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The G-protein-coupled receptors (GPCRs) are one of the largest super families of cell-surface receptors and play crucial roles in virtu-
ally every organ system.  One particular family of GPCRs, the class C GPCRs, is distinguished by a characteristically large extracellular 
domain and constitutive dimerization.  The structure and activation mechanism of this family result in potentially unique ligand recogni-
tion sites, thereby offering a variety of possibilities by which receptor activity might be modulated using novel compounds.  In the pres-
ent article, we aim to provide an overview of the exact sites and structural features involved in ligand recognition of the class C GPCRs.  
Furthermore, we demonstrate the precise steps that occur during the receptor activation process, which underlie the possibilities by 
which receptor function may be altered by different approaches.  Finally, we use four typical family members to illustrate orthosteric 
and allosteric sites with representative ligands and their corresponding therapeutic potential.
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Introduction
The G-protein-coupled receptors (GPCRs) form the largest 
class of cell surface receptors and play a major role in cellu-
lar perception of the environment[1].  GPCRs are sensitive to 
a diverse range of ligands that include light (photons), ions, 
amino acids and large proteins, and they represent an impor-
tant market for pharmaceutical companies.  Approximately 
50 GPCRs are estimated to be targeted by nearly half of the 
currently marketed drugs, and at least 300 GPCRs remain to 
be exploited[2].  Intense efforts have been devoted to screening 
new GPCR ligands that display high potential as drug leads.  
However, for many GPCRs, such efforts have failed to yield 
viable drug candidates.  Numerous issues prohibit traditional 
GPCR-targeted drug discovery.  For instance, ligands screened 
by traditional techniques usually act on GPCR orthosteric 
sites.  The conserved characteristics of the orthosteric sites 
make it difficult to achieve high selectivity for specific GPCR 
subtypes.  Furthermore, the persistent treatment regime of 
orthosteric ligands often leads to potent side effects and tol-
erance to the drugs.  In addition, for some GPCRs, such as 
peptide or protein receptors, it is inherently difficult to design 
synthetic orthosteric ligands.  Therefore, the pharmaceutical 
industry is searching for alternative approaches to identify 

new modulators of GPCRs.  The determination of GPCR struc-
tures, mechanisms and ways in which to modulate these prop-
erties are therefore of critical importance.  

The GPCRs can be classified into five families based on 
the sequence phylogeny of a conserved heptahelical trans-
membrane domain (7TM)[3].  Among these families, class C 
GPCRs are defined by two unique structural features: first, 
they possess a large extracellular domain that is distal to the 
7TM and contains the orthosteric sites; second, they form 
constitutive dimers with unique activation modes compared 
with other classes of GPCRs[4].  Class C GPCRs are com-
posed of metabotropic glutamate receptors (mGlu receptors), 
γ-aminobutyric acidB receptors (GABAB receptors), Ca2+-
sensing receptors (CaS receptors), sweet and amino acid taste 
receptors, pheromone receptors, odorant receptors in fish and 
several orphan receptors[3].  mGlu, GABAB, and CaS receptors 
represent an important new class of therapeutic targets that 
are integral to disorders that affect the central neural system 
(CNS) and calcium homeostasis[4, 5].  The taste receptors, on the 
other hand, attract significant attention from food companies 
because the taste additives that target these receptors repre-
sent a key feature of the large food industry market[5].  

The recently identified class C GPCRs have been targeted 
by only two therapeutic drugs currently on the market[6].  By 
contrast, in recent years there have been tremendous advances 
in the discovery of allosteric modulators of class C GPCRs, 
most likely as a result of the existence of multiple modula-
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tion sites for various ligands[7].  Cinacalcet, one of the first two 
allosteric modulators of GPCRs on the market, targets the CaS 
receptor[5].  This review focuses on the structural features that 
are involved in ligand recognition by class C GPCRs.  The pos-
sibilities of modulating receptor function through different 
types of ligands are then discussed.  Finally, representative 
ligands and the associated sites of four typical family members 
that contain therapeutic potential are reviewed in detail.  The 
ligands described in this review are small chemical molecules.  
Peptide ligands, such as antibodies, are not discussed.  

Representative family members
L-Glutamate serves as the neurotransmitter at the major-
ity of excitatory synapses in the mammalian CNS.  As the 
metabotropic receptors for glutamate, mGlu receptors partici-
pate in the modulation of synaptic transmission and neuronal 
excitability throughout the CNS[8, 9].  The mGlu receptors are 
sub-classified into three groups based on sequence homology, 
G-protein coupling, and ligand selectivity[9].  Group I (mGlu1 
and 5) couple to Gq/G11 and activate phospholipase Cβ, 
resulting in the hydrolysis of phosphoinositides and the gen-
eration of inositol 1,4,5-trisphosphate (IP3) and diacylglycerol, 
whereas Group II (mGlu 2 and 3) and Group III (mGlu 4, 6, 7, 
and 8) couple predominantly to Gi/o, which inhibits adenylyl 
cyclase and directly regulates ion channels and other down-
stream signaling partners via the liberation of Gβγ subunits[10].  
The widespread expression of mGlu receptors makes these 
receptors particularly attractive drug targets, and recent stud-
ies continue to validate the therapeutic utility of mGlu recep-
tor ligands in neurological and psychiatric disorders, such as 
Parkinson’s disease[11], Fragile X syndrome[12], Alzheimer’s 
disease[13], anxiety, and schizophrenia[14].

