Phylogenetic classification
The classification of protein
sequences that is based on
primary sequence similarity.

Sequence hidden

Markov model

A statistical representation of a
multiple sequence alignment.
The model can later be used as
a search tool to identify similar
sequences.
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REVIEWS

for drug discovery

Structural diversity of G protein-
coupled receptors and significance

future drug discovery.

Twenty-five years ago, the primary structure of the first
identified G protein-coupled receptor (GPCR), rho-
dopsin, was published'~. It was shown that this protein
is a membrane-spanning protein that has the ability to
transfer energy from light into intracellular signalling
cascades, which enable us to see. Significant technical
advances were made through the development of meth-
ods for radioligand binding, solubilization and purifica-
tion of monoamine-binding GPCRs, and these further
developed the concept of a GPCR superfamily*. The
number of known GPCRs grew rapidly, and it became
evident that this family of proteins could bind to a broad
range of ligands, including small organic compounds®*,
eicosanoids’, peptides® and proteins®.

Members of the GPCR superfamily are diverse in
their primary structure, and this has been used for
the phylogenetic classification of the family members.
Attwood and Findlay made the first attempt to classify
this family in 1993 when they developed sequence-
based fingerprints of the seven characteristic GPCR
hydrophobic domains'. These were subsequently used
as diagnostic tools for identifying sequences belonging
to the GPCR superfamily. They later extended their data
set from 240 to 393 rhodopsin-like GPCRs from differ-
ent species, and adopted the term ‘clans’ to describe the
different GPCR families"'.

In 1994, Kolakowski presented an important overview
of the GPCR superfamily: the well-known A-F classi-
fication system'?. Kolakowski included all the receptor
proteins that were proven to bind G-proteins, while the
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Abstract | G protein-coupled receptors (GPCRs) are the largest family of membrane-bound
receptors and also the targets of many drugs. Understanding of the functional significance
of the wide structural diversity of GPCRs has been aided considerably in recent years by the
sequencing of the human genome and by structural studies, and has important implications
for the future therapeutic potential of targeting this receptor family. This article aims to
provide a comprehensive overview of the five main human GPCR families — Rhodopsin,
Secretin, Adhesion, Glutamate and Frizzled/Taste2 — with a focus on gene repertoire,
general ligand preference, common and unique structural features, and the potential for

remaining seven transmembrane (7TM)-spanning pro-
teins were assigned to the O (Other) family. This system
is also used by the International Union of Pharmacology,
Committee on Receptor Nomenclature and Classification
(NC-IUPHAR), with the exception that the frizzled
receptors are referred to as a separate family instead of as
part of the O family'>"*. Bockaert and Pin introduced a
similar but extended nomenclature system for classifying
GPCRs in 1999, in which the GPCRs were divided into
family 1-5 on the basis of structural and ligand-binding
criteria™.

A more comprehensive view of the human GPCR
repertoire was possible when the first draft of the human
genome became available in 2001 (REFS 15,16). Many of
the full-length GPCR sequences were collected through
TBLASTN (translated nucleotide database using a pro-
tein query) and sequence hidden Markov model searches’,
and this also provided several pseudogenes and partial
sequences. Simultaneously and independently, Fredriksson
and colleagues divided 802 (known and predicted) human
GPCRs into families on the basis of phylogenetic criteria.
This showed that most of the human GPCRs can be found
in five main families, termed Glutamate, Rhodopsin,
Adhesion, Frizzled/Taste2 and Secretin (shortened to the
acronym GRAFS)™. The phylogenetic classification by
Fredriksson and colleagues also provided a subgrouping
of the large Rhodopsin family. The main difference
between this nomenclature system and the former classi-
fication systems is the further division of family B into the
Secretin family and the Adhesion family. It also contained
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Bilateral

The body of a bilateral animal
is symmetrical around the
midline, which results in two
almost mirror image halves.
The Bilateria can be divided
into two main groups:
deuterostomes and proto-
stomes, in which mammals
belong to the former.

Pharmacophore

The steric and electronic
features of a ligand that are
necessary to ensure optimal
interactions with a biological
target structure and to trigger
(or to block) its biological
response.

an extended total number of unique classified receptor
proteins and the inclusion of the recently discovered bitter
taste 2 receptors (Taste2/T2Rs)'®*". These five major
GRAFS families are dominant in terms of the number of
genes in most bilateral species.

The total number of known and verified human
GPCRs has continued to grow and now consists of at
least 799 unique full-length members* to which several
new GPCRs with highly complex genomic structures —
for example, additional members of the Adhesion GPCRs
and divergent Rhodopsin GPCRs — have recently been
added. In this Review, we provide an overview of the
GPCR families and their structural features. We present
this in the context of structural studies on the role of
domains and specific residues in both the N-terminal
and the core 7TM regions of the different GPCR families
and discuss their potential as future drug targets.

In this article, we will refer to the GPCR families
using the GRAFS nomenclature system together with
the Kolakowski/NC-IUPHAR extended nomenclature
system. The GPCR families are written in italics with
an initial capital letter (Rhodopsin, Secretin, Adhesion,
Glutamate, Frizzled/Taste2). This should clarify the
instances when we are discussing the GPCR families
and thus avoid possible confusion with, for example, the
secretin receptor or rhodopsin. The names/abbreviations
of the receptor proteins are used in agreement with the
human gene symbol or the official [IUPHAR nomenclature
of the NC-IUPHARP, or otherwise indicated.

The Rhodopsin receptor family/class A
The Rhodopsin receptor family is the largest family of
GPCRs and contains ~670 full-length human receptor
proteins®. The family can be further divided into four
groups — o, 3, Yand 8 — in which the largest cluster
of members, the olfactory receptors, is found in the
8-group'®?. The Rhodopsin family of GPCRs is highly
heterogeneous when both primary structure and ligand
preference are considered. The diversity is not found
in their N termini, where most receptors have only a
short stretch of amino acids, but within the TM regions,
although most Rhodopsin family receptors do share spe-
cific sequence motifs within the 7TM regions (FIC. 1).
In 2000, Palczewski and colleagues presented the first
crystallized high-resolution structure of a GPCR: the
bovine rhodopsin model*. This study confirmed that the
seven helices are arranged in an anticlockwise manner
when seen from the extracellular side of the membrane®?.
It is also evident from the X-ray studies that several of
the conserved residues within the Rhodopsin family form
interhelical networks that play a central role in the sta-
bilization and activation of rhodopsin* (FIC. 1). Besides
these motifs, which are common to most Rhodopsin
GPCRes, studies of ligand-interacting residues have iden-
tified unique patterns of conserved amino acids for each
ligand-receptor complex. This, together with incorpora-
tion of ligand information from related receptors, can
provide a pharmacophore-based approach to optimize
high-throughput screening®. Most structure-based design,
however, relies on a high-quality three-dimensional com-
putational model of the ligand pocket of the GPCR.

So far, most computational models of GPCRs are
homology models that are based on the coordinates of the
bovine rhodopsin receptor. However, recent data on
the high-resolution structure of the 8,-adrenoceptor
(ADRB2) provides a second model for Rhodopsin
GPCRs, which has highlighted the challenge of using
only the rhodopsin model as a template in homology
modelling”. The two structures diverge primarily in the
TM1, TM3, TM4, TM5 and TM6 regions. A major differ-
ence is the lack of a proline-induced kink in the TM1
region of ADRB2, which is present in the rhodopsin
receptor®’. Moreover, retinal is covalently bound to rho-
dopsin, whereas ADRB2 binds to diffusible ligands?.
Comparison of the inactive (dark state) rhodopsin? with
ADRB?2 bound to the inverse agonist carazolol, which
still displays a basal activity, also provides insight into
the activation process of GPCRs. In rhodopsin, the
structure is thought to stay in the inactive form through
the ‘ionic lock’ between R135 (the R in the DRY motif
in TM3) and E247 (TM6), whereas these interactions
are not possible in the ADRB2-carazolol model® (FIG. 1).
However, the ADRB2-carazolol structure is thought
to stay in a less active form through van der Waals
interactions between 1272 (TM6) and 1135 (TM3) and
Y219 and V222 (TM5)*. The crystallization of ADRB2
increases the possibility of generating models of other
Rhodopsin GPCRs by combining the information of
these two known three-dimensional structures?. In
addition, the successful crystallization approach might
be used to speed up crystallization of other GPCRs.

As previously noted, most receptor proteins within
the Rhodopsin family of GPCRs have short N termini
without any common conserved domains. However,
there are some exceptions (TABLE 1). The human
thrombin receptor (PAR1/F2R) has an intrinsic cleav-
age site in the N terminus, which, upon cleavage by
thrombin, reveals a tethered ligand that is able to activate
the receptor? (FIG. 1). This report was followed by the
publication of three similar human receptors that also
display a protease-dependent activation mechanism: the
protease-activated receptors 2-4 (PAR2-4)*-*2. Thrombin
binds and activates PAR1, PAR3 and PAR4, whereas
PAR?2 is targeted by trypsin (for a review, see REF. 33).
We therefore count the thrombin-cleaved PARs as
drug-targeted GPCRs, although technically heparin
inhibits the actions of thrombin and not the receptors
directly. Moreover, the relaxin-binding GPCRs LGR7
and LGR8 (leucine-rich repeat-containing GPCRs)
have a low-density lipoprotein receptor class A domain
in addition to the leucine-rich repeat region that all
five LGRs contain®** (FIG. 1). The leucine-rich repeat-
containing region can also be found in the follicle-
stimulating hormone receptor (FSHR), the luteinizing
hormone receptor (LHCGR) and the thyrotropin recep-
tor (TSHR) (FIG. 1). For these receptors, the leucine-rich
repeat-containing region is responsible for parts of the
interaction between the glycoprotein and the receptor?.
However, most Rhodopsin receptors are primarily acti-
vated by interactions between the ligand and the TM
regions and extracellular loops owing to their short
N-terminal stretch of amino acids'.
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Figure 1| Conserved features and structural motifs
within the Rhodopsin receptor family/class A.

The upper part of the figure illustrates the differences
within the secondary structure of the N termini of the
Rhodopsin receptors. The scissor indicates the cleavage
site for the protease-activated receptors (PARs). In the
lower part of the figure, the schematic transmembrane
(TM) regions display the consensus of an alignment
generated in ClustalW 1.82 (REF. 233) of eight diverse
human Rhodopsin receptors. The eight selected
receptors represent the four subgroups of the Rhodopsin
family: o, B, Yand 8. The a-group comprises rhodopsin
and cannabinoid receptor 2. The B-group comprises
neuromedin U receptor 2 and endothelin receptor type B.
The y-group comprises bradykinin receptor 1 and
interleukin 8 receptor-o. (CXCR1). The §-group comprises
purinergic receptor P2Y8 and coagulation factor Il
(thrombin) receptor. Residues conserved in all eight
sequences are displayed as circles in which conserved
aliphatic residues are shown in beige, polar in orange,
aromatic in purple, positively charged in red and
negatively charged in blue. The positions of the residues
are calculated from the TM boundary (established by
Palczewski et al.**) starting with 1 in the N- to C-terminal
direction. Numbers in italic correspond to the first
position in each TM region of rhodopsin. Conserved
sequence motifs found in the TM regions of the
Rhodopsin receptor family are surrounded by blue boxes.
Uppercase letters indicate completely conserved
positions, lowercase letters indicate well-conserved
positions (>50%), whereas x indicates variable positions.
Conserved cysteine residues are pictured as yellow
circles and the cysteine bridge between the extracellular
loop 1 and 2, which is common to most G protein-
coupled receptor (GPCR) families, is indicated by two
straight lines. Dashed black lines visualize hydrogen
bonds within bovine rhodopsin in which dashed blue
lines show the postulated ‘ionic lock’?*. Dashed red lines
display van der Waals interactions within the
Bz—adrenoceptor (ADRB2) model?®. FSHR, follicle-
stimulating hormone receptor; LDLa, low-density
lipoprotein receptor class A domain; LGR, leucine-rich
repeat-containing GPCR; LHCGR, luteinizing hormone
receptor; LRR, leucine-rich repeat; PARs, protease-
activated receptors; TSHR, thyrotropin receptor.

The Rhodopsin members bind a vast variety of lig-
ands, such as peptides, amines and purines, and the
family also contains the largest number of receptors
that are targeted by clinically used drugs®. Interestingly,
there is no overall correlation between the phylogenetic
location of a receptor (that is, to which phylogenetic
group the receptor protein belongs) and the type of
endogenous ligand that the receptor binds. For example,
peptide-binding receptors are found in all four groups
of the Rhodopsin family'® and the receptors that bind
lipid-like compounds are found in at least three of the
phylogenetic groups. There are, however, some phylo-
genetic clusters of receptors that bind similar types of
ligands. The largest is the amine-binding cluster in the
o-group and all the known ligands to the receptors
in the B-group are peptides. The nucleotide-binding
receptors (P2YRs) and the glycoprotein receptors are
both confined to the 3-group'®. Moreover, there is a

considerable overlap between the phylogenetic loca-
tion and ligand preference based on critical antagonist
cavity-lining residues®.

The a-group contains at least 18 important drug
targets: the histamine receptors 1 and 2; the dopamine
receptors 1 and 2; the serotonin receptors 1A, 1D and
2A; the adrenoceptors 1A, 2A, B1 and B2; the muscarinic
receptor 3; the prostanoid receptors TP, EP1, EP3, IP1
and FP; and the cannabinoid receptor 1 (CNR1) (for
reviews, see REFS 37,39). Drugs that target these recep-
tors include the widely used antihistamines, antacid
drugs, cardiovascular drugs and antipsychotics. These
receptors generally bind the ligand within a pocket
embedded in the TM cavity, and in the prototype of the
amine-binding receptors — ADRB2 — this involves the
TM3, TM5 and TM6 regions*-**. It is likely that more
drugs that target the biogenic monoamine receptors
will be developed. However, the main problem in the
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Table 1| A summary of properties for the G protein-coupled receptor (GPCR) families

Property Rhodopsin Secretin Adhesion Glutamate Frizzled Taste2
Number of full- 672 (388 ORs) 15 33 22 11 25
length receptor

proteins*

Number of >39 4 0 3 0 0

identified major

drug targets*

Number of 63 (notincluding 0 30 7 0 21

orphans* ORs)

Type of ligand Peptides, proteins Peptides, Proteins, Amino acids, Proteins ~ Small
(including enzymes), proteins  glycosaminoglycan cations, organic
small organic small organic compounds
compounds, lipid- compounds,
like substances, carbohydrates
nucleotides

Extended N No No Yes Yes Yes Yes

terminis!

Conserved No No Yes Yes Yes Yes

functional

domains in the

N terminil

Type of functional Proteolytic sites, HBD GPS, TSP1, HBD, VFTM, SUSHI Whnt -

domains in LRR,LDLa PTX, EGF, OLF, GBL, binding

the N termini CA, LamG, EGF- domain

(not including Lam, LRR, Ig, SEA,

transmembrane) Calx-beta, EAR,

CUB, C-type lectin

Proteolytic Yes No Yes No No No

processing of

the N terminiin

family members

Conserved Yes Yes Yes Yes Yes No

cysteine residues

inEL1and EL2!

Suitable asdrug  Yes* Yes Yes Yes* Yes No

targets?

