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Heterotrimeric G-protein complexes couple extracellular signals
via cell surface receptors to downstream enzymes called effectors.
Heterotrimeric G-protein complexes, together with their cognate
receptors and effectors, operate at the apex of signal transduction.
In plants, the number of G-protein complex components is dramatically less than in other multicellular eukaryotes. An understanding of
how multiple signals propagate transduction through the G-protein
node can be found in the unique structural and kinetic properties
of the plant heterotrimeric G-protein complex. This review addresses these unique features and speculates on why the repertoire of
G-protein signaling elements is dramatically simpler than that in all
other multicellular eukaryotes.
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GPCR:
G-protein-coupled
receptor
GEF: Guanine
exchange factor
GAP:
GTPase-accelerating
protein
RGS: Regulator of
G Signaling
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As deﬁned in metazoans and in yeast, heterotrimeric G proteins serve as physical
couplers between cell surface, 7 transmembrane (7TM) G-protein-coupled receptors
(GPCRs) to downstream enzymes known as
effectors (Figure 1). G proteins have three
subunits: Gα, Gβ, and Gγ. The Gα subunit binds the guanine nucleotides, GDP
and GTP. In its GDP-bound state, the heterotrimer assembles and associates with the
receptor through the receptor’s cytoplasmic
transmembrane loops interfacing with speciﬁc regions on the G-protein subunits. OcTemple

·

Jones

cupancy of the 7TM receptor by its cognate ligand induces exchange of GDP for
GTP, leading to G-protein complex dissociation by the realignment of at least three
polyamino acid loops, which are designated
switches (Switch I, II, III). Thus, the GPCRs
should be viewed as enzymes with guanine exchange factor (GEF) activity. The activated
Gα interacts to modulate the activity of cytoplasmic enzymes’ designated effectors. Effectors interact with Gα in a guanine-nucleotidedependent manner and many effectors have
GTPase-accelerating protein (GAP) activity,
which facilitates the return to the basal heterotrimeric state. The released Gβγ dimer
also has interacting effectors; some are the
same as the Gα targets for which Gβγ can act
upon synergistically or antagonistically to Gα.
The combined activity of Gα and Gβγ results
in cellular changes that ultimately affect instantaneous/transient and delayed/sustained
cell behavior or development.
An intrinsic GTPase hydrolysis activity of
the Gα subunit returns the complex to the
receptor-associated, GDP-bound basal state.
Aside from the GAP activity that many effectors possess, there are Regulator of G
Signaling (RGS) proteins that speciﬁcally accelerate the intrinsic GTPase activity Gα to
return to the GDP-bound basal state. RGS
proteins bind at the same interface that effectors bind to Gα; thus, not only do RGS proteins oppose the action of the receptor GEFs,
but they also block signaling through Gα.
Consequently, the basic Gα core contains
a number of common functionalities, namely
nucleotide binding domains, e.g., switches
that establish the basal and activated conformations, and protein interfaces such as for the
Gβγ dimer, the receptor, the RGS proteins,
the modulators, and the effectors.
Four classes of Gα subunits have been designated in mammals: Gαi, Gαs, Gαq, and
Gα12/13 are comprised in humans by 23 wellcharacterized members (54). There are 5 Gβ
and 12 Gγ subunits, ∼950 GPCRs, dozens of
effectors, and an unknown number of scaffold types that could be found within this
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Figure 1
The classical model for G-protein cycling. G-protein-coupled receptors (GPCRs) have a 7
transmembrane (7TM) spanning domain as represented here by the structure for rhodopsin. GPCRs
interact with a heterotrimeric G-protein complex, comprised of Gα , Gβ, and Gγ subunits. In the
heterotrimer, Gα is bound to GDP. In animals, release of GDP is the rate-limiting step in G-protein
cycling. Activation of GPCRs though ligand occupancy favors guanine-nucleotide exchange factor
activity of the GPCR and consequently Gα becomes loaded with GTP and dissociates into a free Gα
subunit and a free Gβγ dimer. Each of these, in turn, interacts with enzymes (effectors) to alter the
amount of secondary messengers produced and/or the movement of ions across the plasma membrane.
The Gα subunit has an intrinsic GTPase that can be accelerated by Regulator of G-protein Signaling
(RGS) proteins. RGS proteins can also block interactions between Gα and its effectors.

signaling complex that shares in common the
heterotrimeric G protein. Thus, it is easy to
imagine how intermolecular protein-protein
interactions in this interacting network have
constrained the evolution of structure to core
functions associated with all the subunits. One
must also consider the pressures associated
with intermolecular interactions that become
speciﬁc to unique functions and structures of
individual components.
Plants, in contrast to metazoans, have a
greatly simpliﬁed repertoire of G-protein signaling elements. Thus, it is informative to ask
why and how the evolutionary constraints that
operated on plant G proteins lead to their ability to regulate cellular processes. This is important not only to the plant biologist, but
also to the clinician. Despite the simplicity in
the working parts, genetic approaches reveal

