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Abstract. The most frequently observed K+ channel in
the tonoplast of Characean giant internodal cells with a
large conductance (ca. 170 pS; Lühring, 1986; Laver &
Walker, 1987) behaves, although inwardly rectifying,
like animal maxi-K channels. This channel is accessible
for patch–clamp techniques by preparation of cytoplas-
mic droplets, where the tonoplast forms the membrane
delineating the droplet. Lowering the pH of the bathing
solution, that virtually mimicks the vacuolar environ-
ment, from an almost neutral level to values below pH 7,
induced a significant but reversible decrease in channel
activity, whereas channel conductance remained largely
unaffected. Acidification (pH 5) on both sides of the
membrane decreased open probability from a maximum
of 80% to less than 20%. Decreasing pH at the cytosolic
side inhibited channel activity cooperatively with a slope
of 2.05 and a pKa 6.56. In addition, low pH at the vacu-
olar face shifted the activating voltage into a positive
direction by almost 100 mV. This is the first report
about an effect of extraplasmatic pH on gating of a
maxi-K channel. It is suggested that theChara maxi-K
channel possesses an S4-like voltage sensor and nega-
tively charged residues in neighboring transmembrane
domains whose S4-stabilizing function may be altered by
protonation. It was previously shown that gating kinetics
of this channel respond to cytosolic Ca2+ (Laver &
Walker, 1991). With regard to natural conditions, pH
effects are discussed as contributing mainly to channel
regulation at the vacuolar membrane face, whereas at the
cytosolic side Ca2+ affects the channel. An attempt was
made to ascribe structural mechanisms to different states
of a presumptive gating reaction scheme.
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Introduction

The tonoplast of the giant green algaChara australis,
enclosing a large central vacuole and separating it from
the cytoplasmic compartment, is equipped with several
ion transport systems. Two electrogenic ion pumps, an
H+-ATPase and an H+-pyrophosphatase (PPase) have
been identified (Shimmen & MacRobbie, 1987;
Takeshige, Tazawa & Hager, 1988; Takeshige & Hager,
1988). In addition, a highly selective, Ca2+

cyt-activated
and voltage-sensitive K+ channel with a large conduc-
tance ofca. 170 pS (Lühring, 1986; Laver & Walker,
1987; Laver, Fairley & Walker, 1989) and a Cl− channel
of about 21 pS (Tyerman & Findlay, 1989) have been
characterized. Besides, there were reports on Ca2+-
dependent K+ channels of smaller conductance in the
tonoplasts of several members of theChara family (60
pS inChara corallina,Tyerman & Findlay, 1989; 60–80
pS in Nitellopsis obtusa,Pottosin, 1990; 100–130 pS in
Chara gymnophylla,Pottosin et al., 1993; although it
may be suspected that these K+ channels are subconduc-
tances of the large conductance channel due to experi-
mental conditions). It is noteworthy that membrane volt-
age across the Characean tonoplast is close to the K+

reversal voltage (Lu¨hring, 1986). Apparently, the elec-
trical energy gradient generated by electrogenic pumps is
dissipated via those short-circuiting K+ channels. There-
fore, it appeared reasonable to look for a regulatory
mechanism mitigating a waste of energy. Considering
the large conductance of 170 pS and the population den-
sity of the K+ channel (1–4 channels permm2), an effec-
tive regulatory mechanism appears to be inevitable.
Soon after initial characterization of the high-conduc-
tance K+ channel (Lu¨hring, 1986; Laver & Walker,
1987), Ca2+ at elevated cytosolic concentration (EC50 ù
100mM) was found to inhibit the activity of the channel
(Laver, 1990; Laver & Walker, 1991). Ca2+

cyt is known to
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tonoplast (Shimmen & Nishikawa, 1988, and citations
therein).

One of the first channel types studied by patch-
clamp techniques was a high conductance K+-selective
channel, which has since then been referred to as BK
(Marty, 1983; Blatz & Magleby, 1987) or as maxi-K
channel (Latorre & Miller, 1983). Maxi-K channels
show voltage-dependent kinetics and exist in both Ca2+-
activated and non-Ca2+-activated forms. Among animal
cells, they are ubiquitous and are believed to play a role
in membrane excitability and excretion (Latorre &
Miller, 1983; Blatz & Magleby, 1987). Similar ‘maxi-K’
channels have not been identified to date in any plant
cells other than those of Charophytes (Laver et al., 1989)
and, possibly, ofAcetabularia (Bertl & Gradmann,
1987). The Characean K+ channel shares several prop-
erties of its animal counterparts (Laver et al., 1989; La-
ver, Cherry & Walker, 1997), such as the large conduc-
tance (230 pS in cultured rat muscle; Barrett, Magleby &
Pallotta, 1982; 200 pS in acinar cells of mouse lacrimal
gland; Findlay, 1984) or open-closed distributions simi-
lar to those in the Ca2+-activated K+ channel in rat
muscle (Magleby & Pallotta, 1983). The variation in
Ca2+ sensitivity of individual channels inChara is also
similar to maxi-K channels of animal provenance (Moc-
zydlowski & Latorre, 1983).

