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Abstract. A quantitative analysis of the time- and volt-
age-dependent kinetics of the guard cell anion channel
(GCAC1) current in guard cell protoplasts from Vicia
faba was analyzed using the whole-cell patch clamp
technique. The voltage-dependent steady-state activa-
tion of GCACI1 current followed a Boltzmann distribu-
tion. For the corresponding steady-state value of the ac-
tivation variable a power of two was derived which
yielded suitable fits of the time course of voltage-
dependent current activation. The GCAC1 mediated
chloride current could successfully be described in terms
of the Hodgkin-Huxley equations commonly evoked for
the Na channel in nerve. After step depolarizations from
a potential in the range of the resting potential to poten-
tials above the equilibrium potential for chloride an ac-
tivation and also an inactivation could be described. The
gating of both processes exhibited an inverse relationship
on the polarity of the applied step potentials in the order
of milliseconds. Deactivating tail currents decline expo-
nentially. The presented analysis contributes to the un-
derstanding of the rising phase of the observed action
potentials in guard cells of V. faba. Evidence is pre-
sented that the voltage-dependent kinetic properties of
the GCAC1 current are different from those properties
described for the excitable anion currents in the plasma-
lemma of Chara corallina (Beilby & Coster, 1979a).
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Introduction

Anion channels in guard cells provide a central control
mechanism for the regulation of stomatal movement.

Correspondence to: H.-A. Kolb

Two types of anion currents with distinct voltage-
dependent regulation have been observed in guard cell
protoplasts from the broad bean Vicia faba, a specialized
cell type in the epidermal layer of the leaf. One type of
anion channel current, the guard cell anion channel
(GCAC1), exhibits a steep voltage dependence (Keller et
al., 1989; Hedrich et al., 1990; Marten et al., 1991; Mar-
ten et al., 1992). As revealed by whole-cell patch clamp
recordings of the current-voltage relationship the corre-
sponding chloride current peaks between —40 and —30
mYV. Prolonged stimulation by depolarizing voltages
causes a complete inactivation of channel current. The
other type of anion channel current, the slow activated
anion channel (SLAC), has been described by Linder &
Raschke (1992) and Schroeder & Keller (1992). The ac-
tivation of SLAC by depolarization occurs in the time
scale of several seconds. A significant inactivation could
not be observed. The slow voltage-dependence yields to
an about linear course of the corresponding whole-cell
current-voltage relationship.

Previously, Beilby and Coster (19794a) applied the
Hodgkin and Huxley (H-H) formalism (Hodgkin & Hux-
ley, 1952) to the voltage-activated inward chloride cur-
rent which they considered as the dominating mechanism
for the depolarization in plasma membranes of the fresh-
water alga Chara corallina. In contrast to the H-H equa-
tions of the Na transients in nerve, a time delay between
the depolarizing stimulus and the onset of excitation of
up to seconds had to be introduced. Since the patch
clamp method was not known at that time voltage-clamp
experiments were performed to determine the H-H pa-
rameters describing the excitation of the plasma mem-
brane. As a consequence of the experimental approach,
the intracellular electrolyte composition was unknown.
The measured membrane current was described by a su-
perposition of a chloride current and a second current,
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probably a calcium influx. The analysis allowed a suf-
ficient modeling of the observed action potential (AP) in
C. corallina which is slower than that in the nerve by a
factor of thousand (Beilby & Coster, 1979b). AP-like
transient changes in the membrane potential have been
recognized in various plant cells, too (¢f. Tazawa et al.,
1987; Blatt, 1991). The kinetics and shape of the AP
differ strongly between animals and plants as well as
between the well-known excitable plant species like Di-
onaea, Mimosa and Drosera on the one hand and crop
plants on the other (Sussman, 1992; ¢f. Hedrich &
Becker, 1994).

