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Physiological processes in plant cells are regulated
by intrinsic and extrinsic signals. Numerous signal-
ing molecules have been identified, including hor-
mones, elicitors, and secondary metabolites. Cognate
receptors and receptor genes have been reported in
some cases (Hua and Meyerowitz, 1998; Inoue et al.,
2001; Nam and Li, 2002). Several second messengers
(responsible for signal amplification and encoding
specificity) have been demonstrated in plants; for
example, cytosolic Ca®*, cyclic nucleotides, and lipid
derivatives. Calcium is a common second messenger
in plant cell signaling; the amplitude and duration of
transient elevations of [Ca2+]Cyt may play an encod-
ing role (Allen et al., 2001). Plants have evolved many
plant-specific signaling molecules. Nevertheless they
also “share” some signaling moieties with animals:
nitric oxide, reactive oxygen species, and other reg-
ulators function in both Kingdoms. Glu (previously
considered an exclusively animal signaling agent, a
neurotransmitter) is now regarded as a likely plant
signaling compound (Dennison and Spalding, 2000),
and genes encoding putative Glu receptor subunits
have been identified in the Arabidopsis genome (La-
combe et al., 2001). The possible conservation of Glu
signaling between plants and animals suggests that
other neurotransmitters might function in plants as
signaling agents. One such candidate is extracellular
ATP (eATP).

ATP AND SIGNALING

Although ATP is an ubiquitous energy source, it
also acts extracellularly as a neurotransmitter. The
concept of ATP and purine derivatives as extracel-
lular signaling molecules was born in the late 1920s
and early 1930s when physiological effects of ade-
nine derivatives were discovered (for review, see
Ralevic and Burnstock, 1998). Further studies cul-
minated in the proposal in the 1970s of purinergic
neurotransmission mediated by specific plasma
membrane receptors: “purinoceptors” (Burnstock,
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1978). Two main families of purinoceptors (P1 and
P2) have now been confirmed in animal cells (for
review, see Ralevic and Burnstock, 1998); members
exhibit varying sensitivity to eATP, purines, and
pyrimidines. P1 receptors are activated by adeno-
sine (P2 are not) and couple with heterotrimeric G
proteins. P2 receptors divide into two classes;
ligand-gated nonselective cation channels (P2X re-
ceptors) and G-protein-coupled receptors (P2Y re-
ceptors). P2X receptors activate at higher eATP con-
centrations (micromoles) than P2Y (nanomoles;
Khakh, 2001). Purinoceptors may contribute to Ca**
signal transduction cascades directly (through Ca**
permeability of P2X channels) or indirectly (via
downstream effects of the P2Y-coupled G-protein),
and they are now implicated in a range of physio-
logical functions ranging from neurotransmission to
cell death (for review, see Ralevic and Burnstock,
1998; Burnstock and Williams, 2000).

In contrast, eATP has received little attention from
plant biologists. In the late 1960s and early 1970s,
eATDP effects on plants were largely being interpreted
in terms of supplementation of cellular energy or
chelation of divalent cations rather than signaling
activity. Plant mechanical movements (e.g. Jaffe,
1973), K" uptake (e.g. Liittge et al., 1974), and endo-
nuclease activity (Udvardy and Farkas, 1973) were
found to be stimulated by eATP. Most studies tested
eATP in the millimolar range, but it is notable that
Venus fly trap closure was accelerated by 100 um
eATP (Jaffe, 1973), a concentration consistent with
receptor activity (animal P2X receptors may exhibit
one-half maximal activation by over 300 um ligand;
Humphrey et al., 1998). Since then, eATP effects have
been rarely studied and mostly in the context of an
exogenous energy supply. For example, stomatal ap-
erture of Commelina communis was enhanced by eATP
supplied at 5 to 20 mmM, and tracer experiments indi-
cated that eATP at such high levels could be taken up
by epidermal tissue, possibly to act as an energy
source for stomatal movement (Nejidat et al., 1983;
Shaish et al., 1989). Only recently has experimenta-
tion begun to reveal possible purine signaling activ-
ity. Lew and Dearnaley (2000) found that eATP and
extracellular ADP (eADP) depolarized the plasma
membrane of Arabidopsis root hairs (one-half maxi-
mal effect produced by 0.4 mm eATP and 10 um
eADP). This would be consistent with ion channel
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opening. The effect of eATP on auxin distribution,
gene expression, and gravitropism in Arabidopsis
roots has been recently reported (Tang et al., 2003)
and the authors considered one possible explanation
to be eATP acting as a regulatory signal. Therefore,
previous data suggest the existence of plant eATP
signaling. The objective of the present work was to
test for possible eATP-induced signaling events. As
Ca®" is a key, quantifiable second messenger in plant
cells and is downstream of eATP in animal cells, we
tested the null hypothesis that eATP has no effect on
[Ca®"]

cyt:

ATP ELEVATES ROOT [Ca%*]

cyt

To test for changes in [Ca2+]cyt, Arabidopsis plants
constitutively expressing aequorin in the cytosol (355
promoter-driven expression; Knight et al., 1996) were
used. Roots (excised) were tested because roots are
naturally directly exposed to the soil solution where
eATP occurs due to release from microorganisms
(Thomas et al, 1999) and perhaps damaged or
sloughed off root cells, and root hairs have been
shown to be purine responsive (Lew and Dearnaley,
2000). An eATP range from 100 nMm to 1 mm was
tested. Application of assay solution alone caused a
“touch response” (about 5 s long) and such tran-
sients, caused by injection of solution, were also ob-
served in the case of eATP addition (Fig. 1A). After
the touch response, eATP caused a dose-dependent
transient elevation in [Ca2+]Cyt (Fig. 1A), with even
300 nM causing a 2-fold increase in [Ca“]cyt. At
[eATP] < 3 um, the [Ca®']., elevation comprised
two distinguishable peaks. The first peak reached its
maximum in 10 to 20s, whereas the second maximum
was attained 1 to 2 min after application. Above 3 um
[eATP], the first peak was not so clearly distinguish-
able (merging with the second peak). As a general
trend, both peaks increased as [eATP] increased, but
the ratio between the amplitudes of first and second
peaks tended to decrease. [Ca”]C . transients lasted 5
to 10 min in total, and basal Ca2+]Cyt was fully
recovered. eATP was added as the disodium salt,
therefore, control measurements with equimolar
NaCl were carried out. At 0.1 mm, NaCl caused no
[Ca”]Cyt elevation (n = 3; data not shown). At 2 mwm,
NaCl caused a transient [Cay]cyt elevation that
lasted approximately 1 min with a mean = sem peak
value of 0.32 = 0.06 uM, n = 4 (compare with basal
value before addition; 0.11 = 0.01 um). In contrast, 1
mM Na,ATP caused a mean peak value of 6.97 £ 0.82
uM, n = 5 (compare with basal value before addition;
0.10 = 0.01 pum). Thus, [Ca2+]Cyt transients were due
to eATP rather than Na*. Extracellular Ca?* deple-
tion (10-0.1 mm) abolished 85% of the [Ca®*]., in-
crease induced by 3 um eATP, demonstrating eATP-
activated Ca®" entry from the extracellular space
(Fig. 1A). Maximal peak [Ca”]Cyt values were plot-
ted against [eATP] (Fig. 1B). The dose-dependence
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Figure 1. Effect of externally applied purines and UTP on Arabidopsis
root [Ca®"] .. A, Typical [Ca®*"] ., transients induced by different
eATP concentrations. External Ca?>" was 10 mm unless indicated. B,
Mean dose-response curves for effects of different agonists on
[Ca®"]. sem did not exceed 15% of mean (not shown). Experimental
procedures are described in detail by Demidchik et al. (2003). Arabi-
dopsis constitutively expressing cytosolic aequorin driven by the cau-
liflower mosaic 35S promoter (Knight et al., 1996), were grown verti-
cally at 22°C (16-h daylength; 100 pumol m~2 s~ irradiance) on
full-strength Murashige and Skoog medium (Duchefa, Harlem) with
1% (w/v) Suc and 0.35% (w/v) Phytagel (Sigma, St. Louis). Recording
solution contained 10 mm CaCl, (or 0.1 mm), 2 mm MES, pH 5.7 (Tris),
and 4 pg mL™" coelenterazine (free base; NanoLight Technology,
Prolume, Pittsburgh). Luminescence was recorded at 1 Hz.

curve reached saturation at 0.3 mm eATP with ECg,
at 2.6 um (analyzed by SigmaPlot 4.01 software).
Overall, the null hypothesis was disproved; in root
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cells at least, eATP can elevate [Ca®"]
ficity of this response was then tested.

