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Abstract 

Regulatory guanine nucleotide-binding proteins (G proteins) have been studied extensively in animal and 
microbial organisms, and they are divided into the heterotrimeric and the small (monomeric) classes. 
Heterotrimeric G proteins are known to mediate signal responses in a variety of pathways in animals 
and simple eukaryotes, whiole small G proteins perform diverse functions including signal transduction, 
secretion, and regulation of cytoskeleton. In recent years, biochemical analyses have produced a large 
amount of information on the presence and possible functions of G proteins in plants. Further, molecular 
cloning has clearly demonstrated that plants have both heterotrimeric and small G proteins. Although 
the functions of the plant heterotrimeric G proteins are yet to be determined, expression analysis of an 
Arabidopsis G~ protein suggests that it may be involved in the regulation of cell division and differen- 
tiation. In contrast to the very few genes cloned thus far that encode heterotrimeric G proteins in plants, 
a large number of small G proteins have been identified by molecular cloning from various plants. In 
addition, several plant small G proteins have been shown to be functional homologues of their coun- 
terparts in animals and yeasts. Future studies using a number of approaches are likely to yield insights 
into the role plant G proteins play. 

Introduction 

GTP-binding regulatory proteins (for simplicity, 
referred to as G proteins hereafter) are members 
of a large family of guanine nucleotide binding 
proteins found in all eukaryotes. On the basis of 
subunit composition and size, G proteins have 
been classified as heterotrimeric or small (mono- 
meric) G proteins. Heterotrimeric G proteins, 
consisting of ~, fl, and ~ subunits, generally relay 
information from membrane receptors to intra- 
cellular effectors [ 16, 17, 59, 144, 155]. One of the 
best studied heterotrimeric G proteins is the G 

protein (Gs) that mediates the hormonal stimu- 
lation of adenylate cyclase, and is widespread in 
animal cells [59]. In this case, the binding of the 
signal epinephrine to its receptor triggers the ac- 
tivation of Gs, which then activates adenylate cy- 
clase. The synthesis of cAMP in turn leads to a 
cascade of protein phosphorylations and dephos- 
phorylations, which regulate the activity of a 
variety of proteins. Another well characterized 
example of heterotrimeric G protein is the trans- 
ducins ( G t )  , which transmit visual signals in ver- 
tebrates [59]. The Gt-coupled receptor is the 
light-activated rhodopsin, and the Gt-activated 
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effector is cGMP phosphodiesterase. Therefore, 
G t mediates the light-activated hydrolysis of 
cGMP, which in turn regulates Na + / C a  2 + chan- 
nels in the photoreceptors, altering membrane po- 
tentials [160]. In animals, extensive biochemical 
and pharmacological studies have accumulated a 
large amount of information on many additional 
heterotrimeric G proteins and their functions [59, 
144]. In recent years, molecular cloning has iden- 
tified genes for previously known G proteins, as 
well as genes for new types of heterotrimeric G 
proteins in both mammals and other animals [87, 
155]. Furthermore, a combination of genetic, bio- 
chemical and molecular analyses have uncovered 
G protein functions in simple eukaryotes [ 16, 17, 
87, 155]. The sizes of the ~ subunits range from 
35 to 45 kDa, those of the fi and 7 subunits are 
generally of 35-36 and 8-10 kDa, respectively. In 
addition, recent biochemical studies have uncov- 
ered novel proteins that are much larger (66-74 
kDa) than known Gc~'s, yet have some charac- 
teristics of Ga subunits, such as GTP-binding, 
cross-reactivity with antisera against a conserved 
Gc~ peptide, and interaction with G-protein- 
coupled membrane receptors [73, 79, 80, 125, 
156]. It is not known, however, how structurally 
similar these new GTP-binding proteins are to 
known Ge subunits, and whether they interact 
with either known or novel Gfl 7 subunits. 

The small G proteins include a large number of 
molecules, from 20 to 30 kDa in size, and have 
very diverse functions [63, 64]. The discovery 
that the proto-oncogene ras encodes a small 
GTP-binding protein opened a new chapter in the 
history of G proteins. Although the precise bio- 
chemical function of mammalian ras is still not 
clear, increasing evidence suggests that it medi- 
ates signals received by membrane-receptor ty- 
rosine kinase(s) and transmits them through other 
proteins to protein kinases, in particular the MAP 
kinase cascade [64, 109, 149, 164]. Genetic and 
molecular studies in invertebrate animals have 
also provided strong support for this signalling 
pathway, which is important for the regulation of 
specific cellular differentiations [ 145, 157]. Mo- 
lecular, genetic and biochemical analyses of the 
Ras proteins in the yeast Saecharomyees cerevi- 
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siae have demonstrated an important role for Ras 
in the regulation of cellular growth; in particular, 
Ras regulate the activity of adenylate cyclase in 
yeast, and much (but not all) of the Ras function 
is mediated by cAMP in yeast [177, 178]. A 
variety of studies in recent years have identified a 
large number of different, but related, small G 
proteins functioning in a variety of processes, 
from signal transduction to controlling protein 
secretion, from regulating cytoskeletal functions 
to organizing membranes [63, 64]. 

Since the late 1980s, biochemical, physiologi- 
cal and molecular approaches have been success- 
fully used to demonstrate the presence of G pro- 
teins in plants. For comparison, this article will 
summarize briefly G proteins in animals and 
simple eukaryotes, and focus the remainder of the 
discussion on the recent results on G proteins in 
plants. Other GTP-binding proteins, including 
tubulins and translation factors, will not be dis- 
cussed here, although they perform important cel- 
lular functions. Other recent reviews on plant G 
proteins offer different emphases and perspectives 
[86, 94, 163]. 

G protein structures and functions in animals and 
simple eukaryotes 

Heterotrimeric G proteins 

Heterotrimeric G proteins were first identified in 
mammalian signal transduction pathways [87, 
155]. In addition to the aforementioned Gs, there 
are three inhibitory G proteins (Gi(1-3)) which 
mediate the hormonal inhibition of adenylate cy- 
clase activity. Furthermore, there are two trans- 
ducins, Gtl and G t 2  , which transmit visual signals 
to membrane potentials in rod and cone photo- 
receptor cells, respectively. The genes encoding 
the e subunits of these G proteins have been iso- 
lated [87]; the Gi's and G t ' s  a r e  more similar to 
each other at the amino acid sequence level than 
they are to Gs (Fig. 1). Another Gc~, Go, was 
discovered which is most similar to Gi in 
sequence. Other mammalian Ge genes have been 
isolated that are structurally and functionally re- 



Gq G12 Gs Yeast  Plant 
I I ]1 I I I I 1[-----7 

¢q Identity (%) 

1 0 0  - -  

8 0  - -  

6 0  - -  

4 0  - -  

2 0  

Gi 
I 

a O O O o t a  O O O  O 

2 

1613 

Fig. 1. Comparison of heterotrimeric G protein ~ subunits.The similarity tree is based on the percentage of amino acid sequence 
identity, and is modified from Fig. 2 of Simon et al. [ 155]; the additional amino acids in Gs, GoLf, and the yeast ScG1 were not 
included in the comparison, as described in Lochrie and Simon [103]. The DG's  are from Drosophila melanogaster, DictyG2 is 
from Dictyostelium discoideum, ScG 1 from Saccharomyces cerevisiae, SpG 1 from Schizosaccharomycespombe, AtG 1 from A rabidopsis 
thaliana, ToG1 from tomato, and the other from mammals. 

lated to Gs (Golf, for olfactory response) o r  G t 

(gustducin, for taste sensation) [ 111, 155]. More- 
over, two new classes of G~ have been isolated 
recently: the Gq and the G12/G13 classes [2, 158, 
159, 179]. At least some of these new G proteins 
are involved in the regulation of phospholipase C 
[155]. Figure 1 shows the amino acid similarity 
between different Gc~ proteins. Genes encoding 
homologues of all major types of mammalian G~ 
proteins (Fig. 1) have also been isolated from 
Drosophila [36, 129, 132, 135-137, 158], and 
genes for the Gs and Go types of G~ have been 
isolated from Caenorhabditis elegans [51, 102]. 
Among simple eukaryotes, the yeasts S. cerevisiae 
and Schizosaccharomyces pombe each have two 
G~ genes [40, 76, 115, 118, 119, 124]. Dictyoste- 
lium has as many as eight different ~ subunits, 
G~I-G~8 [52, 62, 92, 133, 182]. 

Heterotrimeric G protein ~ subunits have con- 
served consensus regions for GTP binding and 
GTPase activity [ 17, 87, 155]. A conserved argi- 
nine residue is found in all known G~'s, and it 

can serve as a site for ADP ribosylation by chol- 
era toxin; however, only some GT's are known to 
be modified by cholera toxin while others are not 
[ 155]. ADP ribosylation by cholera toxin blocks 
GTPase activity, resulting in an activated form of 
the c~ subunit (Fig. 2A). Some ~ subunits, includ- 
ing G i ' s  and Gt's, have a site (a cysteine residue 
near the C-terminus) for a similar modification by 
pertussis toxin. The ADP ribosylation by pertus- 
sis toxin interferes with the interaction between 
G~ and the receptor, and blocks the exchange of 
GDP for GTP, rendering the protein unable to be 
activated by the receptor (Fig. 2A, see below for 
the mechanism of G protein action). 

