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Abstract. Although there is consensus that the slow
vacuolar or SV channel is a Ca2+ release channel, the
underlying mechanism of operation is still contro-
versial. The main reason is that the voltage sensitivity
of SV gating seems to exclude activation at hyper-
polarized (physiological) membrane potentials. In-
spired by a study of Gambale et al. (1993) and
supported by simulation studies presented here, we
interpreted SV activation and deactivation kinetics in
terms of a cyclic state diagram originally applied to
animal cation-selective channels. A cyclic state dia-
gram allows two pathways of activation operating in
opposite directions. One pathway represents the fre-
quently observed slow activation at moderate depo-
larization (<130 mV). With the open state (O) next to
the closed state initially occupied (C1), direct transi-
tions from C1 to O can account for the fast activa-
tion observed at higher depolarized potentials
(>130 mV). We hypothesize that similar state tran-
sitions directly to O may also occur during hyper-
polarization. The implication of this proposed
mechanism is that SV accomplishes its physiological
role during hyperpolarization-evoked deactivation.
Despite their rare occurrence and possibly short du-
ration, these opening events may last long enough to
substantially raise the local cytosolic free Ca2+ level
at the channel mouth by as much as 600 nM/ms.
Because under in vivo conditions the Ca2+ flux is
inwardly directed, the mechanism presented here re-
vives the notion that the SV channel can be subject to
calcium-induced calcium release.
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Introduction

In contrast to animal cells, plant cells contain a central
vacuole that can occupy up to 90 percent of the cell’s
volume. The vacuole plays a key role in turgor and
solute compartmentalization. By virtue of its size, the
vacuole is the most prominent sink for Ca2+ (Sanders,
Brownlee & Harper, 1999). Several distinct Ca2+-
permeable ion channels have been identified in the
vacuolar membrane (Johannes, Brosnan & Sanders,
1992). Of the different types of ion channels present in
the tonoplast, the slow-activating vacuolar or SV
channel has been characterized in most detail. The SV
channel is ubiquitous and has been identified in all
green plant species studied so far. These studies show
that the SV channel is regulated not only by mem-
brane voltage and cytosolic Ca2+, as reported in the
seminal study by Hedrich and Neher (1987), but in
addition by redox potential (Carpaneto, Cantù &
Gambale, 1999) and a plethora of other cell physio-
logical parameters (Allen & Sanders, 1997). Because
the SV channel shows permeability towards Ca2+, it
was suggested that the channel is involved in the Ca2+

homeostasis of the cell (Pantoja, Gelli & Blumwald,
1992). Considering the eminent role of the cytosolic
free Ca2+ level (Cacyt), this could indeed explain why
the channel is regulated at so many different levels.

Despite the vast amount of knowledge about the
regulation of the SV channel, there are still controver-
sies around its physiological role. Two questions
dominate thedebateonSV functioning.First, given the
Ca2+ permeability and its activation by Cacyt, can the
gating kinetics of SV account for calcium-induced
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calcium release (CICR) out of the vacuole, a mecha-
nism originally proposed by Ward and Schroeder
(1994)? Pottosin et al. (1997) quantified the Ca2+- and
voltage-dependent gating of SVand concluded that the
SV channel cannot be involved inCICR.Here we focus
on the second question that concerns the voltage sen-
sitivity of the SV channel in relation to the trans-ton-
oplast potential under in vivo conditions. Referenced
to the cytosol, the trans-tonoplast potential (Vm) is in
the range of �50 to 0 mV. The opening and closing
(gating) of the SV channel is sensitive to Vm, conse-
quently, the physiological role of SV hinges on the
voltage range the channel is activated. Figure 2B
summarizes and highlights the motivation of the pre-
sent study. Under in vitro patch-clamp conditions, the
SV channel is activated at positive, i.e., non-physio-
logical Vm, while under in vivo conditions with Vm in
the range of �50 to 0 mV, the SV channel is virtually
completely deactivated. Apart from the cytosolic
Mg2+ level (but see Discussion), parameters that are
able to shift theactivationpotential ofSV into the range
of physiological Vm have not been identified so far
(Pottosin et al., 1997). We thus face a striking paradox;
on the one hand, the SV channel is a multilevel regu-
lated transport protein but, on the other hand, the
prevailing Vm prevents activation under in vivo con-
ditions. Compared to the study of regulatory mecha-
nisms much less attention has been paid to the precise
kinetics of SV channel activation and deactivation.
With the study of Gambale et al. (1993) as a starting
point, the aim of the present study was to shed some
light on the gating kinetics of the SV channel and
identify a mechanism that allows SV to perform its
physiological role. The possibility of CIRC is re-eval-
uated in the context of the SV gating properties pre-
sented here.

