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Abstract
G protein-coupled receptors (GPCRs) comprise the largest
membrane protein family. These receptors sense a variety of
signaling molecules, activate multiple intracellular signal pathways, and act as the targets of over 40% of marketed drugs.
Recent progress on GPCR structural studies provides invaluable insights into the structure–function relationship of the
GPCR superfamily, deepening our understanding about the
molecular mechanisms of GPCR signal transduction. Here, we

review recent breakthroughs on GPCR structure determination
and the structural features of GPCRs, and take the structures
of chemokine receptor CCR5 and purinergic receptors P2Y1R
and P2Y12R as examples to discuss the importance of GPCR
structures on functional studies and drug discovery. In addition, we discuss the prospect of GPCR structure-based drug
C 2016 IUBMB Life, 68(11):894–903, 2016
discovery. V
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Introduction
Over 800 GPCRs have been identified in human cells (as shown
in the IUPHAR website: http://www.guidetopharmacology.org/
GRAC/FamilyDisplayForward?familyId=694&familyType=GPCR).
Based on their sequence similarities and pharmacological
properties, human GPCRs are grouped into four subfamilies:
rhodopsin-like receptors (class A), secretin and adhesion
receptors (class B), glutamate receptors (class C), and frizzled/
taste2 receptors (class F; (1–3)). These receptors are activated
by a wide spectrum of extracellular stimuli, including photons,
ions, neurotransmitters, lipids, chemokines, and hormones,
and then couple to G proteins and initiate downstream
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signaling networks, resulting in a broad range of physiological
and pathological processes (4). GPCRs are involved in numerous human diseases and represent the largest drug target protein family. Over 40% of marketed drugs target GPCRs and are
used to treat many human diseases, such as central nervous
system disorders, inflammatory diseases, metabolic imbalances, cardiac diseases, and cancer etc (5,6). However, there still
remains enormous potential for GPCR drug development (5).
Structural information of GPCRs is urgently needed to better
understand the molecular mechanisms of cell signaling and
develop new drugs for the treatment of severe human
diseases.

Structure Determination of GPCRs
Structural studies of GPCRs remain enormously difficult due to
low protein expression level in native tissues and heterologous
systems, poor protein stability and multiple conformational
states of the receptors (7). In recent years, new methods and
technologies in membrane protein engineering and crystallization have been developed to facilitate GPCR structure determination. To improve the receptor stability and provide more
polar surface for forming crystal lattice contacts, fusion partners, such as T4 lysozyme, thermo-stabilized apocytochrome
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b562RIL and rubredoxin etc, are inserted into the flexible
regions of the receptor, usually the third intracellular loop and
N-terminus (8). Alanine scanning mutagenesis (9) and engineering disulfide bridges (10) were also used to stabilize the
conformation of GPCRs. Adding ligands with high selectivity
and high binding affinity or antibodies during protein purification and crystallization help to lock the receptor in a single
conformational state (11,12), which is required by successful
crystallization and structure determination. In meso crystallization approaches in which protein samples are diffused into
the lipidic cubic phase (LCP) were utilized to solve most of the
GPCR structures (13). Using LCP for crystallization is essential
as it mimics favorable environment for membrane proteins
and allows for easy addition of sterols and other lipid-like molecules to facilitate crystallization. Very recently, the development of X-ray free-electron laser (XFEL) greatly raised the
possibility of obtaining high-resolution diffraction data from
micrometer- and submicrometer size crystals (14).
With the application of these new techniques, methods and
strategies, there was an exponential growth of GPCR structures. To date, more than 130 structures have been solved
(Table 1). These structures provide unprecedented insights
into GPCR structure–function relationship. Next, we will review
structural features of GPCRs, and discuss the molecular mechanisms of GPCR-ligand interaction and receptor activation.