Recently AP-like fluctuations were also observed in
guard cells of V. faba (Thiel et al., 1992). In the opening
stoma the resting potential range of the guard cells, —100
to =280 mV, is dominated by an inward rectifying po-
tassium channel and the proton pump (Blatt, 1991; Lohse
& Hedrich, 1992). During stomatal closure a voltage-
dependent anion channel and delayed rectifying potas-
sium channel are able to catalyze salt efflux from the
guard cells (Schroeder et al., 1987; Schroeder & Hedrich,
1989; cf. Hedrich, 1994). Fine-tuning of the final ampli-
tude of these two major states and of transient stomatal
action is coordinated through the action of various ex-
ogenous stimuli such as hormones, CO,/malate or cal-
cium and nucleotides through membrane-bound percep-
tion sites (Schroeder & Hagiwara, 1989; Marten et al.,
1991; Hedrich & Marten, 1993). Gradmann et al. (1993)
tried to reconstruct the measured action potential of
guard cell protoplasts by a superposition of five nonin-
teracting ion transporters of identical membrane density.
The current mediated by GCAC1 was included. For the
unknown voltage-sensitivity of the different rate con-
stants a simplified Eyring rate theory was proposed (see
Discussion). But the described model was too complex
to yield reliable predictions of the measured shape of
action potentials.

In the present study, we applied the whole-cell patch
clamp technique (Marty & Neher, 1983} to single iso-
lated guard cell protoplasts to determine the time con-
stants of fast activation, inactivation and deactivation of
GCACI as a function of voltage. In a first approxima-
tion, the voltage-jump current relaxation experiments
were analyzed in terms of the H-H equations for the Na
channel in nerve. The corresponding number of hypo-
thetical particles that are responsible for the voltage gate
was determined. In addition, the voltage-dependent time
constant of deactivation was determined. Comparison of
our set of H-H parameters, derived for the GCACI-
mediated chloride current, with that obtained on C. co-
rallina (Beilby & Coster, 1979q) indicates a distinct na-
ture of the chloride channel currents. The results may
help to understand the onset of the action potentials in
guard cells.
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Materials and Methods

ProtorLAST PREPARATION AND CURRENT RECORDING

Guard cell protoplasts were enzymatically isolated from 2-3-week old
leaves of the broad bean, Vicia faba (Hedrich et al., 1990). Patch
pipettes were sealed against the plasma membrane to study ion fluxes
in the whole-cell configuration (Hamill et al., 1981). After guard cell
protoplasts were added to the recording chamber and stuck to its glass
bottom, the chamber was perfused with the extracellular solution (0.13
ml/min). Repetitive voltage ramps of 1 sec duration from —196 to
about +70 mV enabled us to record the activation state and voltage
dependence of GCAC1 mediated whole-cell anion current. In paraliel
single and double voltage pulses were applied to guard cell protoplasts
after the Ca>*- and nucleotide-dependent activation process of GCACI
(Hedrich et al., 1990) had reached a quasi steady state.

Current measurements were performed with either an EPC-7 or
EPC-9 patch clamp amplifier (List electronic, Darmstadt, and HEKA
Lambrecht, FRG). The current records were low-pass filtered by an
eight-pole Bessel filter. Membrane potentials have been corrected for
the liquid-junction potential (see Neher, 1992 and Barry & Lynch,
1991) and for the series resistance (e.g., Fig. 3; Ryopes = 4.3-4.8 MQ;
Lengsiare = 2600 pA; I, < 8000 pA; C = 6.6-7.7 pF, ¢f. Lohse &
Hedrich, 1992).

DATa ANALYSIS

Data were digitized with a sample rate of 0.1 msec (VR10, Instrutech,
Elmont, NY, and stored on a hard disc. In Fig. 6, the inactivation
kinetic was analyzed with the patch clamp program Review (In-
strutech) on an Atari Mega ST4. For further analysis of the time course
of activation, inactivation and deactivation, every 0.5 (or 1) msec 5 (or
10) original data points were averaged. In consideration of residual
capacities, the first or the first two collected data points were omitted.
The remaining data points were used to fit the H-H equations. The
fitting was done by the nonlinear least-squares fitting programs NFIT
and Mathcad (Mathsoft, Cambridge, MA), the parameters being ad-
justed to obtain the lowest chi-square value. Weightings of the data
points were not used. Doubling of the number of digitized data points
from the original continuous time course of whole-cell currents did not
significantly change the values of the fitted parameters.

An activation variable to the second power, m?, of the H-H Eq.
(1), which was used to describe the activation kinetics of GCACI,
would ask for a sigmoidal increase in current with the onset of the
voltage pulse. The predicted activation kinetics, however, could not be
demonstrated properly, since residual capacities (even the use of an
automatic patch clamp with capacitance compensation (EPC-9)) pre-
vented the required time resolution of less than 100 psec. Data were
presented as mean * SEM; n denotes the number of independent exper-
iments.