Molecular cloning has identified several mam- 
malian genes encoding at least 4 different fl sub- 
units and 5 7 subunits [74, 155]. Genes for fl 
subunits have also been isolated from inverte- 
brate animals squid [ 146], Drosophila [ 184, 185] 
and C. elegans [165]. In addition, the budding 
yeast S. cerevisiae STE4 and STE18 genes were 
found to encode fl and 7 subunits, respectively 
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Fig. 2. Mechanisms of G protein actions. A. Heterotrimeric 
G proteins composed of the e, ¢J and 7 subunits. The c~ and/or 
f17 subunits may interact with a variety of effectors. B. Small 
G proteins (SG) involved in secretion. Proteins X and Y are 
membrane-associated factors, and GEF is the guanine- 
nucleotide exchange factor, which interacts with the G protein. 
Solid bars indicate blockage by GTP7 S or toxins. 

[ 174], and Dictyostelium has one Gfl subunit in- 
volved in development [101]. The f17 subunits 
have long been recognized to interact with the 
subunit, thereby regulating its activity. In recent 
years, increasing evidence indicates that the f17 
subunits may also directly regulate effectors, and 
play a role in receptor interaction [74]. For ex- 
ample, studies indicate that G protein action in 
the pheromone response pathway in yeast in- 
volves the interaction of/37 subunits with the 
effector [40, 174, 175]. In mammalian cells, the 
fl 7 subunits have been shown to activate phos- 
pholipase A2 in photoreceptors [78], K + chan- 
nels in heart muscle [ 104], and the phospholipase 
C isoform f12 from human granulocytes [22, 74, 
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84]. In addition, the fl 7 subunits can activate type 
II adenylate cyclase in the presence of activated 
Gs, while they prevent the activated G s from 
activating type I adenylate cyclase [98]. Not all 
of the fl and 7 subunits are functionally similar; 
in fact, different fl and 7 subunits act to distin- 
guish different receptors under certain conditions 
[89, 90]. 

Receptors and effectors of the heterotrimeric G 
proteins 

Heterotrimeric G proteins are coupled to recep- 
tors of  the seven-transmembrane-segment class. 
A large number of receptors in this class have 
been identified using pharmacological, biochemi- 
cal and molecular techniques [30, 42, 155]; they 
include the mammalian hormone and neurotrans- 
mitter receptors (adrenergic, serotoninergic, mus- 
carinic, dopamine receptors, and so on), rhodop- 
sin and the color vision opsins, a large family of 
odorant receptors, yeast pheromone receptors, 
and the Dictyostelium cAMP receptor. Since there 
are many more known receptors than known G 
proteins, different receptors likely interact with 
the same G protein. For example, there are three 
different color rhodopsins and only one color 
transducin, the signals received by all three 
rhodopsins are thought to be mediated by the 
same transducins. Furthermore, in the yeast mat- 
ing response, both the a-factor and the e-factor 
receptors activate the same heterotrimeric G 
protein [ 70 ]. 

There are also numerous downstream effectors 
regulated by heterotrimeric G proteins [ 30, 155 ]. 
The first known G protein effectors are adenylate 
cyclases, which are regulated by Gs, and Gi. In 
addition, in olfactory epithelial cells, a specific 
isoform of adenylate cyclase [6, 130] acts down- 
stream of Golf,  which is very similar to Gs [81 ]. 
As mentioned earlier, in the visual response, the 
effector of transducins is cGMP phosphodi- 
esterase. Another class of effectors includes the 
isoforms of phospholipase C, which may be regu- 
lated by Gi, Go and the Gq class of G proteins 
[ 155]. There has been evidence for regulation of 



phosphol ipase  A 2 by transducins [78]. Finally, 
several types of K + channels are regulated by 
Gi's and Go, some Ca 2 + channels are regulated 
by Gs and Go, and Na + channels are regulated 
by Gi3 and Gs [18, 30]. In Dictyostelium, a gua- 
nylate cyclase has been shown to be regulated by 
G~2 [52]. Note that the same G protein may 
regulate different effectors: Gs can both activate 
adenylate cyclase and open Ca 2+ channels, Gi 
can inhibit adenylate cyclase while opening K + 
channels, and Dictyostelium Get2 can activate both 
a guanylate cyclase and a phospholipase C [30, 
52]. As many G protein-mediated responses are 
yet to be characterized at the molecular level, 
other effectors and G protein-effector interactions 
are certain to be uncovered. 

Small G proteins 

On the basis of amino acid sequence similarity, 
small G proteins have been grouped into several 
subfamilies [43, 63, 64]. All of the small G pro- 
teins have consensus regions for GTP-binding, 
which are related in varying degrees to those 
found in the c~ subunits of heterotrimeric G pro- 
teins [17]. Members of each subfamily share 
characteristic additional residues in the GTP 
binding consensus regions in addition to the resi- 
dues that are conserved in all G proteins [17]. 
The most extensively studied small G proteins are 
in the ras subfamily which includes the products 
of several ras proto-oncogenes, and homologues 
in invertebrate animals and yeasts. The activity of 
the ras protein is directly regulated by guanine 
nucleotide exchange factors (GEFs), which stim- 
ulate the exchange of bound GDP for GTP, thus 
activating ras [ 11 ]. In addition, GTPase activat- 
ing proteins (GAPs) stimulate the intrinsic 
GTPase activity of ras, leading to faster hydroly- 
sis of the bound GTP and reducing ras activity 
[11]. Increasing evidence indicates that mem- 
brane receptor tyrosine kinases mediate the regu- 
lation of ras activity by extracellular signals, 
through the 'adaptor proteins' (e.g., the mamma- 
lian Grb2 protein) which bind to the activated, 
autophosphorylated receptor and to GEFs [ 149]. 
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In addition, genetic, molecular and biochemical 
studies have uncovered a conserved kinase cas- 
cade (MAP kinase cascade) which functions 
downstream of ras [122]. Ras homologues in 
Drosophila and C. elegans are involved in signal 
transduction during development [145, 157]. In 
yeast, Ras proteins regulate cell growth by con- 
trolling the activity of adenylate cyclase and thus 
the level of cAMP [63, 178]. 

A second group of small G proteins consists of 
several mammalian rab proteins, the yeast YPT1 
and SEC4 proteins, and related proteins; these 
are involved in vesicular transport in the secre- 
tory pathway [63, 64, 152]. Extensive biochemi- 
cal and genetic studies indicate that the rab/ypt 
subfamily of small G proteins associate with 
membrane vesicles (probably interacting with 
membrane proteins) and shuttle between donor 
and acceptor membrane structures. It is believed 
that the binding of GDP or GTP stabilizes alter- 
nate conformations of these small G proteins, 
allowing them to associate with protein(s) on one 
structure or another. Furthermore, the bound 
GTP is hydrolyzed only when stimulated by the 
appropriate GAP protein. Therefore, GTP bind- 
ing and hydrolysis drive a unidirectional trans- 
port of vesicle content (see below and Fig. 2B). 
The members of the Ypt/Rab subfamily are regu- 
lated by their cognate GEFs, GAPs, and a third 
type of regulator: the guanine-nucleotide disso- 
ciation inhibitors (GDIs), which inhibit GDP dis- 
sociation from rab [ 11 ]. 

In addition to the ras and rab/ypt subfamilies, 
another group includes the mammalian rho and 
rac, and the yeast CDC42 proteins, which func- 
tion in cell polarity and cytoskeletal function [63, 
64]. There are three other types of small G pro- 
teins [64]. One is represented by the mammalian 
and yeast ARFs, which are known to facilitate 
ADP ribosylation of ~ subunits by cholera toxin 
in vitro. More recently, ARF has been implicated 
in secretion, where its proposed function is to 
control the assembly of secretory vesicle coat pro- 
teins in a GTP-dependent manner [64]. In the 
yeast S. cerevisiae, another small G protein, CIN4, 
was found to be involved in chromosome segre- 
gation [14]. Although the sizes of the ARF and 
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CIN4 proteins lead to their classification as small 
G proteins, they resemble the larger heterotrim- 
eric ~ subunits in two ways [14]. Firstly, the 
GTP-binding consensus regions of ARF and 
CIN4 are more similar to those of G~'s than to 
those ofras and rho. The second feature concerns 
the position and nature of lipid modification; ARF 
and CIN4 both contain a glycine as the second 
residue from the N terminus, where all known 
subunits have a glycine. The glycine residues in 
ARF and some Ge's  are known to be myristoy- 
lated [20, 82]. In contrast, most small G proteins 
such as ras do not have this glycine residue, but 
are isoprenylated (farnesylated for ras) at a cys- 
teine residue very close to the C terminus [ 16]. 
Some small G proteins are also palmitoylated at 
a cysteine residue in the C-terminal half of the 
protein [21]. Other small G proteins include the 
mammalian Ran protein and its homologues and 
the S. cerevisiae Sarl protein [17, 140]. The Ran 
protein is involved protein targeting to the nucleus 
and affects mitosis [116, 140]. The Ran protein 
lacks both the N-terminal glycine and the 
C-terminal cysteine residues; therefore, its post- 
translational modification, if any, is different from 
both G~/ARF and ras. The Sarl protein func- 
tions in vesicular transport [17]. 

