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 ` Animal and fungal heterotrimeric G-proteins are are some the well-known regulators of signaling pathways. Plant 
stu dies have shown that G-proteins may also be involved in the regulation of many processes. G-proteins are involved 
in hormonal regulation, control of cell proliferation, response to abiotic factors, control of biotic interactions and many 
others. It turned out that with a smaller variety of subunits, G-proteins of plants can have a greater variety of mechanisms 
for activating and transmitting signals. However, for most processes in plants the mechanisms of operation of heterotri-
meric G-proteins remain poorly understood. This review is devoted to the analysis of modern ideas about the structure 
and functioning of heterotrimeric plant G proteins.
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РОЛЬ ГЕТЕРОТРИМЕРНЫХ G-БЕЛКОВ  
В СИГНАЛЬНОЙ РЕГУЛЯЦИИ У РАСТЕНИЙ

©© А.Д.©Бовин,©Е.А.©Долгих
ФГБНУ «Всероссийский научно-исследовательский институт сельскохозяйственной микробиологии»,  
Санкт-Петербург
Для цитирования: Бовин А.Д., Долгих Е.А. Роль гетеротримерных G-белков в сигнальной регуляции у растений // Экологическая генетика. – 
2019. – Т. 17. – № 2. – С. 43–54. https://doi.org/10.17816/ecogen17243-54.

Поступила: 26.11.2018 Одобрена: 20.02.2019  Принята: 18.06.2019

 ` Гетеротримерные G-белки животных и грибов являются одними из хорошо известных регуляторов сигнальных путей. 
Исследования на растениях показали, что в регуляцию многих процессов у них могут быть вовлечены G-белки. G-белки 
принимают участие в гормональной регуляции, контроле пролиферации клеток, ответе на абиотические факторы, контроле 
биотических взаимодействий и др. Оказалось, что при меньшем разнообразии субъединиц G-белки растений проявляют 
большее разнообразие механизмов активации и передачи сигналов. Однако для большинства процессов механизмы работы 
гетеротримерных G-белков еще малоизучены. Настоящий обзор посвящен анализу современных представлений о строении 
и функционировании гетеротримерных G-белков растений. 

 ` Ключевые©слова:©гетеротримерные G-белки; растения; рецепторы; передача сигнала.

INTRODUCTION
The significant interest in studying heterotrimeric 

G-proteins is attributable to their ability to control dif-
ferent processes (such as growth and development, me-
tabolism, and responses to biotic and abiotic factors) via 
the interaction of these proteins with different receptors. 
In this regard, heterotrimeric G-proteins are well known 
as the participants of the signal pathways of eukaryotes.

G-proteins were named thus owing to the ability to 
bind guanine nucleotides [guanosine triphosphate (GTP) 
or guanosine diphosphate (GDP)], thereby modifying of 
the activity of these nucleotides. Heterotrimeric G-pro-
teins are typically distinguished based on their complex 
formation comprising α-, β-, and γ-subunits. Besides, a 

separate class is presented by monomeric small G-pro-
teins that can hydrolyze GTP (GTPases). Small G-pro-
teins have molecular weight of approximately 20–25 kDa, 
and their single polypeptide chain is homologous to the 
α-subunit of heterotrimeric G-proteins. Both groups of 
G-proteins are involved in the intracellular signaling; how-
ever, the present overview primarily focuses on heterotri-
meric G-proteins.

Although heterotrimeric G-proteins are probably the 
universal signaling regulators of all eukaryotes, a majority 
of the research on G-proteins focused on their involve-
ment in the processes of humans and plants [1].

In 1990s, the presence and functioning of heterotri-
meric G-proteins was the demonstrated for the first time 
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in plants by means of heterotrimeric G-protein inhibi-
tors and agonists [2–5]. These studies determined the 
involvement of heterotrimeric G-proteins in the plants’ 
response to the effect of several phytohormones, develop-
ment of response to the light, and other processes [6–9]. 
Several mutants were detected with defects in some sub-
units of heterotrimeric G-proteins, which facilitated a 
detailed examination of features of the plants’ G-protein 
structure [10, 11]. Thereafter, the role of G-proteins in 
the control of biotic relations of plants and microorgan-
isms–protection against pathogenes [12–14] and de-
velopment of symbiotic relations [15–19] — were elu-
cidated. Because these plant interactions are of great 
practical interest, the study of potential mechanisms of 
regulation of resistance or sensitivity of plants to differ-
ent microorganisms with involvement of heterotrimeric 
G-proteins is of substantial value. However, the mecha-
nisms of functioning of the signal pathways with involve-
ment of heterotrimeric G-proteins of plants remain poorly 
elucidated.