*From REF. 22 or updated (“Other” GPCRs (those that are suggested to encode a GPCR but do not belong to a family) are not
included). *Updated count including those from REFS 37,39. $More than 100 amino acids. IMore than 50% of the family members.
TDisplayed using Reversed Position Specific BLAST (RPS-BLAST) at: http://www.ncbi.nlm.nih.gov/BLAST/. *Except the sensory
receptor proteins (vision, smell, taste). C-type lectin, similar to the C-type lectin or carbohydrate-recognition domain;

CA, cadherin domain; Calx-beta, domain found in Na-Ca exchangers; CUB, resembles the structure of immunoglobulins;

EAR, epilepsy-associated repeat; EGF, epidermal growth factor domain; EGF-Lam, Laminin EGF-like domain; EL1/2, extracellular
loop 1/2; GBL, galactose-binding lectin domain; GPS, GPCR proteolytic site; HBD, hormone-binding domain; Ig, immunoglobulin
domain; LamG, laminin G domain; LDLa, low-density lipoprotein receptor class A; LRR, leucine-rich repeat; OLF, olfactomedin
domain; ORs, olfactory receptors; PTX, pentraxin domain; SEA, domain found in sea-urchin sperm protein; SUSHI, also known as
complement control protein modules or short consensus repeats; TSP1, thrombospondin domain; VFTM, Venus flytrap mechanism.

development of such drugs is the potential for cardio-
vascular side effects due to off-target interactions with
the adrenoceptors, which are highly expressed in many
tissues and are important in both heart rate and blood-
pressure regulation. Such side effects are perhaps not as
likely for the ot-group receptors, which are less similar to
the amine receptors. For example, the prostanoid recep-
tors, which are targeted in the treatment of glaucoma and
ulcers, and CNR1, which is targeted for the treatment
of obesity®.

The B-group of Rhodopsin GPCRs includes mainly
peptide-binding receptors, and marketed drugs for this
type of receptor include endothelin, gonadotropin-
releasing hormone and oxytocin receptor ligands®. Most
of the peptide ligands in this group bind to a binding
pocket within the TM regions with participation of the

extracellular loops and the N terminus. This group also
includes several receptors that have been heavily pursued
as drug targets, including the neuropeptide Y receptors.
The specificity of the binding profile of peptide-binding
receptors is often high; however, neuropeptide receptors
participate in many physiological functions, which com-
plicate their potential as drug targets. It is also challeng-
ing to find agonists for peptide receptors, as the flexible
peptide ligands use a multitude of interaction sites to
convey their signals, and small molecules are seldom
able to mimic the interactions required to induce a full
agonistic signal.

The y-group includes receptors for both peptides
and lipid-like compounds'®. The three opioid receptors,
somatostatin receptor 2 and 5 (SSTR2 and SSTR5) and
angiotensin receptor 1 (AGTR1) represent important
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drug targets within this group””. AGTR1 is targeted by
antagonists to treat hypertension, whereas the opioid
receptors are targeted in the treatment of pain, cough
and alcoholism, and are also involved in the abuse of
opioids such as heroin. Also, the chemokine receptors
in the y-group represent an interesting group of recep-
tors for drug targeting because of their importance in
acute and chronic inflammation. So far, only one drug
that targets chemokine receptors has received regulatory
approval: maraviroc, an antagonist of chemokine (C-C
motif) receptor 5 (CCR5) that was approved in 2007 for
the treatment of HIV>*. This receptor is used by some
strains of HIV as a co-receptor during viral entry, and
maraviroc inhibits this process. Several other chemokine
receptor modulators are in early stage clinical trials*.

The 8-group mostly contains the P2RYs, the glyco-
protein-binding receptors, the PARs and the olfactory
receptors'®. P2Y12, leukotriene receptor 1 (REF. 37) and the
PARSs represent important drug targets within this group.
The other 11 P2RYs could also turn out to be important
targets as their specific functional roles become clearer. All
three glycoprotein receptors (FSHR, TSHR and LHCGR)
are targeted by recombinant peptides”.

Recently de-orphanized Rhodopsin GPCRs. Between
1990 and 2004, many GPCRs were paired with their
endogenous ligands. Examples include ghrelin, orexin,
prolactin-releasing peptide, metastatin, neuropeptide
B/W, neuropeptide S, melanin-concentrating hormone,
neuromedin U and neuropeptide FE*. After 2005, the
rate of GPCR de-orphanization has markedly declined
and focus has shifted from peptide ligands to lipid-like
compounds. For example, the atypical Rhodopsin recep-
tor GPR119 was found to bind oleoylethanolamide, an
endogenous lipid that reduces food intake and body
weight gain in rats*. The receptor protein GPR120,
which was identified in the same analysis as GPR119
(REF. 47) was later shown to bind unsaturated long-chain
fatty acids*. Activation of GPR120 stimulates secretion
of glucagon-like peptide-1, an important mediator in
insulin release®. In addition, oestrogen binds to GPR30
(REF. 49), and kynurenic acid, a metabolite in the metabo-
lism of tryptophan, interacts with GPR35 (REF. 50). Also,
GPR87, a member of the §-group of Rhodopsin GPCRs,
was recently shown to bind lysophosphatidic acid®.
Currently, the number of GPCRs that are known
to bind lipid-like compounds is similar to the number
of GPCRs that bind amines*. The progress of GPCR
de-orphanization can be followed on the [IUPHAR
homepage (http://www.iuphar-db.org/). There are
still ~60 Rhodopsin GPCRs left to be de-orphanized®,
although there is a possibility that some of them lack an
endogenous ligand. A recent study indicated that orphan
GPR50 is able to inhibit signalling of melatonin receptor
1 through heterodimerization®’, prompting speculation
that some orphan GPCRs are not capable of binding any
endogenous ligands, but instead regulate the function
of non-orphan GPCRs through heterodimerization or
other mechanisms. The two receptors that form the well-
characterized y-aminobutyric acid B receptor (GABABR)
heterodimer have distinct functions. GABABRI is

REVIEWS

involved in ligand-binding, whereas GABABR2 func-
tions as the signalling unit™, technically implicating
GABABR?2 as an orphan receptor in the heterodimer.
The TASIRI-TAS1R3 and TAS1R2-TASIR3 hetero-
dimers also function as heterodimers between an orphan
and a non-orphan receptor®” . However, the hypothesis
that some orphan GPCRs may not have any endogenous
ligand may be difficult to establish; for example, it is dif-
ficult to experimentally prove that GPR50 does not have
any endogenous ligand.

Olfactory receptors. The first mammalian olfactory
receptor was cloned from dogs in 1989 (REF. 62), closely
followed by the cloning of rat and human homologues®**.
Buck and Axel anticipated that the final number of mam-
malian olfactory receptors would be close to 1,000 genes
and several post-genomic studies proved this predic-
tion correct®-%%, According to a recent publication,
the human genome contains 388 potentially functional
olfactory genes and 479 pseudogenes?. The functional
olfactory receptors can, based on phylogeny, be divided
into class I and class 11’ in which class II can be fur-
ther divided into 19 clades (A-S)*". All 388 olfactory
receptors are intronless and between 320 and 370
amino acids in length. They are also most conserved
in the beginning of TM2, the end of TM3 (including
the Rhodopsin family motif DRY”) and the end of TM7
(including the Rhodopsin family motif NPxxY ). The
binding site of olfactory receptors has been localized
to the most extracellular parts of TM3, TM5, TM6 and
TM?7 together with extracellular loop 2 on the basis of
high conservation among orthologues and variability
among paralogues”'. Moreover, the importance of these
areas in olfactory binding has also been highlighted in
ligand receptor docking studies and site-directed muta-
genesis’> 7.

An olfactory receptor can be activated by a broad
range of odorants and an odorant can bind to several
olfactory receptors. This introduces the concept of
combinatorial receptor codes for every odorant, in
which each odorant binds and activates a unique set of
olfactory receptors”™. In this way, the human repertoire
of olfactory receptors can distinguish between an enor-
mous number of odorants. Different sets of olfactory
receptors discriminate between odorants based on the
concentration, the length of the carbon chain and the
functional group of the odorant. Alcohols are usually
described as pleasant, whereas carboxylic acids are
described as repulsive”. Some human olfactory recep-
tors have been de-orphanized: OR17-40 (HsOR17.1.11,
OR3A1) responds to helional and heliotroplyacetone’;
OR17-4 (HsOR17.1.2, OR1D2) binds bourgeonal and
undecanal’”’; OR43 responds to citronellal’”®”; and
OR17-209 (HsOR17.1.4, OR1G1) binds esters, whereas
OR17-210 responds to ketones®. Tremendous work
remains to de-orphanize the other olfactory receptors
and only a few of the receptors with known ligands have
been studied in detail. However, it is clear that these
receptors evolve at a rapid pace® considering the high
variation in gene numbers across mammalian species.
The potential for olfactory receptors as drug targets is
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Allosteric ligands

Ligands binding to a site that is
separate from the site of the
endogenous ligand/ligands.

considered to be limited because they have not yet been
implicated in the pathology of any common disease.
However, these receptors are important targets for the
fragrance industry, which is likely to prompt further
structural and pharmacological characterization.

The Secretin receptor family/class B

The Secretin family is a small family of GPCRs that all
have an extracellular hormone-binding domain and
bind peptide hormones (TABLE 1). The 15 members of
this family are the calcitonin and calcitonin-like recep-
tors (CALCR, CALCRL); the corticotropin-releasing
hormone receptors (CRHR1, CRHR2); the glucagon
receptor (GCGR); the gastric inhibitory polypeptide
receptor (GIPR); the glucagon-like peptide receptors
(GLP1R, GLP2R); the growth-hormone-releasing hor-
mone receptor (GHRHR); the adenylate cyclase acti-
vating polypeptide receptor (PAC1/ADCYAP1R1); the
parathyroid hormone receptors (PTHR1, PTHR2); the
secretin receptor (SCTR); and the vasoactive intestinal
peptide receptors (VIPR1, VIPR2)® The family name
is derived from the first receptor to be discovered from
this family: SCTR from the rat®.

The 15 Secretin receptors share between 21 and 67%
sequence identity and most of the variation is in the
N-terminal regions. However, all of the Secretin family
receptors contain conserved cysteine residues in the first
and second extracellular loop of the TM regions (FIG. 2).
Also, almost all of these receptors contain conserved
cysteine residues that form a network of three cysteine
bridges in the N termini*-®. The stabilization of the
N-terminal structure by these cysteine bridges is also
evident from the nuclear magnetic resonance structure of
the N terminus of the mouse CRHR2¥. The N terminus
has been shown to be crucial for ligand interactions and
this is evident both from the missense-mutation study
of the little mouse phenotype and from extensive muta-
genesis, chimerical and photoaffinity labelling studies
in PTHR1, GCGR, SCTR, GHRHR and CALCR¥-*
(FIG. 2). The binding profile of the Secretin receptors can
be illustrated mainly by three binding domains con-
sisting of the proximal region and the juxtamembrane
region of the N terminus and the extracellular loops
together with TM6 (FIG. 2; and references therein). The
ligand is thought to activate the receptor by bridging
the N-terminal and the TM segments/extracellular
loops®”?2%>%, thereby stabilizing the active conforma-
tion of the receptor, which increases the probability of
activation of the signalling units.

So far, three of these hormones are used in the clinic:
calcitonin, glucagon and parathyroid hormone¥, for
the treatment of hypercalcaemia, hypoglycaemia and
osteoporosis, respectively. The Secretin receptors have
alarge potential as targets for further drug development
owing to their importance in central homeostatic func-
tions. GLP1R and GLP2R are particularly interesting
because of their role in appetite regulation and in the
treatment of type 2 diabetes”. It is generally problematic
to develop drugs that mimic peptidergic ligands of this
size so, in addition to recombinant peptides, allosteric
ligands might provide an additional option.

The Adhesion receptor family/class B

According to the GRAFS GPCR classification, the
second largest GPCR family in humans, with 33 mem-
bers, is called the Adhesion family'®. This family is also
referred to as the LNB7TM family'?, whereby LN stands
for long N termini and B for the sequence similarity
between the TM regions of Adhesion GPCRs and the
Secretin receptors (class B)*»%. The distinction of the
Adhesion family as a separate GPCR family and not only
as a part of class B is based on the overall phylogenetic
analyses of the 7TM regions of most human GPCRs'.
Moreover, this classification is supported by the striking
differences within the N-terminal domain architec-
ture between the Secretin and the Adhesion receptors.
Also, Adhesion GPCRs display the GPCR proteolytic
(GPS) domain, whereas the Secretin receptors lack this.
Furthermore, both Adhesion and Secretin receptors can
be identified as separate families in both protostomes
(for instance in fruitfly and nematode) and deutero-
stomes, which indicates an early origin of these as sepa-
rate families?". In addition, the preferred ligands of the
different families deviate: the de-orphanized Adhesion
receptors bind extracellular matrix molecules, whereas
Secretin GPCRs bind peptide hormones. The members
of the Adhesion family can be divided into eight sub-
groups I-VIII based on the phylogenetic relationship
between the TM regions® (FIG. 3). This phylogenetic
classification is also supported by the composition of
functional domains in the N termini.

The Adhesion GPCRs are rich in functional domains
and most of the receptors have long and diverse
N termini® (FIG. 3), which are thought to be highly
glycosylated and form a rigid structure that protrudes
from the cell surface'®. These extracellular regions
contain a GPS domain that acts as an intracellular
autocatalytic processing site that yields two non-cova-
lently attached subunits'®’. The cleavage site is located
between a conserved aliphatic residue — most often a
leucine — and a threonine, serine or cysteine (HLLT/
S/C)'0-1% The proteolytic cleavage of the receptor pro-
tein occurs in the endoplasmic reticulum or in the early
compartment of the Golgi apparatus'®. Mutations in
the GPS domain have been shown to inhibit proteolytic
cleavage and subsequent cell-surface expression, which
may indicate that specific post-translational processing
may be required for correct folding and transport to
the membrane'®.

The diverse N termini of Adhesion GPCRs may
contain several domains that can also be found in other
proteins, such as cadherin, lectin, laminin, olfacto-
medin, immunoglobulin and thrombospondin domains
(FIG. 3). The number and structure of these domains
have been shown to have an important role in the spe-
cificity of receptor-ligand binding interactions'®. The
Adhesion receptors also have conserved cysteine resi-
dues in extracellular loops 1 and 2, much like the other
GPCR families® (FIC. 3). In 1997, lectomedin receptor 1
(LEC1/LPHN2) was co-purified with the G-protein-o,,
(REF. 106). Also, GPR56 has been shown to form a com-
plex with G-protein-o , (REF. 107), which indicates
that this family signals through a G-protein-mediated

344 [ APRIL 2008 [ VOLUME 7

© 2008 Nature Publishing Group

www.nature.com/reviews/drugdisc



pathway. However, the lack of ligands for most of the
Adhesion receptors and under-developed functional
assays have hampered studies on the signalling pathways
for these receptors.

Associated with the little mouse
syndrome in GHRHR and
important for binding to
the GCGR

Ligand-binding
domain’1

Ligand-
binding
domain 2

binding
domain 3

O Aliphatic
O Polar

O Aromatic

Q Positively charged
© Negatively charged

O Conserved cysteine

Figure 2 | Conserved features and structural motifs within the Secretin receptor
family/class B. The schematic transmembrane (TM) regions display the consensus of
an alignment generated in ClustalW 1.82 (REF. 233) of the 15 Secretin receptors from
the human genome. The positions of the residues are calculated from the TM boundary
(established by Donnelly?®*) starting with 1 in the N- to C-terminal direction. Numbers
initalic correspond to the first position in each TM region of the human secretin
receptor (SCTR). Uppercase letters indicate completely conserved positions,
lowercase letters indicate well-conserved positions (>50%), whereas x indicates
variable positions. Residues conserved in all 15 sequences are displayed as circles

in which conserved aliphatic residues are shown in beige, polar in orange, aromatic in
purple, positively charged in red and negatively charged in blue. Conserved sequence
motifs found in the TM regions of the Secretin family are surrounded by red boxes.
Conserved cysteine residues are pictured as yellow circles, the N-terminal cysteine
bridges are drawn as lines and the cysteine bridge between extracellular loops 1 and 2,
which is common to most G protein-coupled receptor (GPCR) families, as two straight
lines. The conserved cysteine encircled blue is not conserved in the adenylate cyclase-
activating polypeptide receptor (PAC1/ADCYAP1R1)8788.90-9395.96.235-246 *Represents
residues that are important for binding to vasoactive intestinal peptide receptor 1
(VIPR1)?. *Represents a residue important for binding to SCTR*°. GCGCR, glucagon
receptor; GHRHR, growth-hormone-releasing hormone receptor.

