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REVIEW

Molecular basis for amino acid sensing by family C
G-protein-coupled receptors

P Wellendorph and H Brauner-Osborne

Department of Medicinal Chemistry, Faculty of Pharmaceutical Sciences, University of Copenhagen, Universitetsparken 2,
2100 Copenhagen, Denmark

Family C of human G-protein-coupled receptors (GPCRs) is constituted by eight metabotropic glutamate receptors, two
v-aminobutyric acid type B (GABAg;_,) subunits forming the heterodimeric GABAg receptor, the calcium-sensing receptor, three
tastel receptors (T1R1-3), a promiscuous L-o-amino acid receptor G-protein-coupled receptor family C, group 6, subtype A
(GPRC6A) and seven orphan receptors. Aside from the orphan receptors, the family C GPCRs are dimeric receptors charac-
terized by a large extracellular Venus flytrap domain which bind the endogenous agonists. Except from the GABAg;_, and
T1R2-3 receptor, all receptors are either activated or positively modulated by amino acids. In this review, we outline mutational,
biophysical and structural studies which have elucidated the interaction of the amino acids with the Venus flytrap domains,
molecular mechanisms of receptor selectivity and the initial steps in receptor activation.
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7TM, seven transmembrane; CaR, calcium-sensing receptor; CRD, cysteine-rich domain; DCG-IV, (25,2’R,3'R)-

2-(2’,3’-dicarboxycyclopropyl)glycine; FRET, fluorescence resonance energy transfer; GABAg, y-aminobutyric
acid type B; GPCR, G-protein-coupled receptor; GPRC6A, G-protein-coupled receptor family C, group 6,
subtype A; IMP, 5-inosine monophospate, L-CCG-I, (25,1'S,2’S)-2-(carboxycyclopropyl)glycine; L-Glu, (5)-
glutamic acid; mGlu, metabotropic glutamate; (5)-MCPG, (5)-(o)-methyl-4-carboxyphenylglycine; T1R, tastel

receptor; VFT, Venus flytrap

Introduction

The superfamily of G-protein-coupled receptors (GPCRs) con-
tains seven transmembrane (7TM) segments and constitute a
large superfamily of cell-surface proteins that are activated by
a broad range of ligands (Pierce et al., 2002) and are known to
be implicated in many important physiological processes
making them targets for approximately 40% of marketed
drugs and >60% of drugs in development (Lundstrom, 2005).
In the human genome, about 800 genes encode GPCRs of
which 400 are olfactory receptors (Bjarnadéttir ef al., 2006).
The non-olfactory receptors have been classified into three
families (A, B and C) based on phylogenetic analysis of the
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7TM domain (Kolakowski, 1994). Family C of human GPCRs
contains 22 receptor subtypes including eight metabotropic
glutamate (mGlu) receptors, the calcium-sensing receptor
(CaR), two y-aminobutyric acid type B (GABA;) receptors,
three tastel receptors (T1R1-3), the G-protein-coupled recep-
tor family C, group 6, subtype A (GPRC6A) and seven orphan
receptors (Bjarnadottir et al., 2005; Brduner-Osborne et al.,
2007)'. As seen in Figure 1A, the receptors cluster into four
groups containing (i) the mGlu receptors; (ii) CaR, GPRC6A
and T1Rs; (iii) the GABA; receptors including three orphan
receptors; and (iv) a group of four RAIG1-like orphan recep-
tors. The mGlu receptors further cluster into three subgroups
(termed Group I-III) which correlates with their signal trans-
duction pathway and orthostatic ligand pharmacology
(Brauner-Osborne et al., 2007).

In the present review, we will focus on the structure, func-
tion and molecular pharmacology of the family C receptors
with particular focus on the orthosteric binding pocket of the
amino acid-binding subtypes. For the topic of allosteric
modulation and the physiological and therapeutical roles of
family C receptors, the reader is referred to recent reviews in
the field (Brduner-Osborne etal.,, 2007; Gasparini and
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Figure 1 (A) Phylogenetic analysis of family C GPCRs based on their seven transmembrane domains. A multiple sequence alignment of the
predicted seven transmembrane domains was generated using the program ClustalX 2.0.9, and the shown phylograms were generated using
the unweighted pair group method with arithmetic mean (UPGMA) algorithm and viewed with the program TreeviewX 0.5.0. The scale bars
are a function of amino acid substitutions based on the Gonnet series substitution matrix. (B) Sequence logo of binding pocket residues in
family C receptors, displaying the degree of conservation of each amino acid. Residues submitted are identical to those listed in Table 1 and
numbers refer to the residue numbers in mGlu;. The height of each symbol is proportional to its frequency and colour coded according to
polarity. The logo was generated using the server at the Center for Biological Sequence Analysis (http://www.cbs.dtu.dk/~gorodkin/appl/
plogo.html) (Schneider and Stephens, 1990; Gorodkin et al., 1997). CaR, calcium-sensing receptor; GABAg, y-aminobutyric acid type B; GPCR,
G-protein-coupled receptor; GPRC6A, G-protein coupled receptor family C, group 6, subtype A; mGlu, metabotropic glutamate; T1R, tastel
receptor.

Spooren, 2007; Jensen and Brauner-Osborne, 2007; Pin and
Prézeau, 2007; Trivedi et al., 2008).

contains a dimerization interface and an orthosteric binding
site for the endogenous agonist (Kunishima etal., 2000;
Tsuchiya et al., 2002; Muto etal.,, 2007). Apart from the
orphan and GABA; receptors, all family C receptors also
contain a cysteine-rich domain (CRD), of unknown function,
which links the VFT and 7TM domains (Figure 2). Interest-

Structure and function of family C GPCRs

Apart from the orphan receptors, all family C GPCRs have a
very large extracellular Venus flytrap (VFT) domain which

British Journal of Pharmacology (2009) 156 869-884

ingly, none of the orphan family C receptors contain a VFT
domain, harbouring the orthosteric binding site, which has
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Figure 2 Model of a dimeric family C GPCR in its open-open/resting (left) and open—closed/active (right) conformations. The two
conformations are in equillibrium with each other and additional conformations (not shown). Agonists and antagonists will shift the
equillibrium towards the active or resting conformation respectively. The localizations of the Venus flytrap (VFT) domain, cysteine-rich domain
(CRD) and seven transmembrane domain (7TM) are indicated. The models were constructed with the program MacPyMol using coordinates
from PDB files TEWT (mGlu; open-open/resting VFT), TEWK (mGlu; open-closed/active VFT), 2E4U (mGlus CRR) and 2R4S (B.-adrenergic
receptor 7TM). GPCR, G-protein-coupled receptor; mGlu, metabotropic glutamate.

made ligand predictions based on modelling impossible.
Their endogenous ligands, if any, thus remain to be discov-
ered (Cheng and Lotan, 1998; Brauner-Osborne and
Krogsgaard-Larsen, 2000; Robbins etal., 2000; Brduner-
Osborne et al., 2001; Calver et al., 2003). It is also interesting
to note that the three orphan receptors, GABAy, GPR158 and
GPR179, clustering with the GABA; receptors, contain very
long C-terminal domains of unknown function.