Materials and Methods

PLANT MATERIAL

Mesembryanthemum crystallinum L. was grown as described by

Barkla et al. (1999). A detailed protocol for the isolation of leaf

mesophyll protoplasts can be found elsewhere (Miedema, Balderas

& Pantoja, 2000). Briefly, after stripping off the epidermis at the

abaxial side, leaf segments were incubated for 45 min at 30�C in an

enzyme solution containing 0.05% cellulase RS (Onozuka, Japan),

0.01% pectolyase Y-23 (Seishin, Japan) and 1% BSA (Sigma,

Mexico). In order to obtain vacuoles, 0.9 ml of a 100 mM EGTA

solution (adjusted with Tris to pH 7, resulting in a final osmolarity

of 200 mM) was added to 0.3 ml of protoplast solution. Protoplast

lysis was stopped by the addition of 10 ml bath solution. All ex-

periments were performed at room temperature (19–21�C).

PATCH CLAMP

Patch-clamp recording and data analysis were performed with an

Axopatch 200B amplifier, a 1200 Digidata interface and pClamp

6.0.4 software (Axon Instruments, Foster City, CA). Whole-vacu-

ole data were sampled at 2 kHz and filtered at a �3 dB frequency of

1 kHz using the electronics on the Axopatch amplifier. Pipettes

were pulled from glass capillaries (Sigma, Mexico, # P-1174), using

a two-stage pipette puller (Narishige, Tokyo, # PP-83).
The solutions used contained K2Malate, as specified in the

legend of each figure. The pipette solution contained 10 mM MES,

pH 5.5 and the bath solution 10 mM HEPES, pH 7.5. All solutions

also contained CaCl2, resulting in a free Ca2+ activity of 0.3 mM.

Malate was added as malic acid and the pH of the solutions was

adjusted with KOH. Sorbitol was added to all solutions to a final

osmolality of 500 mM. Ion activities were calculated according to

Robinson and Stokes (1965). A 2.5 M KCl/2% agar bridge con-

nected the reference electrode to the bath solution. Following the

current and voltage convention for endomembranes proposed by

Bertl et al. (1992) implies that, when recording in the whole-vacuole

or outside-out patch configuration, a flux of cations into the vac-

uole is assigned as an outward, positive current. Likewise, the

membrane potential (Vm) equals the negative of the applied pipette

potential (Vp). Throughout the text, membrane potentials have

been corrected for liquid junction potentials (Ward & Schroeder,

1994; Miedema & Pantoja, 2001).
With a series resistance (Rs) of 10 MW (with 100 mM K2Malate

in the pipette) and a maximal current magnitude of 1 nA, as re-

corded in outside-out macro patches, the voltage drop across Rs

was 10 mV at most. We therefore did not correct the data of Fig.

2B; moreover, the degree of activation is expressed as the ratio of

two current magnitudes, which further diminishes the Rs effect.

CALCULATION OF THE FRACTIONAL Ca2+ CURRENT

THROUGH SV

The SV channel is permeable to monovalent and divalent cations.

In the presence of the two permeable ion species K+ and Ca2+, the

fraction of current that is actually carried by Ca2+ is defined as ICa/

(IK + ICa) (see Schneggenburger, Zhou & Neher, 1993). An ex-

pression of the fractional Ca2+ current (FICa) can readily be de-

rived from the Goldman-Hodgkin-Katz (GHK)-current equation

and is given by:

Fig. 1. The fractional Ca2+ current (FICa) in relation to PCa/PK.

The fractional Ca2+ current was calculated according to Eq. 1,

while assuming Cavac = 2 mM, Cacyt = 100 nM, Kvac = 100 mM,

Kcyt = 100 mM and Vm = �25 mV. These ionic conditions are

based on the values listed by Allen and Sanders (1997). The inset

shows the same data but on an enlarged scale for small values of

PCa/PK.
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FICa ¼ ICa

ICa þ IK
¼ 1

1 þ ðKcyt�aKvacÞð1�bÞ
cðCacyt�bCavacÞð1�aÞ

ð1Þ

where a represents exp(�VmF/RT), b is exp(�2VmF/RT), c equals

4PCa/PK and RT/F is 25.3 mV at 20�C.1 Figure 1 shows the rela-

tionship between PCa/PK and FICa, calculated for prevailing

physiological conditions.

