
External Protons Enhance the Activity of the Hyperpolarization-activated K Channels in
Guard Cell Protoplasts of Vicia faba

N. Ilan1, A. Schwartz1, N. Moran2
1Department of Botany, Faculty of Agriculture, the Hebrew University of Jerusalem
2Department of Neurobiology, Weizmann Institute of Science, Rehovot 76100 Israel

Received: 26 April 1996/Revised: 29 June 1996

Abstract. Hyperpolarization-activated K channels (KH
channels) in the plasmalemma of guard cells operate at
apoplastic pH range of 5 to over 7. Using patch clamp in
a whole-cell mode, we characterized the effect of varying
the external pH between 4.4–8.1 on the activity of the KH

channels in isolated guard cell protoplasts fromVicia
faba leaves.

Acidification from pH 5.5 to 4.4 increased the mac-
roscopic conductance of the KH channels by 30–150%
while alkalinization from pH 5.5 to 8.1 decreased it only
by roughly 15%. The voltage-independentmaximum
cell conductance, increased by∼60% between pH 8.1
and 4.4 with an apparent pKa of 5.3, most likely owing
to the increased availability of channels. Voltage-
dependentgating was affected only between pH 5.5 and
4.4. Acidification in this range shifted the voltage-
dependentopen probability by over 10 mV. We interpret
this shift as an increase of the electrical field sensed by
the gating subunits caused by the protonation of external
negative surface charges. Within the framework of a
surface charge model the mean spacing of these charges
was∼30 Å and their apparent dissociation constant was
10−4.6. The overall voltage sensitivity of gating was not
altered by pH changes. In a subgroup of protoplasts ana-
lyzed within the framework of a Closed-Closed-Open
model, the effect of protons on gating was limited to
shifting of the voltage-dependence of all four transition
rate constants.
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Introduction

The hyperpolarization-activated K (KH) channels
(termed also Kin channels), first described in broad bean
(Vicia faba) guard cells (Schroeder, Raschke & Neher,
1987), exist in all higher plant cells examined so far,
including barley aleurone cells, pulvini motor cells, me-
sophyl cells and root hairs cells (reviewedin Schroeder,
Ward & Gassman, 1994). In the guard cells, which swell
and shrink controlling leaf gas exchange, the KH chan-
nels serve as the influx pathway for K+ during the swell-
ing phase. K+ influx is powered by the activity of the
proton pump, which hyperpolarizes the membrane and
simultaneously acidifies the extracellular milieu (the
apoplast; Raschke & Humble, 1973; Spanswick, 1981;
Zeiger, 1983; Assmann, Simoncini & Schroeder, 1985;
Shimazaki, Iino & Zeiger, 1986). Due to the proton
pump action, the physiological apoplastic pH in closing
and opening stomata varies between 7.2 and 5.1, respec-
tively, as documented using fluorescence methods and
H+-sensitive electrodes (Edwards, Smith & Bowling,
1988). Similar variation of apoplastic pH was deter-
mined also in another type of motor cells, pulvinar ex-
tensor cells, with H+-sensitive electrodes (Lee & Satter,
1989; Starrach & Mayer, 1989). In both motor cell
types, the activity phase of the KH channel appears to
coincide with the lowest values of the apoplastic pH, as
deduced from the observed simultaneous variations in
the apoplastic K+ and H+ concentrations (guard cells:
Bowling, 1987; Edwards et al., 1988; pulvinar cells: Lee
& Satter, 1989; Lowen & Satter, 1989; Starrach &
Mayer, 1989). This is intriguing in view of the com-
monly observed block of various K channels by external
protons, including the recently described proton block of
the depolarization-dependent K (KD) channel coexisting
with the KH channel in the guard cell plasma membraneCorrespondence to:N. Moran
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(Ilan, Schwartz & Moran, 1994a, and refs. therein). In
fact, K+ influx (most probably through the ubiquitous KH
channels) occurs simultaneously with apoplast acidifica-
tion also in expanding cells in the growing tissues of the
plant (e.g., Marre` et al., 1974; Blum et al., 1992 and refs.
therein).

While this phenomenon appears to be a general fea-
ture of plant physiology, very little is presently known
about the interaction of the KH channel with protons.
The biochemical and biophysical characterization of the
KH channel, including proton effects, is particularly im-
portant now with the increasing number of new clones of
this channel (Anderson et al., 1992; Sentenac et al.,
1992; Muller-Rober et al., 1995; Ketchum & Slayman,
1996). A detailed description of the kinetic behavior of
native plant KH channels in protoplasts may serve as the
basis for comparisons with the various cloned and/or
mutated variants of this channel. Such comparisons are
instrumental in gaining insight into the function-structure
relationship of the various parts of the channel molecule
responsible for gating (see, for example, Sigworth,
1995). So far, there are only a few descriptions of gating
of clonedKH channels (Hoshi, 1995; Muller-Rober et al.,
1995; Hedrich et al., 1995; Ve´ry et al., 1995), and even
less information on gating of thenative KH channels
(Blatt, 1992; Fairley-Grenot & Assmann, 1993;
Schroeder, 1995). Moreover, the few reports on the ef-
fects of external protons on the cloned KH channels (Ho-
shi, 1995; Muller-Rober et al., 1995; Hedrich et al.,
1995; Véry et al., 1995) have been matched, so far, by
only one detailed description of the effects of external
protons on the native KH channel in anintact guard cell
of Vicia faba (Blatt, 1992).

The present study extends the characterization of the
native plant KH channel by describing its interaction with
external protons (pH between 4.4–8.1) inprotoplastsof
V. fabaguard cells. This interaction was resolved into
voltage-dependent and independent components and a
mathematical model was applied to describe the voltage-
dependent gating of the KH channel. In about half of
the examined cells, the description of gating, based
on the macroscopic kinetics of the KH channels, re-
quired a minimum of three states: Closed1-Closed2-
Open. Therefore, we used the framework of the three
state model and described the gating of these channels
and the effect of protons on it in terms of the Eyring rate
theory, i.e., in terms of the rates of transitions between
their conformational states. The effect of protons on gat-
ing consisted of a positive shift in the voltage-
dependence of the transition rates, which we interpret as
an increase in the electrical field in the membrane, due to
the screening and titration of the external negative sur-
face charges. The additional, voltage-independent effect
of external protons consisted of an increased KH channel
availability.

Preliminary reports appeared in an abstract form
(Ilan, Schwartz & Moran, 1994b, 1996).

Materials and Methods

EXPERIMENTAL METHODS

Plant Material

The procedure for growingVicia fabaplants and the enzymatic isola-
tion of guard cell protoplasts is described by Ilan et al. (1994a).