From a number of reports, data for cytoplasmic and
vacuolar pH inCharaceaeare available that were ob-
tained by different experimental approaches, but are con-
sistent in their results. In general,Characeaemaintain a
cytosolic pHcyt of about 7.8, responding with a decrease
of about 0.4 pH units to the onset of darkness, whereas
the vacuolar pHvac was found to be in the range of 5–6.6
(Walker & Smith, 1975; Spanswick & Miller, 1977;
Smith & Raven, 1979; Mimura & Kirino, 1984; Mori-
yasu, Shimmen & Tazawa, 1984a; Reid & Smith, 1988).
It has been demonstrated that both cytosolic and vacuolar
pH exerted a regulatory role on H+ pumps in the tono-
plast (Moriyasu, Shimmen & Tazawa, 1984b; Takeshige
et al., 1988). Additionally, alkali cations affected their
activities (Takeshige & Hager, 1988; Katsuhara et al.,
1989). This is comparable to cation effects upon vacu-
olar H+-pumps in higher plants, where H+-ATPase and
H+-PPase are also colocalized (Rea & Poole, 1986; Hed-
rich et al., 1989). Experimental results obtained on
higher plant vacuoles suggested that K+ ions enhance
PPase activity (Davies, Rea & Sanders, 1991) and,vice
versa, the action of PPase may facilitate vacuolar K+

accumulation (Davies, 1997).
A direct effect of H+ upon conducting or gating

properties of any ion channel has to be considered to be
linked to the channel protein itself. All proteins contain
acidic and basic side chains. Due to their ionizability
those residues are important in determining the protein
structure (Perutz, 1978) as well as its functional activity

and stability (Matthew, 1985; Sharp & Honig, 1990;
Raghavan, Lambright & Boxer, 1989; Yang & Honig,
1992, 1993; Yang & Barry, 1994).

Cook, Ikeuchi & Fujimoto (1984) had been the first
to demonstrate that acidification of the cytoplasmic
membrane face can inhibit maxi-K channel activation
(pancreatic islet cells). Laurido et al. (1991) also showed
that kinetics of the maxi-K channel (rat skeletal muscle)
were affected by pHcyt. Considering the present knowl-
edge, it appeared reasonable to examine theChara
maxi-K channel with regard to its responsiveness to al-
tered [H+]: here, the immediate effect of H+ on the elec-
trical properties of the maxi-K channel is reported. Mea-
surements were carried out on the membrane delineating
cytoplasmic droplets prepared fromChara australisin-
ternodal cells. As previously reported (Lu¨hring, 1986;
Sakano & Tazawa, 1986), this membrane originates from
the tonoplast of the intact cell.

Material and Methods

PLANT MATERIAL

Chara australiswas grown in plastic or glass containers at room tem-
perature and at natural light/dark cycles. Internodal cells of 5 to 10 cm
length were used for experiments. The procedures of preparation of
cytoplasmic droplets had been previously described (Lu¨hring, 1986).
The sidedness of those droplets in most cases was right-side-out, i.e.,
the vacuolar face of the membrane was exposed to the bathing solution.
An indication for this orientation was given by the observation that a
few seconds after the droplet preparation, plastids that were enclosed
began rotation and preserved it for hours. This is only possible when
the cytosolic Ca2+ activity is reduced to less than 1mM (Tominaga,
Shimmen & Tazawa, 1983). Immobility of enclosed plastids under
illumination strongly indicates that at least parts of the droplet mem-
brane are inversely oriented.

SOLUTIONS

Cytoplasmic droplets were prepared in a solution containing (in mM):
150 KCl, 1 CaCl2, 5 HEPES/Tris adjusted to pH 7.4. The same solu-
tion, but with varying pH, was used as the bathing medium in the
experimental chamber and also as the filling solution of patch pipettes
in inside-out experiments (the vacuolar side of the tonoplast faced the
pipette interior). During excised-patch experiments, the patch was con-
tinuously superfused with test solution. In case of inside-out configu-
ration, where the cytosolic membrane face was directed towards the
perfusion system, the test solution did not contain additional Ca2+, to
prevent blockage of the maxi-K channel. Two buffer systems were
used, one that contained sulfonic acids of different pKa (Good buffers),
the other one was composed of adequate amounts of KH2PO4 and
K2HPO4 to give the desired final pH. Solutions employing Good buff-
ers contained (in mM): 150 KCl, 5 MES (or PIPES, or HEPES, or
CHES), adjusted to the desired pH. Solutions employing phosphate
buffer contained (in mM): 140 KCl (adjusted to 150 K+ by the buffer),
5–10 phosphate, adjusted to the desired pH. In case of outside-out
experiments (the cytosolic membrane face was directed to the pipette
interior), the pipette solution did not contain additional Ca2+, whereas
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the test solutions were composed as mentioned above but additionally
contained 1 mM CaCl2.

ELECTROPHYSIOLOGY

Inside-out and outside-out measurements (Hamill et al., 1981) were
carried out on the tonoplast. The nomenclature that applies to intact
cells is also used for the droplet membrane: the cytosolic compartment
(inside) is enclosed by a naturally oriented membrane, and the vacuolar
compartment (outside) is simulated by the bathing solution. Patch pi-
pettes were drawn from borosilicate hard-glass (Hilgenberg, Malsfeld
Germany, type 11032) to open diameters of less than 1mm (determined
by scanning electron microscopy), giving an electrical resistance of
about 20MV in 150 mM KCl.

