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Introduction

Cell signaling is one of the important processes required for 
the normal growth and development of cell. It is the basic pro-
cess that helps the cells to sustain through various environ-
mental cues and develop tolerance against stress conditions.1-3 
The basic cell signaling machinery involves a receptor mole-
cule that perceives the signal. The signal or primary stimulus 
could be light, hormone, odorant, antigen, neurotransmitter or 
the surface of another cell, which transport into the cell via 

membrane receptor, through signal transduction triad (recep-
tor/transducer/effector).4 The second messenger could be Ca2+ 
(for ion channels) cAMP and cGMP (for adenylyl and guan-
lyl cyclases), inositol-1, 4,5-triphosphate (IP3), diacyl glycerol 
(DAG) and arachidonic acid (for phospholipases).2 The triad is 
responsible for converting the signal from first to second mes-
senger, which could be further regulated by protein kinases or 
phosphatases in the cytoplasm. The target of the signal may be 
enzymes, intracellular receptors, special transport vehicles and 
finally transcription factors,5 which ultimately controls the gene 
expression. There are several signaling mechanisms present in 
the cell to carry out normal functions. One of an important 
signaling cascade is formed by GTP binding proteins or simply 
known as G proteins, so called because of their ability to bind 
to guanine nucleotide.6 One more molecule that is involved in 
this signaling cascade and forms an important part of the cas-
cade is G Protein Coupled Receptor (GPCR). It is known that 
the signals are mostly perceived at the level of membrane and 
therefore transmembrane (TM) events are the likely routes for 
signal generation and transduction. In plants, the best-charac-
terized plasma membrane-based receptors are of two kinds: (1) 
transmembrane receptor enzymes (usually kinase), (2) GPCRs. 
First step in the G protein mediated signaling cascade is bind-
ing of an agonist/ligand to GPCRs, so these molecules form an 
important part of this pathway. GPCRs are members of a large 
family of proteins found in eukaryotes and certain prokary-
otes.8 A remarkable property of GPCRs which make it distin-
guishable from other classes of receptors is the presence of seven 
TM (7TM) α-helical region. Members of the GPCR superfam-
ily share the same basic architecture i.e., 7TM α-helices, an 
extracellular amino-terminal segment and an intracellular car-
boxy-terminal tail. GPCRs form a large superfamily of mem-
brane proteins that modulate sensory perception, chemotaxis, 
neurotransmission, cell communication, the senses of sight, 
smell and taste and many other vital physiological events. 
Purification of the first GPCR, the β-adrenergic receptor, was 
reported in 1981 by Shorr et al. and it was identified as one of 
the hormone-binding subunit.9 Characterized by their cell-sur-
face localization and tissue-specificity, these protein receptors 
are the targets of 50–60% of all existing medicines including 
well-known blockers and anti-histamine therapeutics. These 
plasma membrane-bound receptors have evolved to recognize a 
diversity of extracellular physical and chemical signals, such as 
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Heterotrimeric G proteins (Gα, Gβ/Gγ subunits) constitute 
one of the most important components of cell signaling cas-
cade. G Protein Coupled Receptors (GPCRs) perceive many 
extracellular signals and transduce them to heterotrimeric G 
proteins, which further transduce these signals intracellular 
to appropriate downstream effectors and thereby play an im-
portant role in various signaling pathways. GPCRs exist as a 
superfamily of integral membrane protein receptors that con-
tain seven transmembrane α-helical regions, which bind to a 
wide range of ligands. Upon activation by a ligand, the GPCR 
undergoes a conformational change and then activate the G 
proteins by promoting the exchange of GDP/GTP associated 
with the Gα subunit. This leads to the dissociation of Gβ/Gγ 
dimer from Gα. Both these moieties then become free to act 
upon their downstream effectors and thereby initiate unique 
intracellular signaling responses. After the signal propagation, 
the GTP of Gα-GTP is hydrolyzed to GDP and Gα becomes 
inactive (Gα-GDP), which leads to its re-association with the 
Gβ/Gγ dimer to form the inactive heterotrimeric complex. The 
GPCR can also transduce the signal through G protein indepen-
dent pathway. GPCRs also regulate cell cycle progression. Till 
to date thousands of GPCRs are known from animal kingdom 
with little homology among them, but only single GPCR has 
been identified in plant system. The Arabidopsis GPCR was re-
ported to be cell cycle regulated and also involved in ABA and 
in stress signaling. Here I have described a general mechanism 
of signal transduction through GPCR/G proteins, structure of 
GPCRs, family of GPCRs and plant GPCR and its role.
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is bound to Gβγ dimer and GDP. G protein mediated signaling 
starts by binding of an agonist molecule that leads to activation 
of GPCR. GPCR is also a guanine nucleotide exchange factor 
that promotes the exchange of guanosine disphosphate (GDP)/
guanosine triphosphate (GTP) associated with the Gα subunit.12 
Therefore, the activated GPCR catalyzes exchange of GTP for 
GDP on the Gα subunit, as a result conformational changes 
takes place in the GPCR, which leads to dissociation of Gβγ 
dimer from Gα and thus activates multiple molecules of G pro-
teins (Fig. 1). The G proteins activated in this way constitute an 
amplified representation of the activated GPCR. Activated Gα 
and Gβγ proteins in turn binds to various effectors and thereby 
switches it either on or off in different systems, and effectors 