Receptor structure

The structure of the extracellular domain(s) of mGlu;, mGlus
and mGlu; has been solved by X-ray crystallography, which
has shown that the VFT domain consists of two distinct
globular domains (termed LB1 and 2), arranged as a central
B-sheet flanked on both sides by a-helices, connected by a
hinge region and separated by a cleft (Figure 2) (Kunishima
et al., 2000; Tsuchiya et al., 2002; Muto et al., 2007). The CRD
consists of three B-sheets each composed of two antiparallel
f-strands. The CRD contains nine conserved cysteines which
form four intradomain disulfide bridges and a disulfide bridge
to the VFT domain (Rondard et al., 2006; Muto et al., 2007).
All nine cysteines have been shown to be imperative for
receptor expression and/or activation and it is thus evident
that the rigid structure of the CRD and its rigid connection to
the VFT domain is important for family C receptor function
(Fan et al., 1998; Rondard et al., 2006). The structure of a 7TM
domain of a family C receptor has yet to be elucidated, but
biochemical evidence point to a similar topology as the
recently crystallized B,-adrenergic family A receptor (Bhave
et al., 2003; Rasmussen et al., 2007).

The family C GPCRs exist as constitutive dimeric receptor
complexes in the cell membrane (Figure 2). Whereas the
GABA; and tastel receptors exist as heterodimeric receptors
composed of two different subunits, CaR and the mGlu recep-
tors form homodimeric complexes via several covalent and
non-covalent interactions between the two subunits (Pace

et al., 1999; Kunishima et al., 2000; Tsuji et al., 2000; Romano
etal., 2001; Zhang etal., 2001; Nomura et al., 2008). The
conserved inter-receptor covalent disulfide bridge (e.g.
Cys140 in mGlu,) is located in a loop in the VFT - a loop
which has been shown by a random saturation mutagenesis
study to be involved in keeping the receptor in its inactive
conformation (Jensen et al., 2000). In addition, the loop is a
hotspot for naturally occurring activating mutations in CaR
causing autosomal dominant hypocalcaemia (Hu and Spiegel,
2007). The non-covalent dimer interactions occur via a non-
polar interface in LB1, whose integrity is also important for
proper receptor function as mutations or introduction of an
N-glycan in the interface disrupt function (Tsuji et al., 2000;
Rondard et al., 2008).

Activation mechanism

The orthosteric binding site is located in the cleft between LB
domain 1 and 2. X-ray crystallography of the mGlu, receptor
has revealed that the initial event in receptor activation is
closing of at least one of the VFT domains around the agonist
leading to a 70° twist in the dimer interface and thus contrac-
tion of the CRD and 7TM domains (termed the ‘open—closed/
active conformation’, Figure 2) (Kunishima et al., 2000). So
far, crystals of the closed—closed/active conformation has only
been obtained with mGlu, in the presence of Gd* which
binds to acidic residues between the LB2 domains of the
dimer (Tsuchiya et al., 2002; Abe et al., 2003). Recently, crys-
tals of a closed—closed/resting mGlu; VFT domain was
reported (Muto et al., 2007) casting doubt on the dimer inter-
face twisting as the main mechanism of receptor activation.
However, several lines of biochemical evidence support a role
of the dimer interface twist as necessary for receptor activa-
tion such as an engineered antagonistic zinc-site in the inter-
face of the two LB2 domains (in the Gd*-binding site), which
prevent activation when Zn* is bound (Jensen et al., 2001b),
and an engineered N-glycan in the LB2 domain, which
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Figure 3 The orthosteric binding site in mGlu and GABAg receptors. Schematic drawings of the binding of agonists (Glu, DCG-IV or GABA)
or antagonist [(5)-MCPG] to mGlu;, mGlus or GABAg;. The mGlu; and mGlus drawings are based on X-ray crystallographic structures
(Kunishima et al., 2000; Tsuchiya et al., 2002; Muto et al., 2007) whereas the GABAg drawing is based on molecular modelling and mutational
data (Galvez et al., 1999; 2000a; Jensen et al., 2001a). Red and blue lines indicates hydrogen-bonding and van der Wahls contacts respectively.
Yellow and green filled boxes indicates direct or indirect (via water) contacts respectively. Redrawn from the listed references. DCG-IV,
(25,2'R,3'R)-2-(2’,3’-dicarboxycyclopropyl)glycine; GABAg, y-aminobutyric acid type B; mGlu, metabotropic glutamate; (5)-MCPG, (5)-(o)-

methyl-4-carboxyphenylglycine.

prevent activation but not dimerization of the GABA;
heterodimer (Rondard etal.,, 2008). Several biochemical
studies, using fluorescence resonance energy transfer (FRET)
(Tateyama et al., 2004) or rescue of activity in dimers consist-
ing of inactivated monomers which each have been made
non-functional due to mutations in either the VFT or 7TM
domains (Bai et al., 1999; Brock et al., 2007), have also dem-
onstrated that rearrangement of the 7TM domains are
required for receptor activation. However, it remains unclear
whether the rearrangement is a contraction of the 7TM
domains as shown in Figure 2 or a more subtle reorientation
of the 7TM domains/helices.