REVIEWS

De-orphanized Adhesion GPCRs. So far, only three of
the Adhesion GPCRs have been de-orphanized (TABLE 1).
Glycosaminoglycan chondroitin sulphate has been
shown to interact with epidermal growth factor (EGF)-
like module containing mucin-like receptor protein 2
(EMR2) through an EGF domain, which mediates
cell attachment'®. EMR3 can interact with a ligand
expressed at the surface of macrophages and activated
neutrophils'®, whereas EMR4 was recently shown to
interact with a cell-surface ligand on A20 B-lymphoma
cells®. However, the identity of both ligands is still
unknown. The leukocyte activation antigen CD97 has
been shown to bind the decay accelerating factor (CD55
or DAF)'. The longest splice variant of CD97 has the
highest CD55-expressing cell-binding capacity'"!'2.
Only three amino acids differ within the EGF domains
of the shortest splice forms of CD97 and EMR2 (REF. 105).
However, this marginal difference results in one order of
potency weaker binding of CD55 to EMR2 than to CD97
(REF. 105). The most recently de-orphanized Adhesion
GPCR, GPR56 (TM7XN1)!'"*!4 has been shown to
contribute to the suppression of melanoma metastasis
and tumour growth through an interaction with tissue
transglutaminase (TG2), which is expressed in the extra-
cellular matrix'".

Orphan Adhesion GPCRs. Most Adhesion GPCRs are
still orphans; that is, their endogenous ligand is still
unknown. This includes the LEC receptors'**!'* and EGF-
TM7-latrophilin related protein (ETL/ELTD1)'. The
endogenous ligand of the LEC receptors is still unknown;
however, o-latrotoxin, a component of black widow
spider venom, can bind and activate the LECI1 receptor'®'.
o-Latrotoxin is thought to activate the LECI receptor by
first interacting with the extracellular adhesion part,
followed by an interaction with the first TM region''®.

The human genome contains three cadherin EGF
LAG seven-pass G-type receptors (CELSR1-3)"""% In
Drosophila, the CELSR homologue was named flamingo
after its appearance (long extracellular neck, a TM body
and a long intracellular leg)'*. Mutations in the last cad-
herin domain of mouse Celsr1 gave rise to the spin cycle
(Scy) mutant, a phenotype with abnormal head-shaking
behaviour and neural tube defects'?® (FIG. 3). The same
phenotype is present in the crash (Crsh) mutant, which
has a missense mutation in the second-last cadherin
domain of mouse Celsr1 (REF. 120) (FIG. 3).

GPR97, GPR110, GPR111, GPR112, GPR113, GPR114,
GPR115, GPR116, GPR123, GPR124, GPR125, GPR126,
GPR128, GPR133 (extended version NP_942,122.2),
GPR144 and HE6 (human epididymal gene product 6;
GPR64), the three brain angiogenesis inhibitor (BAI)
receptor proteins and the very large GPCR VLGR1/
MASS]I are all orphan Adhesion GPCRs*'*'"'%. Notably,
rat GPR116 (Ig-hepta) has been shown to exist as a
homodimer that is linked by disulphide bonds'*, and the
receptor Ig-hepta has also been shown to undergo endo-
proteolytic cleavage, both within the conserved motif
in the GPS domain and in the SEA domain (a domain
found in sea-urchin sperm protein)'®. Moreover,
the 20-kDa cleavage fragment generated by cleavage
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Figure 3| Conserved features and structural motifs within the
Adhesion receptor family. The upper part of the figure displays the
diversity within the N termini of the Adhesion receptors (family B2)82.
The domains in the N termini were identified with rps-blast against the
CDD (Conserved Domain Database) E-value of 0.01 at: http://www.ncbi.
nlm.nih.gov/Structure/cdd/wrpsb.cgi. In the lower part, the schematic
transmembrane (TM) regions display the consensus of an alignment
generated in ClustalW 1.82 (REF. 233) of the 33 human Adhesion receptors
from the human genome. The positions of the residues are calculated from
the TM boundary (established by those in REFS 104,128,248) starting with 1
in the N- to C-terminal direction. Numbers in italic correspond to the first
position in each TM region of BAI1. Uppercase letters indicate completely
conserved positions, lowercase letters indicate well-conserved positions,
whereas x indicates variable positions. Residues conserved in all 33
sequences are displayed as circles in which conserved aliphatic residues
are shown in beige, polar in orange, aromatic in purple and positively
charged in red. The conserved sequence motif within the G protein-
coupled receptor (GPCR) proteolytic site (GPS) domain of the Adhesion
receptors is surrounded by a purple box. Conserved cysteine residues are
pictured as yellow circles in which the cysteine bridge that is conserved in

most GPCR families is drawn as two straight lines. *GPR123 lacks GPS
domain. *Domain scoring with an E-value 0.1>x>0.01. A caution has to be
made regarding the interpretation of the domain repertoire using the
CDD search tool as several domains are low scoring (for example for the
domains marked by ). “Nonsense mutation V2250X in mouse linked to
audiogenic seizures. SMutation D1040G in associated with the mouse
Crsh mutant. 'Mutation N1110K associated with the mouse Scy mutant.
C-type lectin, similar to the C-type lectin or carbohydrate-recognition
domain?1?6247: CA, cadherin domain; Calx-beta, domain found in Na—Ca
exchangers; CUB, resembles the structure of immunoglobins; EAR,
epilepsy-associated repeat; EGF, epidermal growth factor domain;
EGF-Lam, Laminin EGF-like domain; GBL, galactose-binding lectin
domain; HBD, hormone-binding domain; Herpes_gp2, resembles the
equine herpes virus glycoprotein gp2 structure; Ig, immunoglobulin
domain; LamG, laminin G domain; LRR, leucine-rich repeat domain;
OLF, olfactomedin domain; PTX, pentraxin domain; Puf, displays
structural similarity to RNA-binding protein from the Puf family; SEA,
domain found in sea-urchin sperm protein; SIN, resembles the primary
structure of the SIN component of the histone deacetylase complex;
TSP1, trombospondin domain. Parts of the figure are adapted from REF. 99.
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in the SEA domain is thought to act as a ligand to
Ig-hepta'***. VLGR1/MASSI is the most extreme ver-
sion of an Adhesion GPCR (FIC. 3). This receptor protein
can be expressed as three different isoforms (VLGRIa,
b, ¢) and the longest isoform, VLGR1b, is composed of
6,307 amino acids'*"*'. The nonsense mutation V2250X
in mouse (V2254 in human), affecting a Calx-beta
domain between the pentraxin domain and the epilepsy-
associated repeat (EAR) domain, is linked to audiogenic
seizures in mice'.

FIGURE 3 depicts the diversity within the N termini
in this receptor family. Based on ligand-binding studies
and the association between mutations within certain
functional domains and changes in phenotype, it is most
likely that these conserved regions mediate the function
of these proteins'®'?. Owing to the present limitation of
known ligands to these receptor proteins, no drugs are
known to be targeted against these GPCRs. However,
the potential role of this family in cell growth and the
immune system makes it an important family for future
drug development. So far, all of the identified ligands that
target this receptor family are large membrane-bound
ligands. A way of targeting these receptor proteins may
be to bypass the ligand-interacting domain and directly
influence the TM regions. Also, there is an increased
interest in generating monoclonal antibodies as drugs,
and for this purpose the Adhesion receptors with long
N termini may be suitable. It is also worth noting that
several of these receptors are found in CNS tissues'®.
For instance, GPR123 was recently shown to be highly
expressed in the thalamus, several nuclei of the amygdala,
cortical layers 5 and 6, the subiculum and the inferior
olive’**. However, the functional role of most Adhesion
GPCRs in the CNS is still not well understood.

The Glutamate receptor family/class C

The Glutamate family'® or class C'* consists of 22
human proteins: eight metabotropic glutamate recep-
tors (GRMs), two GABABRs (also referred to as one
receptor with two subunits), the calcium-sensing
receptor (CASR), the sweet and umami taste receptors
(TAS1R1-3), GPRC6A and seven orphan receptors'®
(TABLE 1). Most Glutamate members bind their respective
endogenous ligand within the N-terminal region. The
crystallization of the extracellular region of rat GRM1
illustrates how this region of the receptor is folded into
two domains in which the tertiary structure is fixed by
intraprotomeric disulphide bridges'* (FIC. 4). This struc-
ture has been shown to share structural homology with
bacterial amino-acid-binding proteins such as the
bacterial periplasmic-binding protein LIVBP**”'*. The
ligand-binding mechanism of the extracellular region has
been compared to a Venus flytrap mechanism (VFTM),
in which the two lobes of the region form a cavity where
glutamate binds and thereby activates the receptor'.
Glutamate binds to a ligand-binding site that is fairly
conserved within GRMs, CASR, TASIRs and GPRC6A
(FIG. 4). The exact interactions have been resolved for
GRMI, GRM3 and GRM7 (REFS 136,139). The overall
structure of the extracellular regions of the GRMs can be
applied to CASR, TAS1Rs and GPRC6A™ -1 (FIG. 4).

REVIEWS

CASR binds Ca** in the large extracellular region*'*,
Intriguingly, Ca?* induces enhancement of glutamate
binding in type I GRM:s (for classifications of GRMs see
REFS 145,146) and in GRM3 (REF. 147). CASR, in turn,
has been shown to bind aromatic amino acids, which
thereby enhances the sensitivity of the CASR agonists
Ca*, gadolinium (Gd**) and spermine'*. Consequently,
Ca?" enhances the effect of glutamate on GRMs and
amino acids enhance the effect of Ca?* on CASR. Many
of the Ca** contacting residues are well conserved within
the VFTM of most Glutamate GPCRs', which highlights
the importance of these residues for drug targeting. It is
likely that this binding pocket could be targeted with
similar small-molecule ligands to affect a wide range of
biological responses associated with these receptors, but
whether sufficient specificity can be reached remains to
be determined.

The TAS1Rs consists of three GPCRs — TASIRI,
TAS1R2 and TAS1R3 — which function as protomers
in heterodimeric complexes®~*!. The dimer complex
between TAS1R1 and TASIR3 senses the L-glutamate
taste (umami), whereas the combination of TASIR2 and
TASIR3 detects natural and unnatural sweeteners®**.
L-Glutamate has been postulated to interact with the
extracellular domain of the TASIR1 unit, whereas
sweeteners such as aspartame and neotame are shown
to interact with the corresponding extracellular domain
of the TASIR2 unit'*.

Apart from the structurally similar ligand-binding
domain, the extracellular regions also contain a cysteine-
rich domain (CRD), consisting of nine conserved
cysteine residues forming three predicted disulphide
bridges'**'*2, which could function as a spring between
the ligand-binding domain and the intracellular signal-
ling mechanism connected to the TM regions (FIG. 4).
Lobe 2 of the human GRM2 was recently shown,
through mutagenesis studies, to be covalently linked
to the third conserved cysteine in the CRD™ (FIC. 4).
The study showed how this interaction is crucial for the
activation of the receptor dimer after agonist binding*’.
The position of the covalent link between lobe 2 and the
CRD was later confirmed by the crystallization of GRM3
(REF. 139). The CRD is also crucial for signal transmis-
sion in the CASR"2 A gain-of-function mutation that
has been associated with hypocalcaemia has been found
in this domain, which led the authors to suggest that
the region may suppress CASR activity in the presence
of low extracellular Ca®* concentrations'”. The CRD in
TAS1R3 has been shown to be crucial for the activity
of brazzein, a sweet-tasting plant protein'**. Moreover,
it was also shown that substitutions in this area of the
receptor protein affected the signalling properties of
most sweeteners', further strengthening the impor-
tance of this area in signal transduction.

The structure of the extracellular region of the two
GABA-binding GPCRs, GABABR1 (GABABR1a-c'*>'%)
and GABABR?2 (REF. 155), differ slightly from the GRMs
CASR and TAS1Rs (FIC. 4). The extracellular regions in
GABABRSs are thought to contain a bilobular ligand-
binding structure (a VFTM), which is less similar to
the GRMs than the VFTM of CASR and TAS1Rs" 15157
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(FIG. 4). Also, the GABABRs lack the CRD found in
the GRMs, CASR and TAS1Rs">"*7. The GABABR1a
subunit contains two SUSHI domains (also known as
complement control protein modules or short consen-
sus repeats) close to the VFTM in the N terminus'*®
(FIG. 4). The SUSHI domain contains a minimum of
four cysteine residues forming two disulphide bonds'**.
The structure can also be found in complementary
proteins such as transglutaminases (coagulation factor
XIII) and CD21 antigen (Epstein-Barr virus receptor),
which are involved in the immune system'®. GABABRs
are heterodimers in which GABABRI functions as the
ligand-binding domain and GABABR?2 as the signalling
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unit>****. GABABR?2 has also been shown to release the
suggested inhibitory constrains between the VFTM and
the TM regions of GABABRI, possibly by an interaction
between the two VFTMs'®. These inhibitory constrains
are thought to favour the open conformation of the
GABABRI1 VFTM, thus keeping the receptor in the
inactive state'®’, whereas the closed conformation leads
to activation of the receptor'®’. So far, the GABABRs
and CASR have been successfully targeted with thera-
peutic drugs®'®>. For example, cinacalcet, a positive
allosteric ligand for CASR, has been shown to nor-
malize serum calcium levels in subjects with primary
hyperparathyroidism'®.
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< Figure 4| Conserved features and structural motifs within the Glutamate

receptor family/class C. The upper part of the figure illustrates the different
conformations of the extracellular part of the Glutamate receptors. Conserved cysteine
residues are pictured as yellow circles in which cysteine bridges visualized by
crystallization are drawn as a single straight line (except the bridge between the Venus
fly trap mechanism (VFTM) and cysteine-rich domain (CRD), here shown in red),
postulated cysteine bridges as dotted lines and the cysteine bridge between the
extracellular loop 1 and 2, which is common to most G-protein-coupled receptor (GPCR)
families, as two straight lines. The background structure of the VFTM of the rat glutamate
receptor, metabotropic 1 (GRM1)**¢is downloaded from PDB database (accession
number: 1EWK) and visualized using the Sybyl software (Tripos, Germany). Black-filled
positions indicate positive metal-binding sites in the rat GRM1 and green-filled circles
indicate interaction points between the L-glutamate and the VFTM of rat GRM1

(REF. 136). The dotted circles indicate positions among the L-glutamate-interacting
residues in which chemical properties are conserved in the sweet and umami taste
receptors (TAS1Rs). The crossed circle illustrates the residue that is conserved between
the GRMs and the calcium-sensing receptor (CASR) and is shown to be important for
L-amino acid interaction in CASR?**®, whereas a green circle surrounded by ared line
illustrates a homologous residue in CASR (E297), which is associated with both activating
and inactivating naturally occurring mutations and is important for Ca** binding***.

