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ABSTRACT The molecular processes associated with voltage-dependent opening and closing (gating) of ion channels were
investigated using a new preparation from plant cells, i.e., voltage and calcium-activated ion channels in radish root vacuoles.
These channels display a main single channel conductance of ~90 pS and are characterized by long activation times lasting
several hundreds of milliseconds. Here, we demonstrate that these channels have a second kinetically distinct activation mode
which is characterized by even longer activation times. Different membrane potential protocols allowed to switch between the
fast and the slow mode in a controlled and reversible manner. At transmembrane potentials of —100 mV, the ratio between the
fast and slow activation time constant was around 1:5. Correspondingly, activation times lasting several seconds were observed
in the slow mode. The molecular process controlling fast and slow activation may represent an effective modulator of voltage-
dependent gating of ion channels in other plant and animal systems.

INTRODUCTION

Voltage-dependent opening and closing (gating) of ion chan-
nels is a well studied phenomenon in a variety of channels
in animal and plant cells (e.g., Hille (1992), Schroeder et al.
(1987), Keller et al. (1989), Hedrich and Schroeder (1989)
and references therein). The molecular basis of the gating
process has been associated with the movement of charged
gating particles sensing the membrane electric field. How-
ever, little or nothing is known about the molecular processes
associated with the opening of single ion channels. It has
been particularly difficult to monitor channel openings in
animal cells as they are characterized by fast time constants
(Tace ~1 ms) and often masked by simultaneous channel in-
activation. We have circumvented these problems by study-
ing the opening of calcium-activated cation-selective chan-
nels from radish root vacuoles, which activate with typical
time constants of several hundreds of milliseconds and do not
inactivate. We investigated their activation properties with
the patch clamp technique by using both whole-vacuole and
single channel recordings. These measurements identified a
fast and slow activation process of voltage-dependent ion
channels in radish vacuoles.

METHODS
Isolation of vacuoles

The surface of a freshly cut radish root was rinsed with buffer
solution and excised vacuoles were directly transferred into
the patch clamp recording chamber. In a typical experiment,
vacuoles were allowed to settle on the bottom of plastic petri
dishes for 3-5 min. Before patch clamp measurements, the
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bath solution was perfused with the above saline to remove
tissue not firmly attached to the bottom of the chamber.

Electrophysiology, data storage, and analysis

Patch clamp experiments were performed with standard
patch clamp equipment (Hamill et al., 1981) on radish root
vacuoles. Measurements were either performed in the at-
tached patch configuration or in whole cell mode, which was
obtained after breaking into the vacuole by a short voltage
pulse 1-3 ms in duration and ~1 V in amplitude. The con-
vention for the transmembrane vacuolar voltage was V, =
Viacuole = Veyroso, Which is identical to the convention sug-
gested by Hedrich and Neher (1988). Unless otherwise in-
dicated the ionic concentrations in the bath and in the pipette
were identical, i.e., KCl (200 mM), CaCl, (1 mM), MgCl,
(2 mM), 4-morpholineethanesulfonic acid (25 mM), pH 6.4.
Data were recorded with a standard EPC-7 patch clamp am-
plifier (List, Germany), low-pass filtered at 1 kHz with a
four-pole Bessel filter and stored either on computer hard
disk by using the Instrutech analysis software (Instrutech,
USA) or directly on videotape. The kinetics of activation
were evaluated as the time interval between the current at 20
and 80% of the maximum amplitude. The decay time con-
stants were obtained by the best fit of decaying current with
a single exponential function.

The single channel conductances and the corresponding
error bars (in Fig. 2 B) were derived from the mean values
and the standard deviations of the Gaussian distributions
which gave the best fit for the current histograms. Histo-
grams corresponding to the baseline and to the open state(s)
were identified and the channel amplitude was deduced from
the difference(s) between the current peaks. Single channel
data were also obtained by using a different algorithm where
events representative of single channel openings were indi-
vidually identified. Within the limits of standard errors, the
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two procedures gave identical results (e.g., differences were
< 6% for data shown in Fig. 2 B).

