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Abstract. The effect of extracellular cation concentra-
tion and membrane voltage on the current carried by
outward-rectifying K+ channels was examined in stoma-
tal guard cells ofVicia faba L. Intact guard cells were
impaled with double-barrelled microelectrodes and the
K+ current was monitored under voltage clamp in 0.1–30
mM K+ and in equivalent concentrations of Rb+, Cs+ and
Na+. From a conditioning voltage of −200 mV, clamp
steps to voltages between −150 and +50 mV in 0.1 mM

K+ activated current through outward-rectifying K+

channels (IK,out) at the plasma membrane in a voltage-
dependent fashion. Increasing [K+]o shifted the voltage-
sensitivity of IK,out in parallel with the equilibrium po-
tential for K+ across the membrane. A similar effect of
[K+]o was evident in the kinetics ofIK,out activation and
deactivation, as well as the steady-state conductance-
(gK−) voltage relations. Linear conductances, determined
as a function of the conditioning voltage from instanta-
neousI-V curves, yielded voltages for half-maximal con-
ductance near −130 mV in 0.1 mM K+, −80 mV in 1.0
mM K+, and −20 mV in 10 mM K+. Similar data were
obtained with Rb+ and Cs+, but not with Na+, consistent
with the relative efficacy of cation binding under equi-
librium conditions (K+ ù Rb+ > Cs+ > > Na+). Changing
Ca2+ or Mg2+ concentrations outside between 0.1 and 10
mM was without effect on the voltage-dependence ofgK

or on IK,out activation kinetics, although 10 mM [Ca2+]o

accelerated current deactivation at voltages negative of
−75 mV. At any one voltage, increasing [K+]o sup-
pressedgK completely, an action that showed significant
cooperativity with a Hill coefficient of 2. The apparent
affinity for K+ was sensitive to voltage, varying from 0.5
to 20 mM with clamp voltages near −100 to 0 mV, re-
spectively. These, and additional data indicate that ex-

tracellular K+ acts as a ligand and alters the voltage-
dependence ofIK,out gating; the results implicate K+-
binding sites accessible from the external surface of the
membrane, deep within the electrical field, but distinct
from the channel pore; and they are consistent with a
serial 4-state reaction-kinetic model for channel gating in
which binding of two K+ ions outside affects the distri-
bution between closed states of the channel.

Key words: K+ conductance — Voltage-dependent
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Introduction

It is generally recognized that the outward-rectifying K+

channels of guard cells provide the dominant pathway
for K+ efflux during stomatal closure (Blatt, 1991;
Schroeder, 1992; Blatt & Thiel, 1993). Activation of
these K+ channels is evident on positive-going steps of
membrane voltage (V) both in intact guard cells and in
their protoplasts (Blatt & Thiel, 1993). It facilitates
closure of the stomatal pore which is realized through a
net efflux of osmotically active solutes from the guard
cells — notably as a flux of K+ from vacuole and cyto-
plasm across the plasma membrane — and the conse-
quent decline in guard cell turgor. Ensemble current
through these outward-rectifying K+ channels (IK,out) is
augmented by the water-stress hormone abscisic acid
(ABA) which promotes stomatal closure (Hetherington
& Quatrano, 1991; MacRobbie, 1992; Blatt & Thiel,
1993), and some detail of the associated intracellular
signal cascades is now understood (MacRobbie, 1991;
Assmann, 1993; Blatt & Armstrong, 1993; Blatt & Thiel,
1993; Giraudat, 1995; Armstrong et al., 1995).

By contrast, little is known of the gating ofIK,out and
its relation to the ionic environment, although these in-
trinsic controls are crucial to channel function in vivo.Correspondence to:M.R. Blatt
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The channels do exhibit a moderate to high selectivity
for K+ over other alkali metal cations (Schroeder, Ra-
schke & Neher, 1987; Hosoi, Iino & Shimizaki, 1988),
although Na+ can enter the K+ channel from the cyto-
plasmic side before becoming lodged and blocking the
channel pore. Block by intracellular Na+ exhibits a
strong voltage sensitivity, suggesting that the channel
functions as a multi-ion pore and that block normally
occurs with additional ions present in the channel (Thiel
& Blatt, 1991).

Most striking are indications that the voltage-
dependence ofIK,out gating is sensitive to the concentra-
tion of extracellular K+ and shifts in parallel with the K+

equilibrium potential (EK) in intact guard cells (Blatt,
1988; Blatt, 1991). The time-averaged steady-state cur-
rent-voltage (I-V) relations forIK,out appear to be influ-
enced by K+ availability at the membrane exterior,
whereas physiological charge flux through the channels
depends on K+ entering from the cytoplasmic side of the
membrane. Furthermore, the corresponding single-
channel conductance of the K+ channels in these cells is
largely unaffected by extracellular K+ [(Schroeder et al.,
1987) compare also (Hosoi et al., 1988; Ilan, Schwartz &
Moran, 1994)]. Thus, an additional action of [K+]o on
the K+ channels has been mooted, complementary to the
voltage dependence for gating and distinct from ion per-
meation itself (Blatt, 1988; Blatt, 1991). Nonetheless,
present models for gating of these K+ channels
(Schroeder, 1989; Van Duijn, 1993; Fairley-Grenot &
Assmann, 1993; Ilan et al., 1994) do not account for the
effect of [K+]o.

To gain a further understanding of the connection
between K+ and channel gating, we have explored effects
of cations on the dynamic and steady-state characteristics
of IK,out. Here we report that [K+]o affectsIK,out activa-
tion and deactivation, without altering its apparent gating
charge or maximum conductance, and with the net result
that [K+]o and membrane voltage act cooperatively to
suppress the ensemble channel conductance,gK,out. The
results are described by a stochastic model for channel
gating in which the [K+]o-binding is kinetically removed
from the immediate transitions between the open state
and the adjacent closed state of the channel. These, and
additional results offer strong support for an action of
extracellular K+ on the K+ channels in controllingIK,out

in vivo.

Materials and Methods

PLANT CULTURE AND EXPERIMENTAL PROTOCOL

Vicia faba L., cv. (Bunyan) Bunyard Exhibition was grown on ver-
miculite with Hoagland’s Salts medium and epidermal strips were pre-
pared as described previously (Blatt, 1992). Measurements were car-
ried out in rapidly flowing solutions (10 ml/min∼20 chamber volumes/

min). The standard perfusion medium was prepared with 5 mM 2-(N-
morpholino)propanesulfonic acid (MES, pKa 4 6.1) or 4-(2-
hydroxyethyl)-1-piperazine-ethanesulfonic acid (HEPES, pKa 4 7.4)
and the buffers were titrated to their pKas with Ca(OH)2 (final [Ca2+]∼

1 mM). KCl, CsCl, RbCl and NaCl were included as required. Am-
bient temperatures were 20–22°C.

MICROELECTRODES

Recordings were obtained using double-barrelled microelectrodes
coated with paraffin to reduce electrode capacitance (Blatt, 1992; Blatt
& Armstrong, 1993). Current-passing and voltage-recording barrels
were filled with 200 mM K+-acetate, pH 7.5, to minimize salt leakage
and salt-loading artifacts associated with the Cl− anion (Blatt & Arm-
strong, 1993) without imposing a significant acid or alkaline load.
Connection to the amplifier headstage was via a 1M KCl|Ag-AgCl
halfcell, and a matching halfcell and 1M KCl-agar bridge served as the
reference (bath) electrode.

ELECTRICAL

Mechanical, electrical and software design have been described in de-
tail (Blatt, 1987b). Current-voltage (I-V) relations were determined by
the two-electrode method with the voltage clamp under microprocessor
control using a WyeSciencemP amplifier andmLAB analog/digital
interface and software (WyeScience, Wye, Kent). Steady-stateI-V re-
lations were recorded by clamping cells to a bipolar staircase of com-
mand voltages, alternating positive and negative from the free-running
membrane potential, and currents and voltages were recorded during
the final 10 msec of each pulse (Blatt, 1992; Blatt, 1987).