GABA is a major inhibitory neurotransmitter in the mam-
malian CNS.  As the metabotropic receptor for GABA, GABAB 

receptor mediates slow and prolonged synaptic inhibition[15].  
The GABAB receptor functions as an obligate heterodimer of 
two subtypes, GABAB1 and GABAB2

[16, 17].  GABAB1 contains the 
GABA binding site[18], while GABAB2 is responsible for Gi/o 
protein activation[19].  In addition to a role in neuronal excit-
ability and plasticity, GABAB receptor may promote neuron 
survival under conditions of metabolic stress[20], ischemia[21], 
or apoptosis[22].  This receptor is a promising target for the 
treatment of many diseases, including spasticity, neuropathic 
pain[23], drug addiction, schizophrenia, anxiety, depression 
and epilepsy[24, 25].

The CaS receptor is a unique class C GPCR that can be acti-
vated by ions without the cooperation of other ligands[4].  This 
receptor is highly sensitive to a very slight change in extracel-
lular Ca2+ concentrations, which ensures its significant role 
in regulating calcium homeostasis[26].  The CaS receptor is 
involved in several disorders, including hyperparathyroidism, 
osteoporosis and different forms of hypocalcemia[26–28].  The 
clinical success of Cinacalcet indicates that more efforts should 
be devoted to the discovery of novel ligands that modulate 
CaS receptor activation.

The class C GPCRs contain three taste receptor subunits 

(T1R1, T1R2, and T1R3) that form two heterodimers, the 
sweet receptor (T1R2/T1R3) and the umami receptor (T1R1/
T1R3)[29, 30].  Only cis activation occurs within the sweet and 
umami taste receptors, which means T1R2 in the sweet 
receptor or T1R1 in the umami receptor are involved in both 
orthosteric ligand recognition and in G protein activation, 
whereas the common subunit T1R3 loses the correspond-
ing function[31].  In addition to natural sugars, the sweet taste 
receptor is also sensitive to artificial sweeteners, sweet pro-
teins and some D-amino acids.  In most mammals, the umami 
receptor can be activated by L-amino acids, whereas the 
human orthologue is only sensitive to monosodium glutamate 
and L-aspartate.  Flavor enhancers, such as purine nucleotides, 
have the ability to potentiate umami receptor function.  These 
artificial sweeteners and flavor enhancers represent a large 
food sector market[6].

Structural features of class C GPCRs
Class C GPCRs are composed of an exceptionally large extra-
cellular domain, a heptahelical transmembrane domain and 
an intracellular carboxyl-terminal (C-terminal) domain (Figure 
1A).  One distinct structural feature of class C GPCRs is the 
extracellular domain that contains a Venus flytrap (VFT) mod-
ule and a cysteine rich domain (CRD, except in the GABAB 
receptor).  The 7TM domain is conserved among all GPCRs 
with the exception that class C GPCR 7TMs contain only the 
allosteric sites.  The orthosteric sites are contained within the 
VFT.  The C-terminal tail of class C GPCRs is a highly vari-
able domain and plays a role in scaffolding and signaling 
protein coupling[3].  All the domains except for the intracel-
lular C-terminal domain provide plentiful ligand action sites.  
The other unique characteristic of class C GPCRs is their 
mandatory dimerization, either as homodimers (mGlu and 
CaS receptors) or heterodimers (GABAB receptor and T1Rs) 
(Figure 1B).  The allosteric interaction between different dimer 
domains results in a particularly complicated activation pro-
cess.  

Extracellular domain
Venus flytrap module 
The VFTs of class C GPCRs share sequence and structural sim-
ilarity with bacterial periplasmic binding proteins (PBPs)[31].  A 
generally accepted hypothesis is that the fusion of an ancestral 
rhodopsin-like receptor and a PBP formed the common ances-
tor of the class C GPCRs[3].  Additional detailed phylogenetic 
analysis of VFTs from four typical groups of class C GPCRs 
reveals that functional divergence involved positive selection 
and is partially responsible for the evolutionary patterns of the 
VFTs (Figure 2)[32].  The functionally divergent sites could rep-
resent potential drug targets that participate in ligand recogni-
tion.  