STRUCTURE AND FUNCTIONING 
OF HETEROTRIMERIC G-PROTEINS

Structure©and©activation©of©heterotrimeric©G-proteins
The animal G-proteins in the inactive state forms a 

heterotrimeric complex consisting of α-, β-, and γ-subunits 
associated with membrane (Fig. 1, а) [20]. In the inactive 
state, the α-subunit is associated with GDP [21]. The en-
tire complex is associated with G-protein coupled receptor 
(GPCR). The presence of seven transmembrane domains 
in the content of GPCR-receptor is its distinctive struc-
tural feature.

GPCR is activated upon the binding of the ligand, and 
in this case, it stimulates the exchange of guanine nucleo-
tides on α-subunits [serves as the factor of nucleotides ex-
change, i.e., guanine nucleotide exchange factor (GEF)], 
which is expressed in GDP disconnection and GTP bind-
ing. Activation of complex components occurs owing to 

the conformational changes in presence of nucleotides, 
thereby resulting in the dissociation of the complex into 
α-subunit and β- and γ-subunits; the latter ones serve as 
messengers for further signal forwarding (see Fig. 1, а). 
After activation, the α-subunit, which is a GTPase, cata-
lyzes the hydrolysis of GTP to GDP, which converts it into 
an inactive state, and the complex of α-, β-, and γ-subunits 
is re-formed [22]. Soluble regulator of G-protein signal-
ing (RGS) protein has special function–it is the signal 
pathway regulator activated by G-protein (see Fig. 1, а). 
These animal proteins are localized in cytoplasm and are 
characterized with the RGS-motive that is required for 
recognizing the α-subunit. RGS proteins enhance the hy-
drolysis of GTP to GDP of α-subunit regulating intensity 
and duration of effect of heterotrimeric G-protein, thereby 
stimulating the association of the complex of α-, β-, and 
γ-subunits) [23].

Heterotrimeric G-proteins are detected in fungi 
[25–29], with most detailed studies available for the or-
ganisms of Ascomycota, Basidiomycota, and Zygomy
cota groups. GPCR receptors are detected in fungi with 
seven transmembrane domains, which are similar to the 
GPCR of animals based on the structural and functional 
homology [29]. However, the less diversity of α-, β-, and 
γ-subunits in comparison with animals is typical of the 
heterotrimeric G-proteins in fungi.

Similar effect of GPCR-receptors on heterotrimeric 
G-proteins facilitates the discussion regarding the evo-
lutionary congeniality of the signal pathways with an in-
volvement of these regulators of animals and fungi [30]. 
Cytoplasmic RGS protein was detected in fungi, which 
results in the inactivation of α-subunit. In addition, 
unique RGS proteins were detected in fungi [31] with 
seven transmembrane domains. Structurally similar RGS 
proteins were detected in plants as well [32] and will be 
discussed further. This indicates the presence of various 
methods of signal transmission with the involvement of 
heterotrimeric G-proteins in fungi.

Fig. 1. Comparison of the ways of activation of heterotrimeric G-proteins in animals (а) and plants (b, c); b — RGS-dependent pathway 
of activation, c — RGS-independent pathway of activation (according to [24], as amended)
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Researches on the features of the structural arrange-
ment of heterotrimeric G-proteins as well as their func-
tioning in plants were conducted in the last two decades. 
Notably, single GPCR-like proteins were detected in some 
plants. In particular, the GCR1 protein was detected in 
Arabidopsis that has seven transmembrane domains, which 
demonstrates its similarity with the GPCR of animals [1]. 
However, the ability to stimulate nucleotides exchange of 
G-protein subunits was not detected in GCR1-receptor, 
which results in an ambiguity regarding its functional ac-
tivity [1, 24, 33].

Meanwhile, the unique regulator RGS protein was 
detected in plants, which when compared with the RGS 
protein of animals and besides the RGS-motive, has 
seven transmembrane domains similar GPCR-receptor of 
animals and fungi [32]. Due to similarity of structure of 
transmembrane domains, it was initially considered that 
the RGS protein of plants could serve as GPCR–receptor; 
however, this has not yet been proved [1, 24].