Mechanisms of G protein activation 

Much has been learned about the mechanisms of 
some mammalian heterotrimeric G proteins, par- 
ticularly Gs and transducins [9, 16, 59, 155], 
which have served as models for other G pro- 
teins. Briefly, heterotrimeric G proteins function 
through a cycle of reactions and protein-protein 
interactions (Fig. 2A). At the resting (inactive) 
state, the ~ subunit binds G D P  and associates 
with the f17 subunits to form a complex. Upon the 
binding of a ligand, a cell surface receptor is ac- 
tivated, and it catalyzes the exchange of the bound 
G D P  on G~ for a GTP, which causes a confor- 
mational change of the ~ subunit, resulting in its 
dissociation from the fly complex. The active 
GTP-bound ~ subunit then regulates its effec- 
tor(s), such as adenylate cyclases or K + c h a n -  
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nels, leading to a cascade of downstream events. 
Often the GTP-bound a subunit is the known 
species which activates downstream events, while 
the fl~ complex acts as an inhibitor of the ~ sub- 
unit. However, as mentioned before, several stud- 
ies clearly demonstrate that the f17 subunits can 
also directly interact with downstream effectors 
[74, 98]. The hydrolysis of GTP to G D P  and 
phosphate by the intrinsic GTPase of the ~ sub- 
unit returns the ~ subunit to its inactive con- 
formation and the GDP-bound ~ subunit 
re-associates with the f17 subunits. Non-hydro- 
lyzable GTP analogues, such as GTPyS,  and 
mutations reducing the GTPase activity of the 
subunit prolong the active state of hetero- 
trimeric G proteins. In addition, pertussis toxin 
uncouples the receptor from its G protein and 
thus blocks signal transduction, and cholera toxin 
blocks the GTPase activity of the ~ subunit and 
fixes it in an activated form [87, 155]. 

Genetic and biochemical evidence suggests that 
the mechanisms of the ras proteins and close ho- 
mologues are similar to those of the heterotrim- 
eric G proteins [ 16, 17, 63, 178]. Mutations which 
lead to oncogenic and constitutively active forms 
ofras  are found to alter two kinds of residues: (1) 
those important for GTP binding, and (2) those 
required for GTPase activity. The first class of 
mutant ras proteins are enhanced for GTP bind- 
ing, and the second kinds of mutant ras proteins 
are defective in GTP hydrolysis [43, 63]. In other 
words, increased GTP binding by ras leads to a 
more active ras; therefore, the GTP-bound form 
is active, while the GDP-bound form of ras is 
inactive. However, the G D P / G T P  exchange and 
GTP hydrolysis, that is the interconversion be- 
tween the active and inactive states, is controlled 
differently for ras proteins than for heterotrimeric 
G proteins. Instead of activated transmembrane 
receptors as in the case of heterotrimeric G pro- 
teins, the G D P / G T P  exchange of ras requires a 
different type of protein factor, known as the gua- 
nine nucleotide exchange factors, which are regu- 
lated by receptor tyrosine kinases. In addition, 
ras proteins have a very low intrinsic GTPase 
activity, which can be substantially increased by 
GAPs (GTPase-activating proteins). The larger 



G~ proteins, on the other hand, contain an inser- 
tion of more than 100 amino acid residues be- 
tween the first and second consensus regions for 
GTP binding. Since G~'s have a higher intrinsic 
GTPase activity than small G proteins, it has long 
been proposed that this extra region has a GT- 
Pase activating activity [17]. This has recently 
been demonstrated experimentally by using two 
truncated proteins: one contains just the 'inser- 
tion' region and can activate the GTPase activity 
of the other which contains the remainder of the 
protein [108]. Furthermore, the crystal structure 
of the transducin ~ subunit indicates that the 
GAP-like region folds into a domain separate 
from the GTPase domain of the protein [123]. 

In contrast to heterotrimeric G proteins and 
ras, another mechanism is likely to operate in the 
action of small G proteins involved in secretion, 
such as the yeast Sec4 and Yptl, and mammalian 
rab proteins [ 15, 63, 166]. For these proteins, the 
GTP-bound form is required for a portion of a 
cyclical traffic of cellular membranes, and one 
GTP is required for one cycle (Fig. 2B). GTP 
hydrolysis is necessary for the cycle to be com- 
pleted. Models have been proposed which pos- 
tulate that the GTP-bound form of the small G 
protein associates with some factor(s) during part 
of the cycle, while the GDP-bound form associ- 
ates with others. Since the normal function of 
these small G proteins requires the continuous 
cycling of GDP/GTP  exchange and GTP hy- 
drolysis, the binding of non-hydrolyzable GTP 
analogues, and mutations reducing GTPase ac- 
tivity (either in the G proteins or in the GAPs), 
inhibit the function of these small G proteins. 

Biochemical studies of plant G proteins and their 
involvement in plant signalling 

Detection of GTP-binding proteins 

Plant cells respond to a variety of signals both 
from the environment (light, humidity, tempera- 
ture, gravity and pathogens) and from other cells 
(hormones, nutrients). However, little is known 
about the mechanisms of signal transduction in 

1617 

plants. Many have thought that due to the con- 
served nature of G proteins, they may play 
important roles in plant signal transduction path- 
ways, as they do in animals and simple eukary- 
otes. There are several ways to detect G proteins 
in vitro. One of the widely used methods to detect 
G proteins is a GTP-binding assay, usually using 
one of the non-hydrolyzable GTP analogues, such 
as GTP7S. In general, GTP-binding assays de- 
tect both heterotrimeric and small G proteins, 
and other GTP-binding proteins; therefore, bind- 
ing activities present in plant extracts can be quite 
complex [46]. Consequently, they are usually used 
for preliminary studies, and additional, more spe- 
cific assays are often needed to demonstrate that 
G proteins are present. Nevertheless, in a rela- 
tively well defined system, for example a partially 
purified membrane fraction, GTP-binding assays 
can still be very informative when one performs 
proper controls such as binding using ATP and 
treatment with specific signals. Furthermore, a 
filter assay for GTP binding by renatured proteins 
has been very successfully used to identify small 
G proteins. Since both the ~ subunit of heterot- 
rimeric G proteins and small G proteins have 
intrinsic GTPase activities, the GTPase assay is 
another way these proteins may be detected. In- 
deed, assays for GTPase activity have been used 
to provide evidence for the presence of G proteins 
in plant cells (see below and Table 1). This 
method is also limited by its lack of specificity for 
particular types of G proteins. 

In addition to GTP-binding and GTPase ac- 
tivity assays, a method for preferentially detecting 
heterotrimeric G proteins is the use of bacterial 
toxins that covalently link an ADP-ribose moiety 
to a particular amino acid residue (ADP ribosy- 
lation) of some ~ subunits of heterotrimeric G 
proteins. The most frequently used toxins are per- 
tussis and cholera toxins [58]. The susceptible 
G~ subunits may be labeled using these toxins 
and radioactive NAD + , which serves as the 
donor of the ADP-ribose group. G protein ~ sub- 
units sensitive to pertussis toxin, including Gi's 
and transducins, have a cysteine near the carboxy 
terminus (usually at the fourth position from the 
end), thus ADP ribosylation by pertussis toxin is 
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1618 

Table 1. Biochemical detection of GTP-binding proteins. 

Plant Tissue Sizes a Assays b References 

Arabidopsis thaliana leaf, root 36, 31 anti-Get, GTP7 S (s) [ 10] 
Arabidopsis thaliana leaf 33 anti-Gi [ 173] 
Avena sativa (oat) etiolated seedling 24 GTP (f), anti-Gc~, CTX [ 143] 
Chlamydomonas reinhardtii eyespot 24 GTP (s), GTPase, anti-G~ [ 91 ] 
Cucurbita pepo (zucchini) etiolated hypocotyl 33, 50 GTP 7 S (s), anti-Gs [ 77 ] 
Cucurbita pepo (zucchini) [45] 
Commelina communis leaf, root 38, 34 anti-Get [ 10] 
Dunaliella salina 28 GTP (f), anti-YPT1 [ 141] 
Dunaliella saline 29, 30 GTP (f) [ 141] 
Glycine max (soybean) cultured cells 45 anti-G~, CTX [99] 
Hordeum vulgare (barley) aleurone 32, 36 anti-G~ [ 168] 
Hordeum vulgare (barley) aleurone 22, 24 GTP (f), anti-ras [ 168] 
Lemna paucicostata ? GTP (s) [65] 
Oryza sativa (rice) coleoptile 28, 30 GTP (f), anti-Get [189] 
Pisum sativum (pea) plumules 21 GTP (f), anti-ARF [ 112] 
Pisum sativum (pea) plumule nucleus 27, 28, 30 GTP (f) [29] 
Pisum sativum (pea) leaf chloroplast 24 GTP (f) [148] 
Pisum sativum (pea) etiolated seedlings 25, 37 anti-Gi [173] 
Pisum sativum (pea) etiolated seedlings 43 anti-GPA1 [173] 
Pisum sativum (pea) etiolated seedlings 40 anti-Gi/Go, PTX [ 169] 
Pisum sativum (pea) etiolated epicotyl ? GTP (s) [67] 
Spinacea oleracea (spinach) leaf ? GTP7 S (s) [ 114] 
Viciafaba (broad bean) leaf, root 37, 31 anti-G~ [ 10] 
Zea mays (maize) root 27, 34 GTP7 S (s), purification [8] 

a The sizes in kDa were estimated from protein gels; therefore, the sizes of proteins were not known when the GTP-binding 
activities detected in solution assays. 