Electrophysiology

The patch-clamp technique is described in detail by Hamill et al. (1981)
and our application toV. fabaguard cell protoplasts is described in
detail by Ilan et al. (1994a). Briefly, a drop of the protoplast suspen-
sion was added to about 200ml of the recording solution, the proto-
plasts were allowed to settle and stick to the glass bottom of the re-
cording chamber and then washed with about 2–3 ml of the recording
solution. The patch pipette was then brought into contact with the
protoplast and a ‘‘whole cell’’ configuration was attained through rup-
turing within the pipette rim by gentle suction.

All experiments were performed in a voltage-clamp mode, using
the Axopatch C-1 amplifier (Axon Instruments, Foster City, CA), and
were under computer control, using a software-hardware system from
Axon Instruments (pCLAMP program package and the TL-1-125 Lab-
master DMA A/D and D/A peripherals).

Membrane potential was controlled according to a prepro-
grammed schedule, and whole-cell membrane was filtered at 100–200
Hz (−3db, 4-pole Bessel filter), sampled at 400–1000 Hz and stored for
further analysis. The error in voltage-clamping of the whole cell mem-
brane, largely due to the access resistance,Rs, of the patch pipette was
compensated at about 70% by analog circuitry of the Axopatch ampli-
fier. TheseRs values were about 30 ± 8MV (mean ±SD, n 4 27).
The resistance of the cells in the ‘‘whole-cell’’ configuration at rest was
about 4 ± 2 GV (mean ±SD, n4 27; determined from ‘‘leak’’ current,
seebelow) and at peak activity it was 160 ± 12MV (mean ±SD, n 4

4; based onGk at −217 mV at pH 4.4). To enable comparison with
other reports, these values may be normalized to the mean protoplast
surface area of 865mm2 (Ilan et al., 1994a). The measured membrane
potential was corrected for liquid-junction potential determined sepa-
rately using the experimental solutions and 3M KCl-filled agar bridges
(−17 mV; Neher, 1992).

Solutions

The intracellular solution in the patch pipette contained (in mM): 100
glutamate, 105 K+, 6 Mg2+, 4 Cl−, 0.2 BAPTA (estimated free [Ca2+] i
< 10−7 M), 4 ATP, 20 HEPES, pH 7.2, and mannitol, to final osmolarity
of 520 mOsm. Due to the effectively infinite increase of the cytoplasm
volume in the whole-cell configuration and to the fast equilibration of
small solutes in this combined pipette-cell compartment (Marty & Ne-
her, 1993), the interior of the cell is ‘‘clamped’’ at pH 7.2, and the pH
changes affect only the external cell surface. The control bath solutions
contained (in mM): 11 K+, 1 Ca2+, 2 Mg2+, 6 Cl−, 10 glutamate, 10 MES
and 0.25–0.5 n-methylglucamine (NMG), pH 5.5. Bath solution for pH
4.4 included (in mM): 100 MES, rather than 10 or 7 glutamate and 10
MES (we did not observe any differences between the two subgroups).
For pH 5 it included 20 mM MES and for pH 8 it included 10 mM
HEPES, rather than MES; and, in addition, 7.5 mM of NMG. Final
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osmolarity of all bath solutions was adjusted with mannitol to 480
mOsm. BAPTA-K4 was from Molecular Probes, Eugene, OR. Man-
nitol was from Merck. All other chemicals were from Sigma. In all the
following calculations ion ‘‘concentrations’’ indicate, in fact, activities,
calculated using coefficients from Robinson and Stokes (1965).

THEORETICAL CONSIDERATIONS

The methods of analysis used here were already applied to characterize
the effects of protons on the Depolarization-dependent K (KD) channels
(Ilan et al., 1994a). Nevertheless, the equations, their descriptions and
definitions have been repeated here for the sake of the readers’ con-
venience, with only a few modifications.

Initial Data Reduction

First, we obtained the whole-cellI-Em (current-voltage) relationships.
Due to the delay in channel activation, the time-independent, ‘‘leak,’’
current could be determined at the beginning of a hyperpolarizing step
from the resting potential. The steady-state KH channel current values,
I, were obtained by subtracting this leak current from the current mea-
sured at the end of a 2.5 sec voltage pulse. Then, the steady-stateGk

(chord conductance) at variousEM was extracted using Eq. 1:

GK 4 I/(EM − Erev), (1)

whereErev is the reversal potential (Hodgkin & Huxley, 1952) of this
current.

When the KH channels were opened by a hyperpolarizing pulse,
the instantaneousI-Em relationship was linear over the examinedEM
range, which justifies the use of Eq. 1 for the calculation of realGK.
This linearity of the open channelI-EM, even beyondErev, supports the
findings that the hyperpolarization-induced activation of the plant in-
ward rectifier channel is due to an intrinsic gating mechanism (Hedrich
et al., 1995; Hoshi, 1995; Schroeder, 1995), and not to the removal of
an intracellular Mg2+ block as in the animal inward rectifier.

In addition, we described the kinetics of current activation and of
current deactivation first in terms oft1/2s (half-activation times) and
finally in terms ofts (time constants)vs. EM. We obtained thesets by
fitting current relaxations (corrected for filter delay of 2–2.5 msec1)
with two exponential terms. In about half of the cells at least three
exponentials were required to describe the activation time courses of
the currents, while two exponentials sufficed in the other cases. In the
experiments described here, the analysis of channel kinetics (CCO
modeling, see below) was limited to the subset of cells with two-
exponential activation kinetics, that contained data points at a suffi-
ciently large range of voltages (Ilan et al., 1994a). For the steady-state
analyses both types of cells were pooled. The steady-state voltage
dependence of these two groups (analyzed at the control pH of 5.5,
within the framework of the two-state model) was identical.

Modeling—An Overview

We used the ‘‘macroscopic’’ steady-state whole cell-data for all of our
analyses, examining separately the effect of pH on voltage-
independent,and the voltage-dependentproperties. In the modeling of
the voltage-dependent KH channel gating, we combined the informa-

tion about these voltage-dependentsteady-stateproperties with the in-
formation about the voltage-dependentkineticsof activation and deac-
tivation. It is important to emphasize that due to the scatter of the
pooled data, we did not attempt to compare and choose among different
models (except when fitting the activation and deactivation time
courses). We did, however, use several widely accepted general mini-
mal models (see below) and based on these, we extracted estimates of
the models’ parameters. Our only claim is that these parameters are
unique.