nucleotides, peptides, amines, Ca2+ and photons. On recogni-
tion of such signals, the GPCRs act as proximal event in sig-
naling pathways that influence a wide variety of metabolic and 
differentiated functions.10,11 In this article a general mechanism 
of signal transduction through GPCR/G proteins, structure of 
GPCRs, family of GPCRs and plant GPCR and its role have 
been covered.

A General Mechanism of Signal Transduction 
through GPCR and G Proteins

The regulatory cycle of G proteins i.e., activation/inactivation 
through GPCR is shown in Figure 1. In the inactive state, Gα 

Figure 1. Model for signal transduction by activation/inactivation of heterotrimeric G proteins through GPCR. The subunits of heterotrimeric G 
proteins (Gα and Gβγ) in their inactivated state are associated with each other. In inactivation state the GDP is bound to Gα (Gα-GDP). In signal 
transduction, first the GPCR gets activated by changing its conformation which resulted from binding of agonist/ligands to the extracellular region of 
GPCR. This activated GPCR further activate the inactive G protein to active G protein complex by dissociating the Gα from Gβγ. In active state the 
GTP is bound to Gα (Gα-GTP). Now free Gα and Gβγ have their own effectors (E1 and E2, respectively) to further transmit the signals and initiate 
unique intracellular signaling responses. Later, after the signal transduction, the Gα-GTPase activity hydrolyze the bound GTP (Gα-GTP) to GDP and 
Pi and inactivate the G protein complex by re-associating the Gα with Gβγ. In this state again GDP is bound to Gα (Gα-GDP) in the G protein com-
plex. In this way the activation and inactivation cycle is completed.
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acid residues are presumably arranged to face the lipid bilayer, 
whereas the more hydrophilic amino acid residues face towards 
the core. Furthermore, helix-helix interaction contributes to the 
functional tertiary structure of the GPCRs necessary for receptor 
folding and stability, ligand binding and ligand-induced confor-
mational changes for G protein coupling. Thus, mutations in the 
TM domain can have an array of deleterious effects.

GPCRs contains an intracellular carboxyl-terminal domains 
(ICL1, ICL2 and ICL3) which are involved in several aspects of 
GPCR signaling. This domain contains Ser and/or Tyr residues 
which serve as sites for G protein receptor kinase-mediated phos-
phorylation and receptor desensitization. Some GPCRs contain 
a cysteine residue in the C-terminal domain, which can serve 
as site for palmitoylation. This can create a fourth IL (intracel-
lular loops) because of the ability of the palmitoylated cysteine 
to insert in the plasma membrane. Also, C terminus may be 
involved in the interactions with other proteins that mediate 
GPCR signaling, such as the calcyon, PDZ domain-containing 
proteins, and Homer/Vesl proteins.19 The GPCR vary not only in 
sequence, but also in length of amino acid and carboxy-termini 
(especially the C3 loop). The serine residue at carboxy termi-
nus region of GPCRs gets phosphorylated by G protein-coupled 
receptor kinases (GRKs). GRKs constitute of six mammalian 
Ser/Thr protein kinase that phosphorylate agonist-bound, or 
activated, GPCR as their primary substrates, GRK-mediated 
receptor phosphorylation rapidly initiates profound impairment 
of receptor signaling, or desensitization.20 While the X-ray crystal 
structures of several GRKs have been solved, but the mechanism 
of GRK interaction with GPCRs was not known. Recently, Pao 
et al. (2009)21 proposed a mechanism whereby the N-terminus 
of GRK2 protein forms an intramolecular interaction that selec-
tively enhances the catalytic activity of the kinase towards GPCR 
substrates.