that plant G proteins have varied and wide
functions. Discussion of the various aspects
of plant physiology involving G proteins and
the phenotypes of G-protein mutants can be
found in several excellent reviews (4, 5, 16,
20, 21, 41). This review will serve the plant geneticist who is dissecting the mechanism of Gprotein regulation of various physiologies by
illuminating the unique structural and kinetic
aspects of elements in the newly discovered
plant G-protein complex, including potential
7TM receptors, effectors, and modulators. In
particular, our intent is to illustrate important
surfaces on the complex that may be vital for
the physical interactions between components
of the complex to be revealed in future studies
that consider genetic approaches designed to
identify the “working parts” and the mechanism of action of the complex writ large.
www.annualreviews.org • Plant G-Protein Complex
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HETEROTRIMER STRUCTURE
The Plant G-Protein Heterotrimer
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As Figure 2 shows, the Gα subunit consists of
an N-terminal helical tail that binds to the Gβ
subunit at a groove, a Ras-like GTPase domain, and an α-helical domain. A guanine nucleotide coordinates with residues lining the
region between these two domains. A single
Gα gene was reported for 3 monocots and 10
dicots (for original citations see Reference 7).
Two Gα genes were reported each for pea and
soybean.
The Gβ subunit acts as a scaffold for interacting with other proteins, including Gα,
in the signal transduction cascade,but, as ﬁrst
deﬁned in yeast, also acts as a predominant
signaling agent. This is also the case in plants.
Only a single gene encoding the Gβ subunit

has been found in all plants except for tobacco,
where three genes for a Gβ subunit have been
found. Gβ subunits have been identiﬁed from
one lower plant, moss, and from 11 higher
plants (for most of the original citations see
Reference 4).
Two genes proposed to encode Gγ
subunits were identiﬁed in Arabidopsis.
Arabidopsis Gγ1 (AGG1) (31) and Arabidopsis Gγ2 (AGG2) (32) were identiﬁed using yeast two-hybrid (Y2H) screens, and
interaction with the Arabidopsis Gβ1 subunit AGB1 was conﬁrmed using in vitro
binding assays. Two sequences annotated
as Gγ subunits from pea, PGG1 and
PGG2, are found in the sequence databases,
but supporting biochemical data verifying
these as Gγ subunits have not yet been
published.

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Figure 2
The plant heterotrimeric G-protein complex. Three views of the heterotrimer (PDB ID 1GP2) are
shown. On the left is the structure of a mammalian complex (27, 45), with the three subunits depicted as
ribbon structures in separate colors. (a) The three main domains for the alpha subunit are indicated as
N-terminal helix, Ras domain, and helical domain. Critical substructures of the Gα subunit for GTP
binding and hydrolysis as well as for interaction with the Gβγ dimer are highlighted and discussed in the
text. Roman numerals mark the position of the three switches. (b) Two views of the heterotrimer with
conserved, variable, and plant-speciﬁc residues are shown as a ribbon/sphere structure for the Gα and
Gγ subunits and as a surface model for the Gβ subunit. Plant residues conserved to the invariant or
class-speciﬁc (see text) values on mammalian G-protein subunits are purple and dark blue spheres on Gα
and Gγ, respectively. This illustrates that residues that are critical for G-protein function and structure
are conserved between plant and animal G proteins. (c) Critical residues in the plant heterotrimeric
G-protein complex. Below are the primary sequences of the α subunit (AtGPA1), β subunit (AtAGB1),
and γ subunit (AtAGG1) of the heterotrimeric G-protein complex in Arabidopsis. The circled numbers
indicate positions of structures and motifs discussed in the text. (1) The myristoylated glycine. (2) A
potential S-acetylated cysteine. (3) Residues shaded in gold contact the Gβγ dimer. (4) These lysines are
potentially sumoylated. (5) P-loop for nucleotide recognition. (6) The green residues are conserved
inserts unique to the plant G-protein subunits. (7) Cholera-toxin-mediated ribosylated cysteine. (8)
Critical threonine residue for Gα and the RGS-box interaction. (9) Switch I residues are underlined. (10)
A mutation to leucine destroys the GTPase activity without disrupting other functions. (11) Glutamic
acid contacts the RGS-box. (12) Switch II residues are underlined. (13) Switch III residues are
underlined. (14) The NKxD motif for guanine recognition. (15) In plants, this residue is not a cysteine,
as found in the mammalian Gαi class; therefore, pertusis toxin may not mediate its ribosylation. (16)
Residues on Gβ (dark blue) contact Gγ. (17) Residues on Gβ (lavender) contact Gα at the switches. (18)
Residues on Gβ (light blue) contact Gα at Gα’s N-terminal helix. These form the groove shown in
Figure 3. (19) The WD motif critical for the 7-bladed β-propeller structure is orange. (20) The gray
residues form the farnesyl pocket on Gβ. (21) These residues are important for hydrophobic contacts
with Gβ; others form the interface. (22) This cysteine is modiﬁed with an isoprenyl group. (23) These
residues (yellow) form hydrogen bonds with residues on Gβ. (24) These red residues form the Gβ and
phosducin interface. Many residues in this interface (K67 , Y69 , W109 , M111 , Y158 , D206 , D250 , and W361 )
also form the Gβ and Gα (switch) interface.
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The ﬁrst subunit interaction to be established, albeit in a Y2H conﬁguration, was
between Arabidopsis Gβ/Gγ1 (31) and was
quickly followed by Gβ/Gγ2 (32). Interaction by Y2H between Gα and Gβ in rice (24)
and in Arabidopsis (10) has been demonstrated.
The formation and subcellular localization of
full G-protein complexes, including the Gα,
Gβ, and Gγ subunits, were probed in rice
cells using various experimental techniques.
All subunits of the G-protein complex were
localized in the plasma membrane fraction using antibodies speciﬁc to each subunit (24).
Antibodies to rice Gγ2 were raised against the

