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A sweet cycle for Arabidopsis G-proteins
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Heterotrimeric G-proteins are a class of signal transduction
proteins highly conserved throughout evolution that serve as
dynamic molecular switches regulating the intracellular commu-
nication initiated by extracellular signals including sensory
information. This property is achieved by a guanine nucleotide
cycle wherein the inactive, signaling-incompetent Go. subunit is
normally bound to GDP; activation to signaling-competent Go.
occurs through the exchange of GDP for GTP (typically catalyzed
via seven-transmembrane domain G-protein coupled receptors
[GPCRs]), which dissociates the GBy dimer from Go..GTP and
initiates signal transduction. The hydrolysis of GTD, greatly accel-
erated by “Regulator of G-protein Signaling” (RGS) proteins,
returns GO to its inactive GDP-bound form and terminates
signaling. Through extensive characterization of mammalian Go.
isoforms, the rate-limiting step in this cycle is currently consid-
ered to be the GDP/GTP exchange rate, which can be orders of
magnitude slower than the GTP hydrolysis rate. However, we have
recently demonstrated that, in Arabidopsis, the guanine nucleotide
cycle appears to be limited by the rate of GTP hydrolysis rather
than nucleotide exchange. This finding has important implications
for the mechanism of sugar sensing in Arabidopsis. We also discuss
these data on Arabidopsis G-protein nucleotide cycling in rela-
tion to recent reports of putative plant GPCRs and heterotrimeric
G-protein effectors in Arabidopsis.

Canonical and Unusual GTPase Cycles

G-protein coupled receptors (GPCRs) normally serve as cata-
lytic activators of heterotrimeric G-proteins (Goy) by exchanging
GTP for the bound GDP on the Ga subunit. This guanine nucle-
otide exchange factor (GEF) activity of GPCRs is the initial step
in the mammalian G-protein cycle and the resultant separation of
GTP-bound Ga from Gy determines the onset of various intracel-
lular signaling pathways that govern critical physiological responses
to extracellular cues. Heterotrimeric G-proteins also play a critical
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role in both cell-proliferation and glucose-signaling pathways in the
model plant organism Arabidopsis thaliana, which has a single canon-
ical Go subunit (AtGPA1), one GP subunit, and two Gy subunits.!
Currently for Arabidopsis, no bona fide GPCR has been described as
possessing direct guanine nucleotide exchange factor (GEF) activity
for the AtGPA1-containing heterotrimer! (see also the subsequent
section, ‘Do plants have GPCRs?’). However, the Arabidopsis RGS
protein AtRGSI is reminiscent of a GPCR in its protein domain
architecture, consisting of seven transmembrane (TM)-spanning
regions; AtRGS1 is unique in that its 7TM region is followed by an
intracellular C-terminal RGS domain that acts in vitro as a GTPase-
accelerating protein for AtGPAl (a Go. “GAP”; also known as
“GTPase-activating protein” in non-Go.-related contexts) and func-

tions in cell proliferation and sugar-sensing pathways in vivo.>8

Biochemistry of the Arabidopsis G-Protein Cycle

Despite its identification and cloning nearly 20 years ago,’
a biochemical characterization had not been carried out on the
Arabidopsis thaliana G-protein ol subunit AtGPAL. This contrasts
with extensive in vitro enzymological characterizations of mamma-
lian G-proteins.!® Although the rate constants for the guanine
nucleotide cycle differ among Go. subunits, '© a commonality
among all characterized mammalian Got subunits is that the rate-
limiting step of the G-protein cycle is nucleotide exchange and not
GTP hydrolysis.!® This characteristic ensures that GPCR-mediated
GEF activity is the singular determinant for signal onset. This brings
up an interesting technical observation that is pertinent to much
of the interpretations and hypotheses presented subsequently. The
fact that the nucleotide exchange rate can be rate-limiting in the in
vitro G-protein cycle makes it crucial that the nucleotide exchange
rate (measured by quantifying the rate of GDP release or GTPYS
binding) and the catalytic rate of GTP hydrolysis (measured by single
turnover GTPase assay) are both measured.!! The facile assumption
that catalytic and steady state GTPase rate constants are equivalent is
almost never correct with heterotrimeric GTPases.!! This key consid-
eration, although well-known to mammalian G-protein biochemists,
has been generally overlooked by plant G-protein biochemists.

In a recent report, we described the biochemical characteriza-
tion of AtGPA1 with respect to its guanine nucleotide cycle.® In
a surprising twist, AtGPA1 has a nucleotide cycle in which GTP
hydrolysis, rather than nucleotide exchange, is the rate-limiting step.°
Enzymological analysis revealed a rate constant for spontaneous
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Figure 1. Enzymological properties of the Arabidopsis heterotrimeric
G-protein alpha subunit (AtIGPA1) in comparison to human Ga,. (A) GTPYS
binding rafes of AIGPAT and G, were measured using standard meth-
0ds.20 Data were fit using a single exponential function and rate constants
are presented in min. Note: the observed GTPYS binding rate (k) is
equivalent to the rate of GDP release, as GDP release is the rate limiting step
in this process.!! (B) The GTP hydrolysis rates of AIGPA1 and Ga_, were
measured using single turnover GTP hydrolysis”8 (i.e., using Go. subunits
preloaded with [y-32P]GTP). Data were fit using a single exponential function
and rate constants are presented in min'!. (C) Steady state GTP hydrolysis
of 100 nM AIGPA1 was measured using [y-32P]GTP, as described.® AtGPA1
was incubated with either buffer (dotted black line), 250 nM wild-ype
ARGS1 (black line), or 250 nM E320K AIRGS1(grey line). The latter protein
serves as a negative control for this experiment as it harbors a glutamate-320
to lysine (E320K) charge-reversal mutation that cripples RGS domain-medi-
ated GAP activity, as previously described.®”? A general phenomenon of
RGS proteins is that steady state GTPase acceleration cannot be observed in
the absence of a GEF80 as GDP release (not GTP hydrolysis) is rate limiting
step in the G-protein cycle.!! However, in this case, the steady state GTPase
rate of AtGPA1 is greatly accelerated in the presence of AIRRGS1-mediated
GAP activity, highlighting the fact that GDP release is not rate-limiting for
this plant Ga. subunit. Observed rate constants were calculated by linear
regression: AtGPA1 532 cpm/min, + wildtype ARRGS1 9867 cpm/min, +
E320K ARRGS1 579 cpm/min.