Recently, Sheerer et al. (2008)22 reported the 3.2 angstrom (A°) 
crystal structure of the bovine GPCR (opsin) in its G-protein-
interacting conformation. (Ops-GalphaCT peptide complex). 
Perk et al. (2008)23 reported the crystal structure of ligand-free 
native GPCR (opsin) from bovine retinal rod cells at 2.9 A° 
resolution. Compared to GPCR rhodopsin, opsin showed some 
structural changes in the conserved E(D)RY and NPxxY(x)5,6F 
regions and in TM5-TM7. At the cytoplasmic side, TM6 was 
found to be tilted outwards by 6–7 A°, whereas the helix struc-
ture of TM5 was more elongated and close to TM6. The authors 
have suggested that the opsin structure sheds new light on ligand 
binding to GPCRs and on GPCR activation.23

Family of GPCRs

These are the largest class of receptors, with more than one thou-
sand GPCRs identified so far. The GPCRs family is the third 
most abundant family in Caenorhabditis elegans, comprising 5% 
of its genome with approximately 1,100 members. The Drosophila 
genome has at least 160 GPCRs. Based on the now entirely 
known human genome careful estimation suggest that about 
3–4% of the human genes code for GPCRs, about 1,200–1,300 
members of GPCR superfamily in the human genome,24,25 many 

continue to pass the signal to different kinds of second messen-
gers. Here intrinsic GTPase activity of Gα comes into play, that 
leads to conversion of bound GTP into GDP and hence the inac-
tivation of G proteins cascade. GTPase activity of the Gα sub-
units may also be regulated by regulators of G proteins signaling 
(RGS proteins) as well as effectors. Moreover, effector enzymes 
such as adenylyl cyclases may also regulate the activation of G 
proteins by receptors (Fig. 1).

The activated Gα interacts and regulates many effector mol-
ecules such as calcium, potassium channels, adenylyl cyclase, 
phospholipase C (PLC), PLD and protein kinases. Initially it was 
hypothesized that the βγ dimer acts as negative regulator and can 
block activation of adenylyl cyclase by this mechanism.13,14 But 
subsequently this hypothesis was changed with the discovery that 
the βγ subunit could activate the muscarinic K+ channel and βγ 
subunits positively regulate effectors.15,16 Finally, the βγ subunit 
was shown to be a positive regulator of a large number of effec-
tors in addition to the K+ channel, including adenylyl cyclase, 
phospholipase C-β (PLC-β), phospholipase A

2
 (PLA

2
), phos-

phoinositide 3-kinase (PI3-kinase), and β-adrenergic receptor 
kinase. Also, Gβγ can activate Gα subunit.17 It is now clear that 
many effectors are regulated both by α and βγ subunits.

Structure of GPCRs

Members of the GPCR superfamily share the same basic archi-
tecture of 7TM α-helices, an extracellular amino-terminal seg-
ment and an intracellular carboxy-terminal tail. These plasma 
membrane-bound receptors have evolved to recognize a diversity 
of extracellular physical and chemical signals, such as nucleotides, 
peptides, amines, Ca2+ and photons. On recognition of such sig-
nals, the GPCRs act as proximal event in signaling pathways that 
influence a wide variety of metabolic and differentiated func-
tions.10,11 An extensive analysis of about 200 GPCR sequences 
revealed that total length of GPCRs can vary between 311 and 
~1,490 amino acid residues. The largest variations in length are 
found in the N and C termini with size up to 879 and 371 amino 
acid residues, respectively.18 GPCRs are not only encoded by 
eukaryotic genes but also by viral genes. Human GPCRs genomic 
genes are predominantly intronless.18

