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Different lines of evidence suggest that specific events during the cell cycle may be mediated by a heterotrimeric G-protein
activated by a cognate G-protein coupled receptor. However, coupling between the only known G�-subunit of the
heterotrimeric G-protein (GPA1) and the only putative G-protein coupled receptor (GCR1) of plants has never been shown.
Using a variety of approaches, we show here that GCR1-enhanced thymidine incorporation into DNA depends on an
increase in phosphatidylinositol-specific phospholipase C activity and an elevation of inositol 1,4,5-trisphosphate levels in
the cells. Tobacco (Nicotiana tabacum) cells that overexpress either Arabidopsis GCR1 or GPA1 display this phenomenon. We
suggest on the basis of these results that GCR1-controlled events during the cell cycle involve phosphatidylinositol-specific
phospholipase C as an effector of GCR1 and inositol 1,4,5-trisphosphate as a second messenger, and that GCR1 and GPA1
are both involved in this particular signaling pathway.

In animals, G-protein coupled receptors (GPCRs)
are the largest family of cell-surface proteins in-
volved in transmitting signals (e.g. 1% of total genes
in fruitfly [Drosophila melanogaster], 5% of all genes in
Caenorhabditis elegans, and more then 1% of the hu-
man genome). These receptors are activated by a
wide variety of ligands (Marinissen and Gutkind,
2001). Ligand-mediated activation of GPCRs leads to
their interaction with heterotrimeric G-proteins
(composed of an �-, �-, and �-subunit), which un-
dergo conformational changes accompanied by the
exchange of GDP bound to the �-subunit for GTP.
Subsequently, the G�-subunit and the G��-dimer
can enhance or inhibit the activity of downstream
effector molecules, such as adenylate and guanylate
cyclases, phosphodiesterases, phospholipases, phos-
phoinositide kinases, and ion transporters, thereby
activating or inhibiting the production of second
messengers.

In yeast, only two GPCR systems are known: the
pheromone response pathway, and the Glc-sensing
system (Versele et al., 2001). In Arabidopsis, a single
gene, GCR1 (Plakidou-Dymock et al., 1998), encoding
a putative GPCR, has been identified. GCR1 is an
“orphan” receptor because no ligand has been found.
Furthermore, no direct evidence has been found to
date for the coupling of GCR1 to the only prototyp-
ical G�-subunit of heterotrimeric G-protein (GPA1;

Ma et al., 1990) or for the activation of downstream
effector(s).

Pharmacological studies, based on the use of
G-protein activators and inhibitors in plants, have
indicated the possible involvement of heterotrimeric
G-proteins in a variety of processes, including light-
mediated responses, hormone signaling, ion channel
regulation, pathogen resistance, and cell growth (for
review, see Assmann, 2002). Cell cycle regulation
may also be a downstream response of GCR1 or
GPA1 activation. Ullah et al. (2001) examined the role
of GPA1 in cell division in Arabidopsis and tobacco
(Nicotiana tabacum cv Bright Yellow 2 [BY2]) cells.
They isolated two independent T-DNA insertions in
the Arabidopsis GPA1 gene that are null mutations.
Whereas the GPA1-overexpressors have increased
ectopic cell divisions, the gpa1 mutants have reduced
cell division activity during hypocotyl and leaf for-
mation. Moreover, when GPA1 was overexpressed in
tobacco BY2 cells, the progression through the cell
cycle was more rapid. Colucci et al. (2002) obtained
parallel results using synchronized BY2 cells that
overexpressed GCR1, suggesting that both GCR1 and
GPA1 may regulate the same cell cycle events.