Among class C GPCRs, the VFT of the mGlu1 receptor is 
the first for which a crystal structure was solved, both in the 
absence and presence of its orthosteric ligands (Figure 1C)[33].  
The crystal structure of VFT revealed a bilobate domain with 
two lobes being separated by a cleft in which endogenous 



314

www.nature.com/aps
Chun L et al

Acta Pharmacologica Sinica

npg

ligands bind[33, 34].  The VFT oscillates between an open and 
closed conformation in the absence of bound ligand.  In the 
presence of ligand, glutamate interacts with lobe 1 in the open 
form of the VFT and then stabilizes a closed form through 
additional contacts with lobe 2.  Competitive antagonists 
inhibit receptor activation by preventing VFT closure[35], 
whereas locking the VFT in a closed conformation with an 
artificial disulfide bond results in a constitutively active recep-
tor[36].  

VFTs form constitutive dimers.  Based on the crystal struc-
ture and mutational analysis of mGlu1 VFTs, the hydrophobic 
interaction between lobe 1 of each monomer is the main driv-
ing force for VFT dimerization[37, 38].  Additionally, a disulfide 
bond linking the two VFTs was demonstrated to stabilize this 
dimer[37, 39, 40].  Similar to mGlu receptors, lobe 1 from each 
of the two hetero-subunits of the GABAB receptor, GABAB1 
and GABAB2, mediates subunit interaction[41, 42].  The lobe 1 

N-glycan, which is located at the interface of either GABAB1 or 
GABAB2, prevents receptor heterodimerization and cell surface 
trafficking[42].  

Cysteine rich domain (CRD) 
For most class C GPCRs (except for the GABAB receptor), 
the VFT and 7TM are connected by the CRD.  The CRD is a 
roughly 80 amino acid segment that contains nine completely 
conserved cysteines[3].  The crystal structure of the complete 
extracellular domain of the mGlu3 receptor was solved in 
2007 (Figure 1C)[43].  Based on this structure, the CRD forms an 
independent domain with a length of 40 Å, which physically 
separates the VFT and the 7TM.  The CRD plays an important 
role in receptor activation of the mGlu receptors, CaS receptors 
and sweet taste receptors with subunit T1R3[44, 45].  In mGlu-
like receptors, a conserved disulfide bridge between the VFT 
and the CRD is required for the allosteric interaction between 

Figure 1.  Schematic structure of class C GPCRs.  
(A) Structural organiza tion of class C GPCRs.  Class 
C GPCRs have a common structure consisting of a 
VFT with two lobes (lobe 1 and lobe 2) separating 
by a cleft as orthosteric site, a 7TM and a CRD 
for all but GABAB receptor.  The crystal structure 
of mGlu3 receptor (PDB ID 2E4W) was used for 
the VFT and CRD.  The bovine rhodopsin crystal 
structure (PDB ID 1GZM) was used for the 7TM.  
(B) Schematic representation of two prototypical 
class C GPCRs as heterodimer (GABAB receptor), 
or homodimer (mGlu receptor).For GABAB receptor, 
the VFT is directly linked to the 7TM.  Two sub-
units, GABAB1 and GABAB2, form an obligatory 
heterodimer.  GABAB1 is responsible for endogenous 
ligands binding, while GABAB2 is responsible for 
G protein activating.  For mGlu receptors, the VFT 
connects to the 7TM via CRD.  mGlu receptors form 
homodimers which could offer two orthosteric sites 
per dimer.  (C) The determined cystal structure 
for the VFT and CRD.  The first solved structure is 
the VFT of mGlu1 receptor (PDB ID 1EWK), which 
shows that the VFT oscillates between an open 
and a closed conformation.  The crystal structure 
of whole extracellular domain including the VFT 
and CRD (PDB ID 2E4W) has been solved firstly in 
mGlu3 receptor.  
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the VFT and the 7TM.  Mutation of this disulfide bond abol-
ished agonist-induced activation of the mGlu receptors[46].  
 
Heptahelical transmembrane domain (7TM) 
Similar to other GPCRs, class C GPCRs possess heptahelical 
transmembrane helices that are linked by three short intra- 
(iloops) and extracellular loops, which are always smaller than 
30 residues.  Despite the low primary sequence similarity, 
several similar 3D structural features of the 7TM exist between 
the class C GPCRs and the rhodopsin-like receptors, including 
the conserved disulfide bond that connects the top of TM3 and 
the second extracellular loop, the central position of TM3, the 
8th helix following the 7TM that is related to G-protein cou-
pling as well as several conserved residues[3].  

In contrast to rhodopsin-like GPCRs, the 7TM of class C 
GPCRs does not participate in ligand recognition or binding.  
However, this domain in class C GPCRs still contains a con-
served binding pocket that corresponds to the orthosteric sites 
of rhodopsin-like GPCRs[47].  This binding pocket represents 
a site where many synthetic molecules could potentially bind 
and modulate receptor activity. 