nucleotide exchange that is over 20-fold faster for AtGPAI than for
any known mammalian Go subunit (Fig 1A). Moreover, the rate
constant for GTP hydrolysis was found to be over 100-fold slower
than this extremely rapid nucleotide exchange rate (Fig. 1A and B).°
The RGS domain of AtRGS1 was found to potently and robustly
stimulate the relatively slow GTP hydrolysis rate of AtGPA1 (Fig
1C); moreover, the RGS domain-accelerated GTP hydrolysis rate
at steady-state was seen to approximate the single turnover GTP
hydrolysis rate.® All told, our analysis predicts that AtGPA1 is likely
99% bound to GTP at steady-state, which differs significantly
from mammalian Goo (the next-fastest spontaneous exchanger
currently known) that is predicted to be only 10% GTP-loaded at
steady state. One obvious caveat to these results is the finding from
mammalian heterotrimeric G-protein studies that, under certain
conditions, Gy subunits can dampen the spontaneous nucleotide
exchange rate of Go.-GDP!'>!? This process is known as guanine
nucleotide dissociation inhibitor (GDI) activity, and is thought to be
a mechanism by which spontaneous G-protein activity is prevented
in vivo. However, the largest reported magnitude of the GDI effect
exerted by GPy is 5-fold,'? and it would require approximately a
3-order of magnitude larger GDI effect to make nucleotide release
the in vitro rate limiting step for the Arabidopsis AtGPA1.° This is
obviously an issue that needs to be resolved but, for this to happen,
it will require reconstitution of the Arabidopsis heterotrimer with full
post-translational lipid modifications of the Got and Gy moieties.
Moreover, although the biochemical role of GDI activity has been

12-14 even in the

demonstrated in vitro, it has not been shown in vivo,
context of rigorously characterized mammalian signal transduction
paradigms. To achieve such an in vivo demonstration, a mutation

which inhibits GBy-mediated GDI activity, but not other properties
of the heterotrimer, would need to be identified.

Evolutionary Implications of the Arabidopsis G-Protein Cycle

The only other plant G-protein alpha subunit that has been
analyzed biochemically is the rice Go subunit (RGA1), which
appears to have mammalian-like biochemical properties.!>!® RGA1
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was described as having a nucleotide exchange rate of 0.014 min’!

(compare to = 10 min! for AtGPA1) and a steady state GTP hydro-
lysis rate of 0.0075 min"! (compare to = 0.1 min"! for AcGPA1). This
is not surprising as significant sequence and predicted functional
divergence between the Gol subunits of the dicotyledon Arabidopsis
(AtGPAl) and the monocotyledon rice Oryza sativa (RGA1) has
been described.! Thus, it may be that rice has a G-protein cycle more
akin to that of other species containing conventional GPCR GEFs
and RGS protein GAPs. However, the RGA1 nucleotide exchange
kinetic data reported by Seo et al. were obtained using only a rela-
tively small excess of nucleotide to RGA1 (assays were described as
containing 500 ng of RGA1 and 200 nM GTP?S in a final volume
of 200 ul; this equates to 50 nM RGA1 being used with a 4-fold
excess of GTPYS [200 nM]). It would only require a 3-fold change
in either of the two RGA1 rate constants to make GTP hydrolysis
the rate limiting step. Interestingly, Iwasaki and colleagues have also

analyzed the kinetics of RGA1 GTP binding and hydrolysis.!” They
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be determined whether AtXLGs are functional
GTPases. One report claims to show GTP
binding activity by AtXLG1;'? however, [*°S]
GTPyS binding was measured by autoradiog-
raphy following SDS-PAGE. As GTP binding
is non-covalent it is highly unlikely that [*°S]
GTPyS would stay bound during denaturing
gel electrophoresis. It is well accepted that GTP
binding in this context should only be measured
using radioligand binding or fluorescence-based
assays. 13.20

It is noteworthy that eukaryotes exhibit a
diverse repertoire of RGS protein usage. Yeast
typically possess four distinct RGS proteins with
differing domain architectures (Fig 2). In the
case of S. cerevisiae, this set is composed of the
dual DEP domain-containing SST2, the isolated
RGS domain protein RGS2, the predicted three
transmembrane RGS protein RAX1, and the
sorting nexin RGS protein MDM1. However,
Aspergillus nidulans* Magnaporthe grisea,®?!
and several other fungi® appear to contain these
four canonical RGS proteins of yeast, as well
as one or more AtRGSI-orthologous proteins
(Fig 2). We also observed that the protozoan
Trichomonas vaginalis has multiple AtRGS1-

