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Abstract — The sensory transduction processes of blue light in guard cells have been suggested the
involvement of Ca’*/calmodulin-dependent myosin light chain kinase (MLCK) or MLCK-like proteins. The
source of Ca?* required for the signal transduction process was investigated in guard cell protoplasts (GCPs).
The GCPs showed the typical H™ pumping activity by blue light (200 xmol m-? s-') and fusicoccin (10 uM)
under background red light (600 wmol m™2 s™"). The blue light-dependent H" pumping was not significantly
affected by the externally changed Ca*" concentrations. The addition of 1 mM Ca2* in the bathing medium
ratherly inhibited the H* pumping. In contrast, the blue light-dependent H* pumping was inhibited by
caffeine and 2,5-di-(fert-butyl)-1,4-benzohydroquinone (BHQ), inhibitor of Ca?>*-ATPase in endoplasmic
reticulum (ER) without inhibiting the H* pump. The inhibition by caffeine and BHQ was fully reversible. The
extent of inhibition by caffeine and BHQ was larger when they were added together than when added
separately. The results suggest that Ca?* required for the blue light-dependent H* pumping may be released
from the intracellular Ca®* stores, probably ER in guard cells.

INTRODUCTION

Stomatal pores in the leaf epidermes control gas exchange
between leaves and the atmosphere including CO, uptake,
necessary for photosynthesis, and H,O loss by transpi-
ration. To date, it has been largely known that there are
many types of signals as factors affecting such stomatal
function. Light is a primary environmental signal for
opening stomata. Especially, blue light (BL)t plays a
dominant role in stomatal opening to light. BL is shown to
activate the plasma membrane H* pump in guard cells.”%.
The pump activation creates an electrical potential across
the plasma membrane and drives the K+ uptake through
the voltage-gated K* channels,? leading to stomatal
opening. However, our current understand-ing of the
mechanisms on the sensory transduction of BL is still very
poor.
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BL-activated responses in plant cells have been known
to employ Ca?* as a signaling agent.” However, it has so
far not been characterized in plant cells that Ca2* may
play a key role in triggering light-stimulated responses.

Recent investigations using pharmacological tools have
showed that Ca?*/calmodulin (CaM)-dependent MLCK
or MLCK-like proteins might be involved in the signal
transduction process of BL-dependent H* pumping in
guard cells.®” This reflects an increase of [Ca2],, in
guard cells responding to BL because it is necessary for
the activation of CaM. It may be accomplished by an
influx of free Ca?* from the bathing medium across the
plasma membrane and/or a release of Ca?* from
intracellular stores into cytosol. Available data have
provided for Ca?' entry through the plasma membrane
into cytosol in guard cells; non-selective Ca?*-permeable
channels,®® and stretch-activated Ca?t channels? are
identified in the plasma membrane of guard cells. Non-
selective Ca?"-permeable channels open by abscisic
acid, and stretch-activated Ca?* channels open in
response to hypotonic treatment. On the other hand,
three discrete Ca?* channels were identified in vacuole
of plants as a pathway for Ca?* release from the
intracellular stores. Those Ca?* channels were inositol
trisphosphate (IP,)-, cyclic adenosine 3',5'-diphospho-
ribose (cADPR)-, and voltage-sensitive, respectively.!/12
IP,- and voltage-sensitive Ca?* channels in the vacuole 3/
seem to be responsible for the stomatal closure through
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an inactivation of anion channels and/or an inactivation
of inward-rectitying K' channels by Ca?" */¢ Functional
role of cADPR-sensitive Ca?' channels in the vacuole
was not yet clarified. In animal cells, influxes of Ca?'
into cytosol from the intracellular stores occur through at
least two discrete Ca’* channels. One of them is
activated by IP; and the other is by Ca*', both of them
are located in the endoplasmic reticulum (ER). In plant
cells, the ER accumulates Ca’' and may act as Ca?'
stores, although there are no such channels identified in
the ER.””

In this study the effects of externally changed Ca?'
concentrations, and caffeine and BHQ, inhibitor of the
ER Ca?'-ATPase in animal cells on the BL-dependent
H* pumping in Vicia guard cell protoplasts were inves-
tigated. These experiments suggest that Ca’' from the
ER stores may be used to mediate H pumping by BL in
GCPs.