The crystallography studies have shown ($)-glutamic acid
(L-Glu) binding to both open and closed VFT domains, raising
the question whether closure of the VFT domain(s) is indeed
the initial event in receptor activation. However, several lines
of studies have pointed to this mechanism-of-activation. First
of all, the X-ray structure of a mGlu, VFT with the antagonist
(5)-(0)-methyl-4-carboxyphenylglycine [(S)-MCPG] shows
that the antagonist serves as a wedge in the binding pocket
preventing closure of the VFT (Figure 3) (Tsuchiya et al., 2002).
Second, this study was elaborated by an elegant study in
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which mutations enlarging the VFT-binding pocket of mGlus
converted the antagonists (1R,3R,4S)-1-aminocyclopentane-
1,3,4-tricarboxylic ~ acid and  (§)-2-amino-2-methyl-4-
phosphonobutanoic acid into agonists (due to the additional
space permitting VFT closure) (Bessis ef al., 2002). Third, intro-
duction of cysteines in the LB1 and LB2 domains have created
constitutively activated mutant GABA; receptors that presum-
ably are locked in the closed VFT conformation by a disulfide
bridge (Kniazeff et al., 2004b). However, it remains debated
whether closing of one (Kniazeff et al., 2004a) or both (Kam-
mermeier and Yun, 2005) VFT domains in a dimer is required
for activation. Recently, X-ray crystallography and mutational
studies have also shown that the low potency of L-Glu on
mGlu; most likely is caused by steric hindrance among the
residues surrounding the orthosteric binding pocket, thus pre-
venting establishment of a stable, fully closed VFT domain
(Rosemond et al., 2004; Muto et al., 2007).

Collectively, the structural and molecular pharmacology
evidence points towards an activation model in which the
VFT is in equilibrium between an open and closed form, and
a resting and active/twisted conformation. Agonists will shift
the equilibrium towards the closed VFT conformation, which



in turn will shift the interface twist equilibrium towards the
active conformation. Conversely, antagonists will shift the
equilibrium towards the open VFT conformation, which in
turn will shift the interface twist equilibrium towards the
resting conformation (Figure 2). The CRD domain acts as a
rigid lever to transfer the energy of the conformational
change in the VFT domains to the 7TM domains, but the
exact mechanism of activation of the 7TM domains remains
to be fully elucidated.

The orthosteric binding site in the VFT domain

An alignment of the amino acids residues in close (6 A)
proximity to L-Glu in the closed mGlu, VFT with the other
amino acid-binding family C receptors is shown in Table 1.
From this alignment (Table 1) and the X-ray crystal structures
of the closed mGlu, and mGlu; L-Glu-bound VFTs (Figure 3),
it is clear that particularly five residues (S165, T188, D208,
Y236 and D318 in mGlu,) are vital for binding of the o-amino
acid moiety and that two basic residues (R78 and K409 in
mGlu,) are vital for binding of the distal carboxylic acid of
L-Glu. The former residues have also been identified as an
important motif of c-amino acid recognition in a large data-
base mining study (Acher and Bertrand, 2005), which also
identified three additional residues (R203, Q211 and G237 in
mGlu,) as part of the motif, which however do not make
direct contacts with the amino acid (Figure 3). Mutational,
modelling and phylogenetic studies have also suggested the
existence of a Ca*-binding site adjacent to the amino acid-
binding site in the VFT domain, which will be discussed in
further detail below.

Molecular pharmacology of mGlu receptors

Receptor subtypes

As previously noted, the mGlu receptors have been divided
into three groups (Figure 1). Receptors within a group show
more than 60% sequence identity whereas there is 40-50%
sequence identity between the groups. The grouping also
coincides with the signal transduction pathways used by the
receptors. Thus, Group I receptors stimulate phospholipase C
causing an increase in intracellular inositol phosphates and
Ca?" levels whereas both Group II and III inhibit adenylate
cyclase causing a decrease in intracellular cyclic AMP levels
(Brauner-Osborne et al., 2000). Finally, receptors within the
three groups also share pharmacological properties. Thus, as
will be explained in greater detail in later sections, selective
agonists and antagonists in most cases affect all receptors
within a group. However, recently a number of ligands, in
particular allosteric modulators, with specific activity for just
one receptor subtype have been discovered. The extensive
pharmacology of orthosteric and allosteric ligands has
recently been reviewed in great detail (Schoepp et al., 1999;
Brauner-Osborne et al., 2000; 2007; Madsen etal., 200S5;
Ritzén et al., 2005; Gasparini and Spooren, 2007) and will
thus not be reviewed in detail here.

Mechanism for agonist selectivity
The difficulties in designing subtype-specific orthosteric
ligands are not surprising when taking a closer look at the
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orthosteric binding pocket. The 21 amino acid residues
within 6 A of L-Glu bound to the closed VFT of mGlu, are
given in Table 1 and the degree of conservation is shown in
Figure 1B. Nine of these residues are identical in all eight
mGlu receptors, which mainly participate in the previously
discussed motifs recognizing the o-amino acid moiety and
distal carboxylic acid of L-Glu. All 21 amino acid residues are
identical between mGlu, and the other Group I receptor
mGlus, only two of the 21 amino acid residues differ between
the Group II receptors mGlu, and mGlus, and only four of the
21 amino acid residues differ between the Group III receptors
mGluy, mGlus, mGlu; and mGlus (Table 1). A large number of
mutagenesis studies have investigated the importance of indi-
vidual residues in the binding pocket (Table 2). Not surpris-
ingly, these studies have pointed out the five highly
conserved residues binding the o-amino acid moiety (5165,
T188, D208, Y236 and D318 in mGlu;) and the two highly
conserved basic residues binding the distal carboxylic acid of
L-Glu (R78 and K409 in mGlu,) as being of particular impor-
tance for agonist binding (Tables 1 and 2, Figure 3). Several
studies have addressed the basis for Group selectivity. Based
on modelling and ligand docking, we suggested that differ-
ences in the shape and electronic environment of the binding
pocket of mGlu; and mGlu, as the basis for selectivity of
ibotenic acid for the former subtype (Hermit et al., 2004).
Subsequent mutational studies showed that binding affinities
of the Group I selective agonists ibotenic acid and quisqualic
acid were dramatically increased at mGlu, when three resi-
dues in the receptor concomitantly were mutated to the cor-
responding residues in mGlu, (K74Y, E287G and K317R). The
individual mutations had only minor effects which led to the
conclusion that the subtype selectivity arises from a synergy
of contributions and a complex interplay of residues shaping
the binding pocket, rather than being attributable to a single
specific ligand-receptor interaction. The recent X-ray crystal-
lography structure of the mGlu; VFT complexed with L-Glu or
several Group II selective agonists has revealed a similar
complex interplay of several residues providing subtype selec-
tivity. Thus, it had previously been shown that mutation of
Y150A, Y222A or R277A dramatically reduced the potency of
(25,2'R,3'R)-2-(2’,3’-dicarboxycyclopropyl)glycine  (DCG-IV)
but not (2§,1S,2’S)-2-(carboxycyclopropyl)glycine at mGlu;
(Table 2), which led the authors to suggest that the extra
carboxylic acid moiety of DCG-IV at position C3’ points
towards these three residues (Yao et al., 2003). Y222 is identi-
cal in all eight mGlu receptors and can thus not contribute to
the Group II selectivity of DCG-IV, whereas Y150 and R277
are indeed only present in Group II (Table 1). However, the
recent X-ray crystallography structure of the mGlu; VFT com-
plexed with DCG-IV shows that only Y150 interacts directly
with the agonist via van der Wahls contacts (Figure 3) (Muto
et al., 2007). Based on this observation, it was suggested that
the R227 residue played a role in supporting the rigid ligand-
binding pocket, thus participating in ligand selectivity via an
indirect mechanism rather than direct interaction with the
ligand (Muto et al., 2007).

