]. It is located in a large
loop in lobe I of the VFT and corresponds to a residue conserved in all class C
GPCRs possessing a VFT (i.e. except the GABAB subunits). Although this disul-
fide bridge increases the stability of the protein and prevents any possible dissocia-
tion of the dimer, it is not required for dimer formation [49, 50]. When produced
in soluble form, and isolated from the rest of the protein, the VFTs form dimers
[12, 14, 49], and this was definitively confirmed by the crystallization of the VFT of
mGlul. Indeed, the solvated structure revealed a large hydrophobic dimer inter-
face at the level of lobe I of the VFT [20].

The importance of class C dimer formation for function was strengthened
when it was discovered that the GABAB receptor needs two different subunits,
GABAB1 and GABAB2, to form a functional receptor [51-54]. Neither subunit
induced any response when expressed alone; it emerged that each subunit plays
a specific role in the dimer. Whereas GABABI is responsible for GABA binding,
the GABAB2 subunit plays a critical role in G protein coupling [18, 30, 55-57].
The importance of heterodimer formation has now been confirmed in vivo since
both GABAB1 and GABAB2 knock-out mice share an identical phenotype, and
classical GABAB responses can no longer be detected in either case [58-61].
Moreover, a quality control system has been selected during evolution to insure
that only the heteromeric entity reaches the cell surface. Indeed, the GABAB1
subunit possesses an intracellular retention signal RSR (arginine—serine-argi-
nine) in its C-terminal tail, that is masked when this subunit is associated with
GABAB2 [62, 63].

More recently, the class C taste receptors were also shown to function as heterodi-
meric entities, the sweet and umami receptors being composed of TIR2 and T1R3,
and T1R1 and T1R3 subunits, respectively [64, 65]. Although the T1R3 subunit is
common to both receptor types, it appears that the associated subunit T1R2 and
T1R1 are both responsible for ligand-specific activity and G-protein coupling [43].

Taken together, these observations demonstrate that class C GPCRs are large
protein complexes composed of two subunits each being made up of four identi-
fied domains, the VFT, the CRD, the HD and the C-tail. These data also indicate
that the dimeric nature of these receptors is likely required for function. This
raises a number of important issues, one being how does agonist binding in the
VFT trigger receptor activation?

4.4
Agonists Activate Class C GPCRs by Stabilizing the Closed State of the VFT

As described above, and in agreement with what was reported for PBPs, the
mGlul VFT can adopt either an open conformation observed without ligand, or
with bound agonist or antagonist, or a closed conformation observed with bound
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agonist only [20, 21]. It was therefore soon assumed that agonists act by stabilizing
the closed state of the VFT, whereas antagonists would prevent closure. However,
these specific conformations of the VFT were only observed with the soluble form
and therefore in the absence of the rest of the receptor.

To examine whether VFT closure was required for receptor activation in wild-type
receptors, Bessis et al. examined the mechanism of action of two mGlu receptor an-
tagonists that differ only slightly from agonists. The two antagonists were alpha-
methyl-aminophosphonobutyrate (MAP4), the alpha-methyl derivative of the po-
tent group I1I mGlu agonist L-aminophosphonobutyrate (L-AP4), and (1R,3S,4R)1-
aminocyclopentane-1,3,4-tricarboxylate (ACPT-II), a stereoisomer of the potent
agonists ACPT-I and (+)-ACPT-III [16]. When docked into a closed form model of
the mGlu8 VFT, steric and ionic hindrance due to aspartate D309 and tyrosine
Y227 were observed, respectively, consistent with the idea that these two antago-
nists cannot fit into the closed form pocket, and therefore do not allow VFT closure
[16]. After mutation of D309 or Y227 to alanine residues to remove the hindrance,
both antagonists were converted into full agonists, demonstrating that the ability of
aligand to bind in the closed form of the VFTis required for agonist activity.

The data reported by Bessis et al. demonstrated that stabilization of the closed
VFT is required for mGlu receptor activation. However, this poses the question of
whether this is the only effect of agonists. In other words, is the closure by itself
sufficient to activate such multidomain and dimeric receptors? To answer this
question, Kniazeff et al. inserted two cysteines on each side of the cleft of the GA-
BAB1 VFT such that a disulfide bridge is expected to lock this domain in a closed
state [66]. The mutated receptor displayed high constitutive activity that was sup-
pressed after treatment with reducing agents such as DTT. Moreover, the activity
of the disulfide bridged receptors could not be inhibited by the antagonist
CGP64213, and indeed these antagonists did not bind to the cross-linked binding
domain, consistent with the VFT being in a closed form [66].

Taken together, these data neatly demonstrate that the agonists act by stabilizing
the closed form of the VFT binding domain, whereas competitive antagonists pre-
vent such closure.

4.5
Dimeric Functioning of the Dimer of VFTs

Although VFT closure is associated with a major change in conformation of the
VFT dimer, the question of how the closure of the VFT led to the activation of the
HD still remained. Again, a major finding that helped answer this important
question came from the resolution of the crystal structure of the mGlul VFT. As
already mentioned, these studies confirmed that the VFTs assemble into dimers
but, most importantly, also revealed a major change in the general conformation
of the dimer in the presence of a bound agonist [20, 21].

In the absence of agonist, both VFTs are in the open state and interact at the
level of a hydrophobic surface of their lobe I (Fig. 4.2a) [20]. The relative orienta-
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tion of the VFTs is such that there is no contact between their respective lobes II,
and their C-termini are far apart (88 A). Because the same structure has been
obtained with a bound antagonist [21] (Fig. 4.2a), it likely corresponds to the
resting state of the receptor. Accordingly, this conformation of the VFT dimers
of has been named Roo, for resting orientation with both VFTs in the open
state.

In contrast, in the presence of glutamate, a new relative orientation known as
active, is observed, in which the lobe IIs contact each other such that their C-ter-
mini are closer (63 A) (Fig. 4.2a). In the first published structure of the dimer of
mGlul VFTs with bound glutamate, only one VFT is in the closed state, whereas
the other is still in the open state [20]. This conformation of the VFT dimers has
been named Aco. A second conformation has then been reported and called Acc,
in which both VFTs are still in the active orientation, but both are in the closed
state (Fig. 4.2a) [21].

A detailed analysis of the lobe II interface provides a rationale for the agonist-in-
duced change in the relative orientation of the VFTs in the dimer, from the R to
the A orientation. Indeed, if none of the VFTs are closed, an ionic repulsion occurs
at the level of the interface between the two lobe IIs, a basic residue from one VFT
facing the same basic residue from the other, and a series of acidic residues also
facing each other, making this A orientation of the VFT dimers highly unstable
(see the hypothetical Aoo interface in Fig. 4.2D). In contrast, if one VFT is in the
closed state and the other still open (Aco), the lobe II interface is such that the ba-
sic residue now faces acidic residues, making this orientation stable (Fig. 4.2b). In
the symmetric Acc conformation, a new lobe II interface is observed, in which the
acidic residues face each other, but can be stabilized by a gadolinium cation Gd**
(Fig. 4.2b). Accordingly, it was proposed that this Acc conformation can only be
obtained in vivo if a cation such as Ca** or Mg®* can bind to the receptor at the le-
vel of the lobe II interface. In agreement with this possibility, Ca®* ions have been
reported to enhance mGlu receptor function [67].

Taken together these structural observations provide a neat hypothesis for the
dimeric functioning of class C GPCRs. But are these observations made with the
soluble form of the VFTs valid for the full-length receptor? Several sets of data ob-
tained from both the mGlu and GABAB receptors confirm that the activity of the-
ses receptors is dependent upon the dimeric nature of the VFT. In the case of
mGlu receptors, the mutation of residues at the lobe I interface suppresses ago-
nist activation of the receptor [68]. In the case of the heterodimeric GABAB recep-
tor, direct interaction between the VFTs of GABAB1 and GABAB?2 has been re-
ported [69], and the correct association of these two VFTs is required for GABA ac-
tivation of the receptor. Indeed, a GABAB receptor combination in which both
VFTs are of the GABABI type is not functional despite agonist binding to the re-
ceptor [70, 71].
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Fig. 4.2 General mechanism of activation of
dimeric class C GPCRs. (a) Ribbon view of the
crystal structure of the resting Roo (left, pdb
accession number TEWT) and fully active Acc
(right, pdb accession number 1ISR) state of
the mGlul VFT dimer, and apposition of two
rhodopsin structures. The yellow subunit is in
the front, while the blue subunit is in the back.
Note the difference in the relative orientation
of the two VFTs probably leading to a different
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RESTING orientation
o R rl \

mode of association between the two HDs
within the dimer. (b) Ribbon view showing the
interaction face between both lobe Ils of the
VFT dimer in the different conformations. In
an Aoo conformation, the interaction is not
possible because of the repulsive action of the
charged residues. Only the Aco and Acc con-
formations are accepted; the latter being stabi-
lized in the presence of a positive ion neutra-
lizing negative residues.

Agonist Stoichiometry: Symmetry or Asymmetry?

The essential nature of the dimeric form to the functioning of class C GPCRs
raises the question of whether a single agonist per dimer is sufficient to activate
the receptor or whether two agonists per dimer are required. The case of the
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GABAB receptor offered a unique opportunity to clarify this issue since this recep-
tor is an obligatory heterodimer. As described above, GABA has been shown to
bind to the GABAB1 VFT [18, 55, 72], and the closure of this domain is sufficient
to fully activate the receptor [66]. Moreover, a detailed analysis of the GABAB2
VFT revealed that this domain is unlikely to bind any natural ligand [66], further
demonstrating that a single agonist is sufficient to activate the heterodimeric
GABAB receptor. This conclusion is also consistent with the action of sweet com-
pounds and glutamate (umami) on the taste heterodimeric receptors TIR2/T1R3
and T1R1/T1R3, respectively [64, 65, 73]. The functional analysis of mutant and
chimeric T1R subunits indicates that glutamate binds to the T1IR1 VFT while
many sweet compounds interact with the VFT of T1R2 [43].

In the case of the homodimeric mGlu receptors, a single agonist is also suffi-
cient to activate the receptor [74]. This was demonstrated by using the quality con-
trol system of the GABAB receptor, which allowed the dimeric mGlu receptors
composed of a wild-type subunit and a mutant subunit which was unresponsive
to glutamate, to target the cell surface. This is consistent with the structural data
showing that a single closed VFT is sufficient to achieve the active orientation of
the VFT dimers (the Aco conformation described above). However, the receptor
was only partially active in the presence of a single agonist, and full activity was
only achieved after the binding of a second agonist [74]. Further functional ana-
lyses of dimeric receptors composed of two defined subunits indicated that the re-
ceptor is only partially active when a single VFT is closed (Aco), and that full activ-
ity is only attained when both VFTs are in the closed state (Acc). This highlights
the symmetric nature of the functioning of mGlu VFT dimers.

Taken together, these data indicate that a change in the relative orientation of
the VFTs resulting from the closure of at least one of both domains is associated
with receptor activation.

4.6
The Heptahelical Domain, the Target of Positive and Negative Allosteric Modulators,
Behaves in a Manner Similar to Rhodopsin-like Class A GPCRs

The specific structural arrangement of the class C GPCRs questions whether or
not the heptahelical domain of these receptors behaves like the other GPCRs,
such as rhodopsin. As mentioned in Chapter 1, the HD of class C GPCRs shares
a very low sequence similarity with the other receptors. However, a number of ar-
guments suggest that both domains share a similar structure. The characteriza-
tion of the mechanism of action of class C allosteric modulators helped to demon-
strate that in accordance with the other rhodopsin-like GPCRs, the class C HD
can exist in various conformational states from completely inactive to fully active.
As mentioned earlier, two types of allosteric modulators have been identified.
The first were the non-competitive antagonists that were soon shown to act as in-
verse agonists [40, 75]. The second type corresponds to the positive allosteric mod-
ulators. Such compounds, first discovered for the CaS receptor, are either devoid
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of agonist activity [40, 41, 76-83] or display a low partial agonist activity [44, 84].
However, they augment the potency and, in most cases, also the efficacy of ago-
nists. So far, all these compounds had been shown to bind directly to the HD, in a
cavity corresponding to the retinal binding pocket of opsins [38-40, 82, 85, 86].
Therefore such compounds are potential tools which may further our understand-
ing of the activation mechanisms of the HD of class C GPCRs.

When they were discovered, it was assumed that negative allosteric modulators
acted to stabilize the HD of the receptor in a resting conformation [38-40, 75],
and that positive modulators would stabilize the active conformation [82]. This
has been confirmed by recent studies showing that the HD alone of class C
GPCRs expressed functions similar to the rhodopsin-like GPCRs [44, 83, 87]. In
fact, the HD of mGlu5 when separated from its ECD is functional and displays
the same constitutive activity as the wild-type receptor. This constitutive activity
can be inhibited by inverse agonist/negative allosteric modulators. Moreover, the
HD of mGlu5 or GABAB2 can be activated by positive allosteric modulators acting
as full agonists [44, 83], as does the combination of the CaS positive modulator
NPS568 and Ca®* [87]. Thus, the HD is able function by itself, but its activation is
controlled by the dimer of VFTs.

What is the explanation for the fact that positive allosteric modulators which di-
rectly activate the isolated HD are generally devoid of intrinsic agonist activity in
the full length receptor? Recent studies suggest that GPCRs can oscillate between
three main conformations: a resting “ground” state Rg which corresponds to a
fully inactive state stabilized by an inverse agonist, a resting state R in which the
receptor is able to weakly activate G-proteins, and an active state R* stabilized by
agonist binding [88, 89]. By analogy, we proposed that the HD of class C receptors
can also oscillate between three similar states, the totally inactive HDg, the par-
tially inactive HD and the fully active HD* (Fig. 4.3). In the absence of agonist,
the dimer of ECD is in its open resting state Roo and prevents the transition be-
tween HD and HD*. Depending on the receptor and its equilibrium constant, the

Resting Resting Active Active

Agonist

O
—
HD

4_'
Positive
Modulator

<.A
—>
Negative
Modulator

=

HD* HD*

HDg

Fig. 4.3 Schematic representation of the puta-
tive mechanisms of action of negative and
positive allosteric modulators. In the absence
of an agonist, the receptor is in a resting state
(Roo-HD), and switches to a partially active
state upon binding of a first agonist (Aco-HD*),
and to a fully active state upon binding of

a second agonist (Acc-HD*). Binding of an
inverse agonist in the HD stabilizes the fully
inactive ground state of the receptor, whereas
binding of a positive allosteric modulator
further stabilizes the fully active state of the
agonist bound dimer.
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HD can oscillate between HDg and HD and a constitutive activity can be ob-
served. Negative allosteric modulators stabilizing the HDg state act as inverse ago-
nists. The transition between HD and HD* is not possible when the VFTs are in
their resting conformation thus preventing the positive allosteric modulators to
act as agonists. However, upon agonist binding, the dimer of VFTs reaches its ac-
tive state Acc and triggers the transition from HD to HD¥, the latter being further
stabilized by positive allosteric modulators. The dimer of HD is dependent on the
state of the dimer of VFTs and on the constant that rules their coupling. Moreover,
the fact that the HD behaves in a different manner to the wild-type receptor when
expressed alone, suggests that the dimer of VFTs has a constitutive inhibitory
action on the dimer of HDs. The precise mechanism has yet to be elucidated.

4.7
Allosteric Coupling Between the Extracellular and Heptahelical Domains
within the Dimer

4.7.1
Molecular Determinants of the Coupling Between the VFT and the HD

The VFT and the HD are connected through a CRD within most class C GPCRs,
with the exception of GABAB. Although the specific role of the CRD in the activa-
tion process is not known, it seems to be a necessary requirement for the allos-
teric coupling between the VFT and the HD of either mGlu or CaS$ receptors to
take place [24] as discussed above. Although a tridimensional model of the CRD
was recently proposed [23], the exact positioning of this domain relative to the
VFT and the HD is unknown. It could be physically located either between the
VFT and the HD, or alternatively, on the side of the VFT and HD domains. Even-
tually, it was shown that the CRD is not linked to the VFT domain by a disulfide
bridge [25].

In the GABAB receptor subunits, an ~ 40-amino acid long peptide linker con-
nects the VFT with the HD. This peptide linker can be altered, and even be made
longer without affecting receptor function [56, 71], suggesting that it is not crucial
to the allosteric coupling between the VFT and the HD in these GABAB receptor
subunits. Also, it indicates that direct contact between the VFTand the HD under-
lies ligand-induced signal transduction within this receptor.

Evidence for a direct contact between the VFT and the HD has been obtained by
measuring agonist binding affinity. Negative allostery within GABAB1 expressed
alone is due to a direct interaction between the HD and the VFT of this subunit
[69]. Indeed, the HD constrains the VFT in a low agonist affinity state, as demon-
strated by the increased agonist affinity when the HD is deleted [13, 69]. This ne-
gative allostery is controlled by the GABAB2 VFT. Such a negative effect of the
HD on agonist affinity has also been reported for other class C GPCRs, such as
the mGlu4 and mGlu8 receptors [11, 14].
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4.7.2
Cis- and Trans-activation Can Exist within Class C GPCRs

Since as described above a single agonist can activate class C GPCRs, is the bound
VFT able to activate the HD of the same subunit (cis-activation), or that of the
other subunit (trans-activation), or both? In the wild-type heterodimeric GABAB
receptor, it seems that only trans-activation occurs since GABA binding in the GA-
BAB1 VFT leads to the activation of the GABAB2 HD. However, normal function-
ing of the GABAB receptor was observed when the VFTs were swapped between
the two subunits [70, 71]. In that case, the agonist binding domain (the GABAB1
VFT) and the G-protein activating domain (the GABAB2 HD) are fused in the
same subunit, indicating that cis-activation can also occur in class C GPCRs.

In agreement with the above conclusion, both cis- and trans-activation occur in
homodimeric mGlu receptors. As described above, by manipulating each subunit
in a receptor dimer, it was shown that the monoliganded dimer of VFTs in the
Aco conformation lead to partial activity, whereas the Acc conformation with two
bound agonists lead to full activity of the receptor [74]. By examining the effect of
a point mutation known to prevent G-protein activation in the i3 loop of either
HD, it was shown that both the Aco and Acc conformations of the VFT dimer acti-
vate either one or the other HD in the receptor dimer [74].

This observation neatly demonstrates that the closed state of one VFT can acti-
vate either the HD of this subunit or that of the associated subunit. This is consis-
tent with the change in the relative orientation of the VFTs being the “trigger” for
HD activation, rather than the VFT closure per se.

The mechanism of activation of the dimer of HD is not yet known. A first study
recently elucidated some interesting information. Tateyama et al. recently reported
data consistent with a change in the relative position of the HDs in a mGlul
dimer [90]. Indeed, by inserting fluorescent probes (CFP and YFP) which allow
the transfer of fluorescence energy (FRET), into the i loops of mGlul, they
showed that agonists modified the FRET between the two protomers, as the FRET
between the two i2 loops increased and that between the two i1 loops decreased.
In contrast, the FRET between two probes inserted into two loops of the same pro-
tomer to monitor the internal conformational changes, was not changed. This
does not rule out internal HD modification of conformation, as these changes
may not be monitored by the technical strategy used.

These data suggest that two events occur at the level of the HD dimer during
the activation process: (1) a change in the relative position of the HDs within the
dimer, and (2) as observed in the other GPCRs, a change in the conformation of
the HDs. But does this change in conformation occur in one or both HDs?
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4.8
Asymmetric Functioning of the HD Dimer

In the light of recent data on GPCR oligomerization, the classical model of G-pro-
tein activation which was based on the idea that a monomeric receptor is activated
by one ligand and activates a single heterotrimeric G-protein, has been re-exam-
ined.

First, based on structural and crystallographic studies, two receptor molecules
seem to be required to offer the presumed interface of contact with a single G-pro-
tein [36, 91, 92]. While several authors propose that a dimer of GPCR is necessary
to activate one G-protein [93-95], it is puzzling to note that transducin can be acti-
vated by either dimeric or monomeric rhodopsin [3, 96] and that in heterodimeric
GABAB and taste receptors only one subunit appears to be critical for G protein
activation [30, 43, 64, 70]. This implies that each HD in a dimer does not play the
same role, introducing asymmetry within the dimer. Moreover, although the sym-
metrical binding of two agonists per mGlu dimer is required for full activation,
the binding of a single agonist is sufficient to obtain measurable activity [74]. This
raises the question of the symmetric functioning of both subunits in the homodi-
meric receptor activation process from ligand binding to G protein activation.

In two series of experiments, we examined whether one or both HDs able to ac-
tivate G-proteins were necessary for full receptor activity. In the first series, we ex-
amined the coupling efficacy of a GABAB receptor containing two GABAB2 HDs.
In such a receptor containing an HD homodimer, the mutation of either one in
the i2 or i3 loop (mutations known to prevent G-protein activation), decreased the
G-protein coupling efficacy of the dimer by a factor of 2. Only when both subunits
were mutated was the G-protein activation suppressed. Similar data were obtained
with both mGlu5 [74] and mGlul [97] receptors. In that case, the quality control
system of the GABAB receptor was used to largely increase the proportion of re-
ceptor dimers composed of two defined subunits at the cell surface, one with the
wild-type HD and the other with a mutation in its i3 loop.

Two hypotheses could explain the fact that a receptor dimer bearing a mutation
in a single subunit is less efficient at activating G-proteins than the wild-type
homodimer. The first is that each HD is able to bind and activate G-proteins inde-
pendently of the other. However, based on crystallographic and structural studies,
the binding of two heterotrimeric G-proteins under a dimer of GPCRs seems diffi-
cult to achieve [91, 92]. The second hypothesis is that only one HD is turned on at
a time.

Studying the stoichiometry of negative allosteric modulators in an mGlul re-
ceptor dimer provided results supporting this second hypothesis [98]. Indeed, in a
receptor dimer possessing a single subunit sensitive to the negative modulator, no
effect of such compound was observed. This observation indicates that in contrast
to the mutation of the i2 or i3 loop, stabilizing one HD within the dimer in its in-
active conformation does not affect G-protein coupling efficacy of the dimer. How-
ever, a total loss of coupling is observed if one HD is impaired in its ability to acti-
vate G-proteins while the other HD is stabilized in its inactive state by a negative
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allosteric modulator. In contrast, if the negative allosteric modulator binds to the
HD which is unable to activate the G-protein then it acts as an enhancer, poten-
tiating the effect of agonists by driving the G-protein activation toward the other
HD. All these results are in agreement with a model in which at any one time
only a single HD is turned on per dimer [98].

The asymmetric activation process of the HD dimer is quite surprising since
the activation of the dimer of VFTs is apparently symmetric. Indeed, the fully ac-
tive state of the dimer is only reached when both VFTs have bound glutamate and
are in their closed conformation [74]. If one considers that a dimer of GPCRs in-
teracts with a single heterotrimeric G-protein then it could be hypothesized that
the interaction with the G-protein brings about an external constraint that pre-
vents both HDs from behaving in a similar manner.

49
Conclusion

Although being among the last GPCRs to be discovered, and despite their com-
plex structural arrangement, much information has been obtained within the last
10 years concerning the activation process of class C GPCRs. This information is
consistent with the following model of class C GPCR activation (Fig. 4.3). Binding
of an agonist in the VFT of one subunit within the dimer allows the closure of this
domain, and, as a consequence leads to the stabilization of a new relative orienta-
tion of the two VFTs in the dimer, and the stabilization of the second VFT in a
closed form. This large change in the relative orientation of the VFT dimer prob-
ably has two main consequences for the HD dimer: (1) a change in their relative
position; and (2) a change in conformation in only one protomer.

Still, a number of important issues remain to be solved: how does the active or-
ientation of the VFTs lead to a change in the conformation of one HD? Is it the
consequence of the direct interaction between the ECD (either the VFT or the
CRD) and the HD, or is it the consequence of the change in the relative position
of the HDs in the dimer? Why is only one HD activated, is it really due to the in-
teraction of the receptor with the asymmetric heterotrimeric G-protein? What is
the interface of the two subunits at the level of the HD» What is the specific role
of the CRD?

Whatever the answers to these questions, this complex activation process of
class C GPCRs offers a number of interesting possibilities for the control of their
activity with synthetic compounds, including those acting at the already identified
sites in the VFT and the HD, but also likely at any possible site at the interface be-
tween the subunits.

These observations also provide important new information that may be useful
for the understanding of the activation process of other GPCRs. One piece of in-
formation that is of major importance is that although class C GPCRs are dimers,
at any one time only a single HD is converted into the active state. This is consis-
tent with data indicating that a monomeric rhodopsin can activate transducin [3],
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but raised the question of the significance of GPCR dimerization in G-protein ac-
tivation. This is puzzling when considering the recent observation that a single
heterotrimeric G-protein may interact with a GPCR dimer, the ras-like domain of
the a-subunit interacting with one protomer, while By and the N-terminal o helix
of the a-subunit contact the other protomer [36, 94, 95]. This is also puzzling
when considering the large number of GPCRs which have been described as di-
mers both in recombinant systems and native tissue, as revealed for example for
rhodopsin in native disk membranes using atomic force microscopy [93]. In any
case our observation does not contradict the involvement of GPCR dimers in G-
protein activation, or indeed, that a single HD per dimer reaches the active state at
any one time is consistent with a number of data obtained with many other
GPCRs. One such example is the detection by the retina of a number of photons.
Accordingly, in a rhodopsin dimer, a single retinal will be excited and converted
into the activating trans-retinal, while that of the associated subunit in the dimer
will likely remain in the cis-configuration corresponding to an inverse agonist.
A second example is the case of the CCR2 : CCRS heterodimer [99], in which ago-
nist binding in one subunit inhibits agonist binding in the associated subunit,
consistent with a single HD in a dimer being able to reach the active conforma-
tion. If this is proven to be the case for most GPCR dimers, and especially hetero-
dimers, this will need to be taken into consideration for the process of drug devel-

opment.
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5
Molecular Mechanisms of GPCR Activation

Robert P. Bywater and Paul Denny-Gouldson

5.1
Structure of G Protein-coupled Receptors

G protein-coupled receptors (GPCRs) are the major signal transduction proteins
in higher eukaryotes. Like any other signaling system, GPCRs are expected to
have the facility to switch between two (or more) states in order to transmit the
signal. This “two-state” mechanism is not unique to GPCRs since many proteins
switch between active and inactive states. The switch is often through rigid body
movements of one part of the structure relative to another about a molecular
hinge [1]. This has been shown to be true in the case of enzymes, and a two-state
enzyme will be considered in this chapter, the G protein, whose switching is con-
certed by the corresponding switch in the GPCR itself. So, for both GPCRs and
for G proteins, two conformational states need to be considered.

Before proceeding to a discussion of the mechanisms of receptor action, a few
brief words about structure are in order (for a more detailed discussion the reader
is referred to earlier chapters in this book). The heptahelical topology of GPCRs is
now well established and has been experimentally confirmed by the crystal struc-
ture determination of bovine rhodopsin independently by two groups [2-6]. While
most of the work reviewed here has used the 1f88 structure [4] as the template for
modeling and design work, we consider the 1gzm structure [5] to be a better
choice, on account of the more detailed structure of the loop regions and the
higher resolution throughout.

This chapter focuses on aspects of GPCR structure important for ligand bind-
ing, activation and G-protein binding. An important point to be made at the outset
is that the crystal structures obtained so far [2—4] correspond to the dark (inactive)
state of rhodopsin. The assumption that will be made here is that there are two
main conformational states accessible to GPCRs [7], the active and the inactive
states, often referred to as the R* and R states, respectively [8]. As a useful step to-
wards the determination of the structure of the active state of a GPCR, the struc-
ture of metarhodopsin I has been determined [6]. This structure is distinct from
the ground state, although similar to it. It is however not exactly the state that
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would correspond to R*, a closer analog would be the metarhodopsin II state.
This has so far eluded crystallization. A further point to remember is that, while
the crystal structure of rhodopsin has immeasurably improved our understanding
of GPCR structure in general, there are reasons for exercising caution in using
the coordinates of rhodopsin as a template completely uncritically [9].

This chapter will be confined to a consideration of the Class A receptors, those
related by sequence to bovine rhodopsin. While it is commonly assumed that
Class B and C GPCRs possess a transmembrane fold essentially the same as the
Class A receptors, to the extent that ligands can bind in the same way to different
GPCR classes [10], the Class B and C receptors deserve to be dealt with in separate
reviews.

5.2
Activation of GPCRs by Endogenous Ligands: The Concept of Receptor Agonism

The identity of the residues important for recognition of the endogenous ligands
for GPCRs were elucidated by many workers during the early 1990s and has been
the subject of many reviews [11] as well as other chapters in this book. This ligand
binding region encompasses inward-facing residues on TMs 3, 5, 6 and 7.

Further, the classical site has been extended to include TM4, now shown to be
important for ligand binding in some receptor subtypes such as cannabinoid [12]
and histamine [13], and to be accessible to water-soluble probes [14].

A second binding pocket, formed by TMs 1, 2, 3 and 7 was considered to be the
binding site for antagonists [15], but here again, the picture is very complicated.
Both peptides and other large ligands have been shown to utilize this secondary
site, and external loop structures, as well as the classical site. Furthermore, these
large peptide ligands are agonists, so the concept that small ligands are agonists
and larger ones are antagonists does not hold for all GPCRs. And, yet further, the
very concept of “antagonist” needs to be defined more clearly (cf. further discus-
sion below).

5.3
Distinction Between Orthosteric and Allosteric Ligands

There has been much discussion in the pharmacology literature [16-20] concern-
ing allosteric, as opposed to orthosteric ligands. It would be convenient to be able
to define a common orthosteric site, but this seems difficult in the light of the
complex manner in which different ligand classes bind. Probably, the best defini-
tion is the pharmacological one — an allosteric ligand does not compete with the
endogenous agonist, while an orthosteric ligand does.

This distinction raises one critical issue concerning the use of purely ligand-
based approaches in the design of new ligands. Frequently, the set of ligands used
to design the pharmacophore bind in different sites although all show the same
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pharmacological effect, say antagonism. But because there is no information
about the target built into these models, serious errors can be introduced. It is
therefore essential that modelers involved in drug design be very critical and de-
tailed in their analysis of the biological data used.

5.4
Only a Few Receptor Types are Known to Possess an Endogenous Antagonist

The members of the melanocortin receptor family are distributed both peripher-
ally e.g. MC1R in skin, with an important role in skin pigmentation, and, in the
case of MC4R, in the CNS, where it has a pivotal role in control of feeding beha-
vior and energy balance [21]. The endogenous agonist is a-melanocyte-stimulating
hormone [22], but the melanocortin receptors also possess an endogenous compe-
titive antagonist, the Agouti-related peptide [23, 24].

To date, only one other family of GPCRs has been shown to be subject to an an-
tagonist effect by a natural ligand. These are the “pH sensitive” GPCRs which are
pH sensitive in a functionally very important way, not simply by reacting to a pH
change. For example, the main function of TDAGS is not just responding to pro-
inflammatory lipids, but, rather, regulating cellular responses in acidic microen-
vironments [25]. TDAG8 may play a biological role in immune response and cellu-
lar transformation under conditions accompanying tissue acidosis. These proton-
sensing G protein-coupled receptors include TDAG8, GPR4, OGR1, and GPR4
[26, 27], and many of them are oncogenic and overexpressed in human cancers
[28]. These regulatory responses are clearly very important. The (lyso)phospholi-
pid mediators sphingosine-1-phosphate, lysophosphatidic acid, sphingosylpho-
sphorylcholine, and phosphatidic acid have been reported [29] to regulate inter
alia diverse cellular responses such as proliferation, survival and death, cytoskele-
tal rearrangements, cell motility, and differentiation. Other studies [30] show that
sphingosine-1-phosphate and lysophosphatidic acid are not the ligands for GPR4.
Some of the endogenous ligands for this receptor behave antagonistically, as
exemplified by the observation [31] that psychosine and related lysosphingolipids
behave as if they were antagonists against proton-sensing receptors, including
TDAGS and the related receptor types GPR4, and OGR1. Similarly, it was shown
[32] that G2A is a proton-sensing G protein-coupled receptor antagonized by lyso-
phosphatidylcholine.

The concept of receptor antagonism is not new, but these cases illustrate that
antagonists can be truly competitive for endogenous agonist. Such antagonists are
better referred to as inverse agonists [33-38].

Other classes of antagonist can act by binding at other sites, for which a better
term would be allosteric inhibitor (or attenuator).
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5.5
Constitutively Active GPCRs

Most GPCRs exhibit some activity in the absence of ligand i.e. at zero drug con-
centration a residual receptor activity is observed. The receptor is said to be consti-
tutively active. The level of this basal activity varies from receptor type to receptor
type. This is a naturally-occurring event that confers advantages to the organism.
But it may in the cases of certain mutations be an undesirable event leading to a
disease state [39, 40].

Many mechanisms have been suggested for constitutive activity caused by mu-
tations (CAM) but the general consensus is that the mutation(s) in a CAM destabi-
lize(s) the inactive state of the receptor and/or stabilize(s) the active state of the re-
ceptor. This has the effect of increasing the number of receptor molecules capable
of attaining the active conformation, giving rise to the basal level in activity assays
as described above. A number of studies have shown that these mutations are not
restricted to one region of the receptor but can occur throughout the structure.

The location of the mutated residues provides valuable information that aids in
the understanding of the mechanism of activation of GPCRs. There is strong evi-
dence that TM3 and TM6 move apart on activation [41-49], and it comes as no sur-
prise that many cases of constitutive activity arise as a result of mutations in the
lower regions of these TMs, e.g. residues 339 [41], 610 [50], 620 and 625 [51], in
the DRY motif [44], in TM6 [52] and in TMS 3 and 7 [53].

Other factors that can affect basal activity include levels of steroids, sugars, and
lipid composition [54, 55], and overexpression can have this effect also. This is of-
ten overlooked when comparing activity results for a receptor expressed in differ-
ent cell types. It should also be noted that the effect of these environmental vari-
ables is not the same for all GPCRs; some are “deactivated” where others are “acti-
vated”.

5.6
Mechanism of GPCR Activation: The Active/Inactive "Switch"

Until recently it was only one state of the receptor which was considered when
modeling GPCRs [7]. All models produced were used in docking experiments
where often both agonists and antagonists were docked into one structure. An
illuminating example of this is the study [56] which concluded that the rhodopsin
structure is suitable as a template for designing antagonists, but of only limited
value for designing agonists. It should be recalled in this context that the rhodop-
sin crystal structure is the inactive form of that receptor.

Modeling two states of the receptor allows hypotheses to be generated and
tested as to the structural changes that occur upon activation. There is an abun-
dance of published biochemical data available on active receptor conformations
and using this has enabled the changes that occur to be modeled [7]. The bio-
chemical data from spin-labeling studies [45, 46, 49] suggests that there is move-
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ment of TM6 away from TM3 at the intracellular side of the receptor, with some
changes also in the tilt of TM3. Substituted cysteine accessibility data [57] suggest
that TM6 either rotates, or there is a rearrangement within the TM bundle, to ex-
pose Cys(619) to the aqueous environment upon activation. Disulfide cross-link-
ing data [58, 59] suggest that the intracellular end of TM7 and TM3 undergo rear-
rangement, along with TM5 and TM3. Further evidence that TM3 and TM6 move
apart on activation [41-44, 47, 48] has been alluded to previously.

It is also possible to derive restraints from ligands, and this has been done for
the agonist epinephrine in the beta-2-adrenergic receptor [7]. This ligand-based re-
straint information suggests that the distance between TM3 and TMS5 at the extra-
cellular side of the receptor decreases during activation relative to that seen in
1gzm-based inactive models.

Some groups have suggested that the activation process involves changes of
conformation around prolines and conserved sequence motifs [60, 61]. Another
mechanism suggested for activation is side-chain rotamer shifts. A good example
is that of the R of DRY, which in 1gzm is in a sparsely populated rotamer. There is
further experimental evidence that supports the rotamer theory, however they are
by no means the sole method of activation, as large structural changes affecting
the backbone geometry also occur [62].

It is interesting to consider which residue positions are responsible for these
changes in backbone structure. It is expected that the “switch” residues will be
very highly conserved, while the ligand-specific residues will be only class-con-
served. Other residue positions, responsible for other functional duties such as in-

gprd01.pdbiA) gprd0A.pdb(A)

Fig. 5.1 Cartoons showing inactive (left) and active (right) structures of
GPR40 built on the templates described in [7]. Note that the two structures
are related by a rigid-body movement about a hinge region, the two axes of
the rigid bodies are marked with a solid black line. Figures were obtained by
using the program DynDom [1].
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tegration into the membrane are probably less conserved [63, 64]. One way to map
the level of conservation is to consider the entropy of residue-type appearance at a
given locus [63, 64]. Using these methods, it is easy to demonstrate that conserva-
tion is distributed in such a way as to preserve function: general function for the
“switch” mechanism, more specific (class-conserved) for ligands, and so on.

To summarize, changes are expected to be seen in all the TM domains, which
may consist of side-chain rotamer changes, helix tilt, rotation and translation
movements. Fig. 5.1 shows a comparison of an active and inactive model for a ty-
pical Class A GPCR to highlight the predicted hinge position, the axes of the rigid
body elements that move in relation to the hinges and changes in relative helix po-
sitions.

The next step for GPCR scientists is to endeavor to understand how an agonist
stabilizes the active conformation and conversely, what do antagonists and, impor-
tantly, inverse agonists do. Currently the GPCR modeling community is only just
beginning to investigate this through the use of active and inactive models, and it
appears that the system is very complicated.

One example of a complicating factor is partial agonism. It is not yet under-
stood whether this is due to low receptor occupancy or inability of the ligand to
stabilize the conformation associated with the full agonist. Other conformations,
in addition to the R and R* states cannot be ruled out either. Several intermediate
states are known to exist in rhodopsin [65, 66] and an intermediate (R') state can
be observed in a mutant beta-2-adrenergic receptor [67], and there is no a priori
reason why the same should not apply to other GPCRs that are related in se-
quence and structure to rhodopsin.

An additional factor to be taken into consideration is that the changes associated
with activation as part of the phosphorylation/downregulation pathway have not
yet been elucidated. Some ligands are able to activate receptors without causing
internalization and vice versa, so more work is required to delineate the different
conformational signals.