- MATERIALS AND METHODS

Plant material. Seeds of Vicia faba L.(Ryosai Issun) were
germinated on vermiculite in a controlled environmental
growth chamber (25°C, 12 h of light/12 h of dark) for 1 week,
and the seedlings were grown hydroponically in a greenhouse
(20 + 2°C) under sunlight as previously described.®

Isolation of guard cell protoplasts.  Guard cell protoplasts
(GCPs) were isolated enzymatically from the epidermes
according to the method of Goh et al. (1995)."% The epidermal
strips were digested in a medium (pH 5.4) containing 1 mM
CaCl. throughout the isolation procedures. The released
protoplasts in medium were washed twice with a chilled
solution of 0.4 M mannitol and 1 mM CaCl; and collected by
centrifugation. The isolated protoplasts were suspended and
stored in the dark in a solution of 0.4 M mannitol and 1 mM
CaCl; unless otherwise stated.

In order to investigate the effects of external Ca’! concen-
tration on the activity of BL-dependent H' pumping. the
released protoplasts in medium were washed twice with a
chilled solution of 0.4 M mannitol and collected by centrifuga-
tion. The isolated protoplasts were suspended and stored in the
dark in a solution of 0.4 M mannitol and kept on ice until use.

Measurement of H' pumping. BL-dependent H' pumping
and pH change in the GCPs suspension were determined with
glass pH electrode connected to a pH meter. BL (200 wmol

m~2 s7!) was applied as a short pulse (30 s) | h after the onset
of background red light (600 wmol m™ s7!} irradiation. Red
light was obtained from the lamp by filtering the light through
a glass cutoff (Corning 2-61, Corning, NY) and Cinemoid 5A
filters. BL. was from a tungsten lamp through a glass filter
(Corning 5-60). The basal reaction mixture (1.0 mL) consisted
of 0.125 mM Mes-NaOH (pH 6.2), 0.4 M mannitol, and 10
mM KCI with and without 1 mM CaCl,. Fusicoccin (FC)-
induced H" pumping was measured in the same reaction
mixture under irradiation by red light. FC was added at 10
M. The amounts of protoplasts used for all experiments were

20 pg of protein/mL. The added protoplasts were prein-
cubated for 10 min in darkness before the irradiation of red
light.

Determination of external Ca*' concentration. The isolated
protoplasts were washed twice with a chilled solution of 0.4 M
mannitol without CaCl,, and then centrifuged at 110 g for 7
min. In order to determine the external Ca?" concentration
during the H' pumping by BL took places in GCPs, the GCPs
suspension was collected and centrifuged when the magnitude
of H! pumping was maximal. The supernant was collected for
the direct determination of the amount of Ca?'. Concentration
of Ca’' was determined by an atomic absorption spectrometry
(model Z-9000, Hitachi, Tokyo, Japan).

Protein determination. Protein was determined by the
method of Bradford (1976)'Y with BSA as a standard.

RESULTS AND DISCUSSION
Proton pumping by blue light and fusicoccin

The H' pumping by blue light (BL) in GCPs has been
postulated to be activated by plasma membrane H' -
ATPase as a terminal target,*?*? although the partic-
ipation of plasma membrane redox chain’>? cannot be
excluded. The properties of H" pumping activated by
BL in GCPs have been well characterized elsewhere.”/#2#2547
Figure 1A shows the time course of BL-dependent H*
pumping in GCPs. The H' Pumping was induced by a
pulse of BL (200 pmol mm ? ', 30s) superimposed on
background red light (600 gmol m- s-!). Protons were
extruded continuously for 12 to 16 min after the
cessation of the pulse. The maximum magnitude of H'
pumping was 0.346 nmol H' ug protein-! pulse'.
Fusicoccin (FC) at 10 uM, an activator of H" pump also
induced the H' pump (Fig. 1B). The maximum rates of
H' pumping occurred around 5 min and showed 2.53
nmol H' pug protein'! h-'. The action of FC on higher
plants is usually attributed to activation of the H' -
ATPase of plasma membrane.* The results showed that
the isolated GCPs had typical properties of H" pumping
by BL and FC in GCPs, respectively. Calcium ions may
act as a second messenger in light-response coupling in
plant cells. Thus, the BL photoreceptor cells will provide
a model from where Ca®' required for the light response
may originate.