Boltzmann Distribution

The voltage dependence of the steady-stateGK resides in the probabil-
ity for the KH channel to be open,Po:

GK 4 Gmax z Po, (2)

whereGmax is the voltage-independent maximum value ofGK.
Assuming an equilibrium distribution of the KH channels between

a Closed and an Open state, and replacing the voltage-dependentPo
with a simple Boltzman equation:

Po = 1/~1 + e−zF~EM−E1/2!RT!, (3)

whereE1/2 is the half-activation voltage,z is the number of effective
charges transferred upon activation,R is the universal gas constant,F
is the Faraday constant andT is the absolute temperature, we fitted the
individual steady-stateGK − EM relationships for each cell and pH with
the combined equation:

GK = Gmax/~1 + e−zF~EM−E1/2!/RT! (4)

The resulting values ofGmaxandE1/2 were used in subsequent analyses.

Henderson-Hasselbalch Relationship for Gmax

By definition, Gmax is voltage-independent. We assumed thatGmax

increases with acidification as does the fraction of the protonated form
of the KH channel, and that only one site undergoes protonation.
Therefore, we fitted the meanGmax-pH data determined between pH
8.1 and 4.4 with the Henderson-Hasselbalch relationship:

Gmax= G8/~1 + 10pH − pKa! + Gbasal (5)

whereG8 is the maximum conductance with full protonation,Gbasalis
the conductance in absence of protonation and pKa is the pH at which
half of the sites are protonated.Gmax is composed ofN, the number of
available channels in the membrane, andgs, the single channel con-
ductance:

Gmax 4 N z gs, (6)

and, furthermore,

N 4 N8 z fa, (7)

whereN8 is the total number of channel molecules in the membrane and
fa is the fraction of channels that can respond (by conformational
changes) to alterations of the electric field in the membrane. This
responsivity, in turn, may be determined by modulatory effects, such as
phosphorylation, methylation or protonation of the channel protein it-
self or an adjacent molecule. In view of the fast reversibility of pH
effects onGmax, it is unlikely that changes inGmax reflect changes in

1 Based on the 4-pole Bessel filter specifications, as in ‘‘Active filter
products design and selection guide’’; Frequency Devices, Haver-
hill, MA.
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N8. Rather, changes inGmaxought to be sought either ings or in fa (or
both).

Surface Charge

E1/2 characterizes the voltage-dependent gating. We assumed that the
shift of E1/2 (DE1/2) with acidification results from the screening and
filtration of negative charges at the external surface of the membrane in
the vicinity of the KH channel (Gilbert & Ehrenstein, 1969, 1970), and
fitted the pooledDE1/2-pH relationship with the Grahame equation
(Grahame, 1947):

s2 = G−2 (
i

ci ~e
−ziF~B−DE1/2!/RT− 1! (8)

modified to include proton binding (Gilbert & Ehrenstein, 1969, 1970):

s2 = st
2 ~1 +

@H+#o
Ksc

e−F~B−DE1/2!/RT!
−2

, (9)

wheres is the free negative surface charge density,st is the total
density of the titratable negative charges,ci are the concentrations of
various ions in the medium,zi are their respective valencies, Ksc is the
dissociation constant of the protons from the negative surface charges,
[H+]o is the proton concentration in the bulk solution,G is a constant
equal to 264 (Å/electronic charge)z (mole/liter)1/2 at 23°C, andB is the
surface potential at the pH (5.5) at which the shift ofE1/2 is defined as
0 mV. The actual parameters fitted were:dt (4st

−0.5), pKsc (4
−log(Ksc) andB.

The CCO Model

According to this model, the KH channel undergoes the following tran-
sitions:

Closed1

g
⇀↽
d
Closed2

a
⇀↽
b
Open

wherea, b, g, d denote the rate constants of transitions between the
neighboring states.

We hypothesized that these rate constants are exponential func-
tions of membrane potential (Hodgkin & Huxley, 1952; Ehrenstein et
al., 1974):

a = B2e
za~EM−E2!F/RT,

b = B2e
−zb~EM−E2!F/RT,

g = B1e
zg~EM−E1!F/RT,

d = B1e
−zd~EM−E1!F/RT, (10)

whereEM is the membrane potential,zg andzd are the effective charges
moved (number of elementary charges × distance of movement) in the
processes represented by rate constantsg andd, respectively,za andzb

are the effective charges moved in the processes represented bya and
b, E1 andE2 are membrane potentials at which the rates of the transi-
tions in opposite directions between the neighboring states (C1 ↔ C2
and C2 ↔ O, respectively) are equal andB1 andB2 are the values of
these rates atE1 or E2, respectively. In a three state model, the time
constants (ts) of current relaxations upon step changes of membrane
potential, are complicated combinations of the transition rate constants
(Huang, Moran & Ehrenstein, 1984):

t1,2=
2

a + b + g + d 5 =~a + b + g + d!2 − 4~ag + bg + bd!
(11)

In steady state conditions, the probabilityPo for a three-state channel
to be in an open (conducting) state is given by:

Po =
1

1 + b/a~1 + d/g!
(12)

or, with the ratiosb/a andd/g replaced by two Boltzmann distributions
governing the population of the three states (Behrens et al., 1989):

Po =
1

1 + e−z2F~EM−E2!/RT ~1 + e−z1F~EM−E1!/RT!
(13)

wherez1 andz2 are the effective charges moved upon transitions C1 ↔
C2 and C2 ↔ O, i.e., the respective sums (in pairs) ofzg andzd, and of
za andzb.

In fitting the steady-statePo − EM relationship with the CCO
model (Eq. 13), we usedGK/Gmax as a measure ofPo (Eq. 2), where
Gmax is the previously determined voltage-independent scaling factor
of GK (Eq. 4).

2

Thus, within the framework of the three-state model, eight pa-
rameters and a scaling factor are required for the quantitative descrip-
tion of both the steady-state conductance and the conductance relax-
ation kinetics, as a function of membrane potential. These parameters
can be extracted by a simultaneous fit of Eqs. 10–13, i.e.,t1, t2 andPo
vs. EM, to the experimental data.

Details of Analysis and Fitting

Nernst potentials were calculated from ion concentrations using activ-
ity coefficients from Appendices 8.9 and 9.10 from Robinson and
Stokes (1965). Initial data reduction was performed with the pCLAMP
software (Axon Instruments). In addition to analyses of macroscopic
whole-cell currents, we used ‘‘pstat’’ ver. 6.02, to analyze single-
channel bursts, (i) estimating the optimum interburst interval, (ii) using
this value to obtain the distribution of burst durations, and (iii) fitting
this distribution with one exponential to yield the mean burst duration.
Mean ±SDwere used to indicate range of variability of various values.
However, when comparison between means was intended, ±SEM was
used. The reversal potential was obtained as the zero-current intercept
of a linear regression to instantaneous ‘‘tail’’-current-voltage data
points, and its asymmetrical lower and upper 95%-confidence limits
were calculated by inverse regression (Sokal & Rohlf, 1981). Esti-
mated parameters were given with their Estimated Errors (EE) or 95%-
confidence limits, as indicated. Unless otherwise indicated,n signifies
the number of points used for the fit. Outliers (points deviating from
the mean by >2.5SD) were not included in the fit.