Structural Features of GPCRs
The GPCR structures share a similar overall architecture that
consists of a canonical seven transmembrane (7TM) a-helical
bundle (helices I–VII) with N-terminus and three extracellular
loops (ECL1-3) at the extracellular side, and C-terminus and
three intracellular loops (ICL1-3) at the intracellular side.
Although GPCRs are diverse in sequence and length, the solved
structures show similarities, indicating similar mechanisms of
signal transduction that GPCRs may share. Meanwhile, different GPCR structures reveal distinct structural features, which
provide molecular basis of recognizing various ligands by different receptors.

Extracellular Region
Three extracellular loops of GPCRs play important roles on
shaping the entrance to the ligand-binding pockets. The longest extracellular loop, ECL2, exhibits distinct conformation in
different GPCR structures, but similar structural features for
the members within a same subfamily. It forms an a-helical
structure in the adrenergic receptor structures, and a bhairpin in the structures of peptide receptors. In most of the
known GPCR structures, ECL2 is anchored to the extracellular
tip of helix III by a highly conserved disulfide bond between
Cys3.25 and CysECL2, which limits the movement of ECL2 and
stabilizes the conformation of the extracellular region (4).
Compared with ECL2, ECL1 and ECL3 are relatively short and
often lack secondary structures. The extracellular regions of
GPCRs exhibit two different types of conformation, occluding
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the ligand-binding pocket or leaving the binding pocket water
accessible, to modulate the ligand access and binding (Fig. 1).

7TM Region
The 7TM regions of GPCRs play important roles in signal
transduction. In comparing the inactive and active structures
of b2AR, M2R and l-OR, a large outward shift of helix VI and
smaller movements of helices V and VII at the intracellular
side of the receptors have been observed, demonstrating that
the rearrangement of the cytoplasmic parts of helices V, VI
and VII plays a critical role in the process of GPCR activation
((15–17); Fig. 2A,C). In addition, large movements of the extracellular ends of helices VI and VII have been observed in the
agonist-bound structures of P2Y12R compared with its
antagonist-bound structure, indicating that the conformational
changes at the extracellular side of the receptor are also
involved in GPCR activation ((18); Fig. 2B,D).
Despite the similar 7TM helical architecture, the transmembrane regions of different GPCRs form diverse ligandbinding pockets varying in size, shape and electrostatics, providing structural basis for recognizing various ligands. The
ligand-binding pockets of GPCRs bound to small-molecule
endogenous ligands, such as aminergic and nucleotide receptors, are relatively small and deep within the 7TM helical bundle. In contrast, the binding pockets of peptide receptors are
larger and more open, and closer to the extracellular surface,
while the binding pockets in the structures of lipid receptors
are covered by the N-terminus and extracellular loops to make
the pockets more hydrophobic (Fig. 3A).
Based on the locations of their binding sites compared to
the binding sites of the endogenous ligands, GPCR ligands are
divided into orthosteric ligands and allosteric modulators. The
binding sites of the orthosteric ligands are usually within the
7TM helical bundle and close to the extracellular surface. However, the locations of the allosteric ligand-binding sites are less
conserved. In the M2R structure, the positive allosteric modulator LY2119620 locates at the extracellular region and situates
above the orthosteric site ((16); Fig. 3B). In contrast, the allosteric ligand-binding sites locate deeper in the 7TM region than
the orthosteric sites in the structures of CCR5 and CRF1R
((19,20); Fig. 3C). Recently, unexpected allosteric ligand-binding
sites located entirely outside of the helical bundle have been
observed in the structures of P2Y1R and the 7TM domain of
GCGR ((21,22); Fig. 3D), greatly extending our knowledge about
the mechanisms of GPCR ligand recognition. Allosteric modulators have been suggested to potentially provide more selective
and/or effective therapies than the orthosteric ligands as the
allosteric ligand-binding sites are much less conserved than the
orthosteric ligand-binding sites (23). Elucidation of the structural details of allosteric ligand-binding sites will accelerate the
process of structure-based drug discovery.