The speci-

cyt:

PURINE VERSUS PYRIMIDINE

Duration and amplitude of purine-induced Ca®"
transients in animal cells are determined by the struc-
ture of the purine derivative (White et al., 2001). The
effects of ATP derivatives (see Ralevic and Burn-
stock, 1998), ADP, and the pyrimidine UTP are
shown in Figure 1B. All compounds tested elicited a
double peak [CaH]Cyt transient response and maxi-
mal peak values are reported. ADP was a potent
activator; with up to 10 um ADP, the magnitude of
response was lower but still comparable with ATP
(e.g. mean response to 3 um addition: eATP, 480 nm
Ca®"; eADP, 310 nm Ca’*). 2-Methylthio ATP (an
ATP analog with a modified purine ring) was, at
lower concentrations, as effective as ATP and ADP.
BzATP (ATP analog with modified Rib moiety) pro-
duced a weaker effect over the concentration range
tested. Critically, the nonhydrolyzable ATP analogs
afmeATP (methylene insert between first and sec-
ond phosphates) and BymeATP (methylene insert
between second and third phosphates) were effective
(Figs. 1B and 2A). This clearly demonstrates that
hydrolysis is not required for the activation of
[Ca®"]., transients by eATP. afmeATP was the
more potent of the two. Even though ADP was an
effective agonist, AMP and Pi (as other ATP break-
down products; tested at 0.1-1 mm) did not elicit
statistically significant elevations of [CazJ’]Cyt (mea-
sured 1 min after addition). For AMP experiments,
mean * SEM [Ca“]cyt: basal, 0.096 + 0.004 um, n =
10; 1 mm AMP, 0.138 = 0.017 um, n = 4. For Pi (as
H,PO,, buffered with Tris), mean * sem [Ca®"].. .
basal, 0.112 * 0.006 um, n = 4; 1 mm Pi 0.119 * 0.007
uM, n = 4. The pyrimidine UTP (which can also elicit
a [CaH]Cyt response in animal cells) was only effec-
tive at higher concentrations (>100 uMm), thus dem-
onstrating not only the significance of purine struc-
ture, but also that the ATP effect was unlikely to have
been due to a surface charge effect mediated by the
phosphate groups of the agonist. Adenosine did not
cause [Ca? loye transients (mean * SEM [Ca“]cyt:
basal, 0.107 = 0.007 uM; 1 mm adenosine 1 min
postaddition, 0.106 % 0.006 um, n = 5); the simplest
structure, adenine, was also ineffective (mean = Sgm
[Ca“]cyt: basal, 0.119 + 0.008 uM; 1 mm adenine 1
min postaddition, 0.122 = 0.009 um, n = 5).

INVOLVEMENT OF CHANNELS

Here, the [Ca2+]Cyt transients manifested from a
multicellular system comprising various cell types in
different developmental and physiological states, all
with potentially different capacities to respond to
purine derivatives. Therefore, quantitative compari-
son of the data shown in Figure 1B would have little
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Figure 2. Effect of antagonists on eATP-induced [Ca**].,, elevation.
A, Typical [Ca**].,, response to 107* M ATP or afmeATP and the
effect of 0.3 mm PPADS. B, Reduction of aBmeATP-induced
[Ca®*].,, response (mean * Sem). Antagonists were added 10 min
before addition of afmeATP.

meaning. Having demonstrated that changes in li-
gand structure evoked measurably different re-
sponses, the mechanism of [Ca”]Cyt elevation was
explored. Reducing external Ca®" diminished the
eATP-induced transient (see above), suggesting that
Ca®" influx contributed to the response. To confirm
the operation of a plasma membrane influx pathway,
the effect of cation channel blockers was investigated.
In this pharmacological analysis, the nonhydrolyz-
able ATP analog ofmeATP (0.1 mM) was used to
prevent possible effects caused by phosphorylation
or ATP breakdown. Of the conventional cation chan-
nel blockers (Fig. 2B), application of the K" channel
blocker tetraethylammonium* (20 mm) or Ca** chan-
nel blocker verapamil (0.1 mm) resulted in mean
maximum [Ca?*]_,, increases that were 65% and 68%
of the control value, respectively (n = 5; Fig. 2B).
Whatever the mechanism of initiating the [Ca”]Cyt
increase, it was resistant to these channel antagonists.
The 35% and 32% decreases in peak [Ca”]Cyt re-
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sponse by tetraethylammonium and verapamil, re-
spectively, may reflect the sensitivity of contributing
transport systems downstream of the initiating
mechanism in this multicellular test system. The
[Ca“]Cyt increase was most strongly affected by
Gd®* (6% of mean control response at 0.1 mm, Fig.
2B; n = 5). Gd®" is a nonspecific blocker of plant
cation channels (including Arabidopsis root nonse-
lective cation channels; Demidchik et al., 2002a, b)
and this result clearly demonstrates that plasma
membrane channel-mediated Ca®* influx is an initial
steg in eATP-induced [Ca”]Cyt elevation. The role of
Ca*" intracellular stores (if any) in generating the
transients requires greater resolution than aequorin
affords.