It is interesting to note the difference in the positions of the
water molecules in the L-Glu-bound mGlu; and mGlu; VFTs
(Figure 3). Likewise, it is interesting to note that mGlus
accommodates the bulkier agonist DCG-IV by replacement of
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two water molecules by the additional carboxylic acid group
rather than by repositioning of the amino acid side chains in
the binding pocket (Figure 3). The higher potency of DCG-IV
compared with L-Glu at mGlus is thus obtained by the lower
cost of binding energy of the former ligand in terms of solvent
entropy (Muto et al., 2007). Given the different positioning of
the water molecules in mGlu;, DCG-IV cannot obtain a
similar energy advantage at this subtype, which is one pos-
sible explanation for the Group II selectivity of the ligand.

Collectively, these studies show that several different
molecular mechanisms play a role in subtype/group
selectivity which makes structure-based ligand design very
challenging.

Molecular pharmacology of the GABAg receptor

The GABA; receptor was first identified in the early eighties on
the basis of pharmacological responses to the agonist baclofen
and insensitivity to the GABA, antagonist bicuculline
(Bowery efal., 1980; Hill and Bowery, 1981) but resisted
cloning until the late nineties (Kaupmann et al., 1997). The
GABA; receptor is coupled to Goi proteins and activation
causes a decrease in Ca*" and an increase in K* membrane
conductance and inhibition of cyclic adenosine monophos-
phate (cAMP) formation (Bowery et al., 2002; Bettler et al.,
2004). The GABA; receptor is a heterodimer consisting of the
GABA;; and GABAy; subunits (Jones et al., 1998; Kaupmann
et al., 1998; White et al., 1998; Kuner et al., 1999) of which the
former contains the orthosteric GABA-binding site and the
latter appears to be primarily involved in G-protein coupling
(Pin etal., 2004). Interestingly, the GABAjy, subunit does
contain a VFT domain but phylogenetic analysis has shown
that it is unlikely to contain a ligand-binding site (Kniazeff
et al., 2002). The heterodimerization is controlled by an RSRR
motif in the C-terminal of GABAg, which traps the subunit in
the endoplasmatic reticulum unless it is masked by a coiled-
coil interaction with the C-terminal of GABA;, enabling the
trafficking of both subunits to the plasma membrane (Pin
et al., 2004). Initial cloning efforts revealed two major amino-
terminal isoforms, GABAg and GABAg ). The former con-
tains two amino-terminal sushi-repeats, which are protein-
protein interaction motifs that are expected to serve as an
extracellular targeting signal that dictates subcellular localiza-
tion (Kaupmann et al., 1997).

Extensive mutational analysis of the GABAj VFT has
revealed surprisingly few residues with substantial effects on
GABA or baclofen potency (Table 3). Mutations of S246 and
D471 lead to significantly lower potencies of both agonists
while mutation of Y366 has a moderate effect (Galvez et al.,
1999; 2000a; Jensen et al., 2001a). Ca*" allosterically modu-
lates the potency of GABA but not baclofen. Presumably Ca*
interacts with $269 and stabilizes the active closed conforma-
tion of the VFT (Galvez et al., 2000b; Jensen et al., 2001a).
Together with molecular modelling, these results have led to
a model where the carboxylic acid of GABA binds to 5246
and S269 (via Ca*) and the amine of GABA binds to D471
(Figure 3) (Galvez et al., 2000a; Costantino et al., 2001).

Despite plenty of in vitro and in vivo evidence of distinct
pharmacological GABA; receptor subtypes, the GABAy;, and
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Table 2 The effect on agonist potency of engineered mutations in or near the ligand-binding pocket of metabotropic glutamate receptors