SIMULATIONS OF SV GATING KINETICS

All simulations were performed using the next set of differential

equations, derived from the laws of mass action and describing the

transitions between neighboring states in Fig. 8A.

dC1=dt ¼ k2C2 þ k12C5 þ k9O� ðk1 þ k10 þ k11ÞC1

dC2=dt ¼ k1C1 þ k4C3 þ k15C5 � ðk2 þ k3 þ k16ÞC2

dC3=dt ¼ k3C2 þ k6C4 � ðk4 þ k5ÞC3

dC4=dt ¼ k5C3 þ k8O� ðk6 þ k7ÞC4

dC5=dt ¼ k11C1 þ k16C2 þ k14C6 � ðk12 þ k13 þ k15ÞC5

dC6=dt ¼ k13C5 � k14C6

dO=dt ¼ k10C1 þ k7C4 � ðk8 þ k9ÞO
Simulations were performed with Power Law Analysis and Simu-

lation software2 (PLAS; A. E. N. Ferreira, 1996–2000, see Voit,

2000), using a step size of 0.01 s. Although originally designed for

the analysis of biochemical pathways (Voit, 2000), the PLAS

software served us extremely well in simulating ion channel (de)

activation kinetics.

Results

Figure 2A shows the activation kinetics of SV current
recorded on an excised outside-out macro patch upon
pulsing from a holding potential (HP) of 0 mV to
depolarized Vm ranging from �30 to 150 mV, in 10
mV steps. Sigmoid or S-shaped current activation as
shown in3 Fig. 2A, indicates the existence of several
nonconducting or closed states. The least complex
gating diagram of SV, as shown in Fig. 3A, thus
comprises several of these closed states (C) and one
conducting or open state (O). Such a kinetic scheme is
also in accordance with the observed effect of HP on
the activation kinetics. Figure 4 shows time courses of
whole-vacuole current activation after pulsing from
either a HP of �60 (trace #1) or 0 mV (trace #2) to
120 mV. At �60 mV, more channels are forced into
closed states farther removed from the open state. As
a result, when pulsing from a HP of �60 mV, more
state transitions are required to reach the open state
and this is reflected in a slower activation.

With pulses to more depolarized Vm (>130 mV),
the activation kinetics changed and an example is

shown in Fig. 5A. After a fast activation, the current
started to partly deactivate. Similar shoulders in the
activation of SV have been observed previously
(Miedema et al., 2000), as well as in other prepara-
tions (Gambale et al., 1993; Pottosin et al., 1997; Van
den Wijngaard et al., 2001). The appearance of a
shoulder during activation can be explained by the
presence of an additional closed state next to the
open state as shown in the state diagram of Fig. 3B.
Assume that at the start of the activating voltage
pulse most of the channels occupy state C1. Upon
activation, transitions start to occur from C1 to Cn

and eventually to O. But when time progresses,

Fig. 2. Voltage dependence of SV current activation. (A) Voltage-

clamp current recordings on an outside-out macro patch of a M.

crystallinum vacuole in symmetrical 10 mM K2Malate solutions.

The membrane potential (Vm) was stepped from a holding potential

of 0 mV to potentials ranging from �30 mV to 150 mV, in 10-mV

steps, followed by a deactivating pulse of �60 mV. Note the decline

of current magnitude at high depolarized potentials (>130 mV). (B)

The degree of activation as a function of Vm, obtained from the

recording shown in (A). The degree of activation was defined as the

steady-state current magnitude measured at the end of the voltage

pulse relative to the steady-state peak current recorded at 130 mV.
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transitions from O to Cn+1 start to close channels
again and as a result the current magnitude declines.
Apparently, the state transition from O to Cn+1 is
voltage dependent and causes the current to decrease
at Vm>130 mV only. Such voltage dependence
causes a negative slope in the steady-state current-
voltage relationship (Miedema et al., 2000).

The deactivation kinetics are also in agreement
with the state diagram of Fig. 3B. Figure 5B shows
the deactivation kinetics of the currents in Fig. 5A.
Remarkably, a shoulder during activation always
accompanied a shoulder in the time course of deac-
tivation (see the ‘‘152’ trace). Our interpretation is
that prior to deactivation, part of the channel popu-
lation occupied state Cn+1. Upon pulsing back to
�18 mV, channels started to deactivate, i.e., state
transitions started to occur in the direction of C1 but
via the open state O. The fact that the current mag-
nitude temporarily increased indicates that despite
the contribution of dO/dt (<0) caused by transitions
from O to Cn, the current profile was dominated by
dO/dt (>0) caused by transitions from Cn+1 to O.