Figure 2. Selected RGS proteins of eukaryotic model organisms. Venn diagram illustrating the
structural classes of RGS proteins identified in eukaryotic model organisms. Protein architecture
schematics highlight the multiple domains found in the RGS proteins of Arabidopsis thaliana,
Saccharomyces cerevisiae, Aspergillus nidulans and Magnaporthe grisea. Indicated are the arche-
typal RGS proteins of Arabidopsis (ARRGS1; GenBank accession, NP_189238) and S. cerevisiae
(top to bottom: SST2; SwissProt accession P11972), Rgs2 (GenBank accession NP_014750), Rax1
(GenBank accession NP_014945), and yeast Mdm1 (GenBank accession NP_013603). Domain
abbreviations: DEP, Dishevelled/EGL-10/pleckstrin homology domain; RGS, regulator of G-protein
signaling domain; PXA, PX-associated domain; PX, p40phox and p47phox homology domain;
SNX, Nexin C domain. Putative transmembrane regions are denoted by pink vertical bars.

found that the rates of GTP binding and hydrolysis were similar (k_
= 0.36 min™! and k. =044 min! at 20°C). Thus, based on their
data, GTP hydrolysis is the rate limiting step in the rice G-protein
cycle. However, it must be noted that the differences between the rate
constant data of Iwasaki!” and Seo'® are 20- to 60-fold. The fact that
the biochemical data of Iwasaki!” and Seo!® are so discordant makes
it difficult to draw confident conclusions about the biochemistry of
rice G-protein signaling.

Although our data with AtGPA1 appear to obviate the need
for GPCR-mediated GEF activity in vivo, this does not explicitly
discount a role for GEFs/GPCRs in Arabidopsis. Arabidopsis and
several other plant species contain multiple ‘extra-large’ G-protein
alpha subunits (XLGs) (refs. 18 and 19, and Willard FS, unpub-
lished data). These proteins contain the all-helical and Ras-like
domains common to Go subunits, but also N-terminal exten-
sions of unknown function. There is some evidence that the three
AtXLGs redundantly regulate root development and sensitivity to
sugars and abscisic acid.'® Intriguingly, these proteins lack a myris-
toylation consensus sequence typical of canonical Go subunits, and
GFP fusions of these proteins localize to the nucleus, rather than
the plasma membrane, of plant cells.!® Furthermore, it remains to
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orthologous proteins,® but we have not yet
identified any canonical RGS proteins in this
organism. These results therefore suggest that
different eukaryotes employ distinctly different
G-protein signaling mechanisms, involving the
use of both 7TM GAPs and 7TM GEFs as
exemplified by some fungal genomes. These data
also suggest that there may be distinct differences
between monocotyledon and dicotyledon plants
in their G-protein signal transduction pathways.
Further comparative functional genomic and physiological studies are
needed to clarify these points; however, interesting observations can
be noted from comparative genomic analyses of RGS proteins. For
instance, the amoeba Dictyostelium discoideum is predicted to have a
wide variety of RGS-domain containing proteins with novel domain
structures (Fig. 3). Assuming these are not sequence annotation
artifacts, these uncharacterized classes of RGS proteins provide an
exciting window into the evolution of eukaryotic G-protein signaling
systems. For example, the Dictyostelium RGS protein RCK1 (Fig.
3 and ref. 22) may be the ancestral homolog of G-protein coupled
receptor kinases, which contain both kinase and RGS domains.??

Insights into the Molecular Basis of Rapid Guanine Nucleotide
Exchange

A multiple sequence alignment between AtGPA1 and mammalian
Go,,, subfamily members shows an overall high degree of amino acid
conservation between these proteins; however, several notable inser-
tions within the longer AtGPA1 primary sequence are apparent (Fig.
4). For example, six polypeptide insertions exist within AtGPA1 (Fig.
4), with one extending the N-terminus (;(RSRHH, ), one extending
the aB/aC loop within the all-helical domain (;,,GRLDYP,,,),
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and four within the Ras-like GTPase fold (,,sKKSGEV,,3,
305EW306 312PVSS5,5 and 55RVDRV, ).

One of these inserts unique to AtGPAl (amino acids
108 KKSGEV,, 5) occurs near the B2/B3 loop. In the crystal-
lographic structures of mammalian Got subunits, this loop
makes several contacts with the C-terminal region of the a5
helix, and evidence suggests these contacts, thought to be
disrupted by binding to activated receptors, are critical for
restricting basal nucleotide exchange.?42¢ Thus, an inser-
tion near the AtGPAI B2/B3 loop may result in disruption
of a5 helix interactions normally found in mammalian Ga
subunits, resulting in enhanced spontaneous nucleotide
exchange of AtGPALI. Single amino acid changes in the 2/
B3 loop are also known to modulate the kinetics of GDP
release. The Goi-transducin $2/B3 loop residue K188, when
mutated to alanine, engenders a 6-fold increase in nucle-
otide exchange.?® Mutation of this residue is predicted to
disrupt a salt-bridge that involves two a5 helix aspartate
residues and stabilizes the conformation of the a5 helix. As
an independent demonstration of the importance of this

Leucine Rich Repeats

3=
1

Ankyrin Repeats

Serine/Threonine Kinase

Figure 3. The predicted RGS proteins of Dictyostelium discodium. Schematic of the
multiple domain-containing RGS proteins of Dictyostelium discoideum (GenBank
accession numbers in parentheses): N1 (Q55613), N2 (Q54MA7), N3 (Q54XJ6),
N4 (Q54LD1), N5 (Q54M81), and RCK1 (XP_64197822). RGS, regulator of
G-protein signaling domain; Kinase, serine/threonine kinase. Leucine rich repeats
are denoted by blue vertical bars. Ankyrin repeats are denoted by green vertical
bars. Note: many of the predicted Dictyostelium discoideum proteins contain poly-
asparagine tracts typical of this genome.8!

salt-bridge, mutation of K192 to alanine in Goi; modestly

increases the GDP release rate of Got, (Fig. 5A). Similarly, mutation
of other amino acid residues (such as F189, K192, 1194, F196),
which stabilize the conformation of the a5 helix, also increase
spontaneous GDP release (as depicted in Fig. 6A).2° In a reciprocal
manner, disruption of 05 helix interactions with $2/B3 regions can
also modulate GDP release. For instance, Phe336, when mutated to
alanine in Go-transducin, results in a >160-fold increase in nucle-
otide exchange.?® Mutation to alanine is predicted to disrupt several
hydrophobic interactions with the $2/B3 region (e.g., residues F189
and F196) thought to stabilize the ground-state or “resting” orienta-
tion of the a5 helix (Fig. 6A). As an independent demonstration of
this interaction, we present data from Go., showing that mutation
of F336 to alanine results in a marked enhancement of spontaneous
GDP release (Fig. 5A). Thus, we conclude that residues in the 2/
B3 region, by virtue of modulating 0.5 helix stability and vice versa,
may also be responsible for the rapid nucleotide exchange kinetics

of AtGPAL.