α-, β-, and γ-subunits of heterotrimeric G-proteins are 
in inactive state together with RGS protein (Fig. 1, b). 
In contrast to animals, the α-subunit of plants, besides 
the inherent GTPase activity, spontaneously exchanges 
GDP to GTP (spontaneous activation without GEF in-
volvement) [34]. However, the α-subunit mostly acts as 
GTPase under effect of RGS protein, which performs 
hydrolysis of GTP to GDP, thereby supporting the inac-
tive state of heterotrimeric G-protein (see Fig. 1, b) [35]. 
Following RGS protein activation, the hydrolysis of GTP 
in the α-subunit is discontinued, which results in its ac-
tivation and decomposition of the heterotrimeric complex 
into α-, β-, and γ-subunits and subsequent signal for-
warding, whereas RGS is subjected to endocytosis (see 
Fig. 1, b) [36].

Therefore, despite the structural differences, the bio-
chemical activity of RGS protein in animals and plants is 
similar. RGS protein, within the complex, acts as a stimu-
lator for the hydrolysis of GTP by the α-subunit, whereas 
the GPCR-receptor in animals stimulates the exchange 
of GDP to GTP (performs function of GEF) by activating 
the α-subunit. Despite the structural similarity between 
RGS protein and GPCR-receptor, the functioning of the 
analogue between these classes of proteins was detect-
ed. In this regard, RGS protein does not play the role of 
GPCR-receptor in plants [1, 24].

The coordination of G-protein activity in plants can be 
performed both via RGS protein and directly by receptors 
to different ligands as well as the intracellular regulators 
associated with them (Fig. 1, c). In such cases, RGS 
proteins are not required and signal directly received 
from membrane receptors. This was demonstrated for an 
atypical large α-subunit AtXLG2 in Arabidopsis thalia
na; the subunit is involved in the interaction with the 
complex of receptors AtFLS2 and AtBAK1 to the protein 

flagellum. When AtFLS2/AtBAK1 complex interacts with 
an active epitope of flagellin (peptide flg22), the protein 
kinase AtBIK1 is intracellularly activated, which phos-
phorylates the large α-subunit AtXLG2 of heterotrimeric 
G-protein and the NADPH oxidase AtRBOH associated 
with it (see Fig. 1, c). This contributes to the dissocia-
tion of heterotrimeric G-protein and transfer of signal-
regulating nonspecific immune response of Arabidopsis  
(see Fig. 1, c) [12].

A similar mechanism was detected during the re-
ception of chito-oligosaccharides that are signal mol-
ecules for the LysM-receptor-like kinase (LysM-RLK) 
AtCERK1. Using the ubiquitin split into N- and C-end 
parts (the split-ubiquitin assay) and biomolecular fluo-
rescent complementation (BiFC), it was demonstrated 
that activated LysM-RLK AtCERK1 interacts with the 
α-subunit of G-protein (AtGPA1), which probably re-
sults in its phosphorylation, dissociation of the complex 
of subunits of G-protein, and signal transfer into the  
cell [19].

The RGS-independent pathway of signal transfer 
with the involvement of heterotrimeric G-proteins prob-
ably plays a role in monocotyledon plants. Although 
RGS proteins were detected in all studied dicotyledon-
ous plants, they were lost in most monocotyledonous 
plants, except for the individual species [including panic 
grass (Setaria italica) and palm (Phoenix dactylifera]  
[34, 37].

Based on the analysis of the references data, it can 
be concluded that the conventional ideas regarding the 
mechanism of heterotrimeric G-proteins in the cells of 
animals and fungi significantly differ from the way these 
proteins are arranged and functioning in plants. A com-
parative diagram of the mechanisms of activation of het-
erotrimeric G-proteins is presented on Fig. 1.

Diversity©of©G-proteins©subunit© composition
In 2001, 3D models of α-, β-, and γ-subunits of 

G-protein of plants were created. The authors compared 
obtained models with similar structures of well-studied 
subunits of heterotrimeric G-proteins of animals and con-
cluded regarding the similarity of their structural arrange-
ment [38].

