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Abscisic acid maintains S-type anion channel activity in ATP-depleted
Vicia faba guard cells
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Abstract The plant hormone abscisic acid (ABA) regulates
important developmental and stress responses. Recent data show
that ABA activates phosphorylation events, but whether dephos-
phorylation events are post-translationally regulated by ABA or
whether these are constitutive remains unknown. Slow anion
channels in the plasma membrane of guard cells have been
proposed to play an important role during ABA-induced stomatal
closing. Anion channels are deactivated by removal of cytosolic
ATP. However, when guard cells were treated with ABA and
depleted of ATP, anion currents remained active. Subsequent
removal of extracellular ABA caused deactivation of currents.
Deactivation of currents was reversed by reintroduction of
cytosolic MgATP. These data show that anion channels are
regulated by ABA even in the absence of cytosolic ATP required
for kinase-induced phosphorylation events and that anion channel
activity is maintained by ABA under conditions that favor
dephosphorylation-induced deactivation. Furthermore, channel
activation proceeded at high ATP concentrations with nanomolar
cytosolic Ca>* showing a Ca**-independent final step in anion
channel activation.
© 1998 Federation of European Biochemical Societies.
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1. Introduction

The plant hormone abscisic acid (ABA) plays important
roles in the regulation of diverse plant growth and develop-
mental responses [1,2]. ABA is synthesized during drought
stress [3] and induces closing of stomatal pores in leaves [4].
Stomatal closing reduces transpirational water loss in plants.
ABA-induced stomatal closing is mediated by efflux of K*
and anions across the plasma membrane of guard cells and
by organic osmolyte metabolism. Anion channels have been
proposed to provide an important control mechanism for the
regulation of ion efflux from guard cells during stomatal clos-
ing [5-8]. Biophysical studies have shown that the slow and
sustained (‘S-type’) anion channels in guard cells can produce
sustained anion efflux, which would result in a long-lasting
depolarization of the plasma membrane [5,7,8]. Depolariza-
tions, can activate outward-rectifying K channels proposed
to mediate K* release during stomatal closing [9,10]. Recent
studies in Arabidopsis and tobacco guard cells have shown
that ABA regulates S-type anion channels [11,12], while re-
vealing new regulation mechanisms in Arabidopsis, which act
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in addition to those studied here (see Section 4). However, no
direct evidence for ABA regulation of S-type anion channels
has been shown in Vicia faba, despite many correlative studies
in this species [5,7,8,13-15].

Anion channel regulation has been proposed to play impor-
tant roles in physiological processes of other plant cells, in-
cluding hypocotyl growth, root transport, and blue light and
red light signaling [16-19]. In Vicia faba guard cells, S-type
anion channels were shown to be activated by phosphoryla-
tion events: depletion of the intracellular ATP pool leads to a
strong down-regulation of S-type anion currents, which can-
not be restored by even 4 mM of non-hydrolyzable ATP ana-
logues or GTP analogues [13]. The protein kinase inhibitors
K252a and H7 abolished slow anion channel activity in the
presence of excess ATP and also abolished ABA-induced sto-
matal closing, supporting central roles of phosphorylation
events for ABA signaling [13,15]. Biochemical studies have
recently directly shown a rapid enhancement of a 48 kDa
protein kinase activity by ABA in Vicia faba guard cell ex-
tracts [20,21] and ABA activation of additional types of pro-
tein kinases has been found in other tissues [22,23].

The protein phosphatase inhibitor okadaic acid (OA) inhib-
its the activity of inward-rectifying K+ channels in Vicia faba
guard cells, providing evidence for modulation by OA-sensi-
tive protein phosphatases in guard cells [24,25]. Furthermore,
OA maintained slow anion current activity even in the ab-
sence of intracellular ATP [13]. In correlation to this finding,
ABA-induced stomatal closing is enhanced by OA in Vicia
faba and Commelina communis [13,15]. ABA-regulated S-
type anion channels in tobacco guard cells show stimulation
by OA [12]. Together, these data suggest that ABA signaling
and S-type anion channel regulation in Vicia faba are medi-
ated by protein kinase activation and that OA-sensitive de-
phosphorylation events are negative regulators of this path-
way [13].