Single channel currents were recorded by a commercial current-
to-voltage converter (Axopatch 200A, Axon Instruments, Foster City,
CA), digitized (VR-10, Instrutech, NY) and stored on videotape. For
off-line analysis, the played-back signals were conditioned by an 8-pole
Bessel low-pass filter (mod. 816, Rockland, NJ) and the output fed into
a computer. Analysis was performed with pCLAMP software (Axon
Instruments). The kinetic model of the gating reaction was chosen
according to Laver and Walker (1987). A serial 5-state model turned
out to match the measured time-series almost perfectly compared to
alternative models, where systematic errors in validating plots of open
and closed times distributions occurred. Rate constants were also ana-
lyzable in multichannel recordings by implementation of an algorithm
treating the activity of several uniform channels as that of a single
macrochannel. From the measured time series the noise-free gating
sequence of the channel was reconstructed by means of a 4th order
Hinkley detector (Hinkley, 1970; Schultze & Draber, 1993). The level
for detection was automatically adjusted to the noise level in order to
give only one false alarm per 105 samples. The analyzing program had
a book-keeping algorithm which constructed the dwell-time histograms
from the reconstructed time series. These dwell-time histograms were
subjected to a multichannel target fit, i.e., the rate constants of the
selected Markov model were adjusted under the guidance of a simplex
algorithm (Press et al., 1987) until good fits of the multichannel dwell-
time histograms were obtained (Blunck et al., 1998). Data were digi-

tized with a sampling rate of 20 kHz, after conditioning raw data with
an anti-aliasing filter set to 8 kHz corner frequency. Analysis and
fitting of the data were achieved by utilizing the target fit program
‘Day’, designed by the group of U.P. Hansen (Institute of Applied
Physics, University of Kiel, Germany). Although subconductant states
had previously been demonstrated (Lu¨hring, 1986; Tyerman, Terry &
Findlay, 1992) and had been taken into account by Laver et al. (1997)
in analyzing gating kinetics of this channel, a substate-sensitive analy-
sis was not applied in this study because the appearance of a subcon-
ductant state was only rarely observed (a few among thousands of
events).

Results

In excised patches, the inside-out-oriented K+ channel is
blocked by cytosolic Ca2+ (EC50 ù 100 mM) such that
both, inward and outward currents, are suppressed.
Therefore, in the course of inside-out experiments, test
solutions were applied that did not contain Ca2+ in excess
of those levels arising from salt contaminations (1mM

range). The K+ concentration of 150 mM was chosen,
because a previous investigation revealed that the chan-
nel conductance is tending to saturate at K+ concentra-
tions beyond 132 mM (Lühring, 1986). At concentra-
tions as high as 300 mM the single channel conductance
is even greater, however possible modification of the
channel protein by high ionic strength should be avoided.
Under these conditions, the observed single channels
could retain their active or activatable states as well as
their conductance during superfusion for more than 30
minutes.

Figure 1 shows representative traces of current fluc-
tuations recorded from a single maxi-K channel at vary-
ing cytosolic pH (pHcyt). Clearly, the channel that dis-

Fig. 1. Response of a single K+ channel (maxi-K
channel) in the tonoplast ofChara australisto
cytosolic acidification. The test solutions contained
(in mM): 140 KCl, 5–10 K2H-/KH2PO4 (composed
phosphate buffer to obtain the desired pH), final
K+ concentration was 150 mM. Pipette solution
contained (in mM): 140 KCl, 1 CaCl2, 6.5
K2H-/KH2PO4 (10 mM K+), pH 7. Corner
frequency (8-pole Bessel low-pass): 2 kHz, clamp
voltage: −40 mV. The perfusion system allowed
for a solution exchange within 10 msec. The
closed state is marked right-hand side in panelB.
(A) Channel activity dramatically decreased upon
lowering pHcyt from 8.5 to 4.6 (onset marked by
downward arrow) at the cytoplasmic face of an
excised inside-out patch. Within 2.7 sec activity
gradually dropped to a completely closed state. (B)
Upon changing pHcyt (downward arrow) from 4.6
to 8.5, the channel gradually resumed its former
activity within 500 msec.
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played bursting behavior was markedly affected by
acidification of the cytoplasm-sided solution. While its
conductance remained almost unchanged, the gating
mechanism of the channel obviously was the target for
H+. Upon exchanging the medium of pHcyt 8.5 for an
identical solution of pHcyt 4.6, channel activity gradually
decreased to an eventually permanent closed state (panel
A of Fig. 1). The pHcyt-induced inactivation was re-
versed by superfusing the medium of pHcyt 8.5 (panelB
of Fig. 1). Figure 2 representatively shows current fluc-
tuations through the maxi-K channel at different pHcyt.
Amplitude histograms that were constructed from this
recording over an interval of 51 sec are displayed right-
hand side of the respective current traces. In those am-
plitude histograms, the total recording time is repre-
sented by the area covered by the two fitted Gaussian
distributions above the conductance states (open and
closed). Open probabilities are given by the ratio of the
time the channel spent in the open state (open peak area)
over the total recording time. The open probabilities
(Po) of the K+ channel exhibit a strong dependency on
cytosolic pHcyt. Po significantly decreased with decreas-