For kinetic characteristics, current and voltage were sampled con-
tinuously at 1, 2 or 10 kHz while the clamped potential was driven
through cycles of 1–4, programmable pulse steps. In all cases the
holding potential was set toV at the start of the clamp cycle and the
current signal was filtered at 1 kHz. The sampling rate for most of the
data shown was 2 kHz, although recordings at 10 kHz gave similar
results. No attempt was made to compensate for the series resistance
(RS) to ground (Hodgkin, Huxley & Katz, 1952). Estimates for RS

indicated that it was unlikely to pose a serious problem in measure-
ments of clamp potential (Blatt, 1988b).

NUMERICAL ANALYSIS AND KINETIC MODELLING

Data analysis was carried out by nonlinear, least-squares (Marquardt,
1963) and, where appropriate, results are reported as the mean ± SE of
(n) observations.

For quantitative analysis of K+ channel gating, the current traces
and steady-stagegK-V relationships obtained over a range of voltages
and [K+]o were jointly fitted by a Levenberg-Marquardt algorithm and
least-squares minimisation (Press et al., 1986) to a serial (pseudo-)
3-state reaction scheme

k23 k12

C3 ↼⇁ C2 ↼⇁ O1 [1]
k32 k21

with two closed states (C3, C2) and a terminal open state (O1) defining
the conductive conformation of the channel andk12, k21, k23 and k32

describing the reaction constants between states. The dynamic prop-
erties of this model are defined by the set of differential equations
(Bertl, Kleiber & Gradmann, 1988)
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1p1l =
dp1

dt
= 1k12p1 + k21p2 [2a]

1p2l =
dp2

dt
= k12p1 + k32p3 1 ~k21 + k23!p2 [2b]

1p3l =
dp3

dt
= 1k32p3 + k23p2 [2c]

wherep1, p2 andp3 are the probabilities of residing in statesO1, C2 and
C3, respectively, at the given voltage andl denotes the eigenvalues of
the equation (l 4 1/t, wheret is the corresponding relaxation time
constant). Voltage dependence was introduced by assigning a voltage-
sensitivity coefficientdij to each reaction kij so that

k32 4 ko
32e

d32u, k23 4 ko
23e

d23u, k21 4 ko
21e

d21u, k12 4 ko
12e

d12u [3a–d]

Here u 4 FV/RT,whereV is the membrane voltage andF, R and T
have their usual meanings. The exponential terms thus correspond to a
series of asymmetric Eyring barriers (dij Þ dji). The dependence on
[K+]o was assigned to one or more reaction steps as a coefficient of the
reaction constant. Thus, for K+ binding in theC2 ⇁ C3 transition,k23

4 [K+]ok23
oed23u wherek23 4 ko

23 whenV 4 0 mV and [K+]o 4 1M.
At any given timet, the macroscopic current,I(t), comprises a

steady-state componentIs and a dynamic component comprising the
sum of two exponential factors

I(t) 4 Is + I1e
−l1t + I2e

−l2t [4]

The steady-state current at each voltage is defined by the product of the
ensemble open channel conductancego, the electrical driving force
V-EK, and the steady-state probability that the channel resides in state
O1

Is 4 go(V − EK)p1s [5]

where the steady-state open probability

p1s =
k32k21

b
[6a]

as derived from Eq. 2a fordp1/dt 4 0, and where

b 4 k32k21 + k32k12 + k12k23 [6b]

For the situation in which [K+]o-sensitivity is assigned to theC3 ↼⇁ C2

transition, Eq. 6a may be rewritten as

1/p1s 4 1 + K1(1 + K2) [7a]

with

K1 4 k12/k21 4 (ko
12/k

o
21)e

(d12−d21)
u
, [7b]

K2 4 k23/k32 4 (ko
23/k

o
32)[K

+]o
m23−m32 e(d23−d32)

u
, [7c]

and the mass action coefficientsm32 andm23 representing the apparent
[K+]o-sensitivity of the forward and reverse transitions.

The two relaxation constants in Eq. 4 are given by

l1,2 =
a

2
5

~a2 1 4b!1/2

2
[8a,b]

wherea 4 k32 + k23 + k12 + k21 andb is defined in Eq. 6b.
The current amplitudesI1 andI2 are defined byDp1 andDp2, the

change in steady-state probabilitiesp1 and p2 on a voltage step, and
give a time course for the current at any timet after the step in voltage
according to Eq. 4 (Bertl et al., 1988) with

I1 =
Dp1~k12 1 l2! 1 Dp2k21

l1 1 l2
go~V 1 EK! [9a]

and

I1 =
Dp1~k12 1 l1! 1 Dp2k21

l2 1 l1
go~V 1 EK! [9b]

Current traces for analysis were selected from measurements with
a common starting (holding) voltage either near the negative voltage
extreme (typically −200 mV for activation kinetics) or at positive volt-
ages (+20 or +50 mV for deactivation kinetics), and were corrected for
background conductance determined from instantaneous currents [see
Fig. 2; also Blatt, 1992]. These data were fitted to Eq. 4. Steady-state
gK-V relations (seeFig. 3) were fitted using Eq. 5. Analyses were
carried out on data sets obtained from a single cell in each case, and the
subsets of points — current traces and conductances — were fitted
jointly with differences in reaction constants defined explicitly by the
experimental variablesV and [K+]o. Additionally, the residuals were
adjusted to give equal weighting between data points within traces and
between curves within data sets. Numerical values for each of the joint
parametersk12, k21, k23, k32, d12, d21, d23, d32, andgo were sought by
sequential adjustment from starting values and analyses were repeated
after initialising with different starting values to ensure that fittings
converged on the same solution in every case. Because of the time
during experiments required to gather these data (typically 30–40 min),
the conductance maximumgK,max was frequently observed to drift by
as much as ±5–8%. In some analyses, therefore,go was allowed to
vary by 5% between different [K+]o data subsets. The ‘‘hidden’’ re-
action constantsk23, k32, k34, k43, and voltage sensitivity coefficients
d23, d32, d34 andd43 of the extended reaction scheme [14] were deter-
mined numerically from the experimental variables and fitted values of
the pseudo-3-state reaction constantsk23 andk32 using Eq. 15.

CHEMICALS AND SOLUTIONS

The pH buffers and salts were from Sigma Chemical (St. Louis, MO).
Otherwise, all chemicals were Analytical Grade from BDH Ltd. (Poole,
Dorset, UK).

Results

STEADY-STATE VOLTAGE AND

CURRENT CHARACTERISTICS

We took advantage of seasonal variations in H+-ATPase
activity (Blatt, 1990; Thiel, MacRobbie & Blatt, 1992;
Blatt & Armstrong, 1993), and the sensitivity of the
guard cell K+ inward-rectifier to alkaline pHo (Blatt &
Armstrong, 1993; Blatt, 1992), to reduce the background
of these currents. Comparing Figs. 1 and 2 shows that
the electrical characteristics of the guard cells were
dominated byIK,out under these conditions. Similar re-
sults were obtained in the other 48 cells exposed to con-
centrations ranging from 0.1 to 30 mM K+ outside. For
the data in Fig. 1, raising [K+]o resulted in reversible
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positive changes in free-running voltage (Fig. 1,inset)
from its resting value of −132 mV in 0.1 mM K+ to −53
mV with 10 mM K+ in the bath.

Clamping the membrane from a conditioning volt-
age negative ofEK to values between −100 and +50 mV
yielded the characteristic time- and voltage-dependent
activation of IK,out and its subsequent deactivation on
returning the membrane to the conditioning voltage (Fig.
2A; see also Blatt & Armstrong (1993)). Raising [K+]o

had two effects onIK,out: (i) it shifted the steady-stateI-V
curve along the voltage axis to more positive voltages,
and (ii) it slowedIK,out activation upon positive voltage
steps. The effect on the steady-state current is apparent
in the raw, whole-membraneI-V curves (Fig. 1) and, for
IK,out, is evident in Fig. 2B after subtraction of back-
ground (‘‘instantaneous’’) currents [determined with
clamp steps from −250 mV; see also Blatt (1992)] from
the steady-state currents recorded at the end of each volt-
age step in Fig. 2A.