Effects of external Ca’' concentration in BL-dependent
H' pumping

The magnitude of H' pumping by BL in GCPs was
not significantly affected by the changes of Ca?’
concen-trations ranging from 0.1 to 10 mM in the
bathing medium (Table 1). They also did not cause a
considerable change in the time course of the BL-
dependent H' pumping in GCPs (data not shown). When
GCPs preparation was washed with a solution of 0.4 M
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Figure 1. H" pumping by blue light (A) and fusicoccin (B) in
Vicia guard cell protoplasts under background red light (600
wmol m2 s71). A) A pulse of blue light (200 pwmol m™2 57!, 30s)
was given at the time indicated by arrow. The amount of acid
equivalents was determined by addition of 10 nmol of H' at the
end of each experiment. B) Fusicoccin was added to GCPs
suspension at a final concentration of 10 uM in 0.5% DMSO at
the time indicated by arrow. The amount of acid equivalents was
determined by addition of 10 nmol of H" 10 min before the

addition of fusicoccin. The reaction mixture (1.0 mL) contained
0.125 mM Mes-NaOH (pH 6.2), 0.4 M mannitol, 10 mM KCI, and
1 mM CaCl,. The amounts of GCPs added in the reaction mixture

were 20 ug of protein/mL. All measurements were carried out at
24°C.

mannitol by centrifugation, the magnitude of H* pumping
by BL was decreased by 35% (Table 2A). However, the
removal of external Ca?* by washing the GCPs
preparation in this system was not an efficient technique.

The concentration of external Ca?* in GCPs preparation
was estimated to be 1.57 + 0.45 uM, not to be zero by
using atomic absorption spectrometry. In addition, the

Table 1. Effects of external Ca?" concentration on blue light-
dependent H" pumping in Vicia guard cell protoplasts.

CaCl, Magnitude of BL-dependent H* pumping
(nmol HT ug protein~! pulse™')
10# 0.281 + 0.024
1.0 0.248 + 0.010
0.1° 0.278 + 0.026

2 b The final concentration of Ca?" in the bathing medium was
controlled by the addition of the reaction solution (0.4 M
mannitol, 10 mM KCl, 0.125 mM Mes-NaOH, pH 6.2) with 11.11
uM and 0.11 uM CaCl,, respectively. Other experimental

conditions were the same as in Fig. 1. All measurements are
significant at the 0.1 level by Student’s ¢ test.

Table 2. Effects of external Ca?* removal from the bathing
medium on blue light-dependent H" pumping in Vicia guard cell
protoplasts.

CaCl, Magnitude of BL.-dependent Ht pumping
(nmol H' pug protein™! pulse™)
A) 1 0.386 + 0.049
o 0.252 + 0.008
B) 0 0.229 + 0.010
1b 0.160 + 0.019

A) GCPs preparation was suspended in 0.4 M mannitol and 1 mM
CaCl,. ®GCPs preparation was washed twice with a solution of
0.4 M mannitol. Values represent the means + SE of three
replicates. B) GCPs preparation was suspended in 0.4 M
mannitol. *The final concentration of 1 mM Ca?" in the
suspending medium was added to GCPs suspension 21 min
before the application of BL. Values represent the means + SE of
six replicates. Other experimental conditions were the same as in
Fig. 1. All measurements are significant at the 0.1 level by
Student’s ¢ test.

concentration of external Ca?* was 9.57 + 0.01 uM
during the induction of H" pumping by BL took place in
GCPs. Any sudden increase of Ca’>" concentration in the
bathing medium may be derived from the broken GCPs
during the measurement of H* pumping. In the other
experiments, we failed to measure the H" pumping by
BL in GCPs when the external Ca?* was depleted by
Ca?* chelator, ethylenediaminete-tracetic acid (data not
shown). We further tested a possibility of Ca?* entry
from the external space for the activation of BL-
dependent H* pumping in GCPs. To lower the external
Ca’* concentration, GCPs preparation was also washed
twice and centrifuged with a solution of 0.4 M mannitol.
The GCPs preparation had the magnitude of H*
pumping showing 0.229, but it was decreased to 0.160
nmol H* ug protein~! pulse! when 1 mM CaCl, was
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Table 3. Inhibition of blue light-dependent H' pumping in Vicia
guard cell protoplasts by caffeine, 2,5-di-(tert-butyl)-1,4-
benzohydroquinone (BHQ), and thapsigargin.