When fitting data with models, several starting guesses for the
parameters were tried, to avoid ‘‘entrapment’’ in a local minimum.
Data pooled from different experiments were fitted without averaging,
but they are presented in the figures as means ±SEM, for clarity. The
weighing factor used in the fit ofGmax andE1/2 vs.pH was the inverse
of the standard deviation calculated separately at each value of pH.
This was based on the assumption that the data scatter need not be
necessarily the same in the different conditions. When fitting thets

2 The steady-statePo-EM relationships of a two-state and a three-state
channel are almost indistinguishable (Behrens et al., 1989; Ilan et al.,
1994a) and both relationships yield the sameGmax value.
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andPo vs. EM with the CCOmodel, the weighing factor was the inverse
of the mean of each of the four groups to bring the calculated errors to
a similar range of values:Po, t1 of activation combined witht1 of
deactivation,t2 of activation,t2 of deactivation. To evaluate goodness
of fit, we calculatedR8 4 1 −Sres/Stot, whereSresis the sum of squared
vertical deviations of data from the model predictions, andStot is the
sum of squared vertical deviations of data points from the mean.R8 4

1 means perfect fit to the model,R8 4 0 means that the model is no
better than a straight horizontal line drawn through the mean. The
programs and procedures used for fitting were detailed by Ilan et al.
(1994a).

Results

PROTON ENHANCEMENT OF THEMACROSCOPICKH

CHANNEL CURRENTS ANDCONDUCTANCE

Hyperpolarization of whole-cell membrane below −100
mV elicited inward currents, whose magnitude was pro-
portional to the amplitude of the hyperpolarizing step
(Fig. 1). As shown by others (Schroeder, Raschke &

Neher, 1987; Schroeder, 1988; Fairley-Grenot & Ass-
mann, 1992; Blatt, 1992;see alsoreviews by Hedrich &
Schroeder, 1989, and Schroeder et al., 1994), these cur-
rents are carried through the hyperpolarization-activated
K (KH) channels (corresponding to the Kin of Schroeder,

Table 1. Average best-fit parameters of the Boltzman equation (Eq. 4)
fitted to GK-EM relationships at various pH values

Parameters Gmax (nS ±SEM) E1/2 (mV ± SEM) z (±SEM)

pH
4.4 (n 4 13) 6.60 ± 0.40 −145.8 ± 2.5 1.50 ± 0.07
5.0 (n 4 5) 6.54 ± 0.35 −147.7 ± 3.5 1.49 ± 0.05
5.5 (n 4 33) 5.30 ± 0.05 −157.1 ± 1.4 1.53 ± 0.02
8.1 (n 4 12) 4.25 ± 0.25 −156.7 ± 2.4 1.52 ± 0.07

The parameters were determined for each cell at each pH separately.n
is the number of cells.

Fig. 1. KH channel currents increase reversibly with acidification. (A)
Traces (superimposed) of whole-cell currents from a single cell elicited
by square voltage pulses from a holding potential of −87 to −197 mV,
−177, mV, etc. (top panel) at the indicated external pH values (numbers
at right). Interpulse-interval was 13 sec. (B) Steady-state net current-
voltage (I-EM) relationships (symbols, interconnected by lines) of cur-
rents inA at various indicated external pH values. Roman numerals
indicate order of solution changes.

Fig. 2. External pH does not affect the reversal potential. (A) Two-
pulse voltage protocol (top) elicited whole-cell membrane currents (su-
perimposed, bottom). Note the change of direction of the ‘‘tail’’ cur-
rents. Numbers indicate membrane potentials. Interpulse-interval was
13 sec. (B) InstantaneousI-EM relationships of the ‘‘tail’’ currents of
Fig. 2A (symbols). Lines: linear regressions to the data points. Note the
linearity of these relationships. In this particular cell,GK (the chord
conductance, ±SEM) changed from 4.1 ± 0.1 nS at pH 8.1 (h), through
5 ± 0.1 nS at pH 5.5 (d), to 7.6 ± 0.1 nS at pH 4.4 (s). The respective
reversal potentials (and their 95% fiducial limits;seeMaterials and
Methods) were: −51.5 mV (between −41.4 and −61.3 mV), −49.5 mV
(between −44.3 and −54.5 mV) and −48.3 mV (between −43.6 and
−52.9 mV), respectively. Arrow indicates the Nernst potential for K+.
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1988). The lower the pH of the external medium, the
larger were the hyperpolarization-activated inward cur-
rents. This effect was largely reversible (Fig. 1). The
reversal potential (Erev, Hodgkin & Huxley, 1952) of
these currents at pH 5.5 was −52.0 ± 3.5 mV (mean ±SD,
n4 10, Fig. 2). The calculated Nernst potential of K+ in
the experimental solutions was −54 mV and the Nernst
potentials of the three other permeant ions in the solu-
tions, Ca2+, H+ and Cl− were, respectively,ù200 mV
(with internal [Ca+2] buffered at <10−7 M), +100 and −10
mV. This confirms the previous determinations of the
very high selectivity for K+ of the KH channels in similar
experimental conditions (Schroeder, 1988; Schroeder,
1995).

pH changes affected neither the reversal potential
(Fig. 2B) nor the linearity of the instantaneous current-
voltage curves. In contrast, the whole-cell steady-state
KH channel conductance, GK (Eq. 1), increased with
acidification (Figs. 2B and 3). Note that while between
pH 8.1 and 5.5 the increase was below 30% at all mem-
brane potentials, between 5.5 and 4.4GK increased by
30–150% (depending on voltage) with acidification
(Figs. 2B and 3).

THE EFFECT OFPROTONS ON THESTEADY-STATE
PROPERTIES OFGK

To learn how the steady-state activation of the KH chan-
nel by hyperpolarization is altered by external protons,
we fitted the steady-stateGK-EM relationships of each
cell at the various pHs with the Boltzmann distribution
(Eq. 4; seeMaterials and Methods). The averaged pa-
rameters (Table 1) then served to reproduce the ‘‘aver-
age’’ GK-EM relationship at various pHs (Fig. 3: lines).