Activation mechanism and approaches for modulating 
activity 
Binding of competitive agonist to the VFT induces a series of 

conformational changes in all of the domains and activates 
the G-protein.  This activation mechanism is particularly 
complicated as a result of the constitutive dimerization of this 
family.  The dimeric receptor contains four or six independent 
domains in which allosteric interactions occur between each 
neighboring pair such that a conformational change in one 
domain will facilitate changes in others.  For a long time, how 
the different domains work together to activate the coupled 
effectors remained poorly understood.  The main hindrance in 
investigating this issue stems from difficulties in solving the 
receptor structure in the presence and absence of agonist.  In 
2000, the first crystal structures of the mGlu1 receptor broke 
this barrier.  These structures revealed the dynamics of the 
VFT and mechanism of modulation by glutamate.  A subse-
quent study in 2002 reported the structure of the mGlu1 recep-
tor in the presence of an antagonist (MCPG) or an allosteric 
modulator (Gd3+).  However, the structure of the 7TM domain 
remains unsolved, and details of the conformational change of 
the complete receptor in response to stimulation remain elu-
sive.  Our current knowledge regarding the activation process 
relies mainly on bioinformatic analyses, mutation constructs 
and advanced functional techniques.  In general, the activa-
tion progress of class C GPCRs includes the following three 
sequential events: 1) a competitive agonist binds to one VFT in 
the dimer and stabilizes the closed conformation; 2) the VFT in 

Figure 2.  The bootstrap tree of the prototypical 
members from human class C GPCRs.  The 
sequence of the VFT were aligned using the 
default parameters and the homologous 
bacterial PBPs were used as an outgroup to 
root the trees. Class C GPCRs form obligatory 
dimers.  Homodimers (mGluR and CaSR) 
linked by a disulfide bond between their VFTs, 
while heterodimers (GABABR and T1R) are not 
covalently linked.  
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the closed conformation transduces the activation signal to the 
7TM directly or via the CRD; 3) the rearranged 7TM activates 
the G protein.  

Ligand recognition by VFT 
Crystal structure analysis of the mGlu1 receptor revealed 
that agonist binding induces rearrangement of the dimeric 
VFTs[33, 34].  In the resting state (R), lobes 2 of each monomer 
are far away from one another and the dimeric VFTs are in an 
open conformation.  In the active state (A), lobe 2 from each 
monomer moves close enough to contact each other, while 
the dimeric VFTs are stabilized in a closed conformation in 
response to binding of a competitive agonist.  Consistent with 
the above model, N-glycan wedge scanning in the GABAB 
receptor revealed that the interaction and relative movement 
of lobe 2 from each monomer is important for agonist affinity 
and receptor activation[42].  

Constitutive dimerization ensures that each receptor dimer 
contains two orthosteric sites in most cases.  However, accord-
ing to mutational analysis in mGlu receptors, one ligand is 
sufficient to activate the receptor dimer[48].  That is, a ligand 
binding to one subunit leads to the closure of one VFT and 
Aco (Active/closed open) conformation is sufficient to stabi-
lize the active conformation of the receptor.  Although the Acc 
(Active/close close) conformation with two bound agonists 
has higher activation efficacy, a cation such as Gd3+ is needed 
to stabilize this conformation.  In the absence of a cation, elec-
trostatic repulsion between lobe 2 from each monomer would 
make this conformation drastically unstable[34].  

Activating signal transduction from the VFT to the 7TM 
Because the VFT and the 7TM of class C GPCRs are relatively 
independent domains, transduction of the activating signal 
from the VFT to the 7TM is a crucial step in receptor activa-
tion, despite the fact that many details remain to be defined.  
For mGlu-like receptors, the CRD plays a central role in 
transmitting the activating signal from the VFT to the 7TM.  
A conserved disulfide bond between the VFT and the CRD is 
indispensable for the allosteric interaction between the two 
domains[46].  Furthermore, a recent observation showed that 
ligand binding to the VFT triggers the relative movement of 
two CRDs during receptor activation.  The introduction of 
an inter-subunit disulfide bond between the two CRDs in the 
receptor dimer stabilized the active conformation[49].  For the 
GABAB receptor, which lacks the CRD, it is most likely that the 
VFT directly interacts with the 7TM, independent of the short 
linker between them[19].  

The model that one VFT is capable of activating one receptor 
dimer raises the question of whether the closed VFT domain 
activates the 7TM domain in the same subunit (cis-activation) 
or the closed VFT activates the 7TM of the other subunit 
(trans-activation).  Recently, it has been demonstrated that the 
7TM of the obligatory heterodimeric GABAB receptor can be 
directly trans-activated either by the GABAB1 VFT and 7TM 
or by the dimeric VFTs formed by GABAB1 and GABAB2

[50].  In 
contrast, only cis-activation occurs in the T1R receptor[31].  The 

activation mechanism of homodimeric receptors with two 
orthosteric sites is difficult to study.  The results for mGlu-like 
receptors showed that both cis- and trans-activation occur in 
the mGlu receptor activation mechanism[51].