Additional evidence for an open state positioned
in between two closed states came from recordings
such as shown in Fig. 6. This figure shows SV cur-
rents recorded in symmetrical 100 mM K2Malate so-
lutions in response to a 40 or 60 mV change of Vm.
Despite the decrease in driving force after pulsing
from 140 to 100 or 80 mV, the current magnitude
temporarily increased. Obviously, because of the

symmetrical ionic conditions, such an overshoot can
only be explained in terms of gating kinetics. Ap-
parently, a 40 mV change of Vm in the negative di-
rection evokes the same mechanism responsible for
the shoulder during deactivation in Fig. 5B. The only
difference between the two responses is that in Fig.
5B, with EK = 59 mV, the driving force for ion flow
reversed polarity after pulsing from 152 to �18 mV.

Gambale et al. (1993) studied the activation ki-
netics of the SV channel in radish in more detail, in
particular the effect of the time in between the acti-
vating voltage pulses. When the time interval was
decreased from 20 s to 0.3 s, the half time of activa-
tion increased from approximately 0.25 s to 2 s (at a
Vm of 100 mV). When we employed a similar voltage
pulse protocol, the Mesembryanthemum SV channel
responded differently and this is shown in Fig. 7.
Starting from a HP of 110 mV (with SV activated),
the vacuole was clamped at �30 mV (to deactivate
SV), first for only 0.5 s, followed by a pulse back to
110 mV. This voltage pulse protocol was repeated
several times while prolonging the time at �30 mV
and eventually the vacuole was clamped at �30 mV
for 3.5 s. It should be noted that the deactivation of
SV at �30 mV is hardly visible because the Vm of �30
mV is relatively close to EK of �49 mV. Figure 7
shows that the shorter the time interval between two
activating voltage pulses, the larger the population of
SV channels that is still open at the start of the second
pulse to 110 mV and the shorter the half time of SV
current activation. According to Fig. 7, it takes ap-
proximately 2.5 s to completely deactivate the SV

Fig. 3. Minimal gating state diagrams of the SV channel. (A)

Linear state diagram consisting of n non-conducting or closed

states (C1 to Cn) and one conducting or open state (O). (B) The

diagram of (A) extended with an additional closed state (Cn+1),

resulting in an open state in between two closed states. (C) The

diagram of (B) while allowing direct transitions between C1 and

Cn+1. (D) Minimal state diagram of a number of cation-selective

channels in animal cells (see text). It should be noted, however, that

states C2, C3 and C4 of animal ion channels represent inactivated

rather than closed states.

Fig. 4. Effect of the holding potential on SV activation kinetics.

Whole-vacuole recordings in symmetrical 10 mM K2Malate solu-

tions after pulsing from a holding potential of either �60 mV (trace

#1) or 0 mV (trace #2) to 120 mV.
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channel, i.e., to allow the channels to pass all the
transitions back to C1 in Fig. 3B.

Gambale et al. (1993) explained their results on
the radish SV channel by hypothesizing a state dia-
gram that allows transitions between C1 and Cn+1 in
Fig. 3B (see Fig. 3C). Although the interpulse ex-
periments of Fig. 7 demonstrated that the SV channel
of Mesembryanthemum possesses kinetic characteris-
tics other than the one in radish, we nevertheless
followed Gambale et al. in their conclusion that such
a cyclic state diagram can best account for the kinetic
features of SV current observed experimentally.
Based on the existence of such a closed loop of in-
terconnecting states, we hypothesize that the gating
kinetics of SV can best be understood in terms of the
same state diagram (see Fig. 3D) that has been ap-
plied to T-type Ca2+ (Chen & Hess, 1990), A-type

K+ (Solc & Aldrich, 1990) and Na+ channels
(Vandenberg & Bezanilla, 1991a,b) in animal cells
(Hille, 1992). It should be realized, however, that al-
though the use of diagram of Fig. 3D is not without
precedent and has been successfully applied to animal
ion channels, the choice for this particular state dia-
gram is more or less arbitrarly in that other kinetic
schemes may give similar results. Arguments that
favor a cyclic state diagram are given in the next
section where the features of such kinetics are ex-
plored in more detail.

