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Abstract. The most frequently observed'kchannel in  Introduction

the tonoplast of Characean giant internodal cells with a

large conductancecd. 170 pS; Linring, 1986; Laver & ) )
Walker, 1987) behaves, although inwardly rectifying, The tonoplast of the giant green al@zara australis,
like animal maxi-K channels. This channel is accessibleenclosing a large central vacuole and separating it from
for patch—clamp techniques by preparation of cytoplasthe cytoplasmic compartment, is equipped with several
mic droplets, where the tonoplast forms the membrandon transport systems. Two electrogenic ion pumps, an
delineating the droplet. Lowering the pH of the bathingH"-ATPase and an Hpyrophosphatase (PPase) have
solution, that virtually mimicks the vacuolar environ- been identified (Shimmen & MacRobbie, 1987;
ment, from an almost neutral level to values below pH 7,Takeshige, Tazawa & Hager, 1988; Takeshige & Hager,
induced a significant but reversible decrease in channel988). In addition, a highly selective, &aactivated
activity, whereas channel conductance remained largelgnd voltage-sensitive Kchannel with a large conduc-
unaffected. Acidification (pH 5) on both sides of the tance ofca. 170 pS (Linring, 1986; Laver & Walker,
membrane decreased open probability from a maximuni987; Laver, Fairley & Walker, 1989) and a Glhannel

of 80% to less than 20%. Decreasing pH at the cytosoliof about 21 pS (Tyerman & Findlay, 1989) have been
side inhibited channel activity cooperatively with a slope characterized. Besides, there were reports oA*Ca
of 2.05 and a pK6.56. In addition, low pH at the vacu- dependent K channels of smaller conductance in the
olar face shifted the activating voltage into a positivetonoplasts of several members of tBeara family (60
direction by almost 100 mV. This is the first report pS inChara corallina, Tyerman & Findlay, 1989; 60—80
about an effect of extraplasmatic pH on gating of apS in Nitellopsis obtusaPottosin, 1990; 100-130 pS in
maxi-K channel. It is suggested that tBharamaxi-K  Chara gymnophyllaPottosin et al., 1993; although it
channel possesses an S4-like voltage sensor and negaay be suspected that thesé ¢hannels are subconduc-
tively charged residues in neighboring transmembrangances of the large conductance channel due to experi-
domains whose S4-stabilizing function may be altered bymental conditions). It is noteworthy that membrane volt-
protonation. It was previously shown that gating kineticsage across the Characean tonoplast is close to the K
of this channel respond to cytosolic €a(Laver &  reversal voltage (Llring, 1986). Apparently, the elec-
Walker, 1991). With regard to natural conditions, pH trical energy gradient generated by electrogenic pumps is
effects are discussed as contributing mainly to channedissipated via those short-circuiting khannels. There-
regulation at the vacuolar membrane face, whereas at thfere, it appeared reasonable to look for a regulatory
cytosolic side C&" affects the channel. An attempt was mechanism mitigating a waste of energy. Considering
made to ascribe structural mechanisms to different statee large conductance of 170 pS and the population den-
of a presumptive gating reaction scheme. sity of the K" channel (1-4 channels pgm?), an effec-
tive regulatory mechanism appears to be inevitable.
Soon after initial characterization of the high-conduc-
tance K channel (Linring, 1986; Laver & Walker,
1987), C&" at elevated cytosolic concentration (EC

100 wm) was found to inhibit the activity of the channel
R (Laver, 1990; Laver & Walker, 1991). @ﬁlis known to
Correspondence ta. Liihring be involved in the excitation process of the Characean
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tonoplast (Shimmen & Nishikawa, 1988, and citationsand stability (Matthew, 1985; Sharp & Honig, 1990;

therein). Raghavan, Lambright & Boxer, 1989; Yang & Honig,
One of the first channel types studied by patch-1992, 1993; Yang & Barry, 1994).
clamp techniques was a high conductancesklective Cook, Ikeuchi & Fujimoto (1984) had been the first

channel, which has since then been referred to as BKO demonstrate that acidification of the cytoplasmic
(Marty, 1983; Blatz & Magleby, 1987) or as maxi-K membrane face can inhibit maxi-K channel activation
channel (Latorre & Miller, 1983). Maxi-K channels (pancreatic islet cells). Laurido etal. (1991) also showed
show voltage-dependent kinetics and exist in both*Ca that kinetics of the maxi-K channel (rat skeletal muscle)
activated and non-G&activated forms. Among animal Were affected by pl},. Considering the present knowl-
cells, they are ubiquitous and are believed to play a rol€dge, it appeared reasonable to examine GHiara

in membrane excitability and excretion (Latorre & Maxi-K channel with regard to its responsiveness to al-
Miller, 1983; Blatz & Magleby, 1987). Similar ‘maxi-k’ tered [H]: here, the immediate effect oftbn the elec-
channels have not been identified to date in any planifical properties of the maxi-K channel is reported. Mea-
cells other than those of Charophytes (Laver et al., 1989§urements were carried out on the membrane delineating
and, possibly, ofAcetabularia (Bertl & Gradmann, cytoplasmic droplets prgpared froﬁharq agstrallsm-
1987). The Characean*kchannel shares several prop- termnodal cells. As previously reported (wing, 1986;

erties of its animal counterparts (Laver et al., 1989; La-Sakano & Tazawa, 1986), this membrane originates from

ver, Cherry & Walker, 1997), such as the large conduc1€ tonoplast of the intact cell.