C-terminal, Gγ-like domain, but the protein
isolated in the plasma membrane fraction has a
molecular weight of 18 kDa, compared to the
10 kDa molecular weight of rice Gγ1, consistent with the full-length cDNA sequence
for RGG2. Gel ﬁltration of solubilized membrane proteins showed the presence of large
complexes on the order of 400 kDa containing rice Gα, Gβ, Gγ1, and Gγ2 subunits and
additional unidentiﬁed protein components
(24). Complexes of just the rice Gβ/Gγ1 or
Gβ/Gγ2 dimers were also evident, and in another experiment free Gα subunits were evident when the cells were preincubated with

www.annualreviews.org • Plant G-Protein Complex
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GTPγS. Y2H assays veriﬁed an interaction
between Gα and Gβ and the loss of interaction between constitutively active Gα and
Gβ, whereas coimmunoprecipitation identiﬁed only the interactions between the Gβ and
Gγ subunits (24). In that study, most Gα did
not comigrate with the higher-order complex
containing the Gβγ dimer, suggesting that
Gα is predominantly activated, unlike in animals. An explanation for this unusual behavior
is discussed below.
The presence of two gamma subunit genes
raises the intriguing possibility that functional selectivity for Gβγ dimer signaling
is provided by the Gγ subunit. Consistent
with this is the observation that the two Gγ
genes have non-overlapping expression patterns in tissues that when summed together
cover the expression pattern of the single Gβ
gene in Arabidopsis ( J.G. Chen & J.R. Botella,
unpublished data).
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Conservation of Atomic Interactions
within the G-Protein Complex
Molecular modeling of the Arabidopsis
G-protein complex based on an experimentally determined structure of a mammalian
G-protein complex revealed known atomic
interactions within the mammalian complex
that are conserved in the plant heterotrimeric
complex model (49). Protein-fold recognition
servers identiﬁed the mammalian Gα, Gβ,
and Gγ subunits as the most compatible
templates for the Arabidopsis Gα, Gβ, and
Gγ subunits, and sequence/structure selfcompatibility scores veriﬁed the structural
integrity of the Arabidopsis atomic models.
The G-protein complex subunits, built
individually, assemble into the heterotrimeric
complex in a way that conserves the interactions at the protein-protein interfaces
within the mammalian and Arabidopsis heterotrimeric complex structures (Figure 2).
Four residues that form hydrogen bonds between Gγ and Gβ residues in the mammalian
structures are invariant in Arabidopsis Gγ
proteins (AGG1 E40 , S51 , D66 , N77 ), as are
254
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four residues contributing hydrophobic contacts (AGG1 L37 , P67 , L68 , L69 ). Throughout
this review, the amino acid numbers provided
are based on Arabidopsis G-protein subunits
(Figure 2).

Extant Plant G Proteins Bear Closest
Resemblance to Primordial G
Proteins and Most Ancestral-Like
Interactions
Amino acid residues that are conserved within
all plant Gα subunits can be separated into
two groups based on sequence similarity with
the mammalian Gα subunits. Conserved plant
residues that match the amino acid value in
all mammalian Gα subunits are classiﬁed as
invariant, whereas conserved plant residues
are class-speciﬁc if they match the amino acid
value in at least one, but not all, of the four major Gα classes. Class-distinctive residues are
a subset of class-speciﬁc residues where the
amino acid value in three of the four major Gα
classes is conserved, but retains a distinctive
amino acid value in the remaining class. Classdistinctive residues were identiﬁed for all four
of the major Gα classes using mammalian sequences and then were used to predict the
sequence of the primordial Gα by evaluating the amino acid value retained in plants
and fungi at the class-distinctive positions
(B. Temple & A. Jones, unpublished). This
approached revealed that the plant amino
acid value at class-distinctive positions most
frequently matched the conserved value of
three classes and not the class-distinctive
amino acid value, indicating that the plant
Gα descended from Gα zero, the earliest Gα ancestor to extant Gα proteins.
(Follow the Supplemental Material link
in the online version of this chapter or
at http://www.annualreviews.org/ to view
Supplemental PDF 1.) It was proposed that
Gα evolution along the mammalian lineage
consisted of gene duplications coupled with
random mutations hitting at different residue
positions, but at the same functional regions in
different gene copies. Gene duplication along
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the plant lineage was a relatively rare event,
with most plant species possessing a single
Gα, a single Gβ, and only 2 Gγ subunits.
Similar to plant Gα proteins, plant Gβ and
Gγ subunits contain invariant, class-speciﬁc,
and plant-speciﬁc amino acid residues when
compared to the multigene families of mammalian subunits (see Supplemental PDFs 2
and 3). Thirty Gγ1 amino acid residues out
of a total of 98 residues in Arabidopsis AGG1
are highly conserved within the plant family
(Figure 3), whereas 298 plant Gβ residues
out of a total of 377 residues in Arabidopsis
AGB1 are highly conserved within the plant
family (green residues). The residues conserved in the plant Gγ predominately lie at
the N and C termini, except for a few residues
that contact Gβ in the middle of the protein
(Figures 2 and 3). Of the 30 residues conserved in the plant Gγ, 3 residues are invariant
and 11 show class-speciﬁc conservation between the plant family and the 12 subfamilies
of mammalian Gγ subunits. The remaining
Gγ residues are speciﬁc to the plant family.
Of the 298 residues conserved in the Arabidopsis Gβ, 128 are invariant and 65 show classspeciﬁc conservation between the plant family and the 5 subfamilies of mammalian Gβ
subunits.
The presence of invariant and classspeciﬁc residues in plant Gβ and Gγ subunits suggests that mammalian Gβ and Gγ
classes evolved in a manner similar to the evolution of Gα classes from a single primordial
G-protein complex whose ancient characteristics are still evident in the extant plant Gprotein complex. The combination of gene
duplication, the random mutations in functional regions, and the creation of new functions yielded the diverse set of mammalian G
proteins evident today. Since the split between
the plant and mammalian lineages, higher
plants seem to have diverged only in Gγ
and probably only by a single gene duplication, which stands in contrast to the divergence seen in the mammalian G-protein complex. What has emerged from these types of
analyses is the knowledge that the plant het-