ing pHcyt. At pHcyt 8.5, the channel bursted with highest
frequency, however, the open state was more short-lived.
Figure 3A shows that with increasing hyperpolarization
of the tonoplast at pHcyt 7.0, Po increased due to an
increase in burst frequency. At pHcyt 5.9 (Fig. 3B), this
voltage-dependentPo increase was preserved, however,
burst durations were shorter and extraburst intervals sig-
nificantly greater than at neutral or slightly alkaline pHcyt

at the respective clamp voltage.
Figure 4 displays current responses upon applied

voltage ramps from −100 to +100 mV (50 msec interval)
of a single K+ channel recorded on an inside-out patch
during superfusion with test solutions of different pHcyt.
The resultingIV curves demonstrate that the channel
conductance is largely independent of pHcyt changes
(189 pS at pHcyt 8.5, 183.5 pS at pHcyt 7.7, 168 pS at
pHcyt 7.0, 172.3 pS at pHcyt 6.6, 163.5 pS at pHcyt 5.9).
Although a maximal difference of about 20 pS can be
stated in these measurements, the major effect of de-
creased pHcyt has to be seen in the altered kinetics of
transitions between open and closed states. Note the ab-
sence of outward-current attenuation (cf., Fig. 5). A

Fig. 2. Effect of pHcyt on gating of the maxi-K
channel in the tonoplast ofChara australis.An
excised patch from the membrane delineating a
cytoplasmic droplet that contained a single K+

channel was superfused in an inside-out
configuration with solutions of different pHcyt.
Left-hand side, current traces of 512 msec
duration each are displayed, where closed levels
are marked by left-hand side and the actual pHcyt

is given beneath. Right-hand side, the
corresponding all-point amplitude histograms are
shown that were constructed from record intervals
of 51 sec. With only small deviations at the
conditions applied here, channel conductance
amounted to 165 ± 6 pS, whereas the open
probability decreased distinguishedly with
decreasing pHcyt (39.5% at pHcyt 8.5, 61.3% at
pHcyt 7.3, 26% at pHcyt 6.4, 2.2% at pHcyt 5.1).
Test solutions contained (in mM): 150 KCl, 5
CHES (or HEPES pH 7.3, PIPES pH 6.4, MES
pH 5.1, respectively). Corner frequency (8-pole
Bessel low-pass): 5 kHz, clamp voltage: −80 mV.
Pipette solution contained (in mM): 150 KCl, 1
CaCl2, 5 HEPES/Tris, pH 7.4.
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similar recording on an outside-out patch, i.e., where the
vacuolar face of the tonoplast had been exposed to so-
lutions of different pH (pHvac), is shown in Fig. 5. Simi-
lar to IV curves obtained from inside-out patches, the K+

conductance determined from the slope of the inward
current was not affected by varying pHvac. The channel
conductance at all conditions was 163.5 pS, except that
at pHvac 7.3, where conductance slightly increased to
167.8 pS. In these experiments, attenuation of outward
current was observed which approached a saturation
level of about 10 pA in a voltage range of 75–100 mV,
whereas no inward saturation became evident over the
applied negative voltage range. It may be assumed,
however, that saturation under these experimental con-
ditions will occur at membrane voltages exceeding −150
mV, as reported previously (Lu¨hring, 1986).

Inhibition kinetics of H+ are displayed in Fig. 6. De-
creasing pHcyt at the cytosolic channel face reduced the
relative open probability of the maxi-K channel. Fitting
the data with the Hill equation revealed a pKa of 6.56,
and a slope of 2.05, indicating a cooperative protonation
process of at least two cytoplasm-accessible target sites.
This Hill plot is the result of a data compilation from
different experiments on long-lived patches containing a
single channel each. Within each experimental series,Po

values at either pHcyt were related to the pHcyt-dependent
maximum (Po,max) observed. The advantage of using
relativePo values is that data obtained at various mem-
brane voltages can be employed correspondingly.

Inhibition kinetics by varying pHvac could not be
analyzed by a Hill plot similar to that shown for pHcyt

because more than one component of the gating reaction
is altered by acidification of the extraplasmatic solution.
At low pHvac, tail currents in macroscopic current re-
cordings decayed by exhibiting at least two kinetic com-
ponents, a rapid voltage-dependent current decrease, and

a slow resumption of outward current following the fast
inactivation (data not shown).

Steady-state open probabilities are shown in Fig.
7. These curves had emerged from patches containing
single channels that were recorded for 2–3 minutes at
either clamped voltages. At high pH applied to both
sides of the membrane, a peak open probability is found
at −120 to −150 mV, whereas low pHvac shifted the
voltage sensitivity towards depolarized voltage with a
maximum at around −40 mV. Low pHcyt did not cause
such a dramatic shift. The Boltzmann distribution of
voltage-dependent open probabilities divulged the effect
of pH on the maxi-K channel (Fig. 8). From these dis-
tributions it can be seen that a decrease in pHcyt and
pHvac indeed reduced open probabilities towards zero,
while pHvac shifted voltage sensitivity of the channel
more than pHcyt (voltages of half-maximal activation
were determined asV1/2 4 −83 mV at pHcyt 7.0,V1/2 4
−63 mV at pHcyt 5.9,V1/2 4 −102 mV at pHvac 7.3, and
V1/2 4 +5 mV at pHvac 5.1). The slope of those curves
(representing the apparent gating charge) were deter-
mined to be 2.6 at pHcyt 7, and 1.3–1.4 at pHcyt 5.9, pHvac

7.3, and pHvac 5.1, respectively. The sensitivity to 10-
fold H+ concentration changes (DpHcyt,vac) was 18 mV/
DpHcyt and 42 mV/DpHvac, respectively.