tance (230 pS in cultured rat muscle; Barrett, Magleby &

Pallotta, 1982; 200 pS in acinar cells of mouse lacrimal ;
i ' C . “Material and Methods

gland; Findlay, 1984) or open-closed distributions simi-

lar to those in the Cd-activated K channel in rat

muscle (Magleby & Pallotta, 1983). The variation in PLANT MATERIAL

C&" sensitivity of individual channels iCharais also

similar to maxi-K channels of animal provenance (Moc- Chara australiswas grown in plastic or glass containers at room tem-
zydlowski & Latorre 1983) perature and at natural light/dark cycles. Internodal cells of 5 to 10 cm

. length were used for experiments. The procedures of preparation of
From a number of reports, data for CytOplasmIC andcytoplasmic droplets had been previously describeth(ing, 1986).

vacuolar pH inCharaceaeare available that were 0b- The sidedness of those droplets in most cases was right-side-out, i.e.,
tained by different experimental approaches, but are contne vacuolar face of the membrane was exposed to the bathing solution.
sistent in their results. In gener&haraceaenaintain a  An indication for this orientation was given by the observation that a
cytosolic pH:yt of about 7.8, responding with a decreasefew second_s after the droplet preparation, pla_sti_ds that were enclosed
of about 0.4 pH units to the onset of darkness, wherea%ega” rotation and preserved it for hours. This is only possible when
. the cytosolic C&" activity is reduced to less than im (Tominaga,

the vacuolar pl\_{LlcwaS found to be ',n the rar)ge of 5-6.6 Shimmen & Tazawa, 1983). Immobility of enclosed plastids under
(Walker & Smith, 1975; Spanswick & Miller, 1977; jjumination strongly indicates that at least parts of the droplet mem-
Smith & Raven, 1979; Mimura & Kirino, 1984; Mori- brane are inversely oriented.
yasu, Shimmen & Tazawa, 1984Reid & Smith, 1988).
It has been demonstrated that both cytosolic and vacuolar
pH exerted a regulatory role on*Hpumps in the tono- SCLUTIONS
plast (Moriyasu, Shimmen & Tazawa, 1984 akeshige ) ) ) o

" . . . Cytoplasmic droplets were prepared in a solution containing (ir):m
et .al..,. 1988). Adqmonally, alkali cations affected their 150 KClI, 1 CaC}, 5 HEPES/Tris adjusted to pH 7.4. The same solu-
activities (Takeshige & Hager, 1988; Katsuhara et al.ton, but with varying pH, was used as the bathing medium in the
1989). This is comparable to cation effects upon vacu-experimental chamber and also as the filling solution of patch pipettes
olar H*-pumps in higher plants, where"tATPase and in inside-out experiments (the vacuolar side of the tonoplast faced the
H*-PPase are also colocalized (Rea & Poole, 1986; HedRipette interior). During excised-patch experiments, the patch was con-
rich et al., 1989). Experimental results obtained ontlnuously superfused with test solution. In case of inside-out configu-

hiah | | d that i h ration, where the cytosolic membrane face was directed towards the
Igher plant vacuoles suggested tha ns enhance perfusion system, the test solution did not contain addition&f,Ga

PPase activity (Davies, Rea & Sanders, 1991) &@®  prevent blockage of the maxi-K channel. Two buffer systems were
versa, the action of PPase may facilitate vacuolal K used, one that contained sulfonic acids of differen pood buffers),
accumulation (Davies, 1997). the other one was composed of adequate amounts oPKiand

A direct effect of H upon Conducting or gating K2HP04tq give Fhe desired final pH. Solutions employing Good buff-
properties of any ion channel has to be considered to bg's contained (in m): 150 KCI, 5 MES (or PIPES, or HEPES, or
linked to the channel protein itself. All proteins contain CHco): adjusted to the desired pH. Solutions employing phosphate

. . . . L .. buffer contained (in m): 140 KCI (adjusted to 150 Kby the buffer),
acidic and basic side chains. Due to their IOmz""b”r[yS—lO phosphate, adjusted to the desired pH. In case of outside-out

those residues are important in determining the proteiRxperiments (the cytosolic membrane face was directed to the pipette
structure (Perutz, 1978) as well as its functional activityinterior), the pipette solution did not contain additionaPCavhereas
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A B
b ! —cl Fig. 1. Response of a single‘kchannel (maxi-K
MHMMMHMMWMWMMMM channel) in the tonoplast @@hara australisto
‘ cytosolic acidification. The test solutions contained
pH,. 4.6 pH,, 8.5 (in mm): 140 KClI, 5-10 KH-/KH,PO, (composed
| | phosphate buffer to obtain the desired pH), final
WW Mwm‘ ' ] e W =< K* concentration was 150 mn Pipette solution
‘ HNW‘MN ',L MM 1 H i contained (in m1): 140 KCI, 1 CaC}, 6.5
K,H-/KH,PQO, (10 nm K*), pH 7. Corner
frequency (8-pole Bessel low-pass): 2 kHz, clamp
voltage: —40 mV. The perfusion system allowed

| W —¢ for a solution exchange within 10 msec. The
‘ LalIL closed state is marked right-hand side in paBel
(A) Channel activity dramatically decreased upon
lowering pH.,, from 8.5 to 4.6 (onset marked by

downward arrow) at the cytoplasmic face of an

M’“’W " P A —¢ excised inside-out patch. Within 2.7 sec activity
L i gradually dropped to a completely closed staB). (
WWMMFWM{M Upon changing pk, (downward arrow) from 4.6

u to 8.5, the channel gradually resumed its former

activity within 500 msec.

