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Calcium-induced calcium release mediated by a voltage-activated cation
channel in vacuolar vesicles from red beet

Michael A. Bewell, Frans J.M. Maathuis*, Gethyn J. Allen, Dale Sanders

The Plant Laboratory, Department of Biology, University of York, P.O. Box 373, York YOI0 5YW, UK

Received 20 July 1999

Abstract Little is known about the mechanisms underlying
calcium-induced Ca?* release (CICR) in plants. The slow-
activating vacuolar (SV) channel is both permeable to, and
activated by Ca?*, and is therefore a prime candidate for a role
in CICR. Cytosol-side-out vacuolar membrane vesicles loaded
with 43Ca2* showed voltage- and Ca2*-dependent Ca2* release,
which was sensitive to the SV channel modulators DIDS, protein
phosphatase 2B and calmodulin. Significantly, voltage-dependent
Ca?* release strongly depended on cytoplasmic Ca2* concentra-
tions. The results support the notion that CICR occurs in plant
cells and that the process can be catalysed by the SV channel on
the vacuolar membrane.
© 1999 Federation of European Biochemical Societies.
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1. Introduction

Elevation of cytosolic free Ca>" ([Ca>].) is a central ele-
ment in many stimulus-response pathways in plants [1]. In
mature plant cells, the dominant intracellular Ca?* store is
the vacuole, which typically occupies 85-90% of the intracel-
lular volume and contains Ca®* at millimolar concentrations
[2]. In accord with the notion that the vacuole represents a
source of Ca?t for cellular signaling, a number of Ca’*-per-
meable release channels has been identified at the vacuolar
membrane [2]. Thus Ca?* is mobilised both by inositol
1,4,5-trisphosphate  (InsP;) and by cyclic ADP-ribose
(cADPR) through discrete channel types which bear many
similarities to animal InsP; and ryanodine receptors, respec-
tively [3-8]. In animal cells, these two receptors are localised
on the endoplasmic reticulum and are involved in the gener-
ation of stimulus-specific Ca®* signals [9]. Both classes of
receptor exhibit Ca>*-dependent activation above threshold
levels of [Ca®*]., thereby providing intrinsic amplification of
the Ca®* signal [10]. This process is known as Ca?*-induced
Ca’* release (CICR).

In plants there is growing evidence for CICR in cell signal-
ing. Calcium waves, elicited in pollen tubes by localised ele-
vation of [Ca®*]., might be mediated through Ca’*-dependent
phospholipase C (PLC), which leads to production of InsP;
[11]. In guard cells, intracellular release of caged Ca’* can
lead either to a biphasic increase in [Ca?*]., with the second
phase indicative of CICR [12], or to oscillations in [Ca®*].,
which typify CICR events in animal cells [13]. Furthermore,
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abscisic acid-induced stomatal closure appears to involve volt-
age-dependent Ca’" entry across the plasma membrane,
which in turn triggers intracellular Ca>* release [14]. Rhizoids
of the marine alga Fucus respond to hypo-osmotic shock also
by mobilisation of Ca?* from intracellular stores after an
initial influx of Ca?t across the plasma membrane [15]. In
the freshwater alga Eremosphaera viridis, internally applied
St?*, acting as a Ca®" analogue, induces [Ca®*]. spiking [16].

Paradoxically however, neither the InsP;-gated channel nor
the ryanodine receptor-like Ca?* release pathway of vacuoles
is activated by elevation of [Ca®*]. [17,18]. A hyperpolarisa-
tion-activated Ca”*-permeable channel in the same membrane
is also insensitive to [Ca?*]. [19]. Nevertheless, a potential
mechanism for CICR in plants is via the so-called slow-acti-
vating vacuolar (SV) channel [20], which is ubiquitously dis-
tributed in plant cells [21]. The SV channel is both Ca>*-per-
meable [20,22-24] and activated by [Ca’*]. at approximately
300 nM and above [23,25-28]. In one report [29] it has been
claimed that the voltage dependence of the SV channel is such
that at membrane potentials negative of the equilibrium po-
tential for Ca®* the open probability (P,) is negligible. From
this finding it was concluded that SV channels can mediate
only efflux of Ca?t from the cytosol.

