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All physiological events in living organisms originated as specific chemical/biochemical signals on the cell
surface and transmitted into the cytoplasm. This signal is translated within milliseconds–hours to a
specific and unique order required to maintain optimum performance and homeostasis of living organ-
isms. Examples of daily biological functions include neuronal communication and neurotransmission in
the process of learning and memory, secretion (hormones, sweat, and saliva), muscle contraction, cellular
growth, differentiation and migration during wound healing, and immunity to fight infections. Among
the different transducers for such life-dependent signals is the large family of G protein-coupled recep-
tors (GPCRs). GPCRs constitute roughly 800 genes, corresponding to 2% of the human genome. While
GPCRs control a plethora of pathophysiological disorders, only approximately one-third of GPCR families
have been deorphanized and characterized. Recent drug data show that around 40% of the recommended
drugs available in the market target mainly GPCRs. In this review, we presented how such system signals,
either through G protein or via other players, independent of G protein, function within the biological
system. We also discussed drugs in the market or clinical trials targeting mainly GPCRs in various dis-
eases, including cancer.
� 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

G protein-coupled receptors (GPCRs) transduce several extra-
cellular signals to intracellular signaling by connecting with G pro-
teins and arrestins. To understand GPCR signal transduction at the
molecular level, GPCR structural organization and their transducer
complex are essential in drug discovery (Hilger et al., 2018). GPCRs
function as communication inboxes like peptides, proteins, lipids,
sugars, and light energy. The received messages inform cells about
the presence or absence of light-sustaining molecules or nutrients
in the immediate surroundings, or they deliver messages sent by
other cells. Over 1000 human GPCRs have been discovered, and
each works differently regarding the signals they receive
(Sommer et al., 2020). The new members’ list is growing daily with
advances in new techniques, such as cryogenic electron micro-
scopy and crystallography. The function of new GPCRs and the
ligand they activate remain partially comprehended. Research is
ongoing yearly to find novel ligands of orphan GPCR (GPCR without
ligand is known as orphan GPCR). The GPCR family has four main
subfamilies: Class A GPCRs (Rhodopsin-like receptors), Class B
GPCRs (Secretin family), Class C GPCRs (Metabotropic Glutamate
receptors), and Class F GPCRs (Frizzled and Smoothened receptors)
(Fig. 1).
Flowchart showing the classification of GPCRs superfamily. Approximatel
embrane domain sequence homology (Fredriksson et al., 2003, Langenhan, 2020
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Class A GPCRs (Rhodopsin-like receptor): Class A is the biggest
and most distinct class of the GPCR subfamily in humans and
impacts every aspect of human life (Isberg et al., 2016,
Kolakowski, 1994). This class is represented by the name of the
rhodopsin-like receptor, where they are further subdivided into
19 subgroups based on a phylogenetic investigation (Joost and
Methner, 2002). There are over 388 olfactory and 286 non-
olfactory receptors affecting vital information in the human body.
Among the characteristics of rhodopsin-like GPCRs is the presence
of molecular switches in the seven-transmembrane helical bundles
where the management of numerous functionally significant sig-
nature sequence patterns is present. Interestingly, the signature
sequence plays a pivotal role in regulating the GPCR activation
mechanism and signaling cascade, acting as a shuttle switch
between active and inactive receptor conformation.

Class B GPCRs (Secretin family): Class B GPCRs are acknowl-
edged as the secretin family comprising over 15 receptors for bind-
ing peptide hormones. The secretin family constitutes essential
drug targets in several human afflictions, namely diabetes (type
2), cardiovascular disease, cancer, headache, neurodegeneration,
and psychiatric disorders (Alexander et al., 2013, Pal and Xu,
2012). One of the most important members of class B GPCR is
the glucagon-like peptide-1 receptor (GLP1R). GLP1R is mainly
y 826 GPCRs members can be classified into five classes according to seven-
).
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expressed in pancreatic b-cells, where it pairs between Gaq and
Gai proteins, regulating the cellular concentration of calcium and
inhibiting intracellular cyclic AMP (cAMP respectively). Addition-
ally, it activates adenylyl cyclase (AC) and elevates intracellular
cAMP via stimulator G (Gas) protein, major signaling pathways
activating the synthesis and release of insulin and subsequently
lowering glucose concentration (Nadkarni and Holz, 2014,
Buteau, 2008). Therapies based on GLP1 and GLP1R agonists, such
as dipeptidyl peptidase 4 inhibitors, affect glucose metabolism
through numerous mechanisms. Glucose homeostasis entirely
depends on the complex interaction of several hormones, such as
insulin, amylin, gastrointestinal peptides, and glucagon. Aberrant
regulation of these hormones may induce clinical manifestations
and, finally, diabetes.

Class C GPCRs (Metabotropic Glutamate receptors): Class C
GPCRs comprise mainly three domains: (i) the venus flytrap
domain or module, possessing a large extracellular part responsi-
ble for ligand interaction and activation of receptors, (ii)
cysteine-rich domain, and (iii) transmembrane domain. The
cysteine-rich domain mainly transmits signals to the transmem-
brane domain from the extracellular domain (Kniazeff et al.,
2011, Muto et al., 2007).

Class F GPCRs (Frizzled and Smoothened receptors): The friz-
zled receptor family belongs to the wingless and int-1 (Wnt) family
as a signaling molecule (Wang et al., 2016). The genes of the friz-
zled receptors were first isolated from drosophila in 1989, followed
by a discovery in mammals (Vinson et al., 1989). In mammals, 10
receptor subtypes have been identified and named frizzled 1–10
(Koike et al., 1999, Wang et al., 1996). Three signaling pathways
have been characterized by frizzled receptors. The first pathway
discovered in drosophila due to mutation in this receptor may
induce cytoskeleton and structural dysfunction and is called planar
cell polarity (Gubb and Garcia-Bellido, 1982). The second pathway
considered classical wnt signaling, the frizzled-wnt interaction,
may induce the inhibition of b-catenin into the nucleus to regulate
transcription factors (Nusse, 2012). The third pathway for frizzled
signaling is based on G protein signaling and is called the wnt-
calcium pathway (Wang and Malbon, 2003).
2. G proteins

