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Abstract. The activation kinetics of outward currents in
protoplasts from barley root xylem parenchyma was in-
vestigated using the patch-clamp technique. The K+ out-
ward rectifying conductance (KORC), providing the
main pathway for K+ transport to the xylem, could be
described in terms of a Hodgkin-Huxley model with four
independent gates. Gating of KORC depended on volt-
age and the external K+ concentration. An increase in
the external K+ concentration resulted in a shift in the
voltage dependence of gating. This could be explained
by a K+ dependence of the rate constantb for channel
closure, indicating binding of K+ to a regulatory site
exposed to the bath. Occasionally, KORC was observed
to inactivate; this inactivation occurred and vanished
spontaneously. In some of the whole cell and excised
patch recordings, a stepwise increase in outward current
was observed upon a depolarizing voltage pulse, indicat-
ing that several populations of ‘sleepy’ channels existed
in the plasma membrane that activated with a certain lag
time. It is discussed whether this observation can be ex-
plained by a putative subunit, which retards channel ac-
tivation, or by a scheme of cooperative gating. A quan-
titative description of outward rectifying K+ channels in
xylem parenchyma cells is a major step forward towards
a mathematical model of salt transport into the xylem.

Key words: Plant ion channel — Hodgkin-Huxley for-
malism — Cooperative gating — K+ dependent gating

Introduction

Release of K+ by xylem parenchyma cells in the root
occurs via outwardly rectifying K+ channels (KORCs) in
the plasma membrane of these cells (Wegner & Raschke,
1994; Roberts & Tester, 1995, 1997; Wegner & De Boer,
1997). The central role of these channels for the trans-
location of potassium from the root to the shoot was first
demonstrated by Wegner and De Boer (1997). By per-
fusing the stele of young barley seedlings with the K+

channel blocker TEA, accumulation of K+ in the shoot
was completely inhibited. Further evidence for K+ chan-
nels serving as major pathways for K+ release to the
xylem sap came from the recent report by Gaymard et al.
(1998) on the cloning of a K+ outward rectifier exclu-
sively expressed in root stelar cells ofArabidopsis
(SKOR, stelar K+ outward rectifier). A highly homolo-
gous sequence with a similar expression pattern has also
been found in maize, (C. Alcon and H. Sentenac,per-
sonal communication), suggesting that SKOR may be
common to dicots and monocots. In knockout mutants
of Arabidopsislacking SKOR, shoot K+ content and xy-
lem sap concentration of K+ were reduced significantly.
The electrophysiological properties of SKOR were stud-
ied by heterologous expression inXenopusoocytes.
Several lines of evidence indicate that the properties of
SKOR are identical with those of KORC (Wegner & De
Boer, 1997; Gaymard et al., 1998): (i) The activation
potential of the channel shifts with a change in the ex-
ternal K+ concentration, (ii) whole cell currents activate
with sigmoidal kinetics upon a stepwise depolarization
of the membrane, (iii) besides K+, the channel translo-
cates Ca2+, (iv) the expression of SKOR is down-
regulated by the phytohormone ABA, leading to a de-
crease of the outward K+ currents in stelar cells when
plants were pretreated with ABA (Roberts, 1998).
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In this report, we focus on the gating properties of
KORC (SKOR) in xylem parenchyma cells from barley
roots. A quantitative analysis of gating will serve several
purposes: It will provide a basis for the comparison of
patch clamp and oocyte data, revealing in which way the
“natural environment” of the channel alters its properties.
Furthermore, knowledge of the gating properties of
KORC is required to calculate K+ efflux across the
plasma membrane of root stelar cells. From a physi-
ological point of view, the dependence of KORC gating
on the external potassium concentration is of special in-
terest, since Wegner & De Boer (1997) have proposed
that the apoplastic K+ concentration in the root, as influ-
enced by K+ recirculated via the phloem, is a key factor
in the regulation of K+ transport from the root to the
shoot (see alsoDrew, Webb & Saker, 1990).

Kinetics of the KORC will be analysed in terms of
the Hodgkin-Huxley model of channel gating (Hodgkin
& Huxley, 1952) that has also been applied successfully
to plant K+ channels (Schroeder, 1989; van Duijn, 1993;
Fairley-Grenot & Assmann, 1993; Roberts & Tester,
1995; Vogelzang & Prins, 1995) and anion channels
(Kolb, Marten & Hedrich, 1995).

Materials and Methods

Growth of barley and protoplast preparation were performed as de-
scribed in detail earlier (Wegner & Raschke, 1994; Wegner & De Boer,
1997). The experimental setup for patch clamping was as described by
Wegner & De Boer (1997). Data reported here were recorded in the
whole cell, outside-out and inside-out configuration.

DATA ANALYSIS

Data were filtered at 1 kHz and sampled at 3 kHz if not stated other-
wise. For generation of pulse protocols and basic evaluation, the soft-
ware package EPC (Cambridge Electronic Design, Cambridge, U.K.)
was used on a PC (HP Vectra). For futher analysis, data were trans-
ferred to a Macintosh computer. For a mathematical description, data
were fitted with the least square method using the Levenberg-Marquard
algorithm. Fitting was done with the graphic program ‘Kaleidagraph’
(Abelbeck software, USA). Special data reduction for kinetic analysis
was only performed in a few cases as indicated in the figure legends.

SOLUTIONS

For whole cell recordings, standard solutions contained:Bath1, 10, 30
or 100 mM KCl, 2 mM MgCl2, 1 mM CaCl2, 10 mM HEPES (pH 5.8
adjusted with BTP);pipette 120 mM KCl, 10 mM EGTA, 4.42 mM

CaCl2, 2.27 mM MgCl2, 2 mM MgATP, 10 mM TRIS or BTP (pH 7.2
adjusted with MES; free Ca2+ 4 150 nM, free Mg2+ 4 2 mM). If
solutions were composed differently, this is indicated in the figure
legends. All solutions used were adjusted to a final osmolality of 500
mosmol/kg by adding an appropriate amount of mannitol. Part of the
observations reported here on the kinetics of outward currents were
made in the course of studies on the selectivity and regulation of the
channels. As a consequence, the composition of the solutions varies
with respect to the counterion for K+ (Cl− or glutamate) and the cyto-

solic Ca2+ concentration (150 nM or 1 mM). Within limits of accuracy,
gating properties of KORC remained unaffected by these modifications
of the experimental conditions.