In many cellular systems, the role of type C phos-
pholipases has been well established in regulating
cell growth, cell proliferation, cell differentiation, and
metabolism through the synthesis of inositol 1,4,5-
trisphosphate (IP3) and diacylglycerol (DAG;
D’Santos et al., 1998; Yang et al., 2002). IP3 acts as
soluble second messenger to mediate the release of
Ca2� from intracellular stores (Alexandre et al., 1990;
Shears, 1998), whereas DAG remains in the plasma
membrane and transduces signals via the activation
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of protein kinase C (PKC; for review, see Hodgkin et
al., 1998) or is immediately converted into phospha-
tidic acid (PA), another important second messenger
(Munnik, 2001). In plants, several lines of evidence
indicate that phosphatidylinositol-specific phospho-
lipase C (PI-PLC) is involved in a number of cellular
and developmental processes, including stomatal
closure (Staxen et al., 1999), cytoskeleton organiza-
tion (Kovar et al., 2000), and pollen tube growth
(Kost et al., 1999). There is also evidence that PI-PLC
may be implicated in other signaling pathways, such
as those mediated by light, hormones, and stress
(Ettlinger and Lehle, 1988; Hirayama et al., 1995;
Pical et al., 1999; Coursol et al., 2000). The activity of
PI-PLC in plant cells increases in cells treated with
mastoparan and Mas7, two peptides that have a stim-
ulatory effect on most of the heterotrimeric
G-proteins in animal systems (Drobak and Watkins,
1994; Munnik et al., 1998), but it is not clear whether
this is a direct or indirect effect mediated by Ca2�.
Information regarding the molecular components
that regulate PI-PLC in all of these processes remains
obscure.

In this study, we demonstrate that the activation of
Arabidopsis-GCR1 through its overexpression in BY2
cells leads to an increase of PI-PLC activity and to an
increase of the second messenger IP3. Using PI-PLC
specific inhibitors, we observed that the DNA syn-
thesis rate, as measured by thymidine incorporation,
which is increased by GCR1 overexpression, was
dependent on PI-PLC activity both in control and
GCR1-overexpressing cells. We also observed that an
increased total kinase activity was present in GCR1-
overexpressing cells compared with wild type (wt).
Furthermore, we found that PI-PLC activity and IP3
content are higher in BY2 cells overexpressing
Arabidopsis-GPA1 and comparable with those of
GCR1-overexpressing lines. On the basis of these
data, we suggest that GCR1 and GPA1 can both affect
a signal transduction pathway that leads to enhanced
DNA synthesis and that this pathway is mediated by
PI-PLC, an effector of GCR1.

RESULTS AND DISCUSSION

PI-PLC Inhibitor Affects the Rate of DNA Synthesis

To acquire insights into the signal transduction
pathway activated by GCR1 in plant cells, we ana-
lyzed the role of PI-PLC during cell cycle progression
in synchronized BY2 cells, because it is known that in
other systems PLC plays an important role in regu-
lating cell growth and proliferation (Noh et al., 1995;
Yang et al., 2002). Cell cycle progression can be mea-
sured by determining [3H]thymidine incorporation
into nuclear DNA during 30 min at different times
after release of aphidicolin inhibition. Under these
conditions, these cells experience two peaks of DNA
synthesis, at 1 to 2 h and at 14 to 16 h, and we
confirmed our earlier observation (Colucci et al.,

2002) that the peaks of DNA synthesis were more
pronounced in the GCR1-overexpressing cells (Fig.
1A). To look at the role of PI-PLC, we examined the
effect of the PI-PLC inhibitor U73122 on DNA syn-
thesis, because it is known that U73122 inhibits PI-
PLC activity of different types of plant cells, both in
vivo and in vitro (Coursol et al., 2000; Zhang et al.,
2002). U73122 was added to the cells at concentration
of 100 �M, as in other studies with plant cells (Perera
et al., 2001; Takahashi et al., 2001). When the PI-PLC
inhibitor U73122 was added immediately after the
cells were released from the aphidicolin block, the
rate of DNA synthesis during the first peak was
dramatically decreased both in the control and the
GCR1-overexpressing line (Fig. 1B). To measure the
effect of the inhibitor on the second peak of DNA
synthesis, the inhibitor was added 14 h after aphidi-
colin removal. For the second peak, the results (Fig.
1C) show an immediate decay in DNA synthesis after
addition of the inhibitor. The inactive analog of the
inhibitor U73343, used as control, had no effect on
DNA synthesis in the same cells either for the first or
the second peak (data not shown). Therefore, we
conclude from these data that PI-PLC is an important
element in the regulation of DNA synthesis.