As the name indicates, when an external signaling particle
binds to a GPCR, GPCRs communicate with G proteins that are
commonly found in the cytosol, thereby triggering the conforma-
tional rearrangement within the GPCR. The ensuing conforma-
tional change triggers the interaction between the GPCR and the
adjacent G protein. G proteins are specific proteins that bind to
guanosine triphosphate (GTP) and guanosine diphosphate (GDP)
nucleotides. Few G proteins, such as Ras signaling protein, are
small proteins having a single subunit, while most G proteins asso-
ciated with GPCRs are heterotrimeric. G proteins possess three
polypeptides structured into two distinct, well-designed units:
the a-subunit and the bc-dimer. From an evolutionary perspective,
the GTPase superfamily is conserved throughout evolution. Post-
translationally, Ga and Gbc-subunits are lipidated and predomi-
nantly confined at the surface of the inner leaflet of the plasma
membrane. As mentioned above, a-subunit can inherently interact
with the guanine nucleotide (GDP during the inactive state and
GTP when activated). The domain exhibits GTPase activity enabling
GTP hydrolysis and, subsequently, G protein deactivation (Cabrera-
Vera et al., 2003). In the normal state, G protein exists as a hetero-
trimeric complex with GDP binding to the a-subunit. As the ligand
binds to the receptor, the ensuing events induce a conformational
change in the receptor, or binding may arise to stabilize the exist-
ing active conformation. The resulting processes cause the associ-
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ation of Gabc heterodimer. Heterotrimeric G proteins are also
classified according to their Ga-subunit into four main groups
(Fig. 1), Gas, Gai/o, Gaq/11, and Ga12/13. GPCRs often bind selectively
to specific Ga protein family members, although more promiscu-
ous coupling is also seen sometimes (Hermans, 2003). Further
details about G proteins will be delivered under the signaling
section.
3. G protein receptor kinases (GRKs)

There are seven GRKs categorized into three subfamilies
depending upon sequence and structural similarity. The first sub-
family is rhodopsin kinase, whose members are GRK1 and GRK7;
the second subfamily is bARK whose members are GRK2 and
GRK3, and the last subfamily is GRK-4-like subfamily (GRK4,
GRK5, and GRK6) (Pitcher et al., 1998). The GRKs belong to the
AGC protein kinase of serine/threonine kinases with the acronyms

PKA, PKG, and PKC. Due to the presence of sequence alignments of
kinase domains, the members are placed into this subgroup, as the
catalytic domain of GRKs is intensely conserved, centrally posi-
tioned in the tri-domain structure (Pearce et al., 2010). Rhodopsin
kinase is a member of GRK1, found mainly in mammalian retinal
rod cells. Rhodopsin kinase phosphorylates light-activated rhodop-
sin, thereby binding to the arrestin to terminate the light-activated
signaling mechanism.

Both GRK2 and GRK3 are closely associated and can phosphory-
late at sites that stimulate arrestin-mediated receptor desensitiza-
tion, internalization, and signal trafficking. Initially, GRK2 was
identified as a protein kinase that phosphorylated the adrenergic
(b-2) receptor. The GRK2 is mainly expressed in the heart, where
it was proposed to treat heart failure (Lieu and Koch, 2019).
Approaches are underway to find a molecule that can bind G pro-
tein bc-subunit complex by inhibiting GRK2 activation often
referred to as ‘‘bARKct” (Thal et al., 2012). To find GRK inhibitors,
studies have demonstrated that paroxetine, FDA-approved anti-
depressant and amlexanox, and anti-inflammatory immunomodu-
lator, inhibit GRK2 and GRK5, respectively (Homan and Tesmer,
2014, Thal et al., 2012).
4. Arrestin

The first signaling mechanism of arrestin was deciphered in
1999, and receptor-bound arrestin was shown to exhibit Src-
dependent activation of pro-proliferative mitogen-activated pro-
tein (MAP) kinase and extracellular signal-regulated kinase1/2
(ERK1/2) (Luttrell et al., 1999). Among the four b-arrestin isoforms
identified, two are non-visual, arrestin-2 (b-arrestin 1) and
arrestin-3 (b-arrestin 2), which are ubiquitously expressed and
critical in GPCR desensitization (Pierce et al., 2002). In 2000,
arrestin-3 was reported to scaffold ASK1-MKK4/7-JNK cascade
receptor-dependently (McDonald et al., 2000). Recent findings
have indicated that arrestin-mediated signaling responding to
GPCR activation cannot be detected in ‘‘zero functional G cells” (to-
tal absence of G protein activity) due to genetic knockout of mem-
bers of the Gs, Gq, and G12/13 families and inactivation of Gi
family members by pertussis toxin (Grundmann et al., 2018,
Alvarez-Curto et al., 2016). Also, arrestin-2/3 knockout cells,
ERK1/2 phosphorylation reacting to numerous GPCR activation,
which is regularly considered a characteristic of arrestin-
mediated signaling, is like that in parental cells with a full comple-
ment of non-visual arrestins.

Initially, it was suggested that arrestin activation involves
receptor interaction with two separate sites on arrestin: a ‘‘phos-
phorylation sensor” and an ‘‘activation sensor” with arrestin. When
both sites are engaged and occupied, activation conformational
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change occurs in arrestin (Gurevich and Gurevich, 2006). Further
studies ascertained that the receptor interacts with arrestin at
two separate interfaces. The cytoplasmic tail of the receptor binds
within positively charged residue in the N domain, while the
receptor core (transmembrane helices and loops) binds between
the N and C domains.

A plethora of studies confirmed that receptor core binding is not
compulsory for activating arrestin and the Rp tail to encourage
arrestin conformational modification and signaling (Cahill et al.,
2017, Thomsen et al., 2016, Shukla et al., 2013). Recently,
Latorraca et al. (2018) performed extensive all-atom molecular
dynamics simulations of arrestins to establish whether the recep-
tor core is significant in the activation mechanism. It was found
that diverse receptor binding modes stimulate arrestin, postulate
a structural establishment for designing functionally selective (bi-
ased) GPCR-targeted ligands with preferred properties on arrestin
signaling. Numerous crystal studies of arrestin confirmed that
upon activation, there is a twist of the C domain of around 20
degrees regarding the N domain (Zhou et al., 2017, Cahill et al.,
2017, Shukla et al., 2013).

In addition to the important role of b-arrestin in regulating
rapid receptor desensitization, internalization, and ubiquitination,
it is clear that b-arrestin binds to GPCRs with differing affinity,
and this induced the proposal of two classes of GPCR (classes A
and B) defined by their b-arrestin1/2 selectivity/affinity and long-
evity of interaction (Oakley et al., 2000). Class A GPCRs, which
include the b2-adrenoceptor, l-opioid receptor, and D1 dopamine
receptor, has a higher affinity for b-arrestin-2 compared to b-
arrestin1, and the receptor-arrestin complex dissociates quite
rapidly either at the cell surface or shortly after internalization,
and this may account for the rapid recycling characteristic of this
subgroup (Moore et al., 2007, Oakley et al., 2000). Class B GPCRs,
which include the angiotensin II (AT1A) receptor, neurotensin 1
receptor, V2 vasopressin receptor, and neurokinin-1 receptor, have
a similar affinity for both arrestins 2 and 3 and form prolonged
associations with arrestin, allowing the receptor-arrestin complex
to be observed within endosomes (Moore et al., 2007, Oakley et al.,
2000). Thus, it has been demonstrated that the sustained binding
of b-arrestin to V2 vasopressin receptors results in slow recycling,
with the receptor taking approximately 4 h to recycle through
endosomes and back to the plasma membrane (Oakley et al.,
1999).
5. GPCR signaling