G-protein activation by 7TM 
Due to the difficulties in transmembrane protein research, no 
crystal structures of the 7TM domain of any class C GPCR 
have been determined.  There is no direct data to indicate that 
a conformational change in the 7TM occurs during receptor 
activation.  Bioinformatic and mutational analyses suggest 
that the 7TM oscillates between various active and inactive 
conformations[46, 47].  FRET detection of the conformational 
change in the iloops of the mGlu1 receptor demonstrated that 
agonist binding induces iloop2 from each monomer in the 
dimeric 7TMs to move apart from each other, implying that 
the dimeric 7TMs rotate away from the interface during the 
activation process[52-54].

Chimeric constructs and mutational analyses indicate that 
the C-terminal end of the Gα subunit lies within a cavity 
formed by iloop 2 and 3 in class C GPCRs[55].  In addition, the 
8th helix also plays a role in G-protein coupling[55, 56].  Finally, 
it is important to mention that the highly conserved and un-
usually short iloop 3 of class C GPCRs plays an equivalent role 
to that of iloop 2 in rhodopsin-like receptors[57].

Ligand recognition sites
Class C GPCRs contain multiple ligand interaction sites as 
a result of their particularly complicated structure and acti-
vation mechanism.  These ligand binding sites are divided 
into two groups: orthosteric and allosteric binding sites.  The 
endogenous ligand binding sites, or orthosteric sites, reside in 
the VFT domain.  Both competitive agonists and antagonists 
interact with this site and induce significant conformational 
changes in the VFT: binding of a full agonist stabilizes a closed 
conformation[35], whereas binding of competitive antagonists 
stabilizes an open conformation[33, 34, 43].  Binding of partial 
agonists results in a partial or a complete, yet unstable, clo-
sure of the VFT domain[35, 58].  In contrast, the allosteric sites 
are topographically distinct from the orthosteric sites in any 
given receptor.  The binding of allosteric modulators changes 
the receptor conformation and, thereby, the affinities and/or 
efficacies of orthosteric ligands.  In general, the positive allos-
teric modulators (PAMs) facilitate the action of the orthosteric 
agonists, whereas the negative allosteric modulators (NAMs) 
block the activation of orthosteric agonists by stabilizing the 
7TM in an inactive conformation.  The large extracellular 
domain and constitutive dimerization of class C GPCRs 
provide more potential allosteric sites compared with other 
GPCRs.  To date, there are three groups of allosteric sites in 
class C GPCRs that have been reported (Figure 3).  

7TM allosteric sites 
Due to the existence of the large extracellular domain, the 
7TM of class C GPCRs lacks an orthosteric site, which instead 
is located within the VFT.  However, the binding pocket 
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is conserved and is formed by residues in TM3, 5, 6, and 
7, which correspond to orthosteric sites within the 7TM of 

rhodopsin-like receptors[3, 59].  Many allosteric modulators for 
class C GPCRs have been demonstrated to bind in this pocket.  
Homology modeling, docking analysis and mutagenesis stud-
ies have shown that nine conserved amino acid residues in 
the 7TM of T1R3 are involved in allosteric modulator bind-
ing.  The corresponding residues have also been found in the 
7TM of CaS[60-63] and mGlu receptors[64–66].  This implies that 
class C GPCRs share a common binding site for allosteric 
modulators.  Distinct from this common binding pocket, there 
are several other allosteric sites located in the 7TM of class C 
GPCRs.  Taken together, the main group of allosteric sites in 
class C GPCRs resides in the 7TM.  Most allosteric modulators 
that have been described for class C GPCRs interact with this 
domain.  

VFT allosteric sites adjacent to orthosteric sites 
Recently, the VFT binding pocket was shown to be large 
enough to accommodate both orthosteric and allosteric sites, 
which are adjacent to each other but do not overlap.  Small 
molecules binding to this allosteric site could cooperate with 
endogenous ligand to stabilize the closed conformation of 
the VFT.  These small molecules are new allosteric modula-
tors and are called extracellular domain allosteric modulators 
(EDAM).  To date, there are three groups of EDAMs and their 
corresponding sites have been identified: IMP to the T1R1 VFT 
of the umami taste receptor[31], SE-2/SE-3 to the T1R2 VFT of 
the sweet taste receptor[67] and the (R)-PCEP derivatives with 
long alkyl chains to the VFT of the mGlu4 receptor[68, 69].