SOLUTIONS

Solutions contained (in mm): 40 CaCl,, 2 MgCl,, 10 MES/TRIS pH 5.6
in the bathing medium and 150 TEAC], 2 MgCl,, 10 MgATP and
Na,GTP, 0.1 EGTA, 10 HEPES/TRIS pH 7.2 in the pipette (cyto-
plasm). Experiments were performed at room temperature.

Results

VOLTAGE-DEPENDENT ACTIVATION AND INACTIVATION
oF GCAC1

The voltage-dependent properties of GCACI1 were stud-
ied in the whole-cell configuration (Hamill et al., 1981).
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Fig. 1. Voltage- and time-dependent activity of GCAC1 in one protoplast from V. faba. (a), chloride currents (inward and outward current; upper
panel) evoked by consecutively applied voltage pulses of 70 msec duration to —56, ~36, ~16, 4, 24, 44, and 64 mV (lower panel) from a holding
potential of ~196 mV. The holding potential was applied for 60 msec, respectively. (b), current-voltage relationship elicited by a voltage ramp from
—196 mV to +64 mV at 0.25 mV/msec. Closed squares represent the corresponding mean values of the current after the onset of the voltage-jump
current relaxations as obtained in the range of 60~70 msec of the data given in a.

Previously we presented evidence that the activation of
GCACI1 mediated current depends on extracellular cal-
cium as well as on the presence of nucleotides (Hedrich
et al,, 1990). To achieve reproducible results 40 mm
CaCl, was added to the bath and 10 mm MgATP to the
pipette filling solution throughout the experiments. To
study quantitatively the voltage-dependent kinetics of
the transitions between the open and closed states of
GCACI, a series of single and double potential-step se-
quences were applied to guard cell protoplasts.
GCACI-mediated current is characterized by a
threshold potential for activation positive to —~100 mV
(cf. resting potential of ~100 to -250 mV; Blatt, 1991;

Lohse & Hedrich, 1992), a rapid activation, slower in-
activation and deactivation (Hedrich et al., 1990).
Therefore, when the membrane potential was clamped to
~196 mV, a value which corresponds to the resting level
of this cell type, only leak-related inward currents (I,
of —116.6 + 43.9 pA (n = 8) were observed, indicating
that GCAC1 was closed (Figs. 1 and 2). After a depo-
larizing voltage pulse of 70 msec duration, a rapid acti-
vation of the chlorid current (I,(¥)) in the order of mil-
liseconds became visible which was superimposed by a
slower inactivation (Fig. 1a). As the figure indicates, the
latter process became visible at potentials positive to
about —50 mV, but a quantitative analysis of fast inacti-
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vation (see below) could only be performed for depolar-
izing voltages above about —20 mV.

For an analysis of the underlying gating mechanism
of GCACI, we applied the Hodgkin-Huxley formalism
(Hodgkin & Huxley, 1952) which is based on the as-
sumption of a simultaneous and independent movement
of activation and inactivation gates/particles. As an anal-
ogy to this model, the time- and voltage-dependent anion
currents are presented by the empirical relation:

Iey(®) = m@h(®) gax U—Ecy) (D

wherein z has been considered as the number of inde-
pendent membrane-bound m particles controlling the
rapid activation and an & particle responsible for the
inactivation process. g,... denotes the maximal anion
conductance and Eq the corresponding reversal poten-
tial.

The number of gating particles z that have to move
by the depolarizing voltage to open the channel was es-
timated from the voltage-dependent open probability of
GCAC]1. The number is reflected by g/g,.., and was
derived from double voltage-pulse analysis (see Fig. 2).
From a holding potential of —~196 mV (all channels
closed/deactivated) g, the maximal conductance, was
obtained from current relaxations (tail currents, c¢f. He-
drich et al., 1990) and g = g(U), the conductance in the
steady-state (¢ = 100 msec) by steps to various negative
and positive voltages U after a prepulse to +54 mV,

{
g

Fig. 2. Whole-cell chloride currents during a
double voltage-pulse sequence. The membrane
potential was stepped from a holding potential of
~196 mV for 25 msec to a prepulse level of +54
mV and then for 100 msec to less depolarized
potentials (lower panel). Four current traces are
superimposed (upper panel). During the test pulse
the macroscopic currents declined with
voltage-dependent time courses.