PURINOCEPTORS?

The mechanistic basis of eATP-induced [Ca”]Cyt
elevation in plants could be absolutely different from
that found in animals or could show some degree of
conservation. If the mechanism of activating the
Ca®*-permeable channels that underlie eATP-
induced Ca®* elevation were similar in plants and
animals, it is reasonable to predict a conserved phar-
macological profile. Animal purinoceptor-mediated
signaling is highly sensitive to pyridoxalphosphate-
6-azophenyl-2',4'-disulfonic acid (PPADS) and
suramin (see Ralevic and Burnstock, 1998). In animal
preparations, PPADS has been shown to specifically
block P2 receptors (see Ralevic and Burnstock, 1998).
Suramin, apart from blocking animal P2 receptors,
may also affect other receptors and enzymes in ani-
mal and plant cells (Ralevic and Burnstock, 1998;
Stratmann et al., 2000), but it remains a key diagnos-
tic tool for P2 delineation. We have tested these an-
tagonists (0.3 mm) on excised roots. The eATP and
afmeATP effects on [Caer]Cyt were strongly attenu-
ated to a degree comparable with application of Gd**
(Fig. 2, n = 5).

If, as the data suggest, eATP were to activate Ca®*-
permeable plasma membrane channels, what is the
most likely mechanism of activation? If eATP were to
permeate, cation channel phosphorylation at the cy-
tosolic  face could activate Ca’"  influx.
Hyperpolarization-activated Ca®" channels (which
can contribute to Ca®" influx across the plant cell
plasma membrane; Véry and Davies, 2000; Demid-
chik et al., 2002a) perhaps activate at cytosolic [ATP]
> 0.5 mMm (Kohler and Blatt, 2002). Cytosolic ADP or
nonhydrolyzable ATP do not increase the activity of
these channels, therefore, the ATP effect is due to
phosphorylation (Kohler and Blatt, 2002). Addition-
ally, if eATP were to permeate, it could conceivably
activate ABC transporters by binding to their cyto-
plasmic nucleotide-binding domains. ABC transport-
ers are increasingly recognized as being capable of
regulating ion channel activity and have a role in
plant cell signaling (Schmid-Antomarchi et al., 1987;
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Bryan and Aguilar-Bryan, 1999; Klein et al., 2003). In
the present study, it is difficult to make a case for the
ATP influx necessary for cytosolic phosphorylation
of channels or ABC activation. The negative mem-
brane voltage of plant root cells (about —160 mV in
the conditions used here; Demidchik et al., 2002a)
and the estimated species concentrations of cytosolic
ATP (Davies et al.,, 1993) strongly support anion
channel-mediated ATP efflux over the range of eATP
tested. Even if ATP influx were feasible, phosphory-
lation at the cytosolic or extracellular face is clearly
not essential for generation of the [Ca”]Cyt tran-
sients, as ADP and affmeATP (nonhydrolyzable ATP
analog) were potent agonists acting at micromolar
concentrations and exhibiting saturation. Thus, it is
also unlikely that Ca** influx was due simply to a
stimulation of the plasma membrane H"-ATPase and
hence membrane hyperpolarization. However, it is
important to note that the afmeATP response does
not rule out the possibility of the involvement of a
regulatory ABC transporter. If afmeATP were to
permeate (although this appears unlikely), it could
feasibly change the conformational state of an ABC
transporter, as this can be achieved by ATP binding
alone (Rosenberg et al., 2001).

The antagonistic effect of PPADS and suramin
raises the possibility of P2 equivalents in plant cells.
It is feasible that eATP-activated P2Y equivalent(s),
sensitive to PPADS and suramin, couple to Gd®*-
sensitive Ca”"-permeable channels. It is feasible that
there is an eATP-binding and PPADS/suramin-
sensitive Eeriplasmic or membrane moiety that reg-
ulates Gd’*-sensitive Ca®"-permeable channels. It is
equally feasible that the eATP-induced [Ca2+]Cyt ele-
vation is mediated by a class of ionotropic receptors,
the eATP-gated Ca”®'-permeable cation channel. In
all cases, other plasma membrane Ca®"-permeable
channels could lie downstream of the initial eATP
response and could contribute to the observed
[Ca2+]Cyt elevation. These possibilities must now be
addressed for individual root cell types using elec-
trophysiological techniques. This would enable di-
rect testing of at least ionotropic versus metabotropic
activity and permit comparison of the pharmacolog-
ical response of ion channels with that of the excised
roots reported here. The Arabidopsis genome has
been reported to contain no sequences with obvious
similarities to animal P2X genes (Tang et al., 2003),
but extensive in silico analysis has revealed se-
quences predicted to encode polypeptides with two
membrane-spanning domains linked by a Cys-rich
extracellular loop bearing a putative ATP-binding
motif, reminiscent of a P2X subunit (V. Demidchik,
M. Oliynyk, B. J. Glover, and J. M. Davies unpub-
lished data).