SIMULATIONS OF SV GATING KINETICS

To gain a better understanding of the kinetic proper-
ties of Fig. 3D we also performed simulation studies
(Fig. 8). State C1 in Fig. 8A is printed bold, indicating
that prior to the activating voltage pulse, all channels
were assumed to occupy state C1 (except for traces #2
and 3 in Fig. 8C). Figure 8A implies that starting from
C1 there are two routes for channel activation: one in
the clockwise direction and a second one in the op-
posite direction. The first pathway results in a rela-
tively slow activation because prior to reaching the
open state, other closed states (C2 to C4) have to be
passed through first. In contrast, the alternative route
that allows transitions directly from C1 toOwill result
in a relatively fast activation. This said, the time
course of activation depends on the contribution of
each pathway and thus on the ratio of k1 and k10. This
is demonstrated in Fig. 8B, which shows simulations
of the different modes of SV activation kinetics, at

Fig. 5. Activation and deactivation of SV current. (A) SV current

was activated after stepping Vm from an HP of �18 mV to 22–152

mV, in 10-mV steps. For reasons of clarity, traces at only four Vms

are shown. Note that approximately 1 s after activation the current

recorded at 152 mV started to deactivate. The pipette and bath

solution contained 160 and 10 mM K2Malate, respectively, result-

ing in an EK of 59 mV. (B) The deactivation kinetics of the currents

shown in (A), recorded after pulsing back to �18 mV. Note the

shoulder in the ‘152’ trace during deactivation.

Fig. 6. Overshoots caused by small depolarizing steps of Vm.

Whole-vacuole currents recorded in symmetrical 100/100 mM

K2Malate solutions. After SV current activation at 140 mV, Vm

was pulsed to 80 or 100 mV. Note that the current magnitude

temporarily increased after pulsing to a less depolarized potential,

despite the decrease in driving force.
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potentials similar to the recordings of Fig. 5A. At 72
mV and with k1�k10 (k10/k1 = 0.02), the time course
of activation mimicked the S-shaped activation ob-
served in Fig. 2A. At 152 mV and with k10/k1 = 0.75,
the activation time course dramatically changed and
now showed the typical shoulder as seen in the ‘152’-
trace of Fig. 5A. These findings suggest that the value
of k10/k1 is voltage sensitive and increases at more
depolarized Vm. Figure 8C explores the appearance of
the shoulder during activation a little further. This
figure shows the effect of the relative degree of occu-
pation of states C1 and C2 in Fig. 8A on the activation
kinetics, with k10/k1 = 0.75. The shoulder is most
prominent if one assumes that at the start of the ac-
tivating voltage pulse all channels resided in state C1

(trace #1) and disappears if one assumes that all
channels occupied state C2 (trace #2). With a 50/50
percent occupancy the current activation showed in-
termediate kinetics (trace #3). This figure shows that
in order to see the shoulder, activation in the anti-
clockwise direction does not suffice. For the shoulder
to appear, the majority of the channels have to ini-
tially reside in the state right next to the open state,
i.e., state C1. It should be mentioned that as far as this
last conclusion is concerned, similar results were
obtained with increased values of k10/k1 (not shown).

The kinetic scheme of Fig. 8A can also account
for the shoulder observed during deactivation (Fig.
5B) and the overshoots (Fig. 6) and these simulations
are shown in Figs. 8D and 8E, respectively.

Although the choice of the parameter values used
for the simulations was somehow arbitrary, the cal-

Fig. 7. Effect of the time interval between the voltage pulses on the

activation kinetics. After SV current activation at 110 mV, the

vacuole was clamped at a deactivating Vm of �30 mV for 0.5 s,

whereupon SV was activated again at 110 mV. This procedure was

repeated while the duration of the deactivation at �30 mV was

prolonged by 0.5 s with each step. Whole-vacuole currents were

recorded with 10 mM K2Malate and 100 mM K2Malate in the pi-

pette and bath solution, respectively, resulting in an EK of �49 mV.

Fig. 8. Simulations of SV gating kinetics. (A) Cyclic state diagram

that was used for the simulations. Because our main focus concerns

the properties of the closed loop and in order to limit the number of

parameters, transitions to and from states C5 and C6 were not taken

into account (k11 = k12 = k13 = k14 = k15 = k16»0 s�1), hence the

dottedarrowsused for thispartof thediagram.Note thatbydoing so,

the state diagram is effectively reduced to the one of Fig. 3C. (B)

Simulation of the different kinetic modes of SV activation, at 72 mV

(with k10/k1 = 0.02, k7 = 5 s�1, k9 = 0.4 s�1 and k10 = 0.04 s�1); 102

mV(withk10/k1=0.35,k7=10s�1,k9=3s�1 andk10 =0.7 s�1) and

152mV(withk10/k1=0.75,k8=5s�1,k9=10s�1andk10=1.5 s�1).