~196mV

respectively. This prepulse voltage was selected to max-
imally activate GCAC1 while minimizing inactivation
(Figs. 2 and 3a). As expected from an ohmic resistor,
instantaneous currents through the open channels (tail
amplitudes, Figs. 2 and 34, open circles) exhibited a
linear dependence on the potential difference between
the reversal potential and the pulse potential U (Fig. 3q,
open circles). The voltage dependence of steady-state
currents (Fig. 3q, filled circles) was identical to that ob-
tained from single-pulse experiments (see Fig. 1). Anion
currents activate positive to —100 mV, peak at —30 to —40
mV and reverse direction at Ex (¢f: Hedrich et al., 1990).
The fraction of open channels is given by g/g..... (Fig. 3a,
squares) and was derived from the ratio I /I, steady-
state current (Fig. 3a, filled circles) to tail current (Fig.
3a, open circles). Since during the prepulse a small but
noticeable inactivation (Fig. 2), reducing the possible
number of the maximally activated channels, could not
be avoided, the fraction I/, was normalized with re-
spect to the maximal ratio. The corresponding voltage
dependence for the probability of the closed-to-open
transition (P(U)) of GCAC]I, can be described in terms of
a first-order-reaction represented by the Boltzmann
equation:

Iss(U)/IO(U) — 1
U (Umax 1 + exp((U = Us  )/00)

PWU) = )

For the experiment shown in Fig. 3a (filled squares)
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Fig. 3. Voltage dependence of the GCAC] conductance, instantaneous
and steady-state currents deduced from double voltage-pulse experi-
ments in the whole-cell configuration as shown in Fig. 2. (a), open
circles denote the instantaneous tail current right after application of the
test potential and filled circles the corresponding steady-state value at
the end of the pulse at 100 msec. Steady-state activation curve for
GCACI, (g/gmax Closed squares), the fraction of open channels, was
calculated from the ratio of steady-state currents (closed circles) to tail
currents (open circles) divided by the maximal value of g/g,.. (star).
8/8max Vvalues for a single guard cell protoplast were fitted by a
Boltzmann distribution (Eq. (2)) with a slope & = 11.9 mV and a
midpoint for activation Uy, =—47.9 mV. (), the data points from three
experiments were fitted by a Boltzmann distribution (Eq. (2)) with a
slope o = 11.8 mV and a midpoint voltage U;, = -48.2 mV.

the least-squares fit yielded a midpoint for activation,
Ui, (50% of the channels activated), of —47.9 mV and a
slope factor o of 11.9 mV. Mean values of these param-
eters on the basis of three independent cells were U, =
—48.2mV and oe = 11.8 mV (Fig. 3b). From the limiting
slope o for an e-fold rise per kT/ze we deduced a value
of z=1.98.

It was assumed that at the selected holding potential
of =196 mV, the activation gate of the GCACI channels
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is in the closed configuration (m, = 0) and that the in-
activation process is in the off-state (h, = 1). Equation
(1) can then be written as:

ICl(t) = Wlooz(1 - eXpﬁt/‘rm)z(hoo - (hoo - l)exp_thh)gmax
(U—-Eg) 3)

and the corresponding whole-cell current of the guard
cell protoplasts as:

() = Loy + 13(0) )

1,, and T, are the time constants of activation and inac-
tivation. m,, and h,, are the steady-state probabilities of
GCACT to be activated and noninactivated at the end of
the test pulse of 70 msec duration, respectively. These
four quantities were used as free-running parameters of a
least-square fit of Eq. 4 to the measured current records.
Eq and g, were independently determined from
records of the corresponding /~U relationship (see Fig.
1b) for the same experiment as of Fig. 1a. Figure 15 was
obtained by application of a voltage ramp from —196 mV
to +64 mV. The corresponding whole-cell current was
recorded for a voltage change of 0.25 mV/msec. The
[-U relationship was measured before start of the series
of voltage-jump current relaxations and right after it.
A comparison exhibited no change within the experi-
mental error. The following data can be read from Fig.
1b, Eqy =13.6 mV and [, (U=-42.6 mV) = 2.6 nA,
which yielded g, = 46.3 nS. [, was determined at
—196 mV and assumed to follow an ohmic behavior.