G-proteins of plants differ with little variability of 
subunits compared with animals. Although 23, 5, and 
12 types of α-, β-, and γ-subunits, respectively, are de-
tected in humans, only 1 definitive α-subunit (AtGPA1), 
3 types of non-canonical [extra-large G-protein alpha, 
XLG] α-subunits (AtXLG1, AtXLG2, and AtXLG3), 
1 β-subunit (AtAGB1), and 3 types of γ-subunits (AtAGG1, 
AtAGG2, and AtAGG3) of G-protein are detected in A. 
thaliana (see Fig. 2) [24]. Diagrams of the arrangement 
of subunits of heterotrimeric G-proteins are provided on  
Fig. 2.
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The signals of nuclear localization were detected within 
XLG and some other γ-subunits. It is assumed that these 
participants can serve as direct transmitters of signal from 
membrane receptors to the nucleus.

SIGNAL TRANSMISSION FROM HETEROTRIMERIC 
G-PROTEIN IN ANIMALS AND FUNGI

Heterotrimeric G-proteins as participants of the intra-
cellular pathways of signal transfer receive the signal from 
activated receptor and transmit it to the pathway compo-
nents. For animal G-proteins, the range of potential “tar-
gets” is determined to a sufficient extent that activates 
the subunits of heterotrimeric G-proteins. One of the first 
open intracellular “targets” was the enzyme adenylyl cy-
clase that is essential for the synthesis of the secondary 
secondary messenger adenosine monophosphate (cAMP) 
[39]. Different α-subunits as well as some complexes of 
β- and γ-subunits interact with adenylyl cyclase, whereas 
some of them activate the synthesis of cAMP and the 

other ones suppress it [40]. Besides, G-proteins can reg-
ulate enzyme adenylyl cyclases with the opposite function 
such as the cGMP phos phodiesterases, which hydrolyze 
phosphodiester links in cGMP [41].

Phospholipases C and D involved in the hydrolysis of 
membrane phospholipids and determining the synthesis 
of the secondary messengers of inositol-3–phosphate 
(IP3), diacylglycerol (DAG), and phosphatidic acid (PA) 
also serve as the target for effect of α-, β- and γ-subunits 
of heterotrimeric G-proteins. Formation of the complex 
with α-subunit in animals substantially increases the ac-
tivity of phospholipases, whereas the contact occurs via 
the several sites of phospholipase C (two calcium-binding 
EF domains as well as the area between C2–and TIM-
domains are involved in binding). The most important site 
of interaction of phospholipase C with β- and γ-subunits is 
the PH-domain. Frequent regulation of phospholipase C 
activity via the subunits of heterotrimeric G-proteins is 
indirectly performed via small GTPases [41, 42].

Fig. 2. Scheme of the organization of subunits of heterotrimeric G-proteins and plant RGS. Given the designation of the corresponding 
genes and accession numbers in the databases for some model plants. A scale bar corresponding to 100 amino acid residues is 
shown. TM — transmembrane domain; CaaX — prenylation domain (according to [24], as amended)
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IP3 is important for the regulation of calcium ex-
change in animal cells. Calcium channels located in the 
membrane of endoplasmic reticulum serves as a recep-
tor for IP3. These channels can contain sites of binding 
of other secondary messengers, such as cyclic nucleo-
tides, which can be regulated by heterotrimeric G-pro- 
teins [43].

The other targets of the effect of heterotrimeric 
G-proteins are the intracellular kinases. Mitogen-activat-
ed protein (MAP)-kinases are of special interest. Several 
MAP-kinases are collected on scaffold-proteins and both 
MAP-kinases and scaffold-proteins are regulated (see 
Fig. 3) [44].

Heterotrimeric G-proteins in fungi mostly activate two 
types of signal regulators–adenylyl cyclase and MAP-ki-
nase. α-subunits activate both regulators, whereas its role 
in the activation of MAP-kinase way is demonstrated for 
complex of β- and γ-subunits [26]. Typically, it can be 
considered that signal pathways with an involvement of 
heterotrimeric G-proteins in fungi are structurally and 
functionally similar to that of animals. This explains the 
system of studying GPCR and relevant G-proteins of hu-
mans being well developed in yeast for the examination of 
the drug substances [45].