Allosteric sites located at the interfaces between the VFT, CRD 
and 7TM 
Constitutive dimerization plays a crucial role in the activation 
of class C GPCRs so the sites involved in dimerization repre-
sent another group of allosteric sites.  In the Acc conformation 
of the mGlu1 receptor, electrostatic repulsion from the four 
adjacent negatively charged residues Glu233 and Glu238 (and 
the analogous residues in the dimeric VFTs) makes the active 
conformation unstable.  The introduction of a cation, such as 
Gd3+ or Ca2+, can neutralize this electrostatic repulsion and sta-
bilize the active conformation.  It was shown that the Gd3+ ion 
binds at the interface between lobe 2 of the VFTs[34].  Therefore, 
the interface of the dimeric VFT constitutes a group of allos-
teric sites.

Recent data show that the relative movement of dimeric 
CRDs is potentially involved in the mGlu receptor activation 
process[49], so this region could represent another allosteric 
site.  In support of this hypothesis, Jiang et al identified 10 resi-
dues in the CRD of human T1R3 and the hinge region of T1R2 
that play an important role in the effect of sweet proteins, such 
as brazzein[45].

Ligand binding sites of four typical class C GPCR family 
members 
So far, there are only two therapeutic drugs that target class 
C GPCRs on the market: Baclofen, an agonist targeting the 
GABAB receptor, and Cinacalcet, an allosteric modulator tar-

Figure 3.  Great variety of ligands to modulate class C GPCRs function.  
(A) Schematic model of orthosteric sites and allosteric sites in mGlu-like 
receptor.  There are four groups of allosteric sites in class C GPCR: sites 
in the 7TM, which have been studied extensively; sites in the extracellular 
domain including VFT and CRD and sites in the interface between VFT, 
CRD and 7TM, the latter two open the new possibilities to modulate 
activity of mGlu receptors.  The structure model was built according to 
the crystal structure of mGlu3 VFT and CRD (PDB ID 2E4W) and the 
crystal structure of bovine rhodopsin 7TM (PDB ID 1GZM).  (B) Modulation 
mechanism of various ligands on the function of homodimeric class 
C GPCRs.  The orthosteric agonists promote the VFT closure while the 
antagonists prevent it.  The extracellular domain allosteric modulators 
(EDAM) bind to a site adjacent to the orthosteric site and increase the 
agonist effect.  The Gd3+ ion binds to the interface of the lobe 2 of the 
VFTs and stabilizes the full active conformation when both VFTs are 
closed.  The sweet proteins brazzein or monellin interact on the CRD of 
human T1R3 and increase the agonist effect.  The typical PAMs or NAMs 
bind to the 7TM and stabilize the active or inactive conformation of 7TM, 
respectively.
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geting the CaS receptor.  The former represents a conventional 
orthosteric drug, while the latter represents a novel allosteric 
modulator.  Allosteric modulators currently attract signifi-
cant attention because they offer important advantages over 
orthosteric drugs.  First, they often have no effect on their 
own and act in concert with physiological receptor activation, 
which results in fewer side effects and a decreased propensity 
for desensitization; second, their binding sites do not undergo 
selective pressure so they display a higher subtype selectivity; 
third, multiple allosteric sites make it easy to synthesize novel 
molecules that exhibit increased bioavailability and desirable 
pharmacokinetic properties.  Diverse allosteric modulators 
have been identified for class C GPCRs as a result of their 
plentiful allosteric sites and the numerous possibilities to 
modulate their function by acting on multiple steps during the 
activation process (Table 1).

Taste receptors — multiplicity of various ligand-binding sites
A unique characteristic of taste receptors is their diversity of 
ligand-binding sites.  Aside from the orthosteric sites, there are 
at least eight allosteric sites that have been identified in taste 
receptors: the EDAM sites for IMP in T1R1-VFT[31] and for 
SE-2/SE-3 in T1R2-VFT[67]; the allosteric agonist sites for sweet 
proteins in T1R3-CRD[45], cyclamate in sweet receptor T1R3 
7TM[70], S807 in T1R1 7TM[31] and S819 in T1R2-7TM[31]; the 
PAM site for cyclamate in the umami receptor T1R3-7TM[70]; 
and the NAM site for lactisole in both the sweet and umami 
receptor T1R3-7TM[71].  These sites might represent potential 
targets for health-related products or drugs to treat diseases, 
such as hypertension or diabetes.

mGlu receptors — the most promising candidates for clinical 
applications 
The orthosteric sites of mGlu receptor subtypes are the most 
highly conserved throughout evolution, such that there are 
almost no orthosteric ligands that display higher selectivity 
for a given subtype.  Moreover, the glutamate-binding pocket 
strictly selects for agonists with amino acid-like structures, 
which are notoriously difficult to synthesize and display 
undesirable pharmacokinetics.  By contrast, most of the allos-
teric modulators for mGlu receptors possess better subtype 
selectivity as a result of less conserved allosteric sites and bet-
ter pharmacological properties due to their structural diversity 
and more extensive lipophilic nature[72].  