5.7
GPCR Dimerization

The fact that GPCRs form dimers or higher oligomers is well established experi-
mentally using biochemical/molecular pharmacology approaches [68-72] and
structure-based methods [68, 73-75]. Indeed, electron microscope data showing
the presence of dimers was published even earlier [76-78], even though the pre-
sence of dimers was mentioned explicitly in only one of these papers [78].

Many of these observations have been rationalized and the ideas further devel-
oped using bioinformatics and computer modeling [79-82].

It is not clear from any of the foregoing experiments or calculations, which
site(s) on the surface of the GPCRs form the dimer interface. The 5:6 dimer inter-
face has figured prominently in earlier work [70, 80-82]. Other interfaces have
been proposed [80] and observed e.g. the interfaces between TMs 4 and 5, the
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third intracellular loop and TMs 1 and 2, and the interface between TM1 and its
counterpart on a neighboring molecule, detected by atomic force microscopy [74].
Multiple sites of interaction have been invoked elsewhere [83]. What is striking
about many of the interactions observed by structural methods (crystallography,
atomic force microscopy) is that there does not seem to be a large interface be-
tween the participating molecules typical of functional dimers. This suggests that
they may not be functional interfaces but crystal packing interactions, not impor-
tant for function.

From the point of view of function, it is important to know whether the di-
meric species is a necessary agent on the signal transduction pathway. Mathema-
tical models of GPCR kinetics [84] strongly support this notion. Experimental
confirmation has been provided by ligand-binding studies under conditions of
varying receptor concentration [68] and by isothermal titration calorimetry and
sedimentation equilibrium techniques [85]. It has been shown by both chromato-
graphic and ultracentrifugation methods that both the inactive (dark) and active
(light) forms of bovine rhodopsin are dimeric [73]. The dimer concept thus
seems well established and this means that there will be profound effects on the
pharmacology of GPCR action [86]. Apart from anything else, an agonist at suffi-
ciently high concentration will, according to the dimer model, behave as an an-
tagonist [84].

In addition to homodimers, heterodimers have been observed [87, 88]. The oc-
currence of heterodimers will of course vastly increase the functional repertoire of
the GPCRs [89, 90]. Domain-swapped dimer models [82, 91] have been proposed
to explain the observations of cross-talk and functional rescue in twinned GPCR
chimeras [72]. It is hard to think of any other convincing explanation for these
phenomena, and domain swapping has the advantage that well-packed internal
interfaces that have already been evolutionarily created can be re-used in forma-
tion of the domain-swapped dimer.

Further, it is not certain that only dimers are involved, higher oligomers may
also be involved [75, 92, 93]. It is not entirely clear what the functional advantages
of oligomerization beyond the dimer could be. Whatever the case may be, it is in
keeping with the principle of Ockham’s razor to establish the simplest model that
explains the observed facts.

5.8
Activation of G Proteins

While there is only a very restricted set of crystal structures of GPCRs (essentially
rhodopsin in ground state and meta I, but not in a truly active (R*) state), there is
a number of crystal structures of G proteins in both active and inactive states. An
example of such a pair of structures, from the alpha subunits of the heterotrimeric
G proteins of the G; family, is shown in Fig. 5.2. Even a cursory inspection of these
two structures and the differences between them shows that there are major con-
formational changes, most noticeably at the N-terminal chain, which undergoes

89



1gp2(A)

90

5 Molecular Mechanisms of GPCR Activation

1agr(A)

Fig. 5.2 Cartoons showing inactive (left) and active (right) structures of the
rat G; proteins G; _o. (PDB i.d. 1gp2a) and Alf4-Activated G;-Alpha (PDB i.d.
lagra). Figures were obtained from the user database on the DynDom site [1].

an abrupt change in angle relative to the main body of the protein. The C-terminal
regions also undergo significant changes, and this complies with published obser-
vations [94, 95]. These two regions of the G protein are more concerned with inter-
actions with the beta-subunit of the heterotrimer. The same is true for the ligand
(GDP) binding region; there are only very small conformational changes and dis-
placements of the residues in this region. What this indicates is that, whatever
small changes that do occur in the GPCR and ligand-binding regions somehow
become amplified at the beta-subunit interface. This is consistent with the known
fact that the beta-subunit is released as a result of G-protein activation by the
GPCR. Only small differences between these two structures are discernible for
the region where it is expected that the GPCR molecule(s) docks.

5.9
Interaction Between GPCRs and G Proteins

Proteins convey information by interacting with other proteins, and for the
GPCRs, the principal partner is, by definition, a G protein. Normally, a given
GPCR will interact with a G protein of only one of the main classes, G;, G;, Go,
and each of these has, in turn, its own set of partners in the subsequent down-
stream processing pathway.

As far as mechanism of action is concerned, one needs to know how the GPCR
docks onto its designated G protein. A number of studies based on correlated mu-
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tations [96] and evolutionary trace (ET) [80, 97, 98] have indicated important sites
on the G proteins. The latter authors [97, 98] clearly demonstrate that the exposed
“flat” region on the alpha subunit of the G-protein hetrotrimer is most likely to be
involved in GPCR binding. The question of whether the GPCR docks as a mono-
mer or dimer was not discussed by these authors, but in a later study [80] it was
shown that the extent of the ET region on the “flat” surface was approximately
twice as large as that previously detected, consistent with the notion that it is the
dimer species that is the docking partner for the G protein.

As a further aid towards working out the details of which GPCR binds to which
G-protein type, bioinformatics studies of GPCR-G-protein recognition have been
performed [99] and an informative database of interactions between GPCRs and
G proteins [100] is available on the internet.

Given that it is beginning to be possible to model GPCRs in both active and in-
active conformations [7], and there are G protein crystal structures in both active
and inactive states, at least for G;, together with data which shows which residues
on each partner, GPCR and G protein, are important for their mutual docking, it
should be an easy matter to model this docking. There are two principle hin-
drances to actually achieving this in a convincing way. The first and most obvious
one is that neither the models nor even the crystal structures of GPCRs are accu-
rate enough in the region of the cytosolic loops. The second, more problematic
question is the issue of stoichiometry. Does the GPCR dock onto the G protein as
a dimer, as suggested by a substantial corpus of both theoretical and experimental
data? These questions are open for future discussion, and above all, experimenta-
tion.

5.10
Conclusions

There is ample evidence that GPCRs can exist in at least two conformational
states, active (R*) and inactive (R). This is not a unique feature of this class of pro-
teins. Most, if not all, proteins exhibit active/inactive transitions. Yet it is surpris-
ing that many GPCR researchers seem to have ignored this. This can have serious
consequences, because it can have profound consequences in drug design.

The primary targets for GPCR signal transduction are the G proteins. These
also can exist in active or inactive states respectively. It is not known exactly how
“active GPCR” binds to “active G protein” or whether “inactive GPCR” binds to
“inactive G protein”. This is an important issue to be settled. A further issue to be
settled is stoichiometry. There is much evidence that the active form of GPCRs is
dimeric (stoichiometry, ligand : receptor : G protein =1:2:1). In that case, it is
necessary to propose a mechanism by which a dimeric and therefore presumably
symmetric complex can dock onto the G protein (heterotrimer) which must by its
very nature be asymmetric. The issue of dimerization affects inter alia ligand ki-
netics. An agonist can, at high concentrations, behave as an antagonist. A greater
awareness of such potential issues is necessary.
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The residue positions in GPCRs that are involved in ligand recognition are be-
coming known. The residue positions that are involved in recognition of allosteric
agents are also now beginning to be identified. However, the detailed mechanism
of this switching process remains to be elucidated.
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6
Allosteric Properties and Regulation of G Protein-coupled
Receptors

Jean-Luc Galzi, Emeline Maillet, Sandra Lecat, Muriel Hachet-Hagas,
Jacques Haiech, Marcel Hibert, and Brigitte llien

6.1
Introduction

In their original description by Monod Wyman and Changeux in 1965, allosteric
proteins interconvert between discrete conformations endowed with distinct struc-
tural, pharmacological and functional properties [1]. This model, which is based
on the resolution of hemoglobin structure [2], states that regulatory proteins exist
as oligomers and spontaneously adopt at least two conformations, thereby ac-
counting for the regulation of the biological activity of the protein and of its phar-
macological properties. In addition, biological activity of regulatory proteins can
be accounted for by variation of their tertiary and quaternary structure, with for in-
stance, equilibrium taking place between inactive monomers and active oligomers
[3]. The scope of this chapter is to show how GPCRs may follow such a functional
architecture and are submitted to regulation of their functionality not only by ago-
nists and antagonists, but also by allosteric compounds.

Current knowledge about G protein-coupled receptors (GPCRs), allows descrip-
tion of this family of regulatory proteins within a multiple conformation allosteric
scheme. On one hand, GPCRs undergo a spontaneous equilibration between inac-
tive and active conformations that is regulated by agonists, antagonists and in-
verse agonists [4, 5]. On the other hand, it is evident from recent work that GPCRs
couple to multiple intracellular pathways that are differentially regulated by dis-
tinct agonist molecules [6-10]. Finally, as for other allosteric proteins, co-activators
or modulators of GPCR signaling have been identified [11, 12]. For some of them,
characterization of their effects could be extended up to the animal level [13] or
even to human testing [14].

G protein-coupled receptors comprise more than 800 members of which 375
proteins make up the group of non-olfactory receptors with more than 120 still
being orphan proteins. All G protein-coupled receptors are regulatory proteins,
i.e. they exist in different functional states (resting, active, desensitized etc.) which
are regulated by pharmacological agents comprising endogenous ligands as well

Ligand Design for G Protein-coupled Receptors. Edited by Didier Rognan
Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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as synthetic compounds [15] (see also Chapter 2). Given that they are located at
the surface of cells, and that they regulate almost all physiological functions in
higher organisms, G protein-coupled receptors have become the largest family of
drug targets [12, 16, 17]. Until recently, useful GPCR-targeting pharmacological
agents either used to decipher signaling pathways or to treat patients, were almost
exclusively agonists or antagonists of the receptor protein. Detailed characteriza-
tion of ligand binding to G protein-coupled receptors has led to descriptions of un-
conventional modes of action of agonists [18, 19] as well as antagonists [20], and
to the discovery of so-called modulators which do not act by themselves and do
not prevent agonist binding, but alter the response to it [12]. Such compounds
that bind to sites that are topographically distinct from the agonist binding site
and alter the conformation of the protein in a reversible manner, have been
termed allosteric effectors [21]. Today, the word allosteric is most commonly used
to describe the indirect action of molecules binding to a regulatory site that is dis-
tinct from the agonist binding site [22].

G protein-coupled receptors share structural and functional properties with, for
instance, a common transmembrane organization with seven-helical domains
and intracellular loops involved in the coupling of the receptor to signaling effec-
tors. Due to amino acid substitutions among individual members of the family,
G protein-coupled receptors exhibit a multiplicity of phenotypes manifested,
among others, by a wide diversity of binding, signal transduction and possibly
folding phenotypes. As a result of these variations, pharmacological specificities,
kinetics of activation and desensitization, selectivity for intracellular effectors of
the response, efficacy of coupling to signaling pathways, and possibly the number
of active or inactive conformational states may vary significantly.

The most general description of the functional architecture of regulatory proteins,
and of G protein-coupled receptors in particular, involves three major rules:

o Receptor molecules exist in several conformations that correspond to thermody-
namically stable states with defined tertiary, and possibly quaternary, structure.
Each conformation can be qualitatively described in structural terms (even if ex-
perimental evidence is not yet available) and functionally described as inactive,
active or desensitized. In addition each state is characterized by its intrinsic affi-
nity for the natural agonist or other ligands.

o The interconversion between any two conformational states occurs freely with
an allosteric equilibrium constant. Ligands stabilize the conformations to which

they bind with higher affinity.

e One given receptor, with defined primary, secondary and tertiary structure, has
access to a unique set of conformational states, presumably further constrained
by the membrane environment, coupling to effectors, and possibly by the fact
that there may be more than one active or desensitized state.

Gene duplication, single nucleotide polymorphism, alternative splicing or spe-
cies-specific mutations may alter any of the aforementioned properties of the reg-
ulatory protein. For instance, changing intrinsic binding properties may result in



6.2 Multiple Conformations and Signaling Pathways of G Protein-coupled Receptors

an alteration of the pattern of conformations, of evoked or spontaneous biological
activity, or of protein export, stability and trafficking.

6.2
Multiple Conformations and Signaling Pathways of G Protein-coupled Receptors

The most widely accepted model for GPCR activation is the extended ternary com-
plex model (often referred to as the two-state model; references listed in [4, 5, 23])
according to which (1) receptor molecules interconvert between two conforma-
tions endowed with distinct structural, pharmacological and functional properties,
and (2) receptors can spontaneously adopt an active conformation and couple to
G proteins (reference listed in [23]), thereby accounting for basal response levels.
Such spontaneous equilibrium between resting and active conformations has
been successfully demonstrated for receptors that couple to the regulation of
intracellular cAMP levels. The inhibition of basal cAMP production levels is
brought about by a category of pharmacological agents, now referred to as inverse
agonists [5, 24]. In the case of the SHT4 receptor, the equilibrium constant be-
tween resting and active states was estimated to be around 0.1 to 0.2, i.e. about
15% of the receptor molecules spontaneously interconvert to the active state.

Although the two-state model aims to describe receptor properties within a
minimal number of conformations, it is becoming increasingly clear that it no
longer adequately mirrors the complexity of GPCR signaling.

A growing body of experimental evidence supports the idea that GPCRs exist in
several conformations, among which multiple active states would mediate distinct
signaling pathways through activation of, for instance, different hetero-trimeric
G proteins. Examples of such dual coupling of receptors to signaling pathways in-
clude the dopamine receptors D1 (Gs and Go [25, 26]) and D5 (Gs and Gz [27]), the
receptors for the parathyroid hormone (Gs, Gq and Gi [28]), for corticotropin-re-
leasing hormone (Gs, Gi, Gq, Go and Gz [29]), for melanin-concentrating hor-
mone (Gi and Go maybe Gq [30]), for vasoactive intestinal peptide (Gs and Gi [31]),
for prostacyclin (Gs, Gi and Gq [32]), the adenosine A1 receptor (Go and Gi [33]),
the beta2-adrenergic receptor (Gs and Gi [6]), the muscarinic m3 receptor (Gq and
G12 [34]), the 5-HT4 receptor (Gi, Go and Gs [35]), and the endothelin subtype B
receptor (Gi, Go and Gq [17, 36]). This does not only result from overexpression of
receptors in heterologous expression systems, but also occurs under more physio-
logical conditions where receptors are endogenously expressed [25, 31, 37].

Additional reported evidence in favor of multiple conformations of GPCRs in-
clude, among others, the fact that distinct agonists of opioid receptors differen-
tially stimulate receptor phosphorylation and endocytosis [7], that the cholecysto-
kinin receptor antagonist D-Trp-OPE leads to receptor internalization without pro-
moting its phosphorylation [38], phosphorylation of the angiotensin receptor oc-
curs in a conformation that differs from the active state [39], and finally, depend-
ing on the agonist used, NK2 tachykinin receptors can be repeatedly activated or
not [40].

101



102

6 Allosteric Properties and Regulation of G Protein-coupled Receptors

Theoretical descriptions of G protein-coupled receptors within a framework of
multiple conformational states now include such diversity [10, 41-45].

6.2.1
Biophysical Approaches to Monitoring Conformational Changes
of G Protein-coupled Receptors

Several approaches have been used to show that G protein-coupled receptors un-
dergo conformational changes in response to agonist, as expected for allosteric
proteins. In the examples reported below, conformational transitions were de-
tected using fluorescence techniques, in particular by taking advantage of the phy-
sical process of fluorescence resonance energy transfer.

The first example reports real-time recording of ligand binding and parallel
monitoring of intracellular responses in order to temporally correlate binding
events with metabolic changes in the cell [9, 10, 42]. This approach, carried out on
NK2 tachykinin receptors, makes use of a fluorescently labeled NK2 receptor
(tagged with EGFP at its N-terminus) and of fluorescently labeled neurokinin A
(NKA) derivatives chemically labeled with energy transfers acceptors of excited
EGFP (bodipy or Texas red groups). Two agonists were used: one is full length
neurokinin A that comprises 10 amino acids and is labeled at its N-terminus with
Texas Red and the second is truncated NKA, NKA4-10, a naturally occurring ago-
nist of NK2 receptors found in fluids from mid-gut cancers [46], that differs from
NKA in its capacity to promote repeatable intracellular calcium responses upon
successive receptor stimulations [9, 40], while full length NKA does not. Binding
of the two fluorescent agonists is followed in a real-time manner as an energy
transfer signal that results from close proximity of the donor and acceptor fluoro-
phores when the receptor-ligand complex is formed (Fig. 6.1). The time course of
fluorescent NKA4-10 binding to the NK2 receptor is mono-exponential while that
of fluorescent NKA exhibits a rapid binding phase followed by a 10-times slower
association process [10]. Detailed analysis of the binding kinetics shows that both
agonists initially associate to the receptor in a diffusion-limited manner that tem-

Fig. 6.1 Dynamics of agonist binding to the
NK2 tachykinin receptor. The cDNA encoding
rat NK2 tachykinin receptor is fused with the
EGFP encoding cDNA in order to lead to the
expression of a fluorescent chimeric receptor
upon transfection in HEK 293 cells. Neuroki-
nin A is labeled at its amino terminus with
Texas Red to yield the fluorescent compound
referred to as TR1-NKA. Truncated NKA4-10
is synthesized with Val4 to Cys substitution in
order to introduce the Texas Red fluorophore
at a position equivalent to residue 7 from full
length NKA. The resulting agonist is known
as TR7-NKA4-10. Association of TR1-NKA
and TR7-NKA4-10 is followed in real time as

a decrease of EGFP fluorescence emission at
510 nm when the cell suspension is illumi-
nated at 470 nm (right panels). Rapid binding
of TR7-NKA4-10 and rapid and slow binding
of TR1-NKA are simulated with a three-state
model of the NK2 receptor in which the recep-
tor exists in a resting (R0) conformation in
equilibrium with two active states R1, coupled
to calcium release, and R2 coupled to cAMP
production [10, 42]. Isomerization constants
between conformations are given beneath
vertical arrows; intrinsic binding affinities for
each conformation are given above horizontal
arrows.
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porally correlates with the onset of intracellular calcium elevation. The slow bind-
ing process that is observed only for full length NKA does not reflect a simple bi-
molecular association reaction but rather represent binding to a slowly appearing
conformation that is not accessible to truncated NKA. The correlation of this slow
binding with a metabolic change in the cell reveals that it matches the time course
of cAMP formation in the cell, a signal that is detected in response to full length
TR1-NKA but not to truncated TR7-NKA4-10 [10, 42]. The notion that the slowly
appearing conformation that binds full length NKA which results from the inter-
conversion of rapidly occupied receptor states, comes from the analysis of the dis-
sociation of full length NKA from the receptor. Indeed, while NKA dissociates
with a single exponential time course, when bound at equilibrium, the early initia-
tion of dissociation following association (before equilibrium is reached) allows
the detection of a rapid dissociation process, the amplitude of which decreases in
favor of the slow dissociation process when the duration of association increases
[10]. In other words, there is an intermediate state populated by full length TR1-
NKA that progressively disappears as a result of an interconversion towards a
stable state from which the agonist dissociates slowly.

Altogether, the binding and response data are interpreted within the framework
of a three-state model (Fig. 6.1) in which the receptor exists in the following
forms:

« a resting state RO that is not coupled to any known intracellular response and
binds agonists with low affinity (in the 200-nMnMOK? range),

« arapidly stabilized active state R1 that couples to intracellular calcium signaling
and binds both agonists with about 10-fold higher affinity (in the 20-nM range),
and

« a slowly stabilized active state R2 that couples to cAMP formation, presumably
through activation of Gs, and binds full length NKA with high affinity (in the
2-nM range) and truncated NKA with low affinity (KD > 20 nM).

Kinetic simulation [47] of the three-state model supports this interpretation and
estimates relative abundances of each state, prior to agonist addition, that corre-
spond to about 80% for the RO conformation, 5-8 % for the R1 state and 10-15%
for the R2 state. Such values are in good agreement with experimentally deter-
mined values of spontaneous activity of the SHT4 receptor [5] or H3 receptors [24]
which exhibit about 10% of Gs coupled state in the absence of agonist. The rapid
transition from the RO to the R1 state was not detected in the study and the kinetic
simulation of the binding traces accounts for this. Indeed, rapid binding to the ac-
tive state R1 which triggers intracellular calcium elevation can be correctly simu-
lated only because the rate of interconversion is faster than the rate of binding as
has been detected in the concentration range explored.

A second energy transfer study [48] confirms this view. It reports the introduc-
tion of two fluorophores (CFP and YFP) within the same PTH or alpha2-adrener-
gic receptor molecule showing that activation of the receptor by PTH (PTH recep-
tor) or clonidine (alpha2-adrenergic receptor) leads to increased CFP fluorescence
and a concomitant decrease in YFP fluorescence intensities. The data thus show
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that intracellular loop 3 that carries CFP and the C-terminal end of the receptor
that carries YFP, become more distant from one another upon receptor activation
by an agonist. The doubly-labeled receptors are biologically active, and their phar-
macological profile follows that of unmodified receptors with agonists promoting
variation and competitive antagonists inhibiting it. Although the authors analyze
only rapid relaxation of the fluorescence signal as a single exponential relaxation,
it is however evident from the reported data that the signal follows at least a bi-ex-
ponential time course reflecting, in the case of rapid relaxation, activation of the
intracellular calcium response (adrenergic receptor) followed by an undetermined
slower relaxation, the amplitude of which may represent up to 50% of the total
fluorescence signal amplitude. This second relaxation likely reflects further stabi-
lization of the PTH and adrenergic receptors into additional conformations of the
receptor that might couple the receptor to other signaling pathways as previously
proposed [6, 10, 49].

6.3
Allosteric Modulators of G Protein-coupled Receptors

A growing number of molecules interacting with GPCRs do not interact at the
natural ligand (orthosteric) binding site. Rather, such compounds were discovered
as molecules that modulate either positively or negatively the activity of a given
GPCR or its interaction with conventional ligands such as agonists or antagonists
12, 50].

The most common way to describe allosteric ligands effects is to show that they
modulate agonist or antagonist binding. Initial work in the field of GPCRs was
mainly carried out with muscarinic and serotonin receptors [51-53]. Allosteric ef-
fectors of muscarinic receptors, mainly brucine, strychinine and gallamine inhibit
dissociation of tritiated N-methyl scopolamine supporting the idea that they stabi-
lize the receptor in a conformation of high affinity for antagonists [54]. However,
the same modulators also potentiate binding of agonists and accordingly potenti-
ate cellular responses to acetylcholine and carbachol [55, 56] supporting an uncon-
ventional mode of modulation.

Work done on other GPCRs has shown that allosteric effectors can be identified
for almost all GPCRs, as has been illustrated for receptors of adrenaline, adeno-
sine, chemokines, dopamine, GABA, glutamate, neurokinins, purines, and sero-
tonin (e.g. [57-59]; reviewed in [12]).

In the case of the NK2 tachykinin receptor, a new allosteric modulator, LPI 805,
was discovered as a dual modulator of NK2 receptor responses [60]. This com-
pound speeds up dissociation of the natural agonist neurokinin A in a manner
that is consistent with stabilization of a low affinity conformation which appears
at the expense of a conformation exhibiting high affinity for neurokinin A
(Fig. 6.2). Neurokinin A has been formerly shown to stabilize two active confor-
mations of the NK2 tachykinin receptor [10, 42], linked to intracellular calcium re-
lease (low affinity active state) and cAMP production (active state exhibiting high
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affinity for neurokinin A). Consistent with the effects of LPI805 on neurokinin A
binding, calcium responses are potentiated by the allosteric effector while cAMP
production is reduced or even abolished at high effector concentrations (Fig. 6.3).
Modulation of GPCR function by allosteric modulators thus not only affects quan-
titative aspects of signaling, but also qualitatively affects GPCR function as they
show a capacity for modifying the repertoire of cellular responses linked to
GPCRs.

6.4
Where Do Allosteric Modulators Bind on GPCRs?

The most widely accepted model for modulation by allosteric effectors assumes
that they bind on the receptor to a site that is completely distinct from the orthos-
teric site. This has been documented for nicotinic acetylcholine [61-63] and
GABA A [64] receptors in particular. In the case of the G protein-coupled recep-
tors, and depending on receptor subclasses, different modes of interactions may
be used by the effector.

In the case of the NK2 receptor, the modulator LPI805 might bind to a site follow-
ing the standard description for allosteric sites, i.e. occupancy of the allosteric site
alters the equilibria between conformations and modulates agonist binding accord-
ing to the intrinsic affinity of each conformation for the ligand. Neurokinin A in-
deed binds to the resting conformation of the NK2 receptor with a dissociation con-
stant equal to 200-400 nM, to the active conformation 1 (linked to calcium release)
with a KD equal to 20-40 nM and to the active conformation 2 (linked to cAMP pro-
duction) with a KD equal to 2-5 nM [10]. By increasing the proportion of conforma-
tion active 1 versus active 2, the binding of LPI 805 leads to the apparent reduction
of neurokinin A binding without otherwise affecting the rate of access of neuroki-
nin to its site, nor changing the rates of dissociation from active 1 or active 2 confor-
mations [60]. The site of LPI 805 thus likely lies on the receptor molecule at a topo-
graphical location distinct from that of the agonist (Fig. 6.4).

In the case of muscarinic receptors, allosteric modulation is commonly ana-
lyzed in terms of binding cooperativity according to the ternary complex model
[52, 65, 66]. Depending on the receptor subtype and on the orthosteric ligand
structure, the binding of a given allosteric molecule leads to increased, unchanged
or decreased apparent affinity for the orthosteric ligand [67, 68]. In most cases, po-
sitive, neutral and negative cooperativity is associated with slowing down effects
on orthosteric ligand dissociation which proceeds according to a mono-exponen-
tial decay. Magnitude and direction of the modulation of the affinity of a given re-
ceptor subtype is independent of the pharmacological nature (agonist or antago-
nist) of the primary ligand, an observation that is not in accord with an allosteric
transition model between pre-existing conformational states [1, 62, 69].

It has also been shown that classical allosteric muscarinic modulators such as
alcuronium and strychnine may exert intrinsic agonist-like effects (through M1,
M2, M3 and M4 subtypes) that are not prevented by an antagonist [56]. They are
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thus able, like allosteric agonists [69], to shift receptor equilibrium towards active
conformations. This is at variance with a number of studies reporting, for the
same modulators, increases in *H-antagonist (NMS) binding to M2 and M4 sub-
types together with negative allosteric effects on acetylcholine binding [55, 56].
Most interestingly, alcuronium has recently been shown to display intrinsic in-
verse agonist activity at M2 receptors and to suppress pilocarpine intrinsic efficacy
to induce G protein activation [70]. This is a first example of a prototypical allos-
teric modulator that appears to preferentially stabilize inactive conformations of
the muscarinic M2 receptor.

There are several difficulties in defining a non-ambiguous allosteric modulation
of muscarinic receptors and in evaluating its impact on equilibria between confor-
mational and functional states of the receptors: (a) the allosteric site(s) is thought
to be positioned above the orthosteric site in the extracellular regions of the mus-
carinic receptor [71-74]. Thus, it may be considered, taking the example of alcuro-
nium [75], that some modulators may bind in close proximity to the orthosteric
site and sterically block access to (and/or departure from) this site (Fig. 6.4). As a
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site locations on GPCRs. (a) The allosteric ef- (c) Allosteric effectors of glutamate and re-
fector (blue lozenge) sterically hinders access lated G protein-coupled receptors bind to the
and dissociation from the orthosteric site. transmembrane domain of the protein, while
(b) The allosteric and orthosteric sites are orthosteric ligands bind to the large extracel-
close to each other and ligands of one cate- lular domain.

gory of site bind without sterically affecting

consequence, their macroscopic effect on receptor binding and function may re-
flect the contribution of steric hindrance and of true conformational changes of
the orthosteric binding site; (b) experiments are usually performed on membrane
preparations, under conditions which avoid the confounding effects related to
G protein coupling [76] and which fit the ternary complex model; (c) most studies
analyze variations in [*H]-NMS dissociation kinetics, i.e. variations of an antago-
nist that may not discriminate between receptor affinity states; (d) direct evalua-
tion of the effects of allosteric modulator candidates on *H-agonist (acetylcholine)
binding properties is limited to the exploration of high affinity state receptor sub-
populations. Indeed, high levels in non-specific binding preclude studies covering
nanomolar to micromolar agonist concentrations; (e) fluorescent agonist probes
are not available, rendering real-time monitoring of binding and functional events
impossible.

Such profound discrepancies between binding and functional data strengthen
the importance of the choice of a method to screen for new allosteric molecules
and of the model to evaluate their mechanism of action.



6.5 Future Challenges for Allosteric Modulation of GPCRs

Finally, an additional mode of interaction of allosteric effectors has been de-
scribed for class III GPCRs such as glutamate, calcium or GABA B receptors,
which possess a large extracellular domain to which the agonist and competitive
antagonists bind. In these receptors, there is no evidence that the binding pocket
which exists within the transmembrane portion of the receptor molecule is used
under normal physiological conditions. This pocket can be occupied by small or-
ganic molecules that thus behave as allosteric modulators of this class of receptors
(Fig. 6.4) [13, 58, 77]. The demonstration of such a mode of interaction has been
confirmed experimentally using mutant glutamate receptors lacking the extracel-
lular domain [58] and the calcium receptor [78, 79]. On truncated glutamate recep-
tors, positive allosteric modulators of glutamate receptors behave as agonists.

6.5
Future Challenges for Allosteric Modulation of GPCRs

Allosteric modulators have been attracting increasing interest both from academic
research and pharmaceutical companies. Since they bind to sites that are topogra-
phically distinct from the orthosteric site, the possibility of identifying compounds
that are endowed with greater receptor subtype selectivity than are agonists, espe-
cially for receptor families that involve large numbers of subtypes, was being vig-
orously pursued. This issue had not been extensively studied however, and when
carefully investigated, allosteric ligands were found to exhibit limited receptor spe-
cificity, as were other types of pharmacological agents [80].

Allosteric modulators are expected to show several advantages over classic drugs
[12]. Indeed, as allosteric compounds do not exhibit significant activating/inhibit-
ing activity in the absence of the endogenous ligand, their effect is mostly revealed
under normal physiological conditions, i.e. when the agonist is released or se-
creted. They would thus not provoke sustained receptor activation, and therefore
would not stimulate the desensitizing or downregulating processes that are tradi-
tionally triggered by agonists. It is thus expected that the risks associated with
clinical overdose will be reduced and that allosteric effectors, by modulating the
ratio of distinct active conformations may produce a large variety of combined
qualitative and quantitative effects which would lead to an extensive array of origi-
nal pharmacological properties (for a review see [69]). It is however clear that such
an approach will only be pertinent if the defect is not a lack of transmitter produc-
tion or release. Finally, even negative allosteric effectors may represent advanta-
geous alternatives to traditional competitive antagonists in terms of therapeutic
use as the fine-tuning of therapeutic dosages is often difficult to achieve because
of inter-individual differences. By setting the maximal level of receptor activation,
as a result of fixing the equilibrium between active and inactive states, negative al-
losteric modulators could thus also be prescribed in an attempt to reduce the risk
of dosage side-effects.

Despite considerable research to show that natural and synthetic molecules can
modulate the function of GPCRs, and thus behave as allosteric effectors, there is
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still limited evidence to indicate that such molecules do indeed exert their effects
through direct interaction with the receptor protein [68]. Most allosteric com-
pounds do indeed exhibit moderate affinity for their target receptors which makes
direct binding experiments difficult as a result of the elevated levels of non-speci-
fic binding. Although site-directed mutagenesis experiments [71, 73, 78, 79] con-
vincingly show binding or functional alterations, they may also affect either intrin-
sic binding affinity directly or indirectly as a result of the modified equilibrium be-
tween conformations. They are thus difficult to interpret in structural terms and
research efforts will therefore need to be directed towards binding experiments,
affinity or photoaffinity labeling and other structural approaches.
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7
Chemogenomics Approaches to Ligand Design

Thomas Klabunde

7.1
Introduction to Chemogenomics: Similar Receptors Bind Similar Ligands

Among the 100 top-selling drugs 25 act on G protein-coupled receptors (GPCRs)
[1]. The current estimate of the number of GPCRs in the human genome (exclud-
ing olfactory receptors) is about 400 [2, 3]. Currently, the drugs available on the
market address only 30 GPCRs, which represent a small fraction of the GPCR tar-
get space. Thus there are approximately 370 further GPCRs which may be pro-
mising drug targets and may provide excellent opportunities for successful drug
discovery programs. Therefore, most pharmaceutical companies invest heavily in
this target family following different approaches to identify novel GPCR hit series.
High-throughput screening (HTS) lead-finding approaches are often complemen-
ted with rational chemogenomics approaches to ligand design; these are high-
lighted within this chapter.

Several recent review articles have been published on “chemogenomics” with
the aim of providing a clear definition of this novel approach to drug discovery
[4-7]. A shift in pharmaceutical research from traditional target-specific case-by-
case studies to a cross-target view might be considered as the common underlying
theme. Following the “chemogenomics” concept, targets are no longer viewed as
individual and single entities but grouped into sets of related proteins or target fa-
milies (e.g. kinases, GPCRs) that are systematically explored. Today, many phar-
maceutical companies have adapted their traditional organizational structure and
are following a chemogenomics approach to increase the efficiency of modern
drug discovery [5, 8].

Within the chemogenomics drug discovery scenario compounds are profiled
against several targets and not only tested against single targets. Profiling of novel
leads (or even of known drugs) [9] for a given target on related molecular targets
and selective chemical optimization of “side affinities” can provide additional at-
tractive lead series [10]. In addition, novel chemoinformatic and bioinformatics
tools have been developed to systematically investigate drug-target interactions
and to derive insights into privileged chemical structural motifs which are corre-
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lated with a target family-wide commonality in ligand recognition [1, 11-13]. One
main resulting value of the chemogenomics approach is the translation of these
ligand recognition insights into the design and synthesis of chemical libraries to
accelerate lead finding and target validation.

The paradigm which underlies these chemogenomics approaches to ligand de-
sign can be stated as “similar receptors bind similar ligands” [14]. This implies
that for a novel GPCR the information obtained from known ligands for a related
GPCR, can serve as a starting point for lead finding. Similarity, however, can be
defined either by the scaffold or by the presence of identical fragments among the
chemical structures being compared (Fig. 7.1). In addition, there are several other
methods or descriptors of comparison and similarity metrics with which to com-
pare chemical structures such as 2D fingerprints, 3D-pharmacophores, BCUT de-
scriptors [15], “feature trees” [16], and CATs descriptors [17], which might all be re-
levant when defining similarity of biologically active molecules [18]. These de-
scriptors can be used to support the selection of screening collections and the de-
sign of focused libraries directed against the GPCR target family (see Section 7.2).

Also the level of receptor similarity can be defined in different ways (Fig. 7.1).
Using a coarse classification level proteins belonging to the same target family or
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= Receptor subclass (e.g. peptide-binding GPCR)

= Overall sequence homology (phylogenetic tree)

= Similarity of binding site

Fig. 7.1 Following the chemogenomics paradigm ,,Similar receptors bind

similar ligands*“, the similarity of ligands and receptors can be defined using
different methods and descriptors.
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class, e.g. the family of G-protein coupled receptors (GPCRs) can be considered
as similar. Although GPCRs all have seven-transmembrane helices and translate
an extracellular signal into an intracellular response mediated by G-proteins (ex-
plaining the origin of their name), there is a great diversity of ligands for GPCRs.
These can be small molecules like biogenic amines, amino acids, adenosine,
lipids, and small peptides but proteins such as chemokines can also function as
ligands. A better classification level at higher “resolution” (especially in the con-
text of the design of libraries and screening sets for GPCRs) is thus defining two
receptors as being similar if they bind the same class of ligands, e.g. peptides.
This defines different GPCR subclasses such as chemokine receptors, peptide-
binding GPCRs or purinergic GPCRs. Another similarity metric of receptors can
be derived from the overall sequence similarity of the receptors. Finally, a further
relevant viewpoint for a chemogenomics-driven classification approach would be
the comparison of two receptors based on the similarity of their putative ligand
binding sites [19], as this would be the best indication that two receptors bind
similar ligands. However, there is insufficient reliable 3D structural information
available regarding the GPCRs. Thus, insights into drug-receptor interactions
have to be derived either from molecular recognition experiments (e.g. receptor
labeling or site-directed mutagenesis) or from extensive profiling of compound
series against sets of receptors and subsequent data analysis by computational
tools (see Section 7.3).

7.2
Focused Libraries and Screening Collections Directed Against GPCRs

Due to the distinguished past of GPCR research there is a large number of cur-
rently marketed drugs acting at GPCRs [1]. In addition, for each of these marketed
drugs there are hundreds of compounds that, whilst being potent ligands of
GPCRs, have never been marketed. Following the chemogenomics paradigm this
wealth of medicinal chemistry knowledge covering structural features of small-
molecule GPCR ligands is an excellent source to enhance the discovery of new
lead compounds against novel GPCR targets. Nowadays, databases covering
ligand information and biological data are offered by several public and commer-
cial providers [20]. For many pharmaceutical companies these databases provide
the reference set which can be used to identify “GPCR-ligand-like” compounds
within the companies’ legacy compound collection by virtual screening and data-
base searching. In addition, several molecular and pharmacophore descriptors
have successfully been applied not only to define molecular similarity and to sup-
port the compilation of screening sets, but also to guide the design and synthesis
of GPCR-directed libraries. It is beyond the scope (and not the purpose) of this
chapter to provide an overview of all virtual screening, library design and synth-
esis studies targeting a single GPCR. The following sections seek to highlight
those studies on libraries or screening sets designed to address the entire GPCR
family or a specific GPCR subfamily.
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7.2.1
Physicochemical Property-based Selection of GPCR Screening Sets

Researchers at Chemical Diversity Lab, Inc. have used a scoring scheme based on
physicochemical properties for the classification of “GPCR-ligand-like” and “non-
GPCR-ligand-like” compounds [21]. The methodology is a valuable tool to aid in
the selection and prioritization of potential GPCR ligands from large collections
and to guide the synthesis of novel GPCR-directed libraries. Using 5736 known
GPCR ligands and 7506 non-GPCR ligands and eight physicochemical property
descriptors (molecular weight, clogP at pH 7.4, number of H-bond donors, num-
ber of H-bond acceptors, number of rotatable bonds, solubility in water at pH 7.4
and fraction dose absorbed) a neural network model has been developed. Classifi-
cation of randomly selected compound sets allowed the correct prediction of up to
92% of the GPCR ligands and 93 % of the non-GPCR ligands within the training
set. According to the authors the neural network model has also been applied to
the generation of a GPCR-ligand-like focused library. By scoring of the companies
CombiLab collection 30,000 compounds were selected and compiled into a GPCR-
focused collection. No data concerning the biological testing of this collection has
yet been disclosed. The authors also noted that the described procedure is amen-
able to virtual GPCR-focused combinatorial libraries and hence can guide the
design and synthesis of GPCR-directed scaffold libraries.