Two representative whole-cell anion current relax-
ations elicited by single voltage pulses to +4 and +64 mV
(Fig. 4), demonstrate that the process of activation and
inactivation could be sufficiently described by Egs. (3)
and (4). Obviously, it is possible to partly compensate
for the variation in one parameter by a suitable variation
in the other parameters. E.g., changes in 7, can be com-
pensated by changes in m,,, T, and h,,,. If for example, at
a test potential of +64 mV the fitted value of 1,, was
changed by about 10% and set constant throughout a new
fit, it could be compensated by an increase of T, and h,,,
by about a factor of two while m,,, stayed about constant.
But the corresponding chi-square value increased by a
factor of three and the fit was discarded.

At negative voltages of about —20 mV, the current
amplitude due to the activation process is dominating
and the inactivation process cannot be analyzed quanti-
tatively because of the small amplitude, while the ex-
pected time constant of inactivation would be within the
considered range of a few milliseconds (see Figs. 1a and
Sa). Therefore, for this range of hyperpolarizing volt-
ages the recorded voltage-jump current relaxations had
to be described by the activation process only:

ICI(t) = mgo (1 - exp_t/Tm)z Smax (U - ECI) (5)
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Fig. 4. Nonlinear least-squares fits of the Hodgkin-Huxley equation
(4) with z = 2 to whole-cell chloride currents. (a), inward current
(chloride efflux) elicited by a voltage step from ~196 mV to +4 mV.
(b), outward current (chloride influx) elicited by a voltage step from
~196 mV to +64 mV. According to Eq. (4) the derived parameters for
the two current relaxations at 64 mV (4 mV) are: Iq,, = 2697 pA
(~448 pA), hy, = 0.49 (0.81), 1, = 0.82 msec (1.54 msec), T, = 75.1
msec (19.8 msec).

which yielded a sufficient description of the correspond-
ing current relaxations.

Table 1 summarizes the derived values of m,,, &,,,
1,, and 7, of GCACI for the experiment shown in Fig. 1.
It shows that 1,, decreases with depolarization while 1,
increases. In addition, the results of three further inde-
pendently performed experiments are plotted in Fig. 5a.
Furthermore, m,, increases and %,, decreases with de-
polarization (Table 1). At +50 mV we were able to de-
duce a i, of 0.75 £ 0.06 (n = 4). It should be mentioned
however, that the voltage sensitivity of &, within a pop-
ulation of guard cell protoplasts could adopt different
polarities (see Discussion).

The kinetics of the inactivation process is even more
complex, since during voltage pulses of 1 min, two ad-
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ditional time constants around 2 and 20 sec (n = 4) were
apparent (Fig. 6). Due to the limited stability of the giga-
seal and the rundown of channel activity (see Discus-
sion), the slow inactivation process could not be ana-
lyzed in detail and will not be considered further.

DEACTIVATION

From double voltage-pulse experiments similar to those
presented in Fig. 2, we were further able to estimate the
voltage dependence of the deactivation process (open —
closed transition). In the voltage range presented in Fig.
2 the corresponding tail currents could be described by a
single exponential.

I(t) = Ly + Lo exp™™ (6)

1, denotes the time constant of deactivation and 7, the
amplitude of the tail current. Figure 5b shows the voltage
dependence of T, as a result of a least-squares fit of Eq.
(6) to the corresponding tail currents. T,(U) peaked at
—60 to —50 mV and increases with further depolarization.

In terms of the H-H model, in 1, all time constants
are lumped together which correspond to transitions
from the conducting, activated state to nonconducting
states of GCACI. Besides the time constants of direct
transitions from the open to the closed states (deactiva-
tion), T, might include transitions through inactivated
states. In this respect it should be noted that <, (filled
triangles) was systematically larger than T, (open
squares, Fig. 5b). Since during double voltage-pulses no
additional currents appeared, transitions in the millisec-
ond range from the inactivated to the deactivated state
through a conducting state could be excluded.