erotrimeric G-protein complex bears the closest resemblance to the primordial G-protein
complex.

The Gα Subunit
Interactions between the Gα subunit and the
Gβγ dimer occur in three regions on the Gα
subunit, the N-terminal helical region, a small
interface at switch I, and an extended interface at switch II. Functional motifs characteristic of a Gα subunit include myristolation
and S-acetylation sites, N- and C-terminal
receptor binding sites, and three switch regions that sense the nucleotide-bound state.
Mutation of the potential myristalization or
S-acetylation motifs shifts localization of Gα
from the plasma membrane to the cytosol (1),
indicating that the plant Gα is plasma membrane delimited by a lipid anchor and that
myristylation or S-acetylated alone is insufﬁcient to direct GPA1 to the membrane. The
P-loop (G45 AGESGKS) for NTP binding,
the DxxGQ motif (D218 VGGQ) for GTP hydrolysis, and the NKxD motif (N287 KFD) for
guanine recognition are all conserved in plant
Gαs. Mutation of Q222 → L yields a constitutively active (GTPAse dead) variant that has
proven invaluable for dissecting the function
of the activated Gα (11, 18, 24, 26, 38). The
switch I target Arg target (R190 ) for choleratoxin-mediated ribosylation is conserved, but
the C-terminal cysteine ribosylation target,
conserved in Gαi subfamily members, is not
present in plants, therefore calling into question the interpretation of the large number of
published conclusions based on pertusis toxin
sensitivity as a diagnostic for plant G-protein
action in various physiologies.
Signiﬁcant functional divergence has
probably occurred within the plant Gαprotein family, as deduced from the sequence
dissimilarity occurring in regions of the protein associated with particular functions. For
example, the C terminus of most plant subunits shows sequence similarity to mammalian
Gα proteins, especially the G(i) and G(o)
families. This region is known for imparting
www.annualreviews.org • Plant G-Protein Complex
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receptor and effector speciﬁcity (33). The
monocot cereals (wheat, rice, and barley) have
a plant-speciﬁc variation in this critical functional region of the Gα protein that may have
led to loss of the associated functionalities (see
Supplemental PDF 4).
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To date, seven noncanonical, extra-large
GTP bindingproteins (XLG) were identiﬁed
in plants, three in Arabidopsis (29), and four in
rice. Six of the seven XLGs range are 800–900
residues in length and one rice XLG is much
shorter at 538 residues (see Supplemental
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PDF 5). All seven XLGs share signiﬁcant sequence similiarity over the C-terminal 633
residues, with the last 414 C-terminal residues
being recognized as a variant of a Gα domain. Sequence identity within the Gα domain among the seven plant XLGs is 47% on
average, but the AtXLG1 Gα domain only
shares 29% identity with AtGPA1. Not all
functional motifs are equally conserved within
the Gα−like domain of the XLGs. The Ploop shows some variation from the canonical
form of [A or G]-x-x-x-x-G-K-[S or T] to a
form G-x-x-x-x-G-T-S in the XLG in four of
the XLGs, including AtXLG1, which binds
GTP (29). The NKxD motif is invariant in
all XLGs except for one rice XLG protein
and AtXLG2, where it has become TKxD.
All three switches in the XLGs show significant modiﬁcation from the canonical form.
Switch I has a 15-residue insert in the middle, and shows little sequence conservation to
the canonical form. Switch II of the XLGs
has a single-residue insert in the middle of a
highly conserved region and otherwise shows
signiﬁcant divergence in sequence. Similarly,
switch III is quite divergent from the canonical switch III and has undergone both deletions and mutations depending on the particular XLG. Given the signiﬁcant modiﬁcations
found in the switch regions, it is not surprising that an interaction between the XLG and
AtAGB1, or any Gα effector that binds the
switch region, has not yet been detected (L.
Ding, & S.M. Assmann, unpublished). In the
plant XLGs, these three regions show signiﬁcant diversiﬁcation and extra-large speciﬁc in-

serts, leading us to conclude that it is not likely
that these extra-large plant proteins interact
with the Gβγ dimer in a traditional fashion,
if at all.