10 pA

200 ms

the test solutions were composed as mentioned above but additionalliyzed with a sampling rate of 20 kHz, after conditioning raw data with

contained 1 mn CaCl,. 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

ELECTROPHYSIOLOGY Physics, University of Kiel, Germany). Although subconductant states
had previously been demonstrated fiking, 1986; Tyerman, Terry &

Inside-out and outside-out measurements (Hamill et al., 1981) werd-indlay, 1992) and had been taken into account by Laver et al. (1997)

carried out on the tonoplast. The nomenclature that applies to intacin analyzing gating kinetics of this channel, a substate-sensitive analy-

cells is also used for the droplet membrane: the cytosolic compartmensis was not applied in this study because the appearance of a subcon

(inside) is enclosed by a naturally oriented membrane, and the vacuolatuctant state was only rarely observed (a few among thousands of

compartment (outside) is simulated by the bathing solution. Patch pievents).

pettes were drawn from borosilicate hard-glass (Hilgenberg, Malsfeld

Germany, type 11032) to open diameters of less thamXdetermined

by scanning electron microscopy), giving an electrical resistance OfRESU|tS

about 20m() in 150 mv KCI.

Single channel currents were recorded by a commercial current-

to-voltage converter (Axopatch 200A, Axon Instruments, Foster City, |n excised patches, the inside-out-orientedddannel is

CA), digitized (VR-10, Instrutech, NY) and stored on videotape. For i

oﬁ-?inegnalysig the played-back signe)tls were conditioned by eFt)n 8-pol bIOCke-d by CytOSO“C cd (ECSO = 100 MM) such that

: %oth, inward and outward currents, are suppressed.

Bessel low-pass filter (mod. 816, Rockland, NJ) and the output fed imOTherefore in the course of inside-out experiments. test
a computer. Analysis was performed with pCLAMP software (Axon | u insl ut expert !

Instruments). The kinetic model of the gating reaction was chosersolutions were applied that did not contairfCm excess
according to Laver and Walker (1987). A serial 5-state model turnedOf those levels arising from salt contaminations

out to match the measured time-series almost perfectly compared tbange). The K concentration of 150 m was chosen,
alternative models, where systematic errors in validating plots of operhecause a previous investigation revealed that the chan:
and closed times distributions occurred. Rate constants were also anga| conductance is tending to saturate Atdéncentra-
lyzable in multichannel recordings by implementation of an algorithm tions beyond 132 m (Lt‘jhring, 1986). At concentra-

treating the activity of several uniform channels as that of a single,. . .
macrochannel. From the measured time series the noise-free gatin.téonS as hlgh as 300 mthe Smgle channel conductance

sequence of the channel was reconstructed by means of a 4th ordi$ €VEN greater, however possible modification of the

Hinkley detector (Hinkley, 1970; Schultze & Draber, 1993). The level channel protein by high ionic strength should be avoided.

for detection was automatically adjusted to the noise level in order toUnder these conditions, the observed single channels
give only one false alarm per 105 samples. The analyzing program hagould retain their active or activatable states as well as
a book-keeping algorithm which constructed the dwell-time histogramstheir conductance during superfusion for more than 30

from the reconstructed time series. These dwell-time histograms Wer?ninutes

subjected to a multichannel target fit, i.e., the rate constants of the . .
selected Markov model were adjusted under the guidance of a simplex Figure 1 shows representative traces of current fluc-

algorithm (Press et al., 1987) until good fits of the multichannel dwell- tuations recorded from a single maxi-K channel at vary-
time histograms were obtained (Blunck et al., 1998). Data were digi-ing cytosolic pH (pH,,). Clearly, the channel that dis-
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%60000 Fig. 2. Effect of pH,, on gating of the maxi-K
3 channel in the tonoplast @hara australis.An
o EO excised patch from the membrane delineating a
40 -20 ‘ 0 cytoplasmic droplet that contained a singlé K
) channel was superfused in an inside-out
Amplitude/pA configuration with solutions of different pkf.
£ 200000 Left-hand side, current traces of 512 msec
duration each are displayed, where closed levels
1 are marked by left-hand side and the actual,pH
g 100000 is given beneath. Right-hand side, the
; corresponding all-point amplitude histograms are
Y A G U shown that were constructed from record intervals
-40 20 O of 51 sec. With only small deviations at the
Amplitude/pA conditions applied here, channel conductance
amounted to 16 + 6 pS, vhereas the open
_ probability decreased distinguishedly with
- 240000 decreasing pH, (39.5% at pH,, 8.5, 61.3% at
PH.. 7.3, 26% at pH,, 6.4, 2.2% at pid, 5.1).

ol — N W 3
5.1 E 120000 Test solutions contained (inm): 150 KCl, 5

ISlTe)

Slalele)

CHES (or HEPES pH 7.3, PIPES pH 6.4, MES

: ‘0 pH 5.1, respectively). Corner frequency (8-pole

40 20 O Bessel low-pass): 5 kHz, clamp voltage: -80 mV.
Amplitude/pA Pipette solution contained (inw): 150 KCI, 1

CaCl,, 5 HEPES/Tris, pH 7.4.