Results

Gating properties of ion channels can be extracted from
current relaxation upon a stepwise change in the clamped
voltage by a mathematical analysis of the time course
(Hille, 1992). The most frequently applied formalism to
describe these current changes is that designed by
Hodgkin & Huxley (1952) to model depolarization-
activated Na+ and K+ channels in the squid axon (see
Introduction). The mathematical expressions derived by
Hodgkin & Huxley have been applied to various types of
channels, including those in plant tissue. According to
the model, current activation is described by the relation
(Schroeder, 1989; van Duijn, 1993):

I(t) 4 Ileak + I(1 − exp(−t/tact))
p (1)

Ileak is the leak current,I is the steady-state current car-
ried by the channel at a given voltage,tact is the time
constant for activation andp is the number of indepen-
dent gating particles. This equation holds if (almost) all
gates are in the closed state at the prepulse potential.
In the case of an outward rectifier it means that the
membrane must be sufficiently hyperpolarized. Often
however, the experimenter is forced to choose a more
positive holding potential to minimize background con-
ductances and to maintain a stable patch. For xylem pa-
renchyma protoplasts, a holding potential of about −100
mV is most suitable. In this case, the correct kinetic
parameters can be extracted from current relaxations by
using an extended version of the Hodgkin-Huxley equa-
tion that takes into account the open probability per gate
prior to the application of a voltage pulse (Armstrong,
1969; Wegner & De Boer, 1996):

I(t) 4 Ileak + Gmax(U − Erev) [mstart +
(m` − mstart)(1 − exp(−t/tact)]

p (2)

with Gmax being the maximal chord conductance,Erev

being the reversal potential of the channel,mstart being
the ‘activation variable’ of an individual gate at the pre-
pulse potential andm` being the corresponding value
after a new steady state has been reached.

Activation kinetics of KORC in xylem parenchyma
protoplasts could most readily be studied with almost
equal K+ concentrations inside and outside the cell. By
depolarizing excursions of the membrane voltage from a
holding potential of −100 mV, clearly sigmoidal outward
currents could be elicited as shown in Fig. 1 with 120 mM

K+ in the pipette and 100 mM K+ in the bath. Ifp was
included as a variable in the fit, values close to 4 were
obtained (4.2 ± 0.2; data from three protoplasts. For
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Fig. 1. Analysis of the kinetics of KORC activation with the Hodgkin-Huxley model. (a) Hodgkin-Huxley fit of KORC current activation (Eq. 1).
From a holding potential of −100 mV, the membrane was depolarized to various potentials as indicated in the figures. Between successive pulses,
the membrane was clamped to the holding potential for 10.75 sec. Standard solutions with 100 mM K+ in the bath were used. The apparent number
of gating particles (p), the time constant at which best fit was obtained (smooth line) and the regression coefficient are given below the traces. (b)
The current level atm`, as obtained from the Hodgkin-Huxley fits shown ina, is plotted against the pulse potential.
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each protoplast,p was determined for a range of com-
mand voltages by fitting individual current traces as
shown in Fig. 1. Average values forp were calculated for
three cells. The mean value ±SD was calculated from
these cellularp values). It can be concluded that the
sigmoidal kinetics of the channel could best be described
with a model of four identical, independent gating par-
ticles per channel molecule. When K+ in the bath was
reduced, the activation potential of the KORC shifted to
more negative voltages (Wegner & De Boer, 1997). As
a consequence, the fraction of active gates at the holding
potential (mstart) increased and the shape of the activation
curve changed. In this case, the time course had to be
fitted with Eq. 2. An example for the activation time
course of KORC at 1 mM K+ in the bath and 120 mM K+

in the pipette is shown in Fig. 2a. The continuous line
represents the best fit with Eq. 2. As a floating variable,
p rendered a value of 3.7, in agreement with a model of
four independent gating particles. Similar results were
obtained for four other cells by applying a range of de-
polarizing voltage steps. The fraction of active gates,
mstart andm`, were accessible from Boltzmann fits of the
voltage dependence of the open probability. The ratio of
open to closed gates can be expressed in terms of the
energy change that the gates undergo when moving in
the electrical field of the membrane:

m

1 − m
= exp− SzF~U1/2 − U!

RT D (3)

with m being the ‘activation variable’ of an individual
gate, U1/2 being the potential at whichm is 0.5 (the
‘midpoint potential’) andz being the apparent minimal
gating charge.F, R and T have their usual meaning.
Transitions between the open and the closed state are
expressed by the rate constantsa andb according to

C
a→←
b

O

The open probability of a channel is then given by the
equation (based on a model with four independent gating
particles):

po~U! = m4 =
1

F1 + expH~U1/2 − U!
zF

RTJG4 (4)

Note that the open probability is 0.0625 at the midpoint
potential. The open probability at a certain conditioning
voltageU can be derived from the tail current amplitude
after repolarization to the holding potential:

po~U! = m4 =
Itail~U!

Itail,max
(5)

However, tail currents were small or absent when K+ in
the bath was reduced to 1 mM. In this case, the open
probability at this voltage was calculated according to

po~U! = m4 =
GK+~U!

GK+,max
(6)

whereGK+, is the chord conductance at the conditioning
voltageU andGK+,max is the maximum chord conduc-
tance. For the same cell that was challenged with a de-
polarizing pulse in Fig. 2a, the increase ofm with mem-
brane depolarization is shown in Fig. 2b. Data were cal-
culated from the steady-state current voltage curve of

Fig. 2. A nonsigmoidal activation time course can be fitted with a
Hodgkin-Huxley model provided that the voltage dependence of gating
is known. (a) Analysis of the activation time course of KORC at 1 mM

K+ in the bath (standard solutions). Recorded data (noisy trace) were
well represented by a Hodgkin-Huxley formalism (Eq. 2, continuous
line). Optimal fit parameters are given in the figure. By Boltzmann fits
(Eq. 4) to m (b), mstart (arrow downwards) andm` (arrow upwards)
could be determined. Data were calculated from the normalized chord
conductance (Eq. 6) measured on the same protoplast that was probed
in a.
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KORC using Eq. 6. Arrows indicate the prepulse and the
pulse potential, respectively, for the trace shown ina,
and the corresponding values form, that were inserted
into Eq. 2 to fit the activation time course.