RESULTS

Activation of vacuolar channels and whole cell
currents

Biophysical Journal

Patch clamp experiments were performed on vacuoles iso-

lated from radish roots with standard patch clamp equipment
(Hamill et al., 1981). Fig. 1 displays the result of an experi-
ment that was performed in the whole-vacuole recording
configuration. To investigate the voltage and time depen-
dence of whole-vacuole currents, vacuolar membranes were
exposed to a series of repetitive voltage steps which usually
lasted 4 s. In most experiments, vacuoles were initially held
at amembrane potential of 0 mV and then stepped to different
negative and positive voltages between =100 mV and +100
mV. For cytoplasmic calcium concentrations above 107> M,
this protocol induced voltage activated currents with maxi-
mum amplitudes of several nanoamperes at a holding po-
tential of —-110 mV (Fig. 1 A). Depending on the membrane
potential, currents activated with time constants ranging
from 300 to 500 ms. For a more detailed analysis, the charge
carried by each current pulse was determined by integrating
the current amplitude over the stimulus duration. As clearly
shown in B, no charge transport was observed for positive
membrane potentials, which is in line with previous results
on the voltage dependence of vacuolar channels observed in
other membrane systems (Hedrich and Neher, 1987; Pantoja
et al., 1992a, 1992b).

Single channel currents

To investigate the molecular basis of the macroscopic cur-
rents, we performed single channel experiments in the
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vacuole-attached patch clamp configuration (Fig. 2 A).
Single channel recordings from one or several ion channels
were routinely observed after formation of a gigaseal be-
tween the glass pipette and the membrane surface of the
vacuole. For a given membrane potential, single channel cur-
rents were characterized by a dominant single channel am-
plitude corresponding to a single channel conductance of
approximately ~90 pS. Occasionally, smaller single channel
events were observed, but they were discarded in the present
analysis since they apparently gave a small contribution to
the total current of the vacuole. The main single channel
openings showed a linear voltage dependence, as exempli-
fied in Fig. 2 B, and were mostly restricted to negative mem-
brane voltages (inset in Fig. 2 B). These features correlated
closely with the activation profile of the macroscopic cur-
rents observed in whole vacuole recordings which are dis-
played in Fig. 1.

The rapid closing (deactivation), the voltage dependence
and the ionic selectivity of whole-vacuolar currents were
investigated by using the experimental protocol shown on top
of Fig. 3 A. In this experiment, the membrane potential was
held at 0 mV and then stepped to a hyperpolarizing potential
of -100 mV, which induced a fast activation of vacuolar
channels. Subsequently, the channels were rapidly closed by
repolarizing pulses of increasing amplitudes (voltage steps of
+20 mV). Current signals obtained after membrane repo-
larisation (commonly denoted as “tail currents”) showed a
progressively higher percentage of channel closures for posi-
tive voltage steps. The maximum amplitude of tail currents
was a linear function of voltage, both in symmetric and asym-
metric ionic solutions, which is demonstrated in B and D,
respectively. The decay time constants of tail currents, 7, are
plotted as a function of voltage in C. As it is evident from
the semilogarithmic plot, the decay times were well approxi-
mated by a monoexponential function of voltage with an
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FIGURE 1 Macroscopic currents measured in whole-vacuole configuration. (A ) Test pulses ranging between —110 and 100 mV, elicited inward currents
at hyperpolarizing potentials, while almost no current was measured at positive voltages. Holding potential was 0 mV. Currents activated with time constants
ranging between 300 and 500 ms. (B) Rectifying properties of vacuolar channels. The charge-voltage relationship is reported obtained by integrating the
current over time during the stimulus. By convention, a negative sign indicates that the charge was obtained integrating negative inward current.
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approximate time constant of 100 ms inferred for a voltage
of 0 mV. This finding is in agreement with a kinetic scheme
that contains only a single open state of the channel.
Whole-vacuole currents were strongly affected by the di-
valent cation concentration in the bath solution. For example,
a decrease in the cytosolic calcium concentration from 1 to
0.1 mM completely suppressed the macroscopic current re-
sponse as displayed in Fig. 4 A. Similarly, in the presence of
1 mM CaCl, the addition of 0.1 mM ZnCl, to the bath so-
lution completely abolished the current response (Fig. 4 B).
Taken together, these observations identify high cytosolic
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FIGURE 3 Selectivity and deactivation of vacuolar channels. (A) Tail
currents were obtained stepping to different voltages ranging from -100 to
+100 mV after the channel was opened by a step pulse to ~100 mV. Sym-
metrical solutions (KCl1 (200 mM), CaCl, (1 mM), MgCl, (2 mM), pH 6.4).
(B) The corresponding tail current peaks, I,,,, (normalized with respect to
the current measured at ~100 mV), shows a linear dependence on the voltage
of the stimulus. In D the same instantaneous IV plot was obtained in asym-
metric conditions, in the presence of 217 mM KCl in the bath and 57 mM
KCl in the pipette. The reversal potential at +28 mV indicated that the
channel was selective for cations with a permeability ratio Py +/P5- ~12.(C)
Time course for tail currents, T, (represented in B) is plotted versus the
voltage in semilogarithmic scale.