b GTP or GTP7 S indicate the binding of labeled nucleotide on filter (f) or in solution (s); western experiments were indicated 
by the antiserum used: Get, a conserved G~ peptide; GPA1, a peptide specific for GPA1 from Arabidopsis; YPT1, from 
S. cerevisiae; Gi, Go, Gs, and ARF are from mammals. CTX and PTX indicate labeling with cholera and pertussis toxins, 
respectively. 

a sensitive assay for a subset of G protein e sub- 
units. ADP ribosylation by cholera toxin is con- 
siderably more complex [58]. Although the argi- 
nine residue that is ADP-ribosylated is conserved 
among all known G protein e subunits, only Ges 
has been well documented as being efficiently 
modified by cholera toxin, while others may be 
modified under some circumstances [58]. Fur- 
thermore, ADP ribosylation by cholera toxin is 
greatly stimulated by a soluble factor, called the 
ADP ribosylation factor (ARF), which is itself a 
small G protein, and is activated by the binding 
of GTP or GTP analogues [58]. Proteins other 
than G proteins can also serve as substrates for 
ADP ribosylation by cholera toxin, but they are 
ribosylated considerably more slowly than Gs and 
dominate the labeling pattern only if they are very 

abundant [58]. The effect of ARF and the pos- 
sibility that proteins other than G proteins can be 
modified by cholera toxin make its use less de- 
sirable and more prone to artifacts. It must be 
emphasized that the toxins are only useful to 
identify the presence of certain classes of G pro- 
teins in an extract. Therefore, there might be G 
proteins which are not substrates for the toxin- 
catalyzed ADP ribosylations. 

Immunoblot procedures using antisera against 
peptides from known G proteins have also been 
very powerful. A number of groups have used 
antibodies raised against a conserved peptide of 
the e subunit of heterotrimeric G proteins (see 
below). These analyses in combination with 
GTP-binding studies provide strong evidence for 
the presence of heterotrimeric G proteins in 
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plants. The limitation of the antibody studies is 
that it requires cross-reactivity between the anti- 
bodies and the plant proteins. Since there are 
known animal ~ subunits which contain amino 
acid divergence in the conserved region used to 
raise the antibodies, it would not be surprising if 
some plant Gc~ proteins also contain amino acid 
changes in the same region. Another problem is 
that not all cross-reacting proteins are G proteins. 
Nevertheless, with other independent assays, 
analyses using antibodies have produced very 
valuable information on potential plant G pro- 
teins. 

Using one or more of these in vitro biochemi- 
cal techniques, GTP-binding activities and pro- 
teins have been detected in a variety of plant spe- 
cies (Table 1). By using 35S-labeled GTPTS 
binding in solution, GTP-binding activities were 
detected in the thylakoid membranes of spinach 
(Spinacea oleracea) leaves [114], and in mem- 
branes of rice coleoptile [ 190 ]. GTP-binding and 
GTPase activities were found in the eyespot of 
the green alga Chlamydomonas reinhardtii [91], 
and in membrane extracts from maize roots [8]. 
GTP-binding activities and substrates for ADP 
ribosylation catalyzed by pertussis toxin were de- 
tected in gel filtration fractions of extracts from 
pea (Pisum sativum) and Lemna paucicostata [ 65- 
67]. In addition, a filter assay for GTP binding 
has been used to uncover small G proteins in the 
green alga Dunaliella salina [113, 141], in 
microsomes of zucchini (Cucurbita pepo) hypo- 
cotyl [45 ], and in the chloroplast outer envelope 
membrane [148] and nuclear envelope from pea 
[29]. Furthermore, an ARF-like protein was de- 
tected in the cytosol of pea plumule cells [ 112]. 

The combination of GTP-binding studies and 
immunological analysis with antibodies raised 
against known G protein ~ subunits have de- 
tected potential heterotrimeric G protein subunits 
from Arabidopsis, broad bean (Vicia faba), Com- 
melina communis [10], zucchini ( Cucurbita pepo) 
[77], and barley (Hordeum vulgare) [168]. By 
using a GTP-binding assay, western blot analysis 
using anti-G~ antibodies, and ADP ribosylation 
with cholera toxin, Romero et al. identified a 
24 kDa GTP-binding protein in oat (Avena sativa) 
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etiolated seedlings [143], although this protein is 
smaller than any known heterotrimeric G protein 

subunits, and is within the size range of known 
small G proteins. Similarly, using anti-G~ anti- 
bodies and a filter GTP-binding assay, two small 
GTP-binding proteins were identified in rice co- 
leoptile membranes (28 and 30 kDa) [189], and 
in barley aleurone protoplasts (22 and 24 kDa, 
also recognized by anti-ras antibodies) [168]. It 
is possible that the anti-G~ antibodies cross-react 
with small G proteins, and the conditions used 
for ADP ribosylation by cholera toxin allow the 
modification of small G proteins. The definitive 
identification and characterization of these pro- 
teins must await further molecular studies. 

G protein involvement in plant signalling pathways 

Studies of known G proteins indicate that the 
interaction of G proteins with receptors, effec- 
tors, and GTP/GDP occur at particular points of 
a cycle (Fig. 2); therefore, alteration at one point 
in the cycle affects the subsequent point(s). This 
property of G proteins has been exploited to learn 
possible G protein functions in individual signal- 
ling pathways. GTP analogues and the cholera 
and pertussis bacterial toxins described previ- 
ously are useful tools to probe the involvement of 
G proteins in various cellular processes. GTP 
analogues, particularly GTPvS,  are used fre- 
quently due to the relative ease with which they 
can probe G protein functions. However, GTP 
analogues affect both heterotrimeric and small G 
proteins; therefore, conclusions from studies 
using GTP analogues are not definitive. The bac- 
terial toxins, particularly pertussis toxin, are more 
specific, and they are used for analyses of het- 
erotrimeric G proteins. G proteins that are in- 
volved in mediating extracellular signals, such as 
the heterotrimeric G proteins, are usually acti- 
vated by a receptor-ligand complex. The activa- 
tion usually involves the exchange of a bound 
GDP for a GTP. Therefore, the presence of a G 
protein in a signalling pathway can often be de- 
tected as a stimulation of GTP binding by the 
signal. If at least a portion of the signalling path- 
way can be reconstituted in vitro, then the effect 
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of the signal on GTP binding can be character- 
ized using the GTP-binding assays described 
above. In addition, heterotrimeric G proteins are 
usually activated by binding to GTP. This acti- 
vation is attenuated by the hydrolysis of GTP to 
GDP and phosphate due to the intrinsic GTPase 
activity of the c~ subunit. For small G proteins, the 
intrinsic GTPase activity is greatly stimulated by 
the GTPase activating protein (GAP). Because 
GTP analogues such as GTP7 S and GMP-PNP 
are not hydrolyzable, they are more potent acti- 
vators of G proteins. If a signal is known or sus- 
pected for a particular cellular process, such as 
response to light, then guanine nucleotides may 
be used to mimic the signal in generating the 
response. 

The use of bacterial toxins can also probe G 
protein function in cellular processes. Cholera 
toxin can ADP-ribosylate both GTP- and GDP- 
bound forms [58], and cholera toxin-catalyzed 
ADP ribosylation inhibits intrinsic GTPase ac- 
tivity, prolonging the activated state of the c~ sub- 
unit. In contrast, pertussis toxin-catalyzed ADP 
ribosylation only occurs on the GDP-bound het- 
erotrimeric form, and the modification uncouples 
the G protein from the receptor [59]. Therefore, 
pertussis toxin keeps the G protein in the inactive 
state. If a signal activates a G protein, then the 
ADP ribosylation catalyzed by pertussis toxin 
should be reduced. Further, a positive effect of 
cholera toxin on some cellular response would 
suggest that an activated G protein is involved in 
promoting the response, while a positive effect 
of pertussis toxin suggests that an activated G 
protein can inhibit the response. 

A number of studies have implicated GTP- 
binding proteins in light-stimulated signalling 
pathways, using both GTP analogues and bacte- 
rial toxins. In Lemna, a single 8 h period of dark- 
ness induces flowering. It was found that, when 
the extracts were prepared from Lemna plants 
that had been in darkness for 8 h, GTP binding 
was inhibited by about 20~o by red or far-red 
light, as compared to the binding in the dark, but 
not affected by blue light [66]. This suggests that 
the red/far-red receptor phytochromes may be in- 
volved in the regulation of one or more G pro- 
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teins. However, it is puzzling that in this case 
similar inhibition was seen with red light and far- 
red light, which have opposite effects on phyto- 
chromes [134]. In more recent studies, it was 
found that GTP binding by pea nuclear mem- 
branes was stimulated by a 2 min exposure of red 
light, and such stimulation was eliminated if the 
red-light exposure was followed by a 4 min ex- 
posure of far-red light [29]. Similarly, far-red 
light-reversible, red light-stimulated GTP binding 
was observed with membranes from etiolated oat 
seedlings [143]. These results strongly suggest 
that one or more GTP-binding proteins are acti- 
vated by red light via phytochrome, since the far- 
red reversibility is a characteristic of phytochrome 
signalling. In other studies, it was found that the 
GTP analogues GTP7 S (30-100/~M intracellu- 
lar) and Gpp(NH)p (50-100 #M intracellular) 
mimicked the effects of the light receptor phyto- 
chrome A on light-dependent synthesis of antho- 
cyanin and the expression of a reporter gene 
(GUS) under the control of a light regulated cab 
gene promoter, suggesting that a G protein may 
be involved in phytochrome signal transduction 
[ 121]. In this case, cholera toxin alone had only 
a small effect on the light responses; however, 
cholera toxin in combination with a low concen- 
tration (1/~M) of GTP7 S, which has no effect by 
itself, produced an effect similar to that of phy- 
tochrome A or 30-100/~M GTP7 S [ 121]. These 
results are consistent with a role for a cholera 
toxin-sensitive G protein that is put into a pro- 
longed activated state by ADP ribosylation. In 
addition to red light, blue light has also been ob- 
served to stimulate GTP binding in etiolated oat 
seedlings [143]. Moreover, blue light stimulates a 
GTPase activity, as well as a GTP-binding activ- 
ity, in plasma membranes of etiolated pea seed- 
lings [ 169]. A 40 kDa protein in these membranes 
was ADP-ribosylated by pertussis toxin in the 
absence but not presence of GTP and blue light; 
in addition, a protein of the same size (presum- 
ably the same protein) cross-reacted with antisera 
which detect transducin or Gi/Go ~ subunits 
[ 169]. These results suggest that a heterotrimeric 
G protein in etiolated pea seedlings may be in- 
volved in blue light signal transduction. 