Note that Eq. 6 is only valid if the unitary conduc-
tance of K+ channels is voltage independent, i.e. ohmic,
over the relevant voltage range. This was the case with
1 mM K+ in the bath and 120 mM K+ in the pipette, but

not with higher concentrations of K+ in the bath. Open-
channel scans of the current-voltage curve of KORC at
different K+ gradients are shown in Fig. 3. An ohmic
behavior was observed with the steep K+ gradient across
the membrane (Fig. 3a), but the outward current tended
to saturate when the external K+ concentration was in-
creased (Fig. 3d).

An example for the voltage- and K+ dependence of

Fig. 3. Open channel ramps reflecting the current-voltage curves of KORC at different K+ concentrations at the apoplastic (external) side of the
membrane, as indicated in each figure. The cytoplasmic concentration was 120 mM. The traces shown are the mean of several scans; before the
average was formed, leak subtraction was performed and closing events that occurred during a scan were removed. (a) Outside out patch, mean of
3 single channel scans. From a holding potential of 50 mV, voltage was lowered continuously to −150 mV in 250 msec. Time interval between scans:
3.25 sec. Standard solutions, but 120 mM K-glutamate in the pipette instead of KCl. (b) Inside out patch; mean of 5 single channel scans. From a
holding potential of 70 mV, voltage was first clamped to 120 mV for 50 sec and then decreased to −130 mV in 300 msec. Time interval between
ramps: 7.54 sec.Pipette: Standard bath solution with 120 mM K-glutamate.Bath: Standard pipette solution with 10 mM KCl in the bath. (c)
Inside-out patch, mean of 16 single channel scans. From a holding potential of 70 mV, the patch was first stepped to 90 mV for 50 msec, followed
by a voltage ramp to −130 mV in 200 msec. Between individual ramps, the voltage was clamped to the holding potential for 2.5 sec. Solutions as
given for b, with the exception that the pipette solutions contained 30 mM KCl. (d) Outside-out patch, mean of 25 single channel scans. From a
holding potential of 90 mV, a 250 msec-voltage ramp to −110 mV was imposed. Between ramps, the voltage was clamped to 90 mV for 3.25 sec.
Standard solutions were used.
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KORC gating as described by Eq. 4 is depicted in Fig. 4b
for 10, 30 and 100 mM K+ in the bath (data from one
cell). Open probabilities were calculated from current
relaxations as shown in Fig. 4a using Eq. 5. The Boltz-
mann curve for the KORC open probability shifted along
the voltage axis, depending on the external K+ concen-
tration. In Fig. 4c andd, results from Boltzmann fits to
a series of experiments with K+ concentrations in the
bath ranging from 1 to 100 mM are summarized. Gen-
erally, the steepness of the curves as given by the appar-
ent gating charge did not change significantly with an

increase of the K+ activity in the bath (Fig. 4c). K+ de-
pendence of gating can be explained in the framework of
the Hodgkin-Huxley model if closing of the channel de-
pends on binding of K+ to a site that is exposed to the
bath. Transition of the open to the closed state as de-
scribed by the rate constantb is then given by:

b 4 b*[K +]n (7)

with b* being a scaling factor andn being the Hill co-
efficient for binding of K+. The distribution between

Fig. 4. K+ and voltage dependence of steady-state KORC currents. (a) Relaxations of KORC currents following repolarization to −100 mV (att
4 3.02 sec,seeinset for the pulse protocol). KORC currents were activated by positive-going voltage steps of 3 sec, ranging from +100 to −20
mV. Tail current amplitudes were measured directly after repolarization (seearrow). (b) Voltage dependence of KORC open probabilities at 10 (m),
30 (s) and 100 (j) mM K+ in the bath (activities: 9/25/77 mM), calculated from tail current amplitudes according to Eq. 5. Data were recorded from
one protoplast. Continuous lines indicate Boltzmann fits (Eq. 4). The solutions were composed as follows:Bath: 10/30/100 mM KCl, 1 mM CaCl2,
2 mM MgCl2, 10 mM Hepes, pH 5.8 adjusted with MES.Pipete:112 mM K-glutamate, 8 mM KOH, 2 mM HEDTA, 30 mM Ca-gluconate, 2 mM
MgATP, 1.75 mM MgCl2 (1.5mM free Ca2+, mM free Mg2+) pH 7.2, adjusted with BTP. Best fits (10/30/100 mM K+) were obtained with a midpoint
potential (U1/2) of −33/−1/19 mV and an apparent minimum gating charge of 1.43/1.67/1.46, respectively. (c) Plot of the apparent gating charge
as a function of the K+ activity in the bath. The K+ activity in the pipette was 91 mM for all experiments. Data were obtained from Boltzmann fits
(Eq. 4) of the open probability of KORC in whole cell experiments as shown in Fig. 4b. Mean values ±SEM are given forn 4 5 (aK+ 4 1 mM);
n 4 6 (aK+ 4 9 mM); n 4 6 (aK+ 4 25 mM); n 4 3 (aK+ 4 77 mM) independent experiments. (d) Semilogarithmic plot of the K+ dependence
of midpoint potentials (mean values ±SEM), derived from the same Boltzmann fits. Data were fitted with Eq. 10 (continuous line). For further
information,seetext.
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open and closed state can be expressed by the following
Boltzmann equation that includes a phrase for the K+

dependence of gating:

m

1 − m
=

exp− SFU1/2,1mMK − U +
2.303RT

zF
n log~aK+!G zF

RTD
(8)

And for the open probability of the channel:

po~U,aK+! = m4

=
1

F1 + expHSU1/2,1mMK − U +
2.303RT

zF
n log~aK+!DzF

RTJG4
(9)

With U1/2,1mMK being the midpoint potential at a concen-
tration of 1 mM K+ in the bath. When midpoint poten-
tials derived from fits with Eq. 4 are plotted against the
K+ activity in the bath, a semi-logarithmic plot (Fig. 4d)
renders a linear relationship according to:

U1/2 = U1/2,1mMK +
2.303RT

zF
n log~aK+! (10)

For the minimal apparent gating chargez, a value of
2 was estimated (Fig. 4c). Under these conditions,
U1/2,1mMK was extrapolated to −72 mV. The Hill coeffi-
cient n was determined to be 1.4. The shift in the Boltz-
mann curve was specific for K+, adding NMG to the bath
did not alter the voltage dependence of the gate (not
shown).