Intracellular Region
Once signals are transduced from the 7TM region to the intracellular part of the receptor, residues in the intracellular
region interact with signaling effectors, such as G proteins,
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TABLE 1

Solved crystal structures of GPCRs

Receptor type

Receptor

Number of structures

References

Class A GPCRs

Rhodopsin

30

(10,27,49,50)

b2AR

16

(15,33,51)

b1AR

17

(32,52)

H1 R

1

(53)

D3 R

1

(54)

5-HT1B

2

(55)

5-HT2B

2

(14,56)

M1R

1

(57)

M2R

3

(16,58)

M3R

4

(59)

M4R

1

(57)

A2AAR

14

(60,61)

P2Y12R

3

(18,28)

P2Y1R

2

(21)

CXCR4

6

(31,62)

CCR5

1

(19)

NOP

1

(63)

j-OR

1

(64)

l-OR

2

(17,65)

d-OR

4

(24)

NTSR1

5

(66)

PAR1

1

(67)

OX2R

2

(68)

AT1R

2

(69)

S1P1

2

(70)

FFAR1

1

(71)

LPA1

3

(72)

GCGR

2

(22,73)

CRF1R

1

(20)

mGluR1

1

(74)

mGluR5

3

(75)

SMO

6

(76)

Aminergic receptors

Nucleotide receptors

Peptide receptors

Lipid receptors

Class B GPCRs

Class C GPCRs

Class F GPCR
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FIG 1

Conformations of the extracellular regions in the structures of LPA1 (A) and b2AR (B). The structures of LPA1 (PDB ID: 4Z36)
and b2AR (PDB ID: 2RH1) are shown as cartoon and surface representations. Ligands are shown as spheres and colored in
magenta.

GPCR kinases and arrestins, to initiate downstream signal
pathways. In the known GPCR structures, ICLs exhibit either
short a-helical structures or unstructured stretch. A fully
resolved of ICL3 was observed in the high-resolution structure
of the human d-OR bound to an antagonist naltrindole, showing that ICL3 adopts a “closed” conformation, which stabilizes
the conformation of helices V and VI and may play a role in
hindering the receptor activation (24). A short intracellular
helix VIII running parallel to the membrane surface was
observed in most of the GPCR structures. Helix VIII has been
reported to be involved in receptor activation and plays important roles in interacting with multiple signaling effectors
(25,26). In the structure of b2AR in complex with Gs protein,
the C terminus of the Ga subunit interacts with the intracellular parts of helices III, V, and VI as well as ICL2 (15). The
rhodopsin-arrestin complex structure reveals an interface
formed by the intracellular parts of helices V, VI, and VII, the
N terminus of helix VIII, and ICL1-3 of rhodopsin (27).

Structures of Chemokine Receptor
CCR5 and Purinergic Receptors P2Y1R
and P2Y12R
In recent years, we successfully solved crystal structures of
three GPCRs, including chemokine receptor CCR5 (19), and
purinergic receptors P2Y12R (18,28) and P2Y1R (21). These
structures provide molecular details of ligand-binding landscape of these three receptors, and deepen our understanding
about the GPCR signaling mechanisms.