The noticeable effect of H+ upon kinetics of the K+

channel challenged an attempt to examine transition rates
in a presumptive gating reaction scheme for their pos-
sible response to H+. A 5-state gating model was ap-
plied to the maxi-K channel, of the form

C1 ⇀↽
k21

k12

C2 ⇀↽
k32

k23

C3 ⇀↽
ka3

k3a

Oa
⇀↽
kba

kab

Ob (Scheme I)

Five states must be postulated as the minimum, be-

Fig. 3. Effects of pHcyt and voltage on gating of
the maxi-K channel inChara tonoplast. The
number of transitions is increasing with increasing
voltage (from top to bottom −40, −80, −120, and
−160 mV in both panels). Extraburst closed times
and burst durations, as well, are markedly
depending on pHcyt (A pHcyt 7.0, B pHcyt 5.9).
The closed level is indicated right-hand side at
each trace. Inside-out configuration. Test solutions
contained (in mM): 140 KCl, 6.5 or 9.1
K2H-/KH2PO4 (10 mM K+), pH 7 or 5.9,
respectively. Pipette solution (in mM): 140 KCl, 1
CaCl2, 6.5 K2H-/KH2PO4 (10 mM K+), pH 7.
Corner frequency (8-pole Bessel low-pass): 5 kHz.
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Fig. 5. Effect of pHvac on current response upon voltage ramps from −100 to +100 mV (50 msec period) of the maxi-K channel. An excised patch
in outside-out configuration containing a single K+ channel was superfused with test solutions of different pHvac. IV curves were obtained as
explained in Fig. 4. pHvac is given in each panel. Test solutions contained (in mM): 150 KCl, 1 CaCl2, 5 CHES pH 8.5 (or HEPES pH 7.3, PIPES
pH 6.4, MES pH 5.1). Pipette solution contained (in mM): 150 KCl, 5 HEPES pH 7.3. Corner frequency (8-pole Bessel low-pass): 5 kHz.

<

Fig. 4. Effect of pHcyt on current response upon voltage ramps from −100 to +100 mV (50 msec period) of the maxi-K channel. An excised patch
in inside-out configuration that contained a single K+ channel was superfused with test solutions of different pHcyt. During superfusion, current was
recorded while the voltage ramp was driven. At each condition, two voltage clamp runs were recorded, one without channel activity, the other one
with the channel displaying current fluctuations. The blank was subtracted from the recording with the active channel which resulted in anIV curve
of the open channel. At pHcyt 5.9, two runs are displayed because the channel exhibited activity only either at negative or positive voltages during
several runs. The actual pHcyt of either solution is given in the corresponding panel. Test solutions contained (in mM): 140 KCl, 5–10 K2H-/KH2PO4

(composed to yield the final pH). Phosphate buffer concentration was corrected to obtain a final K+ concentration of 150 mM, phosphate
concentration varied between 5 and 10 mM. Pipette solution contained (in mM): 150 KCl, 1 CaCl2, 5 HEPES pH 7.3. Corner frequency (8-pole Bessel
low-pass): 5 kHz.
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cause less than three closed states or less than two open
states resulted in systematic errors in fitting the fre-
quency distributions either of the open or the closed
dwell times with sums of a respective number of expo-
nential functions (see, Fig. 9). However, extremely
prolonged closed times were also observed. Due to time-
limited recording intervals, those events did not contrib-
ute significantly to dwell-time fits. Although this long-
lived closed state should be included into the scheme, it
was not considered in the evaluation of rate constants,
because dwell-time distributions were satisfactorily fit-
ted with three exponential terms. In a previous report
(Laver & Walker, 1987), a gating model for this K+

channel was proposed that comprised at least 7 closed
states and 1 open state in a series grouping. Those au-
thors suggested a voltage-dependent gating reaction,
where the open state is engirded at both ends by closed
states. One group of these closed states (termed A1

through A4 in that report) becomes predominant at nega-
tive voltages, whereas, at positive voltages the other
group (B1 to B3) determines closed life times (cf.,
Scheme 3 in the above cited report). In their analysis,
they omitted the second open state (Ob) due to lack of
data. During evaluation of transition rates, I encountered
a distinguished individuality in kinetic behavior of the
single maxi-K channel, evidenced by the wide range of
absolute rate constants, occurring even in the same patch

under constant experimental conditions. These varia-
tions were already known before (Laver & Walker,
1987). ForVm 4 −40 mV at pHvac 7.3 and 5.1, respec-
tively, absolute rate constants are given in Table
1. These experimental conditions were chosen with re-
gard to in vivo physiological conditions: K+ concentra-
tions in the cytoplasm and the vacuole had been deter-
mined to be about 70 and 110 mM, respectively (Reeves,
Shimmen & Tazawa, 1985; Okihara & Kiyosawa, 1988)
vacuolar sap is of about pH 5 (cf., Introduction), voltage
across the tonoplast is −10 to −40 mV inCharaceae
(cytoplasm negative, Findlay & Hope, 1964; Hayama,
Nakagawa & Tazawa, 1979; Shimmen & Nishikawa,
1988). The data presented here were evaluated by a tar-
get fit of dwell-time distributions to the presumptive
5-state model. The probabilities of occupancies of either
state are given in Table 2. Those probabilities were cal-
culated from absolute rate constants, given in Table 1,
according to the following equations:

PC1
= K1 +

k12

k21
? H1 +

k23

k32
? F1 +

k3a

ka3
?