The Gβ Subunit
At the N terminus of the Gβ subunit
is a helical structure that forms a coiledcoil/hydrophobic interaction with the Gγ
subunit that is essentially irreversible under nondenaturing conditions. The remaining residues form a seven-bladed propeller
structure from repeating units that are called
WD40 repeat motifs. The Gα N-terminal
helix binds into a groove on the side of the
β propeller while the Ras-like and helical
domains bind to the top surface of the Gβ
propeller (Figure 3b). Besides nucleotidedependent binding with Gα, Gβ contains
conserved interfaces for other elements of the
heterotrimeric complex.
Phosducin is one such Gβγ interactor and
is involved in sequestering the Gβγ dimer in
mammals, thus inhibiting signaling through
Gβγ or enhancing signaling through Gα (44).
Arabidopsis appears to have one phosducinlike gene (At5g14240) that is approximately
50% similar in sequence to animal phosducin (see Supplemental PDF 6). Conserved
residues are shown in Figure 3d. Plant Gβγ
dimers share signiﬁcant sequence similarity
with the conserved phosducin/Gβγ interface in the mammalian complex and with
the regions of the mammalian Gβγ that undergo conformational changes on binding

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 3
Components of the plant G-protein complex. (a) The Gα subunit (AtGPA1) is shown in two views
indicating the three main domains. Note that the plant residues form patches on the surface suggestive of
an interface between Gα and effector(s). (b) Two views of the Gβγ dimer are shown. The pocket that
interfaces with the N-terminal α helix of Gα is shown. For the Gγ subunit, the yellow residues that
largely form the interface between Gβ and Gγ are invariant and class-speciﬁc (see text) between plants
and mammals whereas dark blue residues are plant-speciﬁc. (c) The RGS-box [PDB ID 1AGR (47)] is
shown with Gα. A critical residue (T194 ) is discussed in the text. (d) Phosducin [PDB ID IA0R (30)] is
docked to the Gβγ dimer. Phosducin has two domains and both interact with Gβγ along an extended
interface. Residues that are conserved between plants and animals are indicated. Residues on Gβ that
form the farnesyl-binding pocket described in the text are also shown, as is the farnesyl lipid.
www.annualreviews.org • Plant G-Protein Complex
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phosducin. Phosducin consists of two domains, an N-terminal helical domain and
a C-terminal thioredoxin-like domain that
bind independently to Gβγ (6, 30). Most
of the contact residues between phosducin
and Gβγ are conserved to the mammalian
residue in the putative plant phosducin. An
X-ray crystal structure of the mammalian
phosducin/Gβ1γ1 complex showed the farnesyl moiety of an intact Gγ buried in a cavity of the Gβ subunit that was formed by
conformational changes upon binding phosducin (30). Burying the farnesyl moiety within
the Gβ-propeller structure results in a signal transduction cascade that is turned off by
sequestration of Gβγ to the cytosol. Loew
et al. (30) identiﬁed residues that formed the
binding pocket and residues that underwent
conformational change upon binding phosducin, which all lie in the C-terminal 35
amino acids of Gβ (Figure 3d ). Myung &
Garrison (37) mutated these residues along
with several of the residues in the region undergoing conformational change and measured reduced activation of PLCβ and type
II adenylyl cyclase (37). Sequence similarity comparisons between the plant Gβγ and
the mammalian Gβγ suggest the farnesyl
binding pocket is present and conserved in
plants, and many elements of the mammalian
phosducin/Gβγ interface are also present and
conserved in plants. Of the six residues identiﬁed as forming the farnesyl pocket, four
are invariant between plants and mammals
(T358 , S360 , K366 , W368 in AGB1), one is a
conservative substitution (V→I344 in AGB1),
and one is not conserved between plants and
mammals (F→N364 in AGB1). In addition,
two residues critical for phosducin-induced
conformational change (37) are also invariant between plants and mammals (H340 , R343
in AGB1). The interface between phosducin
and Gβγ is extensive, with many residues
throughout the interface invariant or similar between plants and mammals (Figure 2b).
Much of this interface overlaps precisely with
the Gα-Gβ switch interface. Although an interaction between plant phosducin and plant
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Gβγ has not yet been shown, a reasonable hypothesis is that the phosducin/Gβγ interaction with induced conformational change and
buried farnesyl moiety will be found in plants,
and that it is a primordial interaction, existing
at the time of the split between mammalian
and plant lineages.

The Gγ Subunits
Arabidopsis has two Gγ subunits. Molecular
masses for both Gγ subunits were on the order
of 11 kDa and both contained a C-terminal
CAAX-box for isoprenyl modiﬁcation and
an N-terminal α-helical coiled-coil domain
for interactions with Gβ subunits. Rice Gγ1
(RGG1) has a molecular mass of 10.5 kDa and
the expected C-terminal CAAX-box. In contrast, rice Gγ2 (RGG2) (24) has a signiﬁcantly
larger molecular weight of 16.9 kDa, with a
Gγ subunit-like domain located at the C terminus and an extra 57 amino acid residues
at the N terminus. In addition, RGG2 lacks
the C-terminal CaaX motif. Mammalian Gβγ
dimers have differing abilities to regulate effectors and the speciﬁcity for this regulation
resides in the structural requisites of the N and
C termini. Except for contact residues, plant
Gγ proteins show extensive conservation only
in these two regions. Finally, Gγ uses a DPLL
motif that serves as an important hydrophobic
contact to Gβ (Figures 2b and 3b).