7.2.2
Pharmacophore and Molecular Descriptors for GPCR Directed Libraries

In addition to the property-based classification and design methods presented in
Section 7.2.1 several molecular and pharmacophore descriptors have been suc-
cessfully applied to define molecular similarity and to support the compilation of
screening sets for the design and synthesis of GPCR-directed libraries. Mason and
co-workers have described a four-point pharmacophore method generating phar-
macophore “keys” or “fingerprints” as a new measure of pharmacophore similar-
ity and diversity: up to seven features and 15 distance ranges are considered,
giving up to 350 million four-point 3D pharmacophores per molecule [22]. The
authors were able to identify GPCR-specific pharmacophores and to apply the
pharmacophore key to the design of GPCR-focused libraries.

A similar approach has recently been taken by Lamb and colleagues. In their ar-
ticle they describe a computational procedure to design a GPCR-directed screen-
ing library using pharmacophore descriptors of known GPCR ligands [23]. A re-
ference set of 2785 known “drug-like” GPCR ligands was extracted from the MDL
Drug Data Report database (MDDR). Three- and four-point pharmacophore de-
scriptors were generated considering different chemical features within 25 dis-
tance bins. For each molecule of the training set a conformational model was gen-
erated using an in-house tool and the presence or absence of particular pharmaco-
phores was recorded in a bit string (,molecular signature”). Pharmacophores con-
tained in more than 10 molecules were used to define the “GPCR drug space”.
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Subsequent iterative analysis allowed for the prioritization of scaffolds and sub-
libraries for inclusion into the final screening library, consisting of approximately
14,000 compounds. Screening of this library against the p-opioid receptor pro-
vided 149 molecules around 10 different scaffold templates with an ICs, of at least
10 uM (see Fig. 7.2). The authors note that the gene family-target libraries which
have been designed can provide an effective strategy for tackling multiple related
targets simultaneously.
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Fig. 7.2 Screening results of the GPCR-directed library tested against the
u-opioid receptor. The number of active molecules with an ICsq of less
than 10 UM is plotted as a function of chemical scaffold assignment.
(Reprinted from [23]; copyright 2004, with permission from Elsevier).

Pearlman and his colleagues have described the molecular BCUT descriptor,
which combines physicochemical properties relevant to ligand-receptor binding
with topological or distance information [15]. The BCUT descriptors have been uti-
lized for a variety of purposes including reagent selection for chemically diverse li-
braries. The BCUT descriptors have been employed as input descriptors in a con-
sensus neural network approach by Manallack et al. to distinguish compounds tar-
geted towards specific gene families, including biogenic amine- and peptide-bind-
ing GPCRs [24]. The training sets (GPCR amine data, GPCR peptide data, ran-
dom sets) were extracted from the MDDR database. The resulting neural network
models correctly classified 81% of the ligands of biogenic amine-binding GPCRs
and 87 % of the ligands of peptide-binding GPCRs. The authors also mention that
the consensus networks have been applied to the purchasing of compounds from
third party suppliers for biological testing.

More recently researchers at Neurocrine have used the BCUT descriptors to de-
fine a region of chemical property space addressing a subset of GPCRs, which are
activated by positively charged peptides (GPCR-PA™) [25]. They defined the “drug
space” by using 81,560 drugs and drug-like molecules for which BCUT metrics
were calculated. The examination of the BCUT metrics supported the definition of
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a five-dimensional drug space (H-bond donor and acceptor, two metrics of polariz-
ability, charge). Each of the axes defining the “drug space” was divided into 10 bins
resulting in the partitioning of the entire drug space into 100,000 cells. Com-
pounds known to be active against the GPCR-PA" target subset (dataset of
630 molecules active against 40 GPCRs) were projected into the cell-divided drug
space. The projection showed that the GPCR-PA" ligands including neighboring
cells, occupy a subspace of only 6% of the entire drug space. Subsequently a vir-
tual collection of around 19 scaffolds comprising 9,025,685 compounds was pro-
jected into the five-dimensional BCUT metrics space in order to evaluate their lo-
cation relative to the defined GPCR-PA™ space. The analysis supported the utiliza-
tion of seven templates for library production and a test set of 2025 compounds
was synthesized. The set was screened at a concentration of 15 pM using radioli-
gand displacement assays against three members of the target GPCR subfamily:
the melanocortin-4 receptor (MC4), the melanocyte concentrating hormone recep-
tor (MCH) and the gonadrotropin-releasing hormone receptor (GnRH). In parallel
a set of 2024 compounds randomly selected from Neurocrine’s corporate screen-
ing collection was tested as a control library. Hit enrichment rates (a hit was de-
fined as a compound displacing 50% or more of the specifically bound radio-
ligand in duplicate tests) were found to range from 4.5-fold (GnRH-R) to 61-fold
(MC4-R) when compared with the random set, revealing significantly higher
numbers of hits identified in the designed set.

7.2.3
Privileged-fragment-based GPCR-directed Libraries

Small molecule ligands of diverse GPCRs often share common structural motifs,
so-called “privileged structures”. Originally Evans et al. introduced the term “privi-
leged structure” for benzodiazepines, which are found in several types of CNS
agents and ligands of ion channels and GPCRs [26]. Further examples of GPCR
privileged substructures are biphenyl, 1,1-diphenylmethane, 4-arylpiperidines and
piperazines, as well as spiro versions of the latter (see Fig. 7.3).

Several libraries based on privileged scaffolds or the incorporation of privileged
fragments as building blocks have been synthesized as one strategy for the gen-
eration of focused libraries; examples for benzodiazepines, dihydropyridines,
4-phenylpiperidine and 1,1-diphenyl units have been described [27-29]. There are
excellent reviews covering privileged structures [30, 31] and there is also a chapter
in this book dedicated to the topic. The inherent promiscuity of privileged struc-
tures can also be a drawback, as selectivity might become an issue. However, am-
ple evidence exists that small changes in and around the core can cause dramatic
activity differences and result in useful selectivity [32, 33].
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Fig. 7.3 GPCR-privileged substructures: 2 endothelin-A antagonist; 3 histamine-H1
examples of GPCR ligands sharing the biphe- antagonist (fexofenadine); 4 neurokinin-NK;
nyl or diphenylmethyl (1-3) and spiropiperi- antagonist; 5 monocyte chemoattracant-1
dine (4-6) moiety are shown [1]. 1 Angio- (MCP-1)/CCR2 antagonist; 6 dopamine
tensin |l type 1 antagonist (losartan); antagonist (spiperone).

7.2.4

GPCR Collection and Subfamily-directed Library Design

Within our company we are also following a rational chemogenomics approach
for GPCR lead-finding which has already provided novel chemical series for sev-
eral GPCR targets (e.g. P2Y;, receptor, adenosine A1l receptor, chemokine CCR1
receptor). Our GPCR screening collection consists of a set of compounds with
structural similarity to known GPCR ligands identified by virtual screening from
various companies‘ compound collections (see Fig. 7.4) [34]. As a reference set of
GPCR ligands defining the query compounds we used the MDDR (using com-
pounds defined as GPCR ligands), the Aureus GPCR ligand database, and struc-
tural data from internal GPCR hits and leads. The MDDR covers patent literature,
journals, meetings, and congresses and currently contains over 141,000 biologi-
cally relevant compounds and well-defined derivatives such as drugs launched or
in the development phase [35]. The database compiled by Aureus Pharma focuses
on GPCR ligands and covers all biological data including detailed information on
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Virtual screening in internal and external GPCR
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Enriched b
= Synthesis of GRCR s
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Fragment Analysis libraries directed
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structural motif database

Fig. 7.4 Design process for a compound collection targeting GPCRs [34].
Details are given in the text.

experimental conditions [36]. Entries from this GPCR ligand database were taken
as probes to perform similarity searches in internal and vendor compound collec-
tions using molecular 2D descriptors and feature tree descriptors as similarity in-
dices. Compounds with structural similarity to known GPCR ligands were com-
piled as the basic set of the companies* GPCR compound collection. This basic
collection targeting the complete GPCR family is supplemented by proprietary
scaffold libraries (as shown in Fig. 7.4 lower part), which are designed and synthe-
sized to address specific GPCR subfamilies (e.g. chemokine receptors, purinergic
GPCRs). This target subfamily-directed library design and synthesis approach is
illustrated below for the class of purinergic GPCRs.

The family of purinergic GPCRs represents a group of validated drug targets
within a highly competitive field of GPCR research. It can be divided into P1
(binding nucleosides) and P2Y (binding nucleotides) receptors. Agonists and an-
tagonists for these receptors have or are thought to have several therapeutic appli-
cations. Examples of drugs targeting this GPCR subfamily are doxofyline, an an-
tagonist of the adenosine A1 receptor, used as bronchodilator, and clopidogrel, an
antagonist of the P2Y;, receptor, a platelet aggregation inhibitor prescribed for
thrombosis and for the prevention of stroke. In order to identify novel and patent-
able leads for receptors of this group of GPCRs we have designed and synthesized
proprietary scaffold libraries (Fig. 7.5a) [34]. Using known ligands of the P1 and
P2Y family pharmacophore models were generated by describing the key chemi-
cal elements required for binding to the P1 and P2Y family. Figure 7.5a shows an
example of the P2Y antagonist pharmacophore mapped onto AZD-6140, a known
P2Y, antagonist. The 3D pharmacophore information was translated into 2D “de-
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sign principles” for purinergic libraries (Fig. 7.5a, top right, example of P1 ago-
nists). These “design principles” resemble a construction plan to guide the inven-
tion of novel scaffolds. The example shown illustrates the molecular requirements
of a P1 agonist scaffold: (i) it reveals the positions of the required hydrogen bond
donor and hydrogen bond acceptor groups, (ii) provides tolerated options for the
attachment of side chains and (iii) gives guidance on the number of atoms toler-
ated in the bicyclic ring system. Following these constraints chemists provided
scaffold proposals meeting these molecular requirements of P1/P2Y (ant)ago-
nists. These were ranked by chemical feasibility, by novelty, and by the quality of
their mapping on the 3D pharmacophore leading to 10 scaffolds which were
selected for synthesis. Fragments found to be privileged for the subfamily of puri-
nergic GPCRs were used for “decoration” of the selected scaffolds: ligands of the
purinergic GPCR subfamily were extracted from the MDDR and Aureus ligand
databases and were subjected to a computational retrosynthetic analysis using the
RECAP algorithm [13]. The ligands were dissected into their fragments, which
were sorted by the frequency of their occurrence. Fragments most commonly
found among P2Y antagonists and P1 agonists were used as building blocks for
library synthesis (examples of P2Y privileged fragments are shown in Fig. 7.5b).
In total 2400 compounds were synthesized, all of which represent proprietary and
lead-like compounds and thus offer excellent lead-finding opportunities for recep-
tors of the family of purinergic GPCRs.

The libraries designed to target the subfamily of P1 receptors were evaluated by
extensive profiling against a set of 22 GPCRs using radioligand displacement as-
says [34]. Of each of the five libraries diverse subsets of 20 to 25 compounds were
selected for profiling. The result of the profiling is shown in Fig. 7.5¢ and sup-
ports the design principles applied to P1 antagonists: (i) binding is mainly seen
for the adenosine Al receptor (some compounds show complete inhibition at a
concentration of 10 uM), the only receptor of the P1 family among this receptor
set; (ii) the affinity observed for other GPCR receptors is limited resulting in excel-
lent selectivity profiles for most of the compounds with Al affinity; (iii) three no-
vel Al antagonist scaffolds could thus be identified by profiling subsets taken
from five scaffold libraries.

7.3
Understanding Molecular Recognition: Impact on GPCR Ligand Design

The example given above has illustrated how receptors with structurally-related
physiological ligands can be grouped into subfamilies and how directed libraries
(based on common pharmacophores and privileged building blocks) can be
exploited for all members of the respective group of the gene family. This library
design concept is applicable to those cases where the recognition site for the
natural ligand is structurally conserved among the members of the respective
subfamily. This is, however, often not the case, not even for receptors sharing
the same physiological ligand. The prostaglandin DP and the chemoattractant
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T-helper cell (CRTH2) receptors for example, are both activated by prostaglandin-
D2, but do not share a similar conserved binding site for their natural ligand (nor
do they share a significant overall sequence homology).

There is more and more evidence that the activity of most GPCRs can be modu-
lated by ligands binding to a receptor site, similar to that used by retinal in rhodop-
sin [1]. The site is located within the 7TM domain and is used by many natural
ligands such as the biogenic amines, for receptor binding and activation. In addi-
tion, it has been shown that many small molecule surrogate ligands of peptide- and
chemokine-binding GPCRs appear to use this binding site to modulate the activity
of their particular receptors. The existence of structurally related (sub)pockets con-
served among several GPCRs is also reflected in the occurrence of common chemi-
cal structures found in GPCR ligands (see Section 7.2.3). In the context of library de-
sign and screening set compilation, it thus appears appropriate to compare and clas-
sify GPCRs based on the similarity of their putative ligand-binding site or subpock-
ets, as this provides the best indication that two receptors would recognize similar li-
gands or similar ligand fragments. In order to support this classification method
thorough analysis and recognition of the ligand-receptor interactions is therefore of
utmost importance. Although there is still insufficient reliable 3D structural infor-
mation on GPCRs and their ligand complexes, homology modeling combined with
molecular recognition studies (mainly site-directed mutagenesis and affinity label-
ing) has provided valuable insights into GPCR structure and ligand-receptor inter-
actions within recent years [37]. Typical receptor subsites for ligand binding or fin-
gerprints on the primary sequence level for binding of the natural and surrogate li-
gands have been identified. The current approaches to and methods of understand-
ing ligand recognition for the GPCR target family are presented in the following sec-
tions. In addition, examples are given of how these insights can be exploited for the
design and synthesis of GPCR-directed libraries and screening sets.

7.3.1
Sites for Ligand Recognition within Biogenic-amine-binding and Other GPCRs

The first work describing ligand-binding subsites for monoamine-related GPCRs
and correlating these with fragments commonly found within surrogate ligands
was published by Jacoby and coworkers in 1999 [11, 38]. Based on site-directed
mutagenesis data putative binding sites for common fragments of GPCR ligands
were described. According to the three-binding-site hypothesis presented, bio-
genic amine receptors offer three binding (sub)sites to their typical ligands located
within the 7TM domain. These sites are identified according to the name of their
representative ligands: 5-hydroxytryptamine, propranolol, and 8-hydroxy-N,N-di-
propylaminotetralin. According to Jacoby, these subsites overlap at an aspartate re-
sidue in helix TM3 (Asp3.32 using the Weinstein—Ballesteros nomenclature) [39],
which constitutes the key anchor site for basic ligands of the biogenic amine re-
ceptors (Fig. 7.6). The existence of the three distinct binding sites is also reflected
by the architectures of known high-affinity ligands which crosslink two or three
“one-site-filling” fragments around a basic amino group.
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Serotonin (5-HT)
SHT agonist

Fig. 7.6 Three-ligand binding sites of the
5-HT; A receptor in a rhodopsin-based 3D
model according to Jacoby and co-workers
(left, extracellular view; right, side view with
extracellular side at the top) [38]. The three
ligands are serotonin or 5-HT (yellow), pro-
pranolol (cyan) and 8-OH-DPAT (green).
Residues identified by mutagenesis data are
indicated. The ,5-HT* site is located between
TM3 (with Asp-116 as key recognition site)
and TM5 (providing Ser-199 and Thr-200 to
interact with the 5-OH group of serotonin).

Propranolol
|} antagonist

—

HD—(_: 7
8-0H-DPAT

5HT,, partial agonist

A second site, the ,,propranolol“ binding site
is located between TM3 and TM7 (contribut-
ing e.g. Asn-386 to hydrogen bond the oxygen
atoms of the oxy-propanolamine fragment

in B-blockers). The third binding site, the
,8-OH-DPAT* binding site is also located
between TM3 and TM7. Ligands addressing
this site, such as 8-OH-DPAT, are thought

to be oriented parallel to the helices (interac-
tions via 8-OH with Ser-393 and Asn-396 and
via the amino group with Asp-116).

Knowledge of these ligand-recognition sites can serve two needs. First con-

served ligand-binding subsites (versus overall sequence homology) can be used
for predicting binding-site similarities and can thus support the identification of
ligands for orphan receptors. Interestingly this novel “view” of receptor similarity

based on the comparison of receptor sequences forming these subsites reveals the
similarity of some peptide-binding GPCRs (such as the somatostatin receptor)
and the biogenic amine GPCRs. This “view” is supported by the fact that these
specific peptide-binding GPCRs indeed bind ligands which contain some struc-
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tural fragments also found in typical biogenic amine-binding GPCR ligands. Sec-
ond, receptors can be grouped according to conserved or similar binding sites in a
more meaningful manner. Following the chemogenomics paradigm, known li-
gands of such a receptor group with predicted binding-site similarities can be
identified and used as probes for the compilation of screening sets targeting novel
receptors within this group. Also the ligand information from the defined GPCR
subfamily can be used to design and synthesize libraries tailor-made for GPCRs
with conserved or related binding (sub)sites.

732
Design of GPCR-directed Libraries Using "Motifs" and "Themes"

Whereas Jacoby and co-workers defined a GPCR similarity matrix by comparison
of amino acids lining the putative (three) ligand binding sites, other approaches en-
deavor to detect fingerprints within GPCR sequences linked to the binding of the
physiological or surrogate ligand. For some GPCRs there are conserved consensus
signatures representing recognition sites for the natural ligand. For example a se-
quence motif characteristic of aminergic G protein-coupled receptors (composed of
a conserved aspartic acid in TM3 and a conserved tryptophan residue in TM7) has
recently been described [40]. The concept of recognition of consensus signatures
within GPCR sequences and correlation with commonly found GPCR ligand frag-
ments is applied by BioFocus [41]. Crossley and colleagues define “microenviron-
ments” within GPCRs forming a set of amino acids that are commonly involved in
ligand binding based on experimental molecular recognition data. From the identi-
fication of 30 to 40 critical residues, up to 14 of these microenvironments (called
“themes” by the authors) have been identified. This work led to a re-classification of
the class A GPCRs based on the recognition of a receptor-specific fingerprint show-
ing the presence or absence of these themes. Using multidimensional scaling on
this high-dimensional fingerprint matrix the authors arrive at a two-dimensional
representation of new GPCR clusters. On the ligand side GPCR privileged frag-
ments, so-called “motifs”, recognized by these “themes” have been identified from
the wealth of known GPCR ligands. Closeness, i.e. similarity, in the receptor pro-
jection suggests that the receptors share similar ligand recognition sites and are
likely to interact with similar chemical motifs. The use of this new approach to
guide the selection of building blocks and to generate libraries tailor-made for the
targeted receptors has been reported and the first results of this attractive chemoge-
nomics approach to lead finding are eagerly awaited.

7.33
"Chemoprints" for Recognition of GPCR-privileged Fragments

Only recently, researchers from Novo Nordisk provided structural views of the mo-
lecular recognition between several GPCR-privileged fragments and the respective
receptor binding sites. Docking studies of privileged structures containing GPCR
ligands into rhodopsin-derived homology models provided the putative binding
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Fig. 7.7 Putative ligand-binding pocket of the type-1 angiotensin Il (AT1)
receptor complexed with losartan [42]. (A) Side view with TM5,TM6, and TM7
in front, and (B) top view from the extracellular side. Ligand atoms are color-
coded according to atom types: carbon, green; oxygen, red; nitrogen, blue;
and chloride, light yellow. Receptor atoms are shown in yellow and TMs are
shown in shades of brown (TM1) to blue (TM7).

(Reprinted with permission from [42]; copyright 2004 American Chemical
Society).
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Fig. 7.8 Putative binding mode of risperidone in the o, adrenergic receptor
[43]. The model is in line with site-directed mutagenesis data and suggests
that the “chemoprint” for recognition of 4-aryl piperidines and piperazines is
formed by residues Asp3.32, Phe5.47, Trp6.48 and Phe6.51.
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modes for phenyl-indole-, spiro-piperidine-indane-, and 2-tetrazole-biphenyl-con-
taining ligands (Fig. 7.7) [42]. The authors identified a conserved binding region
spanned by two phenylalanines Phe5.47 and Phe6.44 and a tryptophan residue
Trp6.48 harboring these GPCR-privileged fragments.

GPCR homology modeling, docking and experimental profiling can be used to
identify motifs within GPCR sequences, so-called “chemoprints” that are linked
to the recognition of GPCR-privileged fragments. These chemoprints allow the
identification of relevant receptor similarities and support the design of com-
pound libraries tailor-made for the target GPCR. Docking of compounds contain-
ing GPCR-privileged fragments into rhodopsin-derived homology models provide
an initial hypothesis regarding the interaction of these receptor-ligand pairs. Fig-
ure 7.8 shows a homology model of the o4, adrenergic receptor together with the
putative binding mode of risperidone [43], a 5SHT,, antagonist with nanomolar af-
finity towards the o, adrenergic receptor. The binding mode is in line with site-di-
rected mutagenesis data supporting the interaction of the ligand with the aspar-

Table 7.1 Patchwork alignment of GPCR sequences (biogenic amine and
peptide-binding GPCRs). The alignment reveals the presence or absence
of the ,,chemoprint“ composed of Asp3.32, Phe/Tyr5.47, Trp6.48 and Phe/
Tyr6.51 (in bold), which is linked to the recognition of 4-aryl piperidines
and piperazines. Residue numbers are given according to the Weinstein
nomenclature.

3.32 539 5.42 5.43 546 5.47 6.48 6.51 6.52 6.55 Chemoprint
present

Adrenergic o5 Asp Val Ser Ala Ser Phe Tip Phe Phe Met Yes
Dopaminergic D2 Asp Val Ser Ser Ser Phe Trp Phe Phe His Yes
Histaminergic H1 Asp Lys Thr Ala Asn Phe Trp Tyr Phe Phe Yes
Histaminergic H3 Asp Leu Ala Ser Glu Phe Trp Tyr Thr Met Yes
Muscarinic M1 Asp Thr Thr Ala Ala Phe Trp Tyr Asn Val Yes
Muscarinic M3 Asp Thr Thr Ala Ala Phe Trp Tyr Asn Val Yes
Serotonin 5HT,c¢ Asp Val Gly Ser Ala Phe Trp Phe Phe Asn Yes
Serotonin 5SHT, A Asp Val Gly Ser Ser Phe Trp Phe Phe Asn Yes

Endothelin A Glu Met Tyr Phe Tyr Phe Trp Glu Asn Asn No
Galanin 1 Phe Val Thr Phe Gly Phe Trp His His His No
Angiotensin 1 Leu Ala Lys Asn Gly Tyr Trp Phe His Thr No
Bradykinin 2 Ile Asn Leu Asn Gly Phe Trp Phe Gln Thr No
Melanocortin 3 Ile Val Cys Leu Met Phe Trp Phe Phe Leu No
Neurokinin 1 Pro His Val Thr Ile Tyr Tip Phe His Phe No

Chemokine CCR1 Tyr Ala Leu Asn Gly Leu Trp Tyr Asn Ile No
Choleocystokinin B Met Ser Leu Leu Leu Phe Trp Val Tyr Asn No

Opiate [ Asp Lys Val Phe Ala Phe Trp Ile His Val Modified
Neuropeptide Y Gln Thr Leu Leu Gln Tyr Tip Leu Thr Asn No
Vasopressin 1a Gln Gly Phe Val Val Val Trp Phe Phe Gln No
MCH 1 Asp Thr GIn Phe Ala Phe Trp Tyr Tyr Gln Yes

Somatostatin Sst2 Asp Ile Thr Phe Gly Phe Trp Phe Tyr Asn Yes
Urotensin II Asp Leu Leu Phe Ser Ile Phe Phe Trp Gln Modified
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tate residue in TM3 (Asp3.32) and the positioning of the 4-aryl-piperidine moiety
into the subpocket formed by hydrophobic residues of helices TM5 and TM6.
From this docking mode the hypothesis can be derived that 4-aryl piperidines and
piperazines, commonly found fragments within GPCR ligands (see Fig. 7.3), can
bind to such GPCRs, which provide the chemoprint composed of the residue set
Asp3.32, Phe5.47, Tip6.48 and Phe6.51 as the recognition site.

A sequence comparison of several biogenic amine receptors (see Table 7.1)
shows that it is not only the aspartate residue in position Asp3.32 and the trypto-
phan residue in Trp6.48, both of which were found in the consensus signature for
biogenic amine receptors by Pfizer [40], that are conserved. In addition, the two
aromatic residues in positions Phe5.47 and Phe/Tyr6.51 are present in all bio-
genic amine receptor sequences shown in Table 7.1. The presence of this chemo-
print suggests that 4-aryl piperidines and piperazines are suited to be building
blocks for libraries targeting biogenic amine receptors. To test this hypothesis we
profiled 25 piperazines and piperidines commonly found within GPCR ligands
against a set of eight biogenic amine receptors [34]. Table 7.2 shows the results for

Table 7.2 Binding affinity profile of GPCR-privileged fragments tested against
a set of biogenic amine-binding and peptide-binding GPCRs [34]. The percent
binding values of three fragments tested against a set of eight biogenic
amine- and 11 peptide-binding GPCRs using radioligand displacement assays
(compound concentration of 10 IM) are shown. Fragment-receptor pairs
with significant affinity (> 40% of binding) are highlighted in bold.

o P P

i o
Adrenergic o4 97 48 97
Dopaminergic D2 87 3 61
Histaminergic H1 76 9 61
Histaminergic H3 18 6 19
Muscarinic M1 65 25 45
Muscarinic M3 73 12 39
Serotonin 5HT,¢ 91 45 73
Serotonin 5SHT,4 97 68 100
Endothelin A 6 12 7
Galanin 1 0 0 -4
Angiotensin II, type 1 6 2 5
Bradykinin B2 -5 2 12
Melanocortin MC3 4 11 12
Neurokinin NK1 22 -2 5
Chemokine CXCR2 -3 -3 -12
Choleocystokinin CCK B 17 7 13
Opiate 54 23 9
Neuropeptide NPY 4 2 -3

Vasopressin Vla 11 18 16
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three GPCR-privileged fragments. The good affinity of these fragments found for
the biogenic amine GPCRs indicates that they are suitable building blocks for
libraries targeting this class of GPCRs.

In order to further validate the correlation between the occurrence of the 4-aryl
piperidine/piperazine-recognizing chemoprint and experimental affinity we pro-
filed the fragments against a set of 11 peptide-binding GPCRs [34]. The results for
three fragments are shown in Table 7.2. Indeed, some fragments were found to re-
veal moderate affinity towards the opiate receptor (greater than 50% inhibition;
binding affinities in the range of K;=2-10 uM). The patchwork alignment in
Table 7.1 illustrates that the opiate receptor is the only receptor among the 11 re-
ceptors within the panel, that has an aspartate residue in position 3.32 which pro-
vides a hydrophobic patch of residues from helices in TM5 and TM6 (with Ile in
6.51 instead of Phe). Interestingly, no significant affinity was seen for any of the
other 10 peptide-binding GPCRs lacking the corresponding chemoprint. This re-
sult confirms the chemoprint hypothesis linking a sequence motif to a privileged
chemical fragment. It also suggests that 4-aryl piperidines/piperazines and their
spiro derivatives not only represent excellent building blocks for the design of
libraries targeting the family of biogenic amine receptors and the opiate receptor,
but that they are also suitable for libraries targeting other peptide-binding GPCRs
sharing the respective chemoprint, such as the somatostatin receptors, the MCH
receptor and the UII receptor (see Table 7.1). This example illustrates how experi-
mentally validated chemoprints, linking sequence motifs with GPCR-privileged
structures, can be used to guide the selection of building blocks and scaffolds in
the design of libraries targeting novel GPCRs.

734
Molecular Interaction Models by Proteochemometrics

Another computational approach to mapping molecular interaction space with-
out knowledge of the 3D structure and known as proteochemometrics, has been
followed by the Wikberg group [5, 44]; this is an extension of traditional ligand-
based 3D QSAR approaches. It exploits affinity data for series of diverse organic
ligands binding to different receptor subtypes, correlating it to descriptors and
cross-terms derived from amino acid sequences (e.g. z scales of amino acids lo-
cated within the putative binding site) and the chemical structures of their li-
gands. Wikberg and his team have performed several studies on GPCRs, which
used profiling data of compound series against a set of receptors (or mutants of
the same receptor) and subsequent proteochemometric analysis to provide in-
sights into ligand recognition. Thus, ligand-receptor interaction models have
been obtained for the subfamily of melanocortin receptors (rationalizing the
binding of peptidic ligands) [45], for the biogenic amine receptors (based on pro-
filing data from 23 ligands on 21 receptors) [12] and finally for the alpha adrener-
gic receptor (using the SAR of a ligand series profiled on a set of mutant recep-
tor forms) [46]. Statistically valid models resulted in all cases and these could be
used to make sound experimental predictions while evaluation of these models
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gave important insight into the interaction mode of GPCRs with their ligands. A
word of caution might be necessary here as only those receptor interaction sites
for which variations are present within the training set can be identified within
the resulting cross-target models, in a manner similar to that seen in classical
structure—activity studies where derivatives of one chemical series are tested
against one receptor. Those residues within the training set of (mutant) recep-
tors, which have not been varied and experimentally tested will not be identified
by these models.

7.4
Outlook

Although powerful bio- and chemoinformatic tools have been developed to pro-
vide the desired link between chemical and biological spaces, the success of ex-
ploiting this information for the design of GPCR-targeted libraries will clearly de-
pend on the availability of further valid structural information on GPCRs. The elu-
cidation of 3D structures of several membrane proteins within recent years (e.g.
cytochrome C oxidase, bacteriorhodopsin, potassium channel, bovine rhodopsin,
photosynthetic reaction center) and the enormous effort currently being invested
in the structural genomics of GPCRs by industrial and academic groups supports
some realistic optimism that this challenging task will be fulfilled in the near fu-
ture [47]. Chemoprints could then be directly derived from experimental 3D struc-
tures of GPCRs complexed with ligands containing GPCR-privileged motifs and
libraries could be tailor-made for a novel GPCR. These targeted-libraries using
building blocks and scaffolds tuned for the specific receptor could support lead
finding especially in cases where traditional high-throughput screening failed to
deliver chemical starting points for drug discovery.
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Strategies for the Design of pGPCR-targeted Libraries

Nikolay P. Savchuk, Sergey E. Tkachenko, and Konstantin V. Balakin

8.1
Introduction

Peptidergic G protein-coupled receptors (pGPCRs) are a diverse group within the
GPCR superfamily, their ligands being endogenous peptides. Binding of these
peptides to the extracellular or transmembrane regions causes conformational
changes of the receptor that act as a switch transferring the signal to the trimeric
guanine nucleotide binding regulatory proteins (G proteins), thus inhibiting or
stimulating the production of intracellular secondary messengers, such as cyclic
adenosine monophosphate (CAMP) or Ca®" ions. As the members of the super-
family of G protein-coupled receptors which represent the most successful drug
targets [1], peptidergic GPCRs possess excellent therapeutic potential. It is be-
lieved that therapeutic intervention at these receptors will have major benefits in a
wide range of human diseases.

Information concerning these receptors and their endogenous ligands is highly
important for the design of novel drugs for this target family. In the first part
of this chapter, the nomenclature and function of pGPCRs, their endogenous
ligands and therapeutic potential are surveyed in brief.

8.1.1
Peptidergic GPCRs: Brief Overview

Endogenous peptides exert their biological functions through interaction with
specific high- and low-affinity pGPCRs. At least 35 different families of pGPCRs
and their ligands have been identified to date, with multiple receptor subtypes in
most of these families each of which are encoded by separate genes [2]. The major-
ity of families can be grouped by sequence similarity within the broad classifica-
tion scheme for GPCRs as Class A (rhodopsin like), whereas the rest can be placed
into Class B (secretin/glucagon receptor-like; Table 8.1). Class A receptors are dis-
tinguished by a set of highly conserved amino acids in the cytoplasmic half of the
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Table 8.1 Major pharmacologically significant peptidergic GPCR families and
their therapeutic potential.

Families Receptors Required ligands | Therapeutic areas
Class A
e Angiotensin AT1, AT2 Antagonists Hypertension, pain, glaucoma,
cognition disorders,
e Bombesin BRS-3, GRPR, Antagonists Cancer, renal diseases
NMBR
e Bradykinin BI1R, B2R Antagonists Pain, allergy, asthma, cancer
e Chemokine CCR1 - CCR5, Antagonists Arthritis, cancer, Alzheimer’s
CCR9, disease, atherosclerosis,
CXCR1 - CXCR5 asthma, pulmonary disorders,
allergy, human immuno-
deficiency virus infection
e Cholecystokinin | CCK-AR, CCK-BR | Agonists/ Pancreatic disorders, obesity,
antagonists diabetes, CNS disorders, pain
e Endothelin ETA-R, ETB-R Agonists/ Hypertension, cardiovascular
antagonists disorders, cancer
e Galanin GAL1-R - GAL3-R | Agonists/ CNS disorders, pain, obesity,
antagonists cognition disorders
e Melanin-concen- | MCH-R1, MCH-R2 | Antagonists Obesity, diabetes,
trating hormone CNS disorders
¢ Melanocortin MC1-R-MC5-R | Agonists/ eating disorders, obesity,
antagonists cachexia, anorexia,
CNS disorders
e NeuropeptideY | NPY1-R—-NPY5-R | Agonists/ Obesity, hypertension, stroke,
antagonists diabetes
e Neurotensin NTSR1, NTSR2 Agonists/ CNS disorders, Parkinson’s dis-
antagonists ease, gastrointestinal disorders,
pain
e Opioid DOR-1, KOR-1, Agonists/ Pain, CNS disorders, cardio-
MOR-1 antagonists vascular disorders
e Opioid receptor- | ORL1 Agonists/ Pain, CNS disorders, cardio-
like antagonists vascular disorders
e Orexin OX1R, OX2R antagonists Obesity, sleep disorders
e Oxytocin OTR Agonists/ Sexual and gynecological
antagonists disorders
¢ Somatostatin SSTR1 - SSTR5 Agonists/ Diabetes, cancer, cardiovascu-
antagonists lar disorders, cognition disor-

ders, diarrhea, glaucoma, pan-
creatic disorders, acromegaly




Table 8.1 (continued)

8.1 Introduction

Families Receptors Required ligands | Therapeutic areas

Class A

e Tachykinin NK-1R — NK-3R Antagonists Allergy, asthma, migraine,
CNS disorders, arthritis,
pulmonary diseases, nausea
and vomiting

e Urotensin II UR-II-R Antagonists Angina pectoris, cardiovascular
disorders

e Vasopressin V1R,V1aR,V1bR, |Agonists/ Urinary incontinence, renal

V2R antagonists diseases, diabetes, hyper-

tension, dysmenorrhea, CNS
disorders, cardiovascular
disorders

Class B

e Calcitonin CTR Agonists Osteoporosis, diabetes

¢ Glucagon GLR Antagonists Diabetes, obesity

¢ Glucagon-like GLP-1-R Agonists/ Diabetes, obesity

peptide 1 antagonists

seven-transmembrane core that are required for receptor stability and for mediat-
ing the conformational changes that underlie receptor activation [3, 4]. Despite si-
milar topology, Class B receptors share little amino acid sequence similarity with
Class A receptors and are distinguished by a large extracellular amino-terminal
domain that is critical for ligand binding and which contains six highly conserved
cysteine residues that are likely involved in disulfide bond formation [5].

Receptors within each family are presumed to have similar binding domains spe-
cific for their cognate class of signaling peptides and, in many cases, activate com-
mon intracellular signaling pathways. The specificity of G protein coupling to a
given GPCR is typically defined in terms of the class of G, subunit (Gs, Gi/o, Gg/11
G1;). Class A pGPCRs appear to couple primarily to either Gy;1; and/or G, which
are commonly associated with activation of phospholipase C and inhibition of ade-
nylyl cyclase, respectively. In contrast, Class B pGPCRs are primarily coupled to G
and mediate stimulation of adenylyl cyclase. Many pGPCRs have been shown to
couple to more than one G protein subtype [6].

Receptors within each family differ in their relative affinity for ligands within a
peptide family, G protein-coupling specificity, desensitization kinetics, and ability
to associate with other GPCRs [7-9].
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8.1.2
Endogenous Ligands for pGPCRs

Endogenous peptide ligands for GPCRs are usually generated by enzymatic clea-
vage of a prepro-precursor to give fragments from four to 90 amino acids in
length. Several biologically active peptides specific for one or more GPCRs within
a family can be generated from a single precursor, such as somatostatin-14 and
-28 from prepro-somatostatin [10, 11]. Additional mechanisms include processing
of peptides or proteins that are already biologically active. For example, enzyme-
mediated cleavage of the C-terminal dipeptide motif from AT1 produces AT2 [12].

Posttranslational modification of amino acid residues in peptide ligands can
regulate their potency or specificity. For peptides such as CCK, gastrin, NPY, orex-
ins A and B, and the pro-opioid melanocortin-derived peptides, C-terminal o-ami-
dation is required for function [13, 14]. Octanoylation of ghrelin at Ser? is required
for biological activity [15] and sulfation of Tyr” or Ala” in CCK and gastrin respec-
tively is required for full potency of action on CCK1 receptors [14]. Also, neuropep-
tide B, a ligand recently identified for the orphan GPCR GPR7, was shown to be
brominated specifically at an N-terminal Trp residue [16].