The voltage-independent maximum conductance,
Gmax, as well as the half-activation voltage,E1/2, were
both altered by external pH and increased with acidifi-
cation (Fig. 4A andB). Gmaxvalues (normalized toGmax

at pH 5.5;seeMaterials and Methods) could be related to
pH by the Henderson-Hasselbalch equation (Eq. 5, Fig.
4A: line), with a pKa of 5.3. Fitting theE1/2 shift, relative
to pH 5.5,vs. pH with the modified Grahame equation
(Eqs. 8 and 9, Fig. 4B), yielded the following properties
of the putative negative charges at the external surface of
the membrane in the vicinity of the KH channel: the
average charge separation,dt 4 30 Å, the pH near the
membrane at which half of the charges are protonated,
pKsc 4 4.2 (corresponding to bulk pH of 4.6) and the
surface potential at pH 5.5,B 4 −35 mV.

In contrast to the change inE1/2, the average values
of z at different pHs did not vary significantly (Fig. 4C)

Fig. 3. Macroscopic KH conductance increases with acidification. Av-
erage chord conductance,GK (symbols, ±SEM), from n cells, at the
indicated pH values: 4.4 (s, n4 13), 5.0 (,, n4 5), 5.5 (d, n4 33),
8.1 (h, n 4 12). Lines: calculated from the simple Boltzman equation
(Eq. 4, Materials and Methods) using the averaged best-fit parameters
determined at each pH for each cell separately, as listed in Table 1.
Arrows indicate the values of mid-activation potential,E1/2 (Eq. 3).

Fig. 4. pH dependence of the averaged parameters (±SEM) of indi-
vidual steady stateGK-Em relationships (Table 1). (A) Gmax, the maxi-
mum, voltage-independent conductancevs.pH. (normalized;seeMa-
terials and Methods). Line: Henderson-Hasselbalch relationship (Eq. 5;
Materials and Methods), with best fit-parameters (±Estimated Error
(EE); n 4 63): pKa 4 5.3 ± 0.2,G8 4 0.6 ± 0.7 nS, andGbasal4 0.8
± 0.5 nS (R8 4 0.531). (B) The shift ofE1/2, the mid-activation voltage
of GK at various pHs, relative toE1/2 at pH 5.5. Line: fit of a surface
charge model (Eqs. 7 and 8; Materials and Methods), with best fit
parameters (±EE; n4 56):B4 −35 ± 16 mV,dt 4 30 ± 9 Å, and pKsc
4 4.2 ± 0.5 (R8 4 0.722). (C) z, the effective charge moved between
the closed and open states,vs.pH. Line: linear regression, with slope
0.006 (n 4 63). Averagez at all pHs was 1.5 ± 0.2 (±SD; n 4 63).
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and their mean was 1.5 (This value ofz is very similar to
the value of 1.6 in the intact guard cell KH channel [Blatt,
1992] and, not surprisingly, to the value of 1.7 we obtained
by fitting the Boltzman relationship (Eq. 4) to theShaker
GK/Gmax vs. EM data of Zagotta and Aldrich [1990]).

THE EFFECT OFpH ON KH CHANNEL KINETICS

Figure 5 depicts the dual effect of acidification below pH
5.5 on KH channels kinetics: a decrease of the ‘‘half
activation time’’ at −197 mV (solid circles), and an in-
crease of the ‘‘half deactivation time’’ at −87 mV (open
circles). The acceleration of activation and the retarda-
tion of deactivation are consistent with the enhancing
effect of protons on KH channel currents.

To gain more insight into the effects of pH on KH
channel gating, we chose to examine more closely the
kinetics of macroscopic relaxations. Figure 6 illustrates
the time course of activating (Fig. 6A) and deactivating
(Fig. 6B) whole-cell KH current from one cell fitted with
three types of models for channel gating: (i) a two-state
(C−O) model of a single gating unit; (ii) a two-identical-
subunits model, in which each subunit independently un-
dergoes C−O transitions, but both of them need to be in
the O state for the channel to be open; (iii) a sequential
three-state model of a single gating subunit. These data
were best fitted with the three-state model (i.e., two ex-
ponentials). The delays, observed in both the activation
and deactivation of currents, became more pronounced at
a lower temperature (13°C; Ilan et al., 1995) indicating
that they are not artifacts (see alsoKourie & Goldsmith,
1992).

We fitted ts of activation and deactivationvs. EM
simultaneously withGK-EM, with the appropriate func-
tions of the CCO model (Eqs. 10–13).

pH EFFECTS ON THECCO MODEL PARAMETERS

The CCO model was fitted simultaneously to steady-
state and kinetics data (seeMaterials and Methods) ex-

tracted from experiments conducted at pH 5.5 (eight
cells) and at pH 4.4 (four cells), between which protons
affected gating. In an initial series of trials we found that
the two parametersE1 andE2 did not differ significantly,
and therefore we decided to use instead only one param-
eter,Eo. Table 2 summarizes the values of parameters
obtained from the fit. Within the framework of the CCO
model, changing pH from 5.5 to 4.4 shifted significantly,
by 26 mV, the characteristic potentialEo while other
parameters were not affected significantly. A similar
shift, 25 mV, was observed also betweenE1/2 values
obtained by fitting the same data with the simpler C−O

Fig. 5. The rate of activation increases and the rate of deactivation
decreases with acidification (below pH 5.5). pH dependence of mean
t1/2, half time, (±SEM) of activation at −197 mV (d) and of deactivation
at −87 mV (s). Where not visible, the error bars are smaller than the
symbol size. Data from the cells of Fig. 3.

Fig. 6. A three-state model (C-C-O): the simplest necessary to fit
macroscopic kinetics of gating. (A) Activation. Dotted traces: currents
at a step from a holding potential of −87 to −177 mV, at pH 5.5. Lines:
best fit to: (a) C-O model:Ao + A1e

−t/t (Ao 4 −845 pA,A1 4 850 pA,
t 4 153 msec,R8 4 0.9982); (b) classical Hodgkin-Huxley, two-
indentical- independent- C-O -subunits model:Ao + A1[1 − e−t/t]2 (Ao
4 −104 pA,A1 4 −726 pA, t 4 100 msec,R8 4 0.9952) and (c)
C-C-O model:Ao + A1e

−t/t1 + A2e
−t/t2 (A0 4 −843 pA,A1 4 −93 pA,

A2 4 887 pA, t1 4 8 msec,t2 4 148 msec, R8 4 0.9990). (B)
Deactivation. Dotted traces: currents at a step from a 2.5-sec pulse at
−177 to −87 mV, at pH 5.5. Lines: best fit to: (a) C-O model:Ao +
A1e

−t/t (Ao 4 −22 pA,A1 4 −242 pA,t 4 77 msec, R8 4 0.9988);
(b) classical Hodgkin-Huxley, two-indentical- independent- C-O -sub-
units model:Ao + A1[1 − e−t/t]2 (A0 4 −227 pA,A1 4 200 pA,t 4

55 msec, R8 4 0.9980) and (c) C-C-O model:Ao + A1e
−t/t1 + A2e

−t/t2

(Ao 4 −23 pA,A1 4 43 pA,A2 4 −256 pA,t1 4 10 msec,t2 4 72
msec,R8 4 0.9993).
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model (Eq. 4). The larger shift in this subset of cells
(compared to 11 mV in all of the cells; Table 1) may be
related perhaps to the simpler kinetics of this subset (see
Materials and Methods). The total number of effective
charges moved between the extreme conformations was
at least two, and was pH independent.