These results differ from those reported by Yang et
al. (2002) who found that U73122 completely inhib-
ited stimulated DNA synthesis in human tracheal
smooth muscle cells, but not in control cells. How-
ever, in that system, the control cells were growth-
arrested and confluent with minimal DNA synthesis,

Figure 1. Rates of [3H]thymidine incorporation by synchronized wt
and GCR1-overexpressing BY2 cells during the cell cycle and effect
of the PI-PLC inhibitor, U73122. A, Thymidine incorporation of wt
(white circles) and GCR1-overexpressing (black circles) cells. B and
C, Thymidine incorporation of wt cells, not treated (white circles) or
in the presence of 100 �M U73122 (white squares), and GCR1-
overexpressing cells, also not treated (black circles) or in the pres-
ence of 100 �M U73122 in dimethyl sulfoxide (DMSO; black
squares). The values � SD are means of two independent measure-
ments from a representative experiment.
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whereas the control BY2 cells used in our study
resumed DNA synthesis because they were re-fed
after aphidicolin removal.

PI-PLC Activity and IP3 Levels Are Higher in
GCR1-Overexpressing Cells

From the analysis of this first experiment, we pos-
tulated that PI-PLC may have a key role in DNA
synthesis modulation and may be involved as a
downstream effector in the GCR1-activated pathway.
To test this hypothesis, we compared the activity of
PI-PLC measured in microsomal membrane fractions
derived from wt cells with that measured in analo-
gous preparations derived from two independent
GCR1-overexpressing lines. As shown in Figure 2A,
the enzyme activity was significantly higher in the
GCR1-overexpressing lines compared with wt. To
confirm that the hydrolysis of the substrate phospha-
tidylinositol 4,5-biphosphate was due to the activity
of a PI-PLC enzyme, samples were also incubated in

the presence of U73122 or in the presence of the
inactive analog U73343. The inhibitory effect of
U73122 on PI-PLC activity was evident in all the cell
lines (more pronounced in the two GCR1 lines),
whereas the treatment of the samples with the inac-
tive analog did not affect PI-PLC activity. The partial
inhibition of PLC activity produced by U73122 can be
explained considering that multiple PI-PLC isoforms
have been found in plants (Hartweck et al., 1997),
and they may have different sensitivities to U73122
because they are subject to different mechanisms of
regulation. In fact, in animal cells, U73122 inhibits
specifically only the �-type PI-PLC that are activated
by GPCR/G-protein pathways (Thompson et al.,
1991; Yule and Williams, 1992). Nevertheless, al-
though in plant cells only �-type isoforms have been
found, we cannot exclude that they could be regu-
lated by GPCR-activated pathways, as was shown for
yeast and Dictyostelium discoideum where homolo-
gous �-type isoforms have been found (Drayer and
Van Haastert, 1992; Ansari et al., 1999).

Higher activity of PI-PLC may correspond to
higher levels of the reaction products IP3 and DAG in
the cells. We measured the IP3 content with the ra-
dioimmunoassay (RIA) method in extracts of cells
derived from 4-d-old cultures (one wt and two GCR1
lines) previously treated with the inhibitor for 30
min. As shown in Figure 2B, the amount of IP3 ex-
tracted from the GCR1-overexpressing cells was sig-
nificantly higher than that extracted from wt cells.
This indicates that GCR1-overexpressing cells have a
higher concentration of IP3 in the cytoplasm, due to
an increased activity of the phosphatidylinositol 4,5-
biphosphate2-hydrolyzing enzyme PI-PLC. Using the
ANOVA single factor test with all the measurements,
we found that the differences between the wt and the
GCR1-overexpressing lines were significant, as well
as the effect produced by the inhibitor U73122 on
PI-PLC activity and IP3 content (see figure legend for
details).

To be sure that the differences of PI-PLC activity
and IP3 content between wt and GCR1-overexpressing
lines were truly caused by the overexpression of GCR1
and not due to a different stage of growth of the
cultures, we compared the growth rates of unsynchro-
nized cells by measuring protein accumulation of a wt
culture and a GCR1-overexpressing line during 7 d of
growth. As shown in Figure 3, the rate of protein
accumulation doubled twice during this period, and
the rates of accumulation were similar in the two
cultures, suggesting that the cells were growing at the
same rate. Thus the differences in PI-PLC activity and
IP3 content of the wt and GCR1 lines described above
are not due to a differential rate of growth. Previously,
we showed (Colucci et al., 2002) that GCR1 overex-
pression substantially increases the number of mitotic
figures after 6 to 7 h and 17 to 19 h after the release
from aphidicolin block. Because the control and the
GCR1-overexpressing cells appear to be growing at