S1 +
kab

kba
DGJL−1

, (1)

PC2
= H1 +

k21

k12
+

k23

k32
? F1 +

k3a

ka3
? S1 +

kab

kba
DGJ−1

, (2)

PC3
= F1 +

k32

k23
? S1 +

k21

k12
D +

k3a

ka3
? S1 +

kab

kba
DG−1

, (3)

POa
= H1 +

kab

kba

+
ka3

k3a

? F1 +
k32

k23
? S1 +

k21

k12
DGJ−1

, (4)

POb
= K1 +

kba

kab

? H1 +
ka3

k3a

? F1 +
k32

k23
?

S1 +
k21

k12
DGJL−1

. (5)

Rate constants compare well with those determined by
Laver and Walker (1987). Occupancy probabilities of
the states are in agreement with the open probabilities in
Fig. 7 (cf.,data at −40 mV). At pHvac7.3, the sum ofPOa

+ POb
is 14%, whereas it is 6.3% at pHvac 5.1. Clearly,

a major effect of low pHvac is the 18.7% increase of
dwelling in state C1 (see,Table 2).

Probabilities that a state will be abandoned in a for-
ward or backward direction, respectively, were plotted
vs.voltage (e.g., the probability to leave the closed state
C2 in a forward direction towards the open state is given
by P23 4 k23 ? (k21 +k23)

−1). These probabilities show
an acceptable consistency between recordings also on
different patches. Figure 10 displays those probabilities
of forward reactions, at two different pHvac applied to
excised outside-out patches (the respective backward

Fig. 6. pHcyt-dependent inhibition kinetics of the maxi-K channel.
Relative open probabilities (evaluated as described in Results) deter-
mined from a multitude of single channel recordings at different pHcyt

were plotted versus pHcyt. Data points were fitted by a Hill equation of
the form rel.Po 4 [H+]n ? (Ka*

n + [H+]n)−1 (solid line), wheren is the
number of binding sites, andK*a the apparent dissociation constant that
comprises factors of interaction and the intrinsic dissociation constant.
A pK*a of 6.56 and a Hill coefficient ofn 4 2.05 characterize the
kinetics.
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transition probabilities are reflections of those data at the
50% line, i.e., atPij 4 0.5, as the axis of symmetry).
PanelA of Fig. 10 shows that at pHvac 7.3 the channel
protein will leave its closed state C2 preferably in open
state direction (P23) at voltages more negative than −40
mV (70–80%), but with a higher probability falls back
into state C1 at depolarized voltages. The probability for
a transition from the closed state adjacent to open (P3a)
is less pronounced (about 60%) and also decreases with
proceeding depolarization. A similar behavior is shown
for the transition probability from open state Oa to Ob

(Pab, about 60% down to −40 mV). At pHvac 5.1 (Fig.
10B), those probabilities had changed markedly. From
closed state C2, the channel preferably dropped back into
state C1 (P21, 80%) at far negative voltages, but assumes

a high forward preference at about −50 mV (P23, 80%),
rapidly decreasing with proceeding depolarization and
reaches a minimum at positive voltages. The forward
reaction out of closed state C3 (P3a) displays a similar
behavior at negative voltages, but maintains a high for-
ward probability also at positive voltages. The transition
probability out of open state Oa towards Ob (Pab) is
similar to that shown in panelA at pHvac 7.3.

Discussion

The highly conductant K+ channel in the tonoplast of
Characean internodal cells is similar in its behavior to
animal maxi-K channels (Barrett et al., 1982; Marty,

Fig. 7. K+ channel open probabilities as a
function of membrane voltage at different pH. (A)
At cytosolic pH 7, open probability reached a
maximum value of about 60% at −120 mV and
decreased to almost zero when the membrane was
depolarized. At pH 5.1, open probability was
suppressed to about 10%, whereas its maximum
was retained at −120 mV. (B) At pHvac 7.3, the
open probability showed approximately identical
characteristics, however, after lowering pHvac

to 5.1, the maximum of open probability of
about 10% was shifted to a more positive value at
−50 mV.
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1983; Latorre & Miller, 1983; Bell & Miller, 1984;
Yellen, 1984; Eisenman, Latorre & Miller, 1986; Blatz &
Magleby, 1987; Cecchi et al., 1987; Butler et al., 1993)
with respect to conductance, selectivity and kinetics, ex-
cept that it is inward rectifying (Laver et al., 1989). This
algal maxi-K channel exhibits a marked responsiveness
to changes in cytosolic and vacuolar pH (pHcyt, pHvac).
Decreasing pHcyt from a slightly alkaline level leads to a
gradual decrease in its open probability (Po), whereas
channel conductance is hardly affected (Figs. 1 and 2).
At pHcyt 5 the K+ channel is almost completely inactive,
however, this effect is reversible (Fig. 1). Basically, the
voltage dependency ofPo is preserved at low pHcyt, in-
dicated by an increase in burst frequency with increasing
negative voltage (Fig. 3). Current-voltage relationships
recorded for changes in both, pHcyt and pHvac, (Figs. 4,
5), respectively, show the continuity of channel conduc-
tance over the whole pH range. This indicates that H+

ions, even if they traverse the channel, do not signifi-
cantly change pore conductance.