Table 4. Restoration of the biue light-dependent H' pumping
activity in caffeine- and BHQ-treated guard cell protoplasts.

Magnitude of BL-dependent H" pumping

(nmol H' ug protein ! pulse™)

Inhibitors ~ Concentrations ~ Magnitude of BL- Rate of FC-induced
dependent H " pumping H' pumping

(nmol H' pg protein ™ pulse™)  (nmol H' prgprotein ™' ')
Caffeine 0 0.495 213
(mM) 5 0.18 N.D.
10 0.060 2.25
BHQ 0 0415 242
(uM) 1 0.322 232
10 0.100 2.45
Thapsigargin =~ 0 0.341 N.D.
(M) 20 0.342 N.D.

The inhibitors were added to GCPs suspension 21 min before the
application of BL.. Caffeine was dissolved in the reaction solution,
and BHQ and thapsigargin were dissolved in DMSO,
respectively. The final concentration of DMSO was 0.5%. Other
experimental conditions were as shown in Fig. 1. At least three
separate experiments were done for individual inhibitors, and the
typical values were given. N.D.. Not determined.

supplied to the bathing medium 21 min before the
application of BL (Table 2B). These indicate that
cytosolic free Ca?' required for the activation of H'
pumping by BL in GCPs may be not originated from the
external space.

Effects of caffeine and BHQ in BL-dependent H'
pumping.

We examined a possible involvement of Ca®' that was
stored in intracellular organelles, especially in the ER, in
the BL-dependent H' pumping of GCPs. The H'
pumping was inhibited by caffeine about 76 % at 5 mM
and 89 % at 10 mM when GCPs were incubated with
caffeine for 21 min prior to the application of BL (Table
3). An addition of FC (10 uM) to GCPs suspen-sion
induced the H" pumping similar to those of the controls;
it did not inhibit the activity of the H' pump itself. These
results reflect that caffeine affects the signal transduction
process between the photoreceptor and the H' pump.
Caffeine may deplete the free Ca’! of intracellular stores
by activating the efflux of Ca?' outside of cells through
the plasma membrane, probably due to releasing of the
Ca?t from the stores such as ER. We, therefore, expect
that emptying of intracellular Ca*' stores in guard cells
suppresses the BL-dependent H' pumping. The ER Ca®!-
ATPase inhibitor, BHQ is shown to empty Ca’' pools in
smooth muscle cells by inhibiting Ca’>' uptake into ER.”
As shown in Table 3, BHQ at 10 uM strongly inhibited
the BL-dependent H* pumping in a concentration
dependent manner. The pump activity itself was also not

Controls  Catfeine-treated Controls  BHQ-treated
0.275 0.231 (+84%) 0.315 0.338 (+107%)
0.357 0.216 (+61%) 0.374 0.356 (+95%)
0.336 0.346 (+103%) 0.318 0.308 (+96%)

Caffeine (10 mM) and BHQ (10 uM) were pretreated for 20 min
at room temperature in darkness, and then GCPs preparation was
washed twice with a solution of 0.4 M mannitol and | mM CaCl,.
At least three separate experiments were done for individual
inhibitors, and the typical values were given. Other experimental
conditions were the same as shown in Fig. 1.

Table 5. Effects of 1 mM caffeine and 1 uM BHQ on blue light-
dependent H' pumping in Vicia guard cell protoplasts.