Discussion

We have analyzed the fast activation and inactivation of
the guard cell anion channel (GCAC1) mediated current
as a function of voltage. The corresponding rate con-
stants were determined from voltage-jump current-
relaxations at whole-cell configuration. An adequate de-
scription is based on the Hodgkin-Huxley equations
(Hodgkin & Huxley, 1952). To analyze the kinetics of
the GCAC1-mediated chloride current, we adjusted the
composition of the electrolyte in the bath and in the
protoplast to obtain a quasi stationary activation of
GCACI1 and to minimize currents in addition to the chlo-
ride current. The latter can be read from the finding that
the reversal potential (Fig. 1b) is close to the Nernst
potential for the chloride current. Consequently, a sig-
nificant calcium influx does not contribute to the volt-
age-dependent whole-cell current in our experiments.
Furthermore, changes in the external free calcium con-
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Table 1. Parameters of the Hodgkin-Huxley model] (Eq. (3))
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UmV 64 54 44 34 24 4 -6
m,, 0.98 0.99 0.99 0.96 0.96 0.89 0.83
b, 0.49 0.60 0.69 0.71 0.74 0.81 0.81
T,/ms 75.1 57.8 49.0 464 36.2 19.8 19.9
1, /ms 0.82 0.86 0.86 0.86 0.91 1.54 1.6
12 581 430 324 183 33 39 38

UlmV -16 -36 —46 —66 -76 -86
m,, 0.89 0.90 0.89 0.66 0.43 0.30
1,,/ms 2.03 4.05 6.1 11.6 10.0 6.6
% 581 978 1584 2765 3353 1169

Parameters are derived by least-squares fits of Eq. 4 to the data given in Fig. 1 at different
membrane potentials U. %> denotes the corresponding chi-square value. g, = 46.3 1S, Egy =
+13.6 mV and g, = 30 pS. At U < -6 mV Eq. (5) was fitted to the current relaxations. For

further explanations see text.

centration from 40 mum to 1 mM did not alter the magni-
tude, voltage dependence, kinetics and reversal potential
of the described anion current (Lohse & Hedrich, 1995).
This observation is in agreement with the situation in the
Characean (Thiel et al., 1993).

In 1979, Beilby and Coster applied the H-H formal-
ism to chloride currents in plasma membranes of C. co-
rallina. At that time the voltage-jump current relaxation
experiments were carried out by the voltage clamp
method which did not allow control of the electrolyte at
the inner phase of the membrane. For both cell systems,
chloride channel currents are considered most likely to
be the pathway for the large chloride efflux associated
with the action potential (Kikuyama et al., 1984; Thiel et
al., 1993). Surprisingly, for GCAC1 mediated currents
in V. faba as well as the anion currents in C. coralling, a
dependence of channel activity on free cytoplasmic cal-
cium has been reported (Beilby, 1984; Hedrich et al.,
1990; Thiel et al., 1993). Therefore it could be assumed
that GCACI1 is also present in C. corallina which will be
discussed below.

On the single channel level, different conductances
were derived in cell-free membrane patches, 32-40 pS
for the GCAC1 (Keller et al., 1989; Hedrich et al., 1990)
and 52, 16 and 4 pS for distinct chloride channels in C.
corallina (Thiel et al,, 1993). But due to the lack of
long-term stationarity a detailed analysis of the voltage
dependence of kinetics was not possible on the single
channel level in guard cell protoplasts of V. faba. Also
in C. corallina, kinetic data about the activation and
inactivation of single anion channels are not available
(Thiel et al., 1993), therefore their specific contribution
to the macroscopic voltage-activated chloride current
(Beilby & Coster, 1979a) remains unsolved. Yet, on the
basis of the commonly applied H-H formalism to the
kinetics of the voltage-activated Cl current in C. coral-
lina and the GCAC1-mediated current in V. faba, a com-

parison of the corresponding H-H parameters becomes
possible.

In C. corallina, after depolarization the activation of
chloride current starts with a delay in the range of sec-
onds, which was not observed for the chloride current in
guard cell protoplasts, of V. faba (Fig. 1). Furthermore,
the number of independently moving hypothetical gating
charges reproducing the activation process has been set
to three for C. corallina while in V. faba we experimen-
tally determined a value of two (see Eq. (1) and Fig. 3b).
But this equivalent charge of about two is a lower limit
of the actual number of charges that may move, since
charged groups on the channel might move only partly
through the membrane potential drop (see Hille, 1992).
Two gating particles would predict a sigmoidal activa-
tion of the current relaxation which probably could not
be resolved due to the large membrane RC-time constant
of the whole-cell arrangement (see Materials and Meth-
ods).