Figure 2. PI-PLC activity and IP3 content in wt and GCR1-
overexpressing BY2 cells. A, PI-PLC activity of microsomes. Micro-
somes containing 10 �g of protein from wt (white bars) and two
different GCR1-overexpressing lines (dark bars) were incubated as
indicated. The activity of the enzyme is expressed as picomoles of IP3

produced per microgram of protein per minute. The inhibitor
U73122 was used at 100 �M. The values � SD are means of two
independent measurements from five different experiments. Bars
with different letters are significantly different with P values calcu-
lated through the ANOVA test less than 0.05. B, IP3 content of the
cells. Cell samples (1 mL) of wt (white bars) and two GCR1-
overexpressing lines (dark bars) were treated as indicated and IP3

measured with RIA according to the protocol described in “Materials
and Methods.” The values � SD are means of two independent
measurements from eight different experiments. Bars with different
letters are significantly different with P values calculated through the
ANOVA test less than 0.05.
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the same rate (Fig. 3), we conclude that in these non-
synchronized free-growing cells, other factors that
limit cell multiplication may override the stimulation
by GCR1.

IP3 Levels Are Regulated by GCR1 during the
Cell Cycle

We also investigated the changes in PI-PLC activity
and IP3 content during the cell cycle. Wt and GCR1-
overexpressing cultures were synchronized in
aphidicolin for 24 h, washed, and resuspended in
fresh medium, and each one was divided into two
subcultures, of which, one was used as control and
the other was treated with the PI-PLC inhibitor
U73122. At different times during the first 1.5 h and
from 13.5 to 17 h (periods of time corresponding to
the two peaks of DNA synthesis after the release
from aphidicolin), IP3 was extracted and measured
by RIA. As shown in Figure 4A, the IP3 level signif-
icantly increased from 30 to 60 min after release from
the aphidicolin block in both cell lines, and it reached
a peak at 45 min, about 4-fold higher than the level at
time zero. Moreover, the amounts of IP3 extracted
from the GCR1 samples were significantly higher
than those collected in the wt samples (ANOVA test).
Similar results, obtained from the analysis of the IP3
content associated with the second peak of DNA
synthesis, showed that the maximum increase of IP3
was at 15.5 h, and that the values calculated for the
GCR1-overexpressing line were significantly higher
than those calculated for wt cells (Fig. 4B). Moreover,
the treatment with the inhibitor U73122 reduced sig-
nificantly the IP3 levels in both the wt and the GCR1
samples. These results, taken together with those on
thymidine incorporation, indicate that the levels of
IP3 are regulated during the cell cycle and that higher

levels of IP3 are associated with higher rates of DNA
synthesis.

To confirm these results, we also measured PI-PLC
activity during the first and second peak of DNA
synthesis. The results, shown in Figure 5, A and B,
indicate that the PI-PLC activity is modulated during
the cell cycle and that in the GCR1-overexpressing
line the enzyme is significantly more active, suggest-
ing that the higher levels of IP3 measured are due to
up-regulation of PI-PLC activity produced by GCR1.

Kinase Activity Is Higher in GCR1-Overexpressing Cells

Because it is known from other studies that PI-PLC
leads to the activation of transcription factors through
the regulation of the activity of PKC or other Ca2�-
dependent protein kinases (CDPKs; D’Santos et al.,
1998; Shears, 1998), we investigated whether any ki-
nase activity would be involved in cell cycle regula-
tion in the GCR1-signaling pathway. For this purpose,
we measured the total kinase activity in BY2 cell ex-
tracts derived from wt and GCR1-overexpressing
cells, at different times during the cell cycle, using in
vitro [32P]ATP labeling and histone H1 as substrate.
As shown in Figure 6A, the kinase activity increased

Figure 3. Growth rate of wt and one GCR1-overexpressing culture.
At the indicated times, 1 mL of cells from wt (white circles) and
GCR1-overexpressing line (black circles) was taken from each cul-
ture, and the protein content was measured. The values � SD are
means of six independent measurements from one representative
experiment.