THE UNUSUAL PROPERTIES
OF THE PLANT G-PROTEIN
COMPLEX
Kinetic Properties of Gα
The ﬁrst demonstration showing GTPAse activity of a plant Gα was with a recombinant tomato Gα subunit (2). More recently,
a detailed kinetic analysis found that AtGPA1
has one of the slowest GTPAse activities described (Kcat = 0.12 s−1 ) (55; C. Johnston &
F. S. Willard, unpublished data). Moreover,
guanine-nucleotide exchange for the plant
Gα, AtGPA1 (more speciﬁcally the GDP
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release, which is the limiting step in all previously described, nonplant Gα subunits), is the
fastest among all Gα subunits. Fast release of
GDP and fast loading of GTP onto AtGPA1,
coupled with a poor ability to hydrolyze that
nucleotide, indicate that AtGPA1, and most
likely all plant Gαs, are in the activated state
by default. Indeed, when modeled using the
in vitro rate constants, 99% of AtGPA1 is
loaded with GTP at steady state. This is in
stark contrast to the situation with animal Gα
subunits where the amount of GTP-loaded
Gα is typically below 10%. Since the limiting
step of the guanine-nucleotide cycle in animals is GDP release, GPCRs solved the problem by acting as ligand-regulated GEFs (46).
However, in Arabidopsis, it is the GAP activity that limits nucleotide cycling, which raises
the question of whether plant cells have 7TM
proteins that behave as GEFs. As a corollary,
this unusual property suggests that plants have
ligand-regulated GAPS. In other words, the
central question is whether the regulation of
nucleotide cycling in plants is backward to the
well-described model for animals?
The structural basis for this unique property is unknown but of high interest as it concerns the mechanism of some fascinating endocrine diseases (19). Few mutations decrease
the afﬁnity of GDP to Gα, but mutations in
the C terminus reveal a role for these residues
in stabilizing the bound nucleotides (42). In
particular, a C325A mutation in the Gαi class
decreased the afﬁnity of GDP to Gα by tenfold (48). Although this region of plant Gαs is
highly conserved, the corresponding position
in plants is a threonine.

RGS1, a Potential Ligand-Activated
GAP
Paradoxically, it appears that the default state
of Gα is the activated GTP-bound form.
The discovery of an unusual RGS1 protein
in Arabidopsis provided the missing piece to
this strange puzzle. The 2003 discovery of
AtRGS1 by Chen and coworkers (11) introduced a hybrid protein with an RGS-box

coupled to a predicted 7TM domain unlike
any known RGS protein (11). The 7TM domain of AtRGS1 does not share signiﬁcant
sequence similarity to known plant or animal proteins. Unlike for most animal GPCRs,
the third intracellular loop of AtRGS1, which
is critical for G-protein coupling in animal
GPCRs, is extremely short, thus challenging a GEF functional role for AtRGS1. The
hybrid nature of AtRGS1 prompts the obvious questions: Is AtRGS1 a GEF, a GAP,
or both? Does AtRGS1 have a ligand and
does this ligand regulate one or both activities? AtRGS1 interacts with AtGPA1 in vitro
and in vivo (11). GAP activity of the RGSbox, located in the amino acid C-terminal domain, was shown biochemically and the fulllength AtRGS1 was shown to behave as an
RGS1 in vivo both by biochemical and genetic approaches (11). The 248-amino acid
N-terminal half of AtRGS1 strongly predicts
7TM spans, but this has yet to be biochemically conﬁrmed.
The ubiquity of AtRGS1 is still unclear.
To date, no obvious nonplant RGS1 homolog
has been reported, nor has a full-length RGS1
plant homolog other than Arabidopsis been reported, although ESTs from 12 crop species
with partial overlap with the AtRGS1 RGSbox, the 7TM, or both are in the Phytome
database (http://www.phytome.org) at the
time of this writing. A plant RGS protein lacking the 7TM domain appears to be encoded in
the Medicago trunculata genome (Barrel medic:
UniProt ID: Q1T3 × 1 MEDTR; submitted
to sequence databases March 2006), and thus
it is not clear whether AtRGS1 is unique to
a particular group of plants. The Medicago
RGS-protein homolog shares 60% sequence
identity to the RGS-box of AtRGS1.
In animals the RGS domain forms a helical bundle that directly interacts predominately with the three switches in Gα—the
regions undergoing the largest conformational change during GTP hydrolysis—and
binds with highest afﬁnity to the transition
state for GTP hydrolysis (13, 47). The most
extensive contacts between RGS4 and Giα1 in
www.annualreviews.org • Plant G-Protein Complex
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switches I and II are predominately conserved
between plants and animals (Figure 3c) Threonine194 in AtGPA1 is invariant with a critical residue in the mammalian Gα subunits
that makes extensive contact with the RGS
domains. This threonine is conserved in all
mammalian Gα subunits except for the Gs
and G12 classes, which have not yet been reported to bind RGS domains. Interestingly,
T194 is invariant in all plant Gα subunits except for rice, wheat, and barley. Three of the
seven contacts to this threonine are conserved
in the two plant RGS-boxes. Similarly, switch
II residues Q222 and E225 in AtGPA1 are invariant in plants and invariant with the corresponding two residues in mammals that lie at
the RGS/Gα interface.
By analogy to animal GPCRs, the 7TM
domain of AtRGS1 suggests receptor function. Clues to the identity of the presumed
ligand come from detailed studies of mutants lacking AtRGS1 and its cognate heterotrimeric subunits (7, 8, 11, 12). Arabidopsis
seedlings lacking AtRGS1 have altered sensitivities to both ABA and to d-glucose, two
plant hormones that may share substantial signal transduction elements. Altered sensitivity
as opposed to a complete lack of perception
suggests that loss of AtRGS1 confers a loss