EXTRACELLULAR K+ DISPLACES THESTEADY-STATE

CONDUCTANCE OFIK,out

The data in Figs. 1 and 2 indicate a [K+]o sensitivity to
the voltage-dependence for gating ofIK,out. Nonetheless,

quantifying any dependence of gating on [K+]o must in-
evitably be complicated by the inherent asymmetry of
the [K+] gradient across the membrane. For the en-
semble channel current in this case

IK 4 NgKpo(V − EK) [10]

whereN is the number of channels,gK their conductance
in the open state,po the steady-state open probability
(proportional to the relative conductance,gK/gK,max) and
EK the equilibrium potential. Nonlinearities may arise in
both gK and inpo. To distinguish bona fide differences
in po from nonlinearities ingK, the voltage sensitivity of
gK can be examined by plotting the instantaneous cur-

Fig. 1. A dominant outward current in the steady-state current-voltage
(I-V) relations ofVicia stomatal guard cells. Raw currents recorded
from one guard cell in 5 mM Ca2+-HEPES, pH 7.4, with 0.1, 1.0 and 10
mM KCl as indicated (inset). Cell parameters: surface area, 1.6 × 10−5

cm2; volume, 3.5 pl; aperture, 8.6mm. Data gathered using a bipolar
staircase protocol (seeMaterials and Methods) in 0.1 (j), 1.0 (m), 10
mM KCl (d), and in 0.1 mM KCl with 10 mM TEA-Cl (s) to block the
K+ channels. Symbols cross-referenced to the voltage trace (inset).
Inset: Free-running membrane voltage (in mV) with periods of expo-
sures to KCl (open bars) and TEA-Cl (stippled bar) indicated above.
Symbols mark times of voltage clamp scans (masked from trace) and
cross-reference to theI-V curves. Scale: horizontal, 2 min; vertical,
50 mV.

Fig. 2. The [K+]o- and voltage-dependence of the outward-rectifying
K+ channel current dominates the steady-state current-voltage (I-V)
relations ofVicia stomatal guard cells. Data gathered concurrently with
the rawI-V curves of Fig. 1 (symbols cross-referenced to Fig. 1), with
the cell bathed in 0.1 (j), 1.0 (m), 10 mM KCl (d). (A) Currents
recorded at holding voltage of −150 mV (0.1 and 1 mM KCl) or −200
mV (10 mM KCl), on stepping to test voltages between −100 and +50
mV, and then on returning to the holding voltage. Scale: horizontal, 1
s; vertical, 50mA cm−2 or 300 mV. (B) Ensemble steady-state K+

channelI-V relations determined from the current traces in (A) after
subtracting the background currents recorded 4 msec into each test
voltage step. Background currents were determined separately as the
‘‘instantaneous’’ currents recorded 4 msec after positive-going voltage
steps from −250 mV. [In some experiments with >3 mM [K+]o these
records were checked also with clamp steps from −150 mV to avoid
possible distortion fromIK,in.]
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rents recorded after voltage steps from conditioning volt-
ages where the channel has an appreciable open prob-
ability and beforepo adjusts significantly toward the new
steady-state.

Figure 3 illustrates three sets of measurements at
concentrations 0.1, 1.0 and 10 mM [K+]o from one guard
cell. A two-step protocol was employed (Fig. 3A–C,
left), using different conditioning voltages (dashed lines
in Fig. 3A, top left) used to achieve varying degrees of
steady-state activation ofIK,out. Instantaneous currents
recorded on stepping to test voltages between −100 and
+50 mV (Fig. 3A–C, arrows left) are shown in theI-V
plots (Fig. 3A–C, right) with the conditioning voltage
indicated (right). Background currents, determined as
the instantaneous current following clamp steps from

−250 mV have been subtracted in each case. The instan-
taneousI-V curves obtained in this manner demonstrate
that, to a first approximation,gK was independent of
(instantaneous) clamp voltage and show that the conduc-
tance,gK, increased with the conditioning voltage. Only
in external [K+]o below 1 mM was some nonlinearity
evident in the instantaneousI-V curves (Fig. 3A, top
right), consistent with constant field expectations for
large substrate gradients. Since, in practice, a constant
field approach [seeHodgkin & Katz, 1949,not shown]
and the Eq. 10 gave similar results in determining steady-
state conductance-voltage (gK,out-V) relations, the more
convenient linear approach has been used for routine
calculations.

Figure 4 summarizes the results of a number of in-
stantaneousgK,out-V measurements, including those in
Fig. 3, from the same guard cell. Comparable results
were obtained in the other 12 cells subjected to the analy-
sis and are included in Table 1. As shown, the conduc-
tances have been fitted jointly to a Boltzmann function
(Eq. 4 provides a more detailed approach;seeAccom-
modating [K+]o-dependence ofIK,out in Serial n-State
Gating Models, below) to quantify the dependencies on
conditioning voltage and [K+]o, such that

g =
gmax

1 + ed F ~V1V1/2!/RT
[11]

Here,d is the (minimum) charge moved within the mem-
brane electric field during channel activation and reflects

Fig. 3. Instantaneous K+ channel current varies with [K+]o and the
conditioning voltage. Data from one guard cell recorded in 5 mM Ca2+-
HEPES, pH 7.4, with 0.1 (A), 1.0 (B) and 10 mM KCl (C) as indicated.
Cell parameters: surface area, 1.9 × 10−5 cm2; volume, 4.3 pl; aperture,
9.3mm. Conductance analysis was carried out with test voltage steps to
a common set of voltages from −100 to +50 mV, and the conditioning
voltage was varied between each set of measurements (dashed lines at
top left and voltages in mV onfar right). Tailing voltages, −200 mV.
I-V relations (right) taken from currents recorded 4 msec into test
voltage steps (arrows, left). For the current traces shown (left), the
conditioning voltage was −90 mV in each case. Scale (left): horizontal,
1 sec; vertical, 100mA cm−2 or 500 mV.

Fig. 4. Ensemble steady-state K+ channel conductance varies with
[K+]o and membrane voltage. Conductances from Fig. 3 at 0.1 (d), 1
(j) and 10 mM KCl (m), and additional data from the same guard cell
plotted on a logarithmic ordinate scale as a function of the conditioning
voltage step.Inset: Data replotted on a linear ordinate scale. Curves
were fitted jointly by least-squares minimisation to a Boltzmann func-
tion (Eq. 11) with a common gating charge,d, and yielded a value of
1.87 with values forV1/2 (arrows) of −129 (d), −81 (j) and −26 mV
(m).
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the ‘‘gain’’ inherent to the voltage sensitivity of gating,
while V1/2 is the voltage at whichg 4 0.5 gmax and
provides a reference for the [K+]o sensitivity of gating.
For the data shown in Fig. 4, the analysis yielded ad of
1.87 andV1/2 was displaced positive-going with increas-
ing [K+]o concentrations giving values forV1/2 of −129,
−81 and −26 mV at 0.1, 1.0 and 10 mM [K+]o, respec-
tively (inset, arrows). Pooled results from all 13 cells
gave a mean shift inV1/2 of +52 ± 2 mV/[K+] decade and
d of 1.91 ± 0.04 (range, 1.82–2.03, consistent with an
e-fold rise in current per (+)12.8 mV. The meangK,max

in 10 mM [K+]o was 0.68 ± 0.07 mS cm−2.