The recent identifications of the Arabidopsis ABII and ABI2
(ABA-insensitive) genes as protein phosphatases type 2C
(PP2C) show that at least two additional OA-insensitive pro-
tein phosphatases affect ABA signaling [26-29]. PP2Cs are
insensitive to OA, as was demonstrated in vitro for the
ABI1 and ABI2 proteins [28,30]. Although several distinct
protein phosphatase activities appear to affect ABA signaling
(abil, abi2 and two opposing OA-sensitive phosphatases, see
Section 4), no information exists whether ABA post-transla-
tionally up- or down-regulates any of these phosphatases or
whether their constitutive activity affects the ABA signaling
pathway, as is proposed for yeast kinase signaling cascades
[31]. For example, because both stomatal closing and activa-
tion of slow anion channels in the presence of ABA were
further stimulated by simultaneous addition of OA in Vicia
faba, Commelina communis and tobacco guard cells [12,13,15],
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the question whether ABA down-regulates OA-sensitive phos-
phatases, in addition to kinase activation, remains unknown.

The findings of ABA signaling and anion channel regula-
tion in guard cells without resolving changes in cytosolic
Ca®*, has led to models that include important Ca?*-inde-
pendent steps and pathways in stomatal closing [12,32-34].
Elevation in the cytosolic free Ca*" concentration ([Ca**]ey)
can cause enhancement of guard cell slow and rapid anion
currents [5,6]. This Ca?* effect on S-type channels was hy-
pothesized to be indirect, based on ‘wash-out’ [5]. The strong
activation of S-type anion channels by phosphorylation events
at resting [Ca®* ]y, led to suggestions that important steps in
this regulation may be Ca?*-independent [11-13]. However,
the question whether directly buffering of [Ca?™].y+ to nano-
molar levels, under strongly phosphorylating conditions, can
activate S-type anion channels remains unknown and was
analyzed here.

The present study has specifically focused on the following
pertinent questions relating to S-type anion channel regulation
and ABA signaling:

1.  Does ABA regulate S-type anion channels in Vicia faba
guard cells?

2. Is the strong deactivation of S-type anion channels by
depletion of cytosolic ATP reversible?

3. Can ABA maintain anion channel activity under ATP-
free conditions in Vicia faba, which abolish effects of
ABA-activated kinases [20-23]? ABA regulation under
ATP-free conditions would allow initial cell biological
insight into the question whether ABA post-translation-
ally regulates dephosphorylation events or whether these
activities are constitutive.

4.  Can activation of anion channels under strongly phos-
phorylating conditions occur with cytosolic Ca?* buff-
ered to nanomolar levels?

The present study demonstrates that ABA maintains S-type
anion channel activation in Vicia faba guard cells under ATP-
free dephosphorylating conditions, that this regulation is re-
versible and that a Ca®>*-independent final step exists in anion
channel activation.

2. Materials and methods

Guard cell protoplasts were isolated from leaves of Vicia faba by
enzymatic digestion as described previously [7]. Pipette solutions con-
tained 150 mM CsCl, 2 mM MgCly, 6.7 mM EGTA-(Tris)s, 3.35 mM
CaCly, 10 mM HEPES adjusted to pH 7.1 with Tris and 5 mM
MgATP unless otherwise indicated. Chloride activities were 114 mM
after correction for ionic activities, which lies in the upper physiolog-
ical range measured in guard cells [35,36]. The osmolality was ad-
justed to 510 mosmol/kg by adding p-mannitol. MgATP was omitted
from the pipette solution, when indicated in the text. Guard cells were
bathed either in a ‘Ca?t bath’ medium of 40 mM CaCl,, 2 mM
MgCl; and 10 mM MES-Tris, pH 5.6 or in a ‘Cs™ bath’ of 30 mM
CsCl, I mM CaCl,, 2 mM MgCl, and 10 mM MES-Tris, pH 5.6,
adjusted to 490 mosmol/kg using D-mannitol. ABA ([ £ ]cis-trans iso-
mer, Sigma) was prepared as a 50 mM stock solution in 100% ethanol
and added at the indicated concentrations to the bath and/or pipette
solution. The final concentration of ethanol in all experiments did not
exceed 0.2% (v/v) and ethanol control experiments did not show ef-
fects.

Whole-cell recordings were performed, with an Axopatch-1D am-
plifier as previously described [7]. For time course analyses, 8-s volt-
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age pulses were applied over a period of 30 min. For current-voltage
analyses a voltage protocol as in the top inset of Fig. 1A was used.
Peak currents at —85 mV of each individual guard cell at the indi-
cated times were normalized relative to the maximum current ampli-
tude measured during the whole-cell recording and expressed in per-
cent of maximum current. Peak currents were measured 100 ms after
the onset of each individual voltage pulse.