In this study, we have assessed the ability of vacuolar mem-
brane vesicles to release Ca’" in a Ca?*-dependent fashion.
We show that, with respect to voltage dependence, inhibitor
profile and Ca?* dependence, CICR from vacuolar vesicles
has the characteristics of mediation by SV channels.

2. Materials and methods

2.1. Preparation of vacuolar membrane vesicles

Vacuole-enriched vesicles from the storage root of Beta vulgaris L.
were isolated by sucrose density gradient centrifugation as described
previously [30] with the following modifications: in the homogenisa-
tion buffer, nupercaine was replaced by 1 pg/ml soybean trypsin in-
hibitor, 1 pg/ml leupeptin, 0.5 mM PMSF (phenylmethylsulphonyl
fluoride) and 5 mM benzamidine HCl. Soybean trypsin inhibitor
(1 pug/ml) and leupeptin (1 pg/ml) were also added to the suspension
medium. The final vacuolar membrane pellet was resuspended in cal-
cium transport medium (CTM; 400 mM glycerol, 5 mM Bis-Tris
propane (BTP)-MES (pH 7.4), 25 mM K* gluconate, 3 mM MgSOq,
1 mM dithiothreitol and 0.3 mM NaN3) and frozen at —80°C before
use.

2.2. Protein assay

Protein concentration was determined using a Bio-Rad assay kit
based on a modification of the dye binding method [31]. Bovine serum
albumin was used as a standard.

2.3. Ca®7 transport assay

Vacuole-enriched membrane vesicles (60 pg) were diluted into CTM
and loaded with #*Ca®* via an ATP-generated proton motive force
[32] as previously described [7] with the following modifications:
10 uM CaCl, contained 5.92 kBq “*CaCl, (specific activity 74 MBq/
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ml), and uptake was inhibited with carbonyl cyanide p-(trifluorometh-
oxy)phenyl-hydrazone (FCCP) after 8 min when the vesicles were
loaded to about half-maximal capacity. Vacuum filtration was carried
out using a multi-port filtration manifold (Model VFM-I Amicon,
Lexington, MA, USA). Radioactivity remaining on the filters after
the addition of the Ca’t ionophore A23187 was defined as non-accu-
mulated Ca®>* and was subtracted from all data. Typically, non-accu-
mulated Ca?* amounted to about 30% of total uptake.

2.4. Vesicle membrane potentials

Vesicles containing 25 mM K* gluconate were diluted into CTM
which contained one of a range of K* gluconate concentrations (2.5,
5, 12.5 or 25 mM). Once loading of Ca*" had been terminated, a
membrane potential was imposed in the form of a K* diffusion po-
tential by the addition of the potassium ionophore valinomycin
(10 uM). Membrane potentials were calculated from the Nernst equa-
tion and assumed to be equal to the equilibrium potential for K*.
Potentials are expressed relative to the luminal side of the vacuolar
membrane. Vacuolar membrane vesicles are known to be relatively
CI™ -permeant [33] so Cl™-free media were used throughout to prevent
attenuation of the membrane potential.

2.5. Calcium calculations

Free calcium levels were calculated with the aid of CALCIUM [34].
Binding constants for EGTA and cations were taken from a previous
report [35].

2.6. Chemicals
4$CaCl, was from NEN-DuPont (Boston, MA, USA); all other
reagents were from Sigma Chemical (Poole, Dorset, UK).

3. Results

SV channels are activated by cytosol-positive membrane
potentials. To obtain a preliminary indication of whether
SV channels might participate in vacuolar Ca’>* release, we
loaded vacuolar vesicles with *Ca>* by initiating Ca**/H™*
antiport driven by the vacuolar H"-ATPase [5], then applied
a range of cytosol-positive K™ diffusion potentials. External
(=cytosolic) KT concentrations of 25, 12.5, 5 and 2.5 mM