Figure 4. IP3 content variations in synchronized BY2 cells during the
cell cycle. At the times indicated after the removal of aphidicolin,
corresponding to the first peak (A) and second peak (B) of DNA
synthesis, IP3 content was measured by RIA in samples of cells
derived from wt (white circles), wt treated with 100 �M U73122
(white squares), GCR1-overexpressing cells (black circles), and
GCR1-overexpressing cells treated with 100 �M U73122 (black
squares). The values � SD are means of two independent measure-
ments from three different experiments. The differences between wt
and GCR1-overexpressing line and the decreases caused by the
inhibitor were statistically significant (P value calculated by ANOVA
single factor less than 0.05).
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after the aphidicolin removal, and it was significantly
higher in GCR1-overexpressing cells than in wt ones.
These results indicate that kinase activity is up-
regulated during the cell cycle by GCR1.

To study the increased kinase activity observed in
the GCR1 line more closely, we measured the activity
in presence of staurosporin, a broad spectrum kinase
inhibitor, in the presence of the calcium-chelator,
EGTA, and two different concentrations of calcium
(Fig. 6B). Although the staurosporin and EGTA sig-
nificantly inhibited the kinase activity, in the pres-
ence of 1 mm EGTA, calcium restored the activity of
the kinase when added in equal amount to that of
EGTA and further increased this activity when added
in excess (1.1 mm). Although the inhibitory effect of
staurosporin confirmed that protein kinase activity
was responsible of histone phosphorylation, the in-
hibitory effect of EGTA and the stimulatory effect
produced by Ca2� on the kinase activity suggest that
Ca2�-dependent kinases are also involved in the
GCR1-activated pathway that leads to DNA
synthesis.

Analyses of the Arabidopsis genome showed the
presence of 34 CDPK genes that have been implicated
in a number of cellular processes, including metabo-
lism, growth, development, and the stress response
(for review, see Cheng et al., 2002). Although little
information is available regarding their upstream
regulation and their targets, one or more CDPKs may
be involved in cell cycle progression induced by
GCR1. Recently, it was found that in tobacco plants,
CDPK1, which is mainly expressed in meristems,
interacts with a regulatory subunit of the 26S protea-
some and regulates cell division and differentiation
(Hyun-Sook et al., 2002).

Other kinases may also contribute to the increased
activity observed in GCR1-overexpressing cells, be-
cause the reduction caused by EGTA is only partial.
Many different kinases may be up-regulated in the
cells as a result of calcium increase or DAG forma-

Figure 5. PI-PLC activity variations in synchronized BY2 cells during
the cell cycle. At the times indicated after the removal of aphidicolin,
corresponding to the first peak (A) and second peak (B) of DNA
synthesis, PI-PLC activity was measured in microsomal preparations
of cells derived from wt (white circles) and GCR1-overexpressing
samples (black circles). The values � SD are means of two indepen-
dent measurements from three different experiments. The differences
of activity measured in the wt and in the GCR1 samples were
statistically significant, because the P values calculated by ANOVA
single factor for the mean at 45 min and that at 15.5 h were less than
0.05.

Figure 6. Kinase activity on histone H1 in BY2 cells. A, At the times indicated after the removal of aphidicolin, samples of
synchronized cells were taken from wt and GCR1-overexpressing cultures, and kinase activity was assayed in cell extracts
containing 15 �g of total protein. Samples were run on a polyacrylamide gel (top panel) or precipitated with trichloroacetic
acid (TCA), and the radioactivity was measured (bottom panel). Wt, White bars; GCR1, dark bars. B, Kinase activity was
measured in cell extracts, containing 15 �g of total protein, incubated with no treatment (1), 1 �M staurosporin (2), 1 mM

EGTA (3), and 1 mM and 1.1 mM CaCl2 in presence of 1 mM EGTA (4 and 5, respectively). Samples were run on a gel (top
panel) or precipitated with TCA, and the radioactivity was measured (bottom panel). Wt, White bars; GCR1, dark bars.
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tion. DAG is rapidly converted to PA by a DAG
kinase, and PA can activate several different intracel-
lular responses through the activity of protein ki-
nases (for review, see Munnik, 2001).