A second notable insertion in AtGPAl (343RVDRV347; Fig
4) occurs near the 04/B6 loop. This region of Go. has long been
considered a site for receptor/Go interaction critical to G-protein
activation.?’-?? We have recently confirmed the 04/B6 loop as a
critical determinant of Goy, interaction with, and agonist-evoked
activation by, the D2-dopamine receptor.30 Insertion within this
04/B6 loop region of AtGPAL serves as another attractive hypothesis
for conformational differences leading to its enhanced nucleotide
exchange rate.

The conserved Thr-Cys-Ala-Thr motif within the B6/al5 loop
directly contacts GDP and contributes to the spontaneous nucleotide
exchange rate (Fig. 4).3'->3 The canonical amino acid sequence of
the B6/05 loop is TCAT whereas, in AtGPAL, it is TTAL. These
two alterations within this loop most likely weaken interactions with
the purine base of GDP (Fig. 6B). Mutation in the f6/05 loop of
Go, (A366S) has been described in a human clinical population
manifesting in testotoxicosis and pseudohypoparathyroidism.! A

Figure 4. Multiple sequence alignment of AtGPA1 and human (Hs) Ga;;, Gor,, and rod transducin-Ga,,;. Known secondary structure of Go: subunits (o-helices
as bars; B-strands as arrows) is annotated within the Ras-like domain (blue), all-helical domain (yellow), and switch regions (green). Note: several polypeptide
insertions are unique to AIGPA1 (orange boxes). In addition, the canonical TCAT motif within the Bé/a.5 loop (red box) differs within AIGPA1, although gua-
nine base and phosphate contact positions (GAGE and DVGGQ motifs; purple boxes) are completely conserved. Accessions numbers for protein sequences:
AIGPA1 (P18064), Ga,; (P63096), Go,, (PO9471) and Gay, (P11488).
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Figure 5. Effect of mutations in the B2/B3 loop, a5 helix, and the B6/05
loop on the GDP release rate of Ga;. The GDP release rate of wild type and
mutant Gy subunit was measured using [3S]GTPYS radioligand binding,
as described.”® GTPyS binding is an accurate method of measuring GDP
release, given that GDP release is the rate limiting step in the nucleotide
exchange process.!! Data were fit to a single exponential function using
GraphPad PRISM 3.0. Observed rate constants: (A) wild type, 0.036 min’;
K192A, 0.056 min1; F336A, 0.1844 min’! (B) wild type, 0.068 min; 0.16
min'!, A326S. Note: the rate enhancement engendered by the A326S muta-
tion in this experiment was only 3-fold, not the 20-fold previously reported.32
We observed faster GDP release by A326S Go; in some experiments. We
hypothesize that this may be due to the idiosyncratic effects of polyoxyethyl-
ene 10-auryl ether (lubrol) on GDP release, as described.!?

key element of the mechanism of action of this mutation is a 20-fold
increase in the rate of spontaneous GDP release.?! Mutation of the
analogous residue in Goy, (A326S) has also been shown to increase
GDP release by up to 25-fold.?? We have observed analogous results
(Fig. 5B), although with less fold-enhancement of GDP release.
The structure of Go.,; (A326S) has been determined,3? and indeed
interactions between the G-protein and the guanine nucleotide are
altered, including loss of some contacts between the B6/at5 loop and
the guanine base, and creation of new contacts with the nucleotide
and the switch-I residue Arg178 and residues in the P-loop.3

A definitive determination of the mechanistic basis of weak GDP
affinity by AtGPA1 may require high-resolution knowledge of the
structural determinants of AtGPA1 bound to nucleotide. Modeling
the B6/05 loop of AtGPAT onto the crystal structure of Go, reveals
that a T327L mutation (corresponding to Leu356 normally found
in AtGPA1) creates a potentially unproductive steric clash between
the hydrophobic leucine side chain and the guanine ring of GDP.
Moreover, the OG1 oxygen of the T327 side chain within native
Ga,, which perfectly accommodates the GDP molecule, makes a
stabilizing bond with the N1 nitrogen of the purine ring of GDP
(Fig. 6B, not highlighted). The steric clash with GDP that likely
results from the larger side chain of Leu356 within AtGPAI could
theoretically reduce the affinity of GDP and manifest into the higher
spontaneous nucleotide exchange rate observed experimentally. While
other segments of the AtGPA1 sequence could also contribute to the
overall mechanism of enhanced GDP release, the TTAL sequence