EXTRACELLULAR K+ AFFECTS THE

VOLTAGE-DEPENDENCE OFIK,out ACTIVATION

AND DEACTIVATION

Extracellular K+ was reported previously to slow the
activation kinetics forIK,out at any one voltage (Blatt,
1988b). We found that K+ outside also acceleratedIK,out

deactivation upon negative steps to voltages below −75
mV. Figure 5 summarizes the relaxation kinetics deter-
mined for IK,out as a function of clamp voltage after
conditioning voltage steps to −250 mV (activation) or
+50 mV (deactivation) for all 13 cells subjected to analy-
sis. Activation halftimes were taken directly from cur-
rent traces (Blatt, 1988b). Deactivation kinetics forIK,out

were well-described by sums of two exponentials, espe-
cially for measurements in 0.1 and 1.0 mM [K+]o (see
Fig. 5A). Both fast- and slow-decaying components
showed appreciable sensitivity to membrane voltage, but
only the latter was affected by [K+]o (Fig. 5B). In this
case, increasing [K+]o decreased the halftime for current
decay at any one voltage — at −150 mV from approxi-
mately 140 msec in 0.1 mM [K+]o to 65 msec in 10 mM
[K+]o — the graphical result being a shift of the apparent
voltage dependence for deactivation to the right along
the voltage axis. Together, the relaxation times for any
one [K+]o suggest a maximum function of voltage with
values declining at more positive voltages corresponding

Table 1. Sensitivity of the voltage gate for the K+ outward-rectifier to extracellular
K+ concentration

Parameter [K+]o/mM

0.1 1 3 10 30

d 1.88 ± 0.03 1.94 ± 0.05 1.95 ± 0.03 1.87 ± 0.02 1.92 ± 0.06
V1/2/mV −131 ± 6 −84 ± 3 −60 ± 3 −26 ± 2 −4 ± 3
(n) 8 10 7 12 7

Steady-state conductance forIK,out from 13 Vicia guard cells determined from instantaneous
IK,out-V relations (seeFigs. 2 and 3). Data sets were fitted to the Boltzmann function (Eq. 11)
to obtain the apparent gating charge,d, and the voltage for half-maximal conductance,V1/2.
Values are means ±SE of (n) data sets at each K+ concentration.

Fig. 5. Extracellular K+ shifts the voltage-dependence of activation
and deactivation halftimes forIK,out in parallel. (A) Ensemble K+ chan-
nel ‘‘tail’’ currents recorded from oneVicia guard cell bathed in 5 mM
Ca2+-HEPES, pH 7.4, with 0.1 (s), 1 (n) and 10 mM KCl (h). Cur-
rents were recorded at −200 (s), −150 (n) and −100 mV (h) follow-
ing 2-sec conditioning steps to +20 mV. Background currents have
been subtracted (seeFig. 2) and data points omitted at times <4 msec
to avoid capacitative transients. Solid curves are least-squares fittings
to the sum of two exponentials (seebelow). Scale: horizontal, 200
msec; vertical, 10mA cm−2. (B) Summary of halftimes forIK,out acti-
vation and deactivation from 13 guard cells. Symbols (activation,
filled; deactivation, open) are results of analyses for the cell in Fig. 3.
Activation halftimes taken directly from current traces as time to the
half-maximum value of the time-dependent current. Deactivation half-
times determined from time constants obtained by fitting current traces
to sums of two exponentials (see(A)). Solid lines are empirical fits to
2nd order polynomials, but show the parallel and roughly a 55-mV shift
in activation and deactivation (slow component only) characteristics
with each [K+]o decade. Dotted lines indicate the anticipated maximum
function characteristics fort1/2 (seetext).
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to the activation kinetics and at more negative voltages to
deactivation kinetics. Furthermore, increasing [K+]o

shifted this apparent bell-shaped curve to the right along
the voltage axis in parallel with thegK,out-V curves (see
Fig. 3).

ION-DEPENDENT GATING IS SPECIFIC FOR

EXTRACELLULAR ALKALI CATIONS

Although the results above suggested a role for [K+]o in
modulatingIK,out gating, they offered fewer clues about
the physical nature of the interaction between extracel-
lular K+ and the K+ channels. The absence of an effect
on d (seeFig. 3) argued against a direct action on the
voltage sensor itself. However, the [K+]o sensitivity of
the gK,out-V curve might be understood either as a spe-
cific effect of extracellular K+ on the channels or as a
consequence of a general charge screening and distortion
of the voltage sensed by the channels in the membrane.

To distinguish between these two possibilities,
measurements were carried out after substituting [K+]o

with the alkali cations Cs+, Rb+ and Na+ to examine
the specificity of action ongK,out and its voltage-
dependence. Figure 6 shows current traces and a synop-
sis of IK,out activation and deactivation halftimes from
one guard cell exposed to 10 mM alkali cation concen-
trations. Quantitatively similar results were obtained in
7 independent experiments (seeTable 2). Both Rb+ and,
to a lesser extent, Cs+ were effective substitutes for ex-
tracellular K+ and displaced the characteristics for acti-
vation and for the slow-decaying component ofIK,out

deactivation along the voltage axis. Substitution with 10
mM Na+, however, was followed by membrane hyperpo-
larization to a voltage equivalent to that recorded in 0.1
mM [K+]o (Fig. 1, inset), and yielded equivalent current
relaxation kinetics (compare Fig. 6A, C and Fig. 2; cur-
rents recorded on negative-going voltage steps in Na+

were small and precluded further analysis of the current
deactivation).

A similar relationship was found in the steady-state
current and conductance characteristics. Both 10 mM

Rb+ and Cs+ displaced theI-V andGK,out-V curves posi-
tive-going with Rb+ roughly equivalent in effect to K+

and Cs+ only marginally less effective, while the voltage-
dependent characteristics in 10 mM Na+ were comparable
with those recorded in 0.1 mM K+ (compare Figs. 2 and
4 with Fig. 7). The current was generally, albeit margin-
ally reduced when K+ was substituted with Rb+ and Cs+

(Fig. 7A), declining by 84 ± 6% at 0 mV (n 4 7). How-
ever, the voltage-dependence of the relative conductance
(gK/gK,max) in every case yielded common values ford
between curves from any one guard cell (Fig. 7B). Table
2 summarizes these results along with bi-ionic equilibria
obtained from tail current analyses (Blatt, 1992) and
shows a parallel between the efficacy of the alkali cat-

ions in shifting thegK,out-V relation and their relative
selectivities for the channel pore.

EXTRACELLULAR Ca2+ AFFECTSDEACTIVATION BUT NOT

ACTIVATION OF IK,out

Multivalent cations, especially Ca2+, often effect dra-
matic shifts in the voltage-dependence of channel gating
by virtue of their ability to mask charges at the mem-
brane surface (Hille, 1992; Woodhull, 1973; Hille,
Woodhull & Shapiro, 1975). Nonetheless, neither Ca2+

Fig. 6. The monovalent cations Cs+ and Rb+, but not Na+, substitute
for external K+ in modifying the voltage-dependence for K+ channel
activation and deactivation kinetics. Data from oneVicia guard cells
bathed in 5 mM Ca2+-HEPES, pH 7.4 with 10 mM KCl and following
substitution with CsCl, RbCl and NaCl. Cell parameters: surface area,
5.6 × 10−5 cm2; volume, 6.8 pl; aperture, 13.5mm. (A) Currents re-
corded on stepping the voltage from a holding potential of −200 to +30
mV. Current traces have been scaled to a common ordinate (seeFig. 7
for current amplitudes). Scale: horizontal, 400 msec. Activation in CsCl
and RbCl was virtually superimposable withIK,out kinetics in the same
concentration of KCl. (B) Tail currents recorded on stepping from a
holding potential of +30 to −150 mV in the presence of external K+ and
Rb+. Initial and final (not shown) currents differed by less than 3% in
these instances. Current amplitude was much reduced in Cs+ (not
shown) consistent with the ability of the cation to permeate the channel.
Scale: horizontal, 50 msec; vertical, 10mA cm−2. (C) Halftimes for
IK,out activation and deactivation as a function of clamp voltage. Acti-
vation halftimes taken directly from current traces. Deactivation half-
times determined from time constants obtained by fitting current traces
to sums of two exponentials (seeFig. 5). Solid lines are empirical fits
to 2nd order polynomials, and show a shift in activation and deactiva-
tion (slow component only) comparable to that with 10 mM K+ (s) in
10 mM Rb+ (d) and Cs+ (m).
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nor Mg2+ mimicked the effect of [K+]o on gating.
Raising [Ca2+]o from 0.1 to 10 mM reducedIK,out overall
by as much as 2-fold (Fig. 8A), but in a voltage-
independent manner so that neither the relative steady-
state conductance characteristic,V1/2 nor d were altered
(Fig. 8B). Equally, [Ca2+]o modified the current kinetics.
By contrast to the effect of [K+]o, however, the divalent
acceleratedIK,out deactivation at voltages negative of −75
mV without a measurable effect on current activation at
more positive voltages (Fig. 9A,B). Furthermore, analy-
ses ofIK,out deactivation showed that raising [Ca2+]o in-
fluenced the halftimes of both fast and slow components
(Fig. 9C). Equivalent results were obtained in 5 inde-
pendent experiments and qualitatively similar behaviour
was observed in 3 further experiments on adding 10 mM