The absolute values of the time constant of activa-
tion (7,,) as well as their voltage sensitivity differ signif-
icantly. In guard cell protoplasts 7, is about 100-fold
faster than in C. corallina but still about 20-fold slower
than the corresponding time constant for activation of the
Na current in squid axon (Hille, 1992). The voltage-
dependence of T,, shows no significant extremes in the
voltage range of —66 to +64 mV, but saturation at high
and low depolarizing voltages (see Fig. 5b) cannot be
described by the Eyring rate theory as proposed by Grad-
mann et al. (1993),

At voltages close to and above E; the time constant
of fast inactivation 1, could be derived simultaneously.
1, increases with increasing depolarization as observed
for C. corallina (Beilby & Coster, 1979a), but the re-
ported absolute values are about 10-fold larger and the
voltage-sensitivity is significantly smaller. Two obser-
vations hindered the determination of 7, at small depo-
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Fig. 5. Semilogarithmic plot of activation, inactivation, and deactiva-
tion time constants of GCACI as a function of voltage. (@), voltage-
dependence of activation (filled symbols) and inactivation (correspond-
ing open symbols) deduced by fitting Eq. (4) with z = 2 to the anion
currents elicited by single voltage-pulses as shown in Fig. 4. The result
of four independent experiments is shown. (b), deactivation time con-
stants derived from tail current fits (double-pulse experiments, see Fig.
1). At potentials positive to +10 mV the time constants for deactivation
(filled squares) and inactivation (open squares) are superimposed
(n=4).

larizing voltages in guard cell protoplasts. First, the total
current amplitude and the corresponding contribution of
the inactivation process was too small (Fig. 1a) and sec-
ond, the measured values of 1,, and expected for T, be-
came comparable (see Fig. 5b).

It can be shown that the derived time constants of
fast activation and inactivation of GCAC1-mediated cur-
rent are not strongly dependent on the specific theoretical
description. As well known, for a simplified sequential
three-state model for the channel gating process with a
closed, an open and inactivated channel state, the time
course of the voltage-jump current relaxation can be de-
scribed by a sum of two single exponential functions
with characteristic time constants (compare Hille, 1978).
Application of the latter or of Eq. (4) for fitting the
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Fig. 6. The inactivation process of GCACI includes fast and slow
components. Fast (boxed) and slow exponential decay of the inward
current following a voltage step from —204 mV to —44 mV with time
constants of about 20 msec, 2 sec and 20 sec.

measured current relaxations showed neither a signifi-
cant difference (data not shown) in the description of the
recorded time course nor in the corresponding time con-
stants. Since the H-H model is based on the assumption
that activation and inactivation are two independent
mechanisms, whereas the sequential three state requires
that a channel inactivates only after activation, this find-
ing indicates that the observed kinetics of GCAC1 does
not allow a clear discrimination whether the activation
and inactivation are entirely independent of each other.

An important information of the H-H parameters is
contained in the parameters m and s. As outlined above,
the activation process could be related with two hypo-
thetical gating particles m(f). Application of Eq. (3) to
the current records yielded the voltage dependence of
m,,. As observed for C. corallina and for the Na current
in squid axon m,, was small at hyperpolarization and
increased rapidly with depolarization (Table 1). This
finding is consistent with the observation that the
GCACI1 current amplitude was small at the threshold
potential of activation (~ —100 mV) despite the fact that
this potential level is far removed from the reversal po-
tential E¢.