MECHANISM OF SIGNAL TRANSMISSION  
FROM HETEROTRIMERIC G-PROTEIN  
TO THE INTRACELLULAR REGULATORS IN PLANTS

Plant and animal heterotrimeric G-proteins have a 
similar range of regulated targets. However, several of 
these targets are almost not studied. For example, al-
though the adenylyl cyclases of plants are poorly studied, 
the membrane and cytoplasmic adenylyl cyclases of plants 
can be involved in formation of cAMP [46]. Bioinformatic 
analysis demonstrated that motives specific for the ad-
enylyl cyclase of plants can be present in the content of 
other proteins [47]. For example, five plant proteins of 

Arabidopsis have such motives, which include the mem-
brane protein AtKUP7 that is responsible for potassium 
transportation to the cage. Protein ZmPSiP as well as 
some other proteins regulate the germination of pollen  
tube in corn [47]. Similar results was observed with en-
zymes synthetizing cGMP–guanylyl cyclases [48]. The 
nature of interaction of such proteins with heterotrimeric 
G-proteins in plants remained to be studied.

Phospholipases
Connection between the activation of G-proteins and 

operation of phospholipases С and D that control the oc-
currence of the secondary lipid messengers IP3, DAG, and 
PA was established in a study on the signal regulation of 
symbiosis between plants and rhizobial bacteria. Hartog 
et al. [49] detected that in case of treatment with mas-
toparan, an agonist of G-proteins, the level of DAG and 
PA increased in the roots of Vicia sativa, which became 
one of the first evidences of heterotrimeric G-proteins 
and phospholipases C and D involvement in this signal 
pathway.

Evidences of the direct interaction of G-protein and 
phospholipase C in Lillium davidii were obtained [50], 
wherein two phospholipases С (LdPLC1 and LdPLC2) 
could form complexes with an activated α-subunit, which 
corresponds to the model of phospholipase C regulation in 
animals. However, mechanisms of activation of phospholi-
pases С of G-proteins remain unclear.

In animals, phospholipases D do not play any signifi-
cant role in the interaction with heterotrimeric G-proteins, 
whereas in plants, these enzymes are involved in signal 
transfer. It was demonstrated that in A. thaliana, the 
α-subunit of heterotrimeric G-protein (AtGPA1) interacts 
with phospholipase D that is associated with DRY-motive 
[51]. Probably, AtGPA1 can be associated with several 
phospholipases D, as several families of phospholipase D 
[α, β, and γ (except for γ2) and ε] had DRY-motive. In the 

Fig. 3. Integration of heterotrimeric G-proteins, MAP-kinases with the RACK1 scaffold protein and Rac1 small GTPase in signaling 
pathways
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inactive state, AtGPA1 is associated with phospholipase 
D, whereas in the active state, it can result in dissocia-
tion with phospholipase D, which stimulates formation of 
DAG and PA.

In 2016, the authors Choudhury and Pandey [17] stud-
ied signal transfer via heterotrimeric G-proteins in sym-
biotic plants with nitrogen fixing bacteria and demonstra-
ted, by the means of coimmunoprecipitation method, that 
the phospholipase D of α1 was included in complicated 
signal complex that also included α-, β-, and γ-subunits 
of G-protein and RGS protein. During activation of this 
complex, the α-subunit is associated with GTP, which 
results in its dissociation with phospholipase D, thereby 
catalyzing the formation of DAG and PA.

Interestingly, phospholipases D of α, β, γ, and ε fami-
lies have С2-motive changing their activity in response 
to change of calcium concentration [52], which probably 
allows ferment to receive from heterotrimeric G-proteins, 
with calcium as the secondary messenger, and to integrate 
them.

Cytoplasmatic©protein©kinases©and©small©GTPases
As mentioned above, the association between the ac-

tivation of heterotrimeric G-proteins and signal transfer 
to MAP-kinases is well studied in animals and fungi. Ex-
periments with plants demonstrated that the components 
of the MAP-kinase pathway [MAP-kinase of kinase of ki-
nase (MAPKKK), MAP-kinase of kinase (MAPKK), and 
MAP-kinase (MAPK)] could be activated with G-proteins. 
For example, in Arabidopsis, the β-subunit of G-protein 
is involved in the process of signal transfer from the re-
ceptor AtFLS2 at the immune response, which activates 
cytoplasmatic protein kinase RACK1. RACK1, being a 
scaffold protein, directly interacts with the components of 
the MAP-kinase pathway–MAPKKK (MEKK1), MAPKK 
(MKK4/5), and MAPK (MPK3/6) [53] (see Fig. 3). The 
activation of RACK1 possibly stimulates further signal 
transfer via MAP-kinase. G-proteins can similarly acti-
vate MAP-kinases at the early stages of embryogenesis 
in A. thaliana, in particular, the interaction of β-subunit 
of G-protein with MAP-kinase of kinase 4/5 (MPKK4/5) 
is demonstrated [54].