Mg2+ to the bath (not shown). Thus, juxtaposing the gat-
ing characteristics showed distinct actions in each case
that militated against simple charge screening as an ex-
planation for the [K+]o-dependent gating ofIK,out (see
Discussion).

COOPERATIVITY OF MEMBRANE VOLTAGE AND [K+]o

IN GATING

The data in Figs. 2–5 implicate a close relationship be-
tween a ‘‘voltage-dependent gate’’ and a ‘‘K+-dependent
gate’’: half-maximal activation ofgK,out in 10 mM [K+]o

was achieved at −26 mV in Fig. 4, but the same level of
activity was observed in 1 mM [K+]o when the voltage
was driven an additional 55 mV inside negative. It was
as if the affinity of this ‘‘K+ gate’’ for extracellular K+

were increased by membrane hyperpolarization — in
other words, as if gating depended on K+ binding at a site
well within the membrane electric field.

To explore this relationship further, data from all 13
guard cells — including the results in Fig. 4 and those of
additional measurements at 3 and 30 mM [K+]o — were
normalized to the maximumgK,out, the complement (41
− gK/gK,max) calculated, and plotted as a function of [K+]o

at each clamp voltage between −120 and +20 mV. The
pooled data for selected voltages are included in Fig.
10A. The analysis shows that [K+]o reduced the relative
conductance in a markedly voltage-dependent manner
and that an equivalent conductance was realised at lower
K+ concentrations with negative-going membrane volt-
age. Furthermore, the conductance complement did not
follow as a simple hyperbolic (Michaelian) function of
[K+]o, but was sigmoidal, especially at the more positive

Table 2. Ionic selectivities of the K+ channel pore and of its gate in
Vicia stomatal guard cells

Function Relative selectivity

K+ Rb+ Cs+ Na+

Px/PK 1.00 0.58 ± 0.04 0.35 ± 0.03 <0.02
Vx

1/2/V
K
1/2 1.00 0.96 ± 0.07 0.51 ± 0.04 0.010 ± 0.008

Relative selectivity for permeation (Px/PK) determined from constant
field approximation and the reversal potential ofIK,out tail currents
under bi-ionic conditions (Blatt, 1992). Selectivity of the gate was
determined from the shift inV1/2 with each alkali cation relative to K+

as Vx
1/2/V

K
1/2 4 exp((Vx

1/2 − VK
1/2)F/RT) and parameter values were ob-

tained from Eq. 11 as in Fig. 4. Data are means ±SE of 7 independent
experiments.

Fig. 7. Rb+ and Cs+, but not Na+, substitute for external K+ in modi-
fying the steady-state voltage-dependence of K+ channel conductance
gK. Data from the sameVicia guard cell as in Fig. 6. (A) Steady-state
I-V characteristics for the ensemble K+ channel current determined
from positive-going voltage clamp steps as in Fig. 1C in the presence
of 10 mM K+ (s) outside and following substitutions with 10 mM Rb+

(d), Cs+ (m), and Na+ (j). Curves are least-squares fittings to a
Boltzmann function (Eq. 11) withd held in common between data sets
(see below), and yielded a value of 1.92. Conductance maxima were 8.8
(K+), 6.1 (Rb+), 5.5 (Cs+) and 3.9 mS cm−2 (Na+). Tail current analyses
(not shown) gave current reversal potentials of −83 mV (K+), −94 mV
(Rb+), −114 mV (Cs+) and <−170 mV (Na+). (B) Relative steady-state
conductance,gK/gK,max determined as in Figs. 3 and 4, and plotted on
logarithmic scale (andinset,on linear scale) as a function of holding
potential. Curves are least-squares fitting to a Boltzmann function (Eq.
11) with d held jointly between data sets. Parameter values were:d,
1.93;V1/2, −111 (Na+), −53 (Cs+), −29 (K+) and −27 (Rb+).
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voltages, consistent with a cooperative action of multiple
K+ ions on the gate. Joint fittings of the data sets at each
voltage were carried out to the Hill Equation for coop-
erative binding (Segel, 1993)

gK,comp=
@K+#n

Ks
n + @K+#n

[12]

wheregK,comp is the conductance complement,Ks is the
apparent dissociation constant, andn is the Hill coeffi-
cient for binding ofn K+ ions. Analyses were carried out
with n held in common between data sets so that onlyKs

varied with clamp voltage. Best fittings were obtained
with a value of 1.89 ± 0.8 forn. However, the analysis
yielded visually and statistically equivalent results when
n was fixed at a value of 2 as shown in Fig. 10A. A
summary ofKs derived from these fittings is shown in
Fig. 10B. Linear regression of the binding parameter
(Fig. 10B, solid line) indicated an e-fold rise in apparent
affinity for K+ per (−)23.9 mV change in membrane
voltage.

Fig. 8. External Ca2+ fails mimic the action of external K+ in modi-
fying the steady-state voltage-dependence of the relative conductance
gK/gK,max. Data from oneVicia guard cell bathed in 5 mM K+-HEPES,
pH 7.4, with 7.5 mM KCl (410 mM[K+]o) and 0.1 (m), 1 (s) and 10
mM CaCl2 (j). (A) Steady-stateI-V characteristics for the ensemble K+

channel current determined from positive-going voltage clamp steps as
in Fig. 2. Curves are least-squares fittings to a Boltzmann function (Eq.
11) with d held in common between data sets (see below), and yielded
a value of 1.94. Conductance maxima were 0.85 (m), 0.72 (s) and 0.41
(j) mS cm−2. (B) Relative steady-state conductance,gK/gK,max deter-
mined as in Figs. 3 and 4, and plotted on logarithmic scale (and inset,
on linear scale) as a function of holding potential. Curve is from least-
squares fitting to a Boltzmann function (Eq. 11). Parameter values
were:d, 1.94;V1/2, −25 mV.