5.1. Classical GPCR signaling

It is presumed that GPCRs exist in two different conformations,
either active or inactive ‘‘Binary switch” foundations for the classi-
cal protracted ternary complex model of GPCR-driven signaling
(Samama et al., 1993). GPCR naming was presented after their
communication with heterotrimeric guanine nucleotide-binding
proteins (abbreviated as G proteins). The heterotrimeric G proteins
function as transducers of the signal produced by the complex
ligand-receptor, thereby activating or inhibiting particular signal-
ing pathways via immediate communication with intracellular
effector proteins. The temporary ternary complex, the agonist-
receptor-G protein, assists in activating G protein via exchanging
GDP for GTP on the a-subunit. Therefore, the receptor-ligand com-
plex functions as a guanine-nucleotide exchange factor for the G
protein heterotrimer. Exchanging GTP for GDP induces a-GTP dis-
charge from bc-dimer and following communication of the Ga
and/or Gbc subunits with effectors (Cabrera-Vera et al., 2003).
Cessation of effector activation or inhibition is conveyed through
GTP hydrolysis by the GTPase property of the a-subunit. After
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hydrolysis, the Ga-GDP quickly re-associates with the Gbc com-
plex to recreate the inactive G protein heterotrimer. The inherent
GTPase property of the Ga-subunit can be expedited by accessory
proteins called GTPase-activating proteins and are members of the
regulator of the G protein signaling protein family (Pierce et al.,
2002).

G proteins are classified according to the Ga-subunit into four
main groups: Gas, Gai/o, Gaq/11, and Ga12/13. GPCRs frequently
interact with particular Ga protein members, although more
immoral binding has also been reported (Hermans, 2003).

From ATP, the second messenger adenosine (cAMP) is synthe-
sized once the activation of Gas results in subsequent AC activation
(Fig. 2). The rise in intracellular cAMP concentration activates
cAMP-dependent PKA, which activates several physiological pro-
cesses by phosphorylating particular cellular proteins. For instance,
the PKA-dependent phosphorylation of myosin light-chain kinase
instigates the relaxation of smooth muscle. cAMP production can
also be triggered by Gbc-subunits, which elevate AC activity by
some isozymes (Clapham and Neer, 1997). Coupling to Gai/o pre-
vents AC activity, thereby decreasing the cAMP intracellular con-
centration. Gbc-subunit of Gai/o protein activation may also
control some ion channels, comprising G protein-regulated,
inwardly rectifying K+ channels, which are normally facilitated
by the Gbc-subunits of Gai/o (Pierce et al., 2002). Gaq/11 protein
subfamily members excite phosphoinositide turnover by activating
phospholipase Cb (PLCb) and the hydrolysis of
phosphatidylinositol-4,5-bisphosphate (PIP2) to diacylglycerol
(DAG) and inositol 1,4,5-trisphosphate (IP3). In the endoplasmic
reticulum, IP3 binds to IP3 receptors and induces Ca2+ release into
the cytoplasm, whereas DAG activates the conventional and novel
isoenzymes of PKC (Cordeaux and Hill, 2002). GPCR activation of
Ga12/13 proteins may enlist guanine-nucleotide exchange factors
for monomeric GTPases, for example, p115RhoGEF assisting GTP-
for-GDP exchange (Kozasa et al., 1998). Similarly, GPCR also con-
trols monomeric GTPases, such as Rho, to regulate some cellular
events, including cell migration, proliferation, and angiogenesis
(Heasman and Ridley, 2008) (Fig. 1). After activating and dissolving
the heterotrimeric G protein, Gbc controls the activity of the gamut
of effectors involving AC, PLC, and various ion channels (Clapham
and Neer, 1997). The capability of GPCRs to stimulate MAP kinase
pathways and ERK was established to follow both G protein-
dependent and b-arrestin-dependent pathways (Marinissen and
Gutkind, 2001, Defea et al., 2000) (Fig. 2).

5.2. Non-classical GPCR signaling

GPCR activation and signaling are regulated by a process called
receptor desensitization, which is characterized by the loss of
receptor response due to prolonged or overstimulation
(Lefkowitz, 1998). GPCR desensitization is described as the physi-
cal uncoupling of G proteins from their couple receptors, subse-
quently resulting in a loss in receptors’ capability to activate and
initiate further intracellular signaling (Penela et al., 2003). The
receptor desensitization process initiated by GPCR phosphoryla-
tion that can be provoked by second messenger kinases, such as
PKA and PKC, which can phosphorylate and affect the responsive-
ness of both agonists occupied and unoccupied receptors, thereby
producing heterologous desensitization (Willets et al., 2003,
Hausdorff et al., 1990). Receptor phosphorylation can also be medi-
ated by GRKs, seven isoforms of serine/threonine kinases belong-
ing to the AGC kinase family (Homan and Tesmer, 2014),
phosphorylating specifically agonist-occupied active GPCRs, medi-
ating the homologous receptor desensitization process (Kelly et al.,
2008, Willets et al., 2003) (Fig. 1). Receptor activation provokes
GRK recruitment and consequently phosphorylates the receptor’s
serine/threonine moieties in the third intracellular loop or C-



Fig. 2. Schematic diagram of GPCRs signaling steps, A)- G protein-dependent signaling; Following binding of agonist to the extracellular domain of receptor results in
conformation change of receptor including cytosolic c-Terminus leading to recruit specific heterotrimeric G protein. Exchange of GDP by GTP of Ga subunit (Gaq, Gas, Gai,
and Ga12/13) results in dissociation of heterotrimeric G proteins and downstream signaling of Ga from bc. B)- G protein independent signaling; Following termination of first
wave signals by PKC, PKA, or GRKs that lead to b-Arrestins recruitment to c-terminus of the receptor. b-Arrestins will prevent further G proteins coupling, facilitate
internalization of receptor and act as a scaffold for MAP kinase signaling as a second signal wave.