A green circle encircled with extra thick black line shows a conserved residue between
rat GRM1 and y-aminobutyric acid (GABA) B receptor, 1 (GABABR1), which has been
shown to interact with GABA*®. Green circles encircled with a thick yellow line denote
conserved residues in the amino acid-binding GPRC6A receptor'®. The extracellular
regions of the GABABRs are shown as a schematic structure of the bilobular structure
as no crystallization data has been presented for this structure. The schematic
transmembrane (TM) regions display the consensus of an alignment generated in
ClustalW 1.82 (REF. 233) of the eight GRMs from the human genome. The positions of the
residues are calculated from the TM boundary (established by those in REFS 145,251)
starting with 1 in the N- to C-terminal direction. Numbers in italic correspond to the first
position in each TM region of GRM1. Residues conserved in all eight sequences are
displayed as circles in which conserved aliphatic residues are shown in beige, polar in
orange, aromatic in purple, and positively charged in red. Conserved sequence motifs
found in the TM regions of GRMs, CASR and TAS1R are surrounded by orange boxes.
Lowercase letters indicate a well-conserved position and x indicates variable positions.
In the TM regions, a red-encircled position denotes the interaction point for a positive
allosteric enhancer of the GRM type | or I, blue indicates an interaction point for
negative allosteric modulators of the GRM type |, green highlights the interaction points
of allosteric modulators of the CASR, yellow highlights the interaction points of allosteric
modulators of TAS1R3 (REFS 169,171), whereas grey circles indicate positions for
naturally occurring mutants in CASR?2,

The TM regions of the GRM:s are well conserved,
especially the third, sixth and seventh helices (FIC. 4). The
conserved positions are most often non-polar hydropho-
bic residues, positions that are most likely to be conserved
owing to the environment in the lipid membrane. In
addition, numerous conserved positions in TM3, TM6
and TM7 helices are polar, charged or aromatic residues.
These residues are probably involved in interhelical inter-
actions, such as hydrogen bonds and ionic bonds, which
possibly stabilize different conformations of the recep-
tor. Among these conserved residues are the wl motif in
TMB6, which aligns with the CwxP motif in Rhodopsin
receptors’®, and the pkxy motif in TM7, which may be
homologous to the nPxxy motif in the Rhodopsin recep-
tors (FIC. 4). The pkxy motif is also highly conserved
within the CASR, TAS1Rs and GABABRs, whereas the
GABABRs and TAS1R2 lack the W in the wl motif.

Although all of the known endogenous Glutamate
ligands interact primarily with the N-terminal region
of the receptor protein, many allosteric ligands of the
GRMs have been found to interact with TM3, TM5,

REVIEWS

TM6 and TM7 (REFS 163-165) (FIC. 4). These particular
TM regions are also the main target for allosteric modula-
tors of CASR'®'”, Surprisingly, four out of six interacting
residues in CASR correspond to interaction points for
negative allosteric compounds binding to type I GRMs
(FIC. 4). Moreover, the interaction points for the negative
modulators of CASR are also located in TM3, where one
of the interacting residues aligns with a residue that is
important for both positive and negative modulators of
GRMs'®, Altogether, this interaction pattern indicates
a conserved activation mechanism for the GRMs and
CASR. The signalling properties of the TAS1Rs can also
be modulated by direct interaction with the TM regions,
as is the case for the sweet-tasting compound cyclamate,
which, instead of binding to the VFTM, binds to the sec-
ond and/or third extracellular loops of the TM regions
of TASIR3 and residues within TM3, TM5 and TM6
(REFS 149,169). The TASIR3 antagonist lactisole inter-
acts with residues in TM3, TM5 and TM6 to inhibit the
sweet taste of most sweeteners'”’ (FIC. 4). Also, allosteric
compounds can modulate the function of the GABABR
heterodimer by interacting with the TM regions of
GABABR?2 (REF. 171). Consequently, an amino-acid
interacting-binding pocket is conserved in the extracell-
ular domains of most Glutamate members, whereas the
TM regions function as the signalling unit in which many
allosteric interaction sites are located. One way of target-
ing a specific member of the glutamate binding receptors
would be to develop more specific high-affinity allosteric
ligands or potentiators'’?, as ligands interacting with the
glutamate binding pocket in the N termini are likely to
be less specific compared with those utilizing the amino-
acid diversity within the TM regions.

The latest orphan receptor to be de-orphanized within
this group of receptor proteins is GPRC6A'”. This recep-
tor has the general GRMs/CASR/TASIR structure with a
large extracellular domain that aligns well with the VFTM
of the GRMs/CASR/TASIR (FIG. 4). Moreover, GPRC6A
also contains the CRD adjacent to the TM regions'* and
the receptor can also be positively modulated by divalent
cations'”. The structure of the TM regions also resemble
the TM regions of GRMs/CASR/TASIRs, keeping the
two structurally important cysteines in the first and
second extracellular loop, the W in TM6 and the PK and
Y in the pkxY motif in TM7 (REF. 143) (FIG. 4). GPRC6A
was recently shown to respond to basic amino acids and
most preferentially to the L-ot amino acids arginine, lysine
and ornithine'”>'”.,

Orphan Glutamate family GPCRs. Recently, a new pro-
posed member of the GABABR group, GABABRL, was
cloned in humans and rats'”>. The sequence identity in
the TM region of this protein is ~30% conserved with
respect to GABABRI and GABABR2. The N terminus,
however, deviates drastically from the GABABRs, in
that GABABRL lacks the VFTM but contains cysteine
residues adjacent to the TMs'”® (FIC. 4). Cells express-
ing GABABRL alone or together with GABABR1 or
GABABR?2 were not able to respond to GABA, which led
the authors to suggest that this protein is a GABABR-like
orphan with the ligand still awaiting identification'”.
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Besides the GABABRL protein, six orphans have been
reported, starting with the GPRC5A or RAIGI (retinoic
acid-inducible gene) in 1998 (REF. 176). GPRC5A was
later followed by GPRC5B, 5C and 5D'7"'7. These
orphans share a similar N-terminal structure in that
they are short and contain two conserved cysteine resi-
dues (FIG. 4). The two cysteine residues are analogues to
the two cysteines closest to the membrane in the CRD
found in GRMs, CASR'” and TAS1Rs, which further
strengthens the evolutionary relationship between
these groups of receptors. The orphans can be divided
into two clusters based on sequence identity in the TM
regions: GPRC5B and GPRC5C are 50% identical, and
GPRC5A and GPRC5D are 52% identical. The sequence
identities between the clusters vary between 37 and 41%.
Furthermore, GPRC5B and GPRC5C both display the
two conserved cysteines in the extracellular parts of
the TM regions, GPRC5D only contains the conserved
cysteine in extracellular loop 2, whereas GPRC5A lacks
both cysteines. Both clusters contain the well-conserved
W in TM6 (position 13 in FIC. 4) and the P in the motif
pkxy in TM7 (FIC. 4) — residues that, owing to the high
level of conservation within the Glutamate family, are

Figure 5| Conserved features and structural motifs
within the frizzled and smoothened receptors.

The upper part of the figure illustrates the conformation
of the extracellular part of the mouse frizzled receptor 8
(FZD8)*. Conserved cysteine residues within the FZDs
are pictured as yellow circles in which the cysteine
bridge between the extracellular loop 1 and 2, which is
common to most G protein-coupled receptor (GPCR)
families, is drawn as two straight lines, and cysteine
bridges visualized by crystallization are drawn as one
straight line. The background structure of the ligand-
binding region of the mouse FZD8 is downloaded from
PDB database (accession number: 11]Y)*7, and visualized
using the Sybyl software (Tripos, Germany). Green-filled
circles indicate important ligand-binding residues
determined by en bloc alanine mutations between the
Xenopus Wnt8-alkaline phosphatase (XWnt8-AP) and the
extracellular region of mouse FZD8, whereas green
dotted circles equal positions in which the chemical
property is conserved between the mouse FZD8 and
human smoothened receptor (SMO). Red-encircled
green circles indicate positions of natural mutations in
the human FZD4, which cause severely defective Norrin-
dependent signalling®. Red-encircled yellow circles
denote cysteine residues associated with SMO mutants
with defective signalling properties?**?*. Red-encircled
residues in the transmembrane (TM) regions indicate
gain of function mutations in the SMO receptor
homologues?®. The schematic TM regions display the
consensus of an alignment generated in ClustalW 1.82
(REF. 233) of the ten FZDs from the human genome.

The positions of the residues are calculated from the TM
boundary (established by Barnes et al.*®) starting with 1
in the N- to C-terminal direction. Numbers in italic
correspond to the first position in each TM region of
FZD1.Residues conserved in all ten sequences are
displayed as circles in which conserved aliphatic residues
are shown in beige, polar in orange, aromatic in purple,
and positively charged in red.

most likely to be involved in the activation machinery
and/or G-protein signalling. Recently, two additional
orphans were identified, GPR158 and GPR158L"*>!,
These proteins do not contain any conserved domains
within their respective N termini.

The Frizzled/Taste2 family

The frizzled and smoothened receptors. This group
consists of ten frizzled receptors (FZD1-10) and the
smoothened receptor (SMO)*®. The first report of a
seven hydrophobic domain-containing protein, assigned
to the tissue polarity locus (frizzled) in Drosophila, was
published in 1989 (REF. 181). During the following 12
years, ten human homologues of the Drosophila FZD
were cloned and characterized'®**. The FZDs bind the
family of Wnt glycoproteins'', whereas the SMO protein
seems to function in a ligand-independent manner as
the signalling unit in the patched, sonic hedgehog (SHH)
and SMO complex'®. Until 1997, it was unclear whether
the FZDs were GPCRs; that is, transmitting their signal
through G proteins. However, Xenopus Wnt-5a was
shown to increase the intracellular level of Ca?** through
the phosphatidylinositol signalling pathway (G ) by
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Figure 6 | Conserved features and structural motifs within the bitter taste 2
receptors (T2Rs). The schematic transmembrane (TM) regions display the consensus
of an alignment generated in ClustalW 1.82 (REF. 233) of eight closely related T2Rs
(see main text) from the human genome. The positions of the residues are calculated
from the TM boundary (established by Adler et al.*®) starting with 1 in the N- to
C-terminal direction. Numbers in italic correspond to the first position in each TM
region of T2R45. Uppercase letters indicate completely conserved positions, lowercase
letters indicate well-conserved positions, whereas x indicates variable positions.
Residues conserved in all eight sequences are displayed as circles in which conserved
aliphatic residues are shown in beige, polar in orange, aromatic in purple, positively
charged in red and negatively charged in blue. Conserved sequence motifs found in
the TM regions of T2Rs are surrounded by green boxes. Positions conserved within all
25 human T2Rs are encircled with green. *Single nucleotide polymorphism in human
T2R4.#Substituted in non-taster mouse T2R5.

interaction with the rat FZD2 (REF. 193) and SMO signal-
ling proceeds via the G, pathway'*. The relationship to
the GPCR superfamily was further strengthened when
sequence comparisons with Secretin receptors revealed
resemblance in the extracellular regions and the presence
of the well-conserved cysteines in the first and second
extracellular loops'® (FIC. 5). Moreover, the Xenopus Fzd3
was recently found to be functional as a homodimer, a
feature that is shared with the GRMs"*.

The extracellular part of the FZDs range from 200 to
320 amino acids in length in which the differences mostly
lie in the linker region between the TM part and the extra-
cellular ligand binding domain'®. The Wnt ligands bind
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to a cysteine-rich region in the extracellular part of the
receptor protein where the positions of nine cysteines
are conserved'” (FIG. 5; TABLE 1). However, new evidence
shows that there may be additional binding sites outside
this region, which may be located in the extracellular
loops of the TM regions'*. Residues that are important
for XWnt8-mouse FZD8 interactions have been identi-
tied by en bloc alanine mutations'” (FIC. 5). Wnts are not
the only ligands for the FZDs. Recently, the secreted
protein Norrin was shown to interact and signal through
the mouse Fzd4 (REF. 199). Two familial exudative vitreo-
retinopathy (FEVR)-associated mutations in the ligand
binding domain of FZD4, M105V and M157V (FIC. 5) are
capable of binding to Norrin but are severely defective in
signalling'”®. A FEVR-associated mutant that lacks two
amino acids in the end of TM7 has also been shown to
have defective signalling properties®. One of the residues
missing, W494, may be analogous to the Y in the well-
conserved nPxxy motif in TM7 of Rhodopsin receptors, a
position that is also associated with GPCR signalling®.

The human orthologue of the SMO protein in
Drosophila was first discovered in 1996 by Stone and
co-workers?®. The SMO protein shares several struc-
tural features with the FZDs?”. Eight of the conserved
cysteines in the extracellular region are preserved in the
SMO protein (FIC. 5) and the importance of these resi-
dues has been highlighted by the two inactive Drosophila
mutants, smo'* (REF. 203) and smo™ (REF. 204), which both
contain a missense mutation with respect to a conserved
cysteine. Moreover, the chemical properties of seven resi-
dues involved in Wnt binding to the FZDs are conserved
in the SMO extracellular region (FIG. 5). The disruption of
the postulated conserved cysteine bridge between the first
and second extracellular loop has been associated with
the loss of function of mutant smo*" (REF. 203). Several
gain-of-function mutants in SMO have been found in the
bottom part of TM6 and TM7 (REF. 205) (FIC. 5). Intriguingly,
one of them coincides with the well-conserved aromatic
residue positioned in TM7 close to the cytosolic side**”,
a position associated with signal transduction mecha-
nisms in FZDs and possibly a homologous position to the
Y in nPxxy in the Rhodopsin receptors'*?”'. Analogous
to the GRMs, small-molecule compounds have the
ability to interact directly with the TM regions of the SMO
protein and directly affect the signalling properties of the
receptor, possibly by interacting with different binding
pockets in the receptor protein®®*”. So far, there are no
approved drugs that target an FZD or SMO. However,
these receptors are implicated in cancer development, as
several types of human tumour have been associated with
gain-of-function mutations in SMO?*, and blocking of
FZD10 suppresses growth of synovial sarcoma cells?®.
The potential for targeting these receptors for cancer
therapy has thus gained stronger impetus.

The Taste2 receptors. The human genome contains 25
functional T2R genes, which are mostly localized in clus-
ters on chromosome 7q31 and 12p13 (REFS 19,20,209-212).
The nature of the bitter taste receptors was discovered
in 2000, when the bitter compounds cycloheximide,
denatonium and 6-n-propyl-2-thiouracil were found
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Box 1| The evolutionary success of GPCRs

Seven transmembrane (7TM)-containing proteins have now been identified in five of
the six kingdoms of life??: Bacteria, Protozoa, Plantae, Fungi and Animalia. Of these,
only members from the kingdoms Animalia, Fungi and Protozoa have so far been
shown to interact with G-proteins?'?%, These particular G protein-coupled
receptors (GPCRs) found in Fungi and Protozoa show little, if any, sequence similarity
to the GPCRs found in Animalia. Nevertheless, recent findings indicate that several
of the main GPCR families that are found in the metazoan lineage are also present
already in the protozoan Dictyostelium?"??*??> but contain, in general, considerably
fewer members.

What is the key to the abundance and evolutionary success?”*??” of GPCRs in the
metazoans? During the evolution of the metazoan lineage, changes in the genetic
material, such as duplications, exon-shuffling events and natural selection, made it
possible for more complex functions to emerge. These functions enabled the
organism to grow, be protected from the environment and to find food and sexual
partners. GPCRs play a key role in communication, not only within the organism but
also between organisms. They have a central role in neural, endocrine and paracrine
signalling. In addition, most senses, like vision (the opsin within the o-group of the
Rhodopsin family), smell (the olfactory receptors within the 3-group of the Rhodopsin
GPCRs), bitter taste (the Taste2 receptors;T2Rs) and sweet and umami taste (the
TAS1Rs within the Glutamate family) are governed by GPCRs. The evolutionary
success of GPCRs is therefore probably founded in the possibility to expand,
specialize and fine-tune communication and for this reason the structural diversity
of GPCRs is essential.

Specialized GPCR-mediated communication can be obtained in several ways in
which three properties seem particularly important: specific interactions between
the ligand and the receptor, the receptors (dimerizations), and the receptor and the
intracellular components of the signalling cascade. An increasing understanding of
the diversity obtained by intracellular GPCR-linked mediators such as receptor-
activity-modifying proteins (RAMPs)*, arrestins??, G-proteins?*® and rho-GTPases?!
demonstrates their contribution to a highly sophisticated regulation. However,
one of the most central factors in the fine-tuning of GPCR-mediated signalling is
probably obtained through the great sequence diversity and hence the structure
of the GPCRs themselves.