The probability of inactivation is given by A. A,
decreased with depolarization (Table 1), but the values
are large compared to Chara, where the chloride current
inactivates completely (Beilby & Coster, 1979a). This
observation could be based on the contribution of a non-
inactivating chloride channel current like SLAC
(Schroeder & Keller, 1992). The activation of SLAC by
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depolarizing voltage steps occurs in the time scale of
several seconds and the inactivation is even slower. The
slow voltage dependent gating mechanism is reflected in
the linearity of the corresponding /-U curves which were
recorded during depolarizing voltage ramps of 7 sec.
Obviously, this time span is significantly shorter than the
time needed for inactivation of SLAC. Therefore, repet-
itive voltage ramps in a depolarizing direction yielded
varying current responses of significant amplitude espe-
cially at more hypolarizing voltages (U < Ull¢pmax))
which reflects this underlying transport mechanism of a
slower time scale (Schroeder & Keller, 1992). But four
lines of evidence indicate that this type of anion channel
of extremely slow voltage-dependent kinetics was not
activated in the present experiments. (i), the activation
kinetics of the analyzed anion channel, the GCACI1, was
faster by more than a factor of a thousand (see Fig. 1a,
Fig. 5b and Table 1). (ii), in addition, it showed an
inactivation after stimulation by depolarization. (iii), the
voltage sensitivity of the time constants of activation of
GCACI1 (see Fig. 5a) is the inverse of that of SLAC
(Linder & Raschke, 1992). (iv), as has to be expected for
a channel with activation and inactivation kinetics in the
millisecond range the corresponding current — voltage
curve (Fig. 1b) is not linear but exhibits a maximum.
Furthermore, a significant current mediated by conduct-
ing channels of the GCACI1-type at voltages less than
Ul may) Was not observed during voltage ramps (see
Fig. 1b). But a comparison of Fig. 1a and Fig. 6 ind:-
cates that in addition to an activation and inactivation of
GCAC1 in the millisecond range, a slow inactivation
mechanism is present which occurs in the time range of
several seconds. The process of slow inactivation has
not been considered in the present analysis which has
been focused on the fast kinetics of GCAC1 on the
whole-cell level. Experimental conditions that would al-
low a complete kinetic analysis on the whole-cell as well
as on the single channel level could not be achieved in
long-term experiments due to lack of stationarity. There-
fore we cannot exclude that the derived values of 4,
present an upper limit. Furthermore, the observed vari-
ability in the voltage sensitivity as well as the absolute
values of #,, within a guard cell population might indi-
cate that the voltage-dependent inactivation is under the
control of extramembraneous factors (¢f. Hedrich et al.,
1990, Marten & Hedrich, unpublished results).

To adapt the H-H model to the GCAC1-mediated
current under the various physiological conditions, one
would have to take into account modulation of the voli-
age sensor by growth hormones (Marten et al., 1991), by
CO/malate and by external anions (Hedrich & Marten,
1993; Hedrich et al., 1994). It cannot be excluded that
GCACI and SLAC are not distinct molecular entities
(Schroeder & Keller, 1992), but one molecule with dis-
tinct transport modes (Hedrich & Dietrich, 1994). Fur-
ther experiments are necessary to provide evidence on
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whether or not the variability of #,, reflects transient
transitions between different modes of a channel medi-
ated anion transport.

In conclusion, the significant differences in the num-
ber of hypothetical activation particles, the delay of ac-
tivation, the voltage sensitivity of T, as well as in the
absolute time constants of activation and inactivation
give evidence that GCAC1 of guard cell protoplasts does
not provide a major transport pathway for the anion cur-
rent in C. corallina. This is in accordance with the ob-
served differences in the corresponding single channel
conductances (see above).

Finally, we will discuss the physiological signifi-
cance of GCACT1 in terms of the observed action poten-
tial (AP) in guard cells of V. faba. The kinetics of an AP
can roughly be described by an on phase, a plateau and
an off phase. From the reported time course of the AP in
guard cells of V. faba (Gradmann et al., 1993) the on
phase is determined by a depolarization in less than
about 10 msec. Both anion channels, the GCAC!1 and
the SLAC, could be considered as ion pathways involved
in the on phase. But SLAC exhibits an activation in a
time scale of seconds, which differs by orders of mag-
nitude compared to the former value, and the correspond-
ing time constant even increases with increasing depo-
larization. In contrast, the activation of GCAC1 occurs
within a few milliseconds and becomes faster with in-
creasing depolarization. It is tempting to suggest that the
fast activation of GCACI is involved in the on phase,
while the fast inactivation seems to be reflected in the
rapid transition during an AP (Gradmann et al., 1993)
from the on phase to the plateau phase. In the latter
phase, SLAC might be involved. Likewise, the nature of
the ion conductances for complete repolarization is not
known in guard cells yet, but could be represented by the
voltage-dependent outward-rectifying potassium current
which in guard cell protoplasts from V. faba has been
described by the H-H formalism as well (Schroeder,
1989) and accordingly also in cultured tobacco cells
(Van Duijn 1993). But it seems that the variability of the
recorded data in plant cell membranes are not well un-
derstood. Comparison between outward potassium cur-
rent from V. faba and Z. mays revealed some deviations
from one another and the application of a simple H-H
formalism did not yield a sufficient description of the
voltage-dependent gating properties (Fairley-Gernot &
Assmann, 1993). With respect to a quantitative theoret-
ical prediction of the time course of the AP, one would
need the complete knowledge of the involved electro-
genic ion transport systems, their density as well as the
corresponding voltage dependent kinetics.
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