Different pGPCRs display specific patterns of ligand selectivity [9]. Members of
several pGPCR families display specific preferences for certain ligands. Thus, the
SSTRS subtype of the somatostatin receptors is selective for somatostatin-28 [17],
unlike the other four SSTR isoforms, which appear to preferentially bind somatos-
tatin-14 [18]. In many cases, one receptor subtype can bind only one specific
ligand, whereas another subtype displays equally high affinity for a number of
endogenous ligands [19, 20]. It can be hypothesized that such a diversity of pep-
tides available to activate a particular pGPCR could allow a greater dynamic range
of receptor responses while maintaining levels of specificity for specific intercellu-
lar signals.

Recently, several interesting examples of functional differences between ligands
that can act on the same receptor were reported. Thus, an endogenous truncated
NKA peptide lacking the first three amino acids (NKA(4-10)) evokes only the cal-
cium response and not the cAMP response through NK2 receptors [8]. Similar ef-
fects described for several other pGPCRs [21] suggest that different conformations
of the receptor could underlie distinct activation states, which have different
ligand affinities, resulting in coupling to different G proteins. Cooperative action
of distinct ligands on the same receptor has also been reported [22].

8.13
Potential Therapeutic Targets of pGPCRs

Peptidergic GPCRs have been shown to be involved in many physiological func-
tions. Many disease conditions have been related to the malfunction of pGPCRs,
including cardiovascular, neurologic, gastrointestinal, autoimmune and ocular
diseases, human immunodeficiency virus (HIV) infection, obesity and cancer
(Table 8.1). Comprehensive reports of the potential pharmacological activities of
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Fig. 8.1 Examples of pGPCR-active drugs which have been marketed.

the main pGPCR families have been reported elsewhere. This information pro-
vides a very strong rationale for the implementation of drug discovery programs
directed at pGPCRs.

There are several drugs which have been launched onto the market in the past
decade acting through modulation of pGPCR function (Fig. 8.1). Among these is
a series of structurally related angiotensin antagonists, such as losartan and valsar-
tan, opioid antagonists remifentanyl and nalmefene, endothelin antagonist bosen-
tan and tachykinin antagonist aprepitant. Numerous examples of small-molecule
pGPCR ligands (Fig. 8.2), which have progressed to clinical status, also validate
the significant allocation of resources to this research area (the data are from the
Prous Ensemble database (Prous Science, 2004; http://www.prous.com/)).

8.2
Approaches to the Design of pGPCR-targeted Libraries

High-throughput screening of large diversity-based libraries is still a common
strategy within many pharmaceutical companies for the discovery of pGPCR
leads. Several examples of successful pGPCR leads resulting from HTS cam-
paigns can be found in the scientific literature. Recent examples include antago-
nists of chemokine receptors CCR3 [23] and CCRS5 [24], gonadotropin-releasing
hormone receptor [25], neurokinin-1 receptor [26], bradykinin [27] and neuropep-
tide Y receptors [28]. However, as noted by many researchers in the field, there is
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no evidence that high-throughput technologies, including parallel synthesis/com-
binatorial chemistry and HTS provided the expected impedance to the lead discov-
ery process [1, 29]. Therefore, a number of approaches have been used for the de-
sign of more focused screening libraries [30]. These range from pharmacophore
and target structure-based design through combinatorial approaches to mimetics
of natural ligands to methods based on intelligent data mining techniques. Che-
mogenomic approaches provide novel opportunities for the design of targeted
libraries through better understanding of the relationships between pGPCR se-
quence and compounds that interact at particular receptors.

Here we highlight some of the strategies mentioned, which we have found to be
useful for the design of pGPCR-targeted libraries. The examples presented de-
monstrate how the knowledge obtained from receptor-ligand interaction models
and structures of known ligands, both endogenous and exogenous, can be applied
to the design of small-molecule mimetics of peptide GPCR ligands. But before
moving forward, we highlight some of the typical problems associated with the
discovery of pGPCR active drugs.

8.2.1
Problems in Drug Discovery Directed Towards pGPCRs

Historically, the discovery of drugs acting on non-peptidergic GPCRs (non-
pGPCRs) has been more successful as compared to pGPCRs. Research on angio-
tensin and opioid receptors yielded therapies that display notable therapeutic and
market benefits. Progress in drug discovery against the remaining members of
this family has been less successful. To date, only two synthetic ligands to other
pGPCRs, namely bosentan (endothelin ETA/ETB antagonist) and aprepitant
(tachykinin NK1 antagonist; Fig. 8.2), have reached the market. These data sug-
gest that (1) the potential of pGPCRs is largely underutilized and (2) drug discov-
ery in this area requires novel approaches. Below, we will attempt to summarize
several factors determining the relative scarcity of pGPCR-targeted drugs.

While the structural differences between peptide ligands for pGPCRs and endo-
genous small molecules modulating the function of non-pGPCRs (such as bio-
genic amines, nucleotides and ions) may be apparent, the structural distinctions
between orally active peptidomimetics acting on pGPCRs and synthetic non-
pGPCR ligands are often only faintly expressed. We decided to elucidate possible
differences between the synthetic ligands to pGPCRs and non-pGPCRs expressed
in terms of molecular topology, polarity and hydrogen bonding potential. The re-
sults of our studies are summarized below.

Recently, we investigated the difference between several receptor-specific groups
of GPCR ligands by using Kohonen self-organizing maps (SOMs) [31]. Because of
some problems in the analysis of multidimensional property spaces inherent to
Kohonen SOM methodology, we performed a complementary study specifically
aimed at discrimination of synthetic small-molecule ligands to pGPCRs and non-
pGPCRs. In theory, the algorithm of nonlinear mapping (Sammon mapping) [32]
is especially attractive for data visualization and data mining, as the resulting
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mapping gives an insight into the presence and structure of clusters in the data,
and each projection point corresponds to a specific data entry. The general idea
was to create a two-dimensional image of a multidimensional original property
space. The distance between two points on the map directly reflecting the similar-
ity of the compounds [33-35]. As input variables, we used electrotopological state
(E-state) indices [36], which encode information about both the topological envir-
onment of an atom, and the electronic interactions resulting from all other atoms
in the molecule. Unlike many other types of molecular descriptors, E-state indices
are easily and unambiguously calculated, and, at the same time, they encode
some essential molecular features characterizing the topology, polarity and hydro-
gen bonding capabilities of a molecule.

We collected a 593-compound database of known GPCR modulators including
both drugs and compounds that had entered preclinical and clinical trials (Prous
Ensemble database). Two non-overlapping data sets were included in the data-
base: the first data set consisted of 186 pGPCR ligands, and the second included
407 agents active against non-peptidergic GPCRs. The database was filtered based
on molecular weight (not more than 600) to ensure its small-molecule status.
A total of 24 E-state indices were calculated for each molecule.

Figure 8.3 shows the distributions of the compound categories studied on the
Sammon map. Small-molecule pGPCR ligands are shown as black circles, and
non-pGPCR active drugs are indicated by white circles. There are clear differences
in their location. The structures shown and the locations of three launched
pGPCR (on the left) and three non-pGPCR (on the right) active drugs provide
some visual clues for their discrimination. The differences are particularly evident
for olmesartan medoxomil and desloratadine which occupy diametrally opposed
positions on the map. In our assessment, pGPCR ligands are topologically more
complex and have an increased number of polar functional groups.

This method provides a reasonable basis for the assessment of the pGPCR activ-
ity potential. For example, it can be used as a computationally inexpensive virtual
filtering procedure in the design of pGPCR-targeted libraries. The exercise de-
scribed also illustrates well the increased complexity of synthetic pGPCR ligands,
expressed in terms of atomic electrotopological state, as compared to non-pGPCR
ligands.

We believe that difficulties in elucidation of a specific interaction pattern be-
tween a pGPCR ligand and a respective receptor arise for several reasons. First,
there is great diversity of endogenous ligands capable of activating various
pGPCRs. The 20 amino acids used to build proteins and peptides derived from
genes provide enormous chemical diversity, as well as H-bond-accepting and do-
nating properties, hydrophobicity, conformational space, etc. There are astronomi-
cal numbers of possible structures for even a small protein: thus, ~10'? structures
are theoretically possible for decapeptide, and posttranslational modifications in-
troduce additional complexity. Furthermore, a single peptide or protein can as-
sume different conformations (¢p/\y space) and many topographies (y space).
There is a high dynamic diversity of peptides and proteins that can readily change
conformations and topographies depending on temperature, ionic strength and
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microenvironmental effects. To further complicate matters, there is the aforemen-
tioned evidence for the possible diversity of peptides available to activate a particu-
lar pGPCR, the induced fit upon ligand binding and cooperative effects.

The problems mentioned suggest that there are many relevant peptide ligand—
receptor interaction patterns, which make it problematic to achieve success when
using a single approach to pGPCR library design. The observed increased com-
plexity of pGPCR drugs as compared to non-pGPCR agents provides further evi-
dence of the difficulties associated with pGPCR-directed drug discovery.

Despite the obstacles mentioned above, the track record of success for this tar-
get family suggests the great potential benefits associated with therapeutic inter-
vention at these receptors. Nowadays, drug discovery directed towards pGPCR li-
gands has achieved success through integration of genome data analysis, virtual
and high-throughput screening, combinatorial chemistry and classical medicinal
chemistry. In the following sections, we will describe several successful pGPCR-di-
rected lead discovery programs with emphasis on the underlying discovery con-
cepts.

822
Docking and Pharmacophore-based Design

Due to the rapidly increasing availability of structures of the target proteins or
homology models, which can be used as templates for virtual screening, the pro-
tein structure-based methods are becoming increasingly popular in the field of tar-
get-directed library design. Today, we are witness to a clear shift from the ligand-
structure-based methods towards more and more sophisticated docking algo-
rithms [37]. Information concerning the primary structure of GPCRs has become
increasingly accessible from their sequencing, and 3D molecular models can be
developed based upon a homologous X-ray structure [38, 39].

There are several studies, which demonstrated the potential of docking methods
for the discovery of small molecule pGPCRs ligands. For example, Underwood
and co-workers generated a 3D model of the human AT1 receptor based on bacter-
iorhodopsin and were able to dock the losartan-type antagonist L-158,282
(MK-966) into the biogenic amine binding site [40]. Another study has been pre-
sented which applies structural models of chemokine and biogenic amine recep-
tors within the chemical optimization program of a CCRS5 lead [41]. The initial
lead compound showed high affinity towards the CCRS5 receptor.

Despite the definite success in the lead discovery programs described, practical
utility of the target-structure-based approach in the screening of large virtual
libraries directed towards pGPCRs is still limited because of the lack of quality
crystallographic data, detailed knowledge of the ligand binding mode and inher-
ent issues concerning scoring functions. To further complicate matters, there are
some specific concerns associated with pGPCRs as mentioned in the preceding
sections. In most cases, the hit rate of virtual screening approaches benefits from
the availability of potent, structurally diverse, and conformationally restricted re-
ceptor ligands as starting points.
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The natural ligand can provide a good starting point in the lead-finding process.
In this case, a valid pharmacophore model can be generated and then employed
to identify lead structures with novel scaffolds. Hruby et al. designed a non-pep-
tide ligand for the & opioid receptor on the basis of a conformationally constrained
peptide lead [42] (Fig. 8.4a). Extensive computation studies led to the determina-
tion of the three-dimensional disposition of the key pharmacophore units. Then a
variety of non-peptide scaffolds were explored on which these key pharmacophore
elements were placed. As a validation of this approach, several highly potent and
d-selective non-peptide ligands were identified as exemplified by 1,4-piperazine
analog 1 [43].

The researchers at Merck demonstrated another successful application of the
3D pharmacophore technique to identify novel non-peptide lead structures
(Fig. 8.4b). Optimization of somatostatin-derived peptides has resulted in the cyc-
lic hexapeptide L-363,377 as a somatostatin agonist [44]. The side chains of the
Tyr-D-Trp-Lys motif required for the biological activity were used as a probe to
search MercKs compound collection with a 3D search method [45]. Biological test-
ing of compounds selected by using the 3D pharmacophore search yielded com-
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Fig. 8.4 Application of 3D pharmacophore technique for identification
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pounds which displayed high inhibitory activity against the human SSTR2 recep-
tor. Combinatorial follow-up synthesis and screening led to the discovery of highly
active agonist for the human SST2 receptor (structure 2) as well as other subtype-
selective somatostatin agonists.

Recently, researchers at Aventis have employed a similar virtual screening
strategy to identify non-peptide antagonists for the urotensin II receptor [46]
(Fig. 8.4¢c). The spatial arrangement of the Trp-Lys-Tyr motif identified as the im-
portant pharmacophoric pattern was deduced from the NMR spectroscopy solu-
tion structure of human urotensin II and of the disulfide bridged analog Ac-Cys-
Phe-D-Trp-Lys-Tyr-Cys-NH,. These results were translated into respective 3D
pharmacophore models, which were used to virtually screen the Aventis com-
pound collection. By using the pharmacophore model of the human urotensin II
structure as a query, 10 of the 500 virtual hits (2%) showed biological activity
with an ICsq value of 400 nM for the best compound 3. The virtual screening ap-
proach has identified numerous novel scaffolds with reasonable antagonist activ-
ity providing promising starting points for subsequent chemical optimization
programs.

As an extension of this discovery approach, Mason and co-workers have de-
scribed a four-point pharmacophore method for molecular similarity, which calcu-
lates all potential pharmacophores for a given molecule [47]. The authors were
able to identify GPCR-specific pharmacophores and to apply the pharmacophore
key to the design of GPCR-focused libraries.

8.23
Knowledge-based Data Mining Approaches

Knowledge-based data mining methods used for correlation of molecular proper-
ties with specific activities can be useful in the discovery of pGPCR-targeted leads.
For example, the recursive partitioning (RP) algorithm, which uses decision trees
and binary descriptors to identify specific partitions enriched with active mole-
cules, was used for analysis of a large number of p-opioid receptor ligands [48]. It
has been shown that the optimal RP model has been able to “discover” the exis-
tence of the two main (“morphine-like” and “meperidine-like”) p ligand families,
represented as the two main “active nodes” of this tree. Several groups reported
application of artificial neural networks [49, 50] and Kohonen self-organizing
maps (SOMs) [31, 51] for the design of GPCR-specific libraries. These methods
provided a reasonable basis for the computationally inexpensive assessment of the
GPCR activity profile.

One recent study demonstrates the high potential of the virtual screening strat-
egy based on a data mining method for enhancement of productivity of pGPCR-
directed lead discovery [52]. The study was focused on GPCRs that are activated by
positively charged peptide (GPCR-PA™) ligands. Using a special partitioning algo-
rithm based on five calculated molecular descriptors, a region of chemical prop-
erty space enriched in GPCR ligands was identified. This information was used to
design and synthesize a “test” library of 2025 single, pure compounds to sample
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portions of this property space associated with GPCR-PA" ligands. The library
was evaluated by high-throughput screening against three different pGPCRs,
rMCH, hMC4, and hGnRH, and found to be highly enriched in active ligands
(4.5-61-fold) compared to a control set of 2024 randomly selected compounds.

824
Chemogenomics Approaches

The effective identification of high quality hits and leads across diverse classes of
GPCR targets can be based on the systematic analysis of structural genomics data
[53]. The latest human genome initiatives allow for establishing the relationships
between ligands and targets, and thus, offer the potential to use the knowledge ob-
tained in the screening experiments of one target in lead finding for another. Sev-
eral approaches to explore the chemogenomics knowledge space were recently re-
ported together with their use for the generation of target-directed libraries. The
key element of this knowledge space is the ligand—target matrix, which represents
a comprehensive data source suitable for effective data mining. The collection of
properly annotated ligand—target databases can help to elucidate the mechanism
and evaluate potential target specificity of small molecule ligands [54].

Researchers at Novartis described an annotation scheme for GPCR ligands for
in silico screening and combinatorial design of targeted libraries [55, 56]. Retro-
spective in silico screening experiments have shown that such reference sets can
be useful for the identification of ligands binding to receptors closely related to
the reference system. Such a systematic exploration of the ligand—target matrix
for selected target families appears to be a promising method of accelerating
pGPCR-directed drug discovery. A prominent chemogenomic approach to the de-
sign of GPCR-targeted libraries has been developed by scientists at BioFocus [30].
Thematic Analysis defines a common consensus binding site for all GPCRs in the
upper half of the transmembrane region. Commonly occurring small sets of
amino acids (themes) are identified from primary sequence overlays and asso-
ciated with ligand fragments (motifs) using SAR information. Multiple themes
have been identified across the GPCR family and these have been associated with
motifs to create a design tool for combinatorial libraries and lead optimization.

8.2.5
Incorporation of Specific Biomolecular Recognition Motifs

Identification of structural patterns in biomolecular recognition and their incor-
poration into the structures of small molecules is the key to the design of novel
drugs. However, our ability to design the desired molecular structures and plan
the reaction pathways currently lacks guidance from our knowledge of small mo-
lecule-binding sites on biological macromolecules. This is particularly true for
peptidergic GPCRs. In this situation, the knowledge of some common structural
elements of biomolecular recognition can be used to constrain the structures of
synthetic compounds to those optimally fitted for binding.
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The following sections present several useful strategies which were applied in
the design of focused chemical libraries targeting pGPCRs. The strategies are
based on information regarding specific ligand-receptor recognition motifs such
as privileged structures, B-turns and other elements of peptide mimicry, which
can be used for the rational design of a library.

8.2.5.1 Privileged Structures

The mining of large databases with experimental activity data led to identification
of specific chemical fragments that appear over-represented among high affinity
ligands to multiple, unrelated classes of protein receptors [57]. Such fragments
are commonly known as “privileged structures” and can be an essential tool in tar-
geted GPCR library design [58-61].

Privileged substructures can be found in ligands over a broad set of GPCRs. It
was demonstrated that the privileged structures recognize a conserved binding
pocket in a subset of GCPRs and that this “common” binding domain is comple-
mentary to the privileged structure [62]. In order to obtain evidence for the exis-
tence of privileged substructures over a wide number of pGPCR families, we per-
formed analysis of the frequency of occurrence of several typical GPCR privileged
structures taken from literature [60—63] in two large databases of pGPCR and
non-pGPCR agents (5231 and 7811 compounds, respectively). The structures
were obtained from the Prous Ensemble database. The results of our calculations
are shown in Table 8.2. To quantitatively assess an enrichment of a particular
pGPCR family with a specific fragment, we used the enrichment factor (F,) calcu-
lated as the percentage of this fragment in a particular pGPCR set relative to its
percentage in the entire non-pGPCR data set. The results obtained demonstrate
the presence of certain receptor-specific preferences for particular substructures
in the databases studied. In several cases, enrichment factors of 5-10 are ob-
served. Extreme F, values obtained for benzazepinone/cholecystokinin and biphe-
nyl/angiotensin pairs (12.14 and 18.19, respectively) reflect the existence of
“superprivileged” binding patterns for these fragments and the corresponding re-
ceptors. The third column of Table 8.2 shows a general measure of the irregularity
of distribution of these fragments between the entire pGPCR and non-pGPCR da-
tabases.

This information can be useful for the selection of building blocks during the
design of pGPCR-targeted libraries.

Examples of ligands that share the same privileged motif include the neuroki-
nin NK2/NK3 antagonist 4 [64], the growth hormone secretagogue 5 [65], and the
melanocortin subtype-4 receptor agonist 6 [66] as shown in Fig. 8.5. Despite the
fact that compounds 46 all possess the same privileged structure, their receptor
selectivity differs, presumably as a result of the influence of the capped amino
acid and dipeptide segments. The spiro-piperidine-indane core of these com-
pounds is also found in oxytocin, somatostatin, tachykinin, melanocortin, and
anaphylatoxin chemotactic receptor ligands, and represents a typical privileged
structure.
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Fig. 8.5 Antagonists of three different pGPCRs containing the
spiro-piperidine-indane privileged fragment (highlighted in bold).

The incorporation of privileged fragments as core or terminal building blocks
has been used as a useful strategy for the generation of pGPCR-targeted libraries
[31, 57-59]. One recent report described the evaluation of a wide range of structu-
rally diverse privileged structures linked to the key dipeptide D-Trp-Lys-OMe [63].
This dipeptide is a low molecular weight SSTR2 agonist identified as having good
overlap with the calculated B-turn about the TyrTrp-Lys-Thr sequence found in the
cyclic hexapeptide SSTR agonist [45]. Privileged units such as biphenyls, 1,1-di-
phenylmethyls, diphenylethers, arylindoles, benzimidazolones, benzimidazoles,
tetrahydroisoquinolines, etc., were incorporated as part of the amine and car-
boxylic acid building blocks. Despite the fact that the incorporated subunits varied
substantially in size, shape, flexibility and polarity, of approximately 250 com-
pounds evaluated, as many as 50 resulted in highly potent analogs in the murine
SSTR2 binding assay, falling into 10 different types of privileged structure. It is
significant that privileged structures themselves were required for potent binding,
since analogous peptide and capped peptide analogs failed to produce potent li-
gands.

The design based on privileged structures seems to be a very useful approach
for rapid identification of ligands to putative targets [67]. This design is inherently
consistent with the homology-based similarity principle, which constitutes an es-
sential part of the chemogenomic strategies. As was mentioned above, using a ser-
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ies of docking experiments for a set of class A GPCRs, a good correlation has been
found between conservation patterns of residues in the ligand binding pocket and
the privileged structure fragments in class A GPCR ligands [62]. As a result, tar-
get-directed ligand libraries can be effectively designed without any foreknowledge
of the structure of the endogenous ligand, which in turn means that even orphan
receptors can be addressed as potential drug targets.

An inherent concern associated with this approach is the restricted availability
of privileged substructures for known target families. The resulting issues con-
cerning intellectual property and selectivity of action clearly limit the scope of the
approaches based on privileged structures. This problem can be addressed by
using special methods of rational transformation of active scaffolds aimed at max-
imal exploration of the chemical space surrounding the initial hits and generation
of analogs with enhanced IP position [68]. The goal of this procedure is to select
structures with similar steric and electrostatic parameters but different chemistry.
A Dioisosteric approach, which is one of the key concepts in drug design, repre-
sents a useful lead optimization strategy [69].

8.2.5.2 Mimetics of the Peptide Secondary Structure Elements

Secondary structure elements in proteins play a key role in molecular recognition
events in biological systems through their characteristic three-dimensional pre-
sentation of functional groups on their surfaces. Many peptide ligand-receptor in-
teractions are initiated or mediated by a key local secondary structural element in
the protein [70]. Therefore, small molecules bearing a similar local structural fea-
ture can effectively mimic the ligand binding function of a peptide. In particular,
mimicking the B- and y-turns of natural pGPCR ligands appeared to be a very use-
ful approach in the design of effective small-molecule peptidomimetics.

The concept of B-turn mimicry is that the vectors of the functional groups at the
i+1 and i+ 2 positions and the incoming and outgoing peptide chains adopt
similar positions to the corresponding vectors of an idealized B-turn (Fig. 8.6).
Eguchi et al. described a B-turn peptidomimetic with four sites of diversity readily
accessible through solid phase synthesis from commercially available diversity
components [71, 72]. Several compounds with moderate to low nanomolar bind-
ing affinity for a non-selective opioid receptor were identified and the most potent
(structure 7) was shown to be a selective, full agonist at the p-receptor
(ICsp = 9 nM). Interestingly, the linear peptide corresponding to structure 7 did
not demonstrate binding to the same non-selective receptor.

The synthesized bicyclic template of compound 7 was shown by X-ray crystal
structural analysis and solution phase 2D-NMR spectroscopy to mimic a type I
B-turn conformation [71]. This highly constrained 6,6-bicyclic system incorporat-
ing functionality at the i to i+ 3 positions afforded an opportunity to probe the
biologically active conformation of peptides that potentially adopt a reverse turn
conformation. This scaffold was also applied to the preparation of mimetics of
Leu-enkephalin to identify potent and selective ligand(s) for opioid receptors (i, &
and «) and to elucidate their structure—activity relationship (SAR) [71].
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Fig. 8.6 The structure of the B-turn and its mimetics.

One of the first reported non-peptide ligands for the melanocortin receptors was
based upon the B-turn [73]. The B-turn mimetics were based on the Phe-Arg-Trp pep-
tidyl side chains that represent the putative pharmacophore of melanocortin pep-
tides. A library of 951 B-turn compounds was screened at the MC1R for agonist activ-
ity and several compounds resulted in receptor stimulation above basal level (exem-
plified by structure 8, Fig. 8.6). In a follow-up study, a novel cyclic thioether scaffold
was used to mimic the B-turn [74]. A series of 19 compounds were screened for ago-
nist activity at the mouse melanocortin receptors. Several compounds were identi-
fied with agonist activity. An example of one non-peptide melanocortin agonist 9
from this series based on the B-turn, is shown in Fig. 8.6. These studies provided
some of the first non-peptide ligands for the melanocortin receptors and provided
experimental evidence to support a bioactive conformation consisting of a B-turn.

Structure/conformation/activity studies of somatostatin, a 14-amino acid pep-
tide involved in the inhibition of release of insulin, glucagon and growth hor-
mone, had suggested that a f-turn composed of Phe’-Trp®-Lys’Thr'® is important
for its biological activity. Based on these findings, several highly potent cyclic hexa-
peptide mimetics of somatostatin were designed and synthesized [75].

In a y-turn, peptide chain reversal occurs over three residues and a hydrogen
bond is formed between residues i and i + 2 so that a pseudo-seven-membered
ring is formed. y-Turns are less frequent than B-turns in biologically active pep-
tides, but structural studies have revealed that vasopressin [76], angiotensin II
[77, 78], and bradykinin [79] may adopt y-turn conformations.
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Fig. 8.7 The structure of the y-turn and its mimetics.

Several molecular scaffolds have been reported which mimic the y-turn
(Fig. 8.7). Thus, 2,4,6-trisubstituted morpholin-3-one structure 10 successfully mi-
micked the y-turns of natural ligands vasopressin [80] and oxytocin [81]. In this
six-membered ring, the amide bond between residue i and i + 1 of the y-turn has
been replaced by a methylene ether isostere. In addition, a methylene bridge en-
sures the close spatial location of residues i and i+ 2. Ab initio calculations re-
vealed that this covalent linkage effectively restricts the torsional angles of the
i+ 1 residue to values close to those of a y-turn [80, 82]. A selective AT2 receptor
ligand with a benzodiazepine-based y-turn-like mimetic 11 replacing the amino
acid residues 4-5 of angiotensin II, was synthesized [83]. Despite these successful
examples, the potential of y-turn mimetics in the design of small-molecule thera-
peutics still remains to be demonstrated.

8.3
Synthesis of pGPCR-focused Libraries: Example of a Practical Methodology

In the last part of our chapter, we present one example of useful practical metho-
dology for the design of pGPCR-targeted chemical libraries. The major difficulty
that limits the effective use of small molecules in contemporary lead discovery
programs is the lack of routine access to structurally complex and diverse small
molecules that can be used to modulate biological systems [84]. Another, more
subtle problem is the extensively advocated bias to drug-like chemistry [85]. How-
ever, the actual drug-likeness has more to do with delivery and pharmacokinetic
parameters than with affinity and selectivity for a protein target. In our opinion,
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identification of patterns in ligand—target recognition constitutes another reason-
able basis for rationally creating small molecules that mimic or interfere with pep-
tide ligand-receptor interactions. The basic idea of our approach is the synthesis
of small molecules capable of modulation of pGPCRs, without regard for any par-
ticular receptor. To achieve this goal, an advanced parallel solution-phase synthetic
strategy has been developed as an effective approach to novel diverse peptidomi-
metics, which contains special biomolecular recognition motifs.

This method is based on the modified multicomponent reactions compatible
with high-throughput combinatorial synthesis. Multicomponent reactions can be
carried out very efficiently in solution and are suitable for the synthesis of libraries
of diverse small molecules. A classical example is the four-component Ugi reaction
between aldehyde, amine, isonitrile and carboxylic acid, which has emerged as a
powerful tool for rapid identification and optimization of lead compounds in drug
discovery [86]. One important modification of this reaction that can lead to rare het-
erocyclic structures is the use of bifunctional reagents as starting reactants. In parti-
cular, a new Ugi-type reaction has been developed, which represents an interaction
between azaheterocyclic reagents containing carboxylate and aldehyde (keto) func-
tions in the same molecule and isonitriles and primary amines [87].

As an illustration of this methodology, the synthetic approach to various anne-
lated 5-carbamoyl-pyrazin-3-ones starting from the bifunctional reagents contain-
ing 2-oxoethylamino-acetic acid fragments is outlined in Scheme 8.1. When com-
pounds 13 and 16 were treated with isonitrile and primary amine in methanol,
conversion into the corresponding pyrazinone libraries 14 and 17 proceeded
smoothly and without any indication of major side reactions. The key bifunctional
reagents 13 and 16 used in these reactions were prepared from the corresponding
azaheterocyclic acids 12 or aldehydes (ketones) 15 upon their alkylation with
a-brominated ketones or acids, respectively.

The scope of the synthetic approach that has been developed can be essentially
extended by the synthesis of novel annelated seven-membered heterocycles
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(Scheme 8.2). For example, a series of novel pyrrolodiazepines 19 were effectively
prepared when using aldehyde acids of general structure 18 as starting bifunc-
tional reactants. A wide number of novel fused seven-membered azaheterocycles
outlined in Scheme 8.2 (structures 20-22) can be prepared in an analogous man-
ner.

The synthesized molecules illustrated in Fig. 8.8 contain a number of privileged
motifs, e.g. diazepinone (structures a and b), indole, biaryl, etc. The piperazinone
and azepinone scaffolds constitute examples of - and y-turn mimicks (c, d, f-h)
with an inherent potential for combinatorial exploration of functional diversity
[88]. In a more general sense, compounds synthesized by this method constitute
examples of conformationally rigid peptidomimetic cyclic molecules. Thus, the pi-
perazinone and azepinone rings can be viewed as a means to constrain the torsion
angle of an amino acid’s backbone bonds in a dipeptide mimic. The synthesized
compounds contain certain characteristic conformationally-fixed amino acid frag-
ments, for example: conformationally-constrained dipeptide moieties (d-g), phe-
nylalanine-like (h) and phenylglycine-like (i) fragments.

The synthetic method is noteworthy for its ability to generate complex, diverse
and little explored structures from simple building blocks. The synthesized
libraries represent compact focused collections of small molecules containing spe-
cial biomolecular recognition elements typical of pGPCR-targeted peptidomi-
metics. Finding and analyzing primary actives can eventually lead to the identifi-
cation of particular protein targets capable of being modulated by these small mo-
lecules. Biological evaluation of the heterocycle-fused pyrazinones and diazepi-
nones is currently in progress with respect to a number of pGPCR biotargets.
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Fig. 8.8 Examples of synthesized compounds containing various
biomolecular recognition motifs.

8.4
Conclusions

The study of peptidergic GPCRs and their natural and synthetic ligands is an in-
tense area of research in drug discovery with promising clinical potential. Long-
term studies in this field led to the discovery of several small-molecule agents pro-
gressed into successful marketed drugs. There has also been significant progress
in the identification of orally active small-molecule nanomolar agonists and an-
tagonists, although their clinical efficacy still remains to be demonstrated.

As outlined in this chapter, successful discovery of novel pGPCR leads relies on
a combination of techniques from a wide range of disciplines, including molecu-
lar docking, pharmacophore-based design, sophisticated data mining methods,
combinatorial chemistry and traditional medicinal chemistry. Improved bioactivity
and selectivity are the main driving forces in the design of mimetics of natural
peptide ligands. However, the non-peptidic nature of mimetics can also improve
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the undesirable therapeutic characteristics of proteins or peptides, such as poor
bioavailability, lack of oral activity, short duration of action, and potential antigeni-
city. The integration of chemogenomic knowledge-based ligand design strategies
with advanced virtual screening technologies holds great promise for more effi-
cient discovery of leads across diverse pGPCR families.

In contrast to other GPCR types, such as those that use biogenic amines or nu-
cleosides as endogenous ligands and represent the most successful drug targets
in the pharmaceutical industry [1], the market potential of pGPCRs still remains
largely underutilized. However, based on the critical roles pGPCRs play in numer-
ous aspects of human physiology, it is believed that the tremendous effort of nu-
merous international groups of scientists working in the area will pay serious divi-
dends for the foreseeable future.
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Ligand-based Rational Design: Virtual Screening

David E. Clark and Christopher Higgs

9.1
Introduction

G protein-coupled receptors (GPCRs) constitute one of the most important target
classes in pharmaceutical research, both from an historic and a current point of
view. Of the top 50 products marketed in 2001, greater than 30 % were targeted at
GPCRs [1] and it is estimated that a similar percentage of ongoing drug discovery
programs in pharmaceutical companies continue to focus on this family of recep-
tors [2]. It is thus not surprising that a wide variety of drug design strategies have
been applied in the search for new GPCR ligands [2, 3].

The application of computer-aided drug design techniques in support of GPCR
drug discovery projects has received a significant boost in recent years, following
the publication in 2000 of the first high-resolution X-ray crystal structure of a true
GPCR (bovine rhodopsin) [4]. Even prior to this, molecular models of GPCRs had
been an invaluable tool in generating ideas, rationalizing experimental data and
providing a structural framework upon which to assess sometimes contradictory
results [5]. Indeed, a comparison of the rhodopsin structure with the results of ear-
lier sequence analysis and molecular modeling incorporating experimental data
demonstrated a high degree of success for these methods in predicting key fea-
tures of GPCR structures [6]. Nonetheless, the availability of structures of rhodop-
sin has provided a firmer foundation for the construction of homology models of
GPCRs, particularly for amine receptors [7]. This in turn has led to some of the
first successes in using GPCR homology models for virtual screening (see also
Chapter 12) [8-10].

In all the excitement of recent years over structure-based virtual screening [11],
it is perhaps the case that ligand-based virtual screening approaches for hit-find-
ing against GPCRs have been somewhat overshadowed. It is thus worth pointing
out that, despite recent advances, structure-based virtual screening approaches
against GPCRs do not constitute a panacea and thus, ligand-based approaches
should not be ignored.

Ligand Design for G Protein-coupled Receptors. Edited by Didier Rognan
Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-31284-6
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9.2
Why Use Ligand-based Virtual Screening?

There are several reasons why ligand-based virtual screening presents a valuable
approach to hit-finding against GPCRs.

9.2.1
Speed

The construction of a high-quality homology model of a GPCR is often time-con-
suming (for a recent example, see [12]). Ideally, such a model will incorporate as
much experimental information as possible, in particular that provided by site-
directed mutagenesis experiments. The construction and validation of a homology
model is likely to be an iterative process involving successive rounds of interactive
graphical inspection and refinement by molecular dynamics/mechanics. The same
is likely to be true of de novo GPCR models, e. g. those generated by PREDICT [13].
Thus, for a project seeking to find hits against a given GPCR target, there is likely to
be some time lag before structure-based virtual screening can be employed. By con-
trast, ligand-based approaches can be applied almost immediately following the
identification of a suitable set of known ligands for the target. Additionally, ligand-
based searches are at least as fast as structure-based virtual screening and, in some
cases (e.g. 2-D similarity searches), orders of magnitude faster.

9.2.2
Applicability

In the available X-ray structures of rhodopsin, the receptor is in complex with ret-
inal, an inverse agonist and thus the receptor is in an inactive conformation. It is
therefore accepted that the structure is best suited to modeling inverse agonist
and neutral antagonist-bound forms of GPCRs [14]. Significant challenges remain
if one is seeking to create a homology model of an agonist-bound GPCR for use
in virtual screening, although progress is being made in this field [15]. De novo
structure prediction is likely to be more useful in this instance [14], although this
is less widely practised than homology modeling. Once again, ligand-based techni-
ques suffer from no such problems — all that is required is one or more known
agonists on which to base searches.

9.23
Complementarity

Even when a high-quality homology, or de novo, model of the target of interest is
available, there is still value in carrying out ligand-based searches. Each kind of
search will yield a different set of candidate structures for evaluation prior to screen-
ing [16] and so it is perhaps most helpful to view ligand-based techniques as com-
plementary to, rather than in competition with, structure-based approaches.
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9.3
Overview of Ligand-based Virtual Screening

Successful application of ligand-based virtual screening is dependent on the avail-
ability of three components: one or more starting points, i.e. ligands suitable for
use as queries, one or more databases of chemical structures, and one or more
search techniques to match the query ligands against the databases.

9.3.1
Starting Points

Perhaps the most significant drawback of ligand-based approaches is that, by defi-
nition, they require knowledge of one or more known, and preferably potent, li-
gands for the receptor in question. In many cases, this will not present a problem
and structures of active compounds may be available from in-house screening or
from the literature. However, there will be occasions, perhaps for a proprietary tar-
get, when no known ligands are available or the available ligands are not readily
amenable to use as starting points, e.g. large peptides. In these cases, it is not pos-
sible to apply ligand-based searching and recourse must be made to structure-
based virtual screening or biochemical screening.

9.3.2
Chemical Structure Databases

Virtual screening also requires structure-searchable databases of chemical struc-
tures from which potential hits can be identified. These databases may be actual,
i.e. comprise compounds for which physical samples exist, or virtual, i.e. consist
of compounds not currently in existence, but which should, ideally, be amenable
to rapid synthesis. In practice, this often equates to virtual libraries of compounds
that can be readily realized by parallel or combinatorial synthesis [17].

For many companies, the foremost actual collection will be the company’s cor-
porate repository, which will often have been built up over several decades and
number in the hundreds of thousands. Such collections have the advantage of
containing a large percentage of proprietary molecules, but can be disadvantaged
by problems arising from compound sample deterioration over time and from
biases towards historic therapeutic programs or compound classes. An additional,
or alternative, source of compounds is the growing number of vendors selling
samples for screening. For the purposes of virtual screening, it is relatively
straightforward to compile a database of over 2 million drug-like structures from
the electronic catalogs supplied by these vendors [18]. The value of such databases
is enhanced if they are updated regularly so that the likelihood of samples of inter-
est being available is maximized.