The first allosteric modulator that was discovered for class 
C GPCRs is CPCCOEt, which functions as a NAM for the 
mGlu1 receptor.  Numerous allosteric modulators of group I 
mGlu receptors have since been identified.  It has been pro-
posed that the movement of Trp798 in TM6 of mGlu1 (Trp784 
at the homologous position in mGlu5) is essential for receptor 
activation[66].  The PAMs stabilize the active conformation of 
this group by facilitating the movement of a conserved Trp 
in TM6, whereas the NAMs prevent the relative movement 
between TM6 and TM3[66].  For the mGlu5 receptor, most 
PAMs and NAMs share an overlapping binding pocket that is 
composed of TM3, 5, 6, and 7[73], except for a small number of 

distinct sites[74].  For the mGlu1 receptor, however, the PAMs 
and NAMs bind to distinct sites in the 7TM[64, 65, 75–77], except 
for a shared site that consists of Val757 in TM3[65, 77].  Removed 
from the conserved binding pocket, there is a distinct allos-
teric site located in TM1.  An unique PAM for both the mGlu1 
and mGlu5 receptors, CPPHA, was shown to bind to this site.  
Phe585 in TM1 of mGlu5 (Phe599 at the corresponding posi-
tion in mGlu1) is essential for the recognition of CPPHA[74].  

The allosteric modulators of the mGlu5 receptor are leading 
with regard to the development of pharmaceuticals that target 
class C GPCRs.  Convincing preclinical data have shown a 
significant effect of several PAMs in schizophrenia[14].  Fur-
thermore, positive clinical results have also been obtained for 
NAMs in L-DOPA-induced tardive dyskinesia in Parkinson’s 
disease[11].  

Most allosteric modulators for group II mGlu receptors are 
PAMs.  These modulators provide greater subtype selectiv-
ity compared with the agonists, especially in the case of the 
mGlu2 receptor.  Ser688 and/or Gly689 in TM4 and Asn735 
in TM5 have been shown to be involved in PAM binding to 
the mGlu2 receptor[78].  The competitive agonists for group II 
mGlu receptors display potent activity against anxiety[79] dis-
orders and schizophrenia[80] in clinical trials; however, they are 
unable to discriminate between the group II subtypes.  PAMs 
with selectivity for the mGlu2 receptor have displayed similar 
effects as agonists in an animal model[81], which suggests that 
there is a high possibility for success in clinical trials.

Compared with the modulators that have been described for 
group I and II mGlu receptors, notably fewer allosteric modu-
lators have been identified that target group III mGlu recep-
tors.  It also important to note that some allosteric modulators 
that target group I mGlu receptors have the opposite effect on 
group III mGlu receptors.  Recently, the mGlu4 receptor has 
been the focus of significant attention because the correspond-
ing PAMs that target this receptor represent promising novel 
drugs with which to treat Parkinson’s disease[11].

GABAB receptors — the unique PAM CGP7930 
Currently there is only one drug on the market, baclofen, that 
functions as a competitive agonist towards the GABAB recep-
tor.  Clinical applications over the course of several decades 
have shown that baclofen is an undesirable antispastic agent 
due to its potent side effects, unfavorable pharmacokinetic 
properties and a tendency for patients to develop tolerance to 
the drug.  The newly described allosteric modulators provide 
opportunities to develop new therapeutic agents for several 
GABAB receptor related disorders.

CGP7930 is a typical PAM that was the first to be identi-
fied that targets the GABAB receptor[82].  This PAM can both 
enhance the potency and the maximal response that is induced 
by GABA[82].  Radioligand binding experiments suggest that 
CGP7930 not only promotes agonist affinity to the orthosteric 
sites but also strengthens the interaction between the GABAB 
receptor and the preferred Gαo

[83].  A growing body of evi-
dence has shown that CGP7930 interacts with the GABAB2 
7TM[82].  According to a recently proposed model in which 
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agonist binding induces the widening of the cleft between 
the two 7TMs without changing the helical configuration of 
each subunit, it is possible that CGP7930 binds at the interface 
to enhance the separation of the two 7TMs[84].  Interestingly, 
CGP7930 has been found to function as an independent par-
tial agonist in cAMP assays[85].  We reported for the first time 
that CGP7930 itself could induce ERK1/2 phosphorylation 
in cultured cerebellar granule neurons (CGNs)[86].  Further-
more, we found that CGP7930 alone could protect CGNs from 
apoptosis via transactivation of the insulin-like growth factor 
1 (IGF-1) receptor[22].  There is no obvious difference between 
CGP7930 and GABA or baclofen to explain the function 
described above[22].  So far, CGP7930 is a unique PAM in that 
it is the only such modulator that has been reported to exert 
an independent physiological effect.  In addition to CGP7930, 
a number of PAMs that target the GABAB receptor have been 
reported, such as GS39783[87].  Several allosteric agonists have 
also been synthesized, including rac-BHFF and its analogs[88].  
However, no NAMs that target the GABAB receptor have been 
described.  