Involvement of heterotrimeric G-protein in signal trans-
mission with participation of RACK1 and small GTPhase 
Rac1 was detected in rice during the development of im-
mune responses [55]. Moreover, small GTPase Rac1 can  
be activated with the α-subunit of heterotrimeric G-pro-
tein at the immune response of rice during infection with 
phytopathogenic fungus Magnaporthe grisea [56]. How-
ever, experimental data regarding the direct interaction 
of Rac1 with the α-subunit of heterotrimeric G-protein 
was not obtained. It remains unclear whether hetero-
trimeric G-protein directly or indirectly interacts with  
GTPases.

REGULATION OF THE REACTIVE  
OXYGEN INTERMEDIATES FORMATION

Heterotrimeric G-proteins of plants are involved in 
the control of reactive oxygen species (ROS) forma-
tion via NADPH-oxidase. ROS formation by ferments of 
NADPH-oxidases plays an important role in the develop-
ment of the immune responses during the interaction of 
plants with phytopathogenes. These processes are similar 
in plants and animals [57, 58]. Notably, the activation of 
NADPH-oxidases, under the effect of heterotrimeric G-
proteins, can occur as a result of direct interaction of the 
subunits of G-protein with NADPH-oxidases as well as a 
result of the interaction of these subunits with other regu-
lators–small GTPase Rac1 [59], protein kinases [60], cal-
cium, and calcium-dependent kinases [61]. As mentioned 
above, these regulators are closely connected with hetero-
trimeric G-proteins.

A complete study on the intracellular signal transfer 
with ROS synthesis is provided with regard to plant re-
sponse to abscisic acid (ABA). ABA is involved in differ-
ent plant processes, such as the regulation of seeds and 
resting buds, transpiration processes, and formation of 
heterophylly [62]. It was demonstrated that mutants in 
gene coding subunits of heterotrimeric G-proteins have 
disturbances connected with ABA perception. This data 
suggests that G-proteins are important participants of 
reception and plant response to ABA. The mutants of 
A. thaliana gpa1, agb1, and agg3 (containing defects 
in genes coding α1-, β1-, and γ3-subunits of G-protein, 
respectively) demonstrate the ABA suppression of ABA-
dependent stomata closing, which is attributable to the 
indirect effect of G-proteins on the operation of the ion 
channels [63, 64]. Mutants agg1, agg2, and double mu-
tant agg1 agg2 (defects in genes coding the γ1- and 
γ2-subunits of G-protein) did not exhibit any such distur-
bance of sensitivity to ABA.

Regulation via calcium-dependent and calcium-inde-
pendent ways is demonstrated for ion channels involved 
in ABA-dependent closing of stomata [65–68]. In the 
first case, the ion channels are controlled with protein ki-
nase OST1, whereas in the second case, it is controlled 
with calcium/calmodulin-dependent kinases. In case of 
the absence of ABA, OST1 is under negative control of 
protein phosphatase 2С (PP2C), which suppresses the 
activity of this protein kinase [69]. When ABA inter-
acts with receptor, the activity of PP2C is suppressed, 
which results in the activation of OST1. Recently, it 
has been detected that protein phosphatase PP2C in-
teracts with the β-subunits of heterotrimeric G-protein 
[70]. Besides direct regulation of the ion channels, pro-
tein kinase OST1 and calcium/calmodulin-dependent 
kinases stimulate the NADPH-oxidase controlled synthe-
sis of ROS, which influences the functioning of the ion  
channels [71].
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REGULATION OF BIOTIC INTERACTIONS  
OF PLANTS AND MICROORGANISMS

Heterotrimeric G-proteins are involved in controlling 
the biotic interaction of plants, namely, plant immune res-
ponse react upon the recognition of phytopathogenes as 
well as in the formation of symbiotic relations with rhi-
zobia.