3. Results

Effects of ABA on S-type anion currents were analyzed
under cytosolic ATP-free conditions. To quantitatively deter-
mine the time course of anion channel deactivation upon re-
moval of cytosolic ATP, slow anion channel currents were
recorded immediately after gaining access to the cytosol of
guard cells with pipette solutions containing zero ATP. At
time zero, ATP was not yet removed from the cytosol and
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Fig. 1. Deactivation time course of slow anion currents in guard
cells during depletion of cytosolic MgATP. A: Typical slow anion
channel currents were observed when recordings were performed im-
mediately after gaining access to whole cells. The membrane poten-
tial was clamped from a holding potential of V;, =+30 mV to poten-
tials starting at V,=—145 to +65 mV in +30 mV increments.
Negative currents correspond to anion efflux in all figures. B: After
15 min of perfusing the same guard cell with MgATP-free pipette
solution slow anion channel currents were deactivated. C: Time
course of channel deactivation upon ATP removal (n=7 guard cells
averaged). Experiments were performed in the Ca bath solution (see
Section 2).
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Fig. 2. ABA maintains slow anion current activity in ATP-depleted guard cells. A: Typical slow anion channel currents remain active after
15 min of gaining whole-cell access with MgATP-free solutions when guard cells were incubated in 100 uM extracellular ABA. B: Removal of
extracellular ABA deactivates anion currents in the same guard cell within 15 min (30 min total recording time). C: Time course of slow anion
current deactivation upon wash-out of extracellular ABA. Anion current activity was not recovered by reapplication of ABA to ATP-depleted
guard cells. D: Average effects of external ABA on slow anion currents in ATP-depleted guard cells. Left column: 2 min after gaining whole-
cell access with zero ATP in the pipette, anion currents were not yet deactivated. Middle column: Cells incubated in ABA and 0 ATP still
show 99.3+5.2% of the initial current after 15 min. Right column: Guard cells with 0 ATP which were not incubated in ABA showed strong
deactivation of anion currents after 20 min of gaining whole-cell access. Average data from 23 guard cells are shown. A Cs-containing bath so-

lution was used (see Section 2).

large S-type anion currents were fully activated by depolari-
zation of guard cells followed by hyperpolarizing voltage
pulses (Fig. 1A) as reported previously [5]. However, as the
cytosol of guard cells equilibrated with the ATP-free pipette
solution, anion channel current activities declined over time
until >98% of the current disappeared (Fig. 1B). This strong
deactivation had an average half-maximal deactivation time
of 9.4 min (Fig. 1C). Controls in the presence of ATP showed
reduction of anion currents by only 19 £8% after 15 min in
this set of experiments.

Subsequent experiments were pursued to determine whether
ABA can maintain S-type currents in the absence of cytosolic
ATP. In the absence of cytosolic ATP, ABA-induced kinase
activation [20-22] is abolished, and therefore ABA effects on
dephosphorylation events can be separately analyzed. In the
absence of cytosolic ATP, but in the presence of ABA, large
S-type anion currents were recorded even 15 min after gaining
access to the cytosol (Fig. 2A). These data suggest that anion
channel deactivation events that occur under ATP-free cyto-
solic conditions [13] may be down-regulated by ABA. If ABA

N
Fig. 3. Reactivation of slow anion currents in ATP-depleted guard
cells by reintroducing MgATP into the cytosol. A: The whole-cell
current in an ATP-depleted guard cell is shown 15 min after gaining
access to the cytosol. The lower inset in A shows the same current
at a higher current magnification. The arrows and spikes in the cur-
rent trace indicate the on/off-set of the applied voltage pulse from
+30 mV to —145 mV. B: ‘Repatching’ of the same cell with a 5 mM
ATP-containing pipette solution shows a recovery after 8 min of
gaining whole-cell access. Guard cells were bathed in 40 mM Ca
solution and the same voltage pulse as in A was applied (top inset).
The three guard cells tested showed reversibility of ATP depletion
effects.