G-PROTEIN-COUPLED SIGNALING IN
ANIMALS VS. PLANTS
In metazoans, there are dozens of effectors and a thousand
GPCRs. Adenyl cyclase (AC) and phospholipase Cβ (PLCβ)
are the most utilized effectors in animals, but plants lack a
canonical AC and PLCβ and do not harbor other obvious
homologs of animal effectors such as G-protein inwardlyrectifying potassium channels or modiﬁers such as arrestin
and GPCR kinases. Moreover, none of the known plant 7TM
proteins share enough sequence homology to animal GPCR to
suggest relatedness. Clearly, although both animals and plants
contain the nexus heterotrimeric G-protein complex, the signaling pathways of the two kingdoms are otherwise greatly
divergent above and below this signaling node.
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in GAP function rather than receptor-GEF
function.

Are There Other 7-Transmembrane
Proteins in the G-Protein Complex?
In humans, GPCRs constitute a superfamily of 7TM proteins that can typically be
subdivided into ﬁve subfamilies based on sequence similarities and shared topologies.
However, the overall conservation between,
and to some extent even within, the subfamilies is low (43). Consequently, divergent
GPCRs have been difﬁcult to identify. Divergent GPCRs in anthropoda were predicted
using vertebrate GPCR-protein models and
an alignment-based algorithm (17, 25, 35),
but this approach was not successful with
Arabidopsis ( J. Kim, S.M. Assmann & A.M.
Jones, unpublished). Recently, Moriyama and
coworkers (36) developed a tool to ﬁnd highly
divergent GPCR candidates using multiple
nonalignment approaches (25, 36), retrieving 394 Arabidopsis protein sequences (see
Supplemental Table 1). This list includes
all of the 22 previously reported 7TM proteins, suggesting that the candidate list may be
near saturation. Speciﬁcally, this new bioinformative tool retrieved RGS1 (11), 15 proteins called MLOs (14), and GCR1 (23). Note
that among these candidate plant GPCRs,
only Arabidopsis GCR1 shares similarity, albeit weak, to any known GPCR—speciﬁcally,
the cyclic AMP receptor (CAR1) found in
the slime mold and the Class B Secretin family GPCRs (22, 23). Restricting candidates in
this list to those predicted to have only seven
membrane spans with the amino terminus located on the extracellular face of the membrane culls the candidate list down to only 54
proteins. This stringent list contains GCR1,
AtRGS1, and seven of the 15 MLOs. To summarize, 7TM proteins, potential GPCRs, are
an ancient protein type with low complexity
in plants (15).
To date, only two of these 7TM proteins,
namely GCR1 and AtRGS1, have been shown
to physically interact with a plant Gα subunit.
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This was done using both Y2H assays and
by immunoprecipitation from plant extracts
(11, 39). Note, however, that GCR1 has both
AtGPA1-dependent and -independent roles
(9, 40).
AtRGS1 has been shown to interact genetically with AtGPA1 in Arabidopsis and via
genetic complementation in yeast (11). Using
Förster resonance energy transfer to detect
proximity in vivo, we showed that AtGPA1CFP donor complexes with an AtRGS1-YFP
receiver in a d-glucose-driven manner ( J.P.
Taylor & A. M. Jones, unpublished data).
Furthermore, overexpression phenotypes for
AtRGS require AtGPA1 (A.M. Jones, unpublished), and rgs1 loss-of-function phenotypes are recapitulated by overexpression of a
GTPase-dead Gα, AtGPA(Q222L) , suggesting
that the sole function of AtRGS1 is to regulate the active state of Gα.

Other Unusual Components
of the G-Protein Complex
Besides AtRGS1, and most likely, GCR1, only
a few other proteins are suspected to complex with the heterotrimer or its subunits.
In some cases, these proteins interact preferentially with the activated state of Gα, but
GAP activity for any plant protein other than
AtRGS1 has not been shown; consequently,
these interactors are not yet designated as
G-protein effectors. For example, a cupindomain protein-designated pirin (PRN1) was
proposed to be a Gα interactor based on Y2H
results (28). The site of interaction between
the two proteins was not localized beyond the
notation that the cupin domain of AtPirin1
was not required for the interaction. In addition, no preference was detected for either
the active (GTP-bound) or inactive (GDPbound) state of AtGPA1. Although in vivo
interactions have yet to be shown, prn1 lossof-function mutations confer some of the phenotypes known of gpa1 null mutations, albeit
epistasis has not yet been determined. The
biochemical function of PRN1 is unknown.
A second potential AtGPA1 interactor that