A phenomenon becomes visible by comparing the
IV curves recorded at different patch configurations.
While the outside-out-oriented channel shows current
saturation at positive voltage, the outward current
through the inside-out-oriented channel develops linearly
with increasing voltage. Since this was observable only
during inside-out configuration and superfusion of the
patch with test solutions, it might be interpreted as a
wash-off effect of some cytosolic component contribut-

ing to the saturation characteristics. No experiments
have been carried out to date to examine this hypothesis.

pHcyt-sensitive open probabilities of the single
maxi-K channel could be fitted with the Hill equation
(Fig. 6). The slope ofn 4 2.05 suggests that at least 2
H+ binding sites exist in the cytosolic pore region. The
pKa 6.56 could be compatible with the supposition that
histidine residues might be responsible. Similar results
(pKa ≈ 6.8) were obtained on the slowly activating vacu-
olar channel fromVicia fabatonoplast (Schulz-Lessdorf
& Hedrich, 1995) except that those authors did not ob-
serve cooperativity (n 4 0.76). Possibly, the Ca2+ bind-
ing site existing at the cytoplasm-sided pore region (La-
ver, 1990) is also responsible for H+ binding. This was
suggested for animal maxi-K channels previously (Cook
et al., 1984; Christensen & Zeuthen, 1987; Kume et al.,
1990) but contradicted by Laurido et al. (1991) who con-
cluded that H+ does not compete with Ca2+ at Ca2+-
binding sites, rather H+ should weaken Ca2+ binding to
all conformational states, furthermore that proton sites
are located outside the ion conduction system. Kinetic
models of competitive or noncompetitive interaction of
H+ and Ca2+ binding sites have not been considered in
the present work.

The gating scheme used in this work can be made
compatible with that proposed by Laver and Walker
(1987). By application of negative clamp voltages, the
closed states C1,2,3 correspond to states A1,2,3,4of those
authors, except that, here, C1 comprises both, A1 and A2.

Fig. 8. Effect of pHcyt (A) and pHvac (B) on Boltzmann distribution of the K+ channel. Open probabilities are plottedvs.membrane voltage. Data
were fitted with the Boltzmann equationPo 4 Po,max ? {1 + exp[(Vm − V1/2) ? z ? «/(kT)]} −1 (solid line) whereV1/2 denotes the voltage of
half-maximal activation,z the apparent gating charge, and« the elementary charge,k andT are the Boltzmann constant and the absolute temperature,
respectively. Only acidification of the vacuolar side of the channel led to a shift of activation characteristics.
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At positive voltages, C1,2,3can be considered to represent
their closed states group B1,2,3.

The major determinant of the mean life-time of the
open channel has to be assigned to the transition prob-
abilities between C3 and Oa,b, where C3 represents the
short closed intervals during a burst. Thus, both C3 and
Oa,b belong to the burst event. The duration of the burst
should then be depending on the backward transition rate
from C3 to C2, and vice versa,the burst frequency be
determined by the forward rate C2 to C3. Those transi-
tion probabilities into (C2 → C3) and out of the burst
state (C3 → C2), respectively, are reflected in Fig. 10.

The voltage-dependent forward reaction from C2 into the
burst states is favoured at pHvac 7.3, but suppressed at
physiological pHvac 5.1. The pHvac-induced shift of the
position of the bell-shaped curve describing voltage de-
pendency ofPo (cf., Laver & Walker, 1987) might be
caused by the increased transition probability into the
open state at depolarized voltage. A simultaneous reduc-
tion in open probability at negative voltage should be due
to the inability of the channel to enter the burst level.

The absolute rate constants obtained in these experi-
ments (Table 1) are in agreement with those published by
Laver & Walker (1987, Table 2 therein). The probabili-

Fig. 9. Dwell-time distributions of the maxi-K channel fitted with a varying number of exponential terms. Inside-out configured excised patch
superfused with (in mM): 150 KCl, 5 HEPES, pH 7.3; pipette solution (in mM): 150 KCl, 1 CaCl2, 5 HEPES, pH 7.3. Recording interval: 61 s,
sampling rate: 20 kHz, low-pass filter: 5 kHz. Decay of open (panelsA, B) and closed (C–E) dwell-time distributions. Distributions were fitted with
sums of exponential terms of the formf(t) 4 ∑i Ai ? ti

−1 ? exp(−t/ti). The decline of residuals (as the difference between observed and expected
values), shown as insets in the respective diagrams, infer that two and at least three exponential terms are required to fit the open and closed
dwell-time distributions, respectively. Employing less exponential terms led to systematic errors seen in the residuals (for open decay, see panelA,
for closed decay, see panelsC andD).
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ties of occupancy of certain states in the gating scheme
(cf., Table 2) show that at low pHvac dwelling in the C1

state is markedly increased. The probability to attain the
burst state (given by the occupancy of C2 as a prerequi-
site) is at pHvac 5.1 only 14% of that at pHvac 7.3. This
suggests that protonation is involved in the transition C1