Fig. 9. External Ca2+ fails to mimic the effect of [K+]o in modifying
the voltage-dependence for K+ channel activation and deactivation ki-
netics. Data from oneVicia guard cell bathed in 5 mM K+-HEPES, pH
7.4, with 7.5 mM KCl (410 mM [K+]o) and 0.1 (j), 1 (s) and 10 mM

CaCl2 (m). Cell parameters: surface area, 5.2 × 10−5 cm2; volume, 6.4
pl; aperture, 12.0mm. (A) Currents recorded on stepping the voltage
from a holding potential of −200 mV to +30 mV. Current traces have
been scaled to a common ordinate. Data points are for 0.1 and 10 mM

CaCl2. Current trace in 1 mM CaCl2 indicated by solid curve (5th-order
polynomial fitting) for clarity. Scale: horizontal, 500 msec. Activation
of IK,out was superimposable at all three [Ca2+]o. (B) Tail currents
recorded on stepping from a holding potential of +30 to −150 mV,
shown fitted by least-squares to sums of two exponentials (below).
Scale: horizontal, 50 msec; vertical 50mA cm−2. (C) Halftimes for
IK,out activation and deactivation as a function of clamp voltage. Acti-
vation halftimes taken directly from current traces were unaffected by
[Ca2+]o. Deactivation halftimes from fitting current traces to sums of
two exponentials. Solid lines are empirical fits to 2nd order polynomi-
als, and show a shift in both slow and fast exponential components of
deactivation kinetics. Dotted lines indicated the anticipated maximum
function for t1/2 (see text).
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ACCOMMODATING [K+]o-DEPENDENCE OFIK,out IN SERIAL

N-STATE GATING MODELS

The current behavior outlined above points to a specific
kinetic correspondence between [K+]o and membrane
voltage with the gating process. Hence, an important
question was whether the [K+]o- and voltage-dependence
of the K+ channels might be accommodated within a
stochastic framework for channel gating. Four primary
features ofIK,out guided our selection of minimum reac-
tion-kinetic models for gating of the current: (i) activa-
tion of IK,out was sigmoidal, indicating the presence of at
least two exponential components to current relaxations
(Figs. 2, 3 and 5); (ii) membrane voltage and [K+]o were
interactive in determining the current kinetics andgK,out

(Figs. 4 and 5); (iii) increasing [K+]o slowed current
activation; and (iv) [K+]o did not influence the apparent
gating charge,d, associated with the voltage-dependence
of gK,out (Figs. 4 and 6).

Of these features, the first is consistent withn-state
models comprising a minimum of two closed states that
lead serially to one or more open states of the channel.
The fourth point justified a simple kinetic distinction
between the voltage and [K+]o parameters. Finally, the
second and third features discounted gating models in
which the final transition from closed to open state of the
channel was governed by [K+]o, or in which [K+]o- and
voltage-dependent transitions from closed states were
isolated, connecting only via the open state(s) of the
channel.1 So, in general, a choice among gating models
was restricted to serial systems with two or more closed
states of the channel (C2, C3, . . .Cn) and a terminal open
state (O1)

k(n−1)n k34 k23 k12

Cn ↼⇁ . . . ↼⇁ C3 ↼⇁ C2 ↼⇁ O1 [13]
kn(n−1) k43 k32 k21

in which one or more of the reaction constants (k12, k21,
k23, k32, . . .k(n−1)n, kn(n−1)) described voltage- and [K+]o-
dependent state transitions with the exception ofk12 and
k21 in the final transition (C2 ↼⇁ O1) which were voltage-
dependent only. The simplest case that satisfied these
requirements comprised three states and four reaction
constants (Scheme [1]) in which each of the reaction
constants includes a voltage dependent coefficient. Ad-
ditionally we surmised that the reaction constantk23 must
subsume a K+ concentration factor (seeMaterials and
Methods) to accommodate K+ binding outside, because
increasing [K+]o acted as if to draw channels out of the
open state (Figs. 4 and 10).

In fact, for comparative purposes fittings were car-
ried out with K+ binding assigned to each of the four
reaction constants in turn. Data sets from five indepen-
dent experiments (5 cells) — the data in Figs. 3–5 rep-
resenting one set — were subjected to analysis using
Eqs. 4 and 5. Within each data set, reaction constants
and voltage-sensitivity coefficients were sought by joint
fitting over a range of voltages and [K+]o. In each case,
best results were obtained with K+ binding assigned to
the pseudo-3-state reaction constantk23, but nonetheless
yielded poor approximations forgK,out, for current acti-
vation in 0.1 mM [K+]o and for deactivation in 0.1 and 1

1 The alternative, that the [K+]o-sensitive transition feeds directly into
the open state, would imply that increasing [K+]o must always lead to
faster current relaxations (Eq. 4). This was not the case forIK,out acti-
vation (Figs. 1 and 2), however, indicating that [K+]o must affect one
or more state transitions that are removed from the open state.

Fig. 10. The K+-sensitivity ofIK,out gating is a cooperative function of
extracellular K+. (A) Data from 13 guard cells plotted as the relative
conductance complement,gK,comp [41 − (gK/gKmax)] against [K+]o for
voltages between −120 and +20 mV. Curves are the results of least-
squares fitting to the Hill Equation (Eq. 12) withn held in common
between data sets so that only the apparent affinity,Ks, varied with
clamp voltage. Best fittings were obtained with a value of 1.89 ± 0.8 for
n. Statistically equivalent results were obtained (as shown) whenn was
fixed at a value of 2. (B) Values forKs from (A) as a function of clamp
voltage. Linear regression (solid line) indicates an e-fold rise in appar-
ent affinity for K+ per (−)23.9 mV change in membrane voltage.
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mM [K+]o. Similar, albeit statistically somewhat poorer
fittings, were obtained when K+ binding was associated
with the pseudo-3-state reaction constantk32 and gave an
inverse dependence on [K+]o (4ko

32/[K
+]o). This appar-

ent paradox with mass action can be understood if chan-
nel gating includes a fourth (hidden) state that commu-
nicates with stateC3 so that

k34 k23

C4 ↼⇁ C3 ↼⇁ C2 . . . [14]
k43 k32

where, with respect to external [K+]o, k23 4 k23
o[K+]o

and k34 4 k34
o[K+]o. In this case, the pseudo-3-state

reaction constants, here denoted with the index3 as k323

and k332, subsume these rate constants (Gradmann,
Kleiber & Hansen, 1987) so that

k32
3 =

k43k32

k34@K
+#o + k32

[15a]

and

k23
3 =

k23@K
+#ok34@K

+#o

k34@K
+#o + k32

[15b]

Factoring out [K+]o thus shows that dependencies ofk3
32

on [K+]o
m32 with −1 ø m32 ø 0 and of k323 on [K+]o

m23

with 1 ø m23 ø 2 are expected. Submitting the data sets
to analyses withk3

32 and k3
23 including the mass action

coefficientsm23 and m32 explicitly (seeMaterials and
Methods) gave satisfactory results in all five data sets
with roughly equivalent voltage- and [K+]o-sensitivities
between the reaction constants. The analysis for the data
in Figs. 3–5 is shown in Figs. 11 and 12 and the means
of all five analyses are included in Table 3. The analyses
yielded values consistent with previous estimates of an
apparent gating charge of 2 (Fig. 4) and binding of 2 K+

in modulating the voltage-sensitivity ofgK,out (Fig. 10).

Discussion

The action of extracellular K+ in gating the K+ channels
of Vicia guard cells marks a departure in understanding
the control of ion channel activity in plants and sets the
K+ current apart from other outward-rectifiers known in
animal cells. Four key lines of evidence support a role
for extracellular K+ as a ligand gating the K+ channels.
(i) Extracellular K+ had a profound influence on K+

channel gating (Figs. 2–5) such that at any one voltage
[K+]o was able to inhibit the current completely and in a
manner consistent with the binding of two K+ ions per
channel (Figs. 10–12). (ii) The cation-dependence of
gating showed a specificity for K+ and, to a lesser extent,

for other alkali cations (Figs. 6 and 7) consonant with a
single class of binding sites with a moderate to weak
field strength (Eisenman series IV, (Eisenman & Horn,
1983)). (iii) by contrast, Ca2+ and Mg2+ did not alter the
voltage-dependence, ofgK, nor did they influence the
kinetics for activation ofIK,out (Figs. 8 and 9). (iv) Fi-
nally, the effect of K+ on gating was fundamentally dis-
tinct from the ability of the cation to permeate the chan-

Fig. 11. Dynamic characteristics of theVicia guard cell K+ current is
consistent with a stochastic 4-state (pseudo-3-state) model for channel
gating. Current traces for voltage-dependent activation and deactivation
from the same cell as in Figs. 3–5 were fitted jointly, together with the
steady-state conductances (Fig. 12), by least-squares using Eqs. 4, 5
and 15. Clamp parameters, activation: conditioning voltage, −200 mV;
test voltages (6, last 4 only in 10 mM [K+]o), −100 to +50 mV. Clamp
parameters, deactivation: conditioning voltage, +20 mV; test voltages
(4), −220 to −180 mV (0.1 mM [K+]o), −170 to −120 mV (1 mM [K+]o),
−120 to −80 mV (10 mM [K+]o). Data points in the current traces were
selected at standard intervals to reduce the data sets to a manageable
size. Scale: horizontal, 400 msec (activation) or 200 msec (deactiva-
tion); vertical, 50mA cm−2 (activation) or 25mA cm−2 (deactivation).
Solid lines are the results of the analysis. Parameter values are listed in
Table 3. See text for further details.
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nel pore (Figs. 3–5), and quantitatively consistent with a
second-order mass action effect of K+ ions on the chan-
nel gate (Figs. 11 and 12).