Chemokine Receptor CCR5
Chemokines and their receptors play key roles in immune
responses and inflammation. The chemokine family consists of
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about 50 members that bind to 20 chemokine receptors (29).
The complexity and diversity of chemokine-chemokine receptor interactions relate to pathogenesis and outcome of numerous human diseases. Chemokine receptors CCR5 and CXCR4
act as two co-receptors of human immunodeficiency virus type
1 (HIV-1) to facilitate viral entry by interacting with the viral
envelope glycoprotein gp120 (30). HIV-1 can infect a variety of
immune cells by changing its co-receptor specificity. In 2013,
we determined the complex structure of CCR5 bound to an
HIV entry inhibitor maraviroc, providing insights into the
mechanisms of allosteric inhibition of chemokine signaling and
viral entry by maraviroc and HIV-1 coreceptor selectivity (19).
Maraviroc was reported as an allosteric modulator of
CCR5, but its allosteric mechanism remained unclear. The Nterminus and ECL2 of CCR5 have been identified as the major
recognition sites of HIV-1 gp120 and chemokine ligands. The
CCR5-maraviroc complex structure reveals a ligand-binding
site of maraviroc buried within the 7TM helical bundle of the
receptor (Fig. 4A), making no contacts with the N-terminus or
ECL2, which indicates that maraviroc can not inhibit HIV-1
infection or chemokine signaling by causing spatial hindrance
like the orthosteric ligands. In the CCR5 structure, we found
that maraviroc behaved as an inverse agonist and stabilized
the conformation of the receptor in an inactive state. The conformations of two highly conserved class A GPCR residues
Trp2486.48 and Tyr2446.44, which are considered to be
involved in GPCR activation, are similar to those observed in
other inactive GPCR structures but distinct from their activestate conformations. Additionally, the ligand maraviroc forms
a strong interaction with the residue Trp2486.48 to prevent its
activation-related conformational change, further stabilizing
the inactive conformation of CCR5. The above structural information suggests that maraviroc most likely blocks HIV-1 viral
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FIG 2

Comparison of the active and inactive structures of b2AR and P2Y12R. A and C: Side and cytoplasmic views of the b2AR-Gs
complex structure (PDB ID: 3SN6, green) and the structure of b2AR bound to the antagonist carazolol (PDB ID: 2RH1, wheat). B
and D: Side and top views of the P2Y12R-2MeSADP (PDB ID: 4PXZ, green) and P2Y12R-AZD1283 (PDB ID: 4NTJ, wheat) structures. The structures of the 7TM helical bundles of b2AR and P2Y12R are shown in cartoon representation. Movements of the
helices are shown by arrows.

entry and chemokine binding in an allosteric inverse agonism
manner by locking the CCR5 conformation in an inactive state.
Comparing the CCR5 structure with the previously solved
structure of CXCR4 (31), substantial differences have been
found. In CCR5, a short intracellular helix VIII is observed,
while the C-terminal region adopts an extended disordered
conformation in the CXCR4 structure. Helix IV in CCR5 is
tilted by about 158 compared with the corresponding helix in
CXCR4, and its intracellular portion is shorter than in
CXCR4. More importantly, we found the ligand-binding pockets of these two co-receptors varied in size, shape, and electrostatics. In the CXCR4 structure, due to the shift of helix VII
and ECL2, the entrance to the ligand-binding pocket is partially covered by its N-terminus and ECL2, while the ligandbinding pocket of CCR5 is more open. The binding site for
maraviroc in CCR5 is deeper, and extends toward helices V
and VI, occupying a larger area at the bottom of the pocket
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compared to the binding site of IT1t in CXCR4. And for the
charge distribution, the CXCR4 ligand-binding pocket is more
negatively charged than the binding pocket in CCR5. These
structural differences could be determinants of HIV-1 coreceptor selectivity. The third variable region, V3 loop, of the
HIV-1 gp120 has been identified as the major determinant of
co-receptor specificity. Sequence analysis and mutagenesis
studies have found that the V3 region is more positively
charged in the X4-tropic viruses (using CXCR4 as the
co-receptor) than the R5-tropic viruses (using CCR5 as the
co-receptor).This is correlated with the fact that CXCR4
ligand-binding pocket is more negatively charged. Our models of the complexes between CCR5/CXCR4 and the V3 loops
further support that charge distributions and steric hindrances caused by residue substitutions in the ligand-binding
pockets of the co-receptors may be major determinants of
HIV-1 co-receptor selectivity.
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FIG 3

Different locations of ligand-binding sites in GPCRs. A: The ligand-binding pockets in the complexes structures of b2AR-carazolol (PDB ID: 2RH1), CXCR4-CVX15 (PDB ID: 3OE0), and S1P1-ML056 (PDB ID: 3V2Y). The receptors are shown in cartoon and
surface presentations (b2AR: orange; CXCR4: green; S1P1: blue). The ligands are displayed as magenta spheres. B: The structure of M2R bound to the orthosteric agonist iperoxo and the allosteric positive allosteric modulator LY2119620 (PDB ID:
4MQT). C: The structure of CRF1R bound to the allosteric antagonist CP-376395 (PDB ID: 4K5Y). D: The structure of GCGR’s
7TM domain bound to the allosteric antagonist MK0893 (PDB ID: 5EE7). The receptors are shown in cartoon (M2R: cyan;
CRF1R: blue; GCGR: green). Ligands are shown as yellow spheres.