Four out of the five main families have long, structurally diverse N termini, which
have a central role in ligand binding and functional specialization. These families
include the Glutamate family and the frizzled receptor group with homologues in
Dictyostelium??**??* and whose number have been relatively constant through the
vertebrate lineage?!. However, the evolutionarily most successful family, as judged by
their abundance, is the Rhodopsin family that appears to be absent in Dictyostelium?**??*
but is represented with over 670 unique members in humans?? They primarily bind
their ligands within a ligand-binding pocket that is mainly confined to the TM regions
and extracellular loops. So, apparently using the TM regions and the loops for both
ligand recognition and signal transduction could be a key to the specific evolutionary
success of the Rhodopsin family compared with the more structurally complex receptor
proteins that have long ligand-binding N termini. Using the TM regions and the loops as
a combined ligand recognition and signalling unit can also be observed in another
evolutionarily successful group of GPCRs, the T2Rs. Members from this family have only
been observed within the vertebrate lineage? in which, for example, the investigated
teleost genomes contain between four and six members, whereas the mouse genome
contain 35 full-length members?°21%232 This expansion has, however, happened during
a much shorter time period than for the Rhodopsin family, which were present already
before the deuterostome/proteostome split?.

to induce G-protein signalling in cells expressing the
7TM-spanning membrane proteins T2Rs*?. The T2Rs
can be divided into five different subgroups based on
phylogenetic analyses, in which the degree of sequence
conservation between the T2R subgroups differs remark-
ably (20-90%)?"". The great sequence diversity within the
T2Rs may explain how a limited number of receptors can
sense the thousands of bitter compounds that humans

can detect!*11214,

Several of the T2Rs are still orphans; however, T2R14
has recently been found to react to the bitter component
in absinthe ((-)-a-thujone) and to picrotoxin**, whereas
T2R43 (also known as T2R52; one receptor protein, two
different nomenclature systems, see REF. 210) and T2R44
(T2R53) react to acesulphame K and aristolochic acid*”.
T2R16 has been shown to bind B-glucopyranosides?'2.
The bitter sensation of saccharin has been associated
with the activation of T2R43 and T2R44 (REF. 215).
FIGURE 6 displays the structurally conserved regions of
a cluster of eight well-conserved T2Rs, which can all
be found in close proximity on human chromosome
12p13.2: T2R49 (T2R56), T2R48, T2R50 (T2R51),
T2R45, T2R44, T2R43, T2R54 and T2R47 (T2R44).
The T2Rs are relatively short GPCR receptor proteins,
spanning from 290 to 340 amino acids. They are intron-
less and display short N termini and C termini'®*°.
The T2Rs seem to lack the otherwise well-conserved
cysteine bridge between two of the extracellular loops
(TABLE 1). The extracellular regions and the top of TM3
are frequently associated with single nucleotide poly-
morphisms in mouse cycloheximide non-tasters (mouse
T2R5)%* and in human T2R4 (REF. 216) (FIC. 6).

Furthermore, the importance of the extracellular
loops in T2R ligand interaction/activation was recently
shown by Pronin et al., who identified amino acids crucial
for 6-nitrosaccharin and N-isopropyl-2-methyl-5-
nitrobenzenesulphonamide (IMNB) binding to the
human T2R43 (61), by exchanging parts of the extra-
cellular loop 1 and 2 with the non-binder T2R44 (64)*7
(FIG. 6) — the numbers within parenthesis indicates the
nomenclature used by REF. 217. Domain-swapping
experiments showed that the four differing residues in
extracellular loop 1 are crucial for IMNB binding and
activation, whereas both extracellular loops 1 and 2 are
important for 6-nitrosaccharin binding. The authors
also studied the molecular determinates for the inter-
action between denatonium and T2R47 and concluded
that the same area involved in 6-nitrosaccharin and
IMNB binding is crucial for denatonium binding to
T2R47 (REF. 217) (FIC. 6). This emphasizes the impor-
tance of the first and second extracellular loop in T2R
binding and activation. The T2Rs have high species
variation and seem, like the olfactory receptors, to have
few conserved residues that are common for binding of
their ligands. It is likely that the ligand repertoire con-
veys a different type of evolutionary pressure at these
receptors, as with the trace amine receptors®®, which
is in contrast to many other classic GPCRs that have a
more defined ligand-receptor association.

Concluding remarks and outlook

All the vertebrate genomes studied so far hold GPCRs
from the five main families (BOX 1), and our most recent
mining of the human proteome suggests that it contains
atleast 799 full-length human GPCRs*. However, fewer
should be considered as possible drug targets on the
basis of whether their physiological function could be
related to disease. The largest cluster of human GPCRs
that do not appear to represent potential drug targets
are the sensory receptors, including the olfactory (388),
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the bitter taste (T2Rs) (25), the vomeronasal (V1Rs,
V2Rs) (6), the sweet/umami taste (TAS1Rs) (3) and
the opsins/rhodopsin-related receptors (8)* (TABLE 1),
leaving 369 GPCRs that could represent drug targets.

There are at least 46 GPCRs (calculated as mono-
mers) that have been successfully targeted by drugs.
These are found in three of the main families: Rhodopsin
(>39), Secretin (4) and Glutamate (3) (TABLE 1). Thus,
323 GPCRs that could represent drug targets remain,
and about 150 of these are still orphans?. Additionally,
several of these orphan receptors do not have close
structural relatives; that is, they are not found in phylo-
genetic clusters like many GPCRs that bind similar
types of ligands.

Approximately 50% of the targeted GPCRs interact
naturally with peptides or proteins (including enzymes),
26% with biogenic amines, 15% with lipid-like ligands,
4% with amino acids, 2% with nucleotides and 2% with
cations (TABLE 1). Only a small fraction of the human
GPCRs have been successfully therapeutically targeted
so far: 17% (23 out of 133) of the receptors that bind
peptides or proteins (including enzymes); 29% (12 out of
41) of the receptors that bind biogenic amines; and 20%
(7 out of 35) of the lipid-like-binding receptors (ligand
preference numbers from REF. 52). Only one of the 16
receptors that bind purines (nucleotides) and two of
the 12 amino-acid-binding receptors have so far been
targeted therapeutically.

The biogenic amine-binding receptors have the high-
est number of successfully targeted receptors, which is
probably due to their relevance in the treatment of cardio-
vascular diseases, for example. The peptide/protein-
binding receptor group includes the highest number
of non-targeted receptors, suggesting a large potential
for new drug discovery. The peptide receptors have
the advantage of generally binding a limited number
of ligands, which cannot be said for many monoamine
receptors, which often have considerable affinity to

Parmentier, M. et al. Molecular cloning of the
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other naturally occurring monoamine ligands. The pep-
tide receptors are to a large degree involved in functions
such as regulation of body weight, pain sensation and
the immune system, which will continue to attract the
attention of drug developers for decades to come. The
lipid-binding receptors are gaining increased interest
and this coincides with our increased understanding
that many lipid compounds act as specific regulatory
factors (for a review, see REF. 219).

The Secretin receptors are mainly targeted through
peptide analogues of their endogenous ligands, whereas
the GRMs are difficult to target because of the central
role of glutamate in the nervous system and the multi-
tude of glutamate-binding receptors. The Adhesion family
is less characterized in terms of druggability; however
the high domain diversity within their N termini could
provide the basis for a selective therapy. The drawback,
though, of targeting these receptors with drugs aimed
at N-terminal domains is that most of the conserved
domains are found in other proteins, which could
interfere with selectivity. Nevertheless, receptors with
long N-terminal regions, such as the Adhesion GPCRs,
may be suitable targets for monoclonal antibody-based
drug treatments. Adhesion receptors may participate in
cell guiding functions and could therefore be suitable as
cancer or immunological drug targets.

To fully utilize the structural diversity of GPCRs
for selective drug targeting, detailed knowledge about
their secondary structure is needed. With respect to
this issue, receptors with ligand-binding pockets within
their N-terminal stretch may have an advantage because
of the possibility of obtaining crystallized structures of
such soluble parts, as observed recently with several
GRMs, FZD8 and the FSHR**>13¢13%197 However, many
non-drugged Rhodopsin receptors remain, and given the
previous success in targeting this family, it is anticipated
that this family will continue to attract the most attention
from GPCR-focused drug developers.

18. Fredriksson, R., Lagerstrom, M. C., Lundin, L. G. &

analysis, and intron—exon arrangement of the gene
encoding bovine rhodopsin. Cell 34, 807-814
(1983).

2. Hargrave, P. A. et al. The structure of bovine
rhodopsin. Biophys. Struct. Mech. 9, 235-244
(1983).

3. Hargrave, P. A. et al. Rhodopsin’s protein and
carbohydrate structure: selected aspects. Vision Res.
24, 1487-1499 (1984).

4. Lefkowitz, R. J. Historical review: a brief history and
personal retrospective of seven-transmembrane
receptors. Trends Pharmacol. Sci. 25, 413-422
(2004).

5. Dixon, R. A. et al. Cloning of the gene and cDNA for
mammalian B-adrenergic receptor and homology with
rhodopsin. Nature 321, 75-79 (1986).

6.  Kobilka, B. K. et al. Functional activity and regulation
of human B,-adrenergic receptors expressed in
Xenopus oocytes. J. Biol. Chem. 262, 15796-15802
(1987).

7.  Felder, C. C. et al. Anandamide, an endogenous
cannabimimetic eicosanoid, binds to the cloned
human cannabinoid receptor and stimulates
receptor-mediated signal transduction. Proc. Nat!
Acad. Sci. USA 90, 7656-7660 (1993).

8. Masu, Y. et al. cDNA cloning of bovine substance-K
receptor through oocyte expression system. Nature
329, 836-838 (1987).

thyrotropin receptor. Science 246, 1620—1622
(1989).

Schioth, H. B. The G-protein-coupled receptors in the
human genome form five main families. Phylogenetic

10. Attwood, T. K. & Findlay, J. B. Design of a analysis, paralogon groups, and fingerprints. Mol.
discriminating fingerprint for G-protein-coupled Pharmacol. 63, 1256—1272 (2003).
receptors. Protein Eng. 6, 167—-176 (1993). This articles introduces the concept of the five

11. Attwood, T. K. & Findlay, J. B. Fingerprinting main families of GPCRs: Glutamate, Rhodopsin,
G-protein-coupled receptors. Protein Eng. 7, 195-203 Adhesion, Frizzled/Taste2 and Secretin. The paper
(1994). subdivides the Rhodopsin family into four groups

12. Kolakowski, L. F. Jr. GCRDb: a G-protein-coupled and divides the former class B into two different
receptor database. Receptors Channels 2, 1-7 (1994). families based on sequence comparison

13. Foord, S. M. et al. International Union of (phylogeny) and also introduces the bitter taste2
Pharmacology. XLVI. G protein-coupled receptor list. receptors into the nomenclature system.
Pharmacol. Rev. 57, 279-288 (2005). 19. Adler, E. et al. A novel family of mammalian taste
The NC-IUPHAR committee is central for receptors. Cell 100, 693—-702 (2000).
improving the nomenclature within the GPCR field. 20. Matsunami, H., Montmayeur, J. P. & Buck, L. B.
This paper provides the reader with an updated A family of candidate taste receptors in human and
list of the human GPCRs, their ligands and mouse. Nature 404, 601-604 (2000).
appropriate abbreviations. 21. Fredriksson, R. & Schioth, H. B. The repertoire of

14. Bockaert, J. & Pin, J. P. Molecular tinkering of G-protein-coupled receptors in fully sequenced
G protein-coupled receptors: an evolutionary success. genomes. Mol. Pharmacol. 67, 1414—-1425 (2005).
EMBO J. 18, 1723-1729 (1999). 22. Gloriam, D. E., Fredriksson, R. & Schioth, H. B.

15. Lander, E. S. et al. Initial sequencing and analysis of The G protein-coupled receptor subset of the rat
the human genome. Nature 409, 860-921 (2001). genome. BMC Genomics 8, 338-405 (2007).

16. Venter, J. C. et al. The sequence of the human This paper provides the currently most up-to-date
genome. Science 291, 1304—-1351 (2001). list of human, mouse and rat repertoires of GPCRs.

17. Vassilatis, D. K. et al. The G protein-coupled receptor 23. Lagerstrom, M. C. et al. The G protein-coupled receptor

repertoires of human and mouse. Proc. Natl Acad.
Sci. USA 100, 4903-4908 (2003).

subset of the chicken genome. PLoS Comput. Biol. 2,
e54 (2006).

NATURE REVIEWS | DRUG DISCOVERY

© 2008 Nature Publishing Group

VOLUME 7 | APRIL 2008 | 353



REVIEWS

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

Palczewski, K. et al. Crystal structure of rhodopsin:

a G protein-coupled receptor. Science 289, 739-745
(2000).

This report of the first crystallized GPCR, the
bovine rhodopsin receptor, has been vital for
understanding the three-dimensional structure of a
GPCR. The information has been used extensively
for homology modelling and the article has so far
been cited over 2,000 times.

Schwartz, T. W. Locating ligand-binding sites in 7TM
receptors by protein engineering. Curr. Opin.
Biotechnol. 5, 434—444 (1994).

Frimurer, T. M. et al. A physicogenetic method to assign
ligand-binding relationships between 7TM receptors.
Bioorg. Med. Chem. Lett. 15, 3707-3712 (2005).
Cherezov, V. et al. High-resolution crystal structure of
an engineered human B,-adrenergic G protein coupled
receptor. Science 318, 1258-1265 (2007).

Seven years after the crystallization of rhodopsin,
the next GPCR structure was reported. The high-
resolution structure of the B,-adrenergic receptor
provides the field with the first coordinates of a
GPCR interacting with diffusible ligands.
Rasmussen, S. G. et al. Crystal structure of the human
B, adrenergic G-protein-coupled receptor. Nature
450, 383-387 (2007).

Vu, T. K., Hung., D. T, Wheaton, V. I. & Coughlin, S. R.
Molecular cloning of a functional thrombin receptor
reveals a novel proteolytic mechanism of receptor
activation. Cell 64, 1057—-1068 (1991).

Xu, W. F. et al. Cloning and characterization of human
protease-activated receptor 4. Proc. Natl Acad. Sci.
USA 95, 6642-6646 (1998).

Nystedt, S., Emilsson, K., Larsson, A. K., Strombeck, B.
& Sundelin, J. Molecular cloning and functional
expression of the gene encoding the human
proteinase-activated receptor 2. Eur. J. Biochem. 232,
84-89 (1995).

Ishihara, H. et al. Protease-activated receptor 3 is a
second thrombin receptor in humans. Nature 386,
502-506 (1997).

Oikonomopoulou, K. et al. Proteinase-mediated cell
signalling: targeting proteinase-activated receptors
(PARs) by kallikreins and more. Biol. Chem. 387,
677-685 (2006).

Hsu, S. Y. et al. The three subfamilies of leucine-rich
repeat-containing G protein-coupled receptors (LGR):
identification of LGR6 and LGR7 and the signaling
mechanism for LGR7. Mol. Endocrinol. 14, 1257-1271
(2000).

Hsu, S. Y. et al. Activation of orphan receptors by the
hormone relaxin. Science 295, 671-674 (2002).
Fan, Q. R. & Hendrickson, W. A. Structure of human
follicle-stimulating hormone in complex with its
receptor. Nature 433, 269-277 (2005).

Tyndall, J. D. & Sandilya, R. GPCR agonists and
antagonists in the clinic. Med. Chem. 1, 405-421
(2005).

This review summarizes clinically available drugs
that target GPCRs.

Surgand, J. S., Rodrigo, J., Kellenberger, E. & Rognan,
D. A chemogenomic analysis of the transmembrane
binding cavity of human G-protein-coupled receptors.
Proteins 62, 509-538 (2006).

Jacoby, E., Bouhelal, R., Gerspacher, M. & Seuwen, K.
The 7 TM G-protein-coupled receptor target family.
ChemMedChem 1, 761-782 (2006).

Strader, C. D., Sigal, I. S. & Dixon, R. A. Structural
basis of 3-adrenergic receptor function. FASEB J. 3,
1825-1832 (1989).