10 pA

100 ms

played bursting behavior was markedly affected bying pH.,. AtpH. 8.5, the channel bursted with highest
acidification of the cytoplasm-sided solution. While its frequency, however, the open state was more short-lived.
conductance remained almost unchanged, the gatingigure 3A shows that with increasing hyperpolarization
mechanism of the channel obviously was the target foof the tonoplast at pgj, 7.0, P, increased due to an
H*. Upon exchanging the medium of pj48.5 for an increase in burst frequency. At pf#5.9 (Fig. 38), this
identical solution of pi,, 4.6, channel activity gradually voltage-dependerR, increase was preserved, however,
decreased to an eventually permanent closed state (par®lrst durations were shorter and extraburst intervals sig-
A of Fig. 1). The pH,rinduced inactivation was re- nificantly greater than at neutral or slightly alkaline gH
versed by superfusing the medium of piB.5 (paneB  at the respective clamp voltage.

of Fig. 1). Figure 2 representatively shows current fluc- Figure 4 displays current responses upon applied
tuations through the maxi-K channel at differentpH  voltage ramps from -100 to +100 mV (50 msec interval)
Amplitude histograms that were constructed from thisof a single K channel recorded on an inside-out patch
recording over an interval of 51 sec are displayed right-during superfusion with test solutions of different giH
hand side of the respective current traces. In those anFhe resultinglV curves demonstrate that the channel
plitude histograms, the total recording time is repre-conductance is largely independent of pHchanges
sented by the area covered by the two fitted Gaussial89 pS at pH, 8.5, 183.5 pS at pfj, 7.7, 168 pS at
distributions above the conductance states (open anpH., 7.0, 172.3 pS at pf}, 6.6, 163.5 pS at pfj; 5.9).
closed). Open probabilities are given by the ratio of theAlthough a maximal difference of about 20 pS can be
time the channel spent in the open state (open peak areajated in these measurements, the major effect of de-
over the total recording time. The open probabilitiescreased pk has to be seen in the altered kinetics of
(P,) of the K" channel exhibit a strong dependency ontransitions between open and closed states. Note the ab
cytosolic pH,.. P, significantly decreased with decreas- sence of outward-current attenuatioef.{ Fig. 5). A
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A pH,, 7.0 B PHq, 6.9
m——TITTTT ———
‘ -T-MMT Nm miw Ih-a- —c )
WMWWWWW Fig. 3. Effects of pH,, and voltage on gating of
‘ the maxi-K channel irCharatonoplast. The
number of transitions is increasing with increasing
- - —cl voltage (from top to bottom -40, —-80, -120, and
MWMWM m ﬂ I u WW W -160 mV in both panels). Extraburst closed times
{ ww u WJ Www ) and burst durations, as well, are markedly
depending on pH, (A pHc,, 7.0, B pH,, 5.9).
—cl  The closed level is indicated right-hand side at
each trace. Inside-out configuration. Test solutions
contained (in mn): 140 KClI, 6.5 or 9.1
K H-/KH,PQO, (10 mm K*), pH 7 or 5.9,
respectively. Pipette solution (innm: 140 KCI, 1

CaCl, 6.5 K,H-/KH,PQ, (10 mv K*), pH 7.
Corner frequency (8-pole Bessel low-pass): 5 kHz.