EK was assumed to be 59 mV. For comparison, see the experimental

data presented in Fig. 5A. (C) Effect of the degree of occupancy of

states andC1 andC2 on the activationkinetics at 152mVandwithEK

= 59 mV (see the ‘152’ trace in (B)). It was assumed that initially all

channels occupied either state C1 (trace #1), state C2 (trace #2) or,

alternatively, that both states were equally occupied (trace #3). (D)

Simulation of SV deactivation kinetics after stepping Vm from 152

mV to�18 mV, withEK = 59 mV (comparewith Fig. 5B). Parameter

values at 152mV (see the ‘152’ trace in (B)): k10/k1 = 0.75,k8 =5 s�1,

k9 = 10 s�1 and k10 = 1.5 s�1. Parameter values at�18mV: k10/k1 =

10, k1 = 0.002 s�1, k7 = 5 s�1 and k9 = 7 s�1. (E) Simulation of an

overshoot after changing Vm from 140 to 100 mV, with EK = 0 mV

(seeFig. 6). Parameter values at 140mV: k10/k1 = 0.75,k8 =5 s�1, k9

= 10 s�1 and k10 = 1.5 s�1. Parameter values at 100 mV: k10/k1 =

0.35,k7 =10 s�1,k9 =12 s�1 andk10 =0.7 s�1. Traces in (B–E) show

time courses of the open state (O), according to the state diagram in

(A) and the equations given in Material and Methods. In order to

account for effects of (changes in) driving force, values of O were

multiplied by (Vm�Ek), where EK is the Nernst potential of K+.

Unless stated otherwise, rate constants were assigned the value of 2

s�1. Except for traces #2 and#3 in (C), it was assumed that initially all

channels occupied state C1.
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culations appeared to be rather sensitive to four of
the ten rate constants involved, k1 and k10 and to a
lesser extent k7 and k9. Not surprisingly, three of
these rate constants govern transitions directly to or
from the open state. The values of k1 and k10 as well
as the ratio of the two (k10/k1) that were used for the
simulations in Fig. 8 are plotted in Fig. 9B. Although
both k1 and k10 increase with positive-going Vm, k1 is
by far the most voltage-sensitive and increases thou-
sandfold, from 0.002 s�1 at �18 mV to 2 s�1 at 152
mV. Note the increase of k10/k1 at both more positive
and more negative Vm.

Discussion

Despite all the attention paid to the regulation of the
SV channel, the controversy around SV channel
functioning is still alive. The sensitivity of the SV
channel to Vm seems to exclude a role for this channel
in cell physiology. Magnesium sensitizes the Ca2+-
dependent gating of the SV channel (Pei, Ward &
Schroeder, 1999) and one possibility would be that in
the physiological Vm range Mg2+ causes SV to open
(Sanders et al., 1999). Indeed, shifts of SV activation
induced by elevated levels of cytosolic Mg2+ have
been reported (Pei et al., 1999; Carpaneto, Cantù &
Gambale, 2001). Although the activation kinetics

shifted by as much as �60 mV, these results were
observed under rather non-physiological conditions
with either zero Ca2+ in the vacuole (Pei et al., 1999)
or cytosolic Mg2+ and Ca2+ levels in the mM range
(Carpaneto et al., 2001). In an attempt to identify an
alternative mechanism for SV channel functioning,
we approached the problem from quite a different
angle and focused on the gating kinetics.

A NOVEL MECHANISM OF SV CHANNEL

FUNCTIONING?

Based on the state diagram of Fig. 8A, we argued that
the relative values of k1 and k10 determine the mode
of SV activation. At modest depolarized potentials
(Vm<130 mV), SV activation shows the typical sig-
moid-shaped time course as in Figs. 2A and 8B, in-
dicating activation in the clockwise direction. Such
activation, however, only occurs under non-physio-
logical conditions (Fig. 2B). We also argued that at
even less physiological Vm (Vm>130 mV), SV acti-
vates predominantly along the pathway in the op-
posite, anti-clockwise direction. The question we

Fig. 9. Voltage dependence of rate constants k1 and k10. (A) State

diagram of Fig. 8A with k1 and k10 highlighted. (B) Plotted values

of k1 and k10 and their ratio (k10/k1) as used for the simulations of

Fig. 8, at �18 mV, 72 mV, 102 mV, 140 mV and 152 mV.