indeed down-regulates these deactivation events, subsequent
removal of extracellular ABA should result in S-type channel
deactivation. Removal of extracellular ABA after 15 min of
sustained activity resulted in a complete decline of anion cur-
rents after a further 15 min (Fig. 2B,C). Re-application of
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Fig. 4. A: Dialysis of guard cells with 10 mM ATP allows anion
channel activation 30 min after whole-cell access, even in the pres-
ence of 10 mM BAPTA. B: Current-voltage curves showing anion
current activities over time during cytosolic dialysis with ATP and
BAPTA. Voltage pulses were as in Fig. 1. Solutions were as in Sec-
tion 2 with 0 CaCly, 10 mM BAPTA and 10 mM ATP in the pi-
pette solution and the Ca’>" bath solution was used. Seven of nine
cells showed similar responses (see text).

extracellular ABA to the bath solution did not lead to a re-
newed activation of slow anion currents (Fig. 2C), as can be
expected under cytosolic ATP-free conditions, because ATP
acts as the substrate for phosphorylation [13]. On average,
ATP-free cells, exposed to extracellular ABA in the Cs*
bath solution (see Section 2) showed 99.3 £ 5.2% of the initial
current after 15 min of whole-cell recording (Fig. 2D, middle
column). However, cells not exposed to ABA showed a strong
deactivation of slow anion currents (Fig. 2D, right column).
After only 2 min of whole-cell recording deactivation had not
yet occurred (Fig. 2D, left column; Fig. 1C).

The reversibility of the ATP-free-induced deactivation of
S-type currents has not yet been analyzed. In order to estab-
lish whether anion channel deactivation can be reversed, the
same guard cells that were depleted of ATP were patch-
clamped again with new patch pipettes containing 5 mM
ATP. Fig. 3A displays the lack of anion currents in guard
cells which had been depleted of cytosolic ATP. The contin-
uous access to whole guard cells was confirmed by capacitance
measurements before and after all voltage pulses. After rein-
troduction of ATP into the cytosol of the same guard cells,
large slow anion channel currents slowly appeared within
8 min, showing reversibility (Fig. 3B). Interestingly, immedi-
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ately after gaining access to guard cells previously depleted of
ATP, slow anion channel currents were negligible and anion
currents recovered over time, which would be consistent with
ATP-dependent phosphorylation events [13,20,21] governing
the observed reactivation of S-type currents (Fig. 3B).

The question whether high ATP conditions can activate S-
type anion currents even when [Ca*"]. is buffered to nano-
molar levels was analyzed. When the cytosol of guard cells
was dialyzed with solutions containing 10 mM MgATP and
the strong Ca?* chelator BAPTA, S-type anion currents re-
mained active over periods of 30 min in guard cells (Fig.
4A,B; n=7 of 9 cells). In some cells, anion currents were
reduced in the presence of high ATP and BAPTA (n=2 cells,
data not shown).

We then conducted a series of experiments to test whether
intracellularly supplied ABA can maintain anion currents
(Fig. 5). In the absence of any added ABA, the large average
activity of S-type anion currents shortly after gaining access to
whole cells with zero ATP in the pipette is shown in Fig. 5,
column 1 for this series of experiments using the Ca’" bath
solution. Control cells with 5 mM MgATP added to the cy-
tosol showed large anion current activity after 15 min (column
2). Removal of cytosolic ATP from guard cells resulted in
strong deactivation of S-type anion channel currents (Fig. 5,
column 3). When guard cells were exposed to extracellular
ABA and cytosolic ATP was removed, 53.3 £22% of the ini-
tial current remained activated after 15 min in the high Ca*
bath solution (Fig. 5, column 4). Note that a slow run-down
of S-type anion currents was consistently observed in these
experiments with high (40 mM) Ca?* [6] in the bathing so-
lution. When Cs™ was the major cation in the bath solution,
less run-down was observed with ATP in the pipette solution
(e.g. compare Fig. 2D, column 2 and Fig. 5, column 4; see
Section 2 for bath solutions). In spite of this Ca’>*-bath-medi-
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Fig. 5. Average effects of internal and external ABA on slow anion
currents in ATP-depleted guard cells in the Ca?* bath solution.
Zero ATP control (column 1) shows the average anion current ac-
tivity 2.5 min after the start of whole-cell recordings in the absence
of MgATP in the pipette solution. Control guard cells supplied with
5 mM MgATP to the cytosol (ATP-control) showed after 15 min of
whole-cell access an average of 81 +8.5% anion current activity (col-
umn 2) of the maximal current. In contrast, guard cells depleted of
cytosolic ATP showed negligible currents after 15 min (column 3).
When cells were incubated in a 100 uM ABA-containing bath solu-
tion and ATP was depleted from the cytosol, S-type anion currents
averaged 53.3+22.6% of the initial current when recordings were
performed in the high Ca®* bath solution (see text) (column 4),
whereas guard cells in which 50 uM ABA was introduced into the
cytosol via the pipette maintained 81 % 14.9% of the initial current
(column 5). Averaged data from 21 cells are illustrated.
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ated run-down, when ABA was applied only to the cytosol of
guard cells in the absence of ATP, 81%14.9% of the initial
current was maintained after 15 min (column 5). These data
show that intracellularly supplied ABA could counteract S-
type anion channel deactivation upon ATP depletion.