Ca?* concentrations as an activator and Zn" as an effective
blocker of channel activity. In both cases, for either 0.1 mM
CaCl, or 1 mM CaCl,/0.1 mM ZnCl,, the current inhibition
was complete and reversible. Moreover, the unimodal block-
ing actions suggested that the ion channels underlying the
macroscopic vacuolar currents were homogeneous in their
sensitivity for divalent cations. This underlines the notion
that vacuolar currents are carried by a single population of
channels which are indistinguishable in their response profile
to different divalent cation concentrations.

Fast and slow activation of vacuolar channels

The long activation time of vacuolar channels allowed us to
study in more detail the process of current activation and its

FIGURE 2 Single channel recordings from radish root vacuoles. (A)
Typical single channels recorded in vacuole-attached configuration. It is
immediate to see that all events present a dominant homogenous conduc-
tance of about 90 pS, even if a smaller channel with a conductance in the
order of a few tens of picosiemens was occasionally observed in some
experiments. Applied voltage was +35 mV. In B the single channel current
voltage characteristics shows a linear behavior over the whole voltage range
investigated. A single channel conductance of 88.4 = 3.8 pS and a reversal
potential of -11.4 = 2.2 mV were inferred from this data. Each point was
the result of at least 70 (at 20 mV) single events, for a total of 4654 events
extracted from this experiment. Inset: from the same experiment the open
time probability was plotted (in arbitrary units) as a function of the mem-
brane voltage. For an easy comparison of these data (collected in the
vacuole-attached configuration) with whole-vacuole current-voltage char-
acteristics (Fig. 1 B), a mirror image of the x-y coordinate system was used.
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FIGURE 4 Calcium activates and zinc fully inhibited vacuolar currents.
(A) When the cytoplasmic calcium concentration was decreased from 1 to
0.1 mM the whole-cell current of the radish vacuole completely vanished.
The decrease of the current was completely reversible. (B) The addition of
0.1 mM ZnCl, to the cytoplasmic side reversibly and completely blocked
the current. No residual current was observed in both cases. Ionic solutions
in control and recovery were symmetric i.¢. (in millimolar): KC1 200, CaCl,
1, MgCl, 2, pH 6.4. Currents were elicited by voltage steps to —100 mV from
a holding potential of 0 mV.

modulation by different voltage protocols. Fig. 5 A displays
a comparison of the current recordings obtained with two
different protocols, e.g., stimulating the vacuole with inter-
vals between voltage pulses ranging from 20 s (curve 1) to
300 ms (curve 2). At high frequency stimulation, currents
were activated with a significantly slower time constant,
around 1.8 s at V = —~100 mV. As shown in the figure (curve
3), the change in activation time was completely reversible
upon switching to the low frequency voltage protocol. Cur-
rent amplitudes did not significantly change after switching
between modes as it is clearly shown in Fig. 5 B. In this
experiment longer stimuli were applied, which demonstrated
that the steady state current levels had comparable ampli-
tudes. These observations strongly suggest that in the steady
state situation the same number of channels was activated by
the two voltage protocols.

Fig. 6 displays current voltage relationships for the fast (A)
and slow (B) activation mode obtained from the same vacu-
ole. To keep channels in the fast mode, the interval between
pulses was chosen to be 16 s for the currents displayed in Fig.
6 A. Current activation time constants were then measured
as the time interval between the current at 20 and 80% of the
maximum amplitude. In the fast mode, currents displayed
activation time constants ranging from 300-500 ms. To