We also observed that the kinase activity measured
on histone H1 was substantially inhibited by two
different protein kinase A (PKA) inhibitors, cyano-3-
methyllisoquinoline and protein kinase A inhibitor
14–22 amide (data not shown). The significance of
this finding is unknown because no PKA homologs
have been found in plants (Tchieu et al., 2003), and
there is no information on the identity of the tobacco
protein kinases inhibited by these compounds.

GPA1 Induces PI-PLC Activation

Previous studies demonstrated that the overex-
pression of either the Arabidopsis-GPA1 gene (Ullah
et al., 2001) or the Arabidopsis-GCR1 gene (Colucci et
al., 2002) in BY2 cells resulted in an increase in
[3H]thymidine incorporation, suggesting that for this
downstream event GCR1 and GPA1 may be involved
in the same pathway. We therefore determined
whether overexpression of GPA1 had the same effect
as the overexpression of GCR1 on PI-PLC activity
and IP3 levels. The results (Fig. 7, A and B) indicate
that the GPA-overexpressing cells have a greater PI-
PLC activity associated with the microsomal fraction
and a higher IP3 content compared with the wt cells,
effects similar to those observed in the cells overex-
pressing GCR1 (Fig. 2). Also in this case, we com-
pared the growth rate of a wt cell culture with that of
a GPA1-overexpressing culture, and we found that,
during the 7 d examined, the values were comparable
(data not shown). Therefore, we can exclude that the
differences of PI-PLC activity and IP3 content mea-
sured in the wt and GPA1-overexpressing cells were
due to different stages of growth.

On this basis, we suggest that GCR1 and GPA1
stimulate the same signal transduction pathway that
can lead to DNA synthesis and entry into the cell
cycle through PI-PLC activation (Fig. 8, pathway A).
This does not imply that both proteins are involved
together in other GCR1- or GPA1-mediated re-
sponses, such as seed dormancy, flowering, or sto-
mata regulation (Fig. 8, pathways B and C). In fact, it
was reported that GCR1 and GPA do not appear to
be implicated in the response of stomata to ABA
(stomatal closure), because the Arabidopsis gcr1 null
mutant did not share any of the phenotypes related
to the ABA response that characterized the gpa mu-
tants (Pandey and Assmann, 2002). Other G-proteins
have been identified in plants, small G-proteins
(Yang, 2002; Vernoud et al., 2003) and “extra large”
G-proteins (Lee and Assmann, 1999; Assmann, 2002),
and they represent potential candidates that could
mediate other GCR1-activated pathways. It is known
from studies with animal systems that a single recep-
tor is able to activate more than one G-protein, de-

pending on its conformational state and pattern of
expression (Behan and Chalmers, 2001; Kenakin,
2001).

CONCLUSIONS

On the basis of our results, we propose a specula-
tive model where GCR1 is responsible for the regu-
lation of DNA synthesis through the activation of
PI-PLC, IP3, and CDPK (Fig. 8, pathway A). How-
ever, we cannot rule out that the overexpression of
GCR1 brings about the activation of PI-PLC in an
indirect way and that there is no direct coupling
between G-proteins and PI-PLC. In addition, other
pathways activated by both GPA1 (pathway B) or
GCR1 (pathway C) may involve other effectors and
trigger different downstream responses.

Figure 7. PI-PLC activity and IP3 content in wt and GPA-
overexpressing BY2 cells. A, Microsomes containing 10 �g of protein
from wt (white bars) or GPA-overexpressing cells (striped bars) were
incubated as indicated. The activity of the enzyme is expressed as
picomoles of IP3 produced per microgram of protein per minute. The
values � SD are means of two independent measurements from three
different experiments. Bars with different letters are significantly
different with P values calculated through the ANOVA test less than
0.05. B, One-milliliter samples of wt cells (white bars) and GPA-
overexpressing cells (striped bars) were treated with the reagents
indicated and IP3 measured according to the protocol described in
“Materials and Methods.” The values � SD are means of two inde-
pendent measurements from four different experiments. Bars with
different letters are significantly different with P values calculated
through the ANOVA test less than 0.05.

Apone et al.