Figure 6. Structural analyses of the 0.5 helix and the $6/0.5 loop in the regu-
lation of GDP release. (A) The B6/0.5 loop (red) plays a key role in regulating
the binding and release of GDP (magenta sticks). The B6 strand (green) and
a5 helix (orange) are each thought to regulate the disposition of this loop.
Additionally, the 2/B3 loop (cyan) connecting the 2 and B3 strands (blue)
is thought to indirectly affect GDP release by stabilizing the conformation of
the a5 helix. Several residues governing this interaction in the 2/B3 loop
and a5 helix are shown as sticks. Residues Y320 and T321 in the Bé strand
may also stabilize the basal conformation of the a5 helix. Receptor-mediated
disruption of these regions may ultimately induce a conformational change in
the Bé/a5 loop resulting in the release of GDP (reviewed
in ref. 82). The structural representation was generated

from PDB file: 1BOF.83 (B) Structural representation of
residue T327 in Ga,; highlights the role of B6/a5 loop
in nucleotide exchange. Structure of wild type Go;; (PDB
code: 1BOF)83 illustrates the proximity of the Bé/a5
loop to the bound molecule of GDP (orange spheres).
The highly conserved TCAT motif (green sticks) within
the B6/05 loop positions the T327 side chain (spheres)
directly towards the GDP purine ring. This side chain per-
fectly accommodates the bound GDP molecule, making
several potentially stabilizing contacts (not depicted). (C)
AtGPA1 contains a unique TTAL motif within its B6/a5

loop. A modeled mutation of the TCAT motif within the
Goy,; structure to TTAL as present in AtIGPAT (green and
white sticks) shows that the leucine side chain (spheres;
numbered as in AtGPA1) introduces a likely steric clash
with the GDP molecule. This unproductive orientation of
the B6/05 loop is predicted to reduce the affinity for
GDP binding and result in a faster nucleotide exchange
rate for AIGPA1. The AtGPAT structural model was gen-
erated using the ‘mutagenesis’ function in PyMol (Delano
Scientific; San Carlo, CA, USA). The structure of Ga,
(PDB id 1BOF) was used as the basis for this model and
the indicated residues were mutated in silico to corre-
sponding residues in AtGPAT.
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Figure 7. Saturation binding analysis of the affinity of Mg2+-GTPyS for
AIGPAT. 1 nM AIGPA1 was mixed with various concentrations of [35S]
GTPYS in the presence of 25 mM MgCl,.%”8 Bound GTPYS was quantified by
filtration and liquid scintillation as described.®78 Non-specific binding was
determined in the presence of 100 mM unlabeled GTPyS. Specific binding
was fit to a saturation binding isotherm (Y = Bmax + X / (KD + X)) using
GraphPad PRISM 3.0.

of the B6/0.5 loop, a region implicated in receptor-mediated GDP
release, most likely plays a key role.

We have attempted to measure the affinity of AtGPAl for
GDP, but have been unsuccessful due to the lack of a high specific
activity radioligand and the apparent low affinity of AtGPAI for
GDP (Willard FS, unpublished data). We have, however, been able
to estimate the affinity range of AtGPA1 for Mg?*.GTPyS and,
as in the case of mammalian Gt subunits, this is very tight. For
instance, using 1 nM of AtGPAL1, a K, value of 2 nM was obtained
(Fig. 7); similarly, with 5 nM of AtGPAL1, a K, value of 5 nM was
obtained (Willard FS, unpublished data). These data indicate that
the affinity of AtGPAl for GTPYS is likely sub-nanomolar. The
fact that AtGPA1 has a high affinity for GTPYS could be mistak-
enly interpreted as casting doubt on our data demonstrating that
AtGPA1 has weak affinity for GDP. This, however, would be a falla-
cious argument. Heterotrimeric G-proteins are known to have an
extremely high affinity for the non-physiological, non-hydrolyzable
ligand Mg?*-GTPyS. This affinity is substantially higher than that
of Mgz*-GTP, which in turn is much higher than that for GDP13:32
Thus, rate constants are typically not quantifiable when GTPYS
dissociation is measured for heterotrimeric G-proteins.'>3? In the
presence of millimolar amounts of Mg?*, GTPYS binding is observed
to be essentially irreversible over the stability time-course of the
G-protein alpha subunit.!?

The Physiology of Glucose Sensing by AtRGS1/AtGPA1

Our initial cloning and characterization of AtRGS1 suggested a
unique topology of a 7TM ‘GPCR-like’ conformation with an RGS
domain residing at the intracellular C-terminus.>3%3%> However, the
biochemical function of AtRGS1 (e.g., GEF and/or GAP activities)
remains elusive. Our recent characterization of the AtGPA1 guanine
nucleotide cycle portends a critical function of RGS domain-
mediated GAP activity in proper in vivo signaling. Phenotypic
analyses of Arabidopsis lines expressing a loss-of-function point
mutant of AtRGS1 (E320K, a charge reversal on the predicted
Go interaction surface of the RGS domain) confirmed the impor-
tance of RGS domain-mediated GAP activity to proper sugar
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signaling.® Whereas expression of wild-type AtRGS1 results in
reduced hypocotyl length, AtRGS1(E320K) mutant lines display
normal hypocotyl lengths. Additionally, ACRGS1(E320K) was unable
to rescue ArRGSI-null allele effects on glucose-mediated growth
arrest and also did not exhibit the glucose-hypersensitive phenotype
commonly seen with plants overexpressing wild-type AtRGS1.6
Together with our biochemical analysis of AtGPAI1, these results
highlight that the GAP activity of AtRGS1 is a critical determinant
of Arabidopsis response to environmental glucose, consistent with
the hypothesis that AtRGSI is a glucose-regulated GAP for consti-
tutively GTP-bound AtGPA1. However, the role for heterotrimeric
G-proteins in Arabidopsis signal transduction is multifaceted. The
Arabidopsis G-protein pathway is a crucial regulator of cell prolifera-
tion3¢ and abscisic acid-induced stomatal opening.>” Furthermore,
the Arabidopsis G-protein pathway is also implicated in seed germi-
nation and the unfolded protein response.®383