K. Alhosaini, A. Azhar, A. Alonazi et al. Saudi Pharmaceutical Journal 29 (2021) 539–551
terminal tail (Lefkowitz, 1993, Benovic et al., 1991), inducing the
formation of phosphorylation barcoding, a specific phosphoryla-
tion configuration of the receptor (Penela et al., 2010). Receptor
phosphorylation subsequently enhances the affinity for b-arrestin
protein binding (Scheerer and Sommer, 2017). This physical asso-
ciation between GPCR and b-arrestin protein ‘‘phosphorylated
GPCR-b-arrestin complexes” further inhibits GPCR and G-protein
interaction. Accordingly, the termination of the G protein-
dependent signaling cascade commences (Gurevich and Gurevich,
2019). Receptor-arrestin complexes are subjected to clathrin-
mediated endocytosis. Depending on the interaction potency, the
receptors undergo recycling, internalization into endosomes, or
degradation (Penela et al., 2010, Kelly et al., 2008). The GPCRs
can be classified according to the strength of the GPCR-b-arrestin
interaction into class A GPCR, weak interaction receptors such as
b2 adrenergic receptors. Thus, the formation of a transient
receptor-b-arrestin complex undergoes recycling into the cell
membrane. Also, class B GPCR characterized by strong receptor-
b-arrestin interaction, such as vasopressin V2 receptor, induces
sustained internalization into endosomes (Luttrell and Lefkowitz,
2002). Importantly, Thomsen et al. (2016) described the strong
interaction between receptors and b-arrestin as supercomplexes
or mega complexes mediating sustained/prolonged G protein sig-
naling intracellularly.

Earlier evidence revealed that both GRKs and b-arrestins have
multiple functions beyond GPCR regulations (Lefkowitz, 1998).
They can interact with various intracellular substrates and con-
tribute to signaling transduction G protein-independently, termed
non-classical or non-canonical GPCR signaling (Shenoy and
Lefkowitz, 2011, Penela et al., 2010).

GRKs are multi-domain proteins containing a central serine/
threonine protein kinase catalytic domain, an N-terminal domain
including a regulator of the G protein signaling homology domain,
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and various C-terminal domains (Homan and Tesmer, 2014, Penela
et al., 2010). As multiple domain proteins, they can interact with
diverse proteins or act as scaffolds for molecules implicated in cel-
lular signaling. For instance, previous studies have shown that
GRK2 interacts with clathrin, phosphoinositide 3-kinase, MEK,
and caveolin-1(Jimenez-Sainz et al., 2006, Schutzer et al., 2005,
Naga Prasad et al., 2002, Shiina et al., 2001). Moreover, GRK2 can
be implicated in cellular signaling phosphorylation-dependently,
such as R-Smad phosphorylation (Ho et al., 2005). GRK5 can also
phosphorylate or interact with several proteins, such as p53, IjBa,
PDGF, class II histone deacetylase 5, and activating-nuclear factor
of activated T cells (Hullmann et al., 2014, Islam et al., 2013,
Chen et al., 2010, Martini et al., 2008, Wu et al., 2006). Addition-
ally, b-arrestins act as ligand-regulated adaptor scaffolds facilitat-
ing intracellular signaling via recruiting various proteins to
activate GPCRs (Luttrell and Miller, 2013). Several studies have
shown that b-arrestins act as scaffolds for ERK signaling (Ren
et al., 2005, Luttrell et al., 2001). b-arrestin 1 interacts directly with
MEK1 (Meng et al., 2009) (Fig. 2). Some GPCRs including parathy-
roid hormone receptor (PTHR) and thyroid-stimulating hormone
receptor (TSHR) can generate cAMP after receptor internalization.
These receptors exhibit the endosomal-mediated generation of
cAMP intracellularly (Vilardaga et al., 2014). Furthermore, b-
arrestin 2 is implicated in V2 receptor-mediated ERK1/2 activation
(Ren et al., 2005). Kim et al. (2005) also reported that GRK5 and 6
mediated AT1 receptor phosphorylation enables b-arrestin 2-
mediated ERK1/2 activation (Kim et al., 2005), indicating that b-
arrestins play a major role in ERK signaling via b-arrestin-
dependent mechanisms. Therefore, multiple phosphorylation-
dependent and/or independent GRK interactions, or b-arrestins
scaffolding, indicate that GRKs and b-arrestins might be implicated
in regulating several cellular signaling cascades G-protein-
independently.
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5.3. G protein preassembly

In 2007, the concept of a pre-associated complex between PAR1
(protease-activated receptor 1) and Gai1 protein was established
after being transiently expressed in COS-7 cells (Ayoub et al.,
2010, Ayoub et al., 2007). In 2011, Qin et al. proposed a mechanism
by which some GPCRs assemble with G proteins before ligand-
induced activation (Ayoub et al., 2012, Qin et al., 2011). The pro-
posed mechanism of preassembly describes how M3 muscarinic
acetylcholine receptors (M3R) form inactive-state complexes with
Gq heterotrimers in intact cells. Substantial evidence for the exis-
tence of a preassembled complex has been ascertained by various
techniques, including FRET (fluorescence resonance energy trans-
fer) and BRET (bioluminescence resonance energy transfer) in live
cells (Gales et al., 2006). The Preassembly of G proteins and GPCRs
sometimes suggests rapid G protein activation and subsequent
downstream signaling pathways. Any disruption in preassembly
may inhibit downstream signaling. The preassembly theory postu-
lates that the specific molecular organization of GPCRs and G pro-
teins may allow a faster process of G protein activation due to a
lack of time for the receptor and G protein for collision.

5.4. GPCR allosterism

The allostery concept in GPCR was first proposed by Monod,
Wyman, Jacob, and Changeux and formalized the classical model
called the Monod-Wyman-Changeux (MWC) (Monod et al., 1965,
Monod et al., 1963). In the last two decades, the idea of targeting
allosteric sites in GPCR has induced recent drug discovery for phar-
maceutical firms (Conn et al., 2009).

The mechanistic understanding of allosterism at GPCR remains
incompletely deciphered due to the non-availability of high-
resolution structural information on GPCRs and their interacting
cohorts (ligands and proteins) and complexes, thereby explaining
the promiscuous nature of GPCR. Allosterism is a powerful mecha-
nism of drug action in GPCR. Most drug discoveries are based on
targeting the endogenous agonist-binding orthosteric site, ignoring
spatially distinct and conformationally linked allosteric sites
(Christopoulos et al., 2014). GPCRs are allosteric proteins because
of the conformational transition mediating signal transduction,
which includes a reciprocal cooperative interaction between the
orthosteric-ligand binding site and intracellular transducer posi-
tioned around 40 Å distance (Lane et al., 2017). A classical hallmark
of allosteric interaction is the ability of one substance to alter the
affinity of other molecules through cooperative effects by either
changing the association rate or dissociation rate, sometimes both.

The beauty of allosterism is that themechanism is indistinguish-
able from the change in the isomerization constant of the unoccu-
pied receptor. This factor explains the spontaneous activation of
unoccupied receptors. Ligandbinding to allosteric sites exhibits sev-
eral advantages over orthosteric ligands or drugs. While allosteric
ligands that enhance orthosteric agonist activity are called positive
allostericmodulators (PAMs), those that inhibit orthosteric agonists
are called negative allosteric modulators (NAMs). Also, those exert-
ing nonet effect on orthosteric ligands at equilibriumare called neu-
tral allosteric ligands (NALs) (Christopoulos et al., 2014).