similar recording on an outside-out patch, i.e., where thea slow resumption of outward current following the fast
vacuolar face of the tonoplast had been exposed to sdnactivation @lata not showh
lutions of different pH (pH,J, is shown in Fig. 5. Simi- Steady-state open probabilities are shown in Fig.
lar to IV curves obtained from inside-out patches, thie K 7. These curves had emerged from patches containing
conductance determined from the slope of the inwardsingle channels that were recorded for 2—-3 minutes at
current was not affected by varying pid The channel either clamped voltages. At high pH applied to both
conductance at all conditions was 163.5 pS, except thagides of the membrane, a peak open probability is found
at pH,,. 7.3, where conductance slightly increased toat —120 to —-150 mV, whereas low pH shifted the
167.8 pS. In these experiments, attenuation of outwardoltage sensitivity towards depolarized voltage with a
current was observed which approached a saturatiomaximum at around -40 mV. Low pkj did not cause
level of about 10 pA in a voltage range of 75-100 mV, such a dramatic shift. The Boltzmann distribution of
whereas no inward saturation became evident over theoltage-dependent open probabilities divulged the effect
applied negative voltage range. It may be assumedof pH on the maxi-K channel (Fig. 8). From these dis-
however, that saturation under these experimental cortributions it can be seen that a decrease inplknd
ditions will occur at membrane voltages exceeding —15Q0H, .. indeed reduced open probabilities towards zero,
mV, as reported previously (lwing, 1986). while pH,,. shifted voltage sensitivity of the channel
Inhibition kinetics of H are displayed in Fig. 6. De- more than pH, (voltages of half-maximal activation
creasing pld, at the cytosolic channel face reduced thewere determined ag,,, = -83 mV at pH,, 7.0,V,,, =
relative open probability of the maxi-K channel. Fitting =63 mV at pH,,5.9,V;,, = =102 mV at pH,. 7.3, and
the data with the Hill equation revealed a p&f 6.56, V,,, = +5 mV at pH,,.5.1). The slope of those curves
and a slope of 2.05, indicating a cooperative protonatior(representing the apparent gating charge) were deter-
process of at least two cytoplasm-accessible target sitemined to be 2.6 at pj, 7, and 1.3-1.4 at p§}, 5.9, pH,5¢
This Hill plot is the result of a data compilation from 7.3, and pH,. 5.1, respectively. The sensitivity to 10-
different experiments on long-lived patches containing aold H* concentration changedgH., ) was 18 mV/
single channel each. Within each experimental sefgs, ApH,,; and 42 mVApH, . respectively.
values at either pkj, were related to the pkj-dependent The noticeable effect of Hupon kinetics of the K
maximum @, .0 observed. The advantage of using channel challenged an attempt to examine transition rates
relative P, values is that data obtained at various mem-in a presumptive gating reaction scheme for their pos-
brane voltages can be employed correspondingly. sible response to H A 5-state gating model was ap-
Inhibition kinetics by varying pkl,. could not be plied to the maxi-K channel, of the form
analyzed by a Hill plot similar to that shown for pjd
because more than one component of the gating reaction ki»  kzz ks«  kap
is altered by acidification of the extraplasmatic solution.C; = C, = C; = O, = Og (Scheme 1)
At low pH,,, tail currents in macroscopic current re- k21 k2 ka3 kpa
cordings decayed by exhibiting at least two kinetic com-
ponents, a rapid voltage-dependent current decrease, afive states must be postulated as the minimum, be-
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Fig. 4. Effect of pH,,, on current response upon voltage ramps from -100 to +100 mV (50 msec period) of the maxi-K channel. An excised pa
in inside-out configuration that contained a singledhannel was superfused with test solutions of different pBuring superfusion, current was
recorded while the voltage ramp was driven. At each condition, two voltage clamp runs were recorded, one without channel activity, the othel
with the channel displaying current fluctuations. The blank was subtracted from the recording with the active channel which resulezliven

of the open channel. At pkj 5.9, two runs are displayed because the channel exhibited activity only either at negative or positive voltages dur
several runs. The actual pjiof either solution is given in the corresponding panel. Test solutions containeafirl#0 KCI, 5-10 KH-/KH PO,
(composed to yield the final pH). Phosphate buffer concentration was corrected to obtain a*ficah¢entration of 150 mm, phosphate
concentration varied between 5 and 1Q.rRipette solution contained (innm): 150 KCI, 1 CaCJ, 5 HEPES pH 7.3. Corner frequency (8-pole Bessel

low-pass): 5 kHz.

Fig. 5. Effect of pH,,. on current response upon voltage ramps from —100 to +100 mV (50 msec period) of the maxi-K channel. An excised pa
in outside-out configuration containing a singlé khannel was superfused with test solutions of differenj,gHV curves were obtained as
explained in Fig. 4. ptl.is given in each panel. Test solutions contained (immi50 KCI, 1 CaCl}, 5 CHES pH 8.5 (or HEPES pH 7.3, PIPES
pH 6.4, MES pH 5.1). Pipette solution contained (imm150 KCI, 5 HEPES pH 7.3. Corner frequency (8-pole Bessel low-pass): 5 kHz.
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under constant experimental conditions. These varia-
tions were already known before (Laver & Walker,

1.0 oo o 1987). ForV,, = —40 mV at pH,. 7.3 and 5.1, respec-
/ tively, absolute rate constants are given in Table
08 / 1. These experimental conditions were chosen with re-

gard to in vivo physiological conditions: 'Kconcentra-
tions in the cytoplasm and the vacuole had been deter-
mined to be about 70 and 11Qunrespectively (Reeves,
Shimmen & Tazawa, 1985; Okihara & Kiyosawa, 1988)
04r vacuolar sap is of about pH &f(, Introduction), voltage
across the tonoplast is —=10 to —40 mV @haraceae
02 / (cytoplasm negative, Findlay & Hope, 1964; Hayama,
it 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
L" 6 é 1‘0 state are given in Table 2. Those probabilities were cal-
PHoy culated from absolute rate constants, given in Table 1,

according to the following equations:
Fig. 6. pH,,-dependent inhibition kinetics of the maxi-K channel.
k k k
1 + iz {1 + — 23 |:1 + ﬁ

Relative open probabilities (evaluated as described in Results) deter-

mined from a multitude of single channel recordings at different,pH Pc = < K K

were plotted versus pkj}. Data points were fitted by a Hill equation of 21 32 Kaz

the form relP, = [H*]"- (KX" + [H*]™* (solid line), wheren is the k(xB -

number of binding sites, ar the apparent dissociation constant that 1+ ! )
comprises factors of interaction and the intrinsic dissociation constant.