4. Discussion

Biophysical, second messenger regulation, genetic, pharma-
cological and stomatal movement studies have indicated an
important role for anion channels during ABA signaling (see
Section 1). Furthermore, recent studies have shown effects of
several distinct protein phosphatases during ABA signaling in
guard cells (abil, abi2, two distinct OA-sensitive phosphatases
— see below) [11-13,24-29]. However, the question has not yet
been addressed as to whether ABA post-translationally regu-
lates these phosphatase activities or whether they represent
constitutive background activities impinging upon the ABA
signaling pathway as proposed for yeast and mammalian ki-
nase cascades (e.g. [31]). The fact that hydrolyzable ATP ac-
tivates S-type anion channels, and that ATP-free conditions
strongly deactivate these ion channels in Vicia faba guard cells
[13] could be exploited here to analyze ABA signaling in the
absence of ATP and kinase regulation.

4.1. ATP-independent ABA regulation of anion channels

Vicia faba guard cells provide an opportune system to char-
acterize negatively regulating dephosphorylation events, be-
cause these become rate-limiting under ATP-free conditions
[13]. The findings that OA enhances both ABA-induced sto-
matal closing and ABA activation of S-type currents
[12,13,15], even after addition of saturating ABA concentra-
tions, leaves open the question whether ABA down-regulates
dephosphorylation events (see Section 1). The results obtained
here show that, in ATP-depleted Vicia faba guard cells, ABA
treatment was able to maintain S-type anion currents after
15 min of whole-cell recording at levels comparable to control
cells supplied with ATP (Figs. 2 and 4). The finding that ABA
mimics the previously reported OA-induced maintenance of
S-type currents with zero ATP in the cytosol (Fig. 2) supports
a hypothesis in which ABA down-regulates protein dephos-
phorylation events during stomatal closing in Vicia faba guard
cells. This hypothesis is further supported by the fact that
ABA activation of protein kinase activities in Vicia faba guard
cells [20,21] was abolished in the present study by removal of
cytosolic ATP. Thus the presented data provide cell biological
evidence that ABA can post-translationally inactivate protein
dephosphorylation events, while at the same time ABA acti-
vates protein kinases [20-23] during signaling.

Biochemical studies with the ABI1 and ABI2 PP2C proteins
demonstrate that ABI1 and ABI2 are not sensitive to OA
[28,30]. Note that because no inhibitors or null mutants for
these PP2Cs are available, the question whether ABA post-
translationally activates, down-regulates or does not affect the
wild-type ABI1 and ABI2 phosphatase activities remains to be
determined.

4.2. Evidence for counter-acting phosphatases in ABA signaling

Recent findings have shown that OA can either inhibit or
enhance ABA responses in Pisum leaf guard cells, depending
on the experiment [37]. In Pisum, ABA-induced stomatal clos-
ing was enhanced by OA, as previously shown in Vicia and
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Commelina. But in the same study, OA inhibited ABA effects
on stomatal opening and also inhibited ABA induction of
dehydrin mRNA [37]. OA further inhibits ABA induction of
the PHAV1 gene in barley aleurone [38]. These data suggest
regulation by two distinguishable OA-sensitive phosphatase
activities during ABA signaling (positively and negatively reg-
ulating OA-sensitive dephosphorylation events). In correlation
with these findings, in Arabidopsis guard cells OA partially
inhibited ABA responses [11], confirming the presence of ad-
ditional OA sensitive phosphatases in the guard cell signaling
cascade with opposite roles to those studied here. These recent
studies on ABA signaling implicate both positively and neg-
atively regulating protein phosphatases activities, in the early
ABA transduction cascade [11,13,15,37-39]. Also, while OA
inhibits inward-rectifying K* channels in guard cells [24,25],
specific inhibitors of calcineurin phosphatases (‘PP2Bs’) stim-
ulate the same K* channels [40]. These K channel studies
likewise support models of counteracting phosphatases in
guard cell signaling [24,25,40]. Outward-rectifying K* chan-
nels have also been shown to be both activated or inhibited by
phosphorylation events, depending on conditions [41].