GPCR allosteric sites are generally found on the extracellular
surface. However, few sites have been found on the intracellular
side of the receptors (CCR4 and CXCR2). Domain swapping studies
between CCR4 and CCR5 revealed that signal transduction inhibi-
tion by prazinyl sulfonamide compounds are presented through
the C-terminal domain of CCR4 (Andrews et al., 2008). Recent pep-
ducin discovery is produced by attaching a lipidated group (acyl
chain) to a peptide corresponding to a portion of one of the loops
of intracellular GPCR (Tressel et al., 2011). The pepducin binding
with PAR-1 proposed that the receptor C-terminal tail is a possible
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interaction site. Thus, it was confirmed that pepducin is among the
allosteric modulators of the GPCR function.

5.5. Therapeutic targeting of GPCRs

As of 2020, over 1500 drugs were approved by the FDA, where
460 drugs (36%) target mainly GPCRs. Presently, class A GPCR is
targeted by most of the drugs (94%), followed by class B (4%), class
C (2%), and class F (2%). Rask et al. reported that around 19% of the
human genomes are targeted by drugs, which directly or indirectly
affect GPCR (Rask-Andersen et al., 2011). Due to the diverse drug-
gable properties of GPCR, the data showed most of the clinical tri-
als were conducted by the US FDA and other countries for the
clinical development of drugs. GPCRs are connected to numerous
signaling cascade pathways, exhibiting their effect in minute con-
centrations (Table 1).

Looking for examples of antiplatelet prescriptions/drugs,
numerous antiplatelet prescribed by FDA approved drugs recom-
mended by medical practitioners are aspirin, vorapaxar, and clopi-
dogrel, which prevent blood coagulation having a history or risk of
developing coronary artery diseases, myocardial infarction, stable
angina, and acute ischemic stroke (Ahmed, 2019). Aspirin is the
most commonly prescribed medicine worldwide due to its various
features, such as anti-inflammatory, anti-thrombotic, anti-pyretic,
and antiplatelet (Ittaman et al., 2014). The exact mechanism of
action of aspirin was discovered in 1971; however, aspirin usage
dates back to the prehistoric times of Mesopotamian, Greek, Galen,
and Chinese civilization. The action mechanism involves irre-
versible cyclooxygenase (COX) inhibition and associated suppres-
sion of prostaglandin derivative synthesis, which signals
prostaglandin receptors. Subsequent studies ascertained that
anti-thrombotic aspirin effects were due to COX acetylation in pla-
telets (Miner and Hoffhines, 2007). However, the dose-dependent
effect of aspirin has been reported in numerous clinical trials in
the last few decades. Also, vorapaxar, an antagonist of protease-
activated receptor 1 (PAR-1), can reduce the metastasis and prolif-
eration of cancerous cell lines. A recent study has shown that KPC-
derived tumor cells with PAR-1 knockout considerably reduced
tumor growth in the tail vein lung metastatic experiment, ensuing
tumor cell injection into C57/BL6 mice. The study results ascer-
tained that pancreatic ductal adenocarcinoma is determined by
activating the coagulation system through a tumor cell-derived
transcription factor. This establishes the modifications of tumor-
immune cell cross-talk mainly by stimulating CD8+ T cell activity
through PAR1/thrombin dependent signaling pathway (Yang
et al., 2019). Clopidogrel is among the mainstay drugs of coronary
heart disease as its active metabolite covalently interacts with the
ADP binding site of P2Y12 receptor positioned on platelets, thereby
thwarting the activation of the glycoprotein complex necessary for
activating platelet (Savi et al., 2006).

Furthermore, diabetes is a chronic disease categorized by inad-
equate insulin production (type 1) or insulin responsiveness (type
2), causing increased glucose concentrations in the bloodstream. In
the United States, around 9% of the population has diabetes melli-
tus, and anti-diabetes treatments are prescribed (Bullard et al.,
2018). Glucagon-like peptide 1 (GLP-1) is a gastrointestinal peptide
hormone secreted from the three main tissues of the human body:
enteroendocrine L cells (distal intestine), alpha cells (pancreas),
and the central nervous system. The hormone exhibits its effect
by interacting with and activating members of class B GPCR, i.e.
GLP-1 receptor (GLP-1R). GLP-1interaction with its receptor
(GLP-1R) activates heterotrimeric Gas protein, which consequently
stimulates AC activity. The ensuing event induces cAMP formation,
and the increased cAMP concentration, in turn, activates PKA and
the cAMP-regulated guanine nucleotide exchange factor (Ozaki
et al., 2000). In the next sections, we will elaborate more on ‘‘main



Table 1
Application of different types of drugs on GPCRs.

S.
No

Targets/Name of
receptor

Disease-associated Mechanism of action Name of drug Manufacturer Status

Anti-diabetic Drugs
1. AMY 1-3 Type 1& 2 diabetes Peptide agonist Pramlintide BMS/Amylin Market
2. GLP-1 & GIP Type 2 diabetes Competitively inhibit DPP-4 Sitagliptin

(Januvia)
Merck & Co Market

3. GLP-1 Type-2 diabetes Peptide agonist Albiglutide GSK Market
4. GLP-2 Type 2 diabetes Peptide agonist Teduglutide NPS Allelix Market
5. Prostanoid receptor Ischemic stroke, pain,

inflammation
Irreversibly acetylate Ser530 of COX-1, inhibits
the generation of thromboxane A2

Aspirin Bayer Bitterfeld
GmbH Germany

Market

6. Protease activated
receptor-1 (PAR-1)

Myocardial infarction,
coronary revascularization

Inhibits thrombin related platelet aggregation Vorapaxar
(Zontivity)

Merck and Co. Market

Anti-platelet & Cardiac Drugs
7. P2Y12 Acute coronary syndrome,

peripheral artery disease
Selectively inhibits the binding of ADP to P2Y12 Clopidogrel

(Plavix)
Bristol-Myers-
Squibb-Sanofi

Market

8. P2Y12 Stent thrombosis &
myocardial infarction

Blocks ADP-induced platelet activation and
aggregation

Cangrelor
(Kangreal)

Parsippanny Market

9. A2A Adenosine
receptor

Coronary vasodilator Elevated coronary flow reserve via selective A2A

receptor activation
Regadenoson
(Lexiscan)

Astellas Pharma Market

10. a-2 Adrenergic
receptors

Myocardial ischemia, clinical
anesthesia

Neuronal hyperpolarization Dexmedetomidine
(Precedex)

Pfizer Market

11. Beta adrenergic
receptor

Myocardial infarction,
hypertension

Function as beta 1 receptor antagonists Acebutolol
(Sectral)

Sanofi Aventis Sanofi
Aventis

Miscellaneous drugs acting on different types of receptors
12. CTR Osteoporosis, hypercalcemia,