Although the results discussed above certainly 
suggest that light signals can be mediated by 
heterotrimeric G proteins in plants, it is not 
known how light activates G proteins. The red 
light receptor phytochromes appear to be soluble 
proteins from their sequences [ 154]; furthermore, 
recent isolation of an Arabidopsis blue-light re- 
sponse gene (HY4) suggests that a blue light re- 
ceptor is also a soluble protein that is similar to 
photolyases [1]. It is possible that these non- 
transmembrane photoreceptors interact with 
other proteins, possibly membrane-associated 
ones, which in turn interact with G proteins. Al- 
ternatively, the plant photoreceptors may directly 
interact with G proteins; this would represent the 
direct contact of G proteins with entirely new 
types of receptors. In either case, light signalling 
in plants is likely to provide new insights into G 
protein functions. 

Plant cells also respond to a number of plant 
hormones. In one study, the auxin, indole-3-acetic 
acid (IAA), was observed to enhance GTP7 S 
binding in rice coleoptile; further, GTP 7 S caused 
a reduction in auxin binding [ 190]. These findings 
suggest that auxin stimulates the exchange of the 
G D P  bound on a G protein for a GTP. The effect 
of GTP~, S may be explained in two ways: first, it 
is possible that the activated G protein due to the 
binding of GTP7 S desensitizes the auxin recep- 
tor; alternatively, the auxin receptor may require 
the association with a GDP-bound G protein to 
interact with the ligand, auxin. 

Biochemical studies have also suggested the 
involvement of GTP-binding proteins in the regu- 
lation of downstream events. It has been found 
that GTPTS affects K + currents in the guard 
cells of broad bean (Vicia faba) leaves [49]. In 
these guard cells, GTP7 S was found to reduce an 
inward K + current, while GDP/? S enhanced the 
current [49]. Since GTPTS activates while 
GDP/~S inhibits G proteins, these results suggest 
that one or more G proteins negatively regulate 
K + inward currents. In addition, it was found 
that cholera toxin inhibits the inward K + current 
in guard cells, further supporting the idea that a 
G protein negatively regulates the K + currents 
[49]. Pertussis toxin also inhibits K + current in 
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guard cells [49]. In general, pertussis toxin blocks 
the activation of G proteins; therefore, the inhi- 
bition by pertussis toxin on K ÷ currents in guard 
cells suggests that a second G protein acts in 
these cells to positively regulate the K + current. 
Since reduced K ÷ uptake inhibits stomatal open- 
ing, these results suggest that GTPTS and the 
toxins would inhibit stomatal opening in broad 
bean guard cells under these conditions. In con- 
trast, both GTPTS and pertussis toxin induce 
stomatal opening in the epidermis of Commelina 
communis [97]. Again, similar effects of GTPTS 
and pertussis toxin suggest more than one protein 
may be involved. It is not clear why opposite 
effects were seen in these two systems; it is pos- 
sible that the different conditions and techniques 
favor one G protein over another, since more 
than one G protein seems to be involved in both 
cases. However, GDP/3S had no effect on sto- 
matal opening in Commelina communis [97], in- 
dicating that the situation in this case is rather 
complex, and that additional studies are need be- 
fore the involvement of G protein(s) can be as- 
certained. G proteins have also been implicated 
in the regulation of an outward K + current in 
broad bean mesophyll cells; GTP7 S and cholera 
toxin, but not pertussis toxin, inhibit the outward 
K + current in these cells [ 100]. In addition, GTP 
and GTP analogues have been shown to affect 
swelling of wheat protoplasts [ 13] and the for- 
mation of inositol phosphate derivatives in Acer 
pseudoplatanus [41], indicating the possible in- 
volvement of GTP-binding proteins. In cultured 
French bean cells, both cholera and pertussis tox- 
ins enhance the response to a fungal elicitor by 
the cells [ 12], suggesting possible G protein par- 
ticipation in this signalling pathway. Recently, a 
45 kDa protein in cultured soybean cells that is 
recognized by an anti-Get antiserum and labeled 
by ADP ribosylation with cholera toxin has been 
suggested to be involved in the elicitation of the 
defense responses [99]. Finally, in cultured soy- 
bean cells, both cholera and pertussis toxins were 
found to stimulate the expression of a cab gene, 
which normally depends on phytochrome for ex- 
pression, and rendered the cab gene expression 
light-independent [ 142 ]. 

[385] 
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In summary, biochemical and physiological ex- 
periments have produced an impressive amount 
of evidence for the involvement of G proteins in 
plant signalling processes. Even though more 
studies are needed before one can learn the nature 
of these G proteins, it is very encouraging that a 
variety of pathways seem to employ G proteins. 

Molecular analyses of G proteins in plants 

Isolation of genes encoding heterotrimeric G protein 
subunits 

Although biochemical studies have produced 
much evidence for the existence of G proteins in 
plants and their involvement in plant signalling 
pathways, none of these proteins have been iden- 
tified or purified. Therefore, little is known about 
these proteins at the molecular level. However, 
using molecular approaches, a number of cDNAs 
have been isolated that encode putative hetero- 
trimeric G protein subunits (Table 2). Using PCR 
with degenerate oligonucleotides based on con- 
served peptides among known G protein e sub- 
units, a gene (GPA1) was isolated from Arabidop- 

sis thaliana which encodes a protein with 36Yo 
identity to mammalian Gi and transducins, and 
contains GTP-binding consensus regions for het- 
erotrimeric G protein ~ subunits [107]. The iso- 
lation of GPA1 provided a clear demonstration 
that heterotrimeric G protein(s) are present in 
plants. Subsequently, a homologue (TGA1) of 
GPA1 was isolated from tomato using low- 
stringency hybridization with GPA1 as the probe 
[106]; the two predicted proteins are 84~o iden- 
tical. Both GPA1 and TGA1 were shown to be 
single-copy genes by Southern analyses. Further- 
more, PCR and low-stringency procedures have 
failed to identify additional genes encoding G 
protein e subunits (H. Huang and H. Ma, un- 
published). More recently, a single homologue of 
GPA1 has been isolated from each of soybean 
(L. Romero and E. Lam, pers. comm.), lotus 
(C. Poulsen, pers. comm.) and maize (C.D. Han 
and R. Martienssen, pers. comm.). These genes 
all encode proteins that are very similar (greater 
than 75 ~o amino acid sequence identity) to GPe  1, 
the product of GPA1. In addition, a 43 kDa pro- 
tein was detected in pea membranes using an 
antiserum raised against a C-terminal peptide of 
G P a l  [173]. These results indicate that GPA1 

Table 2. Plant heterotrimeric G proteins and related proteins identified by molecular cloning. 

Plant a Predicted Protein Most similar b Expression References 
proteins size (kDa) animal protein (%) and/or function 

Heterotrimeric G proteins 
c~ subunits 
Arabidopsis thaliana G P e l  44.6 Gt l  (36) 
Lycopersicon esculentum (tomato) T G e l  44.9 Gt l  (34) 
fl subunits 
Arabidopsis thaliana AGfl 1 41.0 /32 (44) 
Zea rnays ZGfl l  41.7 /32 (42) 

Expressed in all major organs [107] 
[106] 

Expressed in many organs [ 171 ] 
Expressed in many organs [ 171 ] 

WD-40 proteins 
Arabidopsis thaliana COP1 111.8 f13 (29) c Light signal transduction [38] 
Chlamydomonas reinhardtii Cblp 35.1 MHC12.3 (66) Constitutively expressed [ 150] 
Nicotiana tabacum (tobacco) arcA 35.8 MHC12.3 (67) Auxin-regulated [75] 

a Homologues of GPc~I have been isolated from Glycine max (soybean; L. Romero and E. Lam, pers. comm.); Lotus japonicus 
(C. Panlsen, pers. comm.); and Zea mays (C.D. Han and R. Martienssen, pers. comm.). 

b The Gt l  (rod transducin), f12 and f13 proteins are from man, and the MHC12.3 protein is from chicken. 
c The percent identity is only for the WD-40 domain of COP1. 
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(and its homologues) is a conserved gene found 
in all flowering plants. Although the ~ subunits 
identified from plants are probably homologues of 
each other, their low levels of sequence identity to 
those from animals and simple eukaryotes make 
it unlikely that the plant G~'s are functional ho- 
mologues of any of the non-plant ones. The ap- 
parent uniqueness of GPA1 (and homologues) 
suggests that it has a non-redundant function in 
plants, and the fact that it is highly conserved in 
many plants suggest that its function is important. 
Furthermore, the uniqueness of GPA1 and its ho- 
mologues suggests that if there are other Gc~ genes 
in plants, they must be quite different from GPA1, 
such that they can not be detected through hy- 
bridization or PCR. 