Figure 7 illustrates the fit of the model to the data at
pH 5.5 and 4.4. Fig. 7A depicts the exponential depen-
dence of the putative transition rate constantsa, b, g and
d on membrane potential at these pH values. The char-

acteristic voltageEo shifted by 26 mV (Table 2) between
pH 5.5 and 4.4. These rate constants were used to re-
construct the fit to the data in Fig. 7B–D. Figure 7B and
C depict the effect of pH change from 5.5 to 4.4 on the
ts of activation and deactivation. Acidification dimin-
ished the value of peakt2 by about 15% (Fig. 7C).
Nevertheless, both pairs oft-EM curves still cross over.
Thus, the shifts of thets in the depolarizing direction
with acidification explain the opposite effects of pH on
t1/2 at −197 mV andt1/2 at −87 mV (Fig. 5). Figure 7D

Table 2. The effect of pH on the parameters of the CCO model for KH channels

pH Eo za zb zg zd B1 (sec
−1) B2 (sec

−1) z1 + z2

5.5 −137 ± 6 0.39 ± 0.18 0.60 ± 0.07 0.26 ± 0.14 0.42 ± 0.15 42.7 ± 5.9 4.05 ± 0.59 1.67
4.4 −111 ± 7 0.39 ± 0.18 0.60 ± 0.10 0.25 ± 0.18 0.30 ± 0.21 51.0 ± 7.7 4.96 ± 0.73 1.54

GK-EM andt-EM relationships, pooled separately at pH 5.5 (8 cells) and pH 4.4 (4 cells), were fitted simultaneously with Eqs. 10–13. Listed are
the best fit parameters (±95% confidence range). The ‘‘goodness of fit’’ indicator, R8, for thePo-EM, t1-EM andt2-EM data were for pH 5.5: 0.96,
0.09, 0.84, respectively and for pH 4.4: 0.96, 0.03, 0.88, respectively.

Fig. 7. Fitting the C-C-O model simultaneously toPo-EM, t1-EM andt2-EM relationships of the KH channel at two pH values: 5.5:d—d and 4.4:
s—s. Small symbols mark data from one individual experiment, large symbols represent mean of 4–8 experiments, ±SEM. (Where not shown,
errors were smaller than the symbol sign.) (A) voltage dependence of transition rate constants,a,b,g,d (lines: Eqs. 10) at the two pHs: 5.5 (bold
lines) and 4.4 (thin lines). Vertical arrows mark the characteristic voltages of the transitions between adjacent states,Eo, at both pHs. Horizontal
arrow: the shift ofEo with acidification. (B) t1 vs. EM (line: Eq. 11 with ‘‘+’’ before square root). Activation at the left and deactivation at the right
of the vertical dashed line. Tail currents at −37 and −17 mV were fitted only with one exponential and the resultingt was included with the longer
ts. (C) t2 vs. EM (line: Eq. 11 with ‘‘−’’). Activation at the left and deactivation at the right of the vertical dashed line. (D) The pH and voltage
dependence of the calculated occupancies,Po, P1, P2 of the open, far-closed and middle-closed states O, C1, C2, respectively. Lines: solid: Po of
O: Eq. 12; dashed: P1 of C1: Eq. 12 in whicha switched positions withd, andb with g; dotted:P2 of C2: 1 − (Po + P1). Best fit parameters are
listed in Table 2.
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illustrates the distribution of the KH channels between
the three states at pH 4.4 and 5.5. The fit of the CCO
model to the data (solid lines) reconstructs the observed
shift of Po (symbols) in the depolarized direction as pH
decreases from 5.5 to 4.4. The calculated occupancies of
states C1 and C2 (dashed and dotted lines) shift similarly.

In support for our model derived from the whole-cell
data, we found that the average burst duration of single
channels in one experiment in similar conditions, at pH
5.5 and −167 mV (Fig. 8A), was 161 msec (Fig. 8C),
corresponding to rate of ‘‘burst closure’’ of∼6 sec−1,
similar to the estimate ofb at this potential (Fig. 7A).
These channels were identified by their reversal potential
close toEK (Fig. 8B) and their voltage dependence (not
shown). It has been suggested that these bursts represent
the KH channel openings, and the flicker—the block of
the open channel by a permeating ion (Schroeder et al.,
1994;see alsoDiscussion).

Discussion

THE CCO MODEL DESCRIPTION OFKH CHANNELS IN

V. faba

This paper is the first attempt to describe the gating of the
protoplastnativeKH channel with a model reproducing
the sigmoidal time course of the inward K cur-
rents. While Fairley-Grenot and Assmann (1993) fitted
the macroscopic KH currents fromV. faba as well as
from Zea maysprotoplasts with a single exponential
(two-state model), the delay in activation inAvena sativa
protoplasts was fitted by two exponentials (Kourie &
Goldsmith, 1992). The delay in activation of the cloned

KH channel (KAT1) was accounted for by a power func-
tion (Hoshi, 1995) like the classical HH model (Hodgkin
& Huxley, 1952) for independent 2-state-subunits. In
the present work we fitted the KH channel currents, in a
subpopulation ofV. fabaguard-cell protoplasts, by two
exponentials and formulated a sequential three state
model (CCO: Closed-Closed-Open) describing the kinet-
ics and the steady-state gating of these channels in the
range of roughly 5–500 msec3. Mathematically, the HH
model with two subunits is equivalent to a CCO model
with particularly constrained rate constant values and
only four parameters (Armstrong, 1969), while we used
a CCO model with seven parameters. Although our
model fitted well the macroscopic currents (Fig. 6), this
is still a reduced model, since in the single channel re-
cords the channel openings appeared in bursts (Fig. 8).
It is likely, that the fast ‘‘flicker’’ of open channels re-
sults not from submilisecond conformational transitions
but from blocking of ion passage through the open chan-
nel by various ions, as suggested for the K channels of
Saccharomyces cerevisiae(Bertl, Slayman & Gradmann,
1993) or theShakerchannels (Hoshi, Zagotta & Aldrich,
1994). This ion could be Ca2+, which can access the KH
channel (Fairley-Grenot & Assmann, 1992). If, in this
reduced model, the O state represents lumped Open↔
Blocked transitions, the rate constantb should predict
the inverse of average burst duration. Indeed, in support
for this model, the mean burst duration in this single-
channel experiment (Fig. 8C) was predictable from the
macroscopic data (Fig. 7A).