While most databases will begin their lives as collections of 2-D chemical struc-
tures (often in MDLs SD file format), it is almost inevitable that a 3-D database will
be required for virtual screening. The move into 3-D space allows for a greater level
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of abstraction in the search and enhances the likelihood of successfully scaffold-
hopping from one structural class to another. Over the last decade, the process of 2-
D to 3-D structure conversion has become routine and rapid [19, 20], thanks to
widely used programs such as Concord [21] and CORINA [22], which are capable of
converting almost 100 % of small organic chemical structures from 2-D to 3-D.

In preparing a high-quality database for virtual screening, a number of issues
need to be considered [23]. For instance, are all compounds represented in a con-
sistent valence-bond representation? A classic example where more than one va-
lence-bond representation is frequently used is the nitro group, which is often
drawn in two ways (Fig. 9.1). Similar consideration needs to be given to the repre-
sentation of groups that can exist in tautomeric forms, e.g. the hydroxypyridine
and pyridone tautomers shown in Fig. 9.1. The likely protonation state of ioniz-
able groups should also be considered. This is relatively simple for strong acids
and bases, but less so for their weaker counterparts. Finally, when building a 3-D
database, a decision needs to be made concerning how to handle unspecified
chiral centers. It is possible to instruct some 3-D model builders to enumerate all
possibilities for such centers, but this may become an unrealistic option for com-
pounds with more than a few unspecified stereocenters.

. OH
O\+/O N
SN - O° | N = NH
| | % =

Fig. 9.1 Two valence-bond representations of the nitro group (left)
and hydroxypyridine-pyridone tautomerization.

9.33
Database Search Techniques

Given one or more query compounds and a database of real or virtual compounds
containing 2-D and 3-D chemical structures, the final part of the virtual screening
jigsaw is the search technique for finding structures in the database that resemble
the queries in some sense and thus, may also possess the desired biological activ-
ity. There are several possible types of search, and all may have utility in the search
for novel actives [16]. In what follows, a brief introduction to the main types of da-
tabase search is given. More detailed descriptions are given in the references cited
in each section. Some commercially available systems for database searching are
listed in Table 9.1.

9.3.3.1 2-D Substructure Searching

Perhaps the most straightforward type of search, both conceptually and practically,
is 2-D substructure searching. This type of search operates on 2-D chemical struc-
tures and uses graph theoretical algorithms to identify database compounds that
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Table 9.1 Some commercially available systems for database searching.

2-D 2-D 3-D 3-D Pharmaco-
Substructure Similarity Substructure  Similarity  phore
Unity [24] X X x X
ISIS [25] X X X
Catalyst [26] X x (shape) X
FlexS [27] X
ROCS [28] x (shape)
FeatureTrees [29] X
MOE [30] X
Daylight [31] X X

contain a query substructure [32]. These searches are fast and unambiguous — a
database compound either matches the query, or it does not. 2-D substructure
searches are useful for identifying other compounds in a database that share a
substructure with a known active, particularly if it is thought that substructure
might be (partially) responsible for the observed activity. However, some SAR data
are necessary to make this kind of judgement and it may well be in the early
stages of a project that only a single active in a given structural class is known. In
this situation, 2-D substructure searching is unlikely to be very helpful.

9.3.3.2 2-D Similarity Searching

Substructure searches are Boolean in nature, i.e. a compound either contains the
query structure (and is returned as a hit), or it does not. By contrast, similarity
searches are essentially ranking procedures, ordering a database by some measure
of similarity to the query and allowing the user then to browse through the high-
est ranking compounds [33]. As the name suggests, a 2-D similarity search seeks
to identify compounds in a database that are similar to the query in terms of 2-D
chemical structure. Often, these searches employ a bitstring representation of che-
mical structure, in which a 1 or a 0 at a given position indicates the presence or
absence of a particular functional group or molecular descriptor. By comparing
the bitstrings of two structures using an appropriate similarity measure, a similar-
ity value can be computed. Typically, such values range from 0 (no similarity) to 1
(identical).

By their nature, 2-D similarity searches tend to rank compounds highly that
are, in medicinal chemistry terms, probably quite close analogs of the query. In
this respect, this search type is perhaps not very likely to yield novel scaffolds,
although there is always a chance of locating a compound that finds a hole in a
competitor’s patent. The searches are useful, however, for finding analogs that
can then be tested to help establish SAR.
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9.3.3.3 3-D Substructure Searching

3-D substructure searching extends a 2-D substructure search into the third di-
mension, considering not only the presence or absence of one of more query sub-
structures in a database compound, but also their relative disposition in 3-D space.
Thus, in 3-D substructure searching, in order for a database compound to be con-
sidered as a hit, it must not only possess the appropriate substructures, but the
distances between them must also be able to lie within specified distance ranges
[34, 35]. Historically, 3-D databases stored only one conformation for each com-
pound, but modern 3-D substructure searching systems are able to maximize the
number of compounds that can be retrieved as hits by either carrying out a rapid
torsional exploration of each compound that possesses the appropriate substruc-
tures to see if it can match the query distance ranges, or searching multiple stored
conformations for each compound.

As might be imagined, these searches are more computationally demanding
than those in 2-D, particularly if a large number of compounds need to undergo
the relatively time-consuming conformational exploration step. The benefit, how-
ever, is that hits are more likely to contain scaffolds that are different from those
of the query compound giving rise to potentially novel lead series.

9.3.3.4 3-D Similarity Searching

Many methods have been investigated for similarity searching in databases of 3-D
chemical structures, some considering just the structure per se [36], others consid-
ering similarity in terms of the molecular fields around a compound [37], the
pharmacophores it can express [38], or molecular shape [39]. Like 3-D substruc-
ture searching, this type of approach has great potential for the discovery of novel
scaffolds, although the generation of the 3-D descriptors and/or the searches
themselves can be time consuming.

9.3.3.5 Pharmacophore Searching

Pharmacophore searches are, essentially, a generalization of 3-D substructure
searches in which the features in the query are generalized feature types (e.g. po-
sitive nitrogen, hydrophobe, hydrogen-bond acceptor) rather than specific sub-
structures. Again, such searches can be time consuming, but once more the bene-
fit is that hits are more likely to contain scaffolds that are different from those of
the query compound giving rise to potentially novel lead series [40].

9.4
Successful Applications of Ligand-based Virtual Screening for GPCRs

Several successful applications of ligand-based virtual screening against GPCR
targets have been reported in recent years. A selection of these is summarized in
the following sections.
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9.4.1
Somatostatin Agonists

Somatostatin exists in two bioactive forms, a 14-amino acid cyclic peptide and a
28-amino acid cyclic peptide, and is widely expressed in the central nervous sys-
tem (CNS) and a number of different tissues including the intestinal tract and
pancreas. This hormone has been shown to modulate the secretion of other pep-
tides such as glucagon, growth hormone and insulin and so is used in the treat-
ment of giantism, acromegaly and a variety of neoplasms. Yang et al. [41, 42] have
used NMR studies and a proprietary 3-D similarity search engine to identify a
novel somatostatin agonist.

NMR studies of the cyclic hexapeptide 1L-363,377 (c[PYdAWKTF]), which exhibits
a K; value of 0.49 nM against the somatostatin type 2 receptor (sst2), were per-
formed and identified a number of proximate distances between side chains. Mo-
lecular dynamics simulations using CHARMm [43] were performed on this cyclic
peptide with these distance constraints applied to generate a suitable conforma-
tion for this hexapeptide. The position of the side chains of YAWK from the mod-
eled hexapeptide were selected as probes for MercKs proprietary 3-D similarity
search engine, SQ [44], which was used to interrogate the Merck chemical collec-
tion. This approach was extremely successful: the lead compound, shown in
Fig. 9.2, was identified after testing fewer than 100 compounds and exhibited a K;
value of 122 nM. Further improvements in potency were obtained by increasing
the amine chain length and incorporating a methyl ester to complete the lysine
structure while replacing the spiroindenylpiperidine moiety by N-(4-piperidinyl)-
benzimidazol-2-one to give rise to a compound with a K; value of 0.01 nM. This
final structure, L-054,522, is also shown in Fig. 9.2.

The structure of L-054,522 was compared to that of the cyclic hexapeptide
L-363,377. This overlay revealed that the N-(4-piperidinyl)benzimidazol-2-one pri-
vileged structure is close to the position of the tyrosine residue. Ariens et al. [45]
had proposed that the privileged structure would take up a position in an acces-
sory binding site based on observations from some biogenic amine antagonists.

H

O}/N

Ve,

Fig. 9.2 Structure of the original hit compound identified by 3-D similarity
search engine (left) and the final optimized compound, L-054,522.
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However, in this case, the privileged structure of 1-054,522 is located in the turn
region of the peptide contradicting this hypothesis.

9.4.2
Muscarinic M; Receptor Antagonists

The muscarinic M; receptor has been shown to mediate the control of many
smooth muscles, including those in the gastrointestinal tract, urinary bladder and
airway. As a result, a number of muscarinic M3 antagonists have either reached
the market or are undergoing clinical trails for the treatment of diseases such as
irritable bowel syndrome (Zamifenacin, Pfizer), chronic obstructive pulmonary
disease (Spiriva, Boehringer Ingelheim) and overactive bladder (Darifenacin, No-
vartis). In the work summarized below [46], pharmacophore modeling and data-
base searching were used to identify a number of novel lead compounds exhibit-
ing M3 antagonism.

Three compound series, shown in Fig. 9.3, were chosen to define the pharmaco-
phore models. These compounds were built using Sybyl 6.2 [47] with the geome-
tries of the fused ring system taken from X-ray crystal structures deposited in the
Cambridge Structural Database [48]. A random conformational search was then
performed using compound A, identifying 44 conformations that were within
5 kcal/mol of the lowest energy conformer. Compounds B and C were assumed to

be rigid.
{/\
. Jrgpret

Fig. 9.3 The three-compound series used to define the pharmacophore model.
(A) Lung-selective M3 antagonist from Pfizer. (B) and (C) Compounds taken
from an M; program displaying M3 antagonism.

Using the standard DISCO [49] features to define the molecules (with the excep-
tion of ring centroids and the features associated with the imidazole ring in com-
pound A as this group is believed to confer tissue specificity), a DISCO run was
performed using compound B as the reference molecule. Tolerances of 0.5 A were
allowed and models were required to have between three and eight feature
matches. Five models were generated, all with at least four feature matches, with
two of these models showing a good overlay with the tertiary nitrogen present in
the three reference molecules.

The two pharmacophore models, shown in Fig. 9.4, were used to interrogate a
compound database containing compounds taken from Astra’s in-house pro-
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Fig. 9.4 The two pharmacophore models generated from DISCO used to
interrogate the compound database. A+ 0.3 A tolerance was applied to each
distance during the search procedure.

grams and from various chemical suppliers. This approach to database construc-
tion was used in order to increase the diversity of the screening collection, because
many of the compounds taken from the in-house programs were from similar
chemical series. The search using the first pharmacophore model retrieved
176 compounds; that with the second pharmacophore model retrieved 173 com-
pounds and 172 compounds were found to be common between the two sets of
hits. Of the 177 compounds identified in total, 172 were screened in a tissue-based
M; receptor assay.

The three compounds shown in Fig. 9.5 were found to possess significant activ-
ity in the M3 receptor assay. In addition, compound D was also shown to behave
as a competitive antagonist. Further assessment of these compounds revealed ad-
ditional favorable properties for hit-like compounds. None of these compounds
appeared to be similar to other known M; antagonists; physical properties such as
molecular weight and logD were within acceptable ranges. Additionally, the struc-
tures appeared to be amenable to combinatorial or parallel synthesis allowing for
the rapid optimization of potency and other properties.

D) E) F)

@
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Fig. 9.5 The three compounds identified by screening using the two
pharmacophore models. Compound (D) was found to be most active
(pA2 =6.67 + 0.007) while compounds (E) (pA; =5.54 + 0.006) and
(F) (pA2=4.83 + 0.007) also exhibited good activity.
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9.4.3
Urotensin Il Antagonists

Urotensin II, an 11-amino acid cyclic peptide ETPDc[CFWKYCV], has been widely
shown to act as a potent vasoconstrictor via the orphan receptor, GPR14, which is
extensively expressed in cardiovascular tissues. Consequently, therapeutics tar-
geted towards the urotensin system could be used to treat disorders including re-
nal failure, chronic heart failure and diabetes. In fact, Actelion has Palosuran, an
orally active urotensin II antagonist, in Phase Ila trials for the treatment of
chronic renal failure in patients with diabetes. In the work described here, Flohr
et al. [50] of Aventis performed virtual screening using a pharmacophore model,
based on structure-activity relationship (SAR) data and NMR studies on urotensin
11, to identify novel non-peptidic lead compounds.

The first stage of this work was to synthesize and test a number of peptides
based on the urotensin II sequence in order to identify those residues responsible
for activity. These experiments revealed that the minimum sequence required to
retain full urotensin II activity was the cyclic hexapeptide, (CFWKYC]. Alanine-
scanning mutagenesis also confirmed that replacement of any of the exocyclic re-
sidues by alanine had no affect on potency. However, any peptides in which a resi-
due in the cyclic hexapeptide had been replaced, with the exception of phenylala-
nine, exhibited an 80- to 6000-fold drop in potency and were unable to activate the
receptor fully, functioning as partial agonists. Deletion of any residue from the
FWKY sequence contained in the cyclic hexapeptide resulted in a considerable re-
duction in, or complete loss of, potency. A similar effect was observed on inverting
the chirality of these residues, with the exception of tryptophan.

The SAR data revealed that the WKY sequence of urotensin II was critical for re-
ceptor activity. However, to generate a pharmacophore model, it was necessary to
identify the spatial arrangement of these residues within urotensin II. NMR spec-
troscopic studies were performed, identifying 57 distance constraints that were
used as input for a 350-ps restrained molecular dynamics simulation. The struc-
tures generated showed little deviation, with the backbone of the cyclic hexapep-
tide domain having an average root-mean-square (RMS) deviation of 0.45 A. The
resulting solution structure was then used as a template for a three-point pharma-
cophore model, incorporating the positive ionizable center from the lysine residue
and two hydrophobic aromatic centers from the tryptophan and tyrosine residues.
The pharmacophore query is shown in Fig. 9.6.

Conformationally restricted peptides exhibiting activity may gives clues con-
cerning the bioactive conformation and thus the cyclic hexapeptide, Ac-
c[CFWKYC]-NH,, was synthesized. This exhibited sufficient activity to be used as
a template for a second three-point pharmacophore model. Again, NMR spectro-
scopy was used, generating 32 distance constraints that were used in a 500-ps re-
strained molecular dynamics simulation. The structures obtained exhibited an
average RMS deviation of 0.27 A over the backbone atoms. As before, the result-
ing solution structure was used as a template for a three-point pharmacophore
model, incorporating the positive ionizable center from the lysine residue and two
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Lys-t

sitive

Fig. 9.6 The three-point pharmacophore models used for virtual screening
obtained using the solution structures of (A) urotensin Il and (B) the con-
formationally restricted hexapeptide Ac-c[CFWKYC]-NH,. (After [50]).

hydrophobic aromatic centers from the tryptophan and tyrosine residues. This
pharmacophore model is also shown in Fig. 9.6.

Screening of the Aventis compound collection identified 418 compounds
matching the conformationally restricted hexapeptide-based pharmacophore, with
only one compound exhibiting an ICsy value below 10 pM. Using the urotensin
II-based pharmacophore, 500 hits were found with 10 compounds, containing six
different scaffolds, exhibiting ICs, values between 400 nM and 7 uM. Nine of the
11 compounds identified obeyed the “rule of five” while the most active class of
compounds, the substituted indoles, showed good metabolic stability in S9 cell
lines but poor permeability as determined in experiments using Caco-2 cell mono-
layers. To improve the pharmacokinetic profile of these compounds, an optimiza-
tion program was initiated to replace the benzamidine moiety with bioisosteres.
A representative compound from the largest class, containing four active com-
pounds, is shown in Fig. 9.7.

NH
HN 2

N

N\ Fig. 9.7 The most potent compound, S6717, identified from
virtual screening. S6717 was shown to have an ICsq of
400 nM.
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9.4.4
Melanin-concentrating Hormone-1 Receptor Antagonists

Obesity has been shown to be a major risk factor for a number of diseases includ-
ing type-2 diabetes, stroke and certain cancers. Consequently, the pharmaceutical
industry has responded by initiating a number of strategies primarily focusing on
methods to reduce energy intake. Melanin-concentrating hormone, a 19-amino
acid cyclic peptide, has been known to play a role in appetite stimulation for a
number of years. However, it was only relatively recently that the orphan SLC-1 re-
ceptor was identified as the MCH receptor (MCH-1R). Experiments have revealed
that stimulation of this receptor is correlated with an increase in food intake in
rats. Conversely, continuous antagonism of the receptor results in a decrease in
food intake coupled with a reduction in weight. Clark et al. [51] have used a num-
ber of virtual screening techniques to identify several different chemical series of
MCH-1R antagonists.

The compound collections from a number of suppliers were collated and fil-
tered to remove non-drug-like compounds, giving a total of approximately
615,000 compounds. A subset of this database was then interrogated using mul-
tiple virtual screening techniques. A total of 11 compounds, identified from the
literature, were used as queries for 2-D substructure, 2-D similarity, 3-D similar-
ity and 3-D substructure searches. A number of these compounds were also
docked into a MCH-1R homology model and their docked conformations served
as templates for pharmacophore searches. To identify additional compounds that
may have been missed by previous searches, a clustering procedure was used. A
selection of templates used during the virtual screening program is shown in
Fig. 9.8.

D

Fig. 9.8 A selection of the templates used during the virtual screening program:
(G) Takeda (T-226296), (H) GSK (SB568849) and (I) Synaptic (SNEC-3).
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A total of 3015 compounds was identified from all the different searches. After
removal of duplicates (i.e. compounds that were hits in multiple searches), the
compounds were visually assessed in conjunction with a medicinal chemist. The
purpose of this was to evaluate the compounds’ synthetic tractability, novelty and
drug-likeness together with their computed properties including molecular
weight, polar surface area and ClogP. At the end of this exercise, 1490 unique
compounds remained. To reduce this number further, the compounds were clus-
tered using Ward’s method based on Daylight fingerprints and a Tanimoto simi-
larity threshold of 0.85, which resulted in 874 clusters. From these clusters, a to-
tal of 877 compounds were selected for purchase. After investigating availability
and price, 806 compounds were ordered, 795 of which were received and
screened.

Of the 795 compounds tested at a concentration of 10 uM, 62 active (> 40% in-
hibition) compounds were identified and ICs, values were determined for 19 of
these compounds. Four of these compounds demonstrated ICs, values below
1 uM, four had values between 1 and 10 uM and the ICs, values of the remaining
11 compounds lay in the range of 10-30 uM. The most potent compound identi-
fied, shown in Fig. 9.9, had an ICs, value of 55 nM with further testing confirm-
ing this compound to be a competitive antagonist.

Fig. 9.9 Structure of the lead compound identified from the first
round of virtual screening. This compound had an 1Csq of 55 nM.

A retrospective analysis revealed that only two of the 11 compounds used as
queries failed to yield a hit compound. In addition, nine of the 19 hit compounds
were identified by one or more search methods. The 2-D similarity searches, with
a hit rate of 5.6 %, appeared to be the most successful method employed, with the
3-D substructure searches (4.3%) also performing well. Clustering and 3-D simi-
larity searches yielded reasonable hit rates of 2.4 and 2.1% respectively, while the
2-D substructure and site-directed pharmacophore failed to identify any hit com-
pounds. This analysis confirmed the received wisdom that employing multiple
search techniques with as many query compounds as possible helps to maximize
the likelihood of identifying hit compounds [16].
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9.4.5
Growth Hormone Secretagogue Receptor Agonists

The release of growth hormone from the pituitary gland is controlled by growth
hormone secretagogue. Deficiency of growth hormone can occur in both the
young and the elderly and also in people with severe burns, heart failure and
AIDS. Adults suffering from growth hormone deficiency can experience de-
creased muscle mass, increased body fat, a lower bone density and a predisposi-
tion to atherosclerosis. Shoda et al. [52] have used two methods, similarity search-
ing and cell-based compound partitioning, to identify new growth hormone secre-
tagogue receptor agonists.

Two compounds, shown in Fig. 9.10, were identified from the patent literature
and used to search a compound collection containing approximately 80,000 struc-
tures. For similarity searching, molecules were represented as “mini-fingerprints”
and similarity was measured using the Tanimoto coefficient. The cell-based parti-
tioning approach, on the other hand, divides chemical descriptor space into series
of cells, or partitions, and then places compounds into their respective cells.

Fig. 9.10 The two compounds used as templates for virtual screening:
SM-130686 (Sumitomo Pharmaceuticals, left) and a compound from
WO-0185695 (Bristol-Myers Squibb).

About 100 top-scoring compounds were selected from similarity searching
around both templates. After filtering, 58 compounds were selected with Tanimoto
coefficients between 0.6 and 0.8, which is the preferred similarity range for the
fingerprints used in this work. The cell-based partitioning searches identified 61
compounds that were placed in the same cells as the template molecules. Of these
compounds 11 were removed because similarity searching had previously identi-
fied them, giving rise to a total of 108 compounds for testing.

Five compounds were found to be active after testing in a Ca®* flux assay, equat-
ing to a hit rate of ~ 5%. Two of the compounds were identified from the similar-
ity searches while the remaining three compounds came from the partitioning ap-
proach. The most potent compound identified by virtual screening, shown in
Fig. 9.11, gave a relative agonistic activity of 57% (compared to a reference com-
pound) at 10 pM and was selected for further SAR analysis.
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Fig. 9.11 The most potent compound identified by virtual screening (left)
and an improved analog resulting from medicinal chemistry exploration.

Various compounds in which the diethylaminopropyl group was replaced were
synthesized. Despite the similarity of some of the substituents used, including a
morpholinopropyl group, a significant reduction in, or complete loss of, activity
resulted suggesting that this group is critical for activity. Replacement of the
5-phenylpyrrolyl moiety also failed to improve the activity of these compounds.
However, replacement of the 4-fluorophenyl by a number of groups, including
4-pyridyl and methyl, resulted in a significant increase in activity. The compound
with a butyl group in this position (see Fig. 9.11) was found to be the most potent
(160% at 10 uM relative to the reference compound).

The 14 analogs generated during the SAR analysis that exhibited activity in the
Ca®* flux assay were subsequently tested in a radioligand binding assay to confirm
direct binding to the receptor. Of these compounds, only one compound failed to
show binding at a detectable level. The remaining compounds showed K; values
between 0.22 and 2 pM.

9.5
Conclusions

The examples cited above clearly demonstrate the effectiveness of ligand-based vir-
tual screening as a hit-finding paradigm for GPCR targets. Given successes such
as these, and the relative ease and rapidity with which such searches can be car-
ried out, it is the authors’ contention that ligand-based hit-finding approaches
should be routinely applied in GPCR drug discovery projects whenever the avail-
able information permits. Looking ahead, it seems likely that the combination of
ligand- and structure-based methods will allow researchers to benefit from the
natural complementarity and synergy of the two approaches. Early reports of suc-
cesses with such strategies are beginning to appear [10, 53, 54] promising a bright
future for the discovery of new therapeutic agents acting at GPCRs.
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10
3-D Structure of G Protein-coupled Receptors

Leonardo Pardo, Xavier Deupi, Cedric Govaerts, and Mercedes Campillo

10.1
Introduction

Membrane receptors coupled to guanine nucleotide-binding regulatory proteins
(commonly known as G protein-coupled receptors, GPCRs) comprise one of the
widest and most adaptable families of cellular sensors, as they are able to mediate a
wide range of transmembrane signal transduction processes [1-4]. Recent estima-
tions have assigned more than 1000 members to this family (http://www.ebi.ac.uk/
integr8/ProteomeAnalysisAction.do?orgProteomelD=25). GPCRs are receptors
for sensory signals of external origin such as odors, pheromones, or tastes; and for
endogenous signals such as neurotransmitters, (neuro)peptides, divalent cations,
proteases, glycoprotein hormones, purine ligands, and others [4]. GPCRs constitute
one of the most important pharmaceutical targets, as around 40 % of clinically pre-
scribed drugs act through these receptors [5, 6]. Among the 100 top-selling drugs
25% are targeted at members of this protein family and their annual worldwide
sales exceeded $30 billion in 2001 [7].

The biological function of GPCRs is commonly discussed in terms of the ex-
tended ternary complex model, which proposes an equilibrium between inactive
and active states [8, 9]. In this model agonists bind the active form of the receptor
with higher affinity than the inactive form, thus shifting the equilibrium towards
the active state of the receptor; inverse agonists have higher affinity for the inac-
tive form, decreasing the population of the active state; and neutral competitive
antagonists have equal affinity for both forms of the receptor. GPCRs are kept in
the inactive conformation through a network of constraining intramolecular inter-
actions [3, 10-12]. Release of these interactions, by ligand binding, by the interac-
tion with the G protein, or by the so-called constitutively active mutations (CAM,
mutant receptors that present a significant increase in basal signal in the absence
of agonist [13]), leads to the co-existence of different active conformations of the
receptor [14, 15].

As a result of the low natural abundance of GPCRs and the difficulty in produ-
cing and purifying recombinant protein, only one member of this family, bovine
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Fig. 10.1 (a) Crystal structure of bovine rho-
dopsin (PDB code 1GZM). The highly con-
served amino acids in the rhodopsin family of
GPCRs in each TM helix N1.50 (100%), D2.50
(949%), R3.50 (96 %), W4.50 (96 %), P5.50
(77%), P6.50 (100%), and P7.50 (96 %) are
shown in red (standardized nomenclature
[32]). Amino acids that are conserved in more
than 80% of the receptor sequences [31] are
shown in green. (b) The sequence of the cen-
tral part and cytoplasmic ends of the TM he-
lices are more conserved than the extracellular
domains. Thus, despite the structurally diverse
type of extracellular signals (circle, square, star,
cube, oval, rectangle) the processes that pro-
pagate the signal from the ligand binding site
to the intracellular amino acids of the trans-

membrane bundle must converge towards
structurally conserved mechanisms of effector
activation. While the first steps of these me-
chanisms will be specific for each subfamily,
the final steps will share many common struc-
tural features. (c) The transmembrane helices
of rhodopsin (except TM4) are shown as cylin-
ders. Computer simulated TM helices (tube
ribbon) containing polyAla (control, white),
Pro at position 2.59 (gold), and the
T2.56xP2.58 motif (red) superimposed on the
cytoplasmic end of TM2. The bending of TM2
toward TM3 results in the relocation of TM3
(shown in red) toward TM5. A regular Pro-kink
(gold) is superimposed on the intracellular do-
main of TM5. These figures were created using
MolScriptv2.1.1 [83] and Raster3D v2.5 [84].

rhodopsin, the light photoreceptor protein of rod cells, has been crystallized so far
[16-19]. Five structural models of rhodopsin are available at the Protein Data
Bank, at resolutions of 2.8 A (PDB identifiers 1F88 and 1HZX), 2.65 A (1GZM),
2.6 A (1L9H), and 2.2 A (1U19). Rhodopsin is formed by an extracellular N-termi-
nus of four B-strands, seven transmembrane helices (TM1 to TM7, which has also
led to this family of proteins being known as 7TM receptors) connected by alter-
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nating intracellular (il to i3) and extracellular (el to e3) hydrophilic loops, a disul-
fur bridge between e2 and TMS5, and a cytoplasmic C-terminus containing an
a-helix (HX 8) parallel to the cell membrane (see Fig. 10.1a). Several reviews on
the structure of rthodopsin have been published [20, 21].

The availability of the rhodopsin structure allows the use of homology modeling
techniques for building three-dimensional models of other homologous GPCRs
[22]. Here, we evaluate both the three-dimensional structural models and the mo-
lecular mechanism for agonist-induced activation of rhodopsin-like G protein-
coupled receptors.

10.2
Classification of G Protein-coupled Receptors

The analysis of the human genome has led to the classification of the GPCR se-
quences into five main families: rhodopsin, glutamate, adhesion, frizzled/taste2,
and secretin [23]. The rhodopsin family is the largest and is subdivided into four
main groups (a, B, v, ) with 13 sub-branches (o, prostaglandin, amine, opsin, mel-
atonin, MECA; B, peptides; vy, SOG, MCH, chemokine; 3, MAS, glycoprotein, pur-
ine, olfactory). These groups include orphan GPCRs, receptors for which the ligand
and the (patho)physiological function remain unknown. Pairing orphan GPCRs to
potential ligands found in tissue extracts or in libraries is an area of active research
[24]. Phylogenetic and receptor-ligand relationships among 367 human receptors
for endogenous ligands showed 143 orphan receptors in 2003 [25]. However, this
number decreases at the rate of seven to eight deorphanized receptors per year [24].

10.3
The Extracellular N-terminal Domain of G Protein-coupled Receptors

The structures of the N-terminal extracellular segment of several GPCRs, in addi-
tion to rhodopsin, have been elucidated: the glutamate receptor (PDB identifier
1EWK) [26]; the Drosophila mutant Methuselah, related to the secretin family of
GPCRs (1FJR) [27]; the frizzled receptor (1I]Y) [28]; the corticotropin-releasing
factor (1U34) [29]; and the follicle stimulating hormone receptor in complex with
its hormone (1XWD) [30]. These receptors differ greatly at the sequence and struc-
ture levels, which support the idea of divergence in this region among GPCRs.

10.4
Sequence Analyses of the 7TM Segments of the Rhodopsin Family
of G Protein-coupled Receptors

Statistical analysis of the residues forming the TM helices of the rhodopsin family
of GPCRs shows a large number of conserved sequence patterns [31]. Importantly
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at least one amino acid is remarkably conserved in each TM: N in TM1 (100 %),
D in TM2 (94%), R in TM3 (96%), W in TM4 (96%), P in TMS5 (77%), P in TM6
(100%), and P in TM7 (96 %). These amino acids are easily identifiable on a multi-
ple sequence alignment and serve as reference points to define a general number-
ing scheme that applies to all rhodopsin-like GPCRs and allows easy comparison
between residues in the 7TM segments of different receptors [32]. Each residue is
identified by two numbers: the first (1 through 7) corresponds to the helix in
which it is located; the second indicates its position relative to the most conserved
residue in the helix, arbitrarily assigned to 50. For instance, N7.49 is the aspara-
gine in TM7, located one residue before the highly conserved proline P7.50. Fig-
ure 10.1a shows the position, in the crystal structure of rhodopsin, of these amino
acids (red) and other amino acids that are conserved in more than 80% (green) of
receptor sequences. Clearly, the large number of conserved sequence patterns in
these 7 TM segments suggests that the helical bundle of rhodopsin is common to
the GPCR family. This structural homology between rhodopsin and the other
GPCRS cannot be extended to the extracellular domain, for which there is very
little sequence conservation. In rhodopsin, it is highly structured, blocking the
access of the solvent to the core of the receptor and retinal, the covalently bound
ligand, a scenario unlikely to occur among receptors responding to diffusible
ligands [33].

10.5
The Conformation of Pro-kinked Transmembrane a-Helices

Although Pro has the least helix-forming tendency [34] and the highest turn-stabi-
lizing tendency in the membrane [35] of all naturally occurring amino acids, Pro
residues are normally observed in TM helices [36] where they usually induce a sig-
nificant distortion named Pro-kink [37]. The break is produced in order to avoid a
steric clash between the pyrrolidine ring of Pro (at position i) and the carbonyl
oxygen of the residue in the preceding turn (position i — 4) [38] which produces a
local opening of the a-helical structure, leading to a bending of approximately 20°
(Fig. 10.2) [39, 40]. In addition, the absence of the backbone N-H group in Pro pre-
vents the formation of the hydrogen bond with the backbone carbonyl oxygen of
residue i — 4. Therefore, in the context of an o-helix, Pro not only induces a break
in the helix, but it also destabilizes the hydrogen bond network that normally sta-
bilizes the secondary structure. As a result, Pro introduces a flexible point in the
a-helix which could be of functional importance for the membrane protein [41]. It
has thus been suggested that the highly conserved Pro residues in TMs 5, 6, and 7
in the rhodopsin family of GPCRs are involved in mechanisms of signal transduc-
tion [3, 42].

Several procedures have been described for measuring the distortion of trans-
membrane a-helices [43, 44]. In this chapter we will refer to two relevant para-
meters. First, the bend angle, defined as the angle between the axis of the cylin-
ders formed by the residues preceding and following the motif that induces the
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Fig. 10.2 (a) A detailed view of the hydrogen
bond pattern in the Pro-kink turn. (b) Position of
residuesi,i+1,i+2,i+3,andi+4in an ideal
a-helix (top panel) of approximately 3.6 residues
per turn (twist =100°), a closed helix (middle)

of <3.6 residues per turn (twist >100°), and an
open helix (bottom) of >3.6 residues per turn
(twist <100°).

distortion in the helix (Fig. 10.2a). Second, a residue-residue twist angle, or unit
twist, calculated for sets of four consecutive Co atoms, i.e. one turn, to analyze he-
lical uniformity [44]. An ideal a-helix (Fig. 10.2b, top panel), with approximately
3.6 residues per turn, has a unit twist of approximately 100° (360°/3.6). A closed
helical segment, with < 3.6 residues per turn, possesses a unit twist of >100° (mid-
dle panel), whereas an open helical segment, with >3.6 residues per turn, pos-
sesses a unit twist of <100° (bottom panel). A variation greater than 20° in the
unit twist angle will result in a change in the orientation of the amino acid side
chain and, in addition, local opening or closing will result in a change of the struc-
ture of the helix, making it to point towards different positions in space.

10.6
Helix Deformation in the Rhodopsin Family of G Protein-coupled Receptors

The TM helices in rhodopsin are not regular o-helices [19, 21]. On the contrary,
these helices are highly bent and distorted to facilitate packing in the context of
the membrane. Here we present a detailed analysis of these distortions and their
implication for modeling other GPCRs [45].

10.6.1
Transmembrane Helix 1

Figure 10.3b shows the conformation of a poly-Ala ideal o-helix (control, white), a
standard Pro-kinked o-helix (gold), and TM1 of rhodopsin (dark red). Clearly,
TM1 of rhodopsin is halfway between the ideal poly-Ala and Pro-kinked a-helices.
Despite the presence of P1.48 in the amino acid sequence of rthodopsin, TM1 has
a bend angle of only 9° [19], much lower than the average bend angle of 20° of
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Fig. 10.3 (a) Evolution of the unit twist angles  standard Pro-kink (gold), and TMs 1 (panel b,
(°) of a standard Pro-kink helix (dashed line) dark red) and 7 (panel c, purple) of rhodopsin

[40] and TMs 1 (top) and 7 (bottom) of rho- (different views rotated by 90°). The side
dopsin (solid line). The amino acid sequence chain of Pro is shown. (d) Detailed view of the
of rhodopsin is shown (N1.50 and P7.50 are interface between TMs 1 (dark red) and 7

underlined). (b, c) Comparison of helix bend- (purple).
ing between an ideal a-helix (control, white), a

Pro-kinked a-helices [40]. Figure 10.3a (top panel) shows the unit twist angle of a
standard Pro-kinked a-helix (dashed line) [40] and TM1 of rhodopsin (solid line).
TM1 of rhodopsin is open (>3.6 residues/turn, twist <100°) at the 1.43-1.46 and
1.46-1.49 turns. The highly conserved N1.50 most probably influences, in rho-
dopsin and other GPCRs, the conformation of TM1 (Fig. 10.3d). The Ng,-H,
atoms of N1.50 act as a hydrogen bond donor in the interaction with the carbonyl
oxygens of residues at positions 1.46 and 7.46, linking TMs 1 and 7. The absence
of P1.48 in many GPCRs (P1.48 is only present in 9% of the sequences [31])
would tend to decrease the bend of the helix. However, the effect is not expected
to be significant because TM1 of rhodopsin already possesses a small Pro-kink-in-
duced angle of 9°.

10.6.2
Transmembrane Helix 2

TM2 provides a remarkable example of local structural variability in the GPCR
family. With a limited sequence-variability, subfamilies of receptors have evolved
different structural motifs. Rhodopsin contains two non-conserved successive Gly
residues at positions 2.56 and 2.57. This specific motif of the opsin family induces
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Fig. 10.4 (a) Evolution of the unit twist angles  an ideal a-helix (control, white) and TMs 2
(%) of an ideal a-helix (dashed line) and TMs 2 (panel b, light blue) and 3 (panel c, yellow) of

(top) and 3 (bottom) of rhodopsin (solid rhodopsin (different views rotated by 90°).
line). The amino acid sequence of rhodopsin (d) Detailed view of the interface between
is shown (D2.50 and R3.50 are underlined). TMs 2 (light blue) and 3 (yellow).

(b, ¢) Comparison of helix bending between

a significant distortion of TM2, which bends 33° [19] towards TM 1 (Figs. 10.1
and 10.4) and opens (>3.6 residues/turn, twist <100°) at the 2.55-2.58 turn
(Fig. 10.4a, top panel). The C,-H group of G2.57 forms an interhelical hydrogen
bond with the backbone carbonyl of the residue at position 3.27 (Fig. 10.4d). This
type of C,-H- - -O=C hydrogen bond is an important determinant of stability and
specificity in membrane protein folding [46].

Most of the other members of the rhodopsin family of GPCRs possess at this
2.57 position a bulky B-branched or y-branched amino acid (Leu, 39%; Val, 14%;
Ile, 3%) that prevents the interaction with the carbonyl of residue 3.27 as seen in
rhodopsin. It seems reasonable to suggest that these bulky side chains would
clash with TM3, relocating its position (see below). Furthermore, the angiotensin,
opioid, and chemokine family of GPCRs possess in this region of TM2a con-
served T2.56XP2.58 motif (X being a non-conserved residue). P2.58 orients the ex-
tracellular end of TM2 toward TM3 and away from TM1 (Fig. 10.1c). Moreover,
the presence of Thr in the TxP motif increases the helix bend angle by about
7-10° [40], causing the extracellular side of TM2 to lean even more toward TM3
and slightly toward the center of the bundle [47]. In contrast, biogenic amine re-
ceptors contain a Pro residue at position 2.59. This proline would bend the helix
in the direction of TM1 (Fig. 10.1¢). Figure 10.1c shows representative structures

G2.57 L3.27
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of helices containing polyAla (control, white), Pro at position 2.59 (gold), and the
T2.56xP2.58 motif (red) superimposed on the cytoplasmic end of TM2 of the rho-
dopsin structure. Clearly, the different amino acid sequences that form TM2 in
rhodopsin and other homologous GPCRs produce structural divergences in this
region of TM2 and the nearby TM3 (see below).