The mode of operation of AtFLS2/AtBAK1 complex 
was discussed above for flagellin in Arabidopsis, which 
activates the intracellular kinase of AtBIK1 directly phos-
phorylating the atypical subunit of G-protein AtXLG2, 
which results in signal transfer in the cell (Fig. 1, c) [24]. 
Tunc-Ozdemir and Jones [72], using Förster Resonance 
Energy Transfer (FRET) method, investigated the opera-
tion of negative regulator of the immune response of re-
ceptor-like kinase AtBIR1, which interacts with receptors 
to flagellin AtFLS2 and AtBAK1 in Arabidopsis. It was 
demonstrated that in the inactive state, separate from 
AtFLS2/AtBAK1 complex, there is AtRGS1 complex with 
definitive α-, β-, and γ-subunits of heterotrimeric G-pro-
tein associated with AtBIR1. Following treatment with 
peptide flg22, the activation of receptors AtFLS2/AtBAK1, 
signal transfer with AtBIK1 involvement, and interac-
tion with receptors with receptor-like kinase AtBIR1 oc-
curs after some time [72]. This further stimulates  
AtRGS1 and causes the dissociation of canonical G-pro-
tein and activation of β-subunit. ROS is formed in the 
process of signal transfer with β-subunit involvement via 
NADPH-oxidase. These processes ultimately result in the 
ubiquitination and degradation of AtFLS2, which allows 
finely regulating the content and activity of receptors to  
flagellin.

One of the first studies that demonstrated the involve-
ment of heterotrimeric G-proteins in development of sym-
biotic relations was conducted by Pingret et al. [15], who 
treated the roots of Medicago truncatula with agonist 
G-protein (mastoparan) and demonstrated the activation 
of gene MtENOD12, which is marker of nodules formation. 
For example, when plant roots are treated with G-protein 
and pertussis toxin antagonists, a reduced expression of 
MtENOD12 induced by mastoparan occurs.

Thereafter, Choudhury et al. [73] experimenting with 
soy (Glycine max) presented data demonstrating the in-
volvement of heterotrimeric G-proteins in signal transfer 
during the reception of Nod-factors by receptor NFR1. 
It was detected that the activated receptor interacts with 
RGS and G-protein, which is required for signal trans-
mission during the recognition of Nod-factors and further 
nodule development.

Heterotrimeric G-proteins are involved in establishing 
symbiotic relations with fungi. The role of heterotrimeric 
G-proteins in signal transmission upon the recognition 
of molecules emitted by fungi of ectomycorrhizas was 
investigated [18]. The authors demonstrated an associa-

tion between the activation of heterotrimeric G-proteins 
and operation of calcium channels as well as the forma-
tion of ROS and increase of pH values around the cells 
in the research on the suspension culture of fir-tree Picea  
abies.

INVOLVEMENT OF G-PROTEINS  
IN PLANTS RESPONSE TO ABIOTIC FACTORS

Owing to the research about the loci responsible for 
agronomically valuable indicators of cultivated plants, it 
was detected that a sufficient amount of genes coding the 
subunits of heterotrimeric G-proteins is available among 
them [74].

Further, the expression of appropriate genes depends 
on environmental conditions. For example, effect of salin-
ity, drought, and cold and thermal stress was studied in 
addition to the effect of ABA on the changes in gene ex-
pression of γ-subunits OsRGG1 and OsRGG2 of rice Ory
za sativa [75]. The experiments showed that an increase 
in gene expression level of OsRGG1 and OsRGG2 occurs 
in response to most of these factors.

Further experiments for searching the components of 
signal pathway interacting with the γ-subunit OsRGG1 of 
rice via yeast two-hybrid system and BiFC allowed de-
tecting 10 potential proteins of γ-subunits [76]. Analy-
sis of these proteins demonstrated that most of them 
play a role in plant resistance to abiotic stresses. How-
ever, the mechanisms on the basis of signal transmission 
during plant reaction to abiotic factors are insufficiently  
studied.

Another environmental abiotic factor that is impor-
tant for plants is lighting as it affects plant growth and 
development. Negative effect of the α- and β-subunits of 
heterotrimeric G-proteins on photomorphogenesis was 
demonstrated in Arabidopsis [77, 78]. Such effect can be 
based on interaction of the β-subunit AtAGB1 with the 
major regulators of photomorphogenesis–cryptochrome 
CRY1 and transcriptional factor HY5 [79].

This data states that G-proteins play a the key role 
in the plant response on the effect of several factors of 
environment, which renders the examination of G-proteins 
rather perspective in terms of using the obtained knowl-
edge for regulation of these processes in plants.