Table 1
Pharmacology of voltage-induced Ca* release

Addition Ca®" release at Aw=60 mV (%)
None 18.96+4.1

DIDS (10 uM) —2.2%4.0
CaM (100 U/ml) 17.0+7.8
PP2B (2 U/ml) 8.98143
CaM plus PP2B —1.98+6.0
EGTA (150 uM) 0.65+3.2

Accumulation of *Ca** proceeded for 8 min in a reaction medium
containing 2.5 mM K™, after which further accumulation was pre-
vented by addition of 10 uM FCCP. After a further 30 s, the fol-
lowing additions were made in individual experiments (final concen-
trations in parentheses): 4.,4’'-diisothiocyanatostilbene-2,2’-disulfonic
acid (DIDS: 10 uM) or EGTA (150 pM). Spinach calmodulin (final
concentration 100 U/ml) and protein phosphatase 2B (PP2B: final
concentration 2 U/ml), when applied, were present from the start of
the accumulation period, together with sodium orthovanadate
(100 uM) to prevent vacuole-located Ca’>*-ATPase activity. In these
cases, valinomycin was added 30 s after termination of Ca’* loading
with FCCP. In all experiments, four samples were taken during the
period 30-120 s after valinomycin addition, a mean vesicular Ca>"
accumulation determined, and the mean change in intravesicular
Ca®" calculated with reference to the sample taken just prior to ad-
dition of valinomycin. Absolute levels of Ca>* accumulation prior
to valinomycin addition were (nmol/mg) control: 6.3%0.25, EGTA:
9.3%£0.61, DIDS: 4.5+1.1, PP2B: 3.6£0.28, calmodulin: 2.8%£0.3
and PP2B with calmodulin: 1.7+0.17. Each value represents the
mean = S.E.M. of three or six different trials from one or two mem-
brane preparations.
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Fig. 1. Voltage-dependent Ca>* release from vacuolar vesicles. Red
beet vacuolar vesicles containing 25 mM potassium gluconate were
loaded for 8 min with ¥*Ca®* as described in Section 2, The extra-
vesicular K* concentration was 25, 12.5, 5 or 2.5 mM respectively.
Loading was stopped by addition of 10 uM FCCP and the mem-
brane potential (Ay) was clamped to either 0 (O), 18 (®), 42 (OJ) or
60 (W) mV by the addition of 10 uM valinomycin as shown. A: Ve-
sicular Ca®>* content as a function of time at different clamp poten-
tials. Accumulated Ca®* was normalised prior to addition of valino-
mycin  (100%=5.3+0.31 nmol Ca’/mg). Each point is the
mean* S.E.M. for 12 independent determinations from four differ-
ent preparations. B: Calcium release from vesicles averaged over the
period 90-180 s after imposition of the K* diffusion potential and
expressed as % of the total amount of accumulated Ca’*. Data
from A.

were used to generate potentials of 0, 18, 42 and 60 mV,
respectively.

Fig. 1A demonstrates that imposition of a cytosol-positive
K* diffusion potential resulted in release of Ca®*. Calcium
release was nearly complete after 30 s, and the extent of
Ca’" release exhibited a dependence on the magnitude of
the imposed voltage. The apparent voltage dependence of
steady-state Ca?* release depicted in Fig. 1B is in accord
with electrophysiological data obtained on the SV channel
which show progressive channel opening over the range of
potentials positive of zero [25]. It should be noted that the
voltage dependence of Ca’* release from membrane vesicles
must represent a channel gating phenomenon, since the elec-
trochemical driving force for Ca®" release from the vesicles
actually decreases with the imposition of increasingly positive
membrane potentials.