Do plants also have G protein fl and 7 sub- 
units? One is tempted to say yes, since all other 
organisms that have ~ subunits also have fl and 

subunits. All known Gfl's from animals and 
simple eukaryotes contain 7 repeats of a motif 
called WD-40, which is characterized by the 
dipeptide tryptophan-aspartate and is about 40 
amino acids long [54]. The WD-40 motif is also 
found in a variety of proteins with diverse func- 
tions, including regulation of cell cycle [54], RNA 
splicing [33], cytoskeletal function [35], and 
transcriptional repression [ 180]. A chicken pro- 
tein, MHC12.3, of unknown function also con- 
tains several WD-40 motifs [60]. Although there 
is no evidence that any of these non-Gfl WD-40 
proteins interacts with G~ or G~, it is known that 
the yeast WD-40 protein TUP1 interacts with 
another transcriptional repressor SSN6 (also 
called CYC8) [181], which contains a different 
type of repeats [ 151 ]. Three genes have been iso- 
lated from plants which encode WD-40-contain- 
ing proteins. Two of the predicted proteins (Cblp 
and arcA) are very similar to each other (68~o 
identity), and to the chicken MHC12.3 protein 
( > 6 5 ~ ) ,  but have only about 25~o of sequence 
identity to known/~ subunits [75, 150]. Therefore, 
these plant WD-40-containing proteins may have 
any of a number of functions that are not related 
to G proteins. The third plant WD-40 protein 
(COP1) has a large non-WD-40 N-terminal do- 
main, including two zinc fingers, in addition to the 
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C-terminal WD-40 domain [37]. These features 
and the phenotypes of copl mutants have led to 
the hypothesis that COP1 may be a transcrip- 
tional repressor [37], as is the yeast TUP1 pro- 
tein. Recently, cDNAs encoding proteins with a 
much higher degree of similarity (42 ~o or more) 
to animal fl subunits have been isolated from 
maize (ZGB1) and Arabidopsis (AGB1) [171]. 
This indicates that plants have at least one pair 
of  e and fl subunits. It is most likely that G pro- 
tein 7 subunit(s) is(are) also present in plants. 
Interestingly, like GPA1, both ZGB1 and AGB1 
appear to be single-copy, suggesting that, if other 
Gfl genes exist in these plants, they also must 
have very different sequences. 

A detailed analysis of the Arabidopsis GPA1 ex- 
pression pattern 

In order to gain more information on the function 
of GPe  1, detailed analyses of its spatial and tem- 
poral expression were carried out using a fusion 
between GPA1 and the reporter gene uidA (en- 
coding a/3-gtucuronidase), and using imrnunolo- 
calization studies with specific antibodies directed 
against a peptide from the C terminal region of 
G P e l  [72, 172]. The results show that the GPA1 
gene product is expressed in nearly all tissues 
examined and during all stages of plant develop- 
ment. The level of GPA1 expression, however, 
varies in different tissues and at different stages. 
In germinating seeds, G P e l  level is high in the 
cotyledons and at the root tip. In young seedlings, 
the highest level of GPe  1 is detected in the shoot 
and root apical meristems as well as the lateral 
root meristems and leaf primordia. As the plants 
develop vegetatively, G P e l  level remains very 
high in the meristems and primordia, and in the 
root elongation zones, and decreases as the ro- 
sette leaves and cauline leaves mature. In mature 
leaves and roots, the G P e l  levels are high in the 
vascular tissues, particular phloem, but lower in 
the leaf mesophyll cells, and not detectable in the 
epidermis. During early flower development, 
GPc~I is present at high levels in the floral mer- 
istem and floral organ primordia, and the level 
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Table 3. Plant small G proteins identified by molecular cloning. 

Plant Protein Size a Homologue b Expression and/or function References c 
(kDa) (~o identity) 

Arabidopsis thaliana Ara 24.2 Rab l l  (55) [110] 
Ara2 24.0 Rab l l  (63) [3] 
Ara3 23.8 Rab8 (58) [3] 
Ara4 24.0 Rab l l  (57) [3] 
Ara5 21.6" Rabl (75) [3] 
Arfl 20.6 Arfl (88) [138] 
Rab2a Rab2 Expressed preferentially in pollen [127] 
Rab2b Rab2 [ 127 ] 
Rab6 23.1 Rab6 (72) Complements a yeast ytp6 mutation [7] 
Rab l l  24.0 Rab l l  (66) [186] 
Rhal 21.7 Rab5 (62) Expression high in root and callus [4] 

Expressed primarily in guard cells and root tips [ 162] 
Sarl 22.0 ScSarl (63) Suppresses a yeast set12 mutation [31] 

Brassica napus Bra 24.4 Rab l l  (55) (a) 
Chlamydomonas reinhardtii yptC1 22.6 Rabl (81) Complements a yeast yptl mutation (b) 

yptC4 23.6 Rab2 (79) (b) 
yptC5 23.1 Rab7 (67) (b) 
yptC6 24.2 Rabl 1 (76) (b) 

Glycine max sRabl 22.4 Rabl (75) Complements a yeast yptl mutation [28] 
Membrane biogenesis during root nodulation 

sRab7 23.1 Rab7 (61) [28] 
Lycopersicon esculentum RablA 20.1" Rabl (77) (c) 

RablB 22.5 Rabl (74) Complements a yeast yptl mutation (c) 
RablC 22.6 Rabl (78) Complements a yeast yptl mutation (c) 
Sarl 22.0 ScSarl (62) Expressed in several organs [34] 
Ypt2 23.9 Rab8 (58) Expressed in apical meristem [53] 

Nicotiana plumbaginifolia Np-ypt3 24,2 Rab l l  (68) In stem and root, high in flowers [32] 
Rhn 21,8 Rab5 (60) High in roots, flowers, lower in stems [161] 

Nicotiana tabacum Nt-rab5 22,0 Rab5 (62) Expressed in stem and root, high in flowers [32] 
Rgbl 22,4 Rabl (79) (d) 
Rgb2 21.8 Rab5 (62) (d) 

Oryza savita Rgpl 24,9 Rabl 1 (55) Expression reduced in 5azaC-induced dwarf [ 147] 
Rgp2 23.9 Rab l l  (63) Expressed in several organs [187] 
ricl 22.4 Rabl (76) [88] 
ric2 24.0 Rab l l  (70) [88] 

Pisum sativum pral 23.9 Rabl 1 (56) Expressed highly in leaves and roots [117] 
pra2 24.6* Rabl 1 (52) Expressed at a low level in leaves [117] 
pra3 24.9 Rab l l  (57) Expressed at moderate levels in leaves and roots [117] 
pra4 24.0 Rab l l  (67) Expressed highly in roots, less in leaves [117] 
pra5 24.1 Rabl 1 (67) Expressed at low levels in leaves and roots [117] 
pra6 24.0 Rab l l  (66) Expressed at moderate levels in leaves and roots [117] 
pra7 24.2 Rabl 1 (64) Expressed highly in roots, less in leaves [ 117] 
pra8 22.4 Rabl (75) Expressed at moderate levels in leaves and roots [117] 
pra9A 22.5 Rabl (79) Expressed highly in roots, less in leaves [117] 
pra9B 22.5 Rabl (77) Expressed highly in roots, less in leaves [117] 
pra9C 22.6 Rabl (75) Expressed highly in roots, less in leaves [117] 
Rhol 22.5 Rac2 (59) Expressed in all organs of seedling [183] 
Rab 23.0 Rab7 (69) Expressed in pod [44] 

Viciafaba Gnrpl  22.6 Rabl (75) (e) 
Gnrp2 22.9* Rabl 1 (69) (e) 
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Table 3. (Continued) 

Plant Protein Size a Homologue b Expression and/or function References c 
(kDa) (% identity) 

Gnrp3 24.0 Rabl 1 (67) (e) 
Gnrp4 25.2 Rabl 1 (56) (e) 

Vigna aconitifolia vRab7 23.1 Rab7 (61) Membrane biogenesis during root nodulation [28] 
Volvox carteri yptV1 22.5 Rabl (81) Complements a yeast yptl mutation [48] 

Expressed throughout development 

Zea mays 

yptV2 24.2 Rab8 (53) [47] 
yptV3 22.3 None - Expressed throughout development [47] 
yptV4 23.7 Rab2 (79) Expressed throughout development [47] 
yptV5 23.1 Rab7 (66) Expressed throughout development [47] 
yptml 23.3 Rabl  (65) Complements a yeast yptl mutation [128] 
yptm2 22.5 Rabl (79) Complements a yeast yptl mutation [128] 
yptm3 23.0 Rab2 (79) [127] 
yptm4 Rab 1 [ 127 ] 

a If the MW value was provided by the reference, then it is used here; if it was not, then it was calculated using Intelligenetics 
Software. An asterisk next to a value indicates that the sequence was incomplete, and a blank indicates that the sequence was 
not available. 