came from the Y2H screen described above
was prephenate dehydratase (PD1), a cytosolic enzyme involved in blue-light regulation of
the shikimate pathway. Warpeha and coworkers (53) propose that the G-protein complex
contains GCR1, PD1, PRN1, and AtGPA1,
and that GCR1 may be the GPCR for blue
light and/or ABA. GEF activity for GCR1 has
not been demonstrated.
THF1 was found to interact in a Y2H
conﬁguration, in vitro, and in vivo in plant
cells with the activated form of AtGPA1 (18).
THF1 is a protein located on the outer membrane of plastids, including non-amyoplasts
of root cells. Loss-of-function thf1 mutations
confer several of the sugar-related phenotypes of rgs1 and GTPase-deﬁcient AtGPA1
plants, indicating that THF1 genetically interacts with GPA1. Further support comes
from the observation that null mutations of
thf1 are epistatic to null mutations of gpa1.
THF1 has one, possibly two, plastid membrane spans. The cytosolic, C-terminal region
of THF1 contains the AtGPA1 interaction interface. THF1 is required for proper membrane formation (51), which prompted the
suggestion that THF1 is involved in trafﬁcking the sugar-activated heterotrimeric complex, including AtRGS1.
Perhaps the best-characterized potential
effector to date is phospholipase D alpha
1 (PLDα1). Zhao & Wang (56) used in
vitro coimmunoprecipitation between recombinant PLDα1 and wild-type and mutated AtGPA1 to conclude that these proteins interact speciﬁcally at an interface comprised of
a so-called DRY motif on PLDα1. DRY motifs can be found on some 7TM GPCRs in the
third internal loop and are important for physical coupling between receptor and Gα. The
interaction between PLDα1 and AtGPA1 is
nucleotide dependent, with PLDα1 exhibiting a preference for the GDP-bound state
and GTP inhibiting the interaction between
the two proteins. Interaction between AtGPA1 and PLDa1 was conﬁrmed by isothermal titration calorimetry. However, mutation of the DRY motif reduced the afﬁnity
www.annualreviews.org • Plant G-Protein Complex
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approximately 150-fold (34). Finally, PLDα1
also exhibited some GAP activity toward AtGPA1, fulﬁlling the second criterion for effector function.
A number of other candidate components
of the complex have been proposed. However,
direct physical interaction between these proteins has not yet been demonstrated. For example, indirect evidence suggests that plant
Gα may interact with ion channels (2, 52) and
phospholipase C (3). The Gβγ dimer interacts genetically with a Golgi-localized hexose
transporter (50).

Why is the G-Protein Repertoire
So Simple?: A Speculation
Remarkably, the plant heterotrimeric complex has changed little over the past 1.6 billion
years since plants and animals diverged. The
fact that just one or two possible plant complexes compared to the thousands found in

metazoans begs the following question: Why
did plants keep it simple? One likely scenario
is that evolution of this signaling pathway
was originally constrained, but at some point
prior to the radiation of the metazoans this
constraint was lost. We need only to look at
the differences in structure and function of
the complex between plants and metazoans
to speculate. The original Gα came on the
scene as a constitutive activator (always on) of
some function, and later regulation of its activated state occurred with the acquisition of a
glucose-regulated GAP, a primitive sugar receptor. This bipartite molecule acted on the
primitive complex and it was not until this
gene split and gave rise to the progenitors
of extant animal GPCRs and the opposing
cytosolic RGS1 proteins that this evolutionary constraint was released. This gene may
not have occured in the plant lineage (certainly not in Arabidopsis) and thus the extant
G-protein signal pathway remains ancient.

SUMMARY POINTS
1. Plants have a simple repertoire of canonical heterotrimeric G-protein complexes and
associated elements, with most plants having only two possible heterotrimers despite
what their possible involvement in many signal networks.
2. The extant plant heterotrimeric complex approximates the structure of the primordial
complex and therefore likely serves the primordial function.
3. The kinetic properties for guanine-nucleotide cycling in the plant heterotrimeric
complex suggest that GAP activity, and not GDP dissociation, are rate limiting. This
is in opposition to the case of metazoan G proteins.
4. Regulated GAP function in Arabidopsis probably occurs via an unusual RGS1 protein.

FUTURE DIRECTIONS FOR PLANT G-PROTEIN RESEARCH
AND ITS ANTICIPATED IMPACT ON THE FIELD IN GENERAL
There are several reasons why Arabidopsis is a model system for studying signal
transduction that utilizes the heterotrimeric G-protein complex: (a) Plants, particularly Arabidopsis, have few heterotrimeric G-protein complexes, (b) genetic manipulation of Arabidopsis is fast, and (c) loss of function of the key elements known so far in
G-protein cycling do not confer developmental defects. The latter point should not be
understated as it means that, unlike for so many other gene knockouts, it is still possible
to study G-protein signal transduction through a genetic approach because Arabidopsis
plants lacking G proteins appear normal.
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However, if plants are the next model system, we must ask if our knowledge of plant
G-protein signaling can be extrapolated to the complex G-protein networks used by
metazoans? Indeed, because it appears that the primordial functions of G-protein signaling are found in plants, we can determine what the basic connectivities are and how
they occur so as to map these to surfaces of the complex and learn how these surfaces
are used in higher-order heterotrimeric complexes.
We urgently need to know answers to the following key questions:
1. What is the entire repertoire of proteins that physically interact with the complex and
its dissociated components?

Annu. Rev. Plant Biol. 2007.58. Downloaded from arjournals.annualreviews.org
by University of British Columbia Library on 01/31/07. For personal use only.

2. What is the precise structure of the plant heterotrimer and Gα and the Gβγ dimer
interacting with RGS1 and its respective effectors?
3. What are the roles of 7TM proteins, if any, in plant G-protein signaling?
4. Is nucleotide cycling in plants regulated by receptor GAPs?
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