To clarify further the identity of the voltage-activated Ca>*
mobilisation pathway, we explored the sensitivity of Ca?*
release to the stilbene derivative DIDS (4,4'-diisothiocyana-
tostilbene-2,2’-disulphonic acid), an SV channel antagonist
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Fig. 2. Voltage-dependent Ca?t release is dependent on cytosolic
free Ca’*. Vacuolar vesicles were loaded (starting time 0) with
“Ca?t in a medium containing 2.5 mM K* and loading was termi-
nated by addition of FCCP. After a further 30 s, free Ca®" in the
loading medium was reduced to 5 nM by addition of 150 uM
EGTA. This resulted in negligible Ca** loss (2+1.5% drop of total
accumulated Ca’"). Subsequently, valinomycin was added 30 s after
the addition of EGTA and after a further 30 s the free [Ca’*]. in
the loading medium was adjusted by adding either Ca>* free buffer
(@), or CaCl, to create free [Ca’*]. of 0.1 uM (O), 0.3 uM (D),
1 uM (m), 60 uM (%). Accumulated Ca>* has been normalised to
the sample taken prior to the addition of Ca®t (100%). The abso-
lute values (in nmol Ca’*/mg) were respectively for 0 [Ca’*].:
474029, 0.1 uM [Ca®*].: 4.1%0.28, 0.3 uM [Ca®*].: 5.6%0.29,
1 uM [Ca’*].: 4.1£0.28 and for 60 pM [Ca®*].: 5.3+0.31. Each
point is the mean = S.E.M. for 6-9 independent determinations from
two or three different preparations. B: Calcium released from the
vesicles averaged from separate time points over the displayed time
course, and expressed as % of the total accumulated Ca’*, after ti-
tration of Ca>* into the reaction medium. Data from A.

[36]. When applied at 10 uM the covalently-binding inhibitor
DIDS completely antagonised Ca®t release from vesicles
when triggered by a 60 mV voltage clamp (Table 1). Since
DIDS has been reported to inhibit more than one vacuolar
channel type [37] a more specific study was undertaken.
Phosphorylation of the SV channel has been mooted as a
mechanism for regulating its activity [26,38] and indeed SV
channel currents are potently inhibited by protein phospha-
tase 2B (PP2B) in the presence of its activator calmodulin
(CaM) [22]. Table 1 shows that, when applied in the absence
of CaM, PP2B was moderately effective in inhibiting voltage-
dependent Ca®" release from the vesicles, while CaM alone
had no effect upon the release. However, jointly, PP2B and
CaM completely blocked voltage-dependent Ca®* release.
The dependence of Ca®" release on cytosolic free Ca>* was
tested by chelating extravesicular Ca’* with EGTA subse-
quent to loading. After addition of 150 uM EGTA, the free
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Ca?* in the extravesicular medium was calculated as 5 nM
and this treatment completely blocked voltage dependent
Ca’* release. Fig. 2A,B demonstrates that only in conditions
where the extravesicular [Ca2t] was 300 nM or higher was
Ca®* release observed after imposition of a membrane poten-
tial of 60 mV. This suggests that activation of the voltage-
sensitive release pathway is associated with elevation of
[Ca?*]. over a physiologically-meaningful range.

4. Discussion

The present results strongly suggest that CICR occurs in
Beta vulgaris L. tap root cells and that voltage and Ca’*-
sensitive Ca?* release is mediated through SV channels. First,
activation is observed in the cytosol-positive range of mem-
brane potentials over which the SV channel is known to acti-
vate [22,25]. Second, Ca’* release is totally inhibited by DIDS
[21] and also by PP2B in the presence of CaM [22], antago-
nists known to down-regulate SV channel activity strongly.
Third, the dependence of Ca?'t release on extravesicular
Ca?* mirrors the range of free Ca>* over which SV chan-
nel-mediated currents are activated [23,25,26]. All these lines
of evidence support a role for the SV channel in CICR in
plants.

The SV channel behaves as a multi-ion pore which con-
founds classical electrophysiological analysis of its ionic per-
meability [28], and hence a detailed understanding of the Ca>*
release properties of the channel. Previously, applying the
patch clamp technique, researchers have been unable to dis-
tinguish between the ionic components which comprise the SV
channel mediated currents. Using a radio tracer (**Ca?"), it
has been possible to follow the movements of one ion upon
SV channel activation. The results displayed in Fig. 1 and
Table 1 demonstrate that we are able to use the radiometric
assay to observe the Ca®* conductance of the SV channel in
red beet vacuolar vesicles.