Residue Potency? Agonist® (assay-) References
mGlu,
Y74E W Glu (IP), Quis (B) (Sato et al., 2003)
R78A/L/E W) Glu (IP), Quis (IP, B) (Jensen et al., 2000; Sato et al., 2003)
S164A = Glu (IP, B), Quis (IP, B) (O'Hara et al., 1993; Sato et al., 2003)
S165A W) Glu (IP), Quis (IP, B) (O’Hara et al., 1993; Sato et al., 2003)
S166A = Glu (EP) (Kubo et al., 1998)
S186A = Glu (IP), Quis (IP, B) (O’Hara et al., 1993; Sato et al., 2003)
T188A W Glu (IP), Quis (IP,B) (O’Hara et al., 1993; Sato et al., 2003)
D208A AN Glu (IP), Quis (B) (Sato et al., 2003)
Y236A AR Glu (IP), Quis (B) (Sato et al., 2003)
E292A AN Quis (B) (Sato et al., 2003)
G293A W Glu (IP), Quis (B) (Sato et al., 2003)
D318A A Glu (IP), Quis (B) (Sato et al., 2003)
R323A = Glu/Quis (B) (Sato et al., 2003)
K409A = Glu/Quis (B) (Sato et al., 2003)
mGlu,
R57A/Y uiu Glu (EP), LY354740 (EP, B) (Malherbe et al., 2001)
Y144A/S/G/F =d) Glu (G, EP), LY354740 (G, EP, B) (Malherbe et al., 2001)
ST145A W Glu (G), LY354740 (G, B) (Malherbe et al., 2001)
D146S = Glu (G), LY354740 (G, B) (Malherbe et al., 2001)
S148A >l Glu (G), LY354740 (G, B) (Malherbe et al., 2001)
S164A = LY354740 (B) (Malherbe et al., 2001)
A166S = Glu (G), LY354740 (G, B) (Malherbe et al., 2001)
S167A = Glu (G), LY354740 (G, B) (Malherbe et al., 2001)
T168A ) Glu (G), LY354740 (G, B) (Malherbe et al., 2001)
ST169A = Glu (G), LY354740 (G, B) (Malherbe et al., 2001)
R183A Glu (EP), LY354740 (EP, B) (Malherbe et al., 2001)
D188A L DCG-IV (B) (Yao et al., 2003)
Y216A/F L LY354740 (B) (Malherbe et al., 2001)
R271A = LY354740 (B) (Malherbe et al., 2001)
J DCG-IV (B) (Yao et al., 2003)
D295A/R L Glu (EP), LY354740 (EP, B) (Malherbe et al., 2001)
L300A DCG-IV (B) (Yao et al., 2003)
K377A L DCG-IV (B) (Yao et al., 2003)
mGlus
R64A $ DCG-IV (C, B), L-CCG-I (C) (Yao et al., 2003)
R68A N DCG-IV (C, B), L-CCG-I (C) (Yao et al., 2003)
Y150A ) DCG-IV (C, B) (Yao et al., 2003)
= L-CCG-I (C) (Yao et al., 2003)
S151A W DCG-IV (C, B), L-CCG-I (C) (Yao et al., 2003)
S152D/H = LY354740 (B) (Malherbe et al., 2001)
T174A l DCG-IV (C, B), L-CCG-I (C) (Yao et al., 2003)
D194A $ DCG-IV (C, B), L-CCG-I (C) (Yao et al., 2003)
Y222A d DCG-IV (C, B) (Yao et al., 2003)
= L-CCG-I (C) (Yao et al., 2003)
R277A Wy DCG-IV (C, B) (Yao et al., 2003)
= L-CCG-I (C) (Yao et al., 2003)
D301A d DCG-IV (C, B), L-CCG-I (C) (Yao et al., 2003)
Q306A ! DCG-IV (B) (Yao et al., 2003)
K389A ) DCG-IV (C, B), L-CCG-I (C) (Yao et al., 2003)
mGluy
K74A/Y/N/Q = L-AP4 (B) (Rosemond et al., 2002; Hermit et al., 2004)
K74Y A L-AP4 (B) (Rosemond et al., 2002)
H77Q = L-AP4 (B) (Rosemond et al., 2002)
R78A AN L-AP4 (B) (Hampson et al., 1999)
S157A = Glu (C), L-AP4 (B) (Hampson et al., 1999; Frauli et al., 2007)
G158A = Glu (C), L-AP4 (B) (Hampson et al., 1999; Frauli et al., 2007)
S159A W L-AP4 (B) (Hampson et al., 1999)
S160A = L-AP4 (B) (Hampson et al., 1999)
S181A = L-AP4 (B) (Hampson et al., 1999)
T182A AN L-AP4 (B) (Hampson et al., 1999)
D202A = L-AP4 (B) (Rosemond et al., 2002)
Y230A = L-AP4 (B) (Rosemond et al., 2002)
R258A = L-AP4 (B) (Rosemond et al., 2002)
N286A = L-AP4 (B) (Rosemond et al., 2002)
E287A ex) L-AP4 (B) (Rosemond et al., 2002; Hermit et al., 2004)
D312A = L-AP4 (B) (Rosemond et al., 2002)
S$313G = L-AP4 (B) (Hermit et al., 2004)
K317A/R = L-AP4 (B) (Rosemond et al., 2002; Hermit et al., 2004)
K405A N L-AP4 (B) (Rosemond et al., 2002)
mGlu;
N74K T L-AP4 (B) (Rosemond et al., 2004)
mGlug
K71A = L-AP4 (B) (Rosemond et al., 2002)
K71Y W L-AP4 (B) (Rosemond et al., 2002)
R75A AN L-AP4 (B) (Rosemond et al., 2002)
A154S = Glu (C) (Frauli et al., 2007)
A155S = Glu (C) (Frauli et al., 2007)
Y227A/F = (if Glu/L-AP4 (IP) (Bessis et al., 2002)
D309A Wy Glu/L-AP4 (IP) (Bessis et al., 2002)
D309E =) Glu (IP) (Bessis et al., 2002)

4Potency of mutant compared with wild-type receptor: T, 10- to 50-fold increase; =, less than 10-fold difference; |, 10- to 50-fold decrease or reduced binding/response; L{,
50- to 500-fold decrease or weak binding/response; 14, >500-fold decrease or no binding/response.
L-glutamic acid; L-AP4, L-amino-4-phosphonobutyric acid; L-CCG-l, (2S5,1'S,2’S)-2-(carboxycy-
clopropyl)glycine; LY354740, (+)-2-aminobicyclo-[3.1.0]-hexane-2,6-dicarboxylate; Quis, L-quisqualic acid.
B, binding; C, intracellular [Ca%]; EP, electrophysiology; G, [33S]JGTPyS binding; IP, inositol phosphate.

bDCG—I\/, (25,2'R,3’R)-2-(2’,3’-dicarboxycyclopropyl)glycine;
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Table 3 The effect on agonist potency of engineered mutations in or near the ligand binding pocket of the GABAg; receptor

Residue Potency® Agonist (assay) References
C187A/S = GABA (B, IP) (Galvez et al., 1999; 2000a)
Q188A = GABA (B) (Galvez et al., 1999)

E192A = GABA (B) (Galvez et al., 2000a)
S246A/P/T/N Wl GABA/baclofen (IP, B) (Galvez et al., 1999; 2000a; Jensen et al., 2001a)
S247A =M GABA/baclofen (IP, B) (Galvez et al., 1999; 2000b)
S249A = GABA (B) (Galvez et al., 1999)

T250A = GABA (B) (Galvez et al., 1999)

S265A = GABA (IP) (Galvez et al., 2000a)

Y266F = GABA/baclofen (IP) (Galvez et al., 2000a)