CONTROL OF PROLIFERATION  
AND DIFFERENTIATION OF PLANT CELLS  
WITH INVOLVEMENT OF G-PROTEINS

Heterotrimeric G-proteins are involved in controlling 
the proliferation and differentiation of plant cells. Posi-
tive effect of the α-subunit of heterotrimeric G-protein on 
cell proliferation was detected in Arabidopsis [80]. During 
the transformation of cultivated cells of Arabidopsis with 
the structure for the overexpression of gene AtGPA1 cod-
ing the α-subunit of G-protein, the stimulation of the  
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cell cycle of cells in synchronous culture were demon-
strated [80].

Stimulation of cell division and development of lateral 
roots in Arabidopsis were observed under effect of auxin, 
whereas a negative effect of β- and γ-subunits of hetero-
trimeric G-protein AtAGB1 and AtAGG1 was detected 
[38]. Mutants in gene agb1 were characterized with ele-
vated sensitivity to auxin and increase in the amount of 
primordia of lateral roots. The authors demonstrated that 
elevated sensitivity to auxin with the stimulation of cells 
division of agb1-mutants can be compensated by the over-
expression of gene AtGPA1. Therefore, it was determined 
that G-proteins could affect cell proliferation indirectly via  
hormones.

Regulation of cell division in the roots of A. thali
ana was examined using the mutants gpa1 and agb1, 
as well as of plants with overexpression of appropriate 
genes [81]. The authors characterized the phenotypes of 
these mutants from the point of view of roots develop-
ment. Plants with genotype gpa1 had less lateral roots 
in comparison with the wild-growing plants. On the 
contrary, the mutant agb1 had more lateral roots and 
longer main root. Data obtained using such mutants 
facilitate inferring G-proteins as the important regula-
tors of plant cell proliferation; however, the possible mo-
lecular mechanisms of such processes have not yet been  
elucidated.

Complex of receptors CLAVATA (CLV), CORYNE 
(CRN), RECEPTOR-LIKE PROTEIN KINASE2 (RPK2), 
and regulatory peptide CLE (CLV3/ENDOSPERM SUR-
ROUNDING REGION, ESR) are involved in control-
ling cell proliferation in plants meristems [82]. In Ara
bidopsis, the transcriptional factor WUSHEL (WUS) 
containing homeodomain in the shoot apical meristem 
regulates the stem cell pool supporting their activity 
[83]. Association of regulatory peptide CLE/CLV3 with 
complexes of receptors CLV1–CLV1, CLV2–CRN, or 
RPK2–RPK2 activates the signal pathways, which sup-
press the expression of gene WUSHEL (WUS). Sub-
sequently, WUS induces the expression of gene CLV3  
acting according to the mechanism of the negative feed-
back [84].

When studying features of functioning of the system 
CLV–WUS, it was detected that receptors CLV2/CRN 
and RPK2/RPK2 could form complexes with heterotri-
meric G-protein, following which the MAP-kinase cascade 
is activated [85]. Indeed, the Arabidopsis mutants in gene 
agb1 coding the β-subunit of G-protein AtAGB1 has an 
enlarged zone of stem cells. This phenomenon was de-
tected in mutants in gene clv2, crn, and rpk2 [86]. Ishida 
et al. [87] studied in vitro interaction of RPK2 and the 
β-subunits of G-protein, which probably is responsible 
for the activation of MAP-kinase pathway that resulted in 
regulation of the stem cells pool.

Therefore, the interaction of receptors CLV, CRN, and 
RPK2 and heterotrimeric G-proteins is a required condi-
tion of signal transmission to transcriptional factor WUS 
involved in controlling plant cell proliferation.

CONCLUSION
Despite the currently available knowledge about the 

structure and principles of activation and function of 
heterotrimeric G-proteins in some processes in plants, 
the complete picture of their functioning remains to be 
elucidated. Considering the little diversity of the subunit 
composition of the complexes of heterotrimeric G-proteins 
and significant amount of processes that are controlled by 
them, it can be assumed that G-proteins play the role of 
master-regulators accepting signals from many signals si-
multaneously and modulating development and function-
ing in accordance with such signals. However, additional 
examinations are required for understanding the mecha-
nism underlying the signal regulation in plants with in-
volvement of heterotrimeric G-proteins.
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