Liapakis, G. et al. The forgotten serine. A critical role
for Ser-2035.42 in ligand binding to and activation of
the B,-adrenergic receptor. J. Biol. Chem. 275,
37779-37788 (2000).

Swaminath, G. et al. Sequential binding of agonists to
the B, adrenoceptor. Kinetic evidence for intermediate
conformational states. J. Biol. Chem. 279, 686-691
(2004).

Van Gaal, L. F, Rissanen, A. M., Scheen, A. J.,
Ziegler, O. & Rossner, S. Effects of the cannabinoid-1
receptor blocker rimonabant on weight reduction and
cardiovascular risk factors in overweight patients:
1-year experience from the RIO-Europe study. Lancet
365, 1389-1397 (2005).

Onuffer, J. J. & Horuk, R. Chemokines, chemokine
receptors and small-molecule antagonists: recent
developments. Trends Pharmacol. Sci. 23, 459-467
(2002).

Civelli, O., Saito, Y., Wang, Z., Nothacker, H. P. &
Reinscheid, R. K. Orphan GPCRs and their ligands.
Pharmacol. Ther. 110, 525-532 (2006).

46.

47.

48,

49.

50.

51.

52.

53.

54.

56.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Overton, H. A. et al. Deorphanization of a G protein-
coupled receptor for oleoylethanolamide and its use in
the discovery of small-molecule hypophagic agents.
Cell. Metab. 3, 167—-175 (2006).

Fredriksson, R., Hoglund, P. J., Gloriam, D. E.,
Lagerstrom, M. C. & Schioth, H. B. Seven
evolutionarily conserved human rhodopsin G protein-
coupled receptors lacking close relatives. FEBS Lett.
554, 381-388 (2003).

Hirasawa, A. et al. Free fatty acids regulate gut
incretin glucagon-like peptide-1 secretion through
GPR120. Nature Med. 11, 90-94 (2005).

Thomas, P, Pang, Y., Filardo, E. J. & Dong, J. Identity
of an estrogen membrane receptor coupled to a G
protein in human breast cancer cells. Endocrinology
146, 624-632 (2005).

Wang, J. et al. Kynurenic acid as a ligand for orphan G
protein-coupled receptor GPR35. J. Biol. Chem. 281,
22021-22028 (2006).

Tabata, K., Baba, K., Shiraishi, A., Ito, M. & Fujita, N.
The orphan GPCR GPR87 was deorphanized and
shown to be a lysophosphatidic acid receptor. Biochem.
Biophys. Res. Commun. 363, 861-866 (2007).
Bjarnadottir, T. K. et al. Comprehensive repertoire and
phylogenetic analysis of the G protein-coupled receptors
in human and mouse. Genomics 88, 263-273 (2006).
Levoye, A. et al. The orphan GPR50 receptor
specifically inhibits MT, melatonin receptor function
through heterodimerization. EMBO J. 25, 3012-3023
(2006).

Galvez, T. et al. Allosteric interactions between GB1
and GB2 subunits are required for optimal GABA,
receptor function. EMBO J. 20, 2152-2159 (2001).
Jones, K. A. et al. GABA, receptors function as a
heteromeric assembly of the subunits GABA,R1 and
GABA,R2. Nature 396, 674-679 (1998).

Robbins, M. J. et al. GABA,, is essential for G-protein
coupling of the GABA, receptor heterodimer.

J. Neurosci. 21, 8043-8052 (2001).

Hoon, M. A. et al. Putative mammalian taste
receptors: a class of taste-specific GPCRs with distinct
topographic selectivity. Cell 96, 541-551 (1999).

Li, X. et al. Human receptors for sweet and umami
taste. Proc. Natl Acad. Sci. USA 99, 4692-4696
(2002).

Nelson, G. et al. An amino-acid taste receptor. Nature
416, 199-202 (2002).

Nelson, G. et al. Mammalian sweet taste receptors.
Cell 106, 381-390 (2001).

Sainz, E., Korley, J. N., Battey, J. F. & Sullivan, S. L.
Identification of a novel member of the T1R family of
putative taste receptors. J. Neurochem. 77, 896-903
(2001).

Libert, F. et al. Selective amplification and cloning of
four new members of the G protein-coupled receptor
family. Science 244, 569-572 (1989).

Buck, L. & Axel, R. A novel multigene family may
encode odorant receptors: a molecular basis for odor
recognition. Cell 65, 175-187 (1991).

Parmentier, M. et al. Expression of members of the
putative olfactory receptor gene family in mammalian
germ cells. Nature 355, 453—-455 (1992).
Mombaerts, P. The human repertoire of odorant
receptor genes and pseudogenes. Annu. Rev.
Genomics Hum. Genet. 2, 493-510 (2001).

Malnic, B., Godfrey, P. A. & Buck, L. B. The human
olfactory receptor gene family. Proc. Natl Acad. Sci.
USA 101, 2584-2589 (2004).

Niimura, Y. & Nei, M. Evolution of olfactory receptor
genes in the human genome. Proc. Natl Acad. Sci.
USA 100, 12235-12240 (2003).

Zozulya, S., Echeverri, F. & Nguyen, T. The human
olfactory receptor repertoire. Genome Biol. 2,
Research0018.1-0018.12 (2001).

Glusman, G. et al. The olfactory receptor gene
superfamily: data mining, classification, and
nomenclature. Mamm. Genome 11, 1016-1023
(2000).

Rovati, G. E., Capra, V. & Neubig, R. R. The highly
conserved DRY motif of class A G protein-coupled
receptors: beyond the ground state. Mol. Pharmacol.
71, 959-964 (2007).

Man, O,, Gilad, Y. & Lancet, D. Prediction of the
odorant binding site of olfactory receptor proteins by
human—mouse comparisons. Protein Sci. 13, 240-254
(2004).

Floriano, W. B., Vaidehi, N., Goddard, W. A. 3rd,
Singer, M. S. & Shepherd, G. M. Molecular
mechanisms underlying differential odor responses of
a mouse olfactory receptor. Proc. Natl Acad. Sci. USA
97, 10712-10716 (2000).

73.

T4.

75.

76.

77.

78.

79.

80.

82.

83.

84.

85.

86.

87.

88

89.

90

91.

92

93.

94.

Gaillard, 1., Rouquier, S., Chavanieu, A., Mollard, P.

& Giorgi, D. Amino-acid changes acquired during
evolution by olfactory receptor 912-93 modify the
specificity of odorant recognition. Hum. Mol. Genet.
13, 771-780 (2004).

Singer, M. S. Analysis of the molecular basis for
octanal interactions in the expressed rat 17 olfactory
receptor. Chem. Senses 25, 155—-165 (2000).
Malnic, B., Hirono, J., Sato, T. & Buck, L. B.
Combinatorial receptor codes for odors. Cell 96,
713-723(1999).

A seminal paper describing the concept of
combinatorial receptor codes for different odorants,
which enables humans to distinguish a vast number
of odorants from each other.

Wetzel, C. H. et al. Specificity and sensitivity of a
human olfactory receptor functionally expressed in
human embryonic kidney 293 cells and Xenopus
laevis oocytes. J. Neurosci. 19, 7426—-7433 (1999).
Spehr, M. et al. Identification of a testicular odorant
receptor mediating human sperm chemotaxis. Science
299, 2054-2058 (2003).

Shirokova, E. et al. Identification of specific ligands for
orphan olfactory receptors. G protein-dependent
agonism and antagonism of odorants. J. Biol. Chem.
280, 11807-11815 (2005).

Krautwurst, D., Yau, K. W. & Reed, R. R. Identification of
ligands for olfactory receptors by functional expression
of a receptor library. Cell 95, 917-926 (1998).
Matarazzo, V. et al. Functional characterization of two
human olfactory receptors expressed in the
baculovirus sf9 insect cell system. Chem. Senses 30,
195-207 (2005).

Young, J. M. & Trask, B. J. The sense of smell:
genomics of vertebrate odorant receptors. Hum. Mol.
Genet. 11, 1153-1160 (2002).

Harmar, A. J. Family-B G-protein-coupled receptors.
Genome Biol. 2, Reviews3013.1-3113.10 (2001).
Ishihara, T. et al. Molecular cloning and expression of
a cDNA encoding the secretin receptor. EMBO J. 10,
1635-1641 (1991).

Hofmann, B. A. et al. Functional and protein chemical
characterization of the N-terminal domain of the rat
corticotropin-releasing factor receptor 1. Protein Sci.
10, 2050-2062 (2001).

Grauschopf, U. et al. The N-terminal fragment of human
parathyroid hormone receptor 1 constitutes a hormone
binding domain and reveals a distinct disulfide pattern.
Biochemistry 39, 8878-8887 (2000).

Bazarsuren, A. et al. In vitro folding, functional
characterization, and disulfide pattern of the
extracellular domain of human GLP-1 receptor.
Biophys. Chem. 96, 305-318 (2002).

Crace, C. R. et al. NMR structure and peptide
hormone binding site of the first extracellular domain
of a type B1 G protein-coupled receptor. Proc. Nat/
Acad. Sci. USA 101, 12836—-12841 (2004).

Godfrey, P. et al. GHRH receptor of little mice contains
a missense mutation in the extracellular domain that
disrupts receptor function. Nature Genet. 4, 227-232
(1993).

DeAlmeida, V. I. & Mayo, K. E. Identification of binding
domains of the growth hormone-releasing hormone
receptor by analysis of mutant and chimeric receptor
proteins. Mol. Endocrinol. 12, 750-765 (1998).
Assil, 1. Q., Qi, L. J., Arai, M., Shomali, M. & Abou-
Samra, A. B. Juxtamembrane region of the amino
terminus of the corticotropin releasing factor receptor
type 1 is important for ligand interaction.
Biochemistry 40, 1187-1195 (2001).

Vilardaga, J. P, Lin, I. & Nissenson, R. A. Analysis of
parathyroid hormone (PTH)/secretin receptor chimeras
differentiates the role of functional domains in the pth/
pth-related peptide (PTHrP) receptor on hormone
binding and receptor activation. Mol. Endocrinol. 15,
1186-1199 (2001).

Unson, C. G. et al. Roles of specific extracellular
domains of the glucagon receptor in ligand binding
and signaling. Biochemistry 41, 11795-11803
(2002).

Pham, V., Wade, J. D., Purdue, B. W. & Sexton, P. M.
Spatial proximity between a photolabile residue in
position 19 of salmon calcitonin and the amino
terminus of the human calcitonin receptor. J. Biol.
Chem. 279, 6720-6729 (2004).

Dong, M. et al. Spatial approximation between two
residues in the mid-region of secretin and the amino
terminus of its receptor. Incorporation of seven sets of
such constraints into a three-dimensional model of the
agonist-bound secretin receptor. J. Biol. Chem. 278,
48300-48312 (2003).

354 [ APRIL 2008 [ VOLUME 7

© 2008 Nature Publishing Group

www.nature.com/reviews/drugdisc



95. Dong, M., Pinon, D. I., Cox, R. F. & Miller, L. J.
Importance of the amino terminus in secretin family
G protein-coupled receptors. Intrinsic photoaffinity
labeling establishes initial docking constraints for the
calcitonin receptor. J. Biol. Chem. 279, 1167-1175
(2004).

96. Dong, M., Li, Z., Pinon, D. I., Lybrand, T. P. &

Miller, L. J. Spatial approximation between the amino
terminus of a peptide agonist and the top of the sixth
transmembrane segment of the secretin receptor.

J. Biol. Chem. 279, 2894-2903 (2004).

97. Nauck, M. A. & Meier, J. J. Glucagon-like peptide 1
and its derivatives in the treatment of diabetes.
Regul. Pept. 128, 135—148 (2005).

98. Stacey, M., Lin, H. H., Gordon, S. & McKnight, A. J.
LNB-TM7, a group of seven-transmembrane
proteins related to family-B G-protein-coupled
receptors. Trends Biochem. Sci. 25, 284-289
(2000).

99. Bjarnadottir, T. K. et al. The human and mouse

repertoire of the adhesion family of G-protein-coupled

receptors. Genomics 84, 23—-33 (2004).

This paper highlighted the diversity of functional

domains within the Adhesion family of GPCRs.

Baud, V. et al. EMRT1, an unusual member in the

family of hormone receptors with seven

transmembrane segments. Genomics 26, 334—344

(1995).

. Krasnoperov, V. G. et al. a-Latrotoxin stimulates
exocytosis by the interaction with a neuronal
G-protein-coupled receptor. Neuron 18, 925-937
(1997).

Krasnoperov, V. et al. Post-translational proteolytic
processing of the calcium-independent receptor of
a-latrotoxin (CIRL), a natural chimera of the cell
adhesion protein and the G protein-coupled receptor.
Role of the G protein-coupled receptor proteolysis site
(GPS) motif. J. Biol. Chem. 277, 46518-46526
(2002).

. Lin, H. H. et al. Autocatalytic cleavage of the EMR2

receptor occurs at a conserved G protein-coupled

receptor proteolytic site motif. J. Biol. Chem. 279,

31823-31832 (2004).

Nechiporuk, T., Urness, L. D. & Keating, M. T. ETL,

a novel seven-transmembrane receptor that is

developmentally regulated in the heart. ETL is a

member of the secretin family and belongs to the

epidermal growth factor-seven-transmembrane

subfamily. J. Biol. Chem. 276, 4150-4157 (2001).

Lin, H. H. et al. Molecular analysis of the epidermal

growth factor-like short consensus repeat domain-

mediated protein—protein interactions: dissection of

the CD97-CD55 complex. J. Biol. Chem. 276,

24160-24169 (2001).

Lelianova, V. G. et al. o-Latrotoxin receptor,

latrophilin, is a novel member of the secretin family of

G protein-coupled receptors. J. Biol. Chem. 272,

21504-21508 (1997).

Little, K. D., Hemler, M. E. & Stipp, C. S. Dynamic

regulation of a GPCR—tetraspanin—G protein

complex on intact cells: central role of CD81 in
facilitating GPR56—Go,,, association. Mol. Biol. Cell

15,2375-2387 (2004).

108. Stacey, M. et al. The epidermal growth factor-like
domains of the human EMR2 receptor mediate cell
attachment through chondroitin sulfate
glycosaminoglycans. Blood 102, 2916-2924 (2003).

109. Stacey, M, Lin, H. H., Hilyard, K. L., Gordon, S. &

McKnight, A. J. Human epidermal growth factor (EGF)

module-containing mucin-like hormone receptor 3 is a

new member of the EGF-TM7 family that recognizes

a ligand on human macrophages and activated

neutrophils. J. Biol. Chem. 276, 18863—18870

(2001).

Stacey, M. et al. EMR4, a novel epidermal growth

factor (EGF)-TM7 molecule up-regulated in activated

mouse macrophages, binds to a putative cellular
ligand on B lymphoma cell line A20. J. Biol. Chem.

277, 29283-29293 (2002).

Hamann, J., Vogel, B., van Schijndel, G. M. & van Lier,

R. A. The seven-span transmembrane receptor CD97

has a cellular ligand (CD55, DAF). J. Exp. Med. 184,

1185-1189 (1996).

This paper is the first to show that GPCRs can bind

to ligands attached to the extracellular matrix of

other cells, thereby further widening our concepts
about the ligand preferences of GPCRs.

Hamann, J. et al. Characterization of the CD55

(DAF)-binding site on the seven-span transmembrane

receptor CD97. Eur. J. Inmunol. 28, 1701-1707

(1998).

100.

10

102

104

105.

106

107.

©

112,

113,

11

a1

116.

11

~

118.

119.

120.

N

12

N

123.

124.

125.

12

(o]

12

-

128.

129.

130.

W

13

N

Xu, L., Begum, S., Hearn, J. D. & Hynes, R. O. GPR56,
an atypical G protein-coupled receptor, binds tissue
transglutaminase, TG2, and inhibits melanoma tumor
growth and metastasis. Proc. Natl Acad. Sci. USA
103, 9023-9028 (2006).