S268A = GABA/baclofen (B, IP) (Galvez et al., 1999; 2000b)
S269A =) GABA/baclofen (B, IP) (Galvez et al., 1999; 2000b; Jensen et al., 2001a)
S270A N GABA/baclofen (B, IP) (Galvez et al., 1999; 2000a)
T310A = GABA (B) (Galvez et al., 1999)

Q312A = GABA/baclofen (IP, B) (Galvez et al., 1999; 2000a)
Q313A = GABA (B) (Galvez et al., 1999)

T314A = GABA (B) (Galvez et al., 1999)

T315A = GABA (B) (Galvez et al., 1999)

E316A = GABA (B) (Galvez et al., 1999)

F365A = GABA/baclofen (IP, B) (Galvez et al., 2000a)

Y366A ) GABA/baclofen (IP, B) (Galvez et al., 2000a)

F367A = GABA/baclofen (IP, B) (Galvez et al., 2000a)

E458A = GABA (B) (Galvez et al., 1999)

E459A = GABA (B) (Galvez et al., 1999)

T460A = GABA (B) (Galvez et al., 1999)

F463A = GABA/baclofen (IP) (Galvez et al., 2000a)

Q464A = GABA (B) (Galvez et al., 1999)

E465A =) GABA (B, IP) (Galvez et al., 2000a)
Y470A/F = GABA (IP) (Galvez et al., 2000a)
D471A/E W GABA/baclofen (IP, B) (Galvez et al., 2000a)
®Numbering according to the GABAg, variant.

bPotency of mutant compared to wild-type receptor: T, 10- to 50-fold increase; =, less than 10-fold difference; |, 10- to 50-fold decrease or reduced

binding/response; 1!, 50- to 500-fold decrease or weak binding/response; 1\, >500-fold decrease or no binding/response.

‘B, binding; GABAs, y-aminobutyric acid type B; IP, inositol phosphate.

GABAg, ) isoforms display no differences in binding or
functional experiments with native (Malitschek et al., 1998)
or recombinant expression (Kaupmann efal., 1997; 1998;
Brauner-Osborne and Krogsgaard-Larsen, 1999). Together
with the group of Bettler, we developed isoform-specific
GABAyi,) and GABAg ) knockout mice which have shown
that the two isoforms display distinct expression patterns at
the synaptic level via which the isoforms control different
effector systems and physiological functions (Pérez-Garci
et al., 2006; Vigot et al., 2006). It thus seems evident that the
pharmacological subtypes arise from spatial control of expres-
sion, rather than a multitude of receptor subtypes.

Molecular pharmacology of the CaR

Orthosteric ligands

As the name implies, the CaR functions to sense Ca*" and does
so by responding to millimolar concentrations of Ca*" present
in the extracellular fluid, and hereby regulates the release of
hormones important for maintaining calcium homeostasis of
the organism [for reviews see (Tfelt-Hansen and Brown, 2005)
and (Brown, 2007)]. In addition to Ca*, CaR is also activated
by other inorganic cations in the millimolar range, including
Mg*, Ba?* and Sr*, as well as Gd*" in the micromolar range
(Brown et al., 1993; Ruat et al., 1996; Coulombe et al., 2004).
Both Ca® and Mg?** exhibit cooperativity in binding, yielding

British Journal of Pharmacology (2009) 156 869-884

Hill coefficients aroung 3-5 (Bai et al., 1996; Ruat et al., 1996;
Brauner-Osborne et al., 1999), which from a physiological
point of view allows for differentiation of the CaR response by
only minute fluctuations in agonist concentrations.

Similar to other family C receptors, CaR is also sensitive to
L-a-amino acids. This is not surprising given the high degree
of conservation of key residues known to be important in
binding of L-Glu in mGlu, (Table 1). However, whereas other
family C receptors (mGlu, GABA; and GPRC6A receptors) are
directly activated by amino acids and positively modulated by
calcium, CaR operates in a reciprocal fashion, being directly
activated by Ca®** and positively modulated by amino
acids. Furthermore, while mGlu receptors respond only to
L-Glu (Frauli efal., 2006), the group of CaR, GPRC6A and
T1R1+T1R3 are less selective and respond to several classes of
amino acids. In fact, each of these receptors prefer different
classes of amino acids and are able to cover a wide range of
amino acid selectivities in concert (Figure 4), suggested to be
of physiological relevance for instance in the gut (Conigrave
and Brown, 2006; Conigrave et al., 2008). At CaR, the most
potent are the aromatic amino acids L-Phe and L-Trp, fol-
lowed by aliphatic and polar amino acids. The least potent are
the branched-chain, basic and sulfur-containing amino acids
(Conigrave et al., 2000). Specifically for CaR, the potential
physiological relevance of the positive modulation of receptor
activity by amino acids has been demonstrated in the par-
athyroid and the intestinal/digestive system (Conigrave et al.,
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Figure 4 L-Amino acid selectivity profiles at CaR, GPRC6A and the T1R1+T1R3 heterodimer. Amino acids are grouped according to side chain
charge and polarity. Data have been normalized to allow for comparison of relative amino acid preferences. The profile for CaR was generated
by normalizing reported ECs, values from seven amino acids (measured in human parathyroid cells in the presence of 2 mmol-L™' Ca?*) to the
response of L-Trp (set to 100%). Amino acids marked with asterices (*) were not included in the original study. The profile for GPRC6A is based
on reported ECso values from mouse GPRC6A measured in the presence of 1 mmol-L™' Ca? and T mmol-L™' Mg?* (Christiansen et al., 2007)
and here normalized to the L-Lys response (set to 100%). TTIR1+T1R3 data originally in the form of ‘number of responsive cells’ measured in
the presence of 2.5 mmol-L™" IMP (Nelson et al., 2001) were converted to percentage normalized response by calculating the response relative
to that of L-Cys (set to 100%). The symbol (#) denotes that L-Tyr was not tested at TIRT+T1R3 (due to insolubility). CaR, calcium-sensing
receptor; GPRC6A, G-protein coupled receptor family C, group 6, subtype A; T1R, tastel receptor.

2004; Busque et al., 2005; Hira et al., 2008), and suggested in
several other tissues (Conigrave et al., 2007; 2008).