Volume 65 November 1993

transform channels to the slow activation mode, voltage
pulses were repeated at higher frequency with a time interval
shorter than 1 s (740 ms in Fig. 6 B). In this case, a clear
change in the current voltage relation was observed. Most
important, the activation time constant was clearly prolonged
for all membrane voltages. The most significant observation
was a fourfold prolongation of the activation time at -100
mV (see Fig. 6 C). Moreover, the switch between the two
modes could be repeated several times in a controlled and
reproducible way without an overall change in the basic cur-
rent properties. This was demonstrated in experiments where
the two modes could be evoked by a series of more than 150
stimuli applied in at least 8 cycles where the interval between
two consecqutive pulses was alternatively ~20 s and smaller
than 1 s. Take also note that at 0 mV the extrapolated time
constant for deactivation ranged between 100 and 220 ms
(see also Fig. 3 C) and therefore for signals in Fig. 6 B at most
only 3% of channels were still open when the new hyper-
polarizing (slow activating) stimulus was applied.
Corresponding experiments were performed on the single
channel level as exemplified in Fig. 7. Single channel re-
cordings observed in the fast mode with a time interval of 300
ms between consecutive pulses are displayed in the upper
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FIGURE 5 Fast and slow activation of vacuolar channels. Current re-
sponses induced by hyperpolarization to —100 mV compared for different
voltage protocols. Precisely, curve 1 and 3 were obtained by applying to the
vacuole a series of test pulses with a time interval of 20 s between the end
of the test pulse and the beginning of the following one. When the interval
between two consecutive pulses was reduced to 300 ms, current activation
was much slower (curve 2). There is not much difference in the steady state
current level reached by the two protocols (compare steady state in B). This
effect is reversible. Curve 1 corresponds to the average obtained from five
pulses before the stimulation at higher frequencies (average of 27 traces) and
curve 3 represents the recovery averaged over nine traces. (B) Similar curves
to those reported in A but on a longer time scale.
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FIGURE 6 Current-voltage relation of fast and slow activation. Complete IV characteristics of the radish root vacuole current measured under whole cell
patch clamp conditions using the low and high frequency stimulation protocol in A and B, respectively. Curves in A show a biphasic trend with a moderate
(~15%) decline of the current which is not present in B. In C: Upper part: Time of activation, 7, versus the voltage of the stimulus for the fast (@) and
slow (O) mode. Time interval: 16 s in fast mode, 740 ms in slow mode. Lower part: The ratio 7,/7; between the slow and fast activation time constants

is plotted versus the voltage of the stimulus.

half of the figure. Under these conditions, channels activated
with time constants comparable to those of the whole-
vacuole currents. Moreover, they showed a single channel
conductance of ~90 pS and displayed no detectable inac-
tivation during the voltage pulse. Similar results were ob-
tained for single channels recorded in the slow mode which
are displayed in the lower half of Fig. 7. The bottom trace
was chosen to illustrate the occasional occurrence of a small
single channel conductance which was already observed un-
der steady state conditions. As these small conductances did
not contribute significantly to the whole-vacuole current they
were discarded in the present analysis. To summarize these
results, the single channel recordings in the fast and slow
mode were essentially indistinguishable from those observed
under steady state recording conditions

DISCUSSION

Fast and slow activating currents are probably
mediated by the same channel

Several lines of evidence suggest that the fast and slow ac-
tivating currents are probably mediated by one channel type.
First, only one mayor single channel conductance level was
obtained in vacuole-attached membrane patches. Second, the
pharmacological profile of vacuolar ion channels were quite
uniform in the sense that fast and slow channels were blocked
by vacuolar channel blockers (e.g., Zn*>*, see Fig. 4 B and

Ni?* (Gambale and Carpaneto, unpublished results)) and
were both modulated by the cytosolic calcium concentration
(Fig. 4 A). Third, the maximum current amplitude for fast and
slow activating channels was comparable, rendering it very
unlikely that a second population of channels was activated
upon switching from slow to fast activation kinetics.

These considerations are also supported by data shown in
Fig. 7 that presents single channels recorded in the fast and
slow mode, respectively. Theoretically, the slow activation
kinetics at high stimulation frequency might be explained by
a second type of channel that displays a fast inactivation and
therefore fails to open at higher stimulus frequency. How-
ever, this possibility is rendered unlikely by the fact that we
did not find a fast inactivating channel in any of our single
channel recordings. Moreover, the striking similarity be-
tween single channel currents obtained in the fast and slow
mode strongly suggests that they were indeed carried by an
identical channel population.

It is interesting to note that the properties of the vacuolar
channels from radish roots were similar to the properties of
vacuolar channels previously described in other systems. For
example, voltage-dependent channels described in sugar beet
vacuoles (Hedrich and Neher, 1987; Pantoja et al., 1992a,
1992b) displayed a voltage dependence, single channel con-
ductance (~80 pS), calcium sensitivity, and block by Zn%*
similar to the channels observed in this report. Importantly,
these observations suggest that the fast and slow activation
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FIGURE 7 Comparison of single channels obtained by stimulating the
vacuole with the two voltage protocols. Data were recorded in the vacuole-
attached configuration. The upper trace represents a voltage step to +80 mV
from a holding potential of 0 mV. Under the protocol eliciting the fast mode
(i.e., the interval between two consecutive pulses ~300 ms) typical single
channel events (in three upper traces) showed the same amplitude either if
they appeared at the very beginning of the step voltage or at the end of the
stimulus. No relevant differences were observed by systematically com-
paring signals as those represented in the upper traces with records obtained
under the protocol eliciting the slow mode (i.e., interval between pulses >
10 5) as those shown in the three lower records. In single channel recordings
we did not observe any inactivating channel.

modes of radish root channels might exist in plant vacuoles
obtained from other tissue.