SEPARATING K+ PERMEATION AND

K+-DEPENDENTGATING

Of these four lines of evidence, the distinction between
the roles for K+ as a permeant, charge-carrying ion and
as a gating ligand is fundamental to understanding K+

channel control in guard cells and higher-plants (Blatt,
1991; Blatt & Thiel, 1993), and may apply to walled
eukaryotes generally (Blatt, 1988; Bertl et al., 1993;
Bertl & Slayman, 1994; Zhou et al., 1995; Lesage et al.,
1996). Gating behavior that depends on extracellular K+

— so that theg-V curve effectively shifts in parallelEK

— is well-documented for a number of K+ channels in
animal cells (Hille & Schwarz, 1978; Hagiwara, Miya-
zaki & Rosenthal, 1976). Without exception, however,
the behaviour in animals has been associated with in-
ward-rectifying K+ channels and has generally been un-
derstood in terms of single-file, multi-site pores in which
ions entering from outside the cell displace a blocking
molecule or ion entering from the cytoplasmic side
(Yang, Jan & Jan, 1995; Hille & Schwarz, 1978). In
several tissues, including mammalian heart muscle, this
blocking activity is associated with Mg2+ and organic
ions which are able to enter from the cytoplasmic side,
but lodge within the K+ channels and block passage of
K+ out of the cell (Horie, Irisawa & Noma, 1987; Van-
denberg, 1987; Fakler et al., 1994; Yang et al., 1995).
In this case, increasing [K+]o adds to the electrochemical
driving force at any one voltage to relieve channel block
by expelling the blocking ion back into the cell. How-
ever, such reasoning singularly fails to accommodate K+-

dependent gating in guard cells — as indeed it must for
any outward-rectifying K+ channel — simply because
gating control and ion permeation draw on two distinct
pools of K+, one inside and the other outside the cell.

Nor are the data consistent with charge screening as
a primary mechanism of action for extracellular K+. In
the simplest sense, charge screening affects the electrical
field within the membrane by compensating for fixed
charges at its surface (Hille et al., 1975; Hille, 1992).
The result is to displace the electrical field acting on the
channel within the membrane relative to the voltage dif-
ference between bulk solutions on either side of the
membrane; but in all other respects channel current and
gating should remain unchanged. This reasoning does
not explain the specificity for alkali cations, and espe-
cially K+, over divalents such as Ca2+ that carry a much
higher charge density and, hence, would be expected to
show a greater efficacy in charge compensation. Indeed,
[Ca2+]o itself was ineffective in displacing the voltage-
dependence of gK,out and its action on theIK,out kinetics
was biased to current deactivation (Figs. 8 and 9). These
characteristics, too, are not easily reconciled with com-
mon charge screening models (Armstrong & Cota, 1990;
Hille, 1992).

LIGAND-DEPENDENT GATING IS COOPERATIVE AND

SENSITIVE TO MEMBRANE VOLTAGE

How does extracellular K+ modulategK,out? Activation
of the current was found to be a cooperative function of
[K+]o, consistent with a Hill coefficient of 2, and obeying
laws of mass action. These characteristics are broadly
consistent with K+ action as a ligand in gating channel
activity and with K+-binding affinities in the sub- to
low-millimolar range. Control ofgK,out by K+ also
showed a strong interaction with membrane voltage. In-
creasing the electrical driving force by (−)23.9 mV to
draw K+ from outside into the membrane suppressed
gK,out as much as an e-fold rise in [K+]o, and the apparent
dissociation constant for K+ rose from approx. 0.5 mM at
−100 mV to about 20 mM at 0 mV. So, the simplest
interpretation is that two K+ ions bind at sites on, or
associated with, each K+ channel in order to inactivate it,
and that these sites are accessible to the external face of
the membrane but deep within the membrane electrical
field.

Three possible physical interpretations for K+ bind-
ing and control ofIK,out are shown in Fig. 13. In the first
case (Pore Model), K+ or ‘‘K +-like’’ ions are proposed to
enter the pore from outside and to bind at a site within the
permeation pathway in order to effect block or close the
‘‘K + gate’’. Increasing concentrations of these ions out-
side necessitate a corresponding increase in opposing
electrical field strength to displace the blocking ion and
open the channel. This hypothesis is formally equivalent

Fig. 12. Steady-state characteristics of theVicia guard cell K+ current
is consistent with a stochastic 4-state (pseudo-3-state) model for chan-
nel gating. Steady-state values forgK,out from Fig. 3 were fitted jointly,
together with the current traces in Fig. 11, by least-squares using Eqs.
4, 5 and 15. Solid lines are the results of the analysis. Parameter values
are listed in Table 3. See text for further details.
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to ‘‘gating particle’’ models (Hille, 1992; Frankenhae-
user & Hodgkin, 1957) in which the charge displacement
of K+ or a ‘‘K+-like’’ ion to the binding site(s) confers
voltage dependence to the process. A variant of this
model, the Trapped-particle Model, proposes an unique
(‘‘non-K+’’) charged blocking particle that enters the
pore (shown as a doubly-charged particle), becoming
trapped from behind by K+ from outside (Lesage et al.,
1996; Ketchum et al., 1995). The alternative interpreta-
tion (Allosteric Model) postulates external cation bind-
ing/regulatory sites within the membrane electric field
that interact with the ‘‘K+ gate’’ of the channel, but are
situated outside the permeation pathway.

An attractive feature of the Pore Model lies in the
close correspondence between the apparent gating
charge forIK,out of 2 (Fig. 2), the apparent cooperativity
of 2 K+ ions in gating (Fig. 10), and the voltage sensi-
tivity for K + binding (Fig. 10). The affinity for K+

showed an e-fold rise per (−)23.9 mV which, with 2 K+

ions binding, would account fully for the voltage-
sensitivity ofgK,out. This argument aside, we favour the
Allosteric Model because, unlike the Pore Model and
variants, it identifies external cation access for gating and
for permeation unambiguously. A major difficulty with
the Pore Model itself lies in separating the actions of K+

(or another cation) entering from outside and from the
inside without violating physical laws or microscopic
reversibility. For gating ofIK,out, it suggests that access
of 2 K+ ions from outside to sites in the pore effects a
block of the channel, yet access of K+ from the inside to
the same sites contributes to ion permeation! By contrast,
the Allosteric Model separates [K+]o-sensitivity and K+

permeation, and can accommodate two sites for parallel
binding of K+. The effect of external K+ binding in this

case might be to alter charge/dipole moments of the gat-
ing mechanism or their environment through protein
conformational changes (Neyton & Pelleschi, 1991;
Armstrong & Lopez-Barneo, 1987). The Trapped-
particle Model cannot be wholly excluded at present.
However, the added charge on such a particle would not
accord so readily with the apparent gating charge of 2
(Fig. 4) associated with the voltage-driven binding of 2
K+ ions (Fig. 10). Trapping of external Ca2+ (Ketchum
et al., 1995) seems less likely for the same reason, quite
apart from the weak and qualitatively different action of
divalents on the current (Figs. 8 and 9).