. Liu, M. et al. GPR56, a novel secretin-like human

G-protein-coupled receptor gene. Genomics 55,
296-305 (1999).

. Sugita, S., Ichtchenko, K., Khvotchev, M. &

Sudhof, T. C. a-Latrotoxin receptor CIRL/latrophilin 1
(CL1) defines an unusual family of ubiquitous
G-protein-linked receptors. G-protein coupling not
required for triggering exocytosis. J. Biol. Chem. 273,
32715-32724 (1998).

Krasnoperov, V., Bittner, M. A, Holz, R. W,,

Chepurny, O. & Petrenko, A. G. Structural requirements
for o-latrotoxin binding and a-latrotoxin-stimulated
secretion. A study with calcium-independent receptor of
o-latrotoxin (CIRL) deletion mutants. J. Biol. Chem.
274, 3590-3596 (1999).

. Hadjantonakis, A. K. et al. Celsr1, a neural-specific

gene encoding an unusual seven-pass transmembrane
receptor, maps to mouse chromosome 15 and human
chromosome 22qter. Genomics 45, 97-104 (1997).
Nakayama, M. et al. Identification of high-molecular-
weight proteins with multiple EGF-like motifs by
motif-trap screening. Genomics 51, 27-34 (1998).
Usui, T. et al. Flamingo, a seven-pass transmembrane
cadherin, regulates planar cell polarity under the
control of Frizzled. Cell 98, 585-595 (1999).

Curtin, J. A. et al. Mutation of Celsr1 disrupts planar
polarity of inner ear hair cells and causes severe
neural tube defects in the mouse. Curr. Biol. 13,
1129-1133 (2003).

. Nishimori, H. et al. A novel brain-specific p53-target

gene, BAI1, containing thrombospondin type 1
repeats inhibits experimental angiogenesis. Oncogene
15, 2145-2150 (1997).

. Osterhoff, C., Ivell, R. & Kirchhoff, C. Cloning of a

human epididymis-specific mRNA, HE6, encoding a
novel member of the seven transmembrane-domain
receptor superfamily. DNA Cell Biol. 16, 379-389
(1997).

Shiratsuchi, T., Nishimori, H., Ichise, H., Nakamura, Y.
& Tokino, T. Cloning and characterization of BAI2 and
BAI3, novel genes homologous to brain-specific
angiogenesis inhibitor 1 (BAIT). Cytogenet. Cell Genet.
79, 103-108 (1997).

Nikkila, H. et al. Sequence similarities between

a novel putative G protein-coupled receptor and
Na*/Ca2* exchangers define a cation binding domain.
Mol. Endocrinol. 14, 1351-1364 (2000).
Fredriksson, R., Lagerstrom, M. C., Hoglund, P. J. &
Schioth, H. B. Novel human G protein-coupled
receptors with long N-terminals containing GPS
domains and Ser/Thr-rich regions. FEBS Lett. 531,
407-414 (2002).

. Fredriksson, R., Gloriam, D. E., Hoglund, P. J.,

Lagerstrom, M. C. & Schioth, H. B. There exist at least
30 human G-protein-coupled receptors with long Ser/
Thr-rich N-termini. Biochem. Biophys. Res. Commun.
301, 725-734 (2003).

. Lopezjimenez, N. D. et al. Two novel genes, Gprli13,

which encodes a family 2 G-protein-coupled receptor,
and Trcg 1, are selectively expressed in taste receptor
cells. Genomics 85, 472—-482 (2005).

Abe, J., Suzuki, H., Notoya, M., Yamamoto, T. &
Hirose, S. Ig-hepta, a novel member of the G protein-
coupled hepta-helical receptor (GPCR) family that has
immunoglobulin-like repeats in a long N-terminal
extracellular domain and defines a new subfamily of
GPCRs. J. Biol. Chem. 274, 19957-19964 (1999).
Abe, J., Fukuzawa, T. & Hirose, S. Cleavage of Ig-Hepta
at a “SEA” module and at a conserved G protein-
coupled receptor proteolytic site. J. Biol. Chem. 277,
23391-23398 (2002).

Wreschner, D. H. et al. Generation of ligand-receptor
alliances by “SEA” module-mediated cleavage of
membrane-associated mucin proteins. Protein Sci. 11,
698-706 (2002).

. McMillan, D. R., Kayes-Wandover, K. M.,

Richardson, J. A. & White, P. C. Very large

G protein-coupled receptor-1, the largest known cell
surface protein, is highly expressed in the developing
central nervous system. J. Biol. Chem. 277, 785-792
(2002).

. McMillan, D. R. & White, P. C. Loss of the

transmembrane and cytoplasmic domains of the very
large G-protein-coupled receptor-1 (VLGR1 or Mass1)
causes audiogenic seizures in mice. Mol. Cell
Neurosci. 26, 322-329 (2004).

133.

13

135.

13

(o))

137.

138.

139.

14

~

142.

14

W

144,

o~
a1

146.

147.

148.

149.

150.

o

154.

»

o

REVIEWS

Bjarnadottir, T. K. et al. Identification of novel splice
variants of adhesion G protein-coupled receptors.
Gene 387, 38-48 (2006).

Lagerstrom, M. C. et al. The evolutionary history and
tissue mapping of GPR123: specific CNS expression
pattern predominantly in thalamic nuclei and regions
containing large pyramidal cells. J. Neurochem. 100,
1129-1142 (2007).

Bjarnadottir, T. K., Fredriksson, R. & Schioth, H. B.
The gene repertoire and the common evolutionary
history of glutamate, pheromone (V2R), taste(1) and
other related G protein-coupled receptors. Gene 362,
70-84 (2005).

. Kunishima, N. et al. Structural basis of glutamate

recognition by a dimeric metabotropic glutamate
receptor. Nature 407, 971-977 (2000).

This paper provides the first high-resolution
structure of the extracellular ligand binding
domain of a Glutamate family member, GRM1,
from rat.

O’Hara, P. J. et al. The ligand-binding domain in
metabotropic glutamate receptors is related to
bacterial periplasmic binding proteins. Neuron 11,
41-52 (1993).

Parmentier, M. L. et al. Conservation of the ligand
recognition site of metabotropic glutamate receptors
during evolution. Neuropharmacology 39, 1119-1131
(2000).

Muto, T, Tsuchiya, D., Morikawa, K. & Jingami, H.
Structures of the extracellular regions of the group I/
11l metabotropic glutamate receptors. Proc. Natl Acad.
Sci. USA 104, 3759-3764 (2007).

This paper highlights the importance of the
conserved linker region between the extracellular
ligand binding domain and the transmembrane
signalling region in Glutamate family receptors.
Brauner-Osborne, H., Jensen, A. A., Sheppard, P. O.,
O’Hara, P. & Krogsgaard-Larsen, P. The agonist-
binding domain of the calcium-sensing receptor is
located at the amino-terminal domain. J. Biol. Chem.
274, 18382-18386 (1999).

. Brown, E. M. et al. Cloning and characterization of

an extracellular Ca?*-sensing receptor from bovine
parathyroid. Nature 366, 575-580 (1993).
Kuang, D. et al. Molecular similarities in the ligand
binding pockets of an odorant receptor and the
metabotropic glutamate receptors. J. Biol. Chem.
278, 42551-42559 (2003).

. Wellendorph, P. & Brauner-Osborne, H. Molecular

cloning, expression, and sequence analysis of
GPRC6A, a novel family C G-protein-coupled receptor.
Gene 335, 37-46 (2004).

Silve, C. et al. Delineating a Ca>* binding pocket
within the venus flytrap module of the human calcium-
sensing receptor. J. Biol. Chem. 280, 37917-37923
(2005).

. Hermans, E. & Challiss, R. A. Structural, signalling

and regulatory properties of the group |
metabotropic glutamate receptors: prototypic family
C G-protein-coupled receptors. Biochem. J. 359,
465-484 (2001).

Nakanishi, S. Molecular diversity of glutamate
receptors and implications for brain function. Science
258,597-603 (1992).

Kubo, Y., Miyashita, T. & Murata, Y. Structural basis for
a Ca?*-sensing function of the metabotropic glutamate
receptors. Science 279, 1722—-1725 (1998).
Conigrave, A. D., Quinn, S. J. & Brown, E. M. L-Amino
acid sensing by the extracellular Ca?*-sensing receptor.
Proc. Natl Acad. Sci. USA 97, 4814-4819 (2000).
Xu, H. et al. Different functional roles of T1R subunits
in the heteromeric taste receptors. Proc. Natl Acad.
Sci. USA 101, 14258-14263 (2004).

Rondard, P. et al. Coupling of agonist binding to
effector domain activation in metabotropic glutamate-
like receptors. J. Biol. Chem. 281, 24653-24661
(2006).

. Yu, L. et al. NCD3G: a novel nine-cysteine domain in

family 3 GPCRs. Trends Biochem. Sci. 29, 458-461
(2004).

. Hu, J., Hauache, O. & Spiegel, A. M. Human Ca?*

receptor cysteine-rich domain. Analysis of function of
mutant and chimeric receptors. J. Biol. Chem. 275,
16382-16389 (2000).

. Tan, Y. M. et al. Autosomal dominant hypocalcemia:

a novel activating mutation (E604K) in the cysteine-
rich domain of the calcium-sensing receptor. J. Clin.
Endocrinol. Metab. 88, 605-610 (2003).

Jiang, P. et al. The cysteine-rich region of T1R3
determines responses to intensely sweet proteins.
J. Biol. Chem. 279, 45068-45075 (2004).

NATURE REVIEWS | DRUG DISCOVERY

© 2008 Nature Publishing Group

VOLUME 7 | APRIL 2008 | 355



REVIEWS

155.

156.

157

159

160.

(o))

162.

163.

164.

165.

166

167.

168.

169

170.

~

172.

17

&N

17

o~

175.

176

Kaupmann, K. et al. Expression cloning of GABA;
receptors uncovers similarity to metabotropic
glutamate receptors. Nature 386, 239-246 (1997).
Martin, S. C., Russek, S. J. & Farb, D. H. Human
GABA,R genomic structure: evidence for splice
variants in GABA;R1 but not GABA,R2. Gene 278,
63-79 (2001).

Galvez, T. et al. Mutagenesis and modeling of the
GABA, receptor extracellular domain support a venus
flytrap mechanism for ligand binding. J. Biol. Chem.
274, 13362-13369 (1999).

. Reid, K. B. & Day, A. J. Structure—function

relationships of the complement components.
Immunol. Today 10, 177-180 (1989).

Ichinose, A., Bottenus, R. E. & Davie, E. W. Structure of
transglutaminases. J. Biol. Chem. 265, 13411-13414
(1990).

Liu, J. et al. Molecular determinants involved in the
allosteric control of agonist affinity in the GABA,
receptor by the GABA,, subunit. J. Biol. Chem. 279,
15824—-15830 (2004).

Kniazeff, J. et al. Locking the dimeric GABA,
G-protein-coupled receptor in its active state.

J. Neurosci. 24, 370-377 (2004).

Shoback, D. M. et al. The calcimimetic cinacalcet
normalizes serum calcium in subjects with primary
hyperparathyroidism. J. Clin. Endocrinol. Metab. 88,
5644-5649 (2003).

Malherbe, P. et al. Mutational analysis and molecular
modeling of the binding pocket of the metabotropic
glutamate 5 receptor negative modulator
2-methyl-6-(phenylethynyl)-pyridine. Mol. Pharmacol.
64,823-832 (2003).

Litschig, S. et al. CPCCOEt, a noncompetitive
metabotropic glutamate receptor 1 antagonist,
inhibits receptor signaling without affecting
glutamate binding. Mol. Pharmacol. 55, 453-461
(1999).

Gasparini, F., Kuhn, R. & Pin, J. P. Allosteric
modulators of group | metabotropic glutamate
receptors: novel subtype-selective ligands and
therapeutic perspectives. Curr. Opin. Pharmacol. 2,
43-49 (2002).

Petrel, C. et al. Positive and negative allosteric
modulators of the Ca?*-sensing receptor interact
within overlapping but not identical binding sites in
the transmembrane domain. J. Biol. Chem. 279,
18990-18997 (2004).

Petrel, C. et al. Modeling and mutagenesis of

the binding site of Calhex 231, a novel negative
allosteric modulator of the extracellular
Ca’*-sensing receptor. J. Biol. Chem. 278,
49487-49494 (2003).

Knoflach, F. et al. Positive allosteric modulators of
metabotropic glutamate 1 receptor: characterization,
mechanism of action, and binding site. Proc. Nat!
Acad. Sci. USA 98, 13402-13407 (2001).

Jiang, P. et al. Identification of the cyclamate
interaction site within the transmembrane domain of
the human sweet taste receptor subunit T1R3. J. Biol.
Chem. 280, 34296-34305 (2005).

Jiang, P. et al. Lactisole interacts with the
transmembrane domains of human T1R3 to inhibit
sweet taste. J. Biol. Chem. 280, 15238-15246
(2005).

Binet, V. et al. The heptahelical domain of GABA,, is
activated directly by CGP7930, a positive allosteric
modulator of the GABA, receptor. J. Biol. Chem. 279,
29085-29091 (2004).

Chen, Y. et al. Interaction of novel positive allosteric
modulators of metabotropic glutamate receptor 5 with
the negative allosteric antagonist site is required for
potentiation of receptor responses. Mol. Pharmacol.
71, 1389-1398 (2007).

. Wellendorph, P. et al. Deorphanization of GPRC6A:

a promiscuous L-o-amino acid receptor with
preference for basic amino acids. Mol. Pharmacol.
67, 589-597 (2005).

. Christiansen, B., Hansen, K. B., Wellendorph, P. &

Brauner-Osborne, H. Pharmacological characterization
of mouse GPRC6A, an L-o--amino-acid receptor
modulated by divalent cations. Br. J. Pharmacol. 150,
798-807 (2007).

Calver, A. R. et al. Molecular cloning and
characterisation of a novel GABA-related G-protein
coupled receptor. Brain Res. Mol. Brain Res. 110,
305-317 (2003).

Cheng, Y. & Lotan, R. Molecular cloning and
characterization of a novel retinoic acid-inducible gene
that encodes a putative G protein-coupled receptor.

J. Biol. Chem. 273, 35008-35015 (1998).

~
~

178.

179.

180.

[e9]

182.

18

(%2

186.

188.

189.

19

N

19

W

195.

196.

198.

. Brauner-Osborne, H. et al. Cloning and

characterization of a human orphan family C G-protein
coupled receptor GPRC5D. Biochim. Biophys. Acta
1518, 237-248 (2001).

Brauner-Osborne, H. & Krogsgaard-Larsen, P.
Sequence and expression pattern of a novel human
orphan G-protein-coupled receptor, GPRC5B, a family
C receptor with a short amino-terminal domain.
Genomics 65, 121-128 (2000).

Robbins, M. J. et al. Molecular cloning and
characterization of two novel retinoic acid-inducible
orphan G-protein-coupled receptors (GPRC5B and
GPRC5C). Genomics 67, 8—18 (2000).

Ota, T. et al. Complete sequencing and
characterization of 21,243 full-length human cDNAs.
Nature Genet. 36, 40—45 (2004).

. Vinson, C. R., Conover, S. & Adler, P. N. A Drosophila

tissue polarity locus encodes a protein containing
seven potential transmembrane domains. Nature
338, 263-264 (1989).

Wang, Y. et al. A large family of putative
transmembrane receptors homologous to the product
of the Drosophila tissue polarity gene frizzled. J. Biol.
Chem. 271, 4468-4476 (1996).

. Wang, Y. K. et al. A novel human homologue of the

Drosophila frizzled wnt receptor gene binds
wingless protein and is in the Williams syndrome
deletion at 7q11.23. Hum. Mol. Genet. 6, 465-472
(1997).

. Zhao, Z., Lee, C. C., Baldini, A. & Caskey, C. T.

A human homologue of the Drosophila polarity gene
frizzled has been identified and mapped to 17g21.1.
Genomics 27, 370-373 (1995).