Paget’s hemiplegia
Acts primarily on bone Calcitonin- Salmon Novartis Market

13. CGRP Migraine CGRP receptor mab Galcanezumab
(LY2951742)

Eli Lilly Phase
III

14. GHRH HIV-associated
lipodystrophy

Peptide agonist Tesamorelin Theratechnologies
Inc

Market

15. PTH1 Osteoporosis Peptide agonist Teriparatide Eli Lilly Market
16. CXCR4 Cancer Mobilizes hematopoietic stem cells Plerixafor

(Mozobil)
AnorMED/Genzyme Market

17. a-1 Adrenergic
receptors

Epistaxis, Drooping eyelids Vasoconstrictor and targets subset of
adrenoreceptors in Muller’s muscle of the eyelid

Oxymetazoline
(Afrin, Otrivin)

Merck Market

18. b-3 Adrenergic
receptor

Overactive bladder Relaxes detrusor smooth muscle Mirabegron
(Myrbetriq)

Astellas Pharma Inc Market

19. AT1 receptor
antagonists

High blood pressure,
congestive heart problem

Selectively block the binding of angiotensin II to
AT1

Candesartan
(Atacand)

AstraZeneca, Takeda
Pharmaceuticals

Market

20. Bradykinin B2
receptor antagonist

Hereditary angioedema Elevates vessel permeability dilates blood vessel
and contracts smooth muscle cells

Icatibant (Firazr) Shire Plc Market

21. Calcium sensing
receptor

Chronic kidney disease Allosteric activator of the parathyroid gland Etelcalcetide
(Parsabiv)

Amgen Market

22. MT1 and MT2
receptor

Insomnia and sleep disorders Inhibits neuronal firing Ramelteon
(Rozerem)

Zydus Cadila Market

23. NTS2 receptor Conjunctivitis Prevents histamine binding and activity Levocabastine
(Livostin)

Janssen
Pharmaceutica

Market

24. Mu-opioid receptor Primarily used for local
anesthesia in surgery

Inhibits the release of numerous
neurotransmitters

Alfentanil (Alfenta) Janssen
Pharmaceutica

Market

25. Prostaglandin E1
receptor

Stomach ulcer, postpartum
bleeding

Inhibits basic & nocturnal gastric acid secretion Misoprostol
(Cytotec)

Pfizer Market

26. Prostaglandin F
receptor

Ocular hypertension, open-
angle glaucoma

Increases outflow of aqueous humor Latanoprost
(Xalatan)

Pfizer Market

Neurological drugs
27. GPR143 receptor Parkinson disease DOPA decarboxylase converts levodopa to

dopamine
Levodopa Sandoz Market

28. Muscarinic
acetylcholine
receptor

Alzheimer’s disease Donepezil reversibly inactivates the
cholinesterase

Donepezil
(Aricept)

Pfizer Market

29. Serotonin 1A
(5-HT1A) receptor

Schizophrenia, Bipolar
disorder

Aripiprazole is a partial HT1A agonist Aripiprazole
(Abilify)

Bristol-Myers
Squibb

Market

30. Kainate & NMDA
receptor

Amyotrophic lateral sclerosis Directly inhibit kainite and NMDA receptor Riluzole (Rilutek) Sanofi Aventis Market

31. 5-HT3 receptor Epilepsy Repress the release of glutamate & aspartate in
the CNS

Lamotrigine
(Lamictal)

GlaxoSmithKline Market
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players” mediating and regulating GPCR signaling, including G pro-
teins, GRKs, and b-arrestins.

5.6. GPCR genetics

Understanding GPCR genetics is fundamental in GPCR pharma-
cology because variants in the gene sequence of the receptor could
be combined with alterations in receptor function, thereby affect-
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ing drug response (Thompson et al., 2014). Additionally, a muta-
tion in the GPCR gene might participate in creating pathological
phenotype GPCR sequences inducing pathological condition devel-
opment (Stoy and Gurevich, 2015). GPCR mutations can be classi-
fied based on their influence on receptor function and signaling
capability into either mutation that amplifies signaling transduc-
tion, in this case, termed gain of function, or attenuates receptor-
related signaling, called loss of function (Stoy and Gurevich,
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2015, Thompson et al., 2014). Moreover, GPCR mutations influence
receptors’ function via various mechanisms, such as changing
receptor basal activity, ligand binding ability, receptor cell mem-
brane expression, and receptor/G-proteins interactions (Stoy and
Gurevich, 2015). For example, it has been reported that mutation
in the 5-Alphahydroxytryptamine receptor 1B (5-HTR1B) gene
alters receptor function via modification of the ligand-binding abil-
ity of the receptor (Kiel et al., 2000). Also, a mutation in the a2A-
adrenergic receptor gene (ADRA2 A) increased agonist-dependent
G protein coupling, inducing a gain of receptor function (Small
et al., 2000). Similarly, b1-adrenergic receptor (ADRB1) gene poly-
morphisms induce gain in receptor function via enhancing both
basal and agonist dependent effect, i.e., enhancing Gs-mediated
adenylyl cyclase activation (Akhter et al., 2006, Mason et al.,
1999). Conversely, missense variations in the calcium-sensing
receptor (CaR) gene attenuate receptor transduction signaling
capability and, therefore, loss of receptor function (Bai et al.,
1997, Janicic et al., 1995). Another example of receptor function
attenuation is a mutation in the gonadotropin-releasing hormone
receptor (GNRHR) in the GPR54 gene, inducing loss of receptor
function (de Roux et al., 2003). Also, the mutation in the endothelin
receptor B (EDNRB) gene attenuates Gq coupling of the receptor,
thereby affecting subsequent signaling (Imamura et al., 2000,
Puffenberger et al., 1994).

Importantly, the consequence of GPCR gene variants is not lim-
ited to receptor activity or signaling transduction; gene variants
can be a predisposition factor for pathological disease develop-
ments (GAO, 2021). GPCRs are implicated in various diseases, such
as obesity, type II diabetes, cancer, cardiovascular, immunological,
and neurodegenerative diseases (Heng et al., 2013). Mutation-
induced GPCR dysfunctions have been linked to several pathologi-
cal conditions. For example, a mutation in follicle-stimulating hor-
mone receptor (FSHR) induces various consequences affecting
reproductive system function (Simoni et al., 2002, Gromoll et al.,
1996). Such mutations in FSHR induce familial spontaneous ovar-
ian hyperstimulation syndrome (Tao, 2008). Additionally, a muta-
tion in the thyroid-stimulating hormone receptor (TSHR) triggers
familial gestational hyperthyroidism (Rodien et al., 1998). Another
example is the melanocortin-4 receptor (MC4R), which is mostly
expressed in neuronal cells and is critical in controlling eating
behaviors and energy homeostatic regulation. Mutations in MC4R
have been associated with obesity (Santini et al., 2009, Hinney
et al., 2003). The mutation-induced disease has been reported with
arginine vasopressin type 2 receptor (V2R), Gs-coupled GPCR. V2R
is mainly expressed in the collecting duct cells of the kidney, medi-
ating the enhancement of water permeability via PKA activation
and consequently incorporating water channel aquaporin-2 (Juul
et al., 2014). Loss of function mutations in V2R gene has been asso-
ciated with nephrogenic diabetes insipidus characterized by an
incapability to concentrate urine (Bichet, 2009).