576 Plant Physiol. Vol. 133, 2003



Further work is needed to find out whether other
GTP-binding proteins may be coupled to GCR1, what
proteins are involved in mediating other GCR1-
regulated processes, whether PI-PLC is a primary
effector, and which CDPKs are regulated by GCR1.
Having found that IP3 is one of the second messen-
gers of GCR1 signal transduction, it will be now
possible to use high throughput screening methods
to find ligands and antagonists that modulate GCR1
activity.

MATERIALS AND METHODS

Cell Cultures and Transformation

Tobacco (Nicotiana tabacum cv Bright Yellow 2) cells were provided by N.
Raikhel (Michigan State University, East Lansing, MI). The cloning and
transformation of BY2 cells with Arabidopsis GCR1 was previously de-
scribed (Colucci et al., 2002). The Arabidopsis GPA1 open reading frame
was PCR-amplified from the full-length cDNA clone by using the following
primers: 5�-GTTTCTAGAATGGGCTTACTCTGCAGTTAG-3� and 5�-GAGG-
CTGGCCTTTTATGAGAGCTCTTTG-3�.

Primers were designed to generate an XbaI restriction site at the 5� end
and an SstI site at the 3� end of the GPA1 open reading frame. The amplified
fragment was sequenced to assure fidelity and cloned into the binary vector
pCambia3300 (Krysan et al., 2002). Competent Agrobacterium tumefaciens C58
cells (Lazo et al., 1991) were transformed with the pCambia-GPA1 plasmid
and used to produce transgenic BY2 cell lines. BY2 cells were transformed
as described by An (1985). The selected transgenic calli were grown in the

dark on selective medium containing 10 �g mL�1 phosphotricin and 500 �g
mL�1 carbenicillin at 28°C and transferred to fresh medium every 4 weeks.
For all the experiments, liquid cultures were obtained from calli of the
different transgenic lines.

PI-PLC and Kinase Inhibitors

The PI-PLC inhibitor, U73122, its inactive analog U73343, and stauro-
sporin were purchased from Calbiochem (La Jolla, CA). U73122 and U73343
were dissolved in DMSO and used at a final concentration of 100 �m by
adding 1 �L from a 100 mm stock to 1 mL of cell suspension. Staurosporin
was dissolved in DMSO and was used at a final concentration of 1 �m.

Cell Synchronization and Thymidine Incorporation

The synchronization protocol was based on the method described by
Combettes et al. (1999). Ten milliliters of a 7-d-old culture was transferred in
50 mL of fresh medium supplemented with 5 �g mL�1 aphidicolin. After
24 h, the cells were washed extensively with fresh medium and resuspended
in appropriate volumes, according to the experimental needs.

DNA synthesis was measured by incubating 1-mL samples of synchro-
nized cell suspension with 1 �Ci (37 KBq) of [3H]thymidine (Amersham
Biosciences, Uppsala) for 30 min at room temperature in Eppendorf micro-
tubes with gentle shaking. Cells were then collected and frozen in dry ice.
The pellet was resuspended in cold 10% (w/v) TCA, containing 10 mm
thymidine (Sigma-Aldrich, St. Louis). The pellet obtained by centrifugation
was washed with 5% (w/v) TCA, with 70% (v/v) ethanol, and finally with
acetone. The pellet was air dried and resuspended with 0.2 m NaOH, and
the incorporated radioactivity was measured by scintillation counting.

Figure 8. Speculative model showing how GCR1 signaling may lead to DNA synthesis. Three different signaling pathways
are shown. A, GCR1 stimulates PI-PLC activity through the activation of GPA1. Upon GCR1/GPA1 activation, PI-PLC
produces IP3 and DAG. The scheme shows direct activation of PI-PLC by GPA1, but such activation could also be indirect.
In addition, GPA1 may have other effectors not shown here. Whereas IP3 mediates the activation of CDPK, through Ca2�

level increases, DAG is immediately converted by a DAG kinase (DGK) into PA, which can in turn mediate other cellular
responses. Once activated by Ca2�, CDPK regulates DNA synthesis through phosphorylation processes. PKC, activated by
DAG, may also play a role in the regulation of DNA synthesis. B, Independent of GCR1, GPA1 may initiate other signaling
pathways, as has been found in animal cells. C, GCR1, interacting with other GTP-binding proteins, may activate different
effector molecules (these may also include PI-PLC) and therefore trigger different cellular responses. The dashed arrows
represent putative pathways that have not been demonstrated to date in plants.
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PLC Assay