10.6.3
Transmembrane Helix 3

Figure 10.4a (bottom panel) shows the unit twist angle of TM3 of rhodopsin, and
Fig. 10.4 c shows the conformation of a poly-Ala a-helix (control, white) and TM3
of rhodopsin (yellow). Both methods reveal no major structural distortions in
TM3 of rhodopsin [19]. However, as detailed above, sequence divergence between
rhodopsin and the other GPCRs indicates that for most receptors, TM2 should
bend toward TM3, resulting in the subsequent relocation of TM3 toward TM5
(Fig. 10.1c) [48-50]. The relocation of TM3 in some GPCRs is aided by the pre-
sence of several Ser or Thr residues in the sequence. The formation of a second
hydrogen bond between the side chain of Ser or Thr and the peptide carbonyl oxy-
gen in the previous turn of the helix induces or stabilizes moderate but significant
local bending [51]. Incorporation of this small bending angle in one end of the
TM helix results in a significant displacement of the residues located at the other
end. We have suggested that Thr3.37, 85% conserved in the neurotransmitter
family of GPCRs, produces such effect [48]. The relocation of the central TM3 ac-
counts for interactions between the neurotransmitters and Asp3.32 in TM3 and a
series of conserved Ser/Thr residues (5.42, 5.43 and 5.46) in TM5 that were de-
monstrated experimentally [52].

10.6.4
Transmembrane Helix 4

In the structure of bovine rhodopsin, TM 4 has a bend angle of 35 © [19], higher
than the average Pro-kink-induced angle of 20°, due to the presence of two conse-
cutive Pro residues at positions 4.59 and 4.60. This Pro-Pro motif is not conserved
and is only present in some vertebrate opsins and some amine receptor subfami-
lies. In contrast, other GPCRs possess a single Pro or the Pro-X-Pro motif at these
positions. This lack of conservation suggests structural divergences at the extracel-
lular part of TM4 and may be related to the structural requirements of the second
extracellular loop.

10.6.5
Transmembrane Helix 5

Rhodopsin possesses the highly conserved P5.50 in TM5. However, TM5 has a
bend angle of only 13° [19], much lower than the average Pro-kink angle (see
Fig. 10.5b and c). Structural analysis reveals a peculiar structural motif in rhodop-
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sin where the Pro-kink-induced bend of TMS5 is decreased due to an opening of
the helix (> 3.6 residues/turn, twist <100°) at the 5.45-5.48 turn (Fig. 10.5a and d)
and, thus, partially removing the steric clash between the pyrrolidine ring of
P5.50 and the carbonyl oxygen at position 5.46 (Fig. 10.5¢€). This carbonyl oxygen
adopts an unusual and probably unstable conformation that is stabilized by the
interactions with E3.37 (present in only 4% of the sequences) and L13.40
(Fig. 10.5e). The conservation pattern at position 3.40 suggests a functional role.
The rhodopsin family of GPCRs possesses a bulky hydrophobic amino acid at this
position in 76 % of the sequences (L, 9%; V, 25%,; I, 42%). This hydrophobic side
chain probably forms a C-H- - -O=C interaction that stabilizes the carbonyl con-
formation (Fig. 10.5€).
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Fig. 10.5 (a) Evolution of the unit twist angles  rhodopsin (different views rotated by 90°).

(°) of a standard Pro-kink helix (dashed line) The side chain of Pro is shown. (d) Compari-
and TM5 of rhodopsin (solid line). The amino  son of the opening of TM5 (red) relative to a
acid sequence of rhodopsin is shown (P5.50is  standard Pro-kink helix (gold) at the 5.45-5.48
underlined). (b, ¢) Comparison of helix bend- turn. (e) Detailed view of the interface

ing between an ideal a-helix (control, white), between TMs 3 (yellow) and 5 (red).

a standard Pro-kink (gold), and TM5 (red) of

The question arises whether TM5 of other Pro-containing GPCRs would adopt
a conformation similar to rhodopsin or a more standard Pro-kink conformation.
The opening of the helix at the 5.45-5.48 turn not only modifies the bending of
the helix but also modifies the relative orientation of the side chains on either side
of the Pro-kink, including residues involved in binding the extracellular ligand
such as 5.42. For instance, R5.42 of the N-formyl, C3a, and C5a peptide receptors
is involved in the interaction with the C-terminus carboxylate group of the peptide
[53, 54] and S5.42 of the neurotransmitter family hydrogen bonds the hydroxyl
group of many neurotransmitters [55]. Figure 10.1c shows the orientation of the
side chain at position 5.42 in the crystal structure of rhodopsin (green) and in a
regular Pro-kink (gold). Clearly, the absence of the opening of the helix incorrectly
orients the side chain towards the lipid environment. In contrast, opening of the
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helix properly positions the side chain towards the binding site crevice. This data
suggests a common conformation of TM5 in the rhodopsin family of GPCRs.

10.6.6
Transmembrane Helix 6

TMG6 of rhodopsin (blue) possesses a bend angle of 35° [19] much higher than the
average Pro-kink-induced (gold) angle as clearly shown in Fig. 10.6b. This extreme
conformation of a Pro-containing helix is stable due to the ionic interaction be-
tween Glu6.30 and Arg3.50 of the (D/E)RY motif in TM3 [56]. To achieve this in-
teraction TM6 must be opened (> 3.6 residues/turn, twist <100°) at the 6.46-6.49
turn (Fig. 10.6a). Disruption of this ionic lock [56], aided by the protonation of
(D/E3.49) [57], induces large conformational changes of TMs 3 and 6 [58], consid-
ered to be an essential step in the process of GPCR activation (see below).

EKEVTRMVIIMVIAFLICWLEYAGVAFYIFT
6.30-6.33 6.46-6.49 6.57-6.60

Fig. 10.6 (a) Evolution of the unit twist angles (°) of a standard Pro-kink helix
(dashed line) and TM6 of rhodopsin (solid line). The amino acid sequence of
rhodopsin is shown (P6.50 is underlined). (b) Detailed view of the ionic lock
linking the intracellular part of TMs 3 (yellow) and 6 (blue). A standard Pro-
kink helix (gold) is superimposed on the extracellular part of TM6.

The acidic residue at position 6.30 is only conserved in 32% of sequences
(D, 7%; E, 25%). Opioid receptors feature a Leu in 6.30, so the role of E6.30 is
likely to be played by T6.34, through a similar although specialized set of intramo-
lecular interactions with R3.50 [59]. However, many GPCRs contain a basic resi-
due at this 6.30 position (34 %; K, 18 %; R, 16 %) preventing direct interaction with
R3.50. These receptors will probably possess a totally different network of interhe-
lical interactions at the intracellular side that remains to be identified.
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10.6.7
Transmembrane Helix 7

The TM7sequence in rhodopsin contains P7.38 and P7.50 of the highly conserved
NPxxY motif. Figure 10.3 ¢ shows the conformation of a poly-Ala ideal helix (con-
trol, white), a standard Pro-kinked o-helix (gold), and TM7 of rhodopsin (purple).
TM?7 of rhodopsin is highly kinked with estimated bend angles of 27° and 14° for
the N- and C-terminal kinks, respectively [19]. Moreover, the helix is open (> 3.6 re-
sidues/turn, twist <100 °) at the 7.45-7.48 turn and closed (<3.6 residues/turn,
twist >100°) at the 7.43-7.46 turn (Fig. 10.3a, bottom panel). Several structural
factors distort TM7: first, the hydrogen bond between N1.50 and the backbone car-
bonyl oxygen at position 7.46 (Fig. 10.3d). Opening of the helix at the 7.43-7.46
turn removes the steric clash between the pyrrolidine ring of P7.50 and the carbo-
nyl oxygen at position 7.46 in a similar manner to that observed in TM5 (compare
Fig. 10.3d and e). The polar N;,-H,- - -O=C hydrogen bond interaction stabilizes
the carbonyl conformation. Second, several structural water molecules have been
found in the most recent crystal structures of rhodopsin [18, 19]. Water#2 is
located between the backbone carbonyl at position 7.45 and the backbone N-H
amide of N7.49 (Fig. 10.3d). As a result of this additional interaction, the standard
hydrogen bond distance of 3.0 A between N; and O; _ 4 is increased to 4.9 A in the
crystal structure of rhodopsin. Water#2 links two highly conserved side chains,
D2.50 (94% of the sequences) and N7.49 (75%) [18, 19], thus, suggesting its pre-
sence in other GPCRs. Third, rhodopsin contains the Thr7.36xP7.38 at the top of
TM?7, exhibiting a larger bending angle (27° [19]) than a regular Pro-kinked helix
(20° [39]) that matches the computationally determined bend of TxP (27° [40]).
The absence of both Thr and Pro residues at the top of TM7 in other GPCRs sug-
gests structural divergences in this region of TM7.

TM7 starts at position 7.33 (inclusive), as observed in the three-dimensional
structure of rhodopsin. However, studies using the substituted cysteine accessibil-
ity method (SCAM), which maps the residues of TMs that are on the water-acces-
sible surface of the binding-site crevices [60], show structural differences among
GPCRs. MTSEA-sensitive mutants start at positions 7.28 in the AT1 receptor [61],
7.31 in the J opioid receptor [62], or 7.34 in the k opioid [62], D2 dopamine [63],
and A1 adenosine [64] receptors. Thus, the TM7 may start at different positions in
different GPCRs and have a dissimilar number of helical turns in the extracellular
portion.

10.7
Structural and Functional Role of Internal Water Molecules

The most recent crystal structures of rhodopsin propose that water molecules in
the vicinity of highly conserved residues regulate the activity of rhodopsin-like
GPCRs, whereas water molecules in the retinal pocket regulate spectral tuning in
visual pigments [18, 19]. The water molecules in the environment of highly con-
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served residues are most likely present in all members of the family and they
should be taken into account when modeling GPCRs.

10.7.1
A Conserved Hydrogen Bond Network Linking D2.50 and W6.48

Figure 10.7 a shows a detailed picture of the D2.50 and W6.48 environment of rho-
dopsin [19]. Water#10 and water#12 form a hydrogen bond network linking D2.50
and W6.48. Interestingly, a conformational transition of W6.48 upon receptor acti-
vation has been observed in the structure of metarhodopsin I [65]. Thus, the
D2.50-water#12-water#10-W6.48 network is suggested to restrain the receptor in
the inactive conformation (see below).

Of the sequences among the rhodopsin family of GPCRs 67% contain N7.45
[31]. N7.45 would be located in the same position as in rhodopsin with water#10

Fig. 10.7 (a—c) The proposed hydrogen bond posed hydrogen bond network at the D2.50/
network linking D2.50 and W6.48 in the inac- N7.49 environment in the inactive conforma-

tive conformation of (a) rhodopsin (D2.50— tion. (e) The interactions of Y7.53 of the
water#12-water#10-W6.48) [19], (b) N7.45- NPxxY motif with the residues located in TM2
containing receptors (D2.50-water#12— and HX8. The C, traces of TMs 2 (golden
N7.45-W6.48) [66], and (c) N3.35/N7.45- red), 3 (dark red), 6 (orange), and 7 (blue)
containing receptors (D2.50-N3.35-N7.45- are shown.

W6.48) [62]. (d) A detailed view of the pro-
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linking W6.48 and water #12 (Fig. 10.7b). Thus, N7.45-containing receptors are
able to form a D2.50-water#12-N7.45-W6.48 network to maintain the receptor in
the inactive state [66]. Similarly, opioid, bradykinin, formyl-met-leu-phe, somatos-
tatin, angiotensin, C5a anaphylatoxin, and proteinase-activated families of GPCRs
possess N3.35 (29% of the receptors) in their sequences. N3.35 would mimic the
role of water#12 (Fig. 10.7c). Thus, N3.35/N7.45-containing receptors form the
D2.50-N3.35-N7.45-W6.48 network of interactions [62]. Therefore, the number
of water molecules linking D2.50 and W6.48 will depend on the type of side chain
at positions 3.35 and 7.45.

10.7.2
The Environment of the NPxxY Motif in TM7

Figure 10.7d shows a detailed view of waters#2, #9 and #12 found in the D2.50/
N7.49 environment of rhodopsin [19]. These structural waters mediate a number
of interhelical interactions through the highly conserved D2.50 and N7.49 amino
acids. The lack of coordination of the polar D2.50 and N7.49 in both rhodopsin
and other GPCRs leads us to suggest that this set of water molecules is conserved
in the family and is putatively involved in maintaining the inactive form of the re-
ceptor (see below). Water#2 is located between the 7.45 and 7.49 turn as described
above (Fig. 10.3b). Water#9 mediates interhelical interactions between the side
chain of N7.49 and the backbone carbonyl at position 6.40, keeping the Asn side
chain towards TM6 in the inactive state of the receptor [18, 67]. Water#12 links
D2.50 with both the backbone carbonyl of the residue at position 3.35 (Fig. 10.7d)
and either water#10 (Fig. 10.7a) or N7.45 (Fig. 10.7b). Figure 10.7 e shows the in-
teractions of Y7.53 with the residues located in TM2 and HX8, the cytoplasmic ex-
tension of TM7 which runs parallel to the membrane. The aromatic moiety of
Y7.53 interacts with F7.60 in HX8 whereas the hydroxyl group of Y7.53 forms hy-
drogen bonds with the N;,-H, group and the carbonyl oxygen (via water#7) of the
partly conserved N2.40 in TM2 (40% of the sequences among family A of
GPCRs). The NPxxY motif is highly conserved in the rhodopsin family of GPCRs
and plays a key role in the process of receptor activation by achieving key interheli-
cal interactions (see below). These interactions, mediated through waters mole-
cules, are presumably conserved in the family.

10.8
Molecular Processes of Receptor Activation

Conceptually, the processes of transmembrane signal transduction can be divided
into two groups. First, those processes initiated by the recognition of the extracel-
lular ligand by the receptor. These processes will extensively depend on the speci-
fic subtype of receptor since wide ranges of extracellular ligands, from small neu-
rotransmitters to large hormones, are recognized by GPCRs. Each subfamily has
probably developed specific structural motifs that allow the receptor to accommo-
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date and respond to its cognate ligand (see Fig. 10.1b); and second, the processes
that propagate the signal from the ligand binding site to the amino acids of the cy-
toplasmic side of the transmembrane bundle. Despite the structurally diverse type
of extracellular ligands, the sequence conservation pattern of GPCRs suggests
that these processes might occur by means of common mechanisms. Specifically,
there is a higher degree of sequence conservation in the central part and cytoplas-
mic ends of the TM helices compared to the extracellular domains [31]. As a re-
sult, the most conserved residues are clustered in the middle or in intracellular re-
gions of the receptor (see Fig. 10.1a). Figure 10.1b illustrates this concept, the dif-
ferent lines representing converging structural processes as the signal progresses
towards the intracellular part of the receptor. This convergence can be extended
further as thousands of extracellular signals are recognized by hundreds of
GPCRs, to activate dozens of G-proteins to become phosphorylated by seven G-
protein receptor kinases, and to be capped by three arrestins [31, 68].

10.8.1
Molecular Processes Initiated by the Recognition of the Extracellular Ligand
by the Receptor

Given the large number and diverse types of both ligands and receptors we will fo-
cus here on one detailed example to illustrate the process of receptor activation
upon ligand binding: the B, adrenergic receptor. This typical family A GPCR can
be obtained in considerable quantities for biophysical studies [69]. A kinetic analy-
sis of the process of activation has shown that f3, adrenergic receptor activation by
agonists is a multi-step process [15, 70] (see Fig. 1 in [70] for an excellent illustra-
tion of the chemical structures of the ligands and their interaction with the recep-
tor). Although the details of these steps have not been dissected yet, they can be
hypothesized as follows: (1) formation of the ionic interaction between the highly
conserved D3.32 in TM3 and the protonated amine of the ligand, and the aro-
matic-aromatic interaction between F6.52 in TM6 and the catechol ring of the
ligand [71]; (2) relocation of TM5 so that S5.42, S5.43, and S5.46 can interact opti-
mally with the catechol hydroxyl groups of the ligand [55, 72]; and (3) relocation
of TM6 to stabilize the interaction between W6.48 (residues in the toggle switch
[73], see below) and the ligand, and between N6.55 and the B-hydroxyl group of
the ligand [74]. It is likely that the presence of intermediate conformational states
is generalizable to GPCRs able to bind much larger ligands, i.e. peptides or hor-
mones [75].

10.8.2
Molecular Processes that Propagate the Signal from the Ligand Binding Site
to the Intracellular Amino Acids of the Transmembrane Bundle

As detailed above, agonist binding directly affects F6.52 and W6.48 which are part
of the conserved aromatic CWxPFF6.52 cluster at the top of TM6 associated with
the process of receptor activation [12]. It has recently been observed in the struc-
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ture of metarhodopsin I, as determined by electron crystallography [65], that
W6.48 undergoes a conformational transition in the process of receptor activation,
from pointing towards TM7, in the inactive gauche+ conformation, to pointing to-
wards TM5, in the active trans conformation (Fig. 10.8) as was previously sug-
gested by experimental studies in rhodopsin [76] and computer simulations [73].
Thus, the highly conserved hydrogen bond network linking D2.50 and W6.48 ap-
pears to maintain the receptor in the inactive state (Fig. 10.7). For instance, dis-
ruption of this network by mutating either N3.35 in the AT1 receptor [77] or
N7.45 in the histamine H; receptor [66] leads to constitutive activation of the
receptor. Rearrangement of W6.48 and the nearby C6.47 decreases the proline-
induced bend angle of TM6 [12, 73], moving the cytoplasmic end of TM6 away
from TM3 and disrupting the proposed ionic lock (see Fig. 10.6) between TM6
(D/E6.30) and R3.50 of the highly conserved (D/E)RY motif in TM3 [56], aided by
the protonation of (D/E3.49) [57, 78, 79]. These large conformational changes in
TM3 and TMG6 are considered to be an important step in the process of GPCR acti-
vation and have also received experimental support from various biophysical and
mutational studies [10, 58].

The highly conserved NPxxY motif in TM7 is related to another process involved
in the propagation of the signal across the receptor. N7.49 acts as an on/off switch
by adopting two different conformations in the inactive and active states, as was
shown for the thyrotropin receptor [67, 80]. In the inactive gauche+ conformation,
N7.49 is restrained towards TM6 through the interaction with either the TD6.44
motif, specific for the glycoprotein hormone receptor family [67], or via a water
molecule in rhodopsin (and possibly other receptors) (Fig. 10.7d) [18]. Upon re-
ceptor activation N7.49 adopts the trans conformation to interact with D2.50 in
TM2 (Fig. 10.8) [67]. Due to the presence of the negatively charged D2.50, the O

a)

Fig. 10.8 Proposed model of GPCR activation breakage and/or formation of interhelical in-
exemplified by the histamine H; receptor [66].  teractions and rigid-body motions of several
The conformation of the C6.47,W6.48, F6.52, TM helices. The C, traces of TMs 2 (golden
N7.45, and N7.49 side chains has been modi-  red), 3 (dark red), 6 (orange), and 7 (blue) are
fied from the inactive (a) to the proposed ac- shown. Only polar hydrogens are shown to
tive (b) conformations. It is important to note  give a better view.

that receptor activation requires additional
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atom of N7.49 is more polar than a regular carbonyl of neutral Asn. This combina-
tion of polar and charged side chains leads to a particular electrostatic landscape
which could force the re-orientation of another highly conserved charge, R3.50 in
TM3, and drive important conformational reorganization in the TM bundle [67].

Another residue of the NPxxY motif in TM7,Y7.53, interacts with F7.60 in HX8
(Fig. 10.7e). It has been suggested that this aromatic—aromatic interaction is dis-
rupted during receptor activation, leading to the proper re-aligning of HX8 [81, 82].

The molecular actors detailed above constitute the pieces of a puzzle that is
slowly coming together. In particular, these thorough analyses give an indication
of the molecular action of the agonist at the receptor. In the light of current knowl-
edge regarding the structure and mechanisms of activation of the GPCRs, we sug-
gest that the following processes may be responsible for the propagation of the
signal from the ligand binding site to the intracellular amino acids of the trans-
membrane bundle: (1) agonist binding directly or indirectly leads to a re-organiza-
tion of the aromatic cluster in TM6, where F6.52 goes from trans to gauche+, and
W6.48 from trans to gauche+ [65, 73]; (2) N7.49 of the NPxxY motif in TM7
changes from gauche+ to trans, releasing the constraining interaction with TM6
and forming an interaction with D2.50 in TM2 [67, 80]; (3) removal of the ionic
lock between R3.50 of the highly conserved (D/E)RY motif in TM3 and a partly
conserved D/E6.30 residue in TM6 [56] leads to the outwards rigid body motion of
TM6; (4) re-orientation of R3.50 towards the negatively charged D2.50-N7.49
pair; and (5) removal of the aromatic—aromatic Y7.53-F7.60 interaction and re-
aligment of HX8. Figure 10.8 shows the computer model where the conformation
of these side chains have been modified from the inactive (Fig. 10.8a) to the pro-
posed active (Fig. 10.8b) conformations.

10.9
Conclusions

The rhodopsin family of GPCRs is characterized by a number of highly conserved
charged and polar residues located within the TM region. Mutagenesis studies in-
dicate that most if not all of these amino acids are involved in maintaining the
three-dimensional structure of the receptor and in the processes of receptor activa-
tion. As these key residues are common to most of the GPCR members, we hy-
pothesized that these molecular steps form a conserved mechanism.

On the other hand, a detailed analysis of the structure of rhodopsin shows how
its transmembrane helices are far from being ideal or even standard Pro-kinked
a-helices. We have shown how some of the strong structural distortions are linked
to highly conserved residues and, therefore, likely to be conserved throughout the
whole Class A GPCRs. Thus, the use of rhodopsin as a template takes into ac-
count many of these conserved structural subtleties. Finally, it must be empha-
sized that homology modeling of GPCRs is far from being a routine technique.
But despite its complexity and inherent uncertainties, the inclusion of experimen-
tal results and structural specificities for each receptor subfamily can improve the
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reliability of the models. These tailor-made models take into account the differ-
ences in ligand binding and in how binding is translated into the common steps

of receptor activation.
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11
7TM Models in Structure-based Drug Design

Frank E. Blaney, Anna-Maria Capelli, and Giovanna Tedesco

11.1
Introduction

The G protein-coupled receptor or as it is commonly known, 7TM receptor family
has become one of the most widely studied protein classes in existence today. This
is due to its extensive involvement in modern drug therapy; indeed it has been es-
timated that more than 50% of known drugs act on these receptors. The family
can be divided into five or more subclasses of which three are found in humans
and have been the target of therapeutic studies. By far the largest is the rhodopsin-
like (“Family A”) group. A vast variety of stimuli can specifically activate these pro-
teins including light, taste and odorant molecules, monoaminergic neurotrans-
mitters, peptide hormones, glycoproteins, chemokines, nucleotides, lipids and
prostaglandins. Although they are fewer in number, “Family B” (secretin-like)
receptors are the targets of a number of important peptide hormones. They are
characterized by a large N-terminal domain containing three conserved disulfide
bonds. In “Family C” the competitive agonist ligands bind exclusively in the very
large (900-1200 residues) N-terminal domain which is similar in structure to the
periplasmic binding proteins. This bilobal structure then switches from an open
to closed state presumably causing some allosteric conformational change in the
TM domain. Relatively few members of this family are known; among them being
the metabotropic glutamate, the GABA-B and the calcium sensing receptors.
Medicinal chemistry programs targeted towards 7TM receptors typically involve
the syntheses of both (partial) agonist and/or antagonist compounds. The former
however are generally considered more difficult to achieve as these syntheses in-
volve a different conformational state of the receptor for which little experimental
data are known. More recently allosteric modulators have become important as
drug targets for GPCRs. The importance of these receptors has led to widespread
efforts in the modeling of them. These models have undoubtedly improved and in
the pharmaceutical industry they are widely used for in silico searches of virtual
databases or internal compound collections composed of ligands previously devel-
oped for other diseases as well as combinatorial libraries or purchased sets. They
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16 R =(CH3)2
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L °
17 19

Fig. 11.1 Compounds referred to in the text.
1 methiophepin, a classic tricyclic drug;

2 SB-200646; 3 SB-206553; 4 SB-221284;

5 a series of compounds with varying substi-
tuted dihydroindole ring R groups; 6 SB-

243213; 2-6 are selective 5-HT,¢ antagonists.

7 SB-223412 or Talnetant, a selective NK3
antagonist; 8 SB-327076, potent NK2/NK3
mixed antagonist; 9 SB-371059, mixed NK2/
NK3 antagonist devoid of p-opioid activity;

10 SB-400238, the most potent NK2/NK3
antagonist; 11 SB-415707, selective NK2 anta-
gonist; 12 a CCR2 lead from a 5-HT series;

13 SB-282241; 14 RS-504393; 15 Takeda free
base; 16 TAK-779; 17 Teijin lead compound;
18 tropane analog of SB-282241; 19 SB-
380732; 12-19 are potent CCR2 antagonists.
20 mianserin; 21 BRL34849; 22 BRL34969;
20-22 are 5-HTg antagonists.



11.2 Early Models of 7TM Receptors

are also frequently used to explain experimental results or in the design and ratio-
nalization of SDM experiments. Despite their evident value relatively little has
been reported on their use in structure-based drug design. Many people will argue
that only real crystal structures are of use here and, as these are only models, they
are of limited interest. This is a disappointing attitude because it could be argued
that with a crystal structure, but without a bound ligand, it is equally difficult to
carry out structure-based design. A good starting protein structure is only the first
step in the design process. It is then necessary to dock known ligands to identify
potential binding sites. These hypothetical sites should then be tested by experi-
mental ligand SAR and site-directed mutagenesis work where possible. Only then
can the design phase be implemented. It is the ligand docking phase which is cru-
cial to the whole procedure. In the following pages a description of how the pro-
tein models have evolved and improved will be given. Examples will be shown
where they have been successfully used in the design process.

11.2
Early Models of 7TM Receptors

Towards the very late 1980s through to 1991 several groups had started to con-
struct molecular models of 7TM receptors [2, 3]. Essentially two approaches were
used. The more common one was to assume that there was some perceived
homology with the non-G protein-coupled 7TM membrane protein, bacteriorho-
dopsin [4], for which a three-dimensional structure was known. While such
homology is debatable, it is well known that proteins with no sequence identity
can often adopt the same fold. It was reasonable to assume therefore that the
GPCR receptor families which were also assumed to contain 7 TM helices would
pack in a similar manner to bacteriorhodopsin (BR). Many groups started to use
BR as a template but perhaps the best known of these was that of Hibert et al. [5].
In their pioneering paper for example, they showed that the catecholamine ago-
nist ligands such as dopamine and noradrenaline, were able to bind their primary
amino headgroup to a conserved aspartate on TM3, while at the same time form-
ing hydrogen bonds between the catechol hydroxyls and serines on TM5. This
binding mode was in agreement with early SDM work in the B2 adrenergic recep-
tor [6]. An aromatic cage formed by residues on TM5 and TM6 was also postulated
and this is still a feature of most of the current models today.

The second approach used in early models was to reason that because no
homology existed between 7TMs and bacteriorhodopsin, it would be better to
build the models using some de novo helix packing methodology. The helical
regions themselves were usually predicted by hydropathy, using one of the
well known scales such as Kyte-Dolittle [7] or Goldman-Engelman—Steitz [8]
(Fig. 11.2), while the outer (and hence inner) faces of the helices could be pre-
dicted with the use of hydrophobic moments. Packing was often carried out
manually, usually followed by molecular mechanics/dynamics simulations for re-
finement. The main problem was prediction of the inter-helical tilts, something
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Human SHT2c (Kyte-Dolittle)

Fig. 11.2 A Kyte-Dolittle hydropathy plot of the 5-HT,¢ receptor. Note that
the first peak is a signal peptide sequence and not a true TM domain.

not readily amenable to standard simulation methods. Vriend compared the inter-
helical tilts of membrane-bound helices with those in globular proteins and con-
cluded that there was no difference between the two. They were therefore happy
to use BR as a model for their helix packing [9]. In our group we attempted to
pack the bundle by maximization of the hydrophobic energy. The reasoning was
that the helices would pack in such a way as to maximize their interactions with
the lipid bilayer. The Eisenberg method of calculating the hydrophobic energy was
used [10]; in this, the energy is the sum over all atoms of the product of each
atom’s atomic solvation parameter and its accessible surface area. It was found
however that the helices tended to drift apart and remain essentially parallel, and
the method was abandoned. These early models represented a useful phase in
that they established the acceptance of such models within the scientific commu-
nity, both in academia and in particular in the pharmaceutical area. They were of-
ten used successfully to explain known SAR or suggest potential binding modes,
but were generally too crude to be of use in real structure-based drug design.

11.3
Third Generation 7TM Models

A “major breakthrough” occurred in 1993 when Schertler published his 9 A cryo-
electron diffraction map of rhodopsin, which was of course a true G protein-
coupled receptor [11]. Even at this low resolution it was evident that the packing of
the helices in rhodopsin was quite different from that of bacteriorhodopsin, sug-
gesting that the latter was not a viable structure on which to base modeling.
Hibert briefly argued that the observed differences in the two cryo-EM maps could
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be explained by tilting the whole bundle by approximately 15° in the plane of the
bilayer [12]. This was not generally accepted however and work started everywhere
to rebuild models based on the new information. The TM domains were still iden-
tified by hydropathic analysis but use could also be made of the fact that each do-
main contained highly conserved key motifs such as the D(E)RY sequence at the
bottom of TM3, a trp in TM4, pros in TM5 and TM6 and an NP motif in TM7.
The “outward-facing” residues of the bundle are usually hydrophobic and could
be identified by using hydrophobic moment calculations. A similar technique de-
veloped by Donnolly [13] made use of the fact that the most conserved (often polar
or aromatic) residues are those which will be involved in function or binding and
will therefore be inward facing. He made use of “conservation moments” to de-
fine the inward faces of each helix. Predicting the helix-loop interface points or
the inter-helix tilt angles are more difficult problems and remain largely unsolved.
Many techniques such as change in moment directions [14], calculation of multi-
ple hydrophobic arcs [15], use of distance constraints coupled with molecular me-
chanics minimization or dynamics [16, 17] or use of genetic algorithms [18] have
been applied to these problems but a full description of them is beyond the scope
of this chapter. In our group, a combination of all these tools was used in the con-
struction of the “third generation models”. It was really at this time that these
models were used in the structure-based design process and continuous refine-
ment of them was possible in light of emerging ligand SAR and SDM studies.

11.3.1
Docking Ligands into Receptor Models

Ligand docking into receptor or enzyme structures has been a major topic of re-
search for many years. Due to its importance in the drug design field a consider-
able number of programs have been developed for the automated docking of li-
gands into these structures. Such programs have the advantage of being much fas-
ter than manual docking. For the reasons of speed however, they often suffer from
the problem of assuming a fixed protein structure, without allowing for the influ-
ence of side-chain flexibility or ligand-induced fit. Side-chain flexibility is per-
mitted with a few programs [19] but none allow any major movement of the back-
bone, a factor frequently observed from crystal structures. They also use some
simplified scoring functions to rank dockings rather than a computationally more
expensive full energy minimization with potential inclusion of entropy terms. We
have used many of these programs and while they are fast and can therefore han-
dle hundreds or even thousands of compounds in a reasonable time, they usually
work best for systems with large accessible binding sites, a situation not com-
monly found in 7TM receptor models. Manual docking on the other hand allows
complete freedom of placement of each ligand in the light of knowledge of experi-
mental results as well as the use of optimized ligand geometries, proper ab initio
electrostatic descriptors and full controlled flexibility of both the ligand and the
protein. This has therefore been the method of choice in all the work described
here.
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11.3.2
Designing 5-HT,c Selective Antagonists

For a long time 5-HT,¢ has been a target of interest and in fact, this was the first
receptor model which was constructed by our group back in 1991. Several lines of
evidence suggested that selective 5-HT,¢ antagonists may be useful in the treat-
ment of anxiety and depression. For example, the moderately selective 5-HT,c
agonist mCPP (meta-chlorophenylpiperazine), a metabolite of the antidepressant
tradozone, causes behavioral indications of anxiety in both animal models and hu-
mans. More recently, published data has suggested that 5-HT,¢ antagonists may
offer interesting therapeutic opportunities for the treatment of a variety of CNS
disorders such as depression, schizophrenia, migraine and Parkinson’s disease.

The main problem in this work was to be able to design compounds which
would be selective for 5-HT,c over 5-HT, receptors. The latter are widely distrib-
uted in the periphery as well as the CNS and antagonism of them would give rise
to undesirable side effects. Docking studies were carried out on a number of clas-
sical non-selective antagonists such as the tricyclics and butyrophenones. It was
found that they all occupied a pocket bounded by phe_5:47, phe_6:51 and
phe_6:52 and trp_6:48, with the protonated nitrogen forming a salt bridge with
the highly conserved asp_3:32 (see Fig. 11.3a). The residues forming this binding
pocket are conserved across all 5-HT 7TM receptors and designing selectivity was
going to be extremely difficult.

An interesting weakly selective lead compound, SB-200646 (2), was however dis-
covered from cross screening and this provided a starting point for further ra-
tional design. Although quite weak SB-200646 importantly contained no basic
center which suggested immediately that it was not binding to the normal pocket.
A study of the SAR showed that the carbonyl of the urea was essential for activity
but the NHs were not. In fact cyclization of the urea to give SB-206553 (3) led to
an increase in binding of one order of magnitude. Numerous analogs of SB-
206553 were synthesized and to aid in the understanding of how these might se-
lectively bind to the 5-HT,c receptor, an “active analog” approach was used [20].
This pharmacophoric type method relied on an overlay of the compounds which
was achieved by alignment of the urea carbonyls and the aromatic rings. It was
hoped that by analysis of the 3D overlay and the associated biological activity, a
portion of the molecules would be identified which would explain the observed se-
lectivity for 5-HT,c over 5-HT;a. Figure 11.3b shows that indeed such an area was
found. This was a small excluded volume on either side of the tricyclic ring which
was “allowed” in the 5-HT,c receptor but “disallowed” in 5-HT;5. With this in
mind docking studies were carried out in the receptor models.

The best solutions found, suggested that the urea carbonyl formed two hydro-
gen bonds with ser_3:36 and ser_3:39, which are one and two helical turns re-
spectively below the conserved binding aspartate on TM3. The aromatic moieties
could sit on either side above and below the urea but energetically the arrange-
ment with the tricyclic ring below the serines was the more favorable. This led to
a conformation where the 5-HT,c allowed/5-HT,, disallowed volume was bound
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Fig. 11.3 Early 5-HT,c design. (a) Methiophepin docked into the “third gen-
eration” 5-HT,c receptor; (b) an active analog model based on SB-206553
analogs; (c) SB-206553 into the 5-HT,¢ receptor (d) and alignment of 5-HT,
receptors showing TM2 (above) and TM6 (below); (e) the TM5-TM6 aro-
matic cage with a biaryl compound docked in.



212

11 7TM Models in Structure-based Drug Design

by two valines, val_2:53 and val_6:43 (Fig. 11.3c). It was very exciting to find that
the two corresponding residues in 5-HT,, were leucines (Fig. 11.3d) and further-
more that the excluded volume from the active analog model was exactly what
would have been expected for a valine-leucine difference.

The first rationalization was that rather than using the tricyclic ring system, it
would be better (sterically and synthetically) if the excluded volume was occupied
with a suitable group extending from the corresponding bicyclic ring. Either a
methoxy or even better a thiomethyl group was deemed ideal and this would be
even better if it was forced to sit out-of-plane of the ring (at least on one side) by
the introduction of an ortho substituent. This led to the synthesis of SB-221284
(4) which was the first ligand to show over 100-fold selectivity for 5-HT,¢ [21]. The
compound was still fairly weak as an antagonist so further elaboration was neces-
sary. Docking of SB-221284 showed that the pyridine ring was placed at the en-
trance to the aromatic pocket formed by the residues of TM5 and TM6. Extension
of the pyridine to a biaryl moiety should fill this cavity so a number of biaryl ana-
logs were synthesized which did indeed increase the potency of the series without
loss of selectivity (Fig. 11.4e) [22].

While potency and selectivity had been achieved, the compounds were very in-
soluble. It was obvious that introduction of a charged amino group would not
only improve this but should also lead to an increase in brain penetration. The
docking model was studied and it suggested that the inclusion of a four-atom
chain branching off the first ring of the biaryl and containing a charged amino
group, would be the ideal size to form a salt bridge with the conserved TM3 aspar-
tate. A series of these compounds was synthesized (5) and proved to be the first
sub-nanomolar selective antagonists of 5-HT,c.

11.3.3
Even Wrong Models Can be Useful: The Importance of SDM Studies

The above case study of selective 5-HT,c antagonist design based on receptor
modeling is perhaps surprising given the lack of real knowledge about the recep-
tor 3D structure. Given this model however, it was the only docking which ex-
plained so elegantly, the results of the active analog approach and which also gave
rise to the design of such selective and potent ligands. We were therefore anxious
to provide further experimental proof for the validity of the receptor model. One
commonly used method of testing a binding hypothesis is to carry out site-direc-
ted mutagenesis on residues which are believed to be involved in the receptor
pocket. Thus in this case mutation of the two TM3 serines, 3:26 and 3:29, to non
hydrogen bonding residues would be expected to decrease binding of the com-
pounds. Both residues were mutated to cysteines and the binding of SB-206553
was studied. It was found that both individual S — C mutants resulted in a slight
increase in binding of the compound. This of course implied that the receptor
model was wrong and that the success of the structure-based design may well
have been for the wrong reasons. Unfortunately at the time no other binding hy-
pothesis could be generated.
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1.4
Fourth Generation Models

The most exciting publication of the 1990s from the 7TM receptor modeling view-
point appeared in 1997 [23], when Schertler described the 6-A resolution cryoelec-
tron diffraction data for frog rhodopsin at 4-A slices throughout the bilayer. For
the first time therefore it was possible to deduce the interhelical tilts by following
the axis of each helix through the density slices. A computer program was written
which allowed the conversion of the density pictures in the original papers into
real three-dimensional objects. The density maps were then used to generate the
helical axes (Fig. 11.4a). The individual helices were allowed to equilibrate in a
water—ethane bilayer and were then refolded around these axes. The positioning
of TM6 and TMS was facilitated by the obvious kinks in the helical axes arising
from the well-conserved prolines. For the other helices use was made of the
HELANAL algorithm [15] together with a wealth of other biophysical and bio-
chemical data such as SDM, SCAM, NMR of retinal binding, engineered metal
binding sites, etc. Using all this information a detailed 3D model of the bovine
rhodopsin receptor was constructed (Fig. 11.4b) which could be used as a tem-
plate for other 7TM receptors of interest.