Using the approach outlined above, the time con-
stant of KORC activation at different K+ gradients across
the plasma membrane could be determined. As shown in
Fig. 5, time constants were only slightly voltage depen-
dent. At a given voltage, the rate constantsa and b
could be calculated from the time constant and the open
probability of the gate according to:

a 4 m`/tact (11)

b 4 (1 − m`)/tact (12)

(Hodgkin & Huxley, 1952). In Fig. 5b andc, the voltage
dependence ofa and b, respectively, at different K+

concentrations in the bath is shown. Note thatb shifts
with the K+ concentration in the bath, whereasa is
hardly affected by external K+. In the inset in Fig. 5c, b
is shown to increase with the external K+ concentration.
These data are in agreement with the model outlined
above.

Deactivation of KORC was best described by a
single exponential function, with a time constant ranging
from 0.3 to 3 sec (Wegner & Raschke, 1994). The
Hodgkin-Huxley analysis was not extended to current

deactivation, since Vogelzang & Prins (1995) have dem-
onstrated for a K+ channel very similar to KORC, the
outward rectifying K+ channel in root tissue fromPlan-
tago media,that rapid flickering strongly affects the de-
activation time course. Flickering is independent of the
slow gating processes described by the Hodgkin-Huxley
model and is most prominent at potentials more negative
thanEK+. This holds also true for KORC in xylem pa-
renchyma cells from barley roots (Wegner & De Boer,
1997). Rapid closures were also observed at positive po-
tentials but were supposed not to affect the time course of
current activation significantly (Schroeder, 1989; Vogel-
zang & Prins, 1995).

‘SLEEPY’ KORC CHANNELS

For about 50% of the recordings, the Hodgkin-Huxley fit
to the KORC activation curves remained poor, especially
at strong depolarization. For whole cell recordings, this
could have been due to the activation of other depolar-
ization-activated channels with different gating proper-
ties. In xylem parenchyma cells, the nonspecific out-
ward rectifier, although downregulated by low levels of
cytosolic Ca2+ (Wegner & De Boer, 1997), may still be
active at extreme depolarization of the membrane (De
Boer & Wegner, 1997) and thus forms a potential source
of error. Alternatively, deviations from the activation
time course as predicted by the Hodgkin-Huxley model
could occur in the case of an imperfect voltage clamp of
the protoplast. We therefore aimed at a more direct ap-
proach to study gating of KORC using averaged single
channel recordings (Fig. 6). Repetitive depolarizing
voltage steps were applied to inside out patches. The
averaged time course of KORC activation was fitted with
Eq. 1. An example from an inside out ‘macropatch’ is
shown in Fig. 6b. In single sweeps (Fig. 6a), discrete
current steps of identical size (about 2.3 pA or a multiple
of it; seeinset) were observed. This corresponds to the
current amplitude to be expected for KORC under the
experimental conditions applied here. Tail currents elic-
ited by a repolarization of the membrane were very
noisy, as expected for the ‘flickering’ gating of KORC
when carrying inward currents (data not shown;compare
Wegner & De Boer, 1997). This would suggest that cur-
rents were exclusively carried by KORC channels. Ab-
out 24 channels were present in this patch. Attempts to
fit the entire averaged trace of KORC activation (Fig. 6b)
with Eq. 1 were unsuccessful (not shown). However, an
excellent fit of the trace was obtained assuming several
‘pools’ of channels with identical properties to be acti-
vated with a certain time-shift (Fig. 6b–d). Here, up to 3
pools could be identified: One pool, consisting of about
17 channels, activated immediately upon depolarization,
a second pool of 4 channels activated after a lag-time
of about 1.4 sec. The error of the fit for this lag time
was 0.02 sec (without taking into account the error
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Fig. 5. KORC gating properties. (a) Activation time constants obtained from Hodgkin-Huxley fits to KORC activation curves (Eq. 1 or 2,
respectively) are plotted against the membrane potential. Mean values of 3–6 experiments ±SD are shown for the following concentrations (activities
in brackets) in the bath: 1 (1) mM; 10 (9) mM and 100 (77) mM. (b) Voltage dependence of the activation rate constanta, calculated from Eq. 11,
for a single gate at K+ activities of 1 (h), 8 (m), 25 (s) and 77 (j) mM in the bath. Data were fitted with the equation (Hodgkin & Huxley, 1952):
a 4 aoA/[exp(zFA/RT) − 1] andA 4 Ua − U. ao is a scaling factor,Ua is a parameter describing the voltage dependence ofa. The other symbols
are explained in the text. Best fit at a gating charge ofz 4 2 rendered a value of −62 mV forUa

0 and 0.022 mV−1 sec−1 for ao as indicated by
the continuous line. (c) Voltage dependence, and K+ dependence (inset), of the deactivation time constantb calculated with Eq. 12 for the same
range of external K+ activities as given inb. Data were fitted with the equationb 4 bo*B aK+

n/[exp(zFB/RT) − 1], with B 4 U − Ub. The Hill
coefficientn is fixed to 1.4. For the scaling factorb0*, a value of 0.018 mV−1 sec−1 mM−1 was obtained for 1 mM K+ and fixed for the other fits.
Best fits (solid lines) were obtained for the factorUb that indicates the voltage dependence (in brackets K+ activities in mM): −64 mV (1), −46 mV
(9); −37 mV (25), −36 mV (77). Inset: K+ dependence ofb at a membrane voltage of 60 mV.