The present data seem to contradict studies of Pottosin et
al. [29] who proposed that the open probability (P,) of SV
channels depends on the prevailing Ca>* electrochemical gra-
dient rather than on [Ca?*]. per se, in such a way that channel
activation would exclusively allow Ca?* efflux from the cyto-
plasm. Thus, SV channels would be prevented from mediating
CICR. However, these observations were made in the absence
of other divalent ions [29], and notably the presence of mM
cytoplasmic Mg?*, as is the case in our experimental system,
has now been shown to drastically affect the SV channel P, by
shifting the channel activation potential up to 60 mV negative
[39]. Since cytosolic Mg concentrations in plant cells are
around the millimolar level [40] these data support the notion
that SV channels can mediate CICR.

In addition, earlier studies (e.g. [27]) have shown substantial
SV currents in conditions where Ec, is negative of the mem-
brane potential. In such conditions Reifarth et al. [27] meas-
ured a 4 pA current. Recent studies on the ionic selectivity of
SV channels have concluded that in physiological conditions
about 4% of the current is carried by Ca?t, with the remain-
der being a K* current [41]. These estimates permit a realistic
appraisal of the ability of SV channels to mediate CICR in
vivo. For a whole vacuole SV channel current of 4 pA [27], of
which 4% is a Ca®* current [41], a cytosol volume of 10713 1
and the cytosolic buffer capacity for Ca>* permitting only 2%
of released Ca>" to enter the free Ca®t pool [42], we can
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calculate that the rate of change of [Ca®*]. as a result of SV
channel activity would be 10 nM/s. This [Ca’*]. change is of
similar magnitude to that reported for whole cells in response
to a range of natural and artificial stimuli, including cold,
osmotic shock and inositol trisphosphate [11,12,15,43]. The
amplification of Ca>" signals by CICR in conjunction with
the considerable Ca’>" store in the vacuolar lumen and the
large cytosol-directed electrochemical potential difference for
Ca”" amounting to —22 kJ/mol [2], necessitates that the feed-
forward CICR mechanism is countered by a negative feed-
back control. The SV channel has indeed been postulated to
have stringent controls governing its activity. It seems likely
that one such mechanism will be inhibition of channel activity
by Ca?*-dependent phosphorylation which will result in con-
siderable attenuation of SV channel-mediated Ca >* mobilisa-
tion at high [Ca"]..

In conclusion, our study shows that the SV channel is cap-
able of eliciting Ca®" release, and that it displays properties
indicative of CICR. Additionally, the SV channel has a neg-
ative feed back control via PP2B and calmodulin to ensure
that Ca2* does not rise to levels that will endanger the cell.

Acknowledgements: We thank the Biotechnology and Biological Sci-
ences Research Council for support.

References

[1] Sanders, D., Brownlee, C. and Harper, J.F. (1999) Plant Cell 11,
691-706.

[2] Allen, G.J. and Sanders, D. (1997) Adv. Bot. Res. Adv. Plant
Pathol. 25, 217-252.

[3] Schumaker, K.S. and Sze, H. (1987) J. Biol. Chem. 262, 3944
3946.

[4] Alexandre, J., Lassalles, J.P. and Kado, R.T. (1990) Nature 343,
567-570.

[5] Brosnan, J.M. and Sanders, D. (1990) FEBS Lett. 260, 70-72.

[6] Brosnan, J.M. and Sanders, D. (1993) Plant Cell 5, 931-940.

[7] Allen, G.J., Muir, S.R. and Sanders, D. (1995) Science 268, 735-
737.

[8] Muir, S.R. and Sanders, D. (1997) Plant Physiol. 114, 1511-1521.

[9] Bootman, M.D., Berridge, M.J. and Lipp, P. (1997) Cell 91, 367
373.

[10] Bezprozvanny, 1., Watras, J. and Ehrlich, B.E. (1991) Nature
351, 751-754.

[11] Franklin-Tong, V.E., Drobak, B.K., Allan, A.C., Watkins,
P.A.C. and Trewavas, A.J. (1996) Plant Cell 8, 1305-1321.

[12] Gilroy, S., Read, N.D. and Trewavas, A.J. (1990) Nature 346,
769-771.