11.4.1
Revisiting the 5-HT,c Antagonist Binding Site

One obvious difference between earlier 7TM models and those derived from the
density slice information was the steep angle adopted by TM3 in the bundle.
While it “starts” between TM2 and TM4 on the extracellular side as expected, it
emerges on the cytoplasmic side of the bundle between TM4 and TM5. The hy-
drophobic surface potential method described earlier had suggested that the intra-
cellular side would be more buried than the extracellular end, although not to the
extent actually found! A consequence of this was that the two serines on TM3
which were originally believed to be involved in binding were no longer accessible
to the ligand (Fig. 11.5a). The re-docking of SB-221284 into the new model sug-
gested a somewhat different binding mode. The ligand in both receptors formed a
hydrogen bond with a serine in TM4 (4:57; Fig. 11.5a). The pocket was similar to
that in the previous generation model with the “top” half of the ligand in proxi-
mity to the same aromatic pocket formed by TM5 and TM6. However the binding
of the urea carbonyl is to TM4 rather than TM3 and the two valine residues are no
longer accessible. There is an alanine on TM5 (ala_5:46) in the same region as
the carbonyl binding site. This is present in human 5-HT,c but is a serine in
5-HT)a. It is also a serine in the rat 5-HT,c and it has been reported previously
that mutation of the human A5:46 S gives rise to a switch in human to rat type
pharmacology [24]. It was found in our hands that this mutation also gave rise to
a 50-fold loss of binding of SB-206553. Careful docking and full minimization of
the receptor-ligand complexes showed that although the positions in the two re-
ceptors were similar, in 5-HT,4, a strong hydrogen bond between ser_4:57 and
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Fig. 11.5 (a) New docking of SB-221284 in the fourth generation 5-HT,c
model showing the carbonyl interacting with ser_4:57. The TM3 serines
originally implicated are no longer accessible; (b) overlay of SB-221284 as
docked into the 5HT, 2 receptors. In the former it is pushed about 1.5 A
towards the extracellular side.

5:46 led to a shift of about 1.7 A towards the extracellular side of the TM bundle
(Fig. 11.5b). This shift corresponded to the excluded volume found in the active
analog model and thus gave an alternative explanation for it. It also highlighted at
the time that it cannot be assumed that the same ligand will bind in an identical
manner to two closely related receptors or that a common binding mode of a ser-
ies of analogs can necessarily be exactly overlaid, a practice which is common to
many pharmacophoric designs.

The new docking placed the pyridine ring of SB-221284 in a slightly different
position with respect to the aromatic binding pocket and suggested that a one-
atom linker between the two rings of the biaryl series would give rise to a better
docking geometry (Fig. 11.6a). The synthesis of SB-243213 (6) showed that this
was indeed correct as the compound displayed even greater potency/selectivity.
Thus once again the use of careful docking followed by the search for additional
new potential binding features led to a successful example of structure-based de-
sign [25].

11.5
The Inclusion of Extracellular Loops in 7TM Models

In the field of 7TM receptors there is often some component of ligand binding to
the extracellular loops. This is particularly true of peptide receptors where SDM
and chimeric studies have shown the importance of these regions. Using homol-
ogy modeling, loops of up to about nine residues have traditionally been gener-
ated by searching loop libraries derived from the Brookhaven protein databank.
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Fig. 11.6 (a) The aromatic cage between TM5 and TM6 of the 5-HT,c model
showing SB-243213 docked into it; (b) a classic Catalyst pharmacophore
model based on 5-HT,c antagonists. Colour coding of pharmacophoric
features: green H-bond acceptor; red, positive ionizable; cyan, hydrophobic.
(c) A pharmacophore for CCR2 antagonists based on manual or Catalyst
overlays; (d) overlay of the same CCR2 antagonists as they are docked into
the receptor model.
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However, the extracellular loops of 7TM receptors are often much longer than this
and are further complicated by the presence of a highly conserved disulfide bond
between TM3 and the second extracellular loop. A semi-automated procedure for
the generation of these extracellular loops has been developed in-house and has
been widely used in these and subsequent models. In this method initial con-
formational sampling is performed using the distance geometry program,
DGEOMO95 [26]. Distance constraints are automatically derived from the five heli-
cal residues at each N- and C-terminus of the loop. Further constraints come from
the disulfide bond information in ECL2, the proximity of previously generated ad-
jacent loops and consensus secondary structure prediction information. For exam-
ple if a typical stretch of loop was predicted to exist as a beta-strand using several
different prediction methods such as Chou-Fasman, Garnier-Osguthorpe-Robson
and Predator, then consensus constraints for the strand backbone distances could
automatically be set up; the procedure is shown in Fig. 11.7.

Fig. 11.7 Construction of an extracellular loop region using distance constraints.

Typically 500-1000 random conformations are generated. Each loop structure is
minimized with the molecular mechanics program, CHARMm [27] and the con-
formations are analyzed by goodness of backbone phi-psi angles using the criteria
described by Wilmot et al. [28]. They are clustered by backbone dihedral “families”
and further ranked by energy. The best conformations were chosen for subse-
quent molecular dynamics analysis using the locally enhanced sampling (LES)
method of Elber [29], where multiple copies are simulated simultaneously until
some structural convergence is reached. The best resulting conformations were
further minimized before inclusion in the receptor model. While the next genera-
tion of 7TM models described below utilized the crystal structure of bovine rho-
dopsin, there is still an equal uncertainty about the loop structure and the method
is still widely used within our group for de novo loop modeling. In several in-

217



218

11 7TM Models in Structure-based Drug Design

stances we have made predictions of loop residues to be involved in binding and
these have been subsequently supported by SDM studies [30].

11.6
Switching Selectivity in Neurokinin Antagonists

As was seen with the design of selective 5-HT,c antagonists, one of the greatest
challenges that the modeling chemist often encounters is the recognition of subtle
features between receptors which are very close in sequence. For example differ-
ent tissue distributions can exist in subtypes of receptor families and one may
wish to target only one of these. Another problem which often arises is that an un-
wanted side effect due to activity in another unrelated receptor may be found. De-
signing out one unwanted activity whilst retaining another desired activity, can be
a real challenge to the medicinal chemist. One of our most successful examples of
fourth generation 7TM model-based design was the switching of selectivity in a
neurokinin NK3 compound to a totally selective NK2 analog and to an equipotent
mixed NK2/NK3 series.

The neurokinin (tachykinin) receptor family consists of three members, namely
NK1, NK2 and NK3, which are activated by the natural peptides substance P, NKA
and NKB respectively. The former is an undecapeptide while the latter two are
nonapeptides. They share a common Phe-X-Leu_Met-CONH2 motif at the C-ter-
minus. The three receptors are widely distributed in the central (NK1 and NK3)
and peripheral nervous systems. Biological actions include smooth muscle con-
traction and relaxation, vasodilation, secretion (GI and airways), activation of the
immune system, pain transmission and neurogenic inflammation. They have
been implicated in a broad range of CNS disorders including Parkinson’s and
Huntington’s disease and anxiety and/or depression. Therapeutically, antagonists
have been tested for emesis, depression/anxiety and pain/migraine in the CNS
and for asthma and GI motility disorders in the periphery. There is still some de-
bate however as to the best profile of selectivity desirable for a particular disease
state.

The starting point for this work was the highly potent, NK3-selective quinoline
analog, SB-223412 (Talnetant, 7). Early SAR on these compounds showed that the
quinoline nitrogen is essential for antagonist activity. Furthermore only some very
limited substitution was allowed in the pendant 2-phenyl ring, suggesting that
this group was accommodated in a tight binding pocket. Conformational analysis
of the 2,3,4-trisubstituted quinolines shows that the 2- and 4- substituents must
sit orthogonal to the quinoline ring. Thus only two essential conformations are
possible (the 4-amido group sits above or below the plane of the quinoline as
drawn). It was interesting to note also that only the S enantiomer of the 4-amide
substituent was active.

Although many initial docking poses were tried, minimization led to only one
especially good docked structure. In this (Fig. 11.8) the quinoline nitrogen was hy-
drogen bonded to the hydroxyl of tyr_6:51 [31]. This residue is also found in NK2
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Fig. 11.8 Docking of Talnetant into the NK3 model showing key interactions.

but is a phenylalanine in NK1, in keeping with the series’ total lack of binding at
the latter receptor. The quinoline ring itself sat in an aromatic pocket formed by
tyr_5:47, phe_6:55 and his_6:52. His_6:52 also formed a hydrogen bond with
the NH of the ligand amide. As suggested from the SAR, the 2-phenyl ring was
contained in a tight hydrophobic pocket bounded by pro_3:32, asn_3:29,
tyr_7:35, phe_7:39 and phe_4:76 (in ECL2). All except the last of these residues
are conserved between the NK2 and NK3 receptors. Finally a hydrogen bond was
found between asn_3:29 and the phenolic group of the ligand. The key differ-
ences between NK3 and NK2 are the presence of lys_4:65 at the top of TM4
(threonine in NK2), the identity of several potential binding residues in ECL2
such as leu_4:74 (lysine in NK2) and the nature of the hydrophobic side chains
around the 4-amido substituent. Because of the residue conservation it was rea-
sonable to assume that no improvement in NK2 binding would be likely with
modifications to either the quinoline ring or its 2-phenyl substituent. However it
was thought likely that introduction of a suitably sized protonated amino group
instead of the acidic phenol at the 3-position, would allow interaction with the po-
lar residues in the second extracellular loop of NK2 while at the same time im-
proving CNS penetration. Another area of the ligand which was thought worth
targeting was the 4-amido substituent where evident differences in the steric
nature of the residues of the two receptors could be seen. In this region while
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phe_3:37 and ile_3:33 were conserved, val_5:46 was an isoleucine in NK2 and
val_3:36 was a methionine.

As predicted from docking, no improvement in selectivity was obtained by in-
troduction of a 3-dimethylaminomethyl substituent in place of the phenol. Accord-
ing to the model, the protonated nitrogen of this compound interacted with the
conserved asn_3:29. The model did however suggest that there was room to ex-
tend the 3-substituent through the cavity between cys_4:61 and val_5:42 towards
ECL2. Here it could interact with lys_4:74 and his_5:39. Docking of the second-
ary 3-piperazinylmethyl analog in the NK2 model suggested that the compound
could make an interaction with lys_4:74 through a strong amine-protonated
amine hydrogen bond (Fig. 11.9a). Furthermore alkylation of the secondary piper-
azine nitrogen should increase the affinity at both receptors through hydrophobic
interactions with thr_4:65, cys_4:61 and val_5:42. The results in Table 11.1 con-
firmed this with the N-cyclohexylpiperazine analog (SB-327076, 8) showing equi-
potent nanomolar activity at both NK2 and NK3 (Fig. 11.9b). Thus the first goal of
achieving a potent mixed NK2/NK3 antagonist from a selective NK3 starting com-
pound had been achieved.

Table 11.1 Variation in NK2, NK3 and p-opioid activity with the substituent on
the 3-methylene position of Talnetant.

Substituent Piperazine N-isopropyl- N-cyclohexyl- Morpholino-
piperazine piperazine (9) piperidine (10)

hNK3 IC50 (nM) 47 18 1.2 0.8

hNK2 IC50 (nM) 22.2 5.7 1.6 0.8

Ratio 4.7 3.2 1.3 1.0

p-opioid IC50 (nM) 203.1 103.6 15.8 >2500

As will be seen later, it is always important in ligand docking to consider the
electronic structure of the compounds involved. The piperazine analogs can in
theory, exist in two different protonated forms. Ab initio quantum calculations
(HF/6-31G*) on the two forms of SB-327076 showed that protonation at the cy-
clohexyl substituted nitrogen was favored by 4.3 kcal/mole in terms of absolute
energy. However a better estimate of the relative basicity of multiple protonation
sites can be obtained by calculating the relative positive electrostatic potentials
around each protonated isomer, the theory being that the more basic the nitrogen,
the more polarized the corresponding NH bond will be in its protonated state,
and hence the greater the positive potential. These calculations showed that the
difference in potential between the two forms of SB-327076 was now only
0.37 kcal/mole and therefore that protonation could likely occur at either nitrogen.
Docking of the benzylic protonated form showed that the NH formed a strong hy-
drogen bond with the amide of asn_3:29, allowing lys_4:74 to make a salt bridge
with asp_4:69. This pose was more favorable energetically than the alternative
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Fig. 11.9 Key residues involved in the binding of (a) the secondary
3-methylpiperazinyl analog of Talnetant and (b) SB-327076 to the NK2
receptor.
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form protonated at the remote nitrogen and forming a hydrogen bond with
lys_4:74 (Fig. 11.9b).

It can be seen from Table 11.1 that as the NK2/NK3 potency of the series in-
creased, an undesired side effect started to emerge, namely an increasing antago-
nist activity at the p-opioid receptor. The opioid receptors all contain an aspartate
residue in TM3 at the same position as the conserved binding aspartate of the
aminergic receptors. SDM studies have shown that opioid ligands, almost all of
which contain a protonated nitrogen, bind to this aspartate. Docking of SB-327076
essentially led to a single pose in which the conformation of the ligand was un-
changed with respect to the NK docked orientations. However two key differences
were that (1) to have an interaction with the TM3 aspartate, protonation must oc-
cur at the cyclohexyl substituted nitrogen and not at the benzylic position, and (2)
the compound docked in a completely inverted position relative to the NK orienta-
tion (Fig. 11.10).

The rigid nature of the docking around the cyclohexylpiperazine (in the opioid
receptor) suggested that moving the nitrogen by one atom into the cyclohexyl ring
would prevent interaction with the TM3 aspartate. NK affinity however should not
be affected because protonation at the benzylic nitrogen is preferred in these re-
ceptors. The compound (SB-371059, 9) was synthesized and it was found that it
now showed 1000 X selectivity for NK3 (and NK2) over the p-opioid. The second
piperidine ring was now at the top of the 3-substituent binding pocket. It was

Fig. 11.10 SB-327076 docked into the p-opioid receptor model with the
protonated nitrogen interacting with asp_3:32.
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therefore reasonable to assume that suitable substitution would pick up additional
hydrogen-bond interactions with the conserved TM4 ser_4:64 and his_5:39.
Changing the second ring to a morpholine did achieve this and led to an equipo-
tent sub-nanomolar compound (SB-400238, 10) with exquisite selectivity over the
p-opioid receptor (Table 11.1).

While the goal of obtaining a potent mixed NK2/NK3 antagonist had been
reached in this series, there was still a need to develop a completely selective NK2
analog. An increase in NK2 affinity had been achieved by variation of the 3-substi-
tuent as seen above. This however had no effect on the potency of the compounds
at NK3 and therefore no further changes in the series at this position were consid-
ered. Instead attention turned to the nature of the 4-amido substituent which the
docking studies had suggested bound into a hydrophobic pocket where differ-
ences did exist between NK2 and NK3. Using docking to guide the synthesis a ser-
ies of alterations were made to the 4-substituent. This resulted in the synthesis of
the most selective NK2 antagonist in the series (SB-415707, 11).

1.7
Homology (Fifth Generation) Models of 7TM Receptors

Excitement in the 7TM modeling community reached a peak in 2000 with the
publication of the crystal structure of bovine rhodopsin [32]. For the first time it
was possible to use direct homology methods to construct a new (fifth) generation
of 7TM models. Confidence in these models was increased because rhodopsin it-
self contains the aforementioned conserved residues in each TM helix which play
a key functional or structural role. Alignment of other 7TM sequences is therefore
made simple in the TM helical regions except in the occasional receptor where
one or more of these conserved motifs are missing.

An automated program has been written to build these models directly from
the rhodopsin crystal structure and a database of alignments of the TM regions of
all known 7TM receptors. The same loop building strategy described earlier is
used here but a 3D database of all common loop constructs has been generated to
make the initial starting model easier to build. The program generates a complete
CHARMm input file for the structure which can then be run manually by the
user.

11.8
"Ligand-based" Design of 7TM Receptor Compounds

As mentioned at the beginning one common method of lead generation is by da-
tabase searching using a pharmacophore. In the ideal world of “structure-based”
drug design one would typically rely on the availability of an X-ray structure of the
target, preferably with a number of diverse ligands bound into it. One well-known
example of this is the HIV protease where many research groups have solved
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ligand-bound crystal structures and used these in rational drug design [33]. Unfor-
tunately in most cases, including the 7TM receptors of interest to pharmaceutical
companies, there is a lack of knowledge concerning the receptor/enzyme struc-
ture, and this has led to a number of other approaches, based on properties of the
known ligands themselves — hence the term “Ligand Based Design”. One com-
monly used concept in this is that molecules which bind to the same site must ex-
hibit some similarity to each other. The development of the concept of “Molecular
Similarity” was the subject of much research in the late 1980s/early 1990s [34].
This could be based simply on shape but it was more common to look at some
electronic property such as electrostatic potential or field or other empirical prop-
erties such as hydrophobicity. The gnomonic projection technique which we and
others developed led to some surprising ideas on how differing molecules could
be overlaid in their receptor-bound conformations [35-37]. It was often useful to
combine several properties in the similarity score and this led to useful programs
such as the SEAL method [38]. When overlaying a set of diverse molecules, rather
than using calculated properties, it is often faster to use empirical factors such as
acidic or basic sites, aromatic ring centroids, hydrophobic groups and hydrogen-
bond donors and acceptors. Conformational flexibility can also be accounted for
in generating these overlays. The overlay, once generated, is generally known as a
“pharmacophore”.

Pharmacophores can offer several potential advantages, for example, they often
present a rationale for ligand SAR. Their main advantage and use however is that
they can be used for database searching, which may in turn give rise to novel lead
series. Pharmacophores can be generated manually but it is more common to use
one of the available software packages such as Catalyst [39]. These programs can
also be used for the database searching stage. Over 100 pharmacophores have
been published for 7TM receptor targets. One successful application from our
group is outlined below.

Once again we were interested in discovering novel compounds as 5-HT,¢ an-
tagonist leads. Pharmacophore modeling was therefore extensively applied as part
of an integrated medicinal and computational chemistry strategy aimed at identi-
fying such novel antagonists. For this purpose, a small set of representative struc-
tures was selected from the wide “in-house” collection of 5-HT,¢ antagonists to
span the available chemical diversity. All compounds included in the study had a
high affinity in a 5-HT,¢ binding assay (pKi > 8.5), and were at least 100-fold se-
lective over 5-HT,4,2p. In addition, they were assumed to bind at the 5-HT, re-
ceptors with a common binding mode which, according to the models described
earlier, consisted of hydrogen bonds to the urea/amide carbonyl and a salt bridge
between the protonated nitrogen and the TM3 aspartate. The compounds used to
build the pharmacophore are shown in Fig. 11.11.

In this example all the pharmacophore modeling work was performed with the
Catalyst program. Ligand conformational searches were performed with an energy
window of 10 kcal using a maximum of 250 conformations. The common Catalyst
pharmacophore features (H-bond acceptor, positive ionizable groups, aromatic
rings, hydrophobic groups) were aligned using the HipHop algorithm within the



11.8 “Ligand-based” Design of 7TM Receptor Compounds | 225

Cl

o}

CH,

N N0 NLN/@ RN

QHC m o /O/\/Oj\/;i’\l)
CH,

1 2

cl Cl

Cl 0
)(L /©[ \CHa °
N )

N O
o N Oy @
OO 0

Cl

S,

Fig. 11.11 Compounds 1-6 are different 5-HT,¢ antagonists used in the
construction of the pharmacophore shown in Fig. 11.3c. Compound 7 was a
novel lead generated from a search of this pharmacophore which had good
activity on 5-HT¢ (pKi > 7) and selectivity towards 5-HT;a/28.
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program. From the different top scoring solutions generated by the program, the
most satisfactory models were chosen according to quality of ligand conforma-
tions, RMS deviation of the ligand conformations from the pharmacophore fea-
tures and common volumes. In Fig. 11.6b the best pharmacophore model ob-
tained is shown superimposed on some representative compounds included in
the study.

As can be seen from this figure (Fig. 11.6), the pharmacophore model was
made up of a positive ionizable group (red sphere), which is mapped by the basic
nitrogen on the piperidine side chain of compound 3, a H-bond acceptor (green
spheres) mapped by the carbonyl oxygen on the cyclic urea moiety of compound 3,
and three hydrophobic groups (cyan spheres). This pharmacophore was sup-
ported by the SAR derived from “in-house” data which clearly demonstrated the
key roles played by the protonated nitrogen moiety and the hydrogen-bond accep-
tor functionality of the urea or amide carbonyl, both of which were necessary for
high 5-HT,¢ affinity. A second function of the hydrogen-bond acceptor, mapped
by the ether oxygen on the piperidine side chain of compound 3, was instead dis-
carded as it was deemed irrelevant for high 5-HT),c affinity.

The best 5-HT,c pharmacophore solutions were used as a 3D search query
against our Catalyst corporate database. About 19,000 structures were retrieved
which fitted the pharmacophores and hence were, in theory, endowed with a prob-
ability of exhibiting good 5-HT,c activity. This list of compounds was subse-
quently pruned using filters developed “in house” for the removal of reactive and
undesirable molecules, as well as of those predicted to have inappropriate physico-
chemical properties for a CNS drug. This reduced list of structures was finally
prioritized according to their fit to the pharmacophore. From it, the 246 top scor-
ing compounds were ordered and tested against 5-HT,c. The results were extre-
mely encouraging in that ~32% were found to show 5-HT,¢ antagonist binding
in the sub-micromolar range. In addition, ~5% out of them were also selective
against 5-HT,a and 5-HT,p receptor subtypes.

Many of these active compounds belonged to structural classes different from
those used to build the pharmacophore (Tanimoto index <0.57), thus confirming
the general validity of the method. One template in particular (Fig. 11.11, com-
pound 7) was especially potent in the 5-HT,¢ assay and was also selective towards
5-HT;A and 5-HT,5 [40].

11.8.1
Pharmacophores Often do NOT Work

In the last decade, much evidence has emerged suggesting a pathological role for
the chemokine polypeptide, MCP-1 and its receptor, CCR2, in diseases involving
chronic inflammation, in particular atherosclerosis [41]. Thus, MCP-1 has been
shown to be highly expressed in human and mouse atherosclerotic lesions by in
situ hybridization or immunostaining. Furthermore, knockout mice in which the
genes for MCP-1 or CCR2 have been silenced, show a substantial reduction in
atherosclerotic lesions, whilst overexpression of mouse MCP-1 in mice was found
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to exacerbate the disease. These data suggest that lowering MCP-1 levels, or block-
ing CCR2, in man may have useful therapeutic effects in treating chronic inflam-
matory conditions such as atherosclerosis and/or arthritis and considerable effort
has been expended by the pharmaceutical industry towards the discovery and de-
velopment of small molecular weight CCR2 antagonists.

Four chemically distinct series of CCR2 antagonists have been reported but all
have potential problems as viable drug leads. The cinnamide 13 (SB-282241) is a
potent functional antagonist of CCR2 [42], but suffers from lack of selectivity over
5-HT receptors. The spiropiperidine 14 (RS-504393) [43] has equal affinity at the
4;p adrenoceptor, and also has lower functional potency than would be predicted
from its binding affinity. Several publications from Takeda have highlighted the
CCRS receptor antagonist 16 (TAK-779) [44], which also possesses significant ac-
tivity at the CCR2 receptor. Acceptable bioavailability of this quaternary salt may
be an issue, so clearly the profile of the corresponding free base 15 is also of inter-
est. Finally a series of amide derivatives have been reported from Teijin as posses-
sing CCR2 antagonist activity, with 17 being identified as a lead compound [45].
Both compounds 14 and 17 are reported to have poor affinities at rodent CCR2 re-
ceptors making biological evaluation of these compounds difficult.

In addition to improving the activity and profile of SB-282241, we were inter-
ested in generating a pharmacophore, based on the above compounds, which
could be used to search for new lead compounds for this target. Assisted by the
fact that all compounds possessed a positively charged center which was essential
for activity, both manual and computer generated (Catalyst) overlays were derived
which were essentially the same (Fig. 11.6¢). Searching the database against this
pharmacophore however only returned compounds related to the original series
and no new leads were found. The probable reasons for this failure lie in inherent
problems with the classical pharmacophore approach. To start, there is an as-
sumption that all ligands bind in exactly the same site. Therefore the rigid overlap
of key features such as basic nitrogens or aromatic rings is overemphasized. There
is also an emphasis on the anisotropic nature of certain molecular interactions
such as the assumption of fairly rigid directionality with hydrogen bonds. All
these assumptions arise from the approximation that the protein remains essen-
tially rigid. Potentially therefore a better approach would be to dock the various li-
gands into the receptor, taking into account the possibility of multiple binding
sites with full protein flexibility, and making use of other available data such as li-
gand SAR, NMR or SDM results. The overlay of the docked positions should
therefore produce a better pharmacophore on which to carry out database
searches. Such a combined modeling/SDM approach was used with the CCR2 re-
ceptor and the various compounds detailed above [46].
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11.9
Refinement of 7TM Pharmacophores Using Current Receptor Models

A previous publication had highlighted the importance of glu_7:39 in the binding
of the Roche compound, RS-504393 and as this residue is completely conserved in
chemokine receptors, it was initially assumed that the positively charged groups of
all compounds bound at this position. Initial docking experiments suggested the
involvement of a number of other residues and these were all the subject of SDM
studies. In addition to the E7:39 — Q mutation which had a large detrimental ef-
fect on binding with all the compounds tested, other potential hydrogen-bonding
residues in TM7 were also mutated. Thus none of the mutations D7:32 — A,
Q7:36 >A and T7:38 >A had any effect on ligand affinity. In contrast
(Fig. 11.12), the mutation T7:40 — A caused a significant drop in binding, with
the Roche and Teijin compounds being most affected. Some TM3 aromatic resi-
dues were also mutated; here both Y3:32 — A and H3:33 — A showed significant
decreased affinity for all compounds. Interestingly however the H3:33 — F muta-
tion showed a small but significant increase for the Takeda analogs and a small de-
crease for the others. The Takeda compounds were synthesized as CCR5 antago-
nists and this histidine residue is a phenylalanine in the CCR5 sequence. An extre-
mely interesting finding was observed with the Y1:39 — F mutation in TM1. Here
a significant increase in affinity was observed for the Roche and SB compounds
whereas a decrease was seen for the others. In fact in several analogs of the SB ser-
ies, an increase of up to 1000-fold was observed (data not shown). This could only

pKi difference from wild type

25 + ) e

H1:30F Y¥3:32A H3:33A H3:33F D732A EV:E90  T740A
o113 14 m15 & 16 E 17

Fig. 11.12 Results from SDM studies on the CCR2 receptor with compounds 13-17.
(Courtesy by J. Med. Chem. (2000), 43, 1123-1134, Copyright of ACS 2000).
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Fig. 11.13 (a) TAK-779 bound to CCR2.
Primary binding of quaternary nitrogen to
glu_7:39 with an extra polar interaction with
the tyr_1:39 hydroxyl. Tyr_1:39 itself has a hy-
drophobic interaction with the tetrahydropyran
ring and thr_7:40 H-bonds to the ring oxygen.
The closer proximity of the tertiary nitrogen to
glu_7:39in 15 indicates that the THP oxygen
is closer to thr_7:40. Biaryl is in a — sandwich
with tyr_3:32 and tyr_6:51 and has only a
small interaction with his_3:33. There is in-
creased aromatic interaction with the H3:33

F mutant (see CCRS). (b) RS-504393 binding
to CCR2. Primary interaction is with glu_7:39
and an H-bond between oxazole and thr_7:40.
Tyr_1:39flips to the gauche+ rotamer to ac-
commodate the phenyl ring. The bicyclic ring
fits into the aromatic pocket with coplanar

n-stacking to tyr_3:32 and orthogonal interac-
tion with his_3:33. (c) SB-282241 with CCR2.
Again primary binding is to glu_7:39 with an
H-bond between the 5-hydroxyl and thr_7:40.
Tyr_1:39 also flips to the gauche+ rotamer to
accommodate the indole. The ligand’s alkyl
chainis in an all-staggered conformation.
Tyr_3:32is in a hydrophobic interaction with
the alkene while the cinnamide ring is in copla-
nar n-stacking to his_3:33. (d) Teijin analog
with CCR2. Here glu_7:39 binds to the pyrolli-
dine nitrogen and to a backbone NH. Tyr_1:39
and thr_7:40 bind to backbone carbonyls.
There are generally weaker hydrophobic inter-
actions between the 3,5-dimethylphenyl ring
and tyr_3:32 and his_3:33.

(Courtesy by J. Med. Chem. (2003), 43, 4070—
4086, Copyright of ACS 2003).
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be explained by the fact that in the unliganded model of the receptor, the hydroxyl
of tyr_1:39 formed a strong hydrogen bond with glu_7:39, locking the formerin a
trans rotameric state (seen also in Fig. 11.13a). Docking the Takeda and Teijin com-
pounds suggested that they could readily be accommodated by this orientation
(Fig. 11.13a and d). On the other hand the Roche and SB analogs (Fig. 11.13b and
c) could only be docked when tyr_1:39 adopted the less favored gauche+ rotamer.
This requires breaking the hydrogen bond and thus is made easier when the hy-
droxyl is removed, i.e. by mutating Y1:39 — F.

The docking of the five compounds together with a summary of the interactions
is shown in Fig. 11.13. The overlap of the docked poses (Fig. 11.6d) now shows
significant differences from the original pharmacophore. In particular the nitro-
gens of the positive center are separated by up to 5.4 A. This large spread is easily
explained by the fact that the glutamate binding residue adopts two different rota-
meric states depending on the compound, a fact that is not readily handled by the
standard pharmacophore approach. There was still significant overlap of the hy-
drophobic regions but no common hydrogen-bond acceptor site was observed.
Searching the database with this model did in fact yield some novel leads which
are being followed up. This alternative pharmacophore generation would appear
to offer advantages where traditional methods have failed. It does of course take
much longer to generate and can be dependent on additional experimental data.

11.10
Optimizing Properties of the CCR2 Antagonists

SB-282241 was originally developed from the indolepiperidinyl biphenyl analog
(12) which came from a series developed as 5-HT antagonists. In doing so the
CCR2 affinity had been improved from 5.3 pM for 12 to 50 nM for 13 [42]. The
compound was not surprisingly, still non-selective over various 5-HT receptor sub-
types and more worryingly showed no activity against rodent receptors. This is of
particular concern because in-vivo animal tests are necessary for the progression
of any potential drug molecule.

To improve its selectivity over aminergic 7TM receptors SB-282241 was docked
into the 5-HT,c model (Fig. 11.14). The indolepiperidine fits into the classic
pocket between asp_3:32 and the aromatic residues in TM5 and TM6. The back
face of the piperidine is covered by asn_6:55 on TM6. In contrast, in the CCR2
model (Fig. 11.15) the back face of the piperidine sits in a hydrophobic cavity be-
tween phe_3:28 and val_4:74 in ECL2 adjacent to the disulfide bond. This sug-
gested that a hydrophobic substituent such as an ethylene bridge could ideally fit
into this cavity. The docking of the tropane analog (18; Fig. 11.15) and its subse-
quent synthesis did indeed lead to a marked increase in selectivity over all 5-HT
subtypes and in addition, this compound was the first analog to show activity with
the mouse receptor.

A common method of increasing affinity within a series of analogs, is by intro-
duction of rigidity (i.e. decrease the entropy) in a flexible part of the molecule.
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Fig. 11.14 SB-282241 docked into the 5-HT,c model with the primary inter-
action to asp_3:32. Asn_6:55 forms an unfavorable interaction with the back
face of the piperidine ring.

Fig. 11.15 The tropane analog, 18, docked into CCR2. Now the ethylene bridge
forms favorable interactions with val_4:74 and phe_3:28 but an even more
unfavorable interaction with asn_6:55 of 5-HT,c.
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Chair axial cinnamide
2266 (MMFF)

9.67 (3-21G")

18.56 (unprot. M)

c)

Twist boat

19.51 (MMFF)

789 (3-21G7)
24.58 (unprot. MM)

Chair equat. cinnamide
1423 (MMFF)

0.0 (3-21G%)

19.43 (unprot. M)

Fig. 11.16 (a—e) CCR2 receptor-bound confor-
mation of SB-282241 (dark) optimally over-
lapped with its (a) 1,4-phenyl, (b) trans-1,4-
cyclohexyl, (c) axial cinnamide cis-1,4-cyclo-
hexyl and (d) equatorial cinnamide cis-1,4-
cyclohexyl linker analogs. Only (d) overlays
the bound conformation well and has the
most favorable activity. (c) cis-1,4-cyclohexyl

linker analog in three conformational forms.
With the protonated form the axial cinnamide
conformation has the lowest energy but is
stabilized by a strong electrostatic interaction
between the amide carbonyl and the proto-
nated nitrogen. In the neutral form the equa-
torial cinnamide conformation is favored.
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Within the SB series, the five-carbon linker was an obvious target for this ap-
proach, but although the pentyl chain was in an all-staggered conformation, it was
not immediately obvious how a ring linker could emulate this. Shown in
Fig. 11.16 is the bound conformation of SB-282241 optimally overlaid with
1,4-phenyl (a) and trans-cyclohexyl (b) linkers. Neither shows any correspondence
of the amide groups and the dichlorophenyl ring in each is buried much deeper
in its binding pocket. The 1,4- and 1,3-phenyl linked analogs were completely in-
active and the trans-cyclohexyl analog was 3-fold less active in the CCR2 binding
assay. The conformation of these rings is obvious but the corresponding cis 1,4-cy-
clohexyl analog needed more careful analysis. Chair forms of this ring must have
one axial and one equatorial substituent. They can interchange between these
through a number of low energy twist-boat conformations. With the protonated
(presumably the bound) form of the molecule the equatorial cinnamide substitu-
ent is favored by ab initio calculations. However the protonated conformations are
stabilized by a strong intramolecular interaction between the positively charged
hydrogen and the amide carbonyl and it is therefore more appropriate to use the
unprotonated forms (Fig. 11.16¢); in this case, the axial cinnamide isomer is fa-
vored. In Fig. 11.16e, it can be seen that there is a perfect overlay between this iso-
mer and the bound conformation of SB-282241 which cannot be found with the
other conformers (Fig. 11.16d). Synthesis and testing of the cis 1,4-cyclohexyl-
methyl analog compound showed that it had double the potency of the straight
chain analog [47]. Incorporation of all these features, i.e. the cis cyclohexyl ring
linker, the tropane ring and the 5-hydroxy substituent which forms an additional
hydrogen bond with thr_7:40, led to a compound, SB-380732 (19) with very good
activity (20 nM in human and mouse chemotaxis assays) and excellent selectivity
over other chemokine and aminergic receptors. The compound per se had some
clearance issues but these were easily remedied by replacing the 5-hydroxy substi-
tuent in the indole ring with a 5-methylsulphonamide.

11.11
Some General Ligand Considerations When Docking

The above examples have detailed how 7TM receptor models have improved over
the last 15 years and how as a result, structure-based design has improved in ex-
pectations. The models are certainly at a stage where de novo design should be
possible if the computer programs were accurate enough. Until this happens how-
ever it is still necessary to start from a suitable lead either from high throughput
screening of compound libraries/collections or indirectly through initial in silico
selection and subsequent evaluation. Structure-based design is still best suited to
lead optimization through improvements in selectivity and activity. The starting
point for this is an accurate docking of the lead ligands which is best done manu-
ally with full consideration of the compound’s properties. Stereochemistry is one
obvious starting point. A compound may contain a chiral center(s) and the active
enantiomer or diastereomer may be unknown. In this case it will be necessary to
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trans—anti

cis-anti Cis-syn

Fig. 11.17 Mianserin in its four ring conformations.

dock all possible isomers, a fact which should be obvious but is often ignored. The
same applies to geometric isomers. The stereochemistry of olefins is usually
known but the same is not always obvious for enamines, enol ethers or non-sym-
metric N,N-disubstituted amides. Here it is necessary to perform careful geometry
optimization of all possible isomers using molecular mechanics and/or quantum
methods. It may be found that some isomers are too high in energy or that only
one may fit into its receptor model. Electronic factors should always be taken into
account. The compound may exist as different tautomers or have several potential
ionization sites with differing pK,s. Here careful quantum calculations should be
made to decide on which isomer(s) to dock. It should be noted that in most cases,
the generation of 3D structures from, e.g. SMILES strings will not take these
properties into account. Finally a word should be said about conformation. It is
evident that low energy states should be docked although not necessarily only the
lowest energy form. Conformational analysis is not confined to rotation around
flexible bonds or simple ring flipping but also may involve more subtle properties
such as nitrogen inversion. An interesting example was recently described where
explanations were sought for the observed selectivity of various compounds for
the human and mouse 5-HT receptors [48]. The antidepressant, mianserin (20)
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Fig. 11.18 Cis-syn mianserin docked into the mouse 5-HT6 receptor model
showing its primary binding with asp_3:32 and other n— interactions with
phe_6:51 and phe_6:52.

was shown to bind selectively to the mouse receptor, which differs from the hu-
man by only four residues in the potential binding site. Careful conformational
analysis using a combination of molecular mechanics, semi-empirical and ab in-
itio quantum methods showed that the tetracyclic ring system exists in four possi-
ble forms involving a flip of the azepine ring making the bridgehead hydrogen syn
or anti to a hydrogen of the azepine methylene, and an inversion of the nitrogen
placing its lone pair cis or trans to the bridgehead hydrogen. In mianserin both cal-
culations and experiment show that the trans-anti conformer is preferred. The cis-
anti conformer can clearly be ruled out not only because of its high energy but be-
cause under normal optimization conditions, it inverts to an alternative. The two
other conformations, i.e. the cis-syn and the trans-syn are intermediate in energy
(Fig. 11.17).