b The same mammalian or yeast protein is listed for each member of a subgroup. The following are the homologues (see Fig. 3 
for references): human Rabl,  Rab3, and Rab6; dog (Canisfamiliaris) Rab2, Rab4, Rab5, Rab7, Rab8, Rabl 1, Rac2 and Rhol;  
Bovine Arfl; and yeast (Saccharomyces cerevisiae) S arl. The percent identity was calculated based on an alignment using the 
Pileup program of the G C G  Package (version 7) [57]. 

c In addition to published references, others are listed as follows: (a) Y. Park, H. Kang, J. Kwak, H. Lee, and H. Nam, sub- 
mitted to GenBank; (b) S. Fabry, pers. comm.; (c) A. Loraine, pers. comm.; (d) J.A. Napier and P.R. Shewry, submitted to 
GenBank; (e) G. Saalbach and J. Thielmann, submitted to GenBank. 

decreases as the organs mature. Later during 
flower development, GPA1 expression is concen- 
trated in the vascular tissues, in the carpel wall, 
in the microspore tetrads, and in the ovules. Dur- 
ing pollination, a high level of GPa 1 is found in 
the growing pollen tube, and after pollination, 
GPA1 is expressed highly in embryos until the late 
curved stage, but not in mature embryos. There- 
fore, GPa 1 is present at high levels in all actively 
proliferating cells, as well as in the cells that have 
begun to differentiate, but lower in most fully dif- 
ferentiated cells. Among the differentiated cells, 
those in the vascular tissues have very high levels 
of GPa 1, as do the carpel and silique walls. These 
tissues are all involved in nutrient transport. 

The fact that GPa  1 is present at very high levels 
in the undifferentiated cells of meristems and 
organ primordia, and in cells during the early 
phase of organ differentiation, and that its level 
reduces as organs become fully differentiated, 
suggests that GPa 1 is involved in promoting ac- 

tive cell division, and that its function is reduced 
in differentiated cells. This is parallel to the func- 
tion of some mammalian G proteins in regulating 
cell division and differentiation [61, 153]. Con- 
stitutively activated mutant Gs and G i have been 
associated with human tumors [96, 105], indicat- 
ing that active Get promotes cell division. On the 
other hand, the level of the Gai2 protein has been 
observed to decline during differentiation of a cell 
line [56]. Furthermore, active Gai2 blocks while 
G0q: antisense RNA stimulates this differentia- 
tion [ 170]. Other studies showed that Gas anti- 
sense oligonucleotides stimulate the differentia- 
tion offibroblasts to adipocytes [ 167]. G proteins 
(Gq and Gi2) have also been shown to mediate 
the effect of growth factors on DNA synthesis 
and calcium flux [95]. Recently, the human Ga12 
gene, when overexpressed, was found to cause 
transformation of NIH 3T3 cells [24]. Although 
it is premature to suggest that GPa 1 functions by 
a mechanism similar to those of the mammalian 
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Gc~ proteins, it is not unreasonable to postulate 
that GPc~ 1 may regulate cell division and/or dif- 
ferentiation in plants. 

A shared property of the undifferentiated cells, 
which have high levels of GP~I ,  is that they all 
require high intake of energy and nutrients. It is 
possible that GP~ 1 regulates the uptake of nutri- 
ents by these cells. It is intriguing that most of the 
mature tissues that express GP~I  at high levels 
are involved in nutrient transport. Gs and Gi were 
first identified as required for the hormonal regu- 
lation of sugar metabolism, and Gs has recently 
been shown to regulate sugar uptake [71]. Fur- 
thermore, a fission yeast G~ protein, GPA2, has 
recently been demonstrated to function in nutri- 
ent sensing [76]. Therefore, it would not be sur- 
prising if GP~ 1 indeed is shown to be involved in 
the regulation of nutrient transport or metabolism 
in plant cells in the near future. 

Isolation of genes encoding small G proteins 

Many small G protein genes/cDNAs have been 
isolated using low-stringency hybridizations or 
PCR (Table 3). The first cloned plant small G 
protein gene (ara) was from Arabidopsis thaliana. 
Its product is related to a number of known small 
G proteins: 55~o to rab11, 44~o identical to 
YPT1, 31~o to H-ras and yeast RAS1, 2 9 ~  to 
rho, and 26~o to ral [110]. Other Arabidopsis 
genes include ara2 through ara5 [3 ], rab6 [ 7 ], and 
rhal [4], all of which encode proteins related to 
the rab/ypt proteins. Two other Arabidopsis genes 
were isolated which encode an ARF-related pro- 
tein [ 138] and a Sarl homologue (see below) [31]. 

A total of 13 genes have been identified in pea 
which encode small G proteins. One of these, 
RholPs, encodes the first plant member of the 
rho/rac subfamily of small G proteins; the pre- 
dicted protein is 59~o identical to human rac2 
[183]. When the pea rho protein was expressed 
in Escherichia coli, it was shown to be able to bind 
GTP in a filter assay. Other cloned pea small G 
protein genes are most similar to members of the 
rab/Ypt subfamily; these include Psa-rab, and 
Pral through Pra9A, Pra9B, and Pra9C [44, 117]. 

[390] 

Rab-related genes have also been isolated from 
other legumes such as soybean [28] (see below), 
from tomato [53], from tobacco [32, 161], and 
from monocots maize [128] and rice [88, 147, 
187]. Five small G protein genes of the rab/ypt 
type were also isolated from the green alga Volvox 
carteri; three of these can bind GTP when ex- 
pressed in E. coli [39, 47, 48]. 

A comparison of the plant small G proteins 
with some of those from animals and yeasts is 
shown in Fig. 3, and a summary of the properties 
of these proteins is shown in Table 3. Most  of the 
isolated plant small G proteins are more similar 
to rab/Ypt proteins involved in protein and mem- 
brane trafficking than to any other small G pro- 
teins. The high levels of sequence similarity be- 
tween the plant small G proteins with their animal 
and yeast homologues suggest that this group of 
proteins also perform highly conserved basic cel- 
lular functions in protein and membrane traffick- 
ing in plants [ 139]. It is likely that the genes listed 
here represent an incomplete set. Even with these 
cloned genes, there are more than one case where 
two or more genes from a single plant show high 
levels of similarity with the same mammalian pro- 
tein. This could either be that some plants have 
more functionally redundant genes, or that these 
plants genes have evolved to carry out slightly 
different functions. Furthermore, one of the plant 
Ypt gene, YptV3 from Volvox, is not very similar 
to any known Ypts/Rabs. As it was pointed by 
Fabry et al. [47], YptV3 may play a role unique to 
plants (or algae); alternatively, its homologues in 
animals may be identified in the future. There are 
now only a few known plant genes in the other 
classes, Rho/Rac, Arf, and Sarl; this may repre- 
sent the more recent history of these classes. 

It is intriguing that small G proteins more simi- 
lar to the true ras proteins have not been identi- 
fied. It is possible that proteins similar to ras in 
function are present in plants, but they are not 
highly similar at the sequence level, and are yet to 
be isolated. It is known that ras proteins are in- 
volved in signal transduction [63, 149], as are 
heterotrimeric G proteins. The failure thus far to 
identify plant ras proteins, and the scarcity of 
isolated heterotrimeric G protein ~ and /~ sub- 



1627 

"O t~ 

\ o ~  ~ 

L e  ~ ~ . ,  ~,~rt 

CmYpt2  ~ ~ ~ . . . . .  
. . . _  . . - -  S o S s r l  

k e R a b l  A ~ - -  - -  I L e S a r l  

Fig. 3. Comparison of plant small G proteins with each other and with representative ones from animals and microbes. Differ- 
ent major subfamilies are separated by thick dashed lines, and the different type within the Rab/Ypt subfamily are separated by 
thin dashed lines. The names of each protein are preceded by two letters indicating the species. The species designations are: At, 
Arabidopsis thaliana; Bn, Brassica napus; Bo, bovine; Cf, Canis familaris (dog); Cr, Chlamydomonas reinhardtii; Dd, Dictyostelium 
discoideum (slime mold); Gm, Glycine max (soybean); Hs, Homo sapiens; Le, Lycopersicon esculentum (tomato); Np, Nicotiana 
plumbaginifolia; Nt, Nicotiana tabacum; Os, Oryza sativa (rice); Ps, Pisum sativum (pea); Sc, Saccharomyces cerevisiae (baker's yeast); 
Va, Vigna aconitifolia; Vc, Volvox carteri; Vf, Viciafaba (broad bean); Zm, Zea mays (maize). The sequences of VfGnrpl and 
VfGnrp3 are identical to those of PsGBP 11 and PsGBP6, respectively. References for the non-plant proteins are: bovine Arf [ 131 ]; 
CfRab2, CfRab5, and CfRab7 [26]; CfRab4, CfRab8, CfRabll ,  CfRhol and CfRac2 [27]; HsRabl,  HsRab3, and HsRab6 [188]; 
H sRas [ 23 ]; H sRalA [ 25 ]; DdRan [ 19 ]; and S c S ar 1 [ 120 ]; see Table 3 for references of plant protein s. Due to space constraints, 
most of the known yeast small G proteins are not shown here; the following are the known homolognes between mammals and 
yeasts (Sp, Schizosaccharomyces pombe; references given for the yeast proteins): Rabl/ScYptl  [55]; Rab6/SpRyhl [69]; Rab7/ 
ScYpt7 [176]; RabS/SpYpt5 [5]; Rab8/SpYpt2 [68]; Rab11 /SpYpt3 [50]. The tree was drawn using MacDraft and MacDraw 
programs based on the output from the Molecular Evolutionary Genetics Analysis program (version 1.01) [93], following an 
alignment using the Pileup program of the GCG Package (version 7) [57]. 

units, suggest that proteins of these classes are 
not highly similar to those in animals and simple 
eukaryotes. This may reflect the fact that plant 
respond to environmental signals in very different 
ways than animals and microbes; such differences 
may account for the likely divergence of proteins 
involved in signal transduction pathways [85]. 
Because GTP-binding proteins have been impli- 
cated in a variety of plant signalling processes 
(see previous section), there probably exist addi- 
tional G proteins in plants. These plant G pro- 
teins may be distant relatives of known hetero- 
trimeric or small G proteins, or they may represent 
new families of GTP-binding proteins. Genetic 

and biochemical studies of plant signal transduc- 
tion pathways should reveal the nature of these 
proteins in the near future. 