In formal kinetic terms, these observations are ac-
commodated within the framework of a serial 4-state
model comprising a single, terminal state that defines the
open conformation of the channel. In the broadest sense,
these characteristics are compatible with previous serial
models for IK,out gating (Schroeder, 1989; Van Duijn,
1993; Fairley-Grenot & Assmann, 1993; Ilan et al.,
1994). However, these earlier attempts did not address
the action of extracellular K+ on gating. Our analysis
demonstrates the utility of a reaction-kinetic approach to
encompass the action of K+ consistent with its roles both
as a permeant ion and as a ligand for channel gating.
Joint analyses with a reduced (pseudo-) 3-state model
yielded statistically best, and visually satisfactory ap-
proximations to both dynamic current and steady-state
conductance characteristics. These results yielded a
[K+]o sensitivity that was distributed between the 3-state
parametersk23 and k32, indicating a fourth ‘‘hidden’’
state and [K+]o-dependent transition (Fig. 10 and Table
3). It is worth noting in this context that, in general, the
last closed state — C3 in our 3-state model — does not
reflect a fixed end of the chain of possible closed states.

Table 3. Voltage- and [K+]o-dependent kinetic characteristics of the K+ channel gate inVicia stomatal guard cells

3-State parameter Values 4-State parameter Values at 0 mV, 10 mM [K+]o

ko
43/sec−1 38 ± 2 38 ± 2

ko
34/sec−1 M−1 1800 ± 140 18 ± 1

ko
32/sec−1Mm32 0.056 ± 0.005 ko

32/sec−1 0.57 ± 0.09 0.57 ± 0.09
ko

23/sec−1Mm23 871 ± 19 ko
23/sec−1M−1 159 ± 17 1.6 ± 0.2

ko
21/sec−1 42 ± 3 ko

21/sec−1 42 ± 3 42 ± 3
ko

12/sec−1 3.0 ± 0.3 ko
12/sec−1 3.0 ± 0.3 3.0 ± 0.3

Coefficients of Voltage-dependence:

d43 0.74 ± 0.05
d34

∼0a

d32 0.74 ± 0.06 d32
∼0a

d23 −0.98 ± 0.03 d23 −0.98 ± 0.04
d21 0.045 ± 0.009 d21 0.045 ± 0.009
d12 −0.42 ± 0.01 d12 −0.42 ± 0.01

3-state exponents:

m32 −0.69 ± 0.09
m23 1.36 ± 0.08

a Values were consistently smaller than 1 × 10−8 but, otherwise, varied by as much as three orders of magnitude between analyses.
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Rather, it indicates an open end of which the hallmark is
the appearance of non-integer or even negative mass-
action binding coefficients (seeTable 3 and Eq. 15).

Key features of the model are: (i) the presence of
two distinct [K+]o-sensitive reactions (k23 andk34) with
K+-binding favoring closed conformations of the chan-
nel; (ii) pronounced cooperativity between membrane
voltage and [K+]o embodied in these reaction constants,
but distinct from any action of [K+]o on the overall de-
gree of voltage-sensitivity (4Sdij , i,j 4 1,2, . . . 4); and
(iii) kinetic isolation of the [K+]o-sensitive transitions
from the open conformation (O1) of the channel. Two
predictions may be drawn immediately from these char-
acteristics. First, becausek12 is [K+]o-insensitive and
subsumes a significant fraction of the overall voltage
sensitivity within d12, the mean open lifetimes of the
channel (41/k12) should exhibit a significant voltage-
dependence, increasing with positive-going voltages, but

should be independent of [K+]o. Conversely, the relative
magnitude ofd21 anticipates a mean closed lifetime of
the channel which is comparatively voltage-insensitive.
Third, because the [K+]o-sensitive steps are isolated from
the open state and relatively slow at physiological [K+]o,
the model anticipates bursts of channel activity with
burst frequency increasing with membrane voltage and
inversely related to [K+]o (C3 ↼⇁ C2 transitions). In fact,
some of these characteristics have already been identi-
fied in outward-rectifying K+ channels ofVicia guard
cells. Hosoi, et al. (1988) reported bursts of channel ac-
tivity with longer periods of inactivity evident as the
clamp voltage was driven negative of 0 mV in symmetric
50 mM [K+]o. They also observed that open times, but
not closed times showed a significant voltage depen-
dence between −40 and +100 mV.

It is worth noting that the specificity of gating
among the alkali cations paralleled that for cation selec-
tivity within the channel pore itself. Both selectivities
consistent with Eisenman series IV predicting binding
sites with low to moderate field strength (Eisenman &
Horn, 1983). While the characteristics of channel per-
meation and gating indicate that the two processes are
independent, their similar selectivities argues for K+-
dependent gating mediated through binding at energeti-
cally comparable site(s) and with little requirement for
stripping of the ionic hydration shell. We note that a new
class of K+ channels appear to comprise two ‘‘pore-like’’
domains (Salkoff & Jegla, 1995; Ketchum et al., 1995;
Zhou et al., 1995) and, at least one of this family found
in yeast, exhibits voltage- and K+-dependent gating char-
acteristics comparable toIK,out (Zhou et al., 1995; Bertl
& Slayman, 1994; Vergani et al., 1997). A similar chan-
nel structure may account forIK,out in guard cells and
other higher-plant cell types (Blatt, 1988a; Terry, Tyer-
man & Findlay, 1991a), and suggests one intriguing fea-
ture: that these domains function independently in form-
ing the transmembrane pore and access to K+-binding
sites for gating.

PHYSIOLOGICAL IMPLICATIONS OF [K+]o SENSITIVITY

Potassium efflux from the guard cells is mediated pre-
dominantly bygK,out. The activity of these K+ channels,
together with current through anion channels, provides
for net solute (KCl) loss from the cells (Gradmann et al.,
1993) and, thus, both currents must act in concert for
stomata to close (Blatt & Thiel, 1993). Incredibly, sto-
matal closure is realised over external KCl concentra-
tions ranging from 0.1 to 100 mM (Willmer & Fricker,
1996) — that is, even asEK varies over nearly 180 mV
within the normal physiological voltage range — and the
observation implies a remarkable ability for channel gat-
ing to accommodate changes in electrochemical driving
force. Here a comparison with the Na+ channel of the

Fig. 13. Physical models for K+ channel gating. All three models com-
prise binding sites within the pore that are accessible to K+ ions from
both sides of the membrane. Origins and movement of blocking or
gating particles are shown by the dotted particle symbols. Single
charged species indicate the nominally permeant ionic species. The
Pore Model identifies access from outside with block or closure of the
pore and access from inside with ion permeation. The Trapped-particle
Model postulates that entry of a nonpermeant blocking particle — as
shown from free solution and carrying a double charge, or as particle
tethered to the channel outside — results in block or closure when the
particle becomes trapped within the pore by a permeant ion entering
from behind. The Allosteric Model proposes a set of binding sites,
within the membrane electric field but distinct from the pore, that work
a gate when both sites are occupied.
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squid axon is valuable (Hodgkin & Katz, 1949). Gating
of this channel is fixed to a narrow voltage range near
−40 mV and reducing the external Na+ concentration —
even to 10% of normal seawater so thatENa approaches
this voltage — renders the axon inactive to further exci-
tation. In fact, the voltage-dependence of anion channel
gating inVicia guard cells has been found to be relatively
insensitive to extracellular K+ and Cl− (Hedrich & Mar-
ten, 1993; Schmidt & Schroeder, 1994). If gating ofboth
IK,out and the anion channels in guard cells were confined
to a narrow voltage range, at higher [K+]o situations
could arise favouring net KCl uptake and preventing sto-
matal closure. So the fact that the voltage sensitivity of
gK,out shifts in parallelEK, with respect to [K+]o, ensures
that K+ movement throughIK,out is directed outward and
net solute efflux is favoured regardless of external solute
conditions. In short, regulation of the effective voltage-
dependence for K+ and Cl− efflux can be understood
primarily as a consequence ofgK,out gating and its [K+]o-
dependence.
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