M. A. Bewell et al.IFEBS Letters 458 (1999) 41-44

[13] McAinsh, M.R., Brownlee, C. and Hetherington, A.M. (1997)
Physiol. Plant. 100, 16-29.

[14] Grabov, A. and Blatt, M.R. (1998) J. Exp. Bot. 49, 351-360.

[15] Taylor, A.R., Manison, N.F.H., Fernandez, C., Wood, J. and
Brownlee, C. (1996) Plant Cell 8, 2015-2031.

[16] Bauer, C.S., Plieth, C., Bethmann, B., Popescu, O., Hansen,
U.P., Simonis, W. and Schonknecht, G. (1998) Plant Physiol.
117, 545-557.

[17] Allen, G.J. and Sanders, D. (1994) Plant J. 6, 687-695.

[18] Leckie, C., McAinsh, M.R., Allen, G.J., Sanders, D. and Hether-
ington, A.M. (1998) Proc. Natl. Acad. Sci. USA 95, 15837-
15842.

[19] Johannes, E., Brosnan, J.M. and Sanders, D. (1992) Phil. Trans.
R. Soc. Lond. B 338, 105-112.

[20] Ward, J.M. and Schroeder, J.I. (1994) Plant Cell 6, 669-683.

[21] Hedrich, R., Barbier-Brygoo, H., Felle, H.H., Fluegge, U.L,
Luettge, U., Maathuis, F.J.M., Marx, S., Prins, H.B.A., Raschke,
K., Schnabl, H., Schroeder, J.I., Struve, 1., Taiz, L. and Ziegler,
P. (1988) Bot. Acta 101, 7-13.

[22] Allen, G.J. and Sanders, D. (1995) Plant Cell 7, 1473-1483.

[23] Schulz-Lessdorf, B. and Hedrich, R. (1995) Planta 197, 655-671.

[24] Allen, G.J., Amtmann, A. and Sanders, D. (1998) J. Exp. Bot.
49, 305-318.

[25] Hedrich, R. and Neher, E. (1987) Nature 329, 833-836.

[26] Bethke, P.C. and Jones, R.L. (1994) Plant Cell 6, 277-285.

[27] Reifarth, F.W., Weiser, T. and Bentrup, F.W. (1994) Biochim.
Biophys. Acta 1192, 79-87.

[28] Allen, G.J. and Sanders, D. (1996) Plant J. 10, 1055-1069.

[29] Pottosin, L.I., Tikhonova, L.I., Hedrich, R. and Schonknecht, G.
(1997) Plant J. 12, 1387-1398.

[30] Blumwald, E., Rea, P.A. and Poole, R.J. (1987) Methods Enzym-
ol. 148, 115-123.

[31] Bradford, M.M. (1976) Anal. Biochem. 72, 248-254.

[32] Blumwald, E. and Poole, R.J. (1986) Plant Physiol. 80, 727-
731.

[33] Pope, A.J. and Leigh, R.A. (1988) Planta 176, 451-460.

[34] Foehr, K.J. (1993) Methods Enzymol. 221, 149.

[35] Martell, A.E. and Smith, A.E. (1974) Critical Stability Constants,
Vol. 1, Amino Acids, Plenum Press, New York.

[36] Hedrich, R. and Kurkdjian, A. (1988) EMBO J. 7, 3661-
3666.

[37] Allen, G.J. and Sanders, D. (1994) Plant Cell 6, 685-694.

[38] Bethke, P.C. and Jones, R.L. (1997) Plant J. 11, 1227-1235.

[39] Cantu, A.M., Carpaneto, M. and Gambale, F. (1998) 11th Inter-
national Workshop on Plant Membrane Biology, p. 125.

[40] Yazaki, Y., Asukagawa, N., Ishikawa, Y., Ohta, E. and Sakata,
M. (1988) Plant Cell Physiol. 28, 919-924.

[41] Allen, G.J., Sanders, D. and Gradmann, D. (1998) Planta 204,
528-541.

[42] Thomas, M.V. (1982) Techniques in Calcium Research, Academ-
ic Press, London.

[43] Knight, M.R., Campbell, A.K., Smith, S.M. and Trewavas, A.J.
(1991) Nature 352, 524-526.