3 Fitting the currents in the other subpopulation of cells required an
additional longer time constants, e.g., of about 1 sec at −160 mV.

Fig. 8. KH channels open in bursts. (A) Sample
single-channel records from an outside-out patch
at a constant hyperpolarization to −167 mV.
Dashes at the left indicate the closed-channel
current level. Filter: 100 Hz. (B) Current-voltage
relationship of an open channel at pH 5.5. Dotted
line: linear regression to data points. The unitary
conductance was 4.9 ± 0.3 pS, and the reversal
potential was −57 mV (with the lower and upper
fiducial limits of −76 and −32 mV, respectively).
Arrow: EK, the calculated K+ Nerst potential. (C)
Burst duration histogram (seeMaterials and
Methods). Line: exponential fit to the data. The
mean burst duration was 161 msec.
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According to the CCO model, all of the transitions
are voltage sensitive. There are no other results from this
type of analysis of plant KH channels available for com-
parison. We can only compare the more general descrip-
tion of kinetics of KH current activation and deactivation.
In this work, the longert of K+ current activation (t2)
was voltage dependent similarly to that of the deactiva-
tion (Fig. 7C). A similar conclusion can be drawn from
the comparison oft1/2 of activation tot of deactivation of
the KH current in the intact guard cells (Blatt, 1992).
In contrast, others find thatt andt1/2 of activation of the
protoplasts KH channels is voltage independent while
emphasizing the strong voltage dependence of thedeac-
tivation kinetics of KH channels in protoplasts (Fairley-
Grenot & Assman, 1993; Schroeder, 1995) and the
KAT1 clone inXenopus(Hoshi, 1995).

THE MECHANISM OF pH EFFECT

The results presented above constitute the first descrip-
tion of the effects of external protons on the native KH

channel in protoplasts. The range of external pH exam-
ined in this work (4.4–8.1) exceeds that in all other re-
ports on both native and cloned plant channels (Blatt,
1992; Hoshi, 1995; Hedrich et al., 1995; Muller-Rober et
al., 1995; Véry et al., 1995).

In V. fabaprotoplasts, extracellular protons (pH be-
tween 8.1 and 4.4) exert a significant enhancing effect on
the macroscopic conductance of the KH channel. We
ascribe these effects of protons solely to theexternal
surface of the membrane, due to the efficient buffering of
the internal solution (Marty & Neher, 1983). To resolve
which of the two factors making up the macroscopic
conductance, the voltage-dependentPo, or the voltage-
independentGmax, are responsible for these external pro-
tons effects, we examined each one separately.

pH EFFECTS ON THEVOLTAGE-INDEPENDENTGmax

The lack of pH effect on the reversal potential of the KH

currents, even with over three orders of magnitude in-
crease of external proton concentration from pH 8.1 to
4.4, is predictable from a calculation using the Gold-
mann-Hodgkin-Katz voltage equation taking into ac-
count the small concentration of H+ and assuming that
the permeability for H+ does not exceed that for
K+. Based on this assumption, it is very unlikely that
protons would contribute directly to the increase of the
single channel’s conductance. If anything, by screening
negative charges in the channel vicinity and, conse-
quently, decreasing the concentration of K+ near the
channel mouth, protons might be expected todecrease
the unitary conductance (as in Zhang & Siegelbaum,
1991). In at least one rare case, where external protons
increased the macroscopic conductance, single-channel

conductance was not affected (Hanke & Miller, 1983).
Consequently, the increase in the voltage-independent
maximum KH conductance (Gmax) ought to be attributed
to the number of available channels,N (Eq. 6).

A Low-affinity Site in the Protoplast and in the KAT1
Clone Expressed in an Oocyte?

In view of the fast reversibility of the pH effects (on the
order of a few minutes) it is unlikely that the total num-
ber of channels in the cell membrane varies. Rather, it
may be concluded that protons affect the voltage-
independent fraction of the available channels in the
membrane,fa (Eq. 7). We may speculate that proton-
ation of a ‘‘site’’ (or a class of sites) with an apparent
pKa of 5.3 ‘‘unlocks’’ additional channels rendering
them able to change their conformation in response to
changes in the membrane electrical field. Such value of
pKa is characteristic of ab or g carboxyl group of an
aspartic or glutamic acid in a nonpolar environment (Se-
gel, 1975). The same site may be involved in pH sensing
in the KH channel clone KAT1 expressed in an oocyte,
where an external pH change from 6.5 to 5.0 increased
Gmax (current scaling factor) by 40% (Ve´ry et al., 1995),
similarly to protoplasts at this pH range (Fig. 4A).

A High-affinity Site in the Intact Guard Cell

In intact V. fabaguard cells (Blatt, 1992) external pH
effects were examined only between 5.5 and 8.1. At pH
5.5 the maximum KH specific conductance of the intact
guard cell (∼0.3 mS/cm2; Blatt, 1992) is comparable to
that of the protoplast (∼0.6 mS/cm2; seeMaterials and
Methods and Table 1). At pH 8.1, however, the specific
conductance of the guard cell is 20-fold smaller than that
of the protoplast. Thus in the intact guard cells alkalin-
ization from pH 5.5 to 8.1 decreased theGmax values
over 10-fold (Blatt, 1992), while in the isolated proto-
plasts we observed only a roughly 20% decrease ofGmax

at this pH range. This striking diminution ofGmax in the
intact guard cells may be due to an additional site (on the
KH channel itself or in its vicinity) in the intact guard cell
(but not in the protoplast), which, upondeprotonation
‘‘locks’’ the channel gates in a nonconducting confor-
mation. Indeed, fitting Eq. 5 to theGmax vs. pH data
from the intact guard cell (data from Fig. 10 of Blatt,
1992) yielded an apparent pKa of 7.2 ± 0.09 (±EE).
Based on this pKa value, possible candidates for this
putative site in the intact guard cells could be an imid-
azolium of a histidine in a nonpolar environment, or ana
amino group or a sulfhydryl group of a cysteine (Segel,
1975).