Other positive modulators at CaR include polyvalent mol-
ecules (including spermine, spermidine), f-amyloid peptides,
several aminoglycoside antibiotics (Ruat ef al., 1996; Quinn
et al., 1997; Ye et al., 1997; Brown and MacLeod, 2001) along
with increases in pH and ionic strength (Quinn et al., 1998;
Quinn et al., 2004). Furthermore, it was recently found that
the binding pocket of CaR (and the related goldfish 5.24
receptor) is in fact large enough to accommodate small pep-
tides such as glutathione (GSH), nicely illustrated by the
binding of [*H]GSH to the soluble VFT domain of CaR and the
ability of GSH to potentiate the Ca** response (Wang et al.,
2006). In addition to allosteric modulation in the VFT
domain, CaR exhibits an allosteric activator site for calcimi-
metics and an allosteric inhibitory site for calcilytics in the
7TM domain of the receptor (Nemeth et al., 1998; 2001).

The orthosteric binding site(s)

Based on studies using chimeric receptors, it has been firmly
established that Ca® binding takes place in the CaR VFT
domain (Brduner-Osborne etal., 1999; Hammerland et al.,
1999), although reports also point to the existence of separate
Ca?*/Gd*-binding sites in the 7TM domain (Hammerland
etal., 1999; Hu et al., 2002; 2005; Ray and Northup, 2002).
Focusing on the VFT domain-binding sites, mutagenesis
studies have identified a number of residues important for
Ca*-activation (Table 4); however, as no crystal structure of
CaR exists and as no binding assay is available to confirm if
these residues directly contact the ligand, the exact residues

involved in Ca* binding have not been unequivocally dem-
onstrated. As given in Table 4, the five residues S147, S170,
D190, Y218 and E297, conserved as the basic o-amino acid
recognizing motif in family C GPCRs, yield significantly
decreased sensitivity to Ca** (and other cations) when
mutated, suggesting that these residues are involved in cation
binding (Bai et al., 1996; Pearce et al., 1996, Brauner-Osborne
etal., 1999; Hauache et al., 2000; Zhang et al., 2002; Mun
et al., 2005). From homology models of CaR using the mGlu,
crystal structure as template, these residues have as well been
predicted to be part of the Ca*-binding site. In one of the
more recent modelling studies, Silve et al predicted and vali-
dated a Ca*-binding site in the cleft of the two lobes, lying
adjacent to the amino acid-binding site but being of smaller
dimensions. In addition to the five participating residues
already mentioned, they identified the three residues Q193,
F270 and S296 to be part of the cation-binding site (Silve
etal., 2005). More recently, another study homology-
modelled CaR and identified three distinct Ca*-binding sites,
which correlates well with the experimentally determined
Hill coefficient of 3-5. One of these corresponded with the
one reported by Silve et al. Ligand binding to the two other
predicted sites was validated by FRET-based methods by
expressing the relevant sequences (up to 30 amino acids long)
in scaffolding proteins, hereby demonstrating two novel
cation-binding sites centred around E378 and E398 (Huang
et al., 2007).

Based on the observation that the five residues known to
bind the o-amino acid moiety of L-Glu in mGlu, are con-
served in CaR (Table 1), it is anticipated that an analogous
amino acid-binding site exists in CaR. Mounting evidence for
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the location of the amino acid-binding site to the VFT domain
has come from chimeric receptor studies (Mun et al., 2004),
from the finding that L-Phe and the allosteric modulator, NPS
R-467, known to bind in the 7TM domain of CaR, act syner-
gistically and hence at distinct binding sites (Zhang et al.,
2002), as well as from site-directed mutageneses (collected in
Table 4). It has, however, been inherently difficult to pinpoint
residues specifically involved in amino acid binding and acti-
vation, as the amino acids require the presence of Ca*" to work
and many of the examined mutations simultaneously reduce
Ca® sensitivity. Mun et al. identified two mutations, T145A
and S170T that specifically impair amino acid-sensing while
leaving Ca*" sensing intact (Mun et al., 2005). Others have
also identified the three serines S169-171 as being important
for amino acid binding (Zhang et al., 2002; Lee et al., 2007).
Obviously, as CaR prefers aromatic amino acids and is not
sensitive to L-Glu, the residues involved in binding of the
distal end of L-Glu are not conserved in CaR (Table 1), exem-
plified by the lack of conservation of residues corresponding
to the mGlu, residues Y74 and R323 to CaR (Silve et al., 2005).
It remains to be investigated which residues participate in
binding of the aromatic moieties of L-Phe/L-Trp in the CaR
VFT domain.

Molecular pharmacology of GPRC6A

GPRCO6A was originally identified using bioinformatics based
on sequence identity to known family C GPCRs and has
subsequently been molecularly cloned from human, mouse
and rat (Wellendorph and Brduner-Osborne, 2004; Kuang
et al., 2005; Wellendorph et al., 2005; 2007). As illustrated in
the phylogenetic tree (Figure 1A), GPRC6A is most closely
related to the goldfish 5.24 receptor, which based on ligand
preferences for basic amino acids (Speca et al., 1999; Chris-
tiansen et al., 2006a) is believed to be the GPRC6A orthologue
in this species. Of the human family C receptors, CaR is the
closest homologue.

Orthosteric ligands

GPRCO6A is stereoselectively activated by natural L-o-amino
acids, preferentially basic amino acids L-Arg, L-Lys and
L-ornithine (L-Orn), but also small and polar amino acids,
whereas aromatic amino acids are inactive (Kuang et al., 2005;
Wellendorph et al.,, 2005; 2007; Christiansen et al., 2007).
Furthermore, we have identified a number of synthetic deriva-
tives of L-Arg, L-Lys and L-Orn, otherwise known to be regu-
lators of the nitric oxide synthase and arginase isoenzymes, to
be GPRC6A agonists (Christiansen efal., 2006b; Hrabak,
2006). This sensitivity profile is complementary to CaR, and
both GPRC6A and CaR also differ from T1R1+T1R3 with
respect to amino acid preferences (Figure 4) (Conigrave and
Brown, 2006; Brauner-Osborne et al., 2007). Using heterolo-
gous expression systems, we and others have found that the
L-o-amino acid response of GPRC6A is augmented by divalent
cations Ca** and Mg?*" in physiological relevant concentra-
tions (Kuang et al., 2005; Christiansen et al., 2007; Wellen-
dorph et al., 2007) and one report has even demonstrated a
direct activation of GPRC6A by Ca** (Pi et al., 2005). GPRC6A
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thus bears the general characteristic of a family C receptor in
having a dual responsiveness to Ca** and amino acids. To
date, no antagonists have been identified at GPRC6A.