The 7TM α-helices connected by three intracellular and three 
extracellular loops. The extracellular loops of the GPCR can be 
glycosylated and contain two highly conserved cysteine residues, 
which build disulfide bonds to stabilize the receptor structure. 
GPCRs contain extracellular N-terminus domains (ECL1, ECL2 
and ECL3) of variable size, ranging from 154 residues (calcitonin 
receptor) to 36 residues (rhodopsin receptor). This domain con-
tains asparagines residues and motifs for N-glycosylation, which 
influences intracellular trafficking of receptors to the plasma 
membrane, and cysteine residues in ECL1 and ECL2 loops that 
can influence protein folding critical for trafficking of a function 
receptor to the cell surface.19 The N terminus of some GPCRs 
is involved in ligand binding, activation and downregulation. 
The 7TM α-helices helices of GPCRs are arranged to form a 
tight, ring-shaped central core that is highly hydrophobic in 
nature. Similar to most TM proteins, the hydrophobic amino 
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the heptahelical or serpentine receptors. However, recently it has 
become apparent that other receptors and proteins that are not 
heptahelical or serpentine also mediate some of their biological 
effects via activation of heterotrimeric G proteins. To date, the 
role of heterotrimeric G proteins in mediating the actions of these 
nonclassical GPCRs such as receptors for a variety of growth fac-
tors, atrial natriuretic hormone, extracellular matrix proteins, as 
well as zona pellucida glycoprotein ZP3 has not been elucidated.30 
Papasaikas et al. (2004)31 suggested that GPCR recognition and 
classification at the family level can also be analyzed at PRED-
GPCR Internet service which is a free at http://bioinformatics.
biol.uoa.gr/PRED-GPCR.

Gao and Wang (2006)32 introduced a nearest neighbor 
method to discriminate GPCRs from non-GPCRs and subse-
quently classify GPCRs at four levels on the basis of amino acid 
composition and dipeptide composition of proteins. They have 
classified 1,406 GPCRs into six families and for the subfam-
ily prediction of 1,181 GPCRs of rhodopsin-like family. The 
sequence analysis of Family A and Family B of GPCRs indicated 
that there are functional sites on essentially all transmembrane 
helices, consistent with the parallel daisy chain model of GPCR 
oligomerization in which each GPCR makes interactions with 
a number of neighboring GPCRs.33 A simple JavaScript based 
web interface has been also developed to predict GPCR fami-
lies and subfamilies (www.insilico-consulting.com/gpcrmotif.
html). By using this method Gangal and Kumar, (2007)34 have 
annotated, 695 orphan receptors, and 121 were identified as 
belonging to Family A of GPCRs.

Plant GPCR and its Role

There are >1000s of GPCRs known in humans and animal till to 
date. GPCRs in plants are not well characterized as compared to 
GPCRs from animal system. Arabidopsis also contains a single 
regulator of G protein signaling protein (RGS1), which is shown 
to stimulate the intrinsic guanosine triphosphatase activity of 
Gα.35 The RGS1 also contains a heptahelical domain, RGS box 
domain and might be functioning as a receptor or co-receptor.36 
Till to date there has been only one putative GPCR (GCR1) iden-
tified and experimentally investigated in Arabidopsis.37-40 Using 
a different bioinformatics tool it was shown that there might be 
as many as 394 divergent GPCR candidates in Arabidopsis.41 
Through computational studies of Family A and Family B of 
GPCRs Vohra et al. (2007)33 reported that the plant GCR1 
contained homology with Family A, Family B and Family E of 
GPCRs. The first plant GPCR was cloned from Arabidopsis by 
cDNA library screening and named as GCR1.42 It shows high-
est similarity to cAMP receptors receptors from the slime mold 
Dictyostelium discoideum.42 It was shown that GCR1 gene is cell 
cycle-regulated and its overexpression abolishes seed dormancy 
and shortens flowering time.38 It is shown that GPCR interacts 
with GPA1 in Arabidopsis and is involved in abscisic acid (ABA) 
signaling in guard cells.43 Also, it is shown that mutation in GCR1 
leads to hypersensitivity to ABA, inhibition of seed germination, 
less sensitivity to GA and BR.44 Two putative cDNAs of gamma 
subunits of G protein complex were isolated from rice.45 PLD and 

of which are known to homo- and heterodimerize.26 However, in 
case of plants a single GPCR has been isolated from from pea27 
and maize (Acc. No. NM_001153424), and computational anal-
ysis show their presence in Arabidopsis, Populus and rice.28 The 
GPCRs superfamily is divided into 6 major families which share 
little sequence homology among each other and some functional 
similarity.29 The 6 families of GPCRs are as follows:

Family A (rhodopsin receptor family): Family A is commonly 
known as rhodopsin family. It is the largest family of GPCRs 
and includes receptors for odorants and small ligands. This 
family is further divided into three groups. Group 1 contains 
GPCRs for small ligands including rhodopsin and β-adrenergic 
receptors. The binding site is localized within the seven TMs.  
Group 2 contains receptors for peptides whose binding site 
includes the N-terminal, the extracellular loops and the superior 
parts of TMs. Group 3 contains GPCRs for glycoprotein hor-
mones. It is characterized by a large extracellular domain and a 
binding site which is mostly extracellular but at least with con-
tact with extracellular loops e1 and e3.

Family B (secretin receptor family): Family B is commonly 
known as secretin family. It recruits about 60 members and is 
characterized not only by the lack of the structural signature pres-
ent in family A but also by the presence of a large N-terminal ect-
odomain. Family B GPCRs have a similar morphology to group 
A3 GPCRs, but they do not share any sequence homology. Their 
ligands include high molecular weight hormones such as gluca-
gon, secretine, calcitonin, growth hormone-releasing hormone, 
corticotropin-releasing factor, VIP-PACAP and the Black widow 
spider toxin, α-latrotoxin.

Family C (metabotropic glutamate receptors family): Family 
C recruits about two dozens GPCRs such as metabotropic glu-
tamate receptors (mGluR) and the Ca2+ sensing receptors. This 
family also includes GABA-B receptors, taste receptors, olfactory 
receptors and a group of putative pheromone receptors coupled 
to the G protein Go (termed VRs and Go-VN). Like family B, 
these receptors possess large ectodomains responsible for ligand 
binding.

Family D (fungus pheromone receptor family): Family D 
comprises pheromone receptors (VNs) associated with Gi.

Family E (cAMP receptor family): cAMP receptors (cAR) 
have only seen found in D. discoideum but its possible expression 
in vertebrate has not yet been reported.

Family F (frizzled/smoothened receptor family): Family 
F includes the ‘frizzled’ and the ‘smoothened’ (Smo) receptors 
involved in embryonic development and in particular in cell 
polarity and segmentation.

These GPCR families are further classified into 64 different 
subfamilies based on the multiple receptor subtypes, each of 
which is encoded by separate genes. Each subfamily is further 
subdivided into different groups, based mainly on TiPS classifi-
cation scheme that takes into account the native ligand(s) that 
binds to a particular GPCR. Therefore, GPCRs exist as a big 
family of receptors that binds to vast variety of ligands and are 
involved in various signaling pathways.

It is well known that the family of classical GPCRs is char-
acterized by presence of 7TM domain and is also referred to as 
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GPCRs exist in plants? Various plant responses that are affected 
upon genetic knockout of alpha, beta and gamma subunits of 
G proteins44,52 suggested that there might be existence of more 
plant’s GPCRs which may discover in future.

A novel GPCR containing a lipid kinase domain has also 
been reported in Dictyostelium that regulates cell density sens-
ing.53 Earlier, we have reported the isolation of a pea GPCR gene 
(PsGPCR) and the characterization of the encoded GPCR pro-
tein.27 The full-length PsGPCR cDNA was found to be a 1.008 
kb in size. The deduced amino acid sequence revealed a PsGPCR 
protein contained 335 amino acid residues with a predicted 
molecular mass of about 35 kDa and pI 10.60. The PsGPCR 
protein was reported to form oligomers by self-interacting, and 
also found to interacted with all three subunits of G-proteins 
but not with PLC-delta or the C2 domain of PLC-delta.27 The 
Arabidopsis GCR1 was also reported to interact with Gα (GPA1) 
and thereby regulate abscisic acid signaling.43 The oligomeric 
nature of PsGPCR probably allow for a more complex ligand-
receptor relationship.54

Due to low sequence conservation GPCRs it difficult to 
identify novel candidates from plants. Recently, Gookin et al. 
(2008)28 by whole-proteome analyses reported the identification 
of candidate GPCRs within the Arabidopsis, Oryza and Populus 
proteomes. Most of them were found to be interacting with 
Galpha of Arabidopsis (GPA1).