Fig. 10. Summary of the different modes of activation and deac-

tivation discussed in this study. Starting from C1, highlighted ar-

rows represent the transitions that dominate the kinetics profile

under that particular voltage regime (see Fig. 9B). (A) Transitions

responsible for the fast mode of activation observed at higher de-

polarized potentials (>130 mV), with k10/k1»1. (B) Kinetic scheme

of the S-shaped, slow mode of activation at moderate depolariza-

tion (<130 mV), with k1�k10. (C) Hypothesized transitions at

physiological hyperpolarization during which SV deactivates, with

k10/k1 = 10. Along the way to C6, part of the channel population

deactivates in the anti-clockwise direction, resulting in temporary

channel opening.
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want to address here is, is it possible that under in
vivo conditions, similar transitions from C1 directly
to O play a role in SV channel functioning? The data
of Fig. 9B show that the ratio k10/k1 increases at
hyperpolarized Vm, implying that even though
channel opening might be unlikely at physiological
Vm, if it occurs, the predominant route of SV acti-
vation is in the anti-clockwise direction, resulting in
transitions from C1 directly to O. Figure 4 demon-
strates that a hyperpolarization (HP of �60 mV)
prior to the activating depolarization slows down the
activation kinetics. This effect of HP on the activation
kinetics implies that irrespective of the temporal effect
of a hyperpolarization, eventually the channel should
occupy a closed state farther removed from the open
state than the state it initially occupied. Therefore,
suppose that initially the majority of channels occu-
pies state C1 in Fig. 8A. Upon a hyperpolarization of
Vm, energized by the tonoplast-bound pyrophospha-
tase and/or V-type ATPase, the channel deactivates
from state C1 to C6. Although part or even the ma-
jority of the channels may deactivate directly from C1

to C5 and then C6, we hypothesize that at least a
fraction of the channels deactivates in the anti-
clockwise direction and via O. The novelty presented
here thus is the notion that deactivation can also
provoke channel opening. In a certain respect, this
mechanism of channel opening is somewhat similar
to the so-called reopening current observed in animal
cells when Na+ and T-type Ca2+ channels recover
from the inactivated state (Jones, 1991; Ruppersberg
et al., 1991).

If direct transitions from C1 to O in Fig. 8A are
indeed the route of SV channel opening at physio-
logical Vm, it is also clear from Fig. 9B that opening
events are expected to occur rather rarely. Although
k10/k1 might increase, both rate constants decrease
with negative-going Vm. In the next section, we will
argue that in order to accomplish a substantial
change of Cacyt, opening times of the SV channel are
actually expected to be short (<1 ms). Both channel
characteristics, low open probability and short
opening times, which may vanish at low-pass filter-
ing, may be the very reason in the first place that the
experimental evidence for this mechanism of channel
opening is still lacking.

THE IMPACT OF Ca2+ INFLUX THROUGH THE SV
CHANNEL ON Cacyt

Here, we will evaluate the relationship between the
time the SV channel opens and the change of Cacyt

upon an SV-mediated Ca2+ influx out of the vacuole.
Due to the presence of calcium-chelating protein
buffers in the cytosol, the view of an equilibrated,
homogeneous Cacyt is a gross simplification. Ca2+

diffusion is strongly restricted and a free Ca2+ ion
will migrate over a distance of just 0.1–0.5 lm before

it chelates with a Ca2+-binding protein (Clapham,
1995; Neher, 1998). In the vicinity of the mouth of
open Ca2+-conducting channels, the limited Ca2+

mobility may create microdomains of strongly ele-
vated Cacyt. Considering their geometry with a large
central vacuole and the narrow space left between the
tonoplast and plasma membrane, this might be true
even more for the plant cells than for animal cells.
Instead of considering the entire cell volume (Allen,
Sanders & Gradmann, 1998), an analysis of the Ca2+

influx through individual SV channels and of its
strongly localized effect on Cacyt seems therefore
more appropriate. For that reason, we focus on the
change of Cacyt in a radius of 0.5 lm from the mouth
of a single SV channel (Clapham, 1995).

The Mesembryanthemum SV channel has a high
unitary conductance. With 160 mM K2Malate in the
pipette and 10 mM K2Malate in the bath solution
(and under symmetrical 0.3 mM free Ca2+), the
single-channel conductance (g) was 144 pS and the
reversal potential (Erev) 41 mV (n = 4, data not
shown). Assuming Ohmic behavior and extrapolated
to a physiological Vm of �25 mV, the single-channel
current can be as high as 10 pA. First, we need an
estimate of the actual Ca2+ flux through the channel
(see Material and Methods). Employing a detailed
kinetic analysis of SV current-voltage relationships,
Allen et al. (1998) concluded that under in vivo
conditions the SV current carried by K+ is about 25
times the current carried by Ca2+, implying a frac-
tional Ca2+ current (FICa) of 0.04 and an absolute
Ca2+ current magnitude of 0.4 pA. This last value is
in close agreement with current magnitudes measured
in the absence of monovalent cations (Ward &
Schroeder, 1994; Pottosin, Dobrovinskaya & Muñiz,
2001). Taking the 0.4 pA of Ca2+ current and as-
suming a total cytosolic Ca2+ buffer capacity of 99%
(Sanders et al., 1999), the rate of change of Cacyt