Different models can explain the fast and slow activation
kinetics of ion channels in radish root vacuoles. For example,
a formal description of the gating process is given by a
voltage-dependent interconversion between two parallel
modes of activation displayed in Scheme 1. Interestingly, this
scheme has been proposed in earlier reports (Hess et al.,
1984; Fenwick et al., 1982; Pietrobon and Hess, 1990; Ikeda
et al.,, 1991; Bean, 1990) to explain the “facilitation” of
voltage-dependent calcium currents in cardiac cells. In this
system, depolarizing prepulses potentiated amplitudes of
L-type calcium currents measured in the “whole cell” patch
clamp configuration. On the single channel level, this aug-
mentation was paralleled by long-lasting calcium channel
openings, supporting a kinetic model with a forced conver-
sion of the calcium channel to a new mode of activity. Spon-
taneous switching between the two modes was rarely ob-
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served, while chemical agonists evoked effects comparable
to those induced by strong depolarizing voltages (Hess et al.,
1984; Pietrobon and Hess, 1990). Clearly, these observations
are not directly comparable to voltage-dependent ion chan-
nels in vacuoles, where voltage stimulation at high frequency
induced a slower activation of currents. The basic kinetic
formalism, however, might be adapted to vacuolar channels
by assuming that fast and slow activation corresponds to a
switch between two configurations characterized by different
kinetic properties. This model can be schematized as follows
(Hess et al., 1984):

mode 1 mode 2
a Ke a'

C"'CIT—’O = CI, ! Or (1)
B 1. i3

ScueME 1

where K; and K, are the voltage-dependent forward and
backward reaction rates connecting the two modes. The rate
constants for the transitions between closed and open states
will have different values depending on the mode («, 8 for
mode 1, and o', B’ for mode 2). As it has been suggested for
calcium channels, the rate constants for conversion between
the two gating modes are supposed to be slow compared to
“normal” channel opening and closing rates.

Another, and apparently simpler, mechanism is given by
the following kinetic scheme:

Cz=0

N

ScHEME 2

To illustrate the features of this model, the rate constants are
assumed to be voltage-dependent so that, at hyperpolarizing
voltages (a > 8 ~ K, ~ 0), the channel from the closed state
C will reach the open state O (possibly via other closed states
(C,))), but it will not proceed further to state C, unless the
vacuole is depolarized. K| is assumed to be strongly voltage-
dependent so that, at depolarizing voltages (if K; > B) the
channel proceeds to the closed state C mainly via the state
C,. If, after the depolarization, a new stimulus is applied
before the channel reaches state C, a slower kinetics (regu-
lated mainly by rate K,) can be observed. It is immediately
evident that a voltage protocol (alternatively hyperpolarizing
and depolarizing) could force the channel to proceed clock-
wise in Scheme 2 and that, depending on rate K, the interval
between two stimuli 87, plays a central role on the activation
kinetics.

To illustrate that this model may give rise to the desired
properties, a preliminary computer simulation of the current
time course was performed. As indicated in Fig. 8, the ionic
current was derived by the analytical solution of the differ-
ential equations describing Scheme 2 under the assumptions
denoted in the figure legend. The results for different time
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FIGURE 8 Simulation of fast and slow activation kinetics. Fast and slow
activation kinetics were simulated by varying the time interval between two
consecutive stimuli. 8T = 0.5, 5, and 18 s for curves 2, 3, and 4 with respect
to curve 1 (87 = 1). Values for the rate constants were partly derived from
experimental data and in part imposed according to the mechanism de-
scribed in the text. In particular, rates at -100 mV were assumed to be: K,
=125sL,a=55s"and B ~ K, ~ K ; ~ K; ~ 0. Instead, when V
=0mVitwillbe K, = 02s 1 K; =666s,B=01s' anda ~K_,
~ K_, ~ 0. It is immediate to see that at both voltages the principle of
microscopic reversibility is satisfied if K, = B8 K_, K_,/a K, in accordance
with our hypothesis that K, is large when « is small and vice versa.

intervals between two consecutive stimuli are reported in
Fig. 8. Note that curve 4 (87 = 18 s) shows almost 100% of
recovery with respect to the current of the first stimulus
(Curve 1). Basically, all rate constants were assumed to be
voltage-dependent, although this does not exclude the pos-
sibility that also chemical activators participate in the modu-
lation of current activation properties. In future investiga-
tions, a more detailed analysis is needed to identify the
specific molecular processes that control the opening and
closing of vacuolar ion channels. Eventually, the schemes
described in this report might serve to elucidate the specific
molecular processes which are involved in the voltage-
dependent gating of ion channels in both plant and animal
cells.
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