Interestingly, in the abil mutant background, the activity of
negatively regulating protein kinases becomes evident [11,39],
in addition to the kinase activities that positively transduce
ABA signals [13,22,23]. These novel negatively regulating ki-
nase activities seem to become clearly apparent in the abil
mutant background [11,39], further suggesting that they act
at distinct locations from the positively regulating kinase ac-
tivities [13,22,23] (for discussion see [11]). Further research
will be required to determine the relative locations of these
elements in the ABA signaling network, and whether ABA
post-translationally modulates their activities.

A recent study showing that Ca?" activation of ABA-in-
duced genes is inhibited by the kinase inhibitor k252a has
led to the suggestion that positively regulating kinase activities
are either Ca?*-dependent or lie further downstream as Ca®*-
independent steps [42]. The finding that S-type anion channel
activation by large cytosolic ATP concentrations proceeds,
even when cytosolic Ca?* is buffered to nanomolar levels by
10 mM BAPTA provides direct evidence that final channel
activation steps are Ca’*-independent (Fig. 4). This result
provides direct support for the hypothesis that Ca’" regula-
tion of S-type anion channels is indirect [5] and may play a
role in findings showing that ABA-induced guard cell signal-
ing can proceed without resolution of increases in [Ca> ]y
[12,32,33]. Thus Ca’*-dependent regulation of S-type channels
occurs either further upstream or in a parallel pathway (for
review see [34]).

4.3. ABA application

Experiments using immunohistochemical, fluorescence
staining, and photo-affinity labeling have suggested that
ABA may bind to a membrane bound receptor protein [43].
Studies have provided evidence for both extracellular and in-
tracellular sites of ABA action, with some studies not ruling
out both extracellular and intracellular sites of action in guard
cells [33,44-48]. ABA is taken up and accumulated by an
inward directed proton gradient across the plasma membranes
of guard cells [49]. We found extracellular ABA regulation of
S-type anion currents at an extracellular pH of 8.0 (=4 of
8 cells), which would limit ABA uptake to a final cytosolic
concentration of ~60 nM [49]. The ABA sensitivity of Vicia
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guard cells is very weak, such that 50 uM ABA, even at pH
5.5, is needed to see a partial stomatal closing response (e.g.
[14,50]). Removal of ABA from the bath solution led to de-
activation of S-type channels (Fig. 2B,C). On the other hand,
intracellular ABA was effective at maintaining S-type anion
currents in the absence of cytosolic ATP (Fig. 5). The present
study shows S-type anion channel stimulation by intracellular
ABA and by externally applied ABA.

4.4. Physiological regulation

Both in the present study and in recent studies of Arabi-
dopsis and tobacco guard cells large dynamic ranges in ABA
regulation of S-type anion channels have been demonstrated
(Figs. 2 and 4) [11,12]. Stomatal opening and closing assays
have suggested that the actual degree of anion channel activity
in vivo in guard cells depends on the physiological state of the
stomatal apertures. For example several lines of evidence sug-
gest that complete down-regulation of guard cell anion chan-
nels in vivo may occur mainly when stomatal apertures are
opened very wide [13-15,50]. Furthermore, stomata open
wider when anion channels are blocked or deactivated
[11,13-15,50]. These stomatal movement studies suggest that
when stomata are opened to intermediate apertures by light,
significant residual anion channel activities may exist, which
act as negative regulators of stomatal opening (see [13-15,50]).
The fine-tuning of anion channel activity depending on kinase
and phosphatase activities, that can both be regulated by
ABA, may be a factor contributing to stomatal apertures
under different physiological conditions in vivo.

In conclusion, the present study provides direct evidence for
ABA regulation of S-type anion channels in Vicia faba guard
cells in the absence of cytosolic ATP and implicates ABA
down-regulation of protein dephosphorylation events during
ABA signaling, in addition to previously reported ABA acti-
vation of protein phosphorylation events [13,20-23]. Further-
more, the strong down-regulation of S-type anion channels by
ATP removal is shown here to be reversed by reintroduction
of ATP and final steps in ATP-dependent anion channel acti-
vation are shown to be Ca?* independent suggesting that
Ca®" acts further upstream or in a parallel pathway.
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