↔ C2. A significant effect of pHvac 5.1 is seen in the
backward transition C2 → C1 (with the ratek21, cf.,Table
1) which increased to a value 10-fold that ofk21 at pHvac

7.3. Thus, H+ should operate on state C2, inhibiting the
entrance into a burst by increasing the probability to
return into the inactive state C1:

C1 ⇀↽
k21

k12

C2 ⇀↽
k32

k23

C3 ⇀↽
ka3

k3a

Oa
⇀↽
kba

kab

Ob (Scheme II)

H+

The analysis of transition rates presented here is based on
the model of a Markov process, i.e., maxi-K channels
switch independently of each other. How does this as-
sumption cope with the recent report by Draber, Schultze
and Hansen (1993) who described the activation of those

channels to be cooperative in an ensemble? The appli-
cation of such a cooperative model appears to be reason-
able when channel clusters are recorded. Clusters may
be found shortly after an exocytotic occurrence, when a
dictyosomal vesicle with its membrane loaded with the
respective channel protein had fused into the tonoplast.
In cases of low population density (1–4 channels per
mm2) cooperativity cannot be acknowledged. Therefore,
the assumption of independent channel switching in
patches containing only a few channel copies appears to
be reasonable.

The shift in activating voltage at low pHvac suggests
that a voltage sensor is involved in the gating process of
the Characean maxi-K channel. This, in turn, requires a
dislocation of charged residues in the channel protein to
evoke a conformational modification required for the at-
tainment of a conductant state. InShakerK+ channels,
such a mechanism has been demonstrated by Larsson et
al. (1996), showing that the highly charged transmem-
brane domain S4 almost completely moves through the
membrane. With the cloning ofslo channels (Atkinson,
Robertson & Ganetzky, 1991; Adelman et al., 1992; But-
ler et al., 1993), it recently became apparent that animal
maxi-K channels also contain an S4 domain. This pre-
diction was supported by Cui, Cox and Aldrich (1997) by
patch clamp experiments on the clonedmslo channel,
contradicting the former suggestion by Moczydlowski
and Latorre (1983) that voltage dependence of the
maxi-K channel would reside in Ca2+ binding. To date,
there are no data available about the molecular structure
of the Characean maxi-K channel, hence, a structural
interpretation can only be speculative. Suppose that the
Characean K+ channel protein also possesses a voltage
sensor (S4-like) domain and accompanying transmem-
brane domains that carry negatively charged residues
thought to stabilize the voltage-induced displacement of
the sensor by electrostatical interaction (in S4: Papazian
et al., 1995; Larsson et al., 1996), then part of those
negatively charged residues could be accessible for H+.
As a result of neutralization, a relief in maneuverability
of the voltage sensor could be expected which allowed a
displacement by application of low electrical energy.
In this respect, the ratek21 could reflect a weakness of the
sensor state, hence, the transitions between C1 and C2

might be attributed to voltage sensor-mediated (de)acti-
vation of the channel. The approximately 50% increased
forward ratek3a and the 25–50% reduced backward rates
kba andka3 could be sought in the gates residing in the
pore region (cf., Laver, 1990, Fig. 7 therein).

An acidic pH of about 5 has been determined pre-
viously to prevail in the vacuolar compartment (Span-
swick & Miller, 1977; Mimura & Kirino, 1984; Mori-
yasu et al., 1984a), i.e., the effect of low pHvac upon
kinetics and activating voltage are reflecting natural con-
ditions. Supplementing previous investigations with

Table 1. Rate constants of transitions (given in sec−1) between kinetic
states of theChara maxi-K channel obtained by fitting of dwell-time
histograms (Blunck et al., 1998)

Forward reaction Backward reaction Uncertainty

pHvac 7.3 k12: 10 k21: 75 30–60%
k23: 550 k32: 1750 50%
k3a: 2350 ka3: 1150 30–50%
kab: 2200 kba: 1800 30–50%

pHvac 5.1 k12: 10 k21: 700 70–100%
k23: 500 k32: 1300 30–75%
k3a: 3100 ka3: 850 25–40%
kab: 1700 kba: 700 25–50%

Subscripts indicate the direction of transitions according to the gating
model depicted in the text (forkij , e.g., Ci

kij——→ Cj). Mean values
from 5 experiments presented forVm 4 −40 mV.

Table 2. Probabilities of occupancies (P) in the 5-state model atVm 4

−40 mV

Pi % of Occupancy

pHvac 7.3 pHvac 5.1

PC1
73.2 91.9

PC2
9.8 1.3

PC3
3.0 0.5

POa
6.3 1.8

POb
7.7 4.5

Numbers were calculated by using rate constants listed in Table 1.
Subscripts ofP denote the state.
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these results it is suggested that pHvaclargely controls the
kinetics and, in particular, voltage sensitivity of the to-
noplast-resident K+ channel. In the case of cytosolic
regulation, the effect of Ca2+

cyt might be of greater impor-
tance than that of H+cyt because cytosolic acidification in
a range ofDpHcyt ≅ 1 is rather unlikely, whereas Ca2+

cyt

increase to amM range during an action potential is sug-
gested to activate tonoplast-resident Cl− and K+ channels
(Williamson & Ashley, 1982; Kikuyama & Tazawa,
1983; for reviewseeShimmen et al., 1994).
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