Docking of mianserin in the trans-anti conformation to the mouse receptor
model predicted that, in addition to the usual salt bridge between the piperazine
nitrogen and asp_3:32, a n—r stacking occurred between phe_6:51 and one of the
aromatic rings of the ligand, as did an orthogonal aromatic-aromatic interaction
between phe_6:52 and the other ring. No other significant interactions were ob-
served with this conformer. With the cis-syn conformer however, phe_6:51 formed
the more favorable orthogonal interaction with both phenyl rings of the ligand.
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Other favorable interactions were found between phe_6:52, phe_7:35, thr_3:29
and val_3:33. Thus the overall binding mode of mianserin in the mouse favors
the cis-syn conformation (Fig.11.18). SDM studies showed that only the
S6:55 - N mutant (one of the four residues which differ in the mouse and hu-
man receptors) decreased the binding to the same level as the human wild-type.
The models suggested that there was a large steric clash between the asparagine
and one of the phenyl rings of the ligand. Based on these conformations, two pen-
tacyclic analogs were designed and synthesized with the aim of locking the confor-
mation of the ring system in either the cis-syn (BRL-34849, 21) or the trans-anti
(BRL-34969, 22) states. These conformations were predicted by ab initio energy
calculations and subsequently confirmed experimentally. As with mianserin BRL-
34849 shows a selectivity of about 10-fold over the human receptor and shows the
same decrease with the S290N mutant. BRL-34969 however shows no selectivity
for either wild-type or mutant receptors, thus giving experimental proof that the
cis-syn conformation is indeed the bound conformation.

11.12
What the Future Holds

Nowadays models of the antagonist state of Family A receptors are, in many cases
of sufficient quality to be useful in structure-based drug design. This is especially
true when docking hypotheses can be tested by SDM experiments. Two areas of
current research promise to be of similar use in the future. One is in the develop-
ment of models of the agonist state of Family A sequences. There is a wealth of ex-
perimental work suggesting specific conformational changes between antagonist
and agonist states and many groups are now using this information to generate
working 7TM agonist models [17]. A second field of research is in modeling Fa-
mily B and C receptors. Although there is little perceived sequence identity be-
tween these and the Family A TM domains, models equivalent to the aforemen-
tioned “third generation” structures are now becoming available. Furthermore
much of the known binding of the peptide (Family B) and small ligand (Family C)
agonists occurs in the N-terminal domains and the structures of these are now
known from crystallography [49] and NMR [50]. The unliganded NMR structure
of the Family B CRF receptor NTD may well change upon peptide binding but
holo- and apo- forms of the Family C NTD have been solved. These therefore pro-
mise to be fruitful areas of design in the future.

11.13
Abbreviations and Nomenclature

The terms GPCR (G Protein-Coupled Receptor) and 7TM (Seven Transmembrane
helical) are internationally recognized as descriptors of the superfamily of se-
quences under discussion in this chapter. Likewise the abbreviation TM (trans-
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membrane) is equally recognized and will be used throughout the discussion.
Some other standard abbreviations include 2D- and 3D- (two- and three-dimen-
sional), SAR (structure-activity relationship), SDM (site-directed mutagenesis)
and ECL (extracellular loop). To uniquely identify residues, the nomenclature de-
scribed by Ballesteros will be used [1]. Here the first number represents the TM
helix and the second number is the position within that helix relative to the most
conserved residue which is numbered 50. Residues in the ECLs are numbered
from the preceding TM helix. For all residues, the standard three-letter code will
be used, except where mutations are discussed. Here the standard one-letter no-
menclature will be used, where the first letter is the residue being mutated and
the second is the mutant. With the exception of the 5-HT,c pharmacophore, all
chemical structures discussed in the chapter are numbered as shown in Fig. 11.1
and will be referred to in the text as (1), (2), etc.
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12
Receptor-based Rational Design: Virtual Screening

Didier Rognan

12.1
Introduction

G protein-coupled receptors (GPCRs) have historically been the most investigated
target family in the pharmaceutical industry for many conceptual reasons:
(i) GPCRs select their endogenous ligands among a uniquely broad chemical
space [1] which can in turn serves as a basis for designing molecules able to mod-
ulate their activity [2]; (ii) their ubiquitous distribution at the surface of many cells
for regulating a wide array of physiological and pathological processes render
them particularly attractive targets for therapeutic intervention [3]; (iii) many
GPCRs have proven over the last 30 years to be druggable [4] and there is reason-
able hope that new receptors from this family that are close enough to well-inves-
tigated targets could also be addressed by drug discovery programs.

Until recently, GPCR ligand discovery had followed a limited number of strate-
gies including serendipity [5], ligand-based structure—activity relationships [5], and
selective optimization of side activities [6]. Concomitant breakthroughs in geno-
mics [7], structural biology [8], bio- and chemoinformatics [9, 10] have consider-
ably widened the number of putative design strategies. Notably the high-resolu-
tion crystal structure of bovine rhodopsin [11], the only GPCR for which fine
atomic details are available, has paved the way for structure-based design methods
[12] which have been successfully applied to enzymes over the last 10 years.
Whether receptor-based design should be applied to GPCR ligands (see also Chap-
ter 11) is still a matter of debate, especially with regard to the desired throughput.
The objective of present chapter is to review and summarize recent advances in
the receptor-based virtual screening of compound libraries and to identify current
hurdles that need to be overcome in order to improve the accuracy of this metho-
dology.

Ligand Design for G Protein-coupled Receptors. Edited by Didier Rognan
Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-31284-6
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12.2
Structure-based Screening Workflow

Regardless of the target under investigation, any protein-based screening is com-
posed of three steps: library design, screening (usually by docking) and data
mining. It should be emphasized that each of these three steps is equally impor-
tant in the whole process.

12.2.1
Setting Up a Ligand Library

The first step is to collect an electronic library of compounds [13] which can be
either physically available (screening library) or still pending synthesis (virtual
library). Two main sources for screening libraries are currently possible: in-house
catalogs of compounds historically synthesized by pharmaceutical companies [14],
and commercially-available screening collections (Table 12.1) [15]. The first type of
library is proprietary while the latter is freely available but most probably less en-
riched in drug-like compounds. In any case, filtering such libraries [16] is an abso-

Table 12.1 Commercially-available screening collections.

Supplier Library Size Web site
Asinex Platinium 100,000  http://www.asinex.com
Gold 230,000
A-Synthese Biotech ~ Samples for Screening 16,000  http://www.a-syntese-biotech.dk
Aurora Feinchemie  E-catalog 29,000  http://www.aurora-feinchemie.com
Bionet screening database 43,000  http://www.keyorganics.ltd.uk
Chembridge EXPRESS-Pick 330,000  http://chembridge.com
ChemDiv Combilab 250,000  http://www.chemdiv.com
Diversity 150,000
ChemStar ChemStar Library 60,000  http://www.chemstaronline.com
Enamine Screening collection 400,000  http://www.enamine.relc.com
InterBioscreen Synthetic 360,000  http://www.ibscreen.com
Natural 45,000
Maybridge Screening collection 60,000  http://www.maybridge.com
MDD STOCK 34,000  http://www.worldmolecules.com
Otava Supplier Stock 73,000  http://www.otava.com.ua
Peakdale Lead-Like Compounds 16,000  http://www.peakdale.com
Pharmeks Main 105,000  http://www.pharmeks.com
Specs Diverse 230,000  http://www.specs.net
Timtec STOCK 164,000  http://www.timetc.net
TosLabs Compounds collection 23,000  http://www.tolabs.com
Tripos Leadquest 80,000  http://www.leadquest.com
Vitas-M STK 196,000  http://www.vitasmlab.com/
TULIP 25,000
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lute prerequisite in order to remove undesirable compounds exhibiting chemically
reactive moieties [17], scaffold-inherited toxicity [18], poor oral bioavailability [19],
and promiscuous binding motifs [20]. The filtering intensity should be dependent
on the discovery context. For example, filtering might be less restrictive if screen-
ing is aimed at discovering a pharmacological tool, and more demanding if the
search is for orally-available lead-like compounds. In addition, extra pre-proces-
sing steps are still necessary to remove salts, duplicates, to detect and generate
stereoisomers/tautomers on the fly, to predict the most likely ionization state and
finally to convert 1-D or 2-D sketches into reliable 3-D conformations. In the pre-
cise context of GPCR ligand design, a subset of the screening collection fulfilling
either known GPCR privileged structures (see Chapter 8) or pharmacophore
queries (see Chapter 9) will be generally screened.

However, what is the diversity encoded in such libraries? Of course, answering
this question implies that the concept of molecular diversity [21] has previously
been addressed, which is not within the scope of the present chapter. Here, the is-
sue of diversity will be addressed from a medicinal chemistry point of view i.e.
how many substructures (scaffolds) amenable to fast library design are present in
the library? If it is assumed that shape recognition is a very important event in
ligand binding, then enrichment in different scaffolds should be a key factor in
the evaluation of the quality of a library. By looking at several commercially-avail-
able collections covering over 3 million molecules, it is possible to cluster libraries
into three-well defined families (Fig. 12.1).

180 A Asinex
i ' A Bionet
07 A ChemDiv CombiLab
=) a CNRS
8 A Chermstar
Lt A )
£ gy
3] " £ .
2w A A |BS-Synthetic
o Chemdiv Diversity
2 & A Maybridge
= e 4 PBiospecs
B 4] (& ™ 4 Timtec-Synthetic
il ™ Diverse Libs A Vitash} Ssynthetic
20 ab . A VitashNatural
Screening Libs. S 4 ( k4 a5 H‘\ A ﬂpﬂs—Leadquest
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o s ey
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Fig. 12.1 Analysis of commercially-available
screening collections. Percentage of scaffolds
describing 50 % of drug-like compounds
(PC50C metric) of the library. (1) Asinex,

(2) Bionet, (3) ChemDiv Combilab, (4) French
National Library, (5) Chemstar, (6) Chem-
bridge, (7) InterBioScreen natural library,

(8) InterBioScreen synthetic library, (9) Chem-
div International Diversity collection, (10) May-
bridge, (11) Biospecs, (12) Timtec synthetic
library, (13) Vitas-M synthetic library,

(14) Vitas-M natural compounds, (15) Tripos-
Leadquest, (16) MDDR.
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“Combichem libraries” (e.g. Asinex, Chembridge, ChemDiv) comprise a large
number of drug-like compounds obtained by fast parallel synthesis, but covered
by a relatively small percentage of different scaffolds. “Screening libraries” (e.g.
Chemstar, Leadquest) are less populated and richer in diverse scaffolds. Last
“diverse libraries” (e.g. Bionet, Maybridge) are even less populated but very
diverse with respect to their size. It should be noted that most natural compound
collections cluster in the latter category. Therefore, the choice of screening collec-
tion(s) is a key factor to the success of the screening process. It should be ascer-
tained whether the chemical space covered by a single or several libraries overlaps
the target space that is being screened. It is thus strongly advisable to identify
non-redundant scaffolds among all available libraries to customize its screening
dataset. As most of these collections are quite dynamic entities, it is also advisable
to upgrade its stock (approximately every quarter) in order to reflect recent
changes in individual collections.

12.2.2
Docking and Scoring

Docking is the computational exercise of predicting both the receptor-bound con-
formation and the relative orientation of a small molecular weight ligand with re-
spect to its cognate receptor. Usually, a limited conformational space around the
putative binding site is sampled. Therefore, a detailed knowledge of the binding
site (generally achieved by site-directed mutagenesis) is a very important prerequi-
site to the screening. It also important to adjust the throughput of the docking to
the desired accuracy, modern computing architectures allow a pace of ~1 mole-
cule/min/cpu. Nowadays there are many docking programs [22] available
(Table 12.2). They all use the general principle of steric complementarity (e.g.
Dock, Fred) or endeavor to maximize the intermolecular interactions (e.g. FlexX,
Gold) between the ligand and the receptor.

Up to now, the receptor has been considered as rigid although recently progress
has been made to better accommodate at least local flexibility at the binding site

Table 12.2 Main docking programs.

Name Editor Web site

AutoDock Scripps http://www.scripps.edu/mb/olson/doc/autodock/

Dock UCSF http://dock.compbio.ucsf.edu/

FlexX BioSolvelT http://www.biosolveit.de/FlexX/

Fred OpenEyes http://www.eyesopen.com/products/applications/fred.html
Glide Schrédinger http://www.schrodinger.com/Products/glide.html

Gold CCDC http://www.ccde.cam.ac.uk/products/life_sciences/gold/
ICM Molsoft http://www.molsoft.com/products.html

LigandFit Accelrys http://www.accelrys.com/cerius2/c2ligandfit.html

Surflex Biopharmics http://www.biopharmics.com/products.html
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[23]. Conversely, ligand flexibility is very well addressed within an upper limit of
~15 rotatable bonds. Three main options are possible to consider ligand flexibility
in virtual screening: (1) an ensemble of previously-generated conformations is
saved for each ligand that is docked as a rigid body to the binding site (e.g. Fred),
(2) the ligand is built by an incremental assembly of fragments within the active
site (e.g. FlexX), (3) the conformational space of the ligand is sampled by a
Monte-Carlo (e.g. Glide) or a genetic-algorithm (e.g. Gold) procedure during the
docking. Generally, several poses of the ligand are saved and scored by decreasing
order of probability, assessed by a scoring function [24]. Scoring functions can be
classified into three main categories [25]: empirical scoring functions, knowledge-
based potentials and force-field methods (Table 12.3).

Table 12.3 Main scoring functions

Name Category® Ref. Name Category® Ref.
AutoDock A 55 Goldscore A 76
Bleep B 70 Hint C 77
Chemscore C 71 Ligscore C 45
Cscore C 72 Ludi C 78
Dock A 43 PLP C 79
DrugScore B 56 Pmf B 61
FlexX C 73 ScreenScore C 80
Fresno C 74 Smog B 81
Glidescore C 75 X-score C 82

a) A = force-field; B = potential of mean force; C = empirical.

Empirical scoring functions (e.g. Ludi, Chemscore) use several terms describ-
ing properties known to be important in drug binding to construct a master equa-
tion for predicting binding affinity. Multilinear regression is used to optimize the
coefficients to weight the computed terms using a training set of protein-ligand
complexes for which both the binding affinity and an experimentally-determined
3-D structure is known. These terms generally describe polar and apolar interac-
tions, loss of ligand flexibility (entropy) and eventually also desolvation effects.
One major disadvantage of the empirical scoring functions is the need for a train-
ing set to derive the weight factors of the individual energy terms. It is therefore
necessary to have available an empirical scoring function which performs well not
only for proteins similar to that used in the training set. Potentials of mean force
(e.g. PMF, Drugscore) simply encode structural information gathered from pro-
tein-ligand X-ray coordinates into Helmholtz free interaction energies of protein—
ligand atom pairs. It is assumed that the more often a protein atom of type i and a
ligand atom of type j are found in at certain distance rij, the more favorable is this
interaction. The score is defined as the sum over all interatomic interactions of
the protein-ligand complex. Advantages of this approach are that no fitting to ex-
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perimentally-measured binding free energies of complexes in a training set is
needed, and that solvation and entropic terms are treated implicitly. Force-field-
based scoring functions (e.g. Dock energy score) are based on the non-bonded
terms of a classical molecular mechanics force field (e.g. AMBER, CHARMM,
etc.). A Lennard-Jones potential describes van-der-Waals interactions whereas the
Coulomb energy describes the electrostatic components of the interactions. The
main drawback of force-field calculations is the omission of the entropic compo-
nent of the binding free energy. Therefore care should be taken not to overesti-
mate the largest and most polar molecules that usually receive the highest en-
thalpy interaction scores.

The current accuracy of the most robust docking tools allow the prediction of
the correct location of a ligand in ~75% of cases, provided that several solutions
are saved [26]. A major problem is that the scoring function does not always (only
in ~40-50% of the cases) predict the correct solution as the most probable one,
which considerably complicates the analysis of docking results. There are numer-
ous reasons for this limited accuracy [26], some of which are simple to correct
(e.g. incorrect atom type for either the ligand or the protein), others pose more of
a problem (e.g. accuracy of the protein 3-D structure, flexibility of the ligand, ac-
curacy of the scoring function), and some are really tricky to overcome (protein
flexibility, role of bound water). These limitations explain why it is very difficult to
predict which docking tool and which scoring function is the most appropriate in
the context of interest [27]. When docking is applied to a large database, the corre-
sponding scoring function should be robust enough to rank putative hits by in-
creasing binding free energy values [25]. This is still one of the biggest challenges
in computational chemistry. Predicting binding free energy changes is possible in
circumstances where a customized scoring function is applied to a series of con-
generic ligands. However, for a database containing a large diversity of com-
pounds, and for target families which have not been used for calibrating scoring
functions, the accuracy obtained is usually limited [28]. From this observation,
two sources of improvement are possible: (i) the design of more accurate scoring
functions [29], and (ii) the design of smarter strategies to post-process docking
outputs [27, 30]. The author personally favors the second option. The accuracy of
scoring functions levelled off several years ago, for the simple reason that some
unknown parameters (e.g. role of bound water, protein flexibility) remained diffi-
cult to predict whatever the physical principles used to derive a scoring function.

12.2.3
Data Post-processing

Acknowledging that scoring functions are far form being perfect, the best strategy
to retrieve true positives from a virtual screen is first to detect false positives.
Many strategies are possible. The simplest consists of re-scoring poses with addi-
tional scoring functions in the hope that consensus scoring [27, 30] will better
identify true hits (top-ranked by several scoring functions) from decoys. Compar-
ing hit rates between simple and consensus scoring should however be realized
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on hit lists of comparative sizes [31]. However, customizing a consensus scoring
scheme first requires knowledge of several and chemically-diverse true hits. Such
data are not always available. Therefore, for poorly investigated targets, other stra-
tegies need to be designed. Topological filters can be used to filter out poses exhi-
biting steric or electrostatic mismatches between the ligand and its target [32].
Poses can also be minimized by third party software [33], hierarchical clustering
[34], or analysis with Bayesian statistics[35]. In any case, the post-processing treat-
ment should be simple enough to be reproducible for a wide array of targets. We
have chosen to analyse docking outputs by looking at enrichment among true hits
in pre-computed substructures/scaffolds [36]. This strategy presents the advantage
of focusing more on scaffolds and how docking scores are distributed among
them, and less on individual molecules. Last but not the least, selected hits should
be browsed in 3-D target space for the ultimate selection: no algorithm yet outper-
forms the brain of an experienced modeller for such a task!

123
Retrospective Screening

12.3.1
Giveita Try

“Trying to dock a ligand into a GPCR-3D model has absolutely no relevance. At
best it is only a silly idea”. This definitive judgement from a referee commenting
on our first paper on this topic in 2002 reflects the very strong reluctance of the
scientific community to accept the simple idea that an homology model of a
GPCR could be of any use in prioritizing ligand selection by structure-based
screening. GPCR 3-D models were first used in a retrospective manner to discri-
minate known ligands from decoys embedded in a training dataset. The known
existence of several conformations of a receptor (active(s) state(s), ground state)
[37] further complicates the exploitation of GPCR structures because known li-
gands should be divided into different datasets according to their function. Start-
ing from these very simple assumptions, we attempted to check whether rhodop-
sin-based homology models could discriminate known ligands from randomly-
chosen drug-like molecules [38]. Three human receptors (dopamine D3, vasopres-
sin Vy,, muscarinic M; receptors) were chosen for that purpose for two main rea-
sons: (i) numerous site-directed mutagenesis data could help to check whether
the automated docking of well-known ligands was consistent with the experiment,
and (ii) ligands for these three receptors were sufficiently diverse chemically to en-
able two datasets to be established: a training set (for customizing the receptor
cavity) and a test set. It very soon appeared that threading a GPCR onto the 2.8-A
resolution X-ray structure of bovine rhodopsin [11] was not sufficient to produce a
cavity in the transmembrane (TM) domain that would be large enough to accom-
modate any known ligand. First, a TM cavity customized to accommodate known
ligands is a prerequisite. The approach we chose was first to overlay known li-
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gands (either antagonists or agonists) according to their known pharmacophore

(e.g. using FlexS [39]), dock them manually according to site-directed mutagen-

esis data, and then refine the receptor in the presence of all bound ligands. An-

tagonist-biased GPCR models could then discriminate known antagonists (be-

longing to chemical series different from those used to refine the receptor) from

randomly-chosen decoys using multiple consensus scoring (Fig. 12.2a).
60 60
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Fig. 12.2 Qualitative description of hit lists generated by virtual screening
of a test dataset (10 true ligands, 990 randomly-chosen drug-like molecules)
against homology models of three GPCRs. (a) Inactive state model,

(b) active state model [38].

With the exception of the muscarinic M; receptor, the models generated of the
dopamine D; and vasopressin V1, receptors were accurate enough to afford hit
lists enriched in true antagonists (hit rate > 30%) and to recover a majority of
known binders (yield > 60%) [38]. Such an approach was less successful in reco-
vering known M; antagonists, probably because of the greater inaccuracy of the
corresponding model. Moreover, the same strategy was totally unable to prioritize
known agonists for selection (Fig. 12.2) implying that the X-ray structure of bovine
rhodopsin in complex with the inverse agonist retinal was not a good template for
modeling the active state of GPCRs. This thus led us to customize a different set
of coordinates for active state models. Based on known data regarding the activa-
tion of aminergic GPCRs (for a review see [37]), we designed a computational pro-
tocol attempting to mirror what was known at that time: TM6 was rotated coun-
ter-clockwise from 30° (when viewed from the extracellular domain), a set of pre-
aligned known agonists was manually docked according to experimental data, and
the receptor was then refined in the presence of all bound ligands. This strategy
allowed us to customize alternative 3-D active state models which were much
more efficient in retrieving known full agonists (compare Fig.12.2b with
Fig. 12.2a) with hit rates and percentages of recovery of true binders very similar
to those previously observed for antagonists.
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12.3.2
Several Alternative Screening Strategies

Since our 2003 paper [38], several studies reporting the generation of GPCR mod-
els able to discriminate known ligands from randomly-chosen compounds have
been published [40—42]. Interestingly, these studies achieve rather comparable hit
rates and percentages of recovery of true binders despite very different strategies
for generating 3-D receptor models.

Shacham et al. reported the PREDICT method [42] for modeling rhodopsin-in-
dependent GPCR 3-D structures and challenging them by virtual screening ex-
periments. PREDICT is a multi-step computational protocol that identifies TM se-
quences, proposes alternative packing geometries for the seven helices (decoys)
into 2-D space, optimizes the relative rotational orientation of the helices, converts
the most likely decoys into a simplified 3-D representation, optimizes and clusters
the best solutions, minimizes all-atoms models of each cluster representative and
finally refines the most stable model by molecular dynamics. A virtual receptor—
ligand model can be used to customize the binding site cavity bound to a known
ligand. The method was applied to model antagonist-bound models of the dopa-
mine D, receptor, the neurokinine NK; receptor and the neuropeptide Y (NPY) Y;
receptor. DOCK4.0 [43] was used as a docking engine, in combination with CON-
FORT [44] as a conformation-generating tool, to dock test libraries in which a few
known ligands (10-33) were seeded into a 10,000 drug-like compound library. Of
all known binders 70-100% were recovered in the top 10% of compounds
(ranked by the DOCK energy score) and 9-44-fold enrichments over random
screening were reported. Interestingly, the same model of the dopamine D, recep-
tor was able to retrieve both antagonists and full agonists although the latter were
more difficult to distinguish from randomly-chosen drug-like compounds.

Gouldson et al. [41] reported a very different procedure in which both presumed
active and inactive state models of the B,-adrenergic receptor were obtained from
experimental restraints (site-directed cross-kinking, engineered zinc binding, site-
directed spin labeling, IR spectroscopy, cysteine accessibility) determined for class
A GPCRs. Starting from the X-ray structure of bovine rhodopsin, the B, receptor
was modeled and simulated in an explicit water environment. The use of two sets
of experimental restraints (interatomic distance ranges) describing either an active
or an inactive state model in MD simulation protocols afforded two sets of coordi-
nates for the receptor. A library consisting of 172 GPCR ligands, in which p-adre-
nergic ligands (agonists and antagonists) were equally mixed with other GPCR
ligands, was docked using LigandFit [45] and Ligscore as a scoring function. Inter-
estingly, the active-state model was significantly more efficient in recruiting
known agonists than the inactive state model for known antagonists. Extracting
the top 10% of compounds scored, ~ 60% of the known agonists could be effec-
tively recovered whereas only 11-42% of the known antagonists could be found.
Hit rates (25-50%) were comparable to those previously described in two earlier
studies [38, 42] although decoys in the dataset are likely to overlap the chemical
space covered by true binders in the present case.
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Moro et al. proposed another interesting approach [46] in which a congeneric
series of 106 antagonists of the human adenosine A3 receptors (pyrazolo-triazolo-
pyrimidines) had been first docked by MOE [47] to a rhodopsin-based homology
model and then scored by the 3-D QSAR CoMFA method [48]. Steric and electro-
static contour plots derived from the CoMFA study were complementary to the
predicted shape of the TM cavity. A cross-validated correlation of 0.84 was ob-
tained from 106 compounds and six principal components. The standard error of
prediction (0.84 pKi) was much lower than that derived by fitting experimental
biological activities with docking scores. The CoOMFA model was able to predict
the affinity of 17 new antagonists from the same chemical series with a prediction
error of 0.87 pKi. One reason for the success of the approach is that a set of very
similar and quite rigid antagonists were used. Applying this strategy to a set of
more chemically-diverse and flexible ligands has still to be undertaken in order to
generalize this post-docking scoring approach.

12.4
Prospective Screening

12.4.1
Screening Rhodopsin-based Ligand-biased Homology Models

The very first predictive study was conducted by Varady et al. on the identification of
dopamine Dj receptor ligands [49]. A homology model of the receptor was first ob-
tained from the X-ray structure of bovine rhodopsin, and simulated by molecular dy-
namics in a fully hydrated phospholipid bilayer with the CHARMM program [50]. A
2 ns-trajectory of the full system was further used to cluster receptor conformations
into four families out of which one representative conformer was chosen for docking
studies. A hybrid method was applied to screen the NCI 3D database [51] comprising
over 250,000 compounds. First a pharmacophore was derived out of a set of 10
known Dj ligands (antagonists and partial agonists) and used as a query for retriev-
ing a first hit list of 6727 ligands satisfying the pharmacophore constraints. This hit
list was then docked to each of the above-described four conformations of the D5 re-
ceptor using LigandFit [45] with the Cerius® dockscore. A total of 2478 compounds
ranked within the top 30% of the library for at least two receptor conformations was
selected. This second hit list was analyzed for its chemical diversity to select
1314 molecules showing a Tanimoto similarity index lower than 80% to any of the
10 known Dj; receptor ligands. Twenty molecules were finally selected for biological
evaluation; eight compounds exhibited submicromolar binding affinities out of
which compounds 1-4 (Fig. 12.3) presented K; values better than 100 nM.

Unfortunately, no functional assay was carried out to determine which type of
ligand (antagonist, inverse agonist, partial agonist, and full agonist) was discov-
ered by this elegant screening approach.

A similar although simpler strategy was used by Evers et al. [52, 53] to identify a
new neurokinin-1 receptor antagonist. Ligand-biased modeling of the receptor
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Fig. 12.3 Dopamine Dj; receptor antagonists identified by virtual screening [49].

was first realized with the MOBILE program. A set of crude homology models
was first obtained from the crystal structure of bovine rhodopsin using MODEL-
LER [54]. A known NK-1 antagonist (CP-96346) was then docked as a rigid body
into each receptor model with AutoDock3.0 [55] Four poses satisfying the known
interaction model were selected for generating a new set of receptor models
scored according to DrugScore [56] to satisfy the ligand constraints. Selection and
energy refinement of the best model according to DrugScore was finally achieved
using the MAB force-field [57]. Over 800,000 commercially-available molecules
were then screened in a multi-step protocol. A 1-D filtering discarding 50 % of the
starting compounds was first used to remove large and flexible structures. A topo-
logical filter was then assigned to retrieve 131,967 compounds satisfying a simple
2-D pharmacophore query. A 3-D search was subsequently applied to select
36,704 molecules satisfying a previously-derived 3-D pharmacophore hypothesis.
Using an implicit definition of forbidden volumes, the size of the hit list was re-
duced to 11,109 compounds. Only these molecules were docked to the refined re-
ceptor model using FlexX-Pharm [58] and the DrugScore scoring function.
A further restraint was used in the docking phase by imposing a specific H-bond
to an important residue (GIn4.60) of the NK; receptor. Energy refinement of the
1000 best-ranked ligands and detailed visual inspection afforded the final selection
of seven candidates. One of these seven molecules (compound 5, Fig. 12.4) proved
to bind to the NK1 receptor with an inhibition constant of 0.25 uM.

The same approach was also recently used to identify o, receptor antagonists
from the Aventis compound collection [59]. Homology models of the a4, receptor
were derived and the one that best suited the known binding mode of a reference
antagonist was selected for further database screening. A series of filters of in-
creasing complexity were then applied to downsize the number of potential com-
pounds to be docked. Topological and CATALYST [60] pharmacophore restraints
were first used to select 22,950 compounds. A docking strategy (GOLD docking
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and PMF [61] scoring) fine-tuned to recover 50 known o, antagonists seeded in
900 MDDR compounds, was applied to dock the first hit-list. The top-scored 300
compounds were then clustered according to UNITY [44] fingerprint similarity
and a diverse subset of 80 molecules finally evaluated for receptor binding. Thirty-
seven compounds (46 %) exhibited K; values lower than 10 pM, of which 24 mole-
cules (30%) bound in the submicromolar range, 10 (12.5%) below 100 nM, and
three (compounds 6-8, Fig. 12.5) below 10 nM.

This remarkable hit rate is attributable both to the quality of the homology
model for the target GPCR and the likely enrichment in ligands for aminergic re-
ceptors in the Aventis collection. However, smart screening is still necessary to
distinguish true binders from promiscuous GPCR ligands although the selectivity
of identified o, , ligands was not reported in the report. The proposed procedure,
like that reported by Varady [49] and Evers [53] presents the advantage of custo-
mizing the receptor model that better suits the restraints imposed by a ligand of
known binding mode. Pharmacophore-based filtering followed by 3-D docking af-
fords high-value potential hits. A major drawback of this strategy is that prelimin-
ary knowledge about known ligands is necessary to fine-tune the receptor model.
Moreover, the choice of a relevant pharmacophore hypothesis must be undertaken

NH

Fig. 12.5 Adrenergic 1, receptor antagonists identified by virtual screening [59].
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without too much bias in the selection of hits too close to the ligands used to cus-
tomize the pharmacophore hypothesis and the receptor model. A good balance be-
tween focus and innovation is thus the key determinant of this approach.

12.4.2
Screening Ab Initio Models

Becker et al. [62] recently described the use of rhodopsin-independent models gen-
erated by the PREDICT method [42]. Starting with 1.6 million commercially-avail-
able compounds, DOCK4.0 was used to dock ~ 10 % of the full dataset to five class
A GPCRs (5-HTja, NK;y, 5-HT,, D,, CCR;). The top 10 %-ranked compounds pas-
sing an in-house topology filter are then re-scored using several scoring functions
(Dock scores, Cscore, CHARMM). A series of unpublished cut-off values for each
score was used to reduce the size of the hit list. The remaining compounds were
then filtered by using a 3-D principle component analysis based on the 3-D prop-
erties of docked solutions. Molecules describing the same 3-D space as known
binders were finally retrieved and clustered by diversity to afford a list of ~ 100 re-
presentative virtual hits for each receptor. Impressively, hit rates between 12 and
21% were constantly achieved at a 5 uM cut-off value for four out of five targets.
Although neither the models nor the structures of the hits identified were pub-
lished, the authors reported the identification of new structures (antagonists and
partial agonists) with low nanomolar binding affinities.

12.4.3
A Few Difficult Screening Scenarios

We recently challenged both GPCR 3-D models and receptor-based screening
methods in two very difficult projects. The first was aimed at identifying, by serial
screening, compounds exhibiting promiscuous binding to two dopamine receptor
subtypes (D;, D;). To complicate the screening procedure even more, the search
was directed towards compounds showing opposite functional effects on both re-
ceptors, full agonists at the D; subtype and antagonists at the D, subtype. We
therefore generated two homology models of both receptors as previously de-
scribed [38]. The dopamine D, receptor was first modeled in its presumed “active
state” model [38] and customized to discriminate a set of 10 known dopamine D,
agonists from randomly-chosen drug-like compounds. The dopamine D, receptor
was modeled in its presumed “inactive state” model and refined according to our
previously-described protocol, in presence of several known D, antagonists. This
receptor model was also able to discriminate known D, antagonists from decoys.
A library of over 2.1 million molecules from 20 different suppliers was then
screened according to a sequential protocol comprised of filters of increasing com-
plexity applied to decreasing numbers of compounds. OpenEye Filter program
[63] was first used to select 310,000 drug-like compounds. A total of 40,000 mole-
cules was then selected from this stock by applying a simple 2-D pharmacophore
query. The hit list was reduced to 1834 compounds satisfying a 3-D UNITY [64]
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query constructed from a set of 10 known dopamine D; agonists. All these mole-
cules were docked with GOLD to the active state model of the D; receptor and 533
compounds were retrieved by a consensus scoring scheme previously optimized
to distinguish known D; agonists from randomly-chosen molecules. These 533
compounds were then docked with GOLD into the inactive state model of the do-
pamine D, receptor using again a previously customized consensus scoring strat-
egy known to discriminate known D, antagonists from decoys. A total of 200 puta-
tive hits was finally classified by ClassPharmer [83] to prioritize 17 scaffolds and at
last one representative for each family. These 17 molecules were purchased and
tested for binding to both D; and D, receptor subtypes.

0] N=
O S0y Oy O

10 11

ot 00 300
o 3

12 1

Fig. 12.6 Dopamine D;/D; receptor ligands identified by serial screening.

Five of these 17 compounds bound to one of the two receptors with a K; lower
than 50 uM. All five compounds (9-13, Fig. 12.6) bound to the D, receptor where-
as only three (10, 12, 13) also bound to the D; receptor. Strikingly, none of the five
validated hits presented the expected functional profile (D, agonist and D, antago-
nist) when tested in a calcium assay and a cAMP gene reporter assay at both
receptors recombinantly expressed in HEK293 cells (unpublished data). Although
the screening was realized first on a putative “active state” model of the D, recep-
tor and then on a “inactive state” model of the D, receptor, all D; ligands were
neutral antagonists and three out of the five D, ligands (11, 12, 13) were full ago-
nists. As a consequence, the panel of validated hits exhibited different profiles but
not the required one. By looking at D, agonists/D, antagonists, we finally identi-
fied two micromolar D; antagonists/D, agonists (compounds 12, 13).

Another difficult issue has been to find non-peptide agonists for GPCRs whose
endogenous ligands are natural peptides [65]. As part of a project aimed at identify-
ing new CCRS receptor antagonists as putative antiviral agents [66], we screened a
composite library of ~ 45,000 drug-like compounds against a rhodopsin-based
model of the CCRS receptor and found new CCRS non-peptide agonists! (Fig. 12.7).
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Fig. 12.7 Chemokine CCR5 receptor agonists identified by virtual screening.

It should be stated that the receptor model differed from the X-ray structure of
bovine rhodopsin at TM2 in which a specific TXP motif (X being any amino acid)
present in most chemokine receptors induced a specific bend of the helix which is
not present in rhodopsin [67]. Although the model was refined in the presence of
several CCR5 antagonists embedded in the receptor model according to experi-
mental data [68] as previously described [38], docking in parallel with GOLD and
SURFLEX and post-processing the common hits to the top 15% ranked com-
pounds with ClassPharmer, afforded a hit list of 63 compounds of which 11 mole-
cules exhibited detectable binding to the CCR5 receptor. Surprisingly, all of
them were shown to be agonists, the most two potent hits (compounds 14, 15;
Fig. 12.7) exhibited ECsq values of 22 and 17 uM, respectively, in a aequorin-based
functional assay.

In both cases, it was surprising to find GPCR agonists by screening a rhodop-
sin-based model as we [38] and others [69] previously stated that the bovine rho-
dopsin model is only likely to be a good template for discovering inverse agonists
and neutral antagonists. The current example is in agreement with Gouldson'’s
work on the B, adrenoreceptor suggesting that agonists may bind to both active
and inactive state models [41]. It demonstrates that identifying full agonists from
inactive-state models is nevertheless feasible, although more potent agonists and
higher hit rates may have been achieved by screening the appropriate active state
model. Moreover, it opens the door to the virtual screening of “difficult targets”
(e.g. class B GPCRs) with the objective of identifying non-peptide agonists.

12.5
Conclusions

Structure-based virtual screening is an emerging computational method showing
some promise when applied to high-resolution X-ray structures. However, apply-
ing this technique to GPCRs first requires that several conditions are satisfied.
The most important is to refine a receptor model which takes into account as
much ligand information as possible. All successful approaches in the field of
GPCR ligand design have relied on a receptor model that has been strongly biased
by the structure of known ligands. It is very unlikely that 3-D models automati-
cally derived from the X-ray structure of bovine rhodopsin will be of helpful. Sec-
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ond, careful selection of the most appropriate ligand library is essential. There is
always a temptation to screen large libraries in order to find totally new and unex-

pected chemotypes. Our experience suggests the opposite approach. The most dif-

ficult aspect of library design/selection is to reach a optimum balance between fo-
cus and innovation. Smart GPCR-targeted libraries and/or privileged structures
will need to follow this line to really enrich virtual hit lists in true actives. Last,
methods of mining docking results still need to be considerably improved. Inas-

much as scoring functions are far from being perfect, more importance should be

given to the distribution of docking scores in chemical space and less to individual
values. Recent progress in HTS data analysis is likely to benefit the analysis of vir-

tual screening data.
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