0.6

rel. Py

A pK: of 6.56 and a Hill coefficient oh = 2.05 characterize the k k k K,
kinetics. P02:{1+i 223, [1_‘_& ( B>}} L ©
K 32 k(x3 kBOL
Kas k Kap
cause less than three closed states or less than two opPp_=| 1+ 1 s 1+— K )
states resulted in systematic errors in fitting the fre- Ba

i
Kog

quency distributions either of the open or the closed Keg k K 1
dwell times with sums of a respective humber of expo- Po, = {1 4By 3 [1 y 2. (1 +£)H . (@
nential functions gee, Fig. 9). However, extremely Kga k3a Koz Kiz
prolonged closed times were also observed. Due to time-

<1 + & 1+ @ [1 + sz

Kap k Koa

Ba

limited recording intervals, those events did not contrib- Po
ute significantly to dwell-time fits. Although this long- e
lived closed state should be included into the scheme, it (1 L2 ka1 )]}> )

was not considered in the evaluation of rate constants, Ky ’

because dwell-time distributions were satisfactorily fit-

ted with three exponential terms. In a previous reportRate constants compare well with those determined by
(Laver & Walker, 1987), a gating model for this*"K Laver and Walker (1987). Occupancy probabilities of
channel was proposed that comprised at least 7 closetthe states are in agreement with the open probabilities in
states and 1 open state in a series grouping. Those atig. 7 (cf.,data at —40 mV). At pH,.7.3, the sum oPg

thors suggested a voltage-dependent gating reactior, Po is 14%, whereas it is 6.3% at pH 5.1. Clearly
where the open state is engirded at both ends by closeal major effect of low pkL. is the 18.7% increase of
states. One group of these closed states (termgd Adwelling in state G (see,Table 2).

through A, in that report) becomes predominant at nega-  Probabilities that a state will be abandoned in a for-
tive voltages, whereas, at positive voltages the otheward or backward direction, respectively, were plotted
group (B, to By) determines closed life timesf(, vs.voltage (e.g., the probability to leave the closed state
Scheme 3 in the above cited report). In their analysisC, in a forward direction towards the open state is given
they omitted the second open statg;Y@ue to lack of by Pz = kyz- (K +k,2) ). These probabilities show
data. During evaluation of transition rates, | encounteredan acceptable consistency between recordings also or
a distinguished individuality in kinetic behavior of the different patches. Figure 10 displays those probabilities
single maxi-K channel, evidenced by the wide range ofof forward reactions, at two different pkl. applied to
absolute rate constants, occurring even in the same pat@xcised outside-out patches (the respective backward
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transition probabilities are reflections of those data at thea high forward preference at about -50 MR, 4, 80%),
50% line, i.e., atP; = 0.5, as the axis of symmetry). rapidly decreasing with proceeding depolarization and
PanelA of Fig. 10 shows that at plg. 7.3 the channel reaches a minimum at positive voltages. The forward
protein will leave its closed state,@referably in open reaction out of closed state;GP5,) displays a similar
state directionR,5) at voltages more negative than —40 behavior at negative voltages, but maintains a high for-
mV (70-80%), but with a higher probability falls back ward probability also at positive voltages. The transition
into state G at depolarized voltages. The probability for probability out of open state Otowards Q (P,g) is

a transition from the closed state adjacent to oggp)(  similar to that shown in pané\ at pH,,. 7.3.

is less pronounced (about 60%) and also decreases with

proceeding depolarization. A similar behavior is shown _

for the transition probability from open state, @ O, Discussion

(P, about 60% down to =40 mV). At pfg. 5.1 (Fig.

10B), those probabilities had changed markedly. FromThe highly conductant K channel in the tonoplast of
closed state ¢ the channel preferably dropped back into Characean internodal cells is similar in its behavior to
state G (P,;, 80%) at far negative voltages, but assumesanimal maxi-K channels (Barrett et al., 1982; Marty,



56 H. Lthring: pH-Sensitive Gating of the Maxi-K Channel @hara
1 E pHCyt7 A TE PHyac 7.3 B
= | pH
01 E  pH,59 0.1 vae T
; . o °
o L L
& - =
0,01 0,01
- - °
0.001 |||||||||||||0,001 PR ST SN DN T [N TR T TR T SR N
-200 -160 -120 -80 -40 O 40 -200 -160 -120 -80 -40 0 40
V., /mV vV, /mV

Fig. 8. Effect of pH,, (A) and pH,,. (B) on Boltzmann distribution of the Kchannel. Open probabilities are plottesl membrane voltage. Data
were fitted with the Boltzmann equatioR, = P, a: {1 + exp[(Vy, = Vi) - 2+ el(KT)]} ™ (solid line) whereV,,, denotes the voltage of
half-maximal activationz the apparent gating charge, anthe elementary chargkandT 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.