Purinergic Receptor P2Y12R
Purinergic receptors P2Y1R and P2Y12R play important roles
in platelet aggregation, which make them attractive antithrombotic drug targets. In 2014, we solved three structures of
P2Y12R in complex with an antagonist AZD1283 and two agonists 2MeSADP and 2MeSATP (18,28). Recently, we determined the complex structures of P2Y1R bound to a nucleotidelike antagonist MRS2500 and a non-nucleotide antagonist
BPTU (21).
The P2Y12R structures reveal some structural features
that set it apart from the other GPCR structures. Due to lack of
the conserved residue P5.50, helix V of P2Y12R adopts a
straight conformation that is different from most of the other
solved class A GPCR structures. Another feature is that the
P2Y12R-AZD1283 complex structure lacks the highly conserved
disulfide bond between Cys3.25 and CysECL2, which is observed
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in most of GPCR structures. However, with substantial conformational changes in helix III and helix V, this disulfide bond is
clearly observed in the agonist-bound structure, suggesting
that this conserved disulfide bond not only serves for the stabilization of 7TM helical scaffold, but also potentially plays a
role in regulation of receptor activation and signal
transduction.
A very striking observation in the P2Y12R structures is that
two potential ligand-binding pockets may simultaneously exist
in the receptor. The agonist 2MeSADP and the antagonist
AZD1283 occupy one of the pockets, while the other one
remains available, suggesting that P2Y12R may simultaneously
bind to two different ligands. Docking simulation data suggest
that the active metabolites of some P2Y12R drugs may occupy
the second pocket and behave as allosteric regulators of the
receptor. In addition, simulation data suggest that the
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FIG 4

Ligand-binding pockets of maraviroc in CCR5 (A), and BPTU and MRS2500 in P2Y1R (B and C). The receptors (PDB ID: 4MBS,
4XNV and 4XNW) are shown in cartoon and surface representations and the ligands are shown in magenta sphere
representation.

endogenous ligand ADP can also bind to this allosteric site and
serves as an inhibitor of the receptor. This two-site model provides essential insights for the development of new P2Y12R
drugs for the treatment of thrombosis.
GPCRs transduce the extracellular signals to the intracellular signaling effectors by adopting conformational changes.
Previous GPCR structural studies suggested that the conformational changes mainly occured in the intracellular region during receptor activation. However, comparing the agonist- and
antagonist-bound structures of P2Y12R, large conformational
movements were observed in the extracellular region. Upon
binding to the agonist, the extracellular tips of helices VI and
VII shift over 10 and 5 Å, respectively, toward the central axis
of the 7TM helical bundle. This is the first example, to our
knowledge, of a GPCR in which the large rearrangement of the
extracellular region is required for receptor activation.