Fig. 6. Delayed activation of ‘sleepy’ KORC channels in an inside-out
macro-patch. It was observed that remnants of the cytoskeleton remained
attached to the membrane after patch excision. Solutions were:Bath:239 mM

K-glutamate, 11 mM KOH, 3.6 mM MgCl2 (free concentration: 2 mM), 2 mM

HEDTA, 30 mM CaCl2 (free concentration: 1.5mM), 2 mM MgATP, 10 mM

HEPES. pH 7.2;Pipette:100 mM KCl, 2 mM MgCl2, 1 mM Ca-gluconate, 10
mM MES pH 5.8. Repetitive, depolarizing voltage pulses to 60 mV were
applied from a holding potential of −100 mV. Between individual pulses, the
membrane was clamped to the holding potential for 15 sec. An example for
the channel activity elicited by a voltage pulse is shown ina. The box
indicates the segment of the trace that is depicted in the inset on an enlarged
scale. The broken lines indicate discrete current levels; 21 single sweeps
were averaged to obtainb. Note that the current activated ‘stepwise.’ The
smooth line indicates the optimized Hodgkin-Huxley fit (eq. 1) to the first
segment (up to 1.5 sec). Fit parameters are given in the figure. The fitted
curve was subtracted from the experimental data to obtain the first residual.
(c). The continuous line indicates the fit to the first residual current (ranging
from 1.4 to 3.1 sec) according to the equationI(t) 4 I(1 − exp(−(t − tdelay)/

t))p with t $ tdelay. tdelay is the time at which the ‘sleepy’ pool started to activate. From the fit, a value of 1.4 sec was determined. The time constant
and the regression coefficient are given in the figure. Another current step could be identified by subtracting the calculated curve from the first
residual, as shown ind. The difference could again well be interpreted in terms of a third pool of channels activating with Hodgkin-Huxley kinetics
and an even longer lag phase (3.04 sec).
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for calculating the residual). Yet another pool of chan-
nels activated with a delay of 3 sec (error 0.003 sec).
Conspicuously, one group of ‘sleepy’ channels activated
just when the ‘preceding’ group was completely acti-
vated, resulting in a cascade of sigmoidal-shaped current
steps. Similar observations were made in another inside
out macropatch with high channel activity. In that patch,
one set of about 3 ‘sleepy’ channels manifested itself in
addition to about 9 channels responding immediately to
a voltage step from −100 to 50 mV (data from 50 repeti-
tive sweeps); the latency for the activation of sleepy
channels was about 0.5 sec (data not shown). When the
same patch was depolarized to 0 mV, no sleepy channels
were activated. It should be noted that a ‘normal’
Hodgkin-Huxley activation time course was observed in
other patches with less channel activity (data not shown).
Several interpretations of these observations are consid-
ered in the discussion, and a model for the cooperative
interaction of KORC channel pools is presented.

The concept of a stepwise activation of KORC was
also successfully applied to those whole cell recordings
that could not adequately be described with a ‘simple’
Hodgkin-Huxley approach (Fig. 7a–d). Cascades with
up to three pools of ‘sleepy’ channels could clearly be
identified in at least 5 other protoplasts tested. Lag times
for the first sleepy pool varied from 0.7 to 1.5 sec. A
fixed relationship between ‘sleepy’ and ‘rapid’ popula-
tions of about 0.2 to 0.3 was often observed (Fig. 7e,data
from 8 protoplasts). Remarkably, activation of ‘sleepy’
channels only occurred at a strong depolarization both in
averaged single channel traces and whole cell recordings.
If less than 70–80% of all gates of the ‘rapid’ fraction of
channels was activated, no “sleepy currents” were ob-
served. In Fig. 8, current-voltage curves of ‘rapid’ and
‘sleepy’ channels at different K+ gradients across the
membrane are shown. Note that both curves shift with
the external K+ concentration, consistent with a K+-
dependent gating of all fractions of channels.

KORC INACTIVATION

In about 5% of the cells challenged with depolarizing
voltage steps, KORC was observed to inactivate. An ex-
ample is shown in Fig. 9a. The time course could well
be interpreted by introducing a further, independent gat-
ing particle (h) that causes the channel to inactivate
(Hodgkin & Huxley, 1952).

I(t) 4 Ileak +
Imax(1 − exp(−t/tact)) p [h` (h` − 1) exp(−t/tinact)] (13)

tact andtinact are the time constants for activation and for
inactivation, respectively;h` is the open probability of
the inactivating gate at steady-state conditions.

No pronounced voltage dependence of inactivation

was observed (Fig. 9c). The time constanttinact was
likewise voltage independent (Fig. 9b). Remarkably, in
some traces recorded on the same protoplasts, no inac-
tivation occurred (seeFig. 9a at 30 mV, bottom left).
Spontaneous transitions to a noninactivating state were
observed in three other protoplasts with partly inactivat-
ing KORC. Inactivation of KORC was a rare event that
was not predictable. Thus, a more detailed analysis of
this phenomenon was precluded.

Discussion

KINETIC PROPERTIES OFKORC

An outwardly rectifying, K+ selective channel with a
Hodgkin-Huxley type of kinetics has been reported to be
present in most higher plant tissues and species investi-
gated so far. Although these K+ channels appear to have
much in common (sigmoidal time course of activation,
dependence of gating on the external K+ concentration
a.o.), a detailed analysis of the kinetics has revealed both
cell- and species-dependent differences (van Duijn,
1993; Fairley-Grenot & Assmann, 1993). Activation ki-
netics of the K+ outward rectifier was best described with
two independent gating particles inVicia faba guard
cells (Schroeder, 1989), in tobacco suspension cells (van
Duijn, 1993), in protoplasts derived from rye roots
(White & Lemtiri-Clieh, 1995), and stelar cells from
maize (Roberts & Tester, 1995), but with four gating
particles in root cells fromPlantago media(Vogelzang
& Prins, 1995). The time constant for current relaxation
was only weakly voltage dependent in guard cells and
maize stelar cells and displayed an exponential voltage
dependence in tobacco suspension cells. Moreover,
there is some discussion as to whether the Hodgkin-
Huxley model describes the kinetics in guard cell proto-
plasts adequately. In contrast to Schroeder (1989) and
Lemtiri-Clieh (1996), Fairley-Grenot & Assmann (1993)
and Ilan, Schwartz & Moran (1994) state that the K+