pH EFFECTS ON THEVOLTAGE-DEPENDENTGATING:
NEGATIVE SURFACE CHARGE NEAR THE KH CHANNEL

In addition to the above ‘‘enabling’’ effect through one
or two sites located on the channel or in its vicinity,
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protons affect directly the voltage-dependent gating of
the KH channel. This is evident from the following re-
sponses of native KH channels to external acidification:
(i) A positive shift ofPo-EM relationship, quantified as
the shift in the half-saturation point, both in intact guard
cells (Blatt, 1992) and in protoplasts (this work); (ii)
acceleration and the slowing down of currents during
activation and deactivation, respectively, in the guard
cells (Blatt, 1992) and in protoplasts (this work). The
change in the kinetics (ts) appears also to reflect a shift
along the voltage axis, in a direction similar to that ofPo
(Figs. 4B, 7B–7D). Acceleration of activating KH cur-
rents kinetics with acidification (pH 7.4–4.5) has been
noted also for the KH channel clone from a potato guard-
cell expressed in oocytes, KST1 (Muller-Rober et al.,
1995). There are two reports concerning proton effects
on gating of theArabidopsisKH channel clone, KAT1.
In the clone, like in the protoplast KH channel, Hedrich
et al. (1995) reported also acceleration and the slowing
down of currents during activation and deactivation, re-
spectively, and found a significant positive shift, of∼20
mV, by protons of the steady-state half activation poten-
tial between pH 5.5 and 4.5. Ve´ry et al., (1995) did not
observe any KAT1 gating dependence on external pH in
the 7.5–5.0 range. We suggest, however, that they could
have observed such effects had they lowered the pH
further.

We interpret these effects of protons on gating as the
modification of the electrical field sensed by the gates.
The mechanism of this modification is the decrease, by
protons, of the negative surface charge density at the
external surface of the membrane. This surface charge
effect need not stem from a homogenous spread of nega-
tive charges on the membrane. Rather, it may be con-
fined to the vicinity of the channel gates. We have mod-
eled this effect as due to both nonspecific charge screen-
ing and binding to the negative charges (Gilbert &
Ehrenstein, 1969, 1970). The effect of external surface
charges on KH channel gating in an intact guard cell has
been already implicated in the shift of open probability
by increased external Ca2+ concentration (Blatt, 1992;
we suggest that the lack of effect of increased external
K+ concentration in that report may be due to the pres-
ence of a relatively high Ca2+ concentration (5 mM) in
those experiments).

A Low-affinity Site in the Protoplast and in the KAT1
Clone Expressed in an Oocyte?

Out of the seven parameters of the CCOmodel, only one,
Eo, was affected by protons between pH 5.5 and 4.4
(Table 2). The increase ofEo suggests, as in the two-
state gating model, that protonation increases the elec-
trical field in the membrane. Based on a two-state model
for the KH channel gating and a model for a surface

charge effect, the results appear consistent with a titra-
tion of surface charges, with pKscof 4.2 at the membrane
equivalent to an apparent (bulk) pKsc of 4.6. Although
the membranes of guard-cell protoplast and the oocyte
are probably rather different, the shift ofPo and the ac-
celerated activation occurred at the same pH range in the
protoplast KH channel (this work) and the KAT1 clone
(Hedrich et al., 1995). This similarity suggests that the
low-affinity protonation site (negative surface charge)
resides on part of the channel itself. This conclusion is
supported by the dissimilarity of the corresponding site
related to theKD channel that coexists with the KH chan-
nel in the same plasma membrane. This site of theKD
channel was protonated with an apparent pKsc of 5.0
(Ilan et al., 1994a).

The candidate residues with such negative charges
in the KH channel (apparent pKscof 4.6) might be ab or
g carboxyl of an aspartic or glutamic acid (Segel, 1975).
Glutamate and aspartate residues, found in the S4-S5
linker of the plant KH channel molecule (at positions 186
and 188, respectively), are conserved among the various
clones of this channel (Cao, Crawford & Schroeder,
1995). It is tempting to speculate that since the S4-S5
linker is presumably part of the pore lining (at the inter-
nal vestibule; reviewed by Kukuljan, Labarca & Latorre,
1995), one or both of these residues can be reached by
the external protons. Since the S4-S5 linker is also im-
plicated in the modulation of gating (Kukuljan et al.,
1995), protons may affect gating via one of these resi-
dues. Consequently, these residues might be identified
with the titratable negative surface charges.

A High-affinity Site in the Intact Guard Cell?

In the intact guard cell, acidification between pH 8.1 and
5.5 induced shifts ofE1/2 (Blatt, 1992). We fitted these
shifts (Fig. 10 of Blatt, 1992) with the surface charge
model (Eqs. 8 and 9) and obtained a pKscof 6.4 (±0.1) at
the membrane, equivalent to an apparent pKsc of 7.1,
characteristic of an imidazolium group of a histidine (Se-
gel, 1975). These pronounced voltage shifts ofE1/2
(Blatt, 1992) contrast with the lack of significant effect in
the same range of pH in protoplasts (Fig. 4B) and in the
KAT1 clone (Véry et al., 1995; Hedrich et al., 1995).
Just as in the former case (the high-affinity protonation
site affectingGmax in the intact guard cellvs. proto-
plasts), this discrepancy may be attributed to the exis-
tence of a high-affinity protonation site in the intact
guard cell. This site appears to be missing from the na-
tive channel in the protoplast and from the KAT1 chan-
nel in the oocyte. Consequently, it might be located in
the membrane in the vicinity of the KH channel and
might not constitute a part of the channel itself. It should
be noted that these values of pKa obtained for the intact
cell in Blatt’s experiments might be somewhat inaccu-
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rate, owing to the buffering effect of the cell wall, pro-
nounced most in the vicinity of the relatively low ‘‘bulk
pKa’’ of roughly four (Saftner & Rashke, 1981).

PHYSIOLOGICAL SIGNIFICANCE

The modulatory effects of pH on KH channels are con-
sistent with the physiological requirements for their
function. At the apoplastic pH of∼5, prevailing when
the stomatal guard cells swell and stomata open (Ed-
wards et al., 1988), acidification will not interfere with
the opening of the KH channels by hyperpolarization.
On the contrary, acidification might even enhance KH

influx. Indeed, a possible concomitant increase in pro-
ton-coupled solute influx through carriers, as well as the
influx of K+ ions themselves through the KH channels,
would tend to depolarize the membrane (Ullrich & No-
vacky, 1990). Additionally, some incidental signals
might bring about depolarization by an increase in per-
meability to Ca2+ or to Cl−. This would result in a de-
creased driving force for K+. However, since net K+

influx depends both on the driving force for K+ as well
as onGK (Eq. 1), the increase in KH membrane conduc-
tance brought about by external acidification would com-
pensate for the loss of the driving force and might even
exceed it.
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