Overall, mutated GPCRs are combined with alterations in recep-
tor functions and subsequently various disease phenotypes. Identi-
fying such receptor variants helps determine the molecular
mechanisms participating in pathological conditions development.
Additionally, understanding such translation from receptor variant
genes into disease phenotype development will assist in establish-
ing a way to prevent or treat GPCR mutations associated with
pathological disorders.
6. GPCRs in drug discovery

6.1. GPCR nanobodies

In 2012, the Nobel Prize was awarded to Robert Lefkowitz and
Brian Kobilka for their efforts and discoveries in the GPCR field,
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including the crystal structure of several GPCRs (Lefkowitz, 2013,
Van Noorden, 2012). Such discoveries open very promising oppor-
tunities for drug discovery and GPCRs research. Three discoveries
also discussed the bright future of the GPCR research field.

First, in addition to small chemical molecules, GPCRs can be tar-
geted by monoclonal antibodies (mAbs), and several mAbs have
been generated and approved as therapeutic targets, such as moga-
mulizumab (POTELIGEO�), in treating leukemia (Hutchings, 2020,
Beck and Reichert, 2012). The advantage of using mAbs in treating
various diseases is notable because they have a long half-life. How-
ever, producing mAbs is costly, and the route of administration
(which cannot be taken orally) may be disadvantageous for such
a venue (Mujic-Delic et al., 2014). Interestingly, immunizing camel
or llama with GPCRs induces the production of antibodies with
only heavy chains and is considered to be 10 times smaller than
classical antibodies and named nanobodies (Nbs). The first
GPCRs-Nbs generated are against chemokine receptors (CXCRs)
(Maussang et al., 2013, Jahnichen et al., 2010). These generated
Nbs harvested after immunization comprise a library of different
Nbs with different pharmacological properties, such as agonists,
antagonists, or inverse agonists (Jahnichen et al., 2010). In addition
to the small size and selective single amino acid target of Nbs, sev-
eral advantages have been observed for GPCRs-Nbs, including sta-
bility either thermal (up to 70 �C) or acidic environment (can be
administered orally) (Harmsen et al., 2006, Dumoulin et al.,
2002). Furthermore, Nbs exhibit a very short half-life (about 2 h),
making them proper as diagnostic tools like imaging and can be
PEGylated or incorporated into serum albumin to extend the dura-
tion of action up to several weeks (Mujic-Delic et al., 2014). There-
fore, generating Nbs against various GPCRs in the future will
hopefully increase selectivity toward therapeutic targets and
reduce undesirable signals and effects. In Table 2, we prepared a
list of therapeutic nanobodies under clinical trials, and a few have
been approved by FDA for therapeutic application for treating
patients.

6.2. GPCR-biased signaling

When GPCRs are exposed to a neutral agonist, such as morphine
on l-opioid receptor, an occupied receptor can generate several sig-
nal waves (non-biased agonist). In GPCR signaling, the ability of a
molecule to selectively activate one pathway without affecting
another pathway is called biased agonism. Biased signaling occurs
at different signaling proteins, including G proteins, GRKs, b-
arrestins, and even at levels of the allosteric binding site (Ilter
et al., 2019). Since GPCR activation-induced two distinct signal
waves, G protein-dependent signaling followed by b-arrestin-
dependent signaling opens a new promising therapeutic future in
the world of GPCRs. This is true since discovering such molecules
dramatically lowers the adverse effects by turning off unwanted sig-
nals (Ilter et al., 2019). For example, the analgesic effect ofmorphine
(neutral agonist) through the activation of l-receptors is accompa-
nied by several side effects, including constipation, respiratory
depression, tolerance, nausea, and sedation. A recent study has
shown that the analgesic effect is associated with the G-protein sig-
naling pathway,while other unwanted effects are associatedwith b-
arrestin-mediated signaling (Rankovic et al., 2016). Linking these
effects to a specific signaling pathway induced the discovery of
‘‘TRV 130” (in phase II clinical trials) with a selective analgesic effect
via G protein-dependent signals without b-arrestin signaling-
mediated unfavorable effects (DeWire et al., 2013, Viscusi et al.,
2016). Recently, the secondmolecule named PZM21was discovered
as a biased analgesic promising drug (Manglik et al., 2016). Further-
more, since most antipsychotic medications act as D2 antagonists,
they cause many undesirable effects, including extrapyramidal
unwanted effects. An FDA-approved drug since 2002, aripiprazole,



Table 2
Application of nanobodies against various diseases under investigation for therapeutic use.

S.
No

Name of
Nanobody

Mechanism of Action Name of Disease Format Manufacturer Clinical
trial
(Phase)

References

1. DN 10, DN 13 Interacts with metabotropic
glutamate receptors

Impairment in CNS NA NA NA Scholler P
et al., 2017

2. ALX0141 Anti-RANKL (key mediator of bone
resorption)

Osteoporosis Trivalent,
bispecific

Albynx I

3. Vobarilizumab IL-6 receptor antagonists Systemic lupus erythematosus,
Rheumatoid arthritis

Bivalent,
bispecific

Albynx, Abbvie II

4. Caplacizumab Blocks platelet aggregation and
anti-von Willebrand factor

Thrombosis, acquired thrombotic
thrombocytopenic purpurea

Bivalent,
monospecific

Ablynx (Sanofi) Approved

5. Ozoralizumab Effectively neutralizes TNF-a and
interacts with HSA

Rheumatoid arthritis Trivalent,
bispecific

Ablynx, Taisho II

6. Lulizumab
pegol

Modulators of CD28 Systemic lupus erythematosus Monomeric
pegylated

Bristol-Myers
Squibb

II Shi R et al.,
2016

7. M6495 Inhibitor of ADAMTS-5 Osteoarthritis Bifunctional Merck Ib
8. TAS266 Interacts death receptor-5 Advanced solid tumors Tetramer Novartis

pharmaceuticals
I Papadopoulos

et al
9. ARP1 Rice-based expression system to

allow ARP1 in children
Rotavirus diarrhea Monomeric CMC Vellore

India
III
completed

10. 2Rs15d Targets HER2 Breast cancer Monomeric
radionuclide

Camel-IDS I

NA: Not applicable, HAS: Human serum albumin, ADAMTS-5: A Disintegrin And Metalloprotease with Thrombospondin-motifs-5.
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is an excellent example of biased agonismsince it preserves antipsy-
chotic effects without undesirable effects via activating only b-
arrestin-D2 signaling pathway but not the G protein-D2 signaling
pathway (Rankovic et al., 2016). Considering theheart failuremodel,
carvedilol induces b2-adrenergic receptors-mediated b-arrestin sig-
naling wave against Gas-dependent signaling having a cardiopro-
tective effect advantage (Wisler et al., 2014). Furthermore,
stimulation of the angiotensin II type 1 receptor (ATR1) induces
Gas-dependent signaling, which is considered to have a deleterious
effect on the heart and kidney, and b-arrestin-mediated signaling
having a cardiac and renal protective effect. Recently, a molecule,
TRV120027, can selectively activate ATR1-b-arrestin-mediated sig-
naling, thereby inducing a cardiorenal protective effect
(Lymperopoulos, 2018, Boerrigter et al., 2012). Therefore, the biased
agonism concept is a very promising field in GPCR drug discovery.
6.3. GPCR splice variants