outward rectifier inVicia faba guard cells is best de-
scribed by a sequential kinetic scheme with two closed
and one open state, with an activation time course re-
flected by the sum of two exponential functions. Fairley-
Grenot & Assmann state that the situation is different for
maize guard cell protoplasts where the Hodgkin-Huxley
model (withp 4 3) was well confirmed. Accordingly,
differences were also found for the Boltzmann para-
meters of the K+ outward rectifiers (as summarized by
Vogelzang & Prins, 1995, Table 2). K+ outward rectifi-
ers were found to be highly selective for K+ (in Plantago
media root cells; Vogelzang & Prins, 1995) or to dis-
criminate weakly among K+ and Ca2+ (in stelar cells,
Wegner & De Boer, 1997; Roberts & Tester,
1997). These differences could reflect tissue-specific ex-
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Fig. 7. KORC activation cascade in a whole cell recording. For solutions,seelegend to Fig. 4 (100 mM K+ in the bath). Ina, the current response
to a depolarization from −100 to 80 mV is shown. The first segment ranges from the start of the pulse to 1.2 sec. This part of the trace is well fitted
by Eq. 1 (continuous line; time constant and regression coefficient for the best fit as indicated in the figure;p was fixed to 4). Three residual currents
were extracted successively from the experimental data (plotsb, c andd) as described in the legend to Fig. 6, indicating that three ‘sleepy’ pools
were present in the cell. The lag times were (errors for the fit in brackets) 1.08 sec (0.0004 sec; first ‘sleepy’ pool, (b), 1.82 sec (0.01 sec; second
‘sleepy’ pool, (c), 2.46 sec (0.006 sec; third ‘sleepy’ pool), (d). In e, the relative size of the ‘sleepy’ pools compared to the ‘rapid pool’ is shown
(1st pool, average of 6 traces ±SD, 2nd pool, average of 5 traces ±SD, 3rd pool, mean of two traces).
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pression of genes belonging to one gene family. This
was confirmed by the recent discovery of SKOR, a
Shaker-like outward rectifying channel that was only ex-
pressed in root stelar cells (Gaymard et al., 1998). The
latter study also revealed that K+ outward and inward
rectifiers are closely related structurally. So far, no de-
tailed information is available on the kinetic parameters
of SKOR from different species expressed in oocytes; a
comparison to the data reported here for KORC will be
instructive. The model for KORC/SKOR that was de-
scribed here may be considered as a starting point for
further research, including modifications of the protein
by site-directed mutagenesis. This kind of work may
lead to a more refined and realistic model for gating, as
developed for outward rectifiers of the shaker family
(e.g., Tytgat & Hess, 1992; Zagotta, Hoshi & Aldrich,
1994; Schoppa & Sigworth, 1998a andb).

Partial inactivation of KORC observed occasionally
(Fig. 9) may result from binding of a small peptide or
channel subunit to the mouth of the channel, similar to
K+ channels in animal systems (Hille, 1992). Partial in-
activation could be a more general phenomenon of
KORC in the intact tissue that is, however, lost in most
whole cell recordings, either by protoplast isolation or by
dialysis of the cell interior after formation of the whole
cell configuration. Alternatively, inactivating outward
currents may be carried by a channel different from
KORC. This appears to be less likely, though, in view of
the fact that inactivation is occasionally lost and restored
(Fig. 9a). Partial inactivation of a K+-selective outward
rectifier has also been reported for intact guard cells of
Nicotiana benthamania(Armstrong et al., 1995) and to-
bacco cell suspension protoplasts (Van Duijn & Flik-
weert, 1993).

Unfortunately, we have not been able to analyze
KORC channel gating in continuous recordings on ex-
cised patches since KORC activity could not yet be
maintained in a stationary condition for a sufficiently
long period. Cooperative interaction of channels and a
generally observed rundown in excised patches may con-
tribute to the fluctuations in single channel activity.

GATING OF KORC DEPENDS ON THEEXTERNAL

K+ CONCENTRATION

Gating of KORC depended on both voltage and the ex-
ternal K+ concentration as revealed by a Boltzmann
analysis of whole cell steady-state currents (Fig. 4;see
also Wegner & De Boer, 1997). This is a common fea-
ture of K+ outward rectifiers in higher plant cells, includ-
ing the one in guard cells (Schroeder, 1988; Blatt 1988),
maize stelar cells (Roberts & Tester, 1995) andPlantago
root cells (Vogelzang & Prins, 1995), and has also been
reported for K+ channels in the rat brain (Pardo et al.,
1992). An increase of the external K+ concentration in
the bath leads to a positive shift of the midpoint potential
without affecting the steepness of the Boltzmann curve
fitted to the open probability (Fig. 4b–d). This was
shown to reflect the K+ dependence of the rate constant
b for closure of an individual gate (Fig. 5b andc). Bind-
ing of K+ draws the gate into the closed state, thus coun-
teracting membrane depolarization. The binding site for
K+ appears to be located outside the electrical field of the
membrane, suggesting gating to be regulated indepen-
dently from permeation. A Hill coefficient slightly
above 1 may reflect the fact that the K+ activity in the
vicinity of the membrane was higher than the bulk con-
centration, rather than indicating cooperativity of bind-
ing.

Recently, K+ dependence of outward rectifying K+

channel gating has been investigated in detail on intact
guard cells ofVicia faba (Blatt & Gradmann, 1997).