1983; Latorre & Miller, 1983; Bell & Miller, 1984; ing to the saturation characteristics. No experiments
Yellen, 1984; Eisenman, Latorre & Miller, 1986; Blatz & have been carried out to date to examine this hypothesis.
Magleby, 1987; Cecchi et al., 1987; Butler et al., 1993) pH.,-sensitive open probabilities of the single
with respect to conductance, selectivity and kinetics, exmaxi-K channel could be fitted with the Hill equation
cept that it is inward rectifying (Laver et al., 1989). This (Fig. 6). The slope ofi = 2.05 suggests that at least 2
algal maxi-K channel exhibits a marked responsivenes$i™ binding sites exist in the cytosolic pore region. The
to changes in cytosolic and vacuolar pH @pH, .- pK, 6.56 could be compatible with the supposition that
Decreasing pk|; from a slightly alkaline level leads to a histidine residues might be responsible. Similar results
gradual decrease in its open probabili§,), whereas (pK, = 6.8) were obtained on the slowly activating vacu-
channel conductance is hardly affected (Figs. 1 and 2)olar channel fronVicia fabatonoplast (Schulz-Lessdorf
At pH., 5 the K" channel is almost completely inactive, & Hedrich, 1995) except that those authors did not ob-
however this effect is reversible (Fig. 1). Basically, the serve cooperativityr( = 0.76). Possibly, the G4 bind-
voltage dependency &1, is preserved at low pfj, in- ing site existing at the cytoplasm-sided pore region (La-
dicated by an increase in burst frequency with increasinger, 1990) is also responsible for'Hinding. This was
negative voltage (Fig. 3). Current-voltage relationshipssuggested for animal maxi-K channels previously (Cook
recorded for changes in both, pfdand pH,,, (Figs. 4, et al., 1984; Christensen & Zeuthen, 1987; Kume et al.,
5), respectively, show the continuity of channel conduc-1990) but contradicted by Laurido et al. (1991) who con-
tance over the whole pH range. This indicates that H cluded that H does not compete with Gaat C&*-
ions, even if they traverse the channel, do not signifi-binding sites, rather Hshould weaken C& binding to
cantly change pore conductance. all conformational states, furthermore that proton sites
A phenomenon becomes visible by comparing theare located outside the ion conduction system. Kinetic
IV curves recorded at different patch configurations.models of competitive or noncompetitive interaction of
While the outside-out-oriented channel shows currenH* and C&" binding sites have not been considered in
saturation at positive voltage, the outward currentthe present work.
through the inside-out-oriented channel develops linearly ~ The gating scheme used in this work can be made
with increasing voltage. Since this was observable onlycompatible with that proposed by Laver and Walker
during inside-out configuration and superfusion of the(1987). By application of negative clamp voltages, the
patch with test solutions, it might be interpreted as aclosed states C, ; correspond to states,A ; ,0f those
wash-off effect of some cytosolic component contribut-authors, except that, here; Gomprises both, pand A,.
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Fig. 9. Dwell-time distributions of the maxi-K channel fitted with a varying number of exponential terms. Inside-out configured excised pat
superfused with (in m): 150 KCI, 5 HEPES, pH 7.3; pipette solution (irvh 150 KCI, 1 CaCJ, 5 HEPES, pH 7.3. Recording interval: 61 s,
sampling rate: 20 kHz, low-pass filter: 5 kHz. Decay of open (paAgB) and closedC-E) dwell-time distributions. Distributions were fitted with
sums of exponential terms of the forifl) = 3, A - 7, - exp(-t/t}). The decline of residuals (as the difference between observed and expecte
values), shown as insets in the respective diagrams, infer that two and at least three exponential terms are required to fit the open and
dwell-time distributions, respectively. Employing less exponential terms led to systematic errors seen in the residuals (for open decay see pa
for closed decay, see pand&sandD).

At positive voltages, €, scan be considered to represent The voltage-dependent forward reaction frogi@o the
their closed states group, B 5 burst states is favoured at pHd 7.3, but suppressed at
The major determinant of the mean life-time of the physiological pH,.5.1. The pH,sinduced shift of the
open channel has to be assigned to the transition prolposition of the bell-shaped curve describing voltage de-
abilities between €and Q, 5, where G represents the pendency ofP, (cf., Laver & Walker, 1987) might be
short closed intervals during a burst. Thus, botha@d  caused by the increased transition probability into the
O, g belong to the burst event. The duration of the burstopen state at depolarized voltage. A simultaneous reduc-
should then be depending on the backward transition ratBon in open probability at negative voltage should be due
from C; to C,, andvice versa,ithe burst frequency be to the inability of the channel to enter the burst level.
determined by the forward rate,@ C;. Those transi- The absolute rate constants obtained in these experi-
tion probabilities into (¢ — Cj) and out of the burst ments (Table 1) are in agreement with those published by
state (G - C,), respectively, are reflected in Fig. 10. Laver & Walker (1987, Table 2 therein). The probabili-
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Table 1. Rate constants of transitions (given in S@between kinetic  channels to be cooperative in an ensemble? The appli_
states of theCharamaxi-K channel obtained by fitting of dwell-time  ~ation of such a Cooperative model appears to be reason
histograms (Blunck et al., 1998) able when channel clusters are recorded. Clusters may
Forward reaction  Backward reaction  Uncertainty D€ found shortly after an exocytotic occurrence, when a
dictyosomal vesicle with its membrane loaded with the

PHyac 7.3 Kio 10 Koq: 75 30-60% respective channel protein had fused into the tonoplast.
kog: 550 Kaz! 1750 50% In cases of low population density (1-4 channels per
. . —| 0, .
kool 2350 kg 1150 30-50% wm?) cooperativity cannot be acknowledged. Therefore,
Kep: 2200 Kg.: 1800 30-50% . i L
the assumption of independent channel switching in
PHac 5.1  kip 10 Koy 700 70-100% patches containing only a few channel copies appears to
Kog 500 kg 1300 30-75%
be reasonable.
Kae 3100 K 850 25-40% o .
Koo 1700 ko 700 25_50% The shift in activating voltage at low pkl. suggests

that a voltage sensor is involved in the gating process of
Subscripts indicate the direction of transitions according to the gatinghe Characean maxi-K channel. This, in turn, requires a
model depicted in the text (fdg;, e.g.,C; —- C;). Mean values  dislocation of charged residues in the channel protein to
from 5 experiments presented fuf, = —40 mV. evoke a conformational modification required for the at-
tainment of a conductant state. 8hakerK™ channels,
such a mechanism has been demonstrated by Larsson ¢