Inhibitors Magnitude of BL.-dependent H* pumping

(nmol H' mg protein! pulse ')

Caffeine BHQ
+ Catfeine BHQ

Catteine + BHQ
+ Caffeine + BHQ

0.444 + 0.037
0.406 + 0.037
0.379 £ 0.031
0.278 + 0.026

The inhibitors were added to GCPs preparation 21 min before the
application of BL. Values represent the means + SE of six
replicates. Other experimental conditions were as in Fig. 1. All
measurements are significant at the 0.1 level by Student’s 1 test.

inhibited by BHQ because the addition of FC induced
the H' pumping in a similar rate to those of controls.
We further examined the effect of thapsigargin, the most
selective inhibitor of ER Ca?'-ATPase in a variety of
animal cell types, such as lym-phocytes, smooth muscie
cells, and neuronal cells,” on the BL-dependent H'
pumping. However, thapsigargin had no inhibitory
effect on the pumping (Table 3). The other experiments
with cyclopiazonic acid (CPA), a specific inhibitor of the
Ca’'-ATPase in the sarcoplasmic reticulum of animal
cells** and in the ER of plant cells,”” showed that the
treatment at 10 uM 21 min before the application of BL
inhibited the BL-dependent H" pumping by 60 %.*"
Such inhibitory effects strongly suggest that Ca® ' release
from the intracellular stores may be responsible for
transducing the BL signal into the activation of the
pump, although thapsigargin does not inhibit the BL-
dependent H' pumping.

On the other hand, caffeine-treated and BHQ-treated
GCPs responded almost completely to BL upon the
removal of caffeine and BHQ by washing. When the
GCPs that had been preincubated with 10 mM caffeine
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or 10 uM BHQ for 20 min were washed twice with a
solution of 0.4 M mannitol and 1 mM CaCl,, GCPs
restored the activity of the BL-dependent H" pump up to
100% (Table 4). Caffeine and BHQ seem to empty the
intracellular Ca’t by activating the Ca?*-induced Ca?*
release through Ca?* channels on ER. If caffeine and
BHQ affect the same intracellular store, we can expect
the combined inhibitory effects of caffeine and BHQ on
the BL-dependent HY pumping when they were added to
GCPs suspension at the same time. We tested this
possibility using low concentrations of these reagents.
The H* pumping was inhibited by 9% at 1 mM caffeine,
and 15% at 1 uM BHQ, respectively and showed about
40% inhibition by the combination of 1 mM caffeine and
1 uM BHQ (Table 5). This synergistic effect in the
inhibition of BL-dependent H* pumping by two
inhibitors in GCPs indicated the same action site.

CONCLUSION

BL-activated responses in guard cells have been
suggested to employ Ca?* as the signaling agent.®” It is
our working hypothesis that the transduction processes
of BL signal in guard cells become involved in an
increase in [Ca?']_,. The increase of [Ca?*],, can be
achieved by the influx of Ca?* from external space
across the plasma membrane and/or release from the
intracellular store(s). The increase of [Ca’*],,, required
for the activation of H* pumping by BL in GCPs seems
to be not originated from the external space (Table 1 and
2). In plant cells, the ER accumulates Ca?* through the
Ca?t-ATPase, and several evidence demonstrated the
presence of the ER Ca?"-ATPase that is sensitive to
CPA. 77313334 The inhibitory effects by caffeine, BHQ,
and CPA strongly suggest that Ca?* release from at least
a part of intracellular stores, probably from the ER may
be responsible for transducing the BL signal into the
activation of the pump in guard cells. Since the
inhibition of ER Ca?*-ATPase caused an immediate drop
in the Ca?t concentration in Hella cells,’ our results
with the inhibitors may make it impossible to increase
the [Ca?*],,, in BL responses of guard cells and thus it
will diminish the activation signal for the H" pump.
Therefore, it is most likely that the increase of [Ca?*],
required for BL-dependent H" pumping is originated
from the ER, although the exact mechanisms of catfeine
and BHQ on plant cells have not been clarified.

There are several distinct intracellular Ca?* stores that
can release Ca?" into cytosol of guard cells. Vacuole,
ER, chloroplasts, and mitochondria are the candidate.’
Vacuole is the largest Ca’* stores in plant cells, and has
Ca?t-dependent, and cADPR-dependent Ca?* channels
on tonoplast.’’-72/5 However, no CPA and BHQ-
sensitive component was identified on the tonoplasts of

plant cells. In this context, further cytophysiological
investigations are needed elsewhere. This will be helpful
to our understanding of the mechanisms on the sensory
transduction of BL in guard cells.
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