Fig. 8. Current-voltage plots of rapid pool of KORC (j) and first (h),
second (m) and third (D), only (a) (sleepy pools of KORC at 100 mM
K+ (a) and 1 mM K+ in the bath (b)). Fora, solutions were as described
in the legend to Fig. 4. Forb, standard solutions were used.
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Fig. 9. KORC inactivation. (a) Current traces (same cell) at four different conditioning voltages, as indicated in the plots, are shown (between
pulses, the membrane was hyperpolarized to −90 mV for 15.5 sec). Each data point (open circle) represents the mean of 20 recorded values. The
time course was well described by Eq. 13 (lines calculated from best fits are superimposed on the traces; time constants as given in the figures).
Standard solutions, but the pipette medium contained K-glutamate instead of KCl. Inb, the inactivation time constant, obtained from the fits shown
in a, is plotted as a function of the conditioning voltage. It is generally voltage-independent (continuous line). (c) Plot of the inactivating variable
(h`) against the conditioning voltage.
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It could be shown that the modulation of the voltage
dependence of the channel was not due to a general
charge screening, but resulted from a specific interaction
of K+ with the channel protein. Repression of the K+

conductance of the membrane at any given voltage re-
sulted from the cooperative binding of two K+ ions to the
channel. Blatt and Gradmann (1997) favor a K+-
dependent gating mechanism that is separate from the
permeation process. The data could best be described by
a sequential model of three closed and one open state;
four rate constants depended on the external K+ concen-
tration.

Apoplastic (external) K+ does not only affect the
open probability, but also the single channel conductance
of KORC (Fig. 3). Since the overall membrane conduc-
tance is a product of open probability and single-channel
conductance, K+ dependence of the latter will have to be
included in a quantitative model of KORC regulation by
apoplastic K+.

ANOMALOUS GATING PROPERTIES OFKORC: ‘SLEEPY’
KORC CHANNELS

As shown in Figs. 6 and 7, it was obvious from the time
course of KORC activation upon a depolarization of the
plasma membrane, that several ‘sleepy’ pools of KORC
channels activated with a characteristic delay in part of
the experiments. The activation of each pool was well
described with a Hodgkin-Huxley formalism, suggesting
that gating of channels was independentwithin a pool.

In principle, this can be interpreted in two ways:
(i) Populations of ‘sleepy’ KORC channels activated
with a characteristic delay in response to a voltage step.
This is an intrinsic property of the channel and does not
result from cooperative interaction of the pools. A re-
lated phenomenon was recently reported for the delayed
rectifier (Ikr) in cardiac muscle cells. Co-expression of
the gene KvLQT1, encoding for a rapidly activating K+

channel, with the IsK protein inXenopusoocytes re-
sulted in a dramatic slowdown of the activation kinetics
of the channels (Barhanin et al., 1996; Sanguinetti et al.,
1996). Similarly, co-assembly of KORC (SKOR) with
one or several, yet unidentified subunits could lead to a
delay in the response of ‘sleepy’ channels to a voltage
drop. A similar effect was reported for the yeast K+

channel YKC1. A slowly activating component of the
outward current carried by this channel was suppressed
by the K+ concentration in the bath; K+ sensitivity could
be located to single residues at the mouth of the pore by
site-directed mutagenesis (Vergani et al., 1998).

(ii) Groups of ‘sleepy’ channels activate in response
to the opening of the preceding, more ‘rapid’ population.
This implies cooperative interaction of several popula-
tions of channels. A signal is conveyed from a group of
‘rapid’ channels, once most of the channels are activated,

to one consisting of ‘sleepy’ channels. Afterwards, the
signal is passed from this formerly ‘sleepy’ group now
transformed into a ‘rapid’ one to another ‘sleepy’ group.
Certainly, this chain of events requires KORC channels
to be organized in clusters. Indeed, direct evidence for
the existence of K+ channel clusters comes from a com-
parison of the number of channels in part of the inside
out patches (Fig. 6) with the total number of channels in
a whole cell recording. The total number of channels per
protoplast can be calculated from the maximal conduc-
tance divided by the unitary conductance (Figs. 1 and 7).
Up to 24 channels were simultaneously active in the
recordings on the excised patch shown in Fig. 6, while
60–400 channels were calculated to be present in one
protoplast, i.e., 2.5 to 16 times as many. However, the
surface of a xylem parenchyma protoplast is about 50 to
200 times larger than the area of a single patch. [About
1000 mm2 (Wegner & Raschke, 1994) for a xylem pa-
renchyma protoplastvs. 5 to 20 mm2 for a patch (Sak-
mann & Neher, 1995)].

One argument in favor of a cooperative gating
model is that activation of ‘sleepy’ channels besides the
‘rapid’ ones was only observed at strong depolarization
(Fig. 8). At these voltages,m, the open probability of the
gates, was close to unity for both ‘rapid’ and transformed
‘sleepy’ populations of KORC channels. This is in
agreement with a cooperativity of gating, indicating that
almost complete activation of a more ‘rapid’ pool is re-
quired to activate a population of ‘sleepy’ channels.

A schematic representation of the cooperative model
of KORC gating is shown in Fig. 10. Our whole cell and
single channel data are in agreement with the assumption
that rapid and sleepy channels have identical properties
(Fig. 6a) and are interconvertible. It is assumed that
clusters, once they are in the ‘rapid’ state, can undergo a
transition from a ‘tight’ to a ‘loose’ configuration (and
vice versa), depending on the number of gates per cluster
that are in the open state. Transition is assumed to be an
all-or-nothing event that requires a certain threshold of
active gates. Only in the ‘loose’ configuration the cluster
is able to force neighboring ‘sleepy’ clusters into the
‘rapid’ state (Fig. 10a), thus leading to a feedforward-
effect of channel activation. A cartoon illustrating the
chain of events is shown in Fig. 10b. Note that ‘rapid’
clusters should activate neighboring ‘sleepy’ clusters
within a critical distance. Thus, a propagation of the
signal is achieved, leading to a cascade of current acti-
vation.