Functional complementation of yeast mutants by 
plant small G proteins 

One of the ways to test in vivo function of a pro- 
tein encoded by a cloned cDNA is to introduce 
it into a yeast host which lacks a homologous 
function. This is feasible for many highly con- 
served proteins, including G proteins. This ap- 
proach has been used for some of the isolated 
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small G protein cDNAs. For example, a soybean 
homologue (sRAB1) of the budding yeast YPTI 
and mammalian rabl genes was isolated by PCR. 
The sRabl protein is 75~o identical to the rabl 
protein. Furthermore, when the soybean sRAB1 
gene was fused to a yeast GALl promoter and 
introduced into a yeast yptl mutant, it comple- 
mented the cold-sensitive growth phenotype of 
the mutant [28]. Other plant Rabl /Ypt l  homo- 
logues, including the algal YptV1 and YptCl (S. 
Fabry, pers. comm.), tomato Rablb and Rablc 
(A. Loraine and W. Gruissem, pers. comm.), and 
the maize Yptml and Yptm2 genes [127], have 
also been shown to complement a S. cerevisiae 
yptl mutant. In another case, an Arabidopsis ho- 
mologue (AtRAB6) of the fission yeast Rhyl and 
the human rab6 genes was isolated using PCR, 
and shown to complement a budding yeast ypt6 
mutation (YPT6 is a homologue of Rhyl and rab6) 
[7]. The predicted AtRab6 protein shares a high 
degree of similarity with the human and fission 
yeast homologues (>  70 ~o identity). When the 
AtRAB6 cDNA was fused to the yeast GALIO 
promoter, and expressed in a temperature- 
sensitive ypt6 null mutant of budding yeast, the 
ypt6 mutant defective was corrected by the ex- 
pression of AtRAB6. This complementation was 
specifically due to the production of a functional 
AtRab6 protein because a mutant Atrab6 cDNA 
encoding a protein with a single amino acid 
change (Asn-122 ~ Ile) failed to complement. 

Because highly conserved proteins can func- 
tion in heterologous systems, functional comple- 
mentation of yeast mutants can also be used as 
a means of isolating plant homologues of yeast 
genes. This approach has been successfully used 
to isolate an Arabidopsis homologue of the yeast 
SARI gene, which encodes a distinct type of small 
G protein [31]. The yeast SAR1 gene was iden- 
tified as a clone which, when present at a high 
copy number, suppresses the temperature-sensi- 
tive phenotype of a secl2 mutation. Since the 
secl2 mutant is defective in formation of secre- 
tory vesicles from the endoplasmic reticulum, the 
SAR1 gene is probably also involved in this pro- 
cess. The Arabidopsis SARI cDNA was isolated 
by introducing a yeast expression cDNA library 
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containing Arabidopsis cDNAs into a secl2 mu- 
tant, and selecting for transformants which can 
grow at the restrictive temperature. The predicted 
budding yeast and Arabidopsis Sarl protein se- 
quences are 63 ~o identical. 

In these successful cases of functional comple- 
mentation in yeast, the similarity between the ho- 
mologues are about 60~o or more. For many of 
the isolated small G proteins from plants, simi- 
larly high levels of sequence identity exist with 
particular animal/yeast homologues (Table 3); it 
is likely that these plant small G proteins are also 
able to complement the corresponding yeast mu- 
tations. For heterotrimeric G proteins, the simi- 
larity between the yeast proteins and the ones 
from multicellular organisms is much lower, rang- 
ing from 35~o to 48~o between the yeast GPA1 
and various mammalian G~'s. It is not surprising, 
therefore, that only one of the mammalian G~'s 
(Gs) has been shown to complement the growth 
defect of the yeast gpal mutant, but not its defect 
in pheromone response. These results once again 
suggest that G proteins for the fundamental cel- 
lular functions such as secretion are more con- 
served than G proteins involved in different sig- 
nalling pathways. 

Functional analysis using transgenic plants 

In addition to biochemical studies and expression 
analysis, one important way of characterizing G 
protein functions is to examine the effects of al- 
tering gene expression in transgenic plants, in- 
cluding antisense, over-expression and ectopic 
expression. Recently, the effect of antisense RNA 
of two small G proteins from soybean (sRAB1) 
and another legume Vigna aconitifolia (vRAB7) 
was studied in transgenic soybean nodules [28]. 
The growth of nodules expressing the sRAB1 an- 
tisense RNA were severely inhibited at an early 
stage, with only about 1/10 to 1/5 of the normal 
weight, and proportional reduction in nitrogenase 
activity. The yeast Yptl protein and its mamma- 
lian homologue rab 1 are known to be involved in 
vesicular transport between ER and Golgi. Since 
the membranes (PBM) surrounding the symbiotic 
nitrogen-fixing bacteria are derived from the 



plasma membrane formed by fusion of vesicles, 
the phenotypes of sRABI antisense nodules and 
the fact that sRAB1 expression increases during 
nodulation suggest that sRabl is involved in the 
synthesis of the PBMs. A similar analysis was 
done with the vRAB7 gene. In the nodules ex- 
pressing antisense vRAB7, the infected cells had 
reduced number of bacteroids, and many small 
vesicles. In addition, there are some large vesicu- 
lar structures which apparently contain degraded 
bacterial materials. In mammals, rab7 is localized 
to late endosomes, and the yeast homologue 
(Ypt7) is involved in the transport of vacuolar 
proteins. It seems that the legume rab7 homo- 
logue is required for the biogenesis of the PBM, 
which is similar to vacuoles in certain ways. 

In another study, a rice gene, rgpl, encoding a 
rab-related protein having a 62 ~o identity with the 
fission yeast Ypt3 protein, was introduced into 
tobacco plants by transformation in either the 
sense or the antisense orientation [83]. Both the 
transgenic plants carrying sense and the antisense 
constructs have a decrease in apical dominance 
and a dwarf phenotype. Since the rgpl antisense 
RNA apparently causes a reduction in the mRNA 
level of the tobacco homologue (tgpl), but tgpl is 
expressed normally in the sense transgenic plants, 
both a reduction and an increase in the gene func- 
tion seem to disrupt the same process. Since re- 
duction of apical dominance is also seen when the 
balance between cytokinin and auxin is shifted 
towards more cytokinin, the phenotype of the 
transgenic plants may be due to an alteration in 
hormonal balance. The transgenic plants also 
have abnormal floral phenotypes, with some ho- 
meotic organ conversion, suggesting either that 
the rgpl gene is involved in regulation of flower 
development, or that hormonal balance affects 
flower development. The latter possibility is sup- 
ported by the recent observation that hormones 
affect the function of known Arabidopsis floral 
homeotic genes [ 126]. 

Future prospects 

G proteins have been demonstrated to be impor- 
tant molecular switches in animals and simple 
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eukaryotes. The spectrum of processes regulated 
by G proteins continues to widen, and the precise 
mechanisms by which G proteins function are 
becoming more and more clear. In plants, the 
presence of both heterotrimeric and small G pro- 
teins has be demonstrated. However, many ques- 
tions remain to be answered. An immediate prob- 
lem is the nature of the putative G proteins 
suggested by biochemical studies. Since pertussis 
toxin-sensitive G proteins seem to exist in plants, 
and the only known Get protein, encoded by the 
Arabidopsis GPA1 gene and homologues, does not 
have the conserved cysteine residue near the C 
terminus, plants are likely to have other hetero- 
trimeric G proteins that are quite different from 
any known ones. Another puzzle is that known 
light receptors in plant are not like the classic G 
protein-coupled receptors that are characterized 
by seven transmembrane segments. In fact, no 
such membrane receptor has been identified in 
plants. An equally intriguing question is whether 
plants have true ras homologues. Certainly plants 
do not have genes that are highly similar to ras, 
as they do other types of small G proteins. It is 
still possible that plants have small G proteins 
which carry out signalling functions similar to ras 
proteins, but these plant proteins would be struc- 
turally divergent from the known ras proteins. As 
genetic, molecular, biochemical and physiological 
approaches continue to be employed for the 
analysis of plant signal transduction and G pro- 
tein function, it is likely that new G proteins will 
be identified in plants, that the nature of G pro- 
teins implicated by biochemical studies will be 
determined, and that interaction between plant G 
proteins and receptors/effectors will be charac- 
terized. We are at the beginning of an exciting era 
of new discoveries and new insights about plant 
signal transduction and G protein functions. 
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