(DCacyt/Dt) in a 0.5 lm radius of the channel mouth
would be as high as 600 nM/ms! Even if the absolute
influx of Ca2+ is overestimated by a factor of ten, the
rate of change of Cacyt would still be 60 nM/ms. It
should also be noted that under physiological con-
ditions, an FICa of 0.04 indicates a PCa/PK of ap-
proximately 0.5 (Fig. 1). This emphasizes an essential
difference with most animal cation-selective channels,
which are much more selective (see also Pottosin et
al., 2001).

SV AND CICR

Based on its Ca2+ permeability and Cacyt-sensitive
gating mechanism, it was argued that the SV channel
could be involved in CICR (Ward & Schroeder,
1994). Although simulation studies of SV current
supported this view (Allen et al., 1998), a quantitative
analysis of Pottosin et al. (1997) dismissed this pos-
sibility. The authors argued that under conditions
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that favor channel opening, the driving force for
Ca2+ (DlCa) is outwardly directed (i.e., into the
vacuole) rather than inwardly directed. In contrast,
with Vm hyperpolarized and DlCa<0, the Ca2+ flux
is inwardly directed (e.g., with a vacuolar and cyto-
solic free Ca2+ level of 2 mM and 100 nM, respec-
tively, and a Vm of �50 mV, DlCa is �175 mV). In the
context of our findings, SV may thus be involved in
CICR after all. This would also be in agreement with,
first, a study with ruthenium red which is considered
to be a diagnostic tool for channels involved in CICR
(Pottosin, Dobrovinskaya & Muñiz, 1999) and, sec-
ondly, a Ca2+-release study employing tonoplast
vesicles (Bewell et al., 1999). The DCacyt/Dt of 600
nM/ms calculated in the previous section demon-
strates that in order to achieve a localized increase of
Cacyt of several hundreds of nM, the SV channel is
required to be open for less than one millisecond. If
SV channel gating is subject to CICR, this may cause
prolonged open times. It should also be realized that
the Ca2+-sensitivity of SV works both ways. In the
unlikely event that DlCa is outwardly directed, the
Ca2+-dependent gating mechanism of SV will pro-
mote channel closure, thereby preventing any further
loss of Cacyt. In other words, if the flux of Ca2+

through the SV channel reverses, the mechanism re-
sponsible for CICR turns into a safety valve for Cacyt.

CONCLUSION

As pointed out by Hille (1992), simulations and data
fitting cannot prove a particular gating model, at best
they can discount certain alternatives. With this in
mind, we nevertheless argue in favor of the same state
diagram that has been applied to a number of cation-
selective ion channels in animal cells. Our findings are
summarized in Fig. 10. The state diagram of Fig. 10
allows current activation along two pathways. So far,
all research focused on the activation at non-physi-
ological Vm in the clockwise direction, i.e., starting
from C1 to C2, C3 and C4, eventually to O (Fig. 10B).
Here, we provide evidence for the existence of an
alternative route of channel activation directly from
C1 to O, a pathway more profound at stronger de-
polarizations (Fig. 10A). A challenging idea is that
under physiological conditions, Vm hyperpolarization
also evokes transitions from C1 directly to O, fol-
lowed by transitions to C4 and eventually all the way
to C6. The presumptions underlying our hypothesis
are, first, that at resting Vm (�50 to 0 mV) the
channel predominantly occupies state C1 in Fig. 8A.
Secondly, the final result of a deactivating Vm

hyperpolarization is that more channels are forced to
occupy a closed state farther removed from the open
state than C1. During this process and on its way to
state C6 in Fig. 8A, (part of) the channel population
may temporarily visit the open state. In a way, the
mechanism of SV activation at hyperpolarized Vm

proposed here is the mirror image of the mechanism
of channel activation at depolarized Vm. In the first
case with Vm hyperpolarized, the channel open
probability is low, but it is commonly believed that
Vm is hyperpolarized. In contrast, in the latter case
with Vm depolarized, the channel open probability is
relatively high but chances that Vm actually enters
this voltage range are pretty slim. Obviously, both
modes of activation do not mutually exclude each
other and it might well be possible that both mech-
anisms complement each other and play their own
specific role in SV channel functioning.
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