Sugar Sensing GPCR Systems in Eukaryotes

Nutrient detection is an important cellular function and, in
eukaryotes, multiple independent signal transduction pathways have
evolved for this critical aspect of environmental sensing. However,
several of these pathways have a commonality in being mediated
by heterotrimeric G-protein linked systems (Fig. 8). Sugar sensing
in plants is convoluted, and it appears that multiple pathways are
operant.40 However, the G-protein linked pathway appears to couple
extracellular glucose sensing to the regulation of developmental
processes via AtRGS1,>7 AtGPA1,4" and possibly the AtGPA1
interacting plastid protein THF1.4! Glucose stimulates interactions
between AtRGS1 and AtGPA1,° between AtGPA1°and THF1,4! and
probably between AtGPAL and as yet undefined effector systems to
regulate cellular physiology. Analogous to this Arabidopsis pathway,
S. cerevisiae detects glucose or sucrose via the GPCR GPR1.42 This
receptor has a millimolar affinity for sugars, and activates a signaling
pathway via the heterotrimeric G-protein GPA2, the monomeric
G-protein Ras, the generation of cyclic AMP, and the resultant acti-
vation of PKA.%3 This pathway is involved in nutrient-regulated cell
growth and stress response. In mammals, a functional glucose-sensing
heterodimeric receptor has been described*44¢ that is formed by the
GPCRs T1R2 and T1R3. The T1R2/3 heterodimer is present on
taste cells and detects ingested sugars. This receptor heterodimer is
thought to primarily signal through a G-protein heterotrimer of Got
gustducin/GB;/Gy, ; to activate phospholipase CB2 (PLCB2) and
the TRPMS channel. 447 Peripheral neuronal signals are generated
by this signaling pathway to form the sensation of taste.*#47 Recent
studies have suggested further roles for this conserved signaling
cassette in the detection of nutrients. The T1R2/3 heterodimer,
gustducin, PLCB2, and TRPMS5 are present in the enteroendocrine
cells of the gut.*34? Mice lacking gustducin are deficient in glucose-
induced GLP secretion.®®4? Thus, GPCRs mediate a wide variety
of glucose-dependent physiological responses in multiple organisms,
and appear to be evolutionarily critical in this regard.

Do Plants have G-Protein Coupled Receptors?

As previously described, the first plant heterotrimeric G-protein
was cloned in 1990—a timing essentially coincident with the initial
cloning of Go. subunits from many mammalian species and other
model organisms.9’50 As of 2008, however, no plant GPCR has been
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definitively demonstrated to exist, whereas numerous physiological
and biochemical proofs of GPCR activity exist in mammals, yeast,
flies, fungi and worms.>*>152 Our biochemical data suggest that
a canonical GPCR which catalyzes guanine nucleotide exchange
on AtGPA1-GDP/GPYy is unlikely to exist; however, this does not
deny the possibility of the existence of other membrane receptors
that can modulate G-protein activity either indirectly or directly.
Glucose-modulated GAP activity of the AtRGS]1 receptor would be
a pertinent example of this, for instance.®

A naive participant in the plant G-protein field should be very
circumspect in their analysis of reports purporting to demonstrate
GPCR-like activity by plant proteins, either in vitro or in vivo.
The defining properties of GPCRs are typically two-fold: (1) they
are seven transmembrane spanning (7TM), integral membrane
proteins, and (2) they activate heterotrimeric G-proteins by binding
to Gai-GDP/GPYy and catalyzing the release of GDP. Thus, 7TM
proteins which are physiologically implicated in the G-protein
pathway are not necessarily GPCRs. There are numerous predicted
7TM proteins in plants.* Recently, the Arabidopsis protein GCR2
(G-protein coupled receptor 2) was described as a specific GPCR for
the plant hormone abscisic acid.”?

Identification of GCR2 as a GPCR was based on four lines of
evidence. Firstly, GCR2 was predicted to be a 7TM protein using
bioinformatics.>> However, this data was obtained using algorithms
with 70-90% false positive prediction rates.”* Moreover, it is
apparent that the authors ‘cherry-picked’ the derived transmembrane
domain prediction data to support their hypothesis of 7TM domains
being present in GCR2.% Two independent reports have refuted
the 7TM topology of GCR2.3° Moreover, we have described that
GCR?2 is most likely a plant homolog of cytoplasmic lanthionine
synthetases”® based on sequence homology®” and protein fold
recognition.’® Secondly, the signaling-defective phenotype of GCR2-
deficient plants was reported to support GCR2 as being responsible
for all effects of the hormone abscisic acid (ABA) in Arabidopsis.>?
However, this data could not be repeated by other investigators.?
Thirdly, GCR2 was shown to interact with AtGPA1 using a variety
of techniques.>®> Fourthly, GCR2 was shown to be a stereospecific
receptor for abscisic acid.>> These third and fourth points have yet
to be reproduced by other researchers. Based on the totality of the
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Figure 8. Comparison of GPCR-based sugar sensing in Saccharomyces cer-
evisiae, Arabidopsis thaliana and mammals. (A) A model of sugar sensing
in Saccharomyces cerevisiae.4%.84 Binding of glucose and sucrose to GPR1
leads to activation of the Go. subunit GPA2. Activated Ras and activated
GPA2 bind independently to adenylate cyclase and stimulate its production
of cyclic AMP (cAMP). This second messenger then promotes activation of
the protein kinase A (PKA) tetramer by binding to the regulatory subunits
and promoting dissociation of the complex. (B) A model of sugar sensing
in Arabidopsis thaliana. Binding of glucose to ARRGS1 leads to regulation
of the Go: subunit AIGPAT. GPAT can regulate the plastid protein thylakoid
formation 1 (THF1) 41 and phospholipase D (PLD).”! (C) A model for sugar
sensing in mammals.#”.78 Binding of glucose to type 1 taste GPCRs (T1R)
2 and 3 leads to dissociation of the Ga: subunit gustducin (Ga, ) from the
GB4Y,5 dimer. GB3Y;5 then activates phospholipase Cp2 (PLCB2), which in
turn hydrolyzes phosphatidylinositol bisphosphate (PIP,) into diacylglycerol
(DAG) and inositol trisphosphate (IP5). The latter second messenger activates
IP; receptors (IP4R), which release intracellular Ca?* from privileged cel-
lular stores (such as the ER). Intracellular Ca2* then opens fransient receptor
potential cation channel, subfamily M, member 5 (TRPM5), which leads to
an influx of Na* and depolarization of the cell.