PLC activity was measured on microsomal membrane preparations, ac-
cording to the method described by Zhang et al. (2002) with a few modifi-
cations. Membrane protein (10 �g) was incubated with 5 �L of substrate
micelles in a 50-�L final volume of PLC assay buffer for 30 min at 37°C. The
reaction was stopped by adding 3 volumes of 1 m HCl containing 0.5%
(w/v) CaCl2, followed by 7.5 volumes of ice-cold chloroform:methanol (2:1,
v/v). The two phases were separated by centrifugation, and the radioactiv-
ity in the upper phase was measured with a scintillation counter.

To prepare microsomes, cells (2–3 g) were homogenized in 10 mL of cold
buffer containing 20 mm Tris-HCl (pH 7.5), 1 mm EDTA, 50 mm NaCl, 10%
(w/v) glycerol, 8.5% (w/v) Suc, in presence of protease inhibitors (Sigma-
Aldrich). The resulting homogenate was centrifuged for 15 min at 8,000 rpm
at 4°C. The supernatant was collected, filtered through Miracloth, loaded on
a cushion of 12.5% (w/v) Suc, and centrifuged at 26,000 rpm for 2 h at 4°C.
The sedimented microsomes were resuspended in PLC assay buffer con-
taining 20 mm Bis-Tris (pH 6.5), 1.5% (w/v) glycerol, 50 mm NaCl, and 100
�m CaCl2.

Substrate micelles were prepared by vortexing and sonicating 4 mm
phosphatidylethanolamine, 4 mm phosphatidyl-Ser, 0.5 mm phosphatidyl-
inositol 4,5-bisphosphate, and 2 �m [3H]phosphatidylinositol 4,5-
bisphosphate (10 �Ci mL�1 � 370 KBq mL�1; PerkinElmer Life Sciences,
Boston) in 50 mm BisTris (pH 6.5) and 0.6% (w/v) Triton X-100.

Extraction and Quantification of IP3 Content

Samples of cells (1 mL) were centrifuged in Eppendorf microtubes for 2
min, and the pellet was resuspended in 100 �L of 20% (w/v) perchloric acid.
The cells were ground with a pestle, and the insoluble material was re-
moved by centrifugation at 15,000 rpm for 10 min at 4°C. The supernatant
was collected, transferred to a new tube, and adjusted to pH 7.5 with
ice-cold 1.5 m KOH in 60 mm HEPES. After removal of the sediment, the
neutralized samples were used for the measurement of IP3 content with an
IP3 [3H] Radioreceptor Assay kit (NEN Life Science Products, Boston)
according to the manufacturer’s instructions.

Kinase Assay

Cell samples (1 mL) were pelleted and resuspended in 50 �L of lysis
buffer, containing 20 mm Tris-HCl (pH 8.0), 100 mm NaCl, 12 mm MgCl2,
and protease inhibitors (Sigma-Aldrich). Cells were ground with a pestle in
Eppendorf microtubes and centrifuged at 14,000 rpm, at 4°C for 10 min. The
supernatant was collected, and the total protein present was estimated with
a Bradford (1976) assay. Fifteen micrograms of total protein was used for
each assay and incubated with 5 �g of histone H1 (Calbiochem) in the
presence of 12.5 �m of [�-32P]ATP (0.75 �Ci � 27.7 KBq per sample;
Amersham Biosciences). After 30 min of incubation at 22°C, the reaction was
stopped by adding loading buffer containing 1% (w/v) SDS and boiling the
tubes. The samples were fractionated by SDS-PAGE (14% [w/v] acryl-
amide), and the gel was dried and exposed for autoradiography for 1 h.
When the radioactivity was measured, the reaction was stopped with 100 �L
of 20% (w/v) TCA, and the tubes were left in ice for 1 h and centrifuged at
14,000 rpm for 15 min. The protein pellet was washed with cold 70% (v/v)
ethanol twice and then resuspended in Tris buffer containing 1% (w/v) SDS.
The samples were mixed with 5 mL of scintillation fluid in vials, and the
radioactivity was determined.
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