ATP RELEASE AND BREAKDOWN

The abilit;/ of eATP (and to some extent eADP) to
elevate [Ca®']., in plants implies further possible
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conservation with animal purine signaling. The
mechanism of eATP/eADP signaling in plants (by
analogy with animals) should include systems for
rapid release from cells and rapid removal from the
extracellular space. In animal cells, ATP is released
via anion channels, ABC transporters, or exocytosis
(Bodin and Burnstock, 2001; Dutta et al., 2002); ATP
and ADP are quickly hydrolyzed by extracellular
apyrases, which attack the 8- and y-phosphate bonds
(Todorov et al.,, 1997). To date, in plants, the ABC
transporter PGP1 is thought to mediate ATP release
from Arabidopsis (Thomas et al., 2000), and extracel-
lular apyrases (which are found in roots) are known
to hydrolyze ATP more rapidly than any other extra-
cellular phosphatase (Handa and Guidotti, 1996;
Thomas et al., 1999). Therefore, plant cells do have
the potential “machinery” to use eATP as a signaling
agent. It is notable that if eATP (or perhaps eADP)
were a signal hydrolyzed by apyrase, then (as shown
in this study) the hydrolysis products AMP and Pi
would be without effect on [Ca? ]cyt, the signal
would be terminated.

FUTURE DIRECTIONS

This study has demonstrated that eATP could be a
signaling agent in plants. The physiological re-
sponses downstream of an eATP-induced [Ca“]Cyt
transient remain to be elucidated, but in light of the
present data, a re-examination of previously reported
eATP effects on plant cells is now warranted. For
example, inhibition of the Arabidopsis root grav-
itropic response by eATP (at millimolar levels incor-
porated into the growth medium) has been reported
recently (Tang et al., 2003). Here, a lower ATP con-
centration that can elicit a root [Ca”]C (response also
inhibited gravitropism. Buffered solutions (0.5 mm
CaCl,, 0.5 mMm Tris, and 1 mm MES, pH 5.7) were
applied to 4-d-old Arabidopsis roots before a 90°
gravitropic stimulus in the dark. After 3 h, the
mean * SEM curvature response of the Na-buffer
control was 47° = 1° (n = 37 plants in three indepen-
dent trials), and the mean 100 um ATP response was
34° + 1° (n = 68); this is a statistically significant
difference at the 99.9% level (Student’s ¢ test). Pre-
liminary experiments indicate that 100 um ADP is
also inhibitory, but AMP and UTP are not. Clearly, to
link eATP securely to gravitropism via [Ca® "]oye now
requires a thorough study of the sensing and re-
sponding cells.

Release of ATP could be from damaged cells or as
a result of cell death. In this respect, a role in defense
signaling could be envisaged. In contrast to the ani-
mal paradigm, certain plant cells could also be ex-
posed to eATP released by other organisms. Because
microbes can release ATP and other purines, plant-
microbe interaction at the epidermis may perhaps
involve eATP as a signaling agent. ATP release by
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plant cells may be mediated by ABC transporters
(Thomas et al., 2000) and it is interesting to note the
possible connections between this type of transporter
and the eATP-activated Ca®" influx reported here.
eATP turnover is thought to regulate ABC transport-
ers in Arab1dops1s (Thomas et al., 2000), and disrup-
tion of Ca®** homeostasis (by hmltmg Ca®" influx)
has been found to increase expression of an ABC
transporter in wheat (Triticum aestivum) root (Sasaki
et al., 2002). Perhaps, increasing ATP release by in-
creasmg ABC expression compensates for lowered
[Ca? ]Cyt through eATP activation of Ca”" influx. In
animals, neurotransmitters establish and maintain a
communication network between neurons. eATP
could play a similar role in plants, perhaps providing
intercellular communication to coordinate develop-
mental programs or responses to environmental
stimuli. Further studies are now required to identify
the plant ATP-activated receptor(s) and delineate
physiological significance.
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