It has been reported recently that several amino acids[89, 90] 
and Ca2+ [91, 92] can modulate GABAB receptor function via a 
conserved pocket that is located near the orthosteric sites, 
which is reminiscent of the modulation that has been observed 
for mGlu-like receptors.  Unfortunately, animal models sug-
gest that the existing allosteric modulators for the GABAB 
receptor are not suitable for clinical use due to their low 
potency and unfavorable pharmacokinetic properties[5].  
Therefore, it is necessary to identify new allosteric sites on the 
GABAB receptor that may lead to the discovery of new types 
of therapeutic ligands.

CaS receptors — first clinical success 
To date, four groups of ligands have been identified for the 
CaS receptor: the endogenous cations[93], the L-amino acids 
(such as L-phenylalanine and L-tryptophan[94]), the calcimimet-
ics and the calcilytics[95].  Except for the cations, the latter three 
groups are all allosteric modulators.  Both the orthosteric site 
for Ca2+ and the allosteric site for L-amino acids reside in the 
VFT.  The amino acid sites are adjacent to the orthosteric site, 
which corresponds to the amino acid binding pocket in the 
mGlu or GABAB receptors[96].  The calcimimetic and calcilytic 
sites are located in the 7TM.  Structurally similar calcimimet-
ics and calcilytics share a common allosteric binding pocket, 
whereas structurally distinct calcilytics recognize distinct 
sites[97].  

Among these ligands, the orthosteric agonists are inorganic 
ions, so it is difficult to mimic them with synthetic molecules.  
The L-amino acid type modulators are also not suitable for 
therapeutic development due to their poor bioavailability and 
blood-brain barrier permeability.  The calcimimetics and the 
calcilytics, however, have successfully circumvented these 
problems.  The calcimimetic drug Cinacalcet has already been 
approved to treat hyperparathyroidism clinically; meanwhile, 
several calcilytics have shown potent effects in animal models 

of osteoporosis[27] and hypocalcemia[26].  Although one calci-
lytic drug, ronacaleret, did not display positive effects in a 
phase II clinical trial[98], a second generation of calcilytics with 
optimized characteristics is awaiting clinical validation.

Conclusion
Class C GPCRs distinguish themselves from other GPCRs 
by two distinct structural features: first, they possess an 
unusually large extracellular domain that is responsible for 
orthosteric ligand recognition, while the 7TM (which normally 
contains the orthosteric ligand-binding site) has gained many 
allosteric sites; second, the functional class C GPCR molecules 
are obligatory dimers, so the interface between the VFT, CRD, 
and 7TM constitutes another important allosteric site.  Fur-
thermore, it was recently demonstrated that the VFT is large 
enough to accommodate allosteric modulatory sites adjacent 
to the orthosteric sites.  The unique structure and complicated 
activation mechanism of class C GPCRs makes it possible to 
modulate their function by many new approaches.  In recent 
years, allosteric modulation has become the most attractive 
approach because of the decreased side effects and develop-
ment of patient tolerance, improved subtype selectivity and 
increased chemical accessibility.  The development of allosteric 
modulators for class C GPCRs has progressed fast.  Among 
them, Cinacalcet was the first clinical success.  Following Cina-
calcet, group I and II mGlu receptor modulators are expected 
to enter the market in the near future as the next generation of 
drugs that target class C GPCRs.  By contrast, allosteric drugs 
that modulate the group III mGlu and GABAB receptors might 
represent a drug generation for the more distant future.  To 
promote the application of allosteric modulation therapeutics 
that target class C GPCRs, future efforts should focus on inves-
tigating the precise structural dynamics and allosteric modula-
tion mechanisms.  Determination of the receptor structures is 
a direct way to address such issues.  Traditional mutational 
analysis and chimeric constructs are also powerful tools that 
report on related information in the absence of a crystal struc-
ture for a particular receptor.  Advanced functional assays, 
such as BRET (bioluminescence resonance energy transfer) 
or FRET (fluorescence resonance energy transfer), are widely 
used to reveal conformational changes and dimer or oligomer 
formation.  Additionally, computational approaches, such as 
ligand- or structure-based homology modeling and docking, 
are gaining importance as valuable complements to experi-
mental structure-function studies.  These techniques, in combi-
nation with modern drug screening assays, make it possible to 
identify molecules targeting class C GPCRs through sites and 
mechanisms other then traditional orthosteric small molecules.
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