The orthosteric binding site

So far, only few studies have addressed the molecular basis of
amino acid activation of GPRC6A. We have generated a
homology model of the human GPRC6A with L-Lys docked
into the predicted binding pocket based on the mGlu; crystal
as template, and constructed under the assumption that the
binding site orientation of L-Lys in GPRC6A substantially
resembles that of L-Glu in the mGlu receptors (Wellendorph
et al., 2005) — an assumption shared by Kuang et al. in their
model of L-Lys bound to the goldfish 5.24 receptor (Kuang
et al., 2003). From this homology modelling and from align-
ments with other family C GPCRs, the residues known to
interact with the o-amino acid moiety of L-Glu in mGlu, are
clearly conserved in GPRC6A (Table 1). The modelled L-o-
amino acid recognition site was validated as mutations S149A
and T172A (corresponding to S165 and T188 in mGlu;) com-
pletely obliterated receptor activity in response to amino
acids (Wellendorph et al., 2005). Importance of these residues
is substantiated by mutagenesis studies conducted on the
homologous goldfish receptor 5.24, in that mutation of all the
five highly conserved residues known to bind to the o-amino
acid moiety (Table 1) also dramatically disturbs activity of this
receptor (Kuang et al., 2003; Luu et al., 2004). Furthermore, in
the 5.24 receptor, two acidic residues (D388 and E47) have
been confirmed to be directly involved in binding of the distal
basic guanidinium group of L-Arg. The precise environment
of the distal end of the GPRC6A-binding pocket is less clear
and the residue(s) responsible for binding the positively
charged distal end of the amino acid have not been identified.
The equivalent of D388 is not conserved to GPRC6A and in
general the sequences are quite divergent in this region. Pos-
sibly, this could reflect the fact that GPRC6A is less selective
for basic amino acids than 5.24. Based on our homology
model, residues E67, E170, D401 and D403 are potential can-
didates for interacting with the distal end of positively
charged ligands (Wellendorph et al., 2005) but remain to be
investigated by site-directed mutagenesis. Finally, alternative
scenarios for the amino acid-binding pocket in GPRC6A
might be relevant to consider, such as the use of the lysine-
arginine-ornithine-binding protein (Kang etal., 1991; Oh
etal.,, 1993) as template, in which L-Lys binds in a more
folded conformation than L-Glu in mGlu; (Wellendorph
et al., 2005).

Molecular pharmacology of the TIR1+T1R3 taste
receptor

The T1R class of GPCRs consists of three subunits: T1R1, T1R2
and T1R3 that all carry the typical family C characteristics of
a large VFT domain, a CRD and a 7TM domain. T1R subunits
are selectively expressed in taste buds (Hoon etal., 1999)
where they combine to form heterodimeric taste receptors,
responding to either sweet stimuli (T1R2+T1R3) or amino
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acids/umami taste (T1R1+T1R3) (Nelson et al., 2001; 2002; Li
et al., 2002). In order to form functional receptors, the indi-
vidual subunits T1R1 and T1R2 depend on co-expression and
dimerization with T1R3, thus comparable to the GABA; recep-
tor in being obligatory heterodimers. This functional prere-
quisite is underlined by studies using chimeric receptors and
knockout animals (Zhao et al., 2003; Xu et al., 2004). Given
the topic of this review, the TIR1+T1R3 amino acid receptor is
highlighted. Being an L-amino acid-sensing receptor, the con-
servation of the five key residues involved in binding of the
o-amino acid moiety of L-Glu in mGlu, is not unexpected.
The signalling of TIR1+T1R3 is augmented dramatically by
5’-inosine monophospate (IMP), which is a hallmark of
umami taste (Yamaguchi, 1991). Indeed, in the presence of
IMP, the receptor responds to all natural L-amino acids but
L-Trp (Figure 4), as well as to the synthetic L-Glu analogue
L-AP4 (Li et al., 2002; Nelson et al., 2002). Because L-Glu and
IMP have no effect on the TIR2+T1R3 sweet taste receptor, it
is inferred that these bind to the T1R1 subunit (Li et al., 2002;
Xu et al., 2004).

Whereas the mGlu, crystal has formed the basis for homol-
ogy models of T1R2 and T1R3 (reviewed by Cui et al., 2006),
no model exists for T1R1, which is the subunit believed to
harbour the predicted amino acid-binding pocket. Conse-
quently and additionally, no mutations in the presumed
binding pocket have been reported and details about the
molecular recognition of amino acids in the umami receptor
remain to be addressed. From work by Silve et al., it seems
plausible that TIR1 and/or T1R3 also contain a Ca*-binding
site as residues known to involve Ca* binding in CaR are
conserved to these receptor subunits (Silve et al., 2005). So far,
no molecular evidence has emerged to support this view, but
recently the involvement of T1R3 in calcium-magnesium
taste has been implied based on taste studies in vivo (Tordoff
et al., 2008), also proposing that T1R3 could have a dimeriza-
tion partner with Ca®-sensing properties such as CaR. As
delineated above, another potential partner for dimerization
is GPRC6A, which intriguingly is also expressed in taste buds
(Wellendorph et al., 2007).

Conclusion and outlook

As we have outlined in the present review, the last decade has
increased our knowledge of how amino acids bind to the VFTs
of family C receptors dramatically. These insights have pro-
vided a basis to understand subtype selectivity of mGlu recep-
tors and the initial events in receptor activation. Interestingly,
whereas mGlu and GABA; receptors are exclusively activated
by one endogenous agonist, CaR, T1R1 and GPRC6A are pro-
miscuously activated/modulated by a range of L-o-amino
acids (Figure 4). The molecular mechanism of this promiscu-
ity and the physiological importance of the individual amino
acids still remains to be shown. Also the molecular mecha-
nism of cation activation/modulation of family C remains to
be fully uncovered. Structural and biophysical studies have
unravelled the initial events in activation of the dimeric
receptor by closing of the VFT around the agonist, but how
this is translated into activation of the 7TM domains is still a
mystery. Is it contraction of the two 7TM domains in the

British Journal of Pharmacology (2009) 156 869-884

dimer, a conformational change in the individual 7TM
domains induced via the rigid CRD, or a third mechanism?
These and other important unsolved questions ensure that
the next decade of family C receptor research will be exciting
to follow.
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