Purinergic Receptor P2Y1R
The most striking information observed in the P2Y1R structures is that the nucleotide-like antagonist MRS2500 and the
non-nucleotide antagonist BPTU occupy two completely different ligand-binding sites (Fig. 4B,C). The binding site of
MRS2500 locates within the 7TM helical bundle and is closer
to the extracellular surface than the small-molecule ligandbinding sites in the other known GPCR structures. Although
P2Y1R and P2Y12R recognize the same endogenous ligand,
adenosine 50 -diphosphate (ADP), the binding modes of these
two purinergic receptors to their nucleotide-like ligands
observed in the complex structures of P2Y1R-MRS2500 and
P2Y12R-2MeSADP are very different with spatially distinct
ligand-binding sites, which slightly overlap at phosphate binding regions. The orientations of the two ligands are also different. The adenine ring of MRS2500 is adjacent to helices VI
and VII in the P2Y1R structure, and the adenine group of
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2MeSADP reaches deep into the bindng pocket and interacts
with helices III and IV in P2Y12R. These structural differences
highlight the diversity of GPCR signal recognition mechanisms.
Surprisingly, the non-nucleotide antagonist BPTU binds to
an allosteric pocket on the external, lipid-exposed receptor
surface, suggesting that this highly hydrophobic ligand may
access to its binding pocket through the lipid bilayer. Our
ligand-binding assay showed that BPTU allosterically modulated the receptor function by accelerating the dissociation of the
agonist 2MeSADP. BPTU is the first structurally characterized
selective GPCR ligand that locates entirely outside of the
canonical GPCR ligand-binding pocket, greatly extending our
knowledge about the ligand-binding modes of GPCRs.
The P2Y1R structures provide insights into the inhibition
mechanisms of MRS2500 and BPTU. Previous GPCR structural
studies demonstrated that the conformational changes of helices
V–VII played major roles in receptor activation. The binding
mode of MRS2500 in P2Y1R indicates that this antagonist most
likely inhibits receptor function by preventing the movements of
helices VI and VII. However, BPTU can not take the same
approach as it makes no contacts with helices V, VI, and VII.
The BPTU-bound P2Y1R structure suggests that this ligand may
inhibit receptor activation by blocking the conformational
changes of helices II and III, possibly a rotation of helix III, which
was also reported to be involved in the activation of some GPCRs
(32–34), although it is very subtle. The above findings imply that
the movements of both domains, helices I–IV and helices V–VII,
of GPCRs are equally important for receptor activation.

GPCR Structure-Based Drug Discovery
GPCRs serve as targets of about 40% of approved drugs, but
<20% of GPCRs have been targeted (35). High-throughput
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screening (HTS) is currently the most commonly used strategy
to identify novel ligands for GPCRs (36). However, this
approach is always expensive and time consuming. Structurebased approach has become widely used as a drug discovery
tool since 1990s (37,38). But it resulted in limited successes in
GPCR drug discovery before GPCR structures became available
(38), as the predicted homology models were not able to provide accurate structural information to guide rational drug
design. The recent progress on GPCR structural studies has
facilitated the drug discovery of GPCRs. In 2012, Mysinger
et al. reported their studies on structure-based virtual screening of CXCR4 ligands using a protein homology model and the
crystal structure of CXCR4. The results indicated that the crystal structure had significant advantages, showing a considerably higher hit rate, over the homology model (39). In 2009,
Kolb et al. used this approach to screen a library of about one
million compounds against the crystal structure of b2AR and
many novel chemotypes and scaffolds with high binding affinity were identified (40). A similar approach was applied to
A2AAR (41), H1R (42), D3R (43), M2R and M3R (44), 5-HT1B and
5-HT2B (45) to identify novel ligand scaffolds. Hit rates were
significantly higher compared to that in HTS in most cases.
In recent years, the phenomena that biased ligands and
GPCR dimerization affect receptor pharmacology and signaling
have added new dimensions to drug discovery (46–48). However, the available GPCR structures are insufficient to investigate
the structural basis for biased signaling and receptor dimerization, or further yield novel drugs through the structurebased approach. More GPCR structures are urgently needed to
develop better GPCR drugs with better specificity and
pharmacodynamics.

Conclusions
The recent progress on GPCR structural studies deepens our
understanding about the structure-function relationship of
GPCRs. In this review, we discussed the structural features of
the solved GPCR structures, which provide insights into the
molecular mechanisms of GPCR signal recognition, transduction and modulation. However, the current structural information is insufficient. More high-resolution structures of different
GPCRs are still required to fully understand the physiological
behaviors of the GPCR superfamily and facilitate structurebased drug discovery for the treatment of many severe human
diseases.
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