original data presented, and its refutation subsequent to its first
publication, we conclude that GCR2 is not a GPCR, nor a trans-
membrane protein, nor a likely cellular receptor for ABA-induced
physiological responses.>> However, it is possible that GCR2 is
involved in abscisic acid metabolism or synthesis, and this would
account for its observed high affinity binding interactions,’® and the
apparent idiosyncrasies involved in reproducing the physiological
experiments.”

The best GPCR candidate in plants thus far has been the
Arabidopsis protein GCR1 (G-protein coupled receptor 1). GCRI
is a bona fide 7TM protein, with appreciable similarity to the
Dictyostelium cAMP receptor.’® GCR1 has been shown to interact
with AtGPA1, and GCRI-deficient plants are hypersensitive to
abscisic acid.”® However, the role of GCR1 in the Arabidopsis
G-protein signaling pathway is not clear-cut, as GCRI appears to
have multiple functions independent of heterotrimeric G-proteins.*°
Certainly, the data demonstrating physical interaction between
AtGPA1 and GCRI are not definitive.>® Co-immunoprecipitations
using in vitro translated AtGPA1 and GCR1 were used to demon-
strate interaction.’® It is difficult to comprehend how a 7TM protein
such as GCRI can be produced in a functional form using in vitro
translation in the absence of a lipid membrane. The authors used a
rabbit reticulocyte lysate based system (Novagen STP3) which would
most likely need exogenous lipids or microsomal membranes to allow
functional transmembrane protein production.®’%? Similarly, split-
ubiquitin complementation assays were used to show interaction
between AtGPA1 and GCRI in yeast.’” Interaction was observed
between AtGPA1 fused to the C-terminal half of ubiquitin and the
N-terminus of GCRI1 fused to the N-terminal half of ubiquitin.>
These results are hard to understand from a topological standpoint,
given that the N-terminus of GCR1 is predicted to be extracellular®®
yet AtGPAL is an intracellular protein. Thus, at the current juncture,
there does not seem to exist sufficient, compelling data to demon-
strate that a canonical GPCR exists in plants.

G-Protein Effectors in Plants

Another unresolved question in plants relates to the mecha-
nisms by which G-protein signal transduction is mediated directly
proximal to the G-protein. Effector systems in mammals have been
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well characterized biochemically, structurally, and in in vivo settings.
However, little is known about Plantae G-protein effector systems.
Generation of AtGPAl-null alleles in Arabidopsis allowed the
analysis of the role of the G-protein pathways in stomatal opening.’”
Abscisic acid inhibits guard cell K* channels and, consequently,
stomatal opening. ABA sensitivity is lost in AtGPAI-null plants,
suggesting that K* channels could be direct effectors of AtGPA1
or Arabidopsis GPy subunits, similar to how these channels serve
as effectors within mammalian G-protein signaling pathways.37-03
However, ABA inhibition of K* channels is thought to be indirect, as
ABA appears to activate sphingosine kinase to produce sphingosine
1-phosphate, a signaling molecule considered to act upstream of
AtGPA1.%% Thus, it remains to be determined how the Arabidopsis
G-protein pathway directly regulates ion channels. The phospho-
lipase D (PLD) enzymes have long been implicated as possible
effectors of AtGPA1, based on analogy with the mammalian usage
of phospholipase C (PLC) systems.®>°® However, some of the initial
studies on PLD need to be reinterpreted based on our accumulated
knowledge of Arabidopsis G-protein biochemisty. For instance, the
wasp venom peptide mastoparan is frequently used as an ‘activator’
of plant G-protein pathways and, in particular, of PLC and PLD
systems.®” Based on the unique nucleotide biochemistry of AtGPA1
as described above, mastoparan should not appreciably stimulate
guanine nucleotide exchange by AtGPALI as this is not a physiologi-
cally rate-limiting step.® Thus, the use of mastoparan to demonstrate
involvement of heterotrimeric G-proteins in Arabidopsis physi-
ological processes must be reinterpreted. Indeed, this point has been
demonstrated genetically in terms of mastoparan-activated MAPK
activity that is independent of G-protein signaling.®® However, this
does not discount the possibility that mastoparan may still bind to
Gou and thereby elicit protein-protein interactions and/or GTPase
activity. Most likely though, the effects of mastoparan on cellular
systems in plants is mediated via other mechanisms, given that
mastoparan has multiple cellular targets.® Similarly, the use of bacte-
rial toxins such as pertussis and cholera toxins may be misguided as
applied to plant signaling systems. For example, pertussis toxin cata-
lyzes ADP-ribosylation on a conserved C-terminal cysteine residue
of Gou subunits, yet this cysteine residue is not present in plant
G-proteins.””?