So far, we can only speculate on the mechanism that
could transform ‘tight’ into ‘loose’ clusters. One possi-
bility is that opening of KORC channel gates leads to a
charge separation in the protein due to the movement of
gating charges. Transition from the ‘tight’ to a ‘loose’
cluster may, in fact, be brought about by electrostatic
forces: Charge separation leads to a local dipole moment

116 L.H. Wegner and A.H. De Boer: Activation of K+ Outward Rectifier



Fig. 10. Cartoons illustrating a possible gating mechanism of KORC clusters. Different symbols are used for gates being either in the closed and
voltage-insensitive, in the closed and voltage-sensitive or in the open state. One channel comprises four gates. For simplicity, all clusters are
supposed to be homogeneous with respect to the state of the channels. Also, a constant number of four channels per cluster is assumed arbitrarily.
(a) Reaction scheme of KORC channel clusters that switch between three different states (‘sleepy’, ‘rapid tight’ and ‘rapid loose’). In the ‘rapid
loose’ configuration, a cluster strongly increases the probability of neighboring ‘sleepy’ clusters to achieve the ‘rapid tight’ configuration, as
indicated by the arrow. (b) Possible chain of events in an activation cascade of KORC channels upon a depolarization of the plasma membrane of
xylem parenchyma cells. At a hyperpolarized state of the membrane, channels are closed and clusters reside either in the ‘sleepy’ or in the ‘rapid
tight’ configuration. Membrane depolarization leads to an opening of voltage-sensitive channels in ‘rapid tight’ clusters (like A) and, in turn, toa
transition of the cluster into the ‘rapid loose’ state (step I to II). Consequently, ‘sleepy’ clusters within a critical distance (like B) switch to the ‘rapid
tight’ state (picture III), and channels belonging to this cluster open likewise. Now the sequence of events is repeated: Complete activation of the
channels is correlated with a transition to the ‘rapid loose’ state of cluster B (picture IV), and cluster C is triggered and transferred into the ‘rapid
loose’ state as well (pictures V, VI). This scenario would lead to a “three-step-cascade” of KORC activation kinetics.
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in the channel protein, resulting in a conformational
change. If the charges are exposed, mutual repulsion of
channels may destabilize tightly packed clusters (as was
tacitly implied by the terms ‘tight’ and ‘loose’). If the
polarization exceeds a critical threshold, mutual electro-
static repulsion of proteins may cause a transformation of
tight clusters to loose aggregations of channels. A signal
propagating mechanically in the lipid phase may trigger
nearby ‘sleepy’ clusters, turning them into ‘rapid’ ones.

The fact that ‘sleepy’ channels were not observed in
all whole cell and averaged single channel recordings
may indicate that the intricate structure of KORC chan-
nel assembly was not conserved in all protoplasts, per-
haps depending on the intactness of the cytoskeleton.
Remarkably, the number of ‘sleepy’ pools could vary in
successive depolarizing sweeps imposed on the same
protoplast (not shown). This may be due to a variable
distance of clusters floating in the membrane. It may
also reflect the fact that the number of ‘sleepy’ clusters
could not always be properly resolved from the time
course of KORC activation.

A cooperative behavior of K+ channels in a plant
system was previously reported for cytoplasmic droplets
from Chara corallina (Draber, Schultze & Hansen,
1993). Draber et al. investigated channel activity in con-
tinuous recordings using the inside-out configuration.
A quantitative analysis revealed cooperative mode-
shifting, i.e., the simultaneous transition of several chan-
nels from one gating mode to another. This effect bears
some similarity with the observation reported here; es-
pecially, Draber et al. (1993) suggest channels to be or-
ganized in clusters of uniform gating mode. Likewise,
they suggest a mechanical interaction of neighboring
channels. Evidence for a clustering of channels was also
recently reported for anion channels in the plasma mem-
brane ofChara corallina(McCulloch, Laver & Walker,
1997).

What should be the physiological benefit for the cell
to activate still more channels at a strong depolarization
of the membrane? Voltage-independent recruitment of
channels of the KORC type in guard cells has been re-
ported, e.g., in connection with temperature changes
(Ilan, Moran & Schwartz, 1995) or phosphorylation
(Thiel & Blatt, 1994). While the putative physiological
role of the complex gating mechanism of KORC remains
obscure, it is obvious that ignoring it in the quantitative
analysis of whole cell currents would lead to serious
errors in the estimation of the kinetic parameters of the
channel.

IMPLICATIONS OF A KINETIC ANALYSIS OF THE MAIN

IONIC CONDUCTANCES OFXYLEM PARENCHYMA CELLS

FOR UNDERSTANDING THE PHYSIOLOGY OF SALT

TRANSPORT INTO THEXYLEM

Salt release by xylem parenchyma cells is supposed to be
mediated by the simultaneous activity of cation and an-

ion channels (Wegner & Raschke, 1994; Wegner & De
Boer, 1997; Roberts & Tester, 1995). Thermodynami-
cally, salt release is confined to membrane potentials
more positive than the Nernst potential of potassium.

From the membrane conductance for an ion at a
given voltage, the flux across the membrane can be cal-
culated according to:

JCX
i =

Gi~U! ? ~U − Erev! ? A

zi ? F
(14)

Ji
cx is the flux of an ion from the symplast into the xylem,

Gi(U) is the chord conductance of an ion per surface area
of the membrane,A is the effective membrane area per
length of the root involved in the release of salts,zi and
F have their usual meaning. So, by solving Eq. 14, ion
fluxes between the symplast and the apoplast of the root
can be calculated. It is obvious that a knowledge of the
voltage dependence of the K+ conductance leading to K+

efflux from xylem parenchyma cells is crucial for a
quantitative treatment of salt release into the root xylem.
Currently, a quantitative description of the voltage de-
pendence of KORC, as presented in this paper, as well as
of the K+ inward rectifier(s) KIRC (Wegner, De Boer &
Raschke, 1994) are available. A quantitative analysis of
anion currents and the proton pump will have to follow.
This is an approach for modelling salt export from the
root to the shoot. It should be noted that regulation of the
conductances by factors other than the membrane poten-
tial and the K+ concentration in the xylem, e.g., the cy-
tosolic Ca2+ concentration, have to be included in a
comprehensive model. Recently, the contribution of salt
recirculated by the phloem has been emphasized
(Marschner, Kirkby & Engels, 1997; Wegner & De Boer,
1997). Moreover, salt transport into the xylem cannot be
considered independently from radial movement of wa-
ter, and a possible influence of pressure gradients on salt
transport has to be taken into account.
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