. Tokuhara, M., Hirai, M., Atomi, Y., Terada, M. &

Katoh, M. Molecular cloning of human Frizzled-6.
Biochem. Biophys. Res. Commun. 243, 622-627
(1998).

Sala, C. F, Formenti, E., Terstappen, G. C. &
Caricasole, A. Identification, gene structure, and
expression of human frizzled-3 (FZD3). Biochem.
Biophys. Res. Commun. 273, 27-34 (2000).

. Sagara, N., Toda, G., Hirai, M., Terada, M. & Katoh, M.

Molecular cloning, differential expression, and
chromosomal localization of human frizzled-1,
frizzled-2, and frizzled-7. Biochem. Biophys. Res.
Commun. 252, 117-122 (1998).

Saitoh, T., Hirai, M. & Katoh, M. Molecular cloning
and characterization of human Frizzled-8 gene on
chromosome 10p11.2. Int. J. Oncol. 18, 991-996
(2001).

Kirikoshi, H. et al. Molecular cloning and
characterization of human Frizzled-4 on chromosome
11q14-q21. Biochem. Biophys. Res. Commun. 264,
955-961 (1999).

. Koike, J. et al. Molecular cloning of Frizzled-10,

a novel member of the Frizzled gene family.
Biochem. Biophys. Res. Commun. 262, 39-43
(1999).

. Bhanot, P. et al. A new member of the frizzled family

from Drosophila functions as a Wingless receptor.
Nature 382, 225-230 (1996).

. Murone, M., Rosenthal, A. & de Sauvage, F. J.

Sonic hedgehog signaling by the patched-smoothened
receptor complex. Curr. Biol. 9, 76—84 (1999).

. Slusarski, D. C., Corces, V. G. & Moon, R. T.

Interaction of Wnt and a Frizzled homologue triggers
G-protein-linked phosphatidylinositol signalling.
Nature 390, 410—413 (1997).

. Riobo, N. A, Saucy, B., Dilizio, C. & Manning, D. R.

Activation of heterotrimeric G proteins by
Smoothened. Proc. Natl Acad. Sci. USA 103,
12607-12612 (2006).

Barnes, M. R., Duckworth, D. M. & Beeley, L. J.
Frizzled proteins constitute a novel family of

G protein-coupled receptors, most closely related
to the secretin family. Trends Pharmacol. Sci. 19,
399-400 (1998).

Carron, C. et al. Frizzled receptor dimerization is
sufficient to activate the Wnt/B-catenin pathway.
J. Cell Sci. 116, 2541-2550 (2003).

. Dann, C. E. et al. Insights into Wnt binding and

signalling from the structures of two Frizzled
cysteine-rich domains. Nature 412, 86—-90 (2001).
This paper provided the first high-resolution
structure of the ligand binding region of a Frizzled
family member.

Chen, C. M., Strapps, W., Tomlinson, A. & Struhl, G.
Evidence that the cysteine-rich domain of Drosophila
Frizzled family receptors is dispensable for
transducing Wingless. Proc. Natl Acad. Sci. USA 101,
15961-15966 (2004).

199.

20

20

202.

203.

204

205.

207.

208.

209.

220.

22

222.

o

Xu, Q. et al. Vascular development in the retina and
inner ear: control by Norrin and Frizzled-4, a high-
affinity ligand-receptor pair. Cell 116, 883-895
(2004).

Robitaille, J. et al. Mutant frizzled-4 disrupts retinal
angiogenesis in familial exudative vitreoretinopathy.
Nature Genet. 32, 326-330 (2002).

. Fritze, O. et al. Role of the conserved NPxxY(x)5,

6F motif in the rhodopsin ground state and during
activation. Proc. Natl Acad. Sci. USA 100, 2290-2295
(2003).

Stone, D. M. et al. The tumour-suppressor gene
patched encodes a candidate receptor for Sonic
hedgehog. Nature 384, 129-134 (1996).

Nakano, Y. et al. Functional domains and sub-cellular
distribution of the Hedgehog transducing protein
Smoothened in Drosophila. Mech. Dev. 121, 507-518
(2004).

Chen, Y. & Struhl, G. In vivo evidence that Patched
and Smoothened constitute distinct binding and
transducing components of a Hedgehog receptor
complex. Development 125, 4943-4948 (1998).
Taipale, J. et al. Effects of oncogenic mutations in
Smoothened and Patched can be reversed by
cyclopamine. Nature 406, 1005-1009 (2000).

. Chen, J. K., Taipale, J., Young, K. E., Maiti, . &

Beachy, P. A. Small molecule modulation of
Smoothened activity. Proc. Natl Acad. Sci. USA 99,
14071-14076 (2002).

Frank-Kamenetsky, M. et al. Small-molecule
modulators of Hedgehog signaling: identification and
characterization of Smoothened agonists and
antagonists. J. Biol. 1, 10 (2002).

Nagayama, S. et al. Therapeutic potential of
antibodies against FZD 10, a cell-surface protein,
for synovial sarcomas. Oncogene 24, 6201-6212
(2005).

Shi, P, Zhang, J., Yang, H. & Zhang, Y. P. Adaptive
diversification of bitter taste receptor genes in
mammalian evolution. Mol. Biol. Evol. 20, 805-814
(2003).

. Go, Y., Satta, Y., Takenaka, O. & Takahata, N.

Lineage-specific loss of function of bitter taste
receptor genes in humans and nonhuman primates.
Genetics 170, 313-326 (2005).

. Conte, C., Ebeling, M., Marcuz, A., Nef, P. & Andres-

Barquin, P. J. Identification and characterization of
human taste receptor genes belonging to the TAS2R
family. Cytogenet. Genome Res. 98, 45-53 (2002).

. Bufe, B., Hofmann, T., Krautwurst, D., Raguse, J. D. &

Meyerhof, W. The human TAS2R 16 receptor mediates
bitter taste in response to B-glucopyranosides. Nature
Genet. 32,397-401 (2002).

. Chandrashekar, J. et al. T2Rs function as bitter taste

receptors. Cell 100, 703—-711 (2000).

This is one of the first reports to directly show that
the bitter taste sensation is mediated through
GPCRs.

. Behrens, M. et al. The human taste receptor

hTAS2R14 responds to a variety of different bitter
compounds. Biochem. Biophys. Res. Commun. 319,
479-485 (2004).

. Kuhn, C. et al. Bitter taste receptors for saccharin and

acesulfame K. J. Neurosci. 24, 10260-10265
(2004).

. Ueda, T. et al. Identification of coding single-nucleotide

polymorphisms in human taste receptor genes
involving bitter tasting. Biochem. Biophys. Res.
Commun. 285, 147-151 (2001).

. Pronin, A. N., Tang, H., Connor, J. & Keung, W.

Identification of ligands for two human bitter T2R
receptors. Chem. Senses 29, 583-593 (2004).

. Gloriam, D. E. et al. The repertoire of trace amine

G-protein-coupled receptors: large expansion in
zebrafish. Mol. Phylogenet Evol. 35, 470-482
(2005).

. Kostenis, E. A glance at G-protein-coupled receptors

for lipid mediators: a growing receptor family with
remarkably diverse ligands. Pharmacol. Ther. 102,
243-257 (2004).

Cavalier-Smith, T. Only six kingdoms of life. Proc. Biol.
Sci. 271, 1251-1262 (2004).

. Pupillo, M., Insall, R., Pitt, G. S. & Devreotes, P. N.

Multiple cyclic AMP receptors are linked to adenylyl
cyclase in Dictyostelium. Mol. Biol. Cell 3, 1229-1234
(1992).

Blumer, K. J. & Thorner, J. B and y subunits of a yeast
guanine nucleotide-binding protein are not essential
for membrane association of the o subunit but are
required for receptor coupling. Proc. Natl Acad. Sci.
USA 87, 4363—-4367 (1990).

356 | APRIL 2008 [ VOLUME 7

© 2008 Nature Publishing Group

www.nature.com/reviews/drugdisc



223. Xue, Y., Batlle, M. & Hirsch, J. P. GPR1 encodes a
putative G protein-coupled receptor that associates
with the Gpa2p Go. subunit and functions in a
Ras-independent pathway. EMBO J. 17, 1996-2007
(1998).

224. Prabhu, Y. & Eichinger, L. The Dictyostelium repertoire
of seven transmembrane domain receptors. Eur. J. Cell
Biol. 85, 937-946 (2006).

225. Williams, J. G., Noegel, A. A. & Eichinger, L.
Manifestations of multicellularity: Dictyostelium
reports in. Trends Genet. 21, 392-398 (2005).

226. Perez, D. M. From plants to man: the GPCR “tree of

life”. Mol. Pharmacol. 67, 1383—1384 (2005).

. Perez, D. M. The evolutionarily triumphant
G-protein-coupled receptor. Mol. Pharmacol. 63,
1202-1205 (2003).

228. Parameswaran, N. & Spielman, W. S. RAMPs:

the past, present and future. Trends Biochem. Sci. 31,
631-638 (2006).

229. Gurevich, E. V. & Gurevich, V. V. Arrestins: ubiquitous
regulators of cellular signaling pathways. Genome Biol.
7,236 (2006).

230. McCudden, C. R., Hains, M. D., Kimple, R. J.,
Siderovski, D. P. & Willard, F. S. G-protein signaling:
back to the future. Cell. Mol. Life Sci. 62, 551-577
(2005).

. Whitehead, I. P., Zohn, I. E. & Der, C. J. Rho GTPase-
dependent transformation by G protein-coupled
receptors. Oncogene 20, 1547-1555 (2001).

232. Shi, P. & Zhang, J. Contrasting modes of evolution
between vertebrate sweet/umami receptor genes and
bitter receptor genes. Mol. Biol. Evol. 23, 292-300
(2005).

233. Thompson, J. D., Higgins, D. G. & Gibson, T. J.
CLUSTAL W: improving the sensitivity of progressive
multiple sequence alignment through sequence
weighting, position-specific gap penalties and weight
matrix choice. Nucleic Acids Res. 22, 46734680
(1994).

234, Donnelly, D. The arrangement of the transmembrane
helices in the secretin receptor family of G-protein-
coupled receptors. FEBS Lett. 409, 431-436 (1997).

235. Couvineau, A. et al. Highly conserved aspartate 68,
tryptophane 73 and glycine 109 in the N-terminal
extracellular domain of the human VIP receptor are
essential for its ability to bind VIP. Biochem. Biophys.
Res. Commun. 206, 246-252 (1995).

22

~

23

236.

237.

238.

239.

240.

24

24

243,

244,

245,

246.

N

Carruthers, C. J., Unson, C. G., Kim, H. N. &
Sakmar, T. P. Synthesis and expression of a gene for
the rat glucagon receptor. Replacement of an aspartic
acid in the extracellular domain prevents glucagon
binding. J. Biol. Chem. 269, 29321-29328 (1994).
Holtmann, M. H., Ganguli, S., Hadac, E. M., Dolu, V.
& Miller, L. J. Multiple extracellular loop domains
contribute critical determinants for agonist binding
and activation of the secretin receptor. J. Biol. Chem.
271, 14944—-14949 (1996).

Bisello, A. et al. Parathyroid hormone-receptor
interactions identified directly by photocross-linking
and molecular modeling studies. J. Biol. Chem. 273,
22498-22505 (1998).

Di Paolo, E. et al. Role of charged amino acids
conserved in the vasoactive intestinal polypeptide/
secretin family of receptors on the secretin receptor
functionality. Peptides 20, 1187—-1193 (1999).
Zhou, A. T. et al. Direct mapping of an agonist-
binding domain within the parathyroid hormone/
parathyroid hormone-related protein receptor by
photoaffinity crosslinking. Proc. Natl Acad. Sci. USA
94, 36443649 (1997).

. Sydow, S., Flaccus, A., Fischer, A. & Spiess, J.

The role of the fourth extracellular domain of the rat
corticotropin-releasing factor receptor type 1 in ligand
binding. Eur. J. Biochem. 259, 55-62 (1999).
Piserchio, A., Bisello, A., Rosenblatt, M., Chorev, M. &
Mierke, D. F. Characterization of parathyroid hormone/
receptor interactions: structure of the first extracellular
loop. Biochemistry 39, 8153—-8160 (2000).

Solano, R. M. et al. Two basic residues of the h-VPAC1
receptor second transmembrane helix are essential
for ligand binding and signal transduction. J. Biol.
Chem. 276, 1084—1088 (2001).

Runge, S. et al. Three distinct epitopes on the
extracellular face of the glucagon receptor determine
specificity for the glucagon amino terminus. J. Biol.
Chem. 278, 28005-28010 (2003).

Lins, L. et al. The human VPAC1 receptor: three-
dimensional model and mutagenesis of the N-terminal
domain. J. Biol. Chem. 276, 10153-10160 (2001).
Langer, ., Vertongen, P., Perret, J., Waelbroeck, M. &
Robberecht, P. Lysine 195 and aspartate 196 in the first
extracellular loop of the VPAC1 receptor are essential for
high affinity binding of agonists but not of antagonists.
Neuropharmacology 44, 125-131 (2003).

REVIEWS

247. Marchler-Bauer, A. et al. CDD: a Conserved Domain
Database for protein classification. Nucleic Acids Res.
33,D192-D196 (2005).

248. Lin, H. H., Stacey, M., Hamann, J., Gordon, S. &
McKnight, A. J. Human EMR2, a novel EGF-TM7
molecule on chromosome 19p13.1, is closely
related to CD97. Genomics 67, 188-200 (2000).

249. Zhang, Z. et al. Three adjacent serines in the
extracellular domains of the CaR are required for
L-amino acid-mediated potentiation of receptor
function. J. Biol. Chem. 277, 33727-33735
(2002).

250. Galvez, T. et al. Mapping the agonist-binding site of
GABA, type 1 subunit sheds light on the activation
process of GABA, receptors. J. Biol. Chem. 275,
4116641174 (2000).

251. Laurie, D. J., Schoeffter, P., Wiederhold, K. H.

& Sommer, B. Cloning, distribution and functional
expression of the human mGlu6é metabotropic
glutamate receptor. Neuropharmacology 36,
145-152 (1997).

. Hendy, G. N., D'Souza-Li, L., Yang, B., Canaff, L. &
Cole, D. E. Mutations of the calcium-sensing receptor
(CASR) in familial hypocalciuric hypercalcemia,
neonatal severe hyperparathyroidism, and autosomal
dominant hypocalcemia. Hum. Mutat. 16, 281-296
(2000).

. Fatkenheuer G. et al. Efficacy of short-term
monotherapy with maraviroc, a new CCR5 antagonist,
in patients infected with HIV-1. Nature Med. 11,
1170-1172 (2005).

25

&N

Acknowledgements

We thank J.-P. Pin, R. Bywater, D. Rognan, K. Kullander and
C. Pickering for valuable comments on the manuscript. We
also thank R. Fredriksson for fruitful discussions on the topic.
This study was supported by The Swedish Research Council
and the Swedish Brain Foundation.

FURTHER INFORMATION

Helgi B. Schi6th’s research group homepage:
http://www.neuro.uu.se/medfarm/schioth.html

IUPHAR Receptor Database: http://www.iuphar-db.org/

ALL LINKS ARE ACTIVE IN THE ONLINE PDF

NATURE REVIEWS | DRUG DISCOVERY

© 2008 Nature Publishing Group

VOLUME 7 [ APRIL 2008 | 357


http://www.neuro.uu.se/medfarm/schioth.html
http://www.iuphar-db.org/

ERRATUM

Structural diversity of G protein-coupled receptors and significance
for drug discovery

Malin C. Lagerstrom and Helgi B. Schidth
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Onpage 342 inTable 1, for the field of “Extended N termini”, the Secretin family should have “Yes” and the Taste2 family
should have “No”. In the field of “Conserved functional domains in the N termini”, the Secretin family should have “Yes”
and the Taste2 family should have “No”.
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