Table 2. Probabilities of occupancieP) in the 5-state model &t,, =

—40 mV al. (1996), showing that the highly charged transmem-
brane domain S4 almost completely moves through the
P % of Occupancy membrane. With the cloning aflo channels (Atkinson,

Robertson & Ganetzky, 1991; Adelman et al., 1992; But-

PPhac 7-3 PRac3dor 6t al., 1993), it recently became apparent that animal
Pe, 73.2 91.9 maxi-K channels also contain an S4 domain. This pre-
Pe, 9.8 1.3 diction was supported by Cui, Cox and Aldrich (1997) by
Pe, 3.0 05 patch clamp experiments on the clonewlo channel,
Po, 6.3 18 contradicting the former suggestion by Moczydlowski
Poy 7 4.5 and Latorre (1983) that voltage dependence of the

Numbers were calculated by using rate constants listed in Table 1maXI'K channel WOUId_ reside in éébmdmg' To date,
Subscripts o denote the state. 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
ties of occupancy of certain states in the gating schem€haracean K channel protein also possesses a voltage
(cf., Table 2) show that at low pl{.dwelling in the G sensor (S4-like) domain and accompanying transmem-
state is markedly increased. The probability to attain thebrane domains that carry negatively charged residues
burst state (given by the occupancy of & a prerequi- thought to stabilize the voltage-induced displacement of
site) is at pH,. 5.1 only 14% of that at pti. 7.3. This  the sensor by electrostatical interaction (in S4: Papazian
suggests that protonation is involved in the transitign C et al., 1995; Larsson et al., 1996), then part of those
« C,. A significant effect of pH,. 5.1 is seen in the negatively charged residues could be accessible for H
backward transition £ C, (with the ratek;,, cf., Table  As a result of neutralization, a relief in maneuverability
1) which increased to a value 10-fold thatlof at pH,.c  of the voltage sensor could be expected which allowed a
7.3. Thus, H should operate on state,dnhibiting the  gisplacement by application of low electrical energy.
entrance into a burst by increasing the probability to|n this respect, the rate, could reflect a weakness of the
return into the inactive state,C sensor state, hence, the transitions betweemr@ G,
might be attributed to voltage sensor-mediated (de)acti-
vation of the channel. The approximately 50% increased
ko1 , k32 ka3  Kpa (Scheme Il)  forward rateks, and the 25-50% reduced backward rates
j ks andk,s could be sought in the gates residing in the
H* pore region ¢f., Laver, 1990, Fig. 7 therein).
An acidic pH of about 5 has been determined pre-
The analysis of transition rates presented here is based aiously to prevail in the vacuolar compartment (Span-
the model of a Markov process, i.e., maxi-K channelsswick & Miller, 1977; Mimura & Kirino, 1984; Mori-
switch independently of each other. How does this asyasu et al., 1984), i.e., the effect of low pkl. upon
sumption cope with the recent report by Draber, Schultzeinetics and activating voltage are reflecting natural con-
and Hansen (1993) who described the activation of thosditions. Supplementing previous investigations with

k12 k23 K3a Kap
Ci=C=C+=0,+ 0
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these results it is suggested thangé-llargely controls the ion conduction in the K channel of sarcoplasmic reticulumio-

kinetics and, in particular, voltage sensitivity of the to-  Phys. J.45:279-287

noplast-resident K channel. In the case of cytosolic Bertl. A, Gradmann, D. 1987. Current-voltage relationships of potas-
regulation the effect of @a{ might be of greater impor- sium channels in the plasmalemmaAxfetabularia. J. Membrane
tance than that of £}, because cytosolic acidification in B! 9941749

a range OprHcyt 01 is rather unlikely, whereas @7?‘ Blatz, A.L., Magleby, K.L. 1987. Calcium-activated potassium chan-

. . . . nels. Trends Neuroscil0:463-467
increase to quM range durlng an action potentlal IS Sug-

. . Blunck, R., Ki o Ri T.,H .-P.1998. H rful
gested to activate tonoplast-resident &d K* channels ~ E/Nck R-, Kirst, U., Riefiner, T., Hansen, U.-P. 1998. How powerfu
is the dwell-time analysis of multi-channel records™embrane

(Williamson & Ashley, 1982; Kikuyama & Tazawa, Biol. 165:19-35

1983; for reviewseeShimmen et al., 1994)‘ Butler, A., Tsunoda, S., McCobb, D.P., Wei, A., Salkoff, L. 1980,

a complex mouse gene encoding ‘maxi’ calcium-activated potas-
| am grateful to Dr. Ulf-Peter Hansen (Institute of Applied Physics, sium channelsScience261:221-224
University of Kiel, Germany) for making the target fit program avail- Cecchi, X., Wolff, D., Alvarez, O., Latorre, R. 1987. Mechanisms of

able to me, and also to his group, especially Maike Keunecke, who ¢« piockade in a Ca-activated K channel from smooth muscle.
patiently introduced and guided me through the software. | thank Dr. Biophys. J52:707-716

S. Bauer for performing Scanning Electron Microscopy on patch pi-
pettes. Contribution of helpful comments on the manuscript by Drs. A.
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