Wang and colleagues have investigated PLDol as a putative
AtGPAL1 effector.”! They demonstrate that AtGPA1 directly interacts
with PLDa1 and inhibits PLD catalytic activity.”! The functional
implications of this inhibition have been delineated using PLDo1-
deficient Arabidopsis.”> ABA promotes stomatal closing and this is
mediated by PLD-generated phosphatidic acid which regulates the
protein phosphatase ABI1.”2 ABA also prevents stomatal opening
in an AtGPAl-dependent manner.’” Wang and colleagues present
genetic data consistent with a model in which AtGPA1 binds to
PLD to mediate ABA-induced inhibition of stomatal opening.”?
While the genetic data of Wang and colleagues are compelling, the
biochemical data they provide are less straightforward. They demon-
strate that PLDol binds specifically to the GDP-bound form of
AtGPA1.”! Paradoxically, they also demonstrate that PLDo(1 stimu-
lates the steady state GTPase activity of AtGPA1.”! In light of our
AtGPA1 biochemical data, this latter point is hard to interpret, given
that accelerating steady state GTPase activity requires binding to the
activated (GTP-bound) or transition-state form of AtGPA1.° The
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effect of PLD was only minor: a 30% increase in GTPase activity at a
1:1 molar ratio.”! Further experiments should be done to clarify this
supposed GAP activity of PLD. Wang and colleagues further provide
an predicted molecular mechanism for AtGPA1/PLDol interac-
tion by identifying a GPCR-like DRY motif in PLDo1 that, when
mutated, abrogates this protein-protein interaction.”! The DRY
motif in GPCRs is a crucial structural element that exists at the trans-
membrane helix II/intracellular loop interface involved in mediating
contact between the receptor and G-protein.”> Wang and colleagues
provide a sequence alignment purporting to show high sequence
homology between PLDol and the second intracellular loop of
chicken rhodopsin.”! However, it appears that they have misanno-
tated these features and we present a corrected version in Figure 9.
The PLDal ‘DRY’ motif occurs within a predicted loop within the
PLD catalytic domain (Fig. 9 and ref. 74). Thus, it is conceivable
that a binding interaction at this site, essentially within the catalytic
domain, would modulate PLD enzyme activity. However, classifica-
tion of this as a bona fide “DRY motif” is misleading to the GPCR
literature at-large, especially as the hydrophobic region downstream
of these three amino acids in PLD is conserved through to bacterial
phospholipases, whereas GPCRs are a eukaryotic-specific protein
family.”> Hence, these should be considered evolutionarily- and
functionally-distinct motifs.

Conclusion

Unlike its mammalian Go counterparts, the Arabidopsis thaliana
AtGPAL1 functions within the confines of a GTP hydrolysis-limited
guanine nucleotide cycle. In mammalian systems, such as the photore-
sponse system within the retina, the GEF activity of agonist-activated
GPCRes is critical for the onset of signal transduction (reviewed in ref.
76) and RGS proteins accelerate the termination of signaling, which
often resets the system for further activation cycles.”” In particular
within the retinal photoresponse system, cGMP-gated ion channels
are constitutively open in the presence of high ¢cGMP levels, undil
a photon activates the GPCR rhodopsin to activate Goi-transducin
that stimulates cGMP phosphodiesterase and thus the destruction of
c¢GMP Thus, light-induced signaling turns off a constitutively-active
signaling system. This is somewhat analogous to the plant system in
which constitutively GTP-bound AtGPAL is turned off in response
to AtRGS1 activation. Sugar-mediated signaling in Arabidopsis,
including hypocotyl development and growth arrest, appears to regu-
late AtGPA1 through an RGS-mediated GAP function of AtRGSI.
The mammalian visual system is optimized to allow sub-second
kinetic resolution; in contrast, the kinetics of Arabidopsis G-protein
signal transduction are likely to be at the other end of the temporal
scale. Plants are sessile and thus interact with and sense their environ-
ment in distinctly different ways than most organisms that possess
G-proteins. Therefore the alternative functional and kinetic usage
of G-protein signaling components by Arabidopsis may indicate a
unique evolutionary adaptation to reflect the life cycle of plants.

Future studies will be needed to resolve in a definitive manner
the molecular determinants of the AtGPAl guanine nucleotide
cycle and the basis for AtRGS1 regulation in response to binding of
o-D-glucose. Similarly, a definitive biochemical analysis of AtGPA1
effectors and regulatory proteins needs to be conducted. These are
great times to be studying G-protein signaling in such a unique
environment.
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Figure 9. Alignment of Arabidopsis phospholipase Da:1 and rhodopsin based on primary sequence and predicted secondary structure elements. Primary
sequences of Arabidopsis PLDo.1 (GenBank accession: NP_188194), chicken rhodopsin (Swiss-Prot accession: P22328), bovine rhodopsin (Swiss-Prot
accession: P02699), and the ostensible ‘Chicken Rhodopsin’ sequence (in italics) described by Zhao and Wang”! were aligned using ClustalW2 (www.
ebi.ac.uk/Tools/clustalw2/index.html; ref. 85) and visualized using BoxShade3.21 (www.ch.embnet.org/software/BOX_form.html). The upper annotation
denotes the predicted secondary structure of AtPLDa.T including 0.2 helix and B3 loop based on the crystal structure of the Samonella PLD ortholog Nuc,”4

as well as inserts unique to Arabidopsis PLDo.1. The lower annotation denotes the secondary structure of bovine rhodopsin based on the crystal structure.8

6

Note: the putative ‘DRY motif’ of Arabidopsis PLDa:1 is predicted to be within a unique loop between the 0.2 helix and B3 loop of this enzyme. Note: the

87.

“chicken rhodopsin’ sequence described by Zhao and Wang”! is significantly different from the published sequence®”; in fact, this rhodopsin sequence
reported by Zhao and Wang appears to be the PLDa.1 sequence but with an ERF tripeptide sequence affixed to the N-terminus. Secondary structure anno-
tation was obtained from ‘author approved’ secondary structure annotations at the PDB (www.rcsb.org/pdb; PDB identifiers Salmonella typhimurium Nuc

1BYS and Bos taurus Rhodopsin PDB: 1F88).
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