Among the critical facts about GPCRs is the splice variant exis-
tence for most discovered receptors. Receptor genetic variations
mainly occur at the orthosteric binding site, which induces differ-
ences in efficacy and potency (Hauser et al., 2018). Three types of
variations were observed: missense variation, loss of function vari-
ation, and copy number variation. A previous study has shown
Table 3
Some of the pathological manifestations due to heterodimerization of GPCRs.

S.
No

Disease Receptors
involved

Molecular mechanism

1. Asthma EP1/B2AR ⁶ Monomeric EP1 receptor has no physiological
⁶ Heterodimerization causes modulation of co

smooth muscle leading to reduced bronchodia
⁶ Activation of EP1 receptors increases the dow

2. Cardiac
failure

AT1R/b-
AR

⁶ b-ARs antagonist blocks Ang II mediated path
⁶ Catecholamine-mediated heart rate is regulate
⁶ AT1R/b2-AR and b1AR/b2-AR heterodimer reg

3. Preeclampsia AT1R/B2R ⁶ AT1R-mediated hyper-responsiveness in hyp
preeclampsia.

⁶ Ang II mediated signaling negatively regulates
4. AIDS CCR2/

CCR5/
CXCR4

⁶ Heteromerization between the CCR2 mutant
levels of CXCR4 in PBMC and delayed the prog

5. Parkinson
disease

A2aR/D2R ⁶ A2aR agonist regulates cell surface expression
for D2R agonist.

EP1: prostaglandin E1 receptor.
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that, among 108 GPCRs, each individual out of 2504 human sam-
ples has 68 missense variations in the coding region of 33% GPCRs.
The same study also demonstrated how different splice variants of
l-opioid receptors exhibit significant pharmacological differences,
including efficacy and potency. Another example is the signifi-
cantly different antihypertensive responses to angiotensin receptor
blockers, angiotensin converting enzyme (ACE) inhibitors, and b-
blockers due to splice variants of angiotensin receptors, ACE, and
b-adrenergic receptors, respectively (Johnson, 2008, Liggett et al.,
2006, Mialet Perez et al., 2003). At the level of G protein coupling
to receptors, a study of cholecystokinin A receptor using one drug
that induced a couple to all the main four Ga isoforms Gaq, Gai/o,
Gas, and Ga12/13 reveals the existence of two polymorphisms.
One of the polymorphisms has increased efficacy to Gaq and
Gai/o but not Gas and lacks efficacy to Ga12/13, while other poly-
morphisms lack efficacy and potency in all isoforms, except Gas
potency (Hauser et al., 2018). Therefore, considering genetic varia-
tions during diagnosis and drug discovery will dramatically avoid
undesirable effects and tailor safe and personalized medicine.
6.4. Heterodimerization in GPCRs

In 1993, the term ‘‘heterodimerization” was unprecedentedly
introduced to explain a specific type of direct interaction between
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various types of GPCRs (Zoli et al., 1993). The heterodimerization
concept was later ascertained in studies where two non-
functional GPCR monomers (GABAB1 and GABAB2) connect in a sig-
naling heterodimer (Marshall et al., 1999). Considering their func-
tions, GPCR heterodimers are classified into two categories:
obligatory and non-obligatory GPCR heterodimers. Obligatory
GPCR heterodimers need heterodimerization of GPCR protomers
to work as functional receptors, and a few examples are GABA
and taste receptors. Also, non-obligatory GPCR heterodimers com-
prise functional protomers and control the pharmacological and
biochemical events of the promoters. GPCR functions depend not
only on protomer and homodimer but also on heterodimers.
Heterodimerization of GPCRs modulates molecular events of the
GPCR protomer, and the ensuing process may cause ligand binding
affinity, signal transduction, and internalization.

Clinically, heterodimerization of GPCRs is critical, as it was
observed in the unusual crosstalk between different classes of
drugs, exemplified by beta-blockers, where it may block signaling
by both b-adrenergic and angiotensin receptors. This may be due
to the heterodimerization of bARs and AT1 angiotensin receptors
(Barki-Harrington et al., 2003). Likewise, the interaction between
d-OPR (opioid receptor) and l-OPR has been proposed to explain
the well-known results of d-OPR on l-OPR-mediated analgesia
(Gomes et al., 2004). In a clinical setting, synergism and antago-
nism between drugs are crucial, as heterodimerization between
receptors embodies a particular mechanism and perhaps under-
lies potential drug–drug interaction at the molecular level. The
clinical significance of heterodimerization has also been observed
in chemokine receptors. Chemokines are a family of cytokines
responsible for activating leukocytes via GPCR stimulation. Che-
mokine receptors (CXCR4 and CCR5) serve as coreceptors for
the entry of HIV into cells (Cairns and D’Souza, 1998). The poly-
morphism (V64I) in the CCR2 receptor is associated with a signif-
icantly reduced rate of AIDS progression (Table 2) (Smith et al.,
1997). Mellado et al. (1999) revealed that the V64I polymor-
phism augments heteromerization between CCR2/CCR5 and
CCR2/CXCR4. The above data suggest that heteromerization of
CCRs is a fundamental factor aiding HIV in using these receptors
to enter into the cells. Clinical implications of GPCR heteromer-
ization of various diseases, such as asthma, cardiac failure,
preeclampsia, AIDS, and Parkinson’s disease, are presented in
Table 3.
7. Conclusion

GPCRs are a family of cell surface receptors that respond to a
plethora of external signals. Owing to their diverse functions,
GPCRs and their associated signaling are considered vital to life.
The interaction of signaling molecules with GPCRs marks G protein
activation, thereby activating the production of various second
messenger molecules. Through these molecular events, GPCRs
assist in regulating various biological functions, starting from sen-
sation to growth to hormone responses. Considering the multi-
faceted role of GPCR, it is imperative to comprehend the
molecular events and the discovery of new drugs. GPCRs display
their position as possible drug targets in a gamut of diseases,
including cancer. Despite recent advances in drug discovery, it is
essential to determine new avenues, as GPCRs are the most ubiqui-
tous receptors.
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