Recently, from the laboratory of Assmann another pair of 
GPCRs have been implicated in ABA response. These are novel 
GPCR-type G-proteins (GTG1 and GTG2) from Arabidopsis 
which show homology to an orphan vertebrate GPCR (GPR89) 
and interact with Arabidopsis G protein alpha subunit, GPA1.55 
Interestingly, these proteins also have intrinsic GTP-binding and 
GTPase activity. These authors also showed that Arabidopsis 
mutants lacking both GTG1 and GTG2 exhibit ABA hypos-
ensitivity which indicated that GTG1 and GTG2 may mediate 
ABA responses during germination, flowering, stomatal closure 
and root elongation. Furthermore, GTG1 and GTG2 were also 
shown to bind ABA. Finally it has been suggested that GTG 
proteins function both as a new type of G protein and as a class 
of membrane-localized ABA receptors.49,55
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heterotrimeric G proteins play important, diverse roles in cellular 
regulation and signal transduction. It is shown that Arabidopsis 
PLDα1 interacts with GPA1 through a motif analogous to the 
DRY motif in G protein-coupled receptors.46

Generally, the signal recognition by GPCRs is typically 
coupled by heterotrimeric G proteins to downstream effectors. 
However, some GPCRs in amoeboid cells and possibly in human 
cells can initiate downstream action independently of heterotri-
meric G-proteins. It is reported that GCR1 can act independently 
of heterotrimeric G proteins in response to brassinosteroids and 
gibberellins in Arabidopsis seed germination.47 It has been indi-
cated in loss-of-function gcr1 mutants that GCR1 also plays a 
positive role in gibberellin-(GA) and brassinosteroid-(BR) regu-
lated seed germination. The null mutants of GCR1 were found 
to be less sensitive to GA and BR in seed germination. Chen et al. 
(2004)47 indicated that GCR1, unlike a typical 7TM receptor, 
apparently acts independently of the heterotrimeric G-protein in 
at least some aspects of seed germination, suggesting that this 
alternative mode of 7TM receptor action also functions in the 
plant kingdom.

It is known that GPCR genetically and physically interacts 
with the G protein alpha subunit (GPA1) to mediate all known 
ABA responses in Arabidopsis. Liu et al. (2007)48 observed an 
ABA-hypersensitive phenotype by overexpressing the GPCR in 
Arabidopsis. The GPCR also binds to ABA with high affinity at 
physiological concentration which leads to the dissociation of the 
GPCR-GPA1 complex in yeast. The authors suggested that the 
GPCR is a plasma membrane ABA receptor and is a new GPCR, 
GCR2, from Arabidopsis.48,49 Later, Gao et al. (2007)50 reported 
that this new GCR2 does contain the canonical 7TM topol-
ogy structural (a hallmark of known GPCRs) in its amino acids 
sequence and also some discrepancies was reported regarding its 
purported plant hormone signaling function. The genetic analy-
sis of gcr2 mutants failed to detect an ABA-related phenotype and 
some other studies suggested that GCR2 actually does not bind 
to ABA. These authors also reported that loss-of-function muta-
tions in GCR2-LIKE 1 (GCL1) did not confer ABA insensitivity. 
All the findings of Gao et al. (2007)50 did not support the notion 
that GCR2 is an ABA-signaling GPCR in seed germination and 
early seedling development. Recently, Gao et al. (2008)51 further 
suggested through genetic evidence that GCR2 is unlikely to 
act as a receptor for ABA in the context of either seed germina-
tion or early seedling development. Still there is an unanswered 
question to know how many (yet undiscovered) candidates of 
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