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Abstract. Tonoplast K channels oChara corallinaare  Introduction

well characterized but only a few reports mention anion

channels, which are likely to play an important role in the Characean cells provide a convenient experimental me
tonoplast action potential and osmoregulation of thisterial to study membrane (plasma membrane and tonc
plant. For experiments internodal cells were isolatedplast) transport processes (Koppéf#to& Schramm,
Cytoplasmic droplets were formed in an iso-osmotic bath1974; Hope & Walker, 1975). The vacuole ®@hara
solution according to a modified procedure. lon chan-internodal cells occupies much of the cell volume (abou
nels with conductances of 48 pS and 170 pS were de95%) and can be accessed by several ways (Kamiya
tected by the patch-clamp technique. In the absence dfuroda, 1957; Takeshige, Tazawa & Hager, 1988). The
K™ in the bath solution the 170 pS channel was nottonoplast origin of the envelope membrane of cytoplas:
observed at negative pipette potential values. Wheén Clmic droplets prepared from internodal cells has long
on either the vacuolar side or the cytoplasmic side wagpeen known (Sakano & Tazawa, 1986:Hring, 1986).
partly replaced with F, the reversal potential of the 48 Relatively few types of channels are reported in the to-
pS channel shifted conform to the ‘Gequilibrium po-  noplast, so far only Kand CI' channels have been iden-
tential with similar behavior in droplet-attached and ex-tified. There are extensive reports in the literature deal
cised patch mode. These results showed that the 48 pifig with the K" channels (Bertl, 1989; Tyerman & Find-
channel was a Clchannel. In droplet-attached mode the |ay, 1989; Laver, 1990; Laver & Walker, 1991; Laver,
channel rectified outward current flow, and the slope1992; Tyerman, Terry & Findlay, 1992; Klieber & Grad-
conductance was smaller. WheéZhara droplets were  mann, 1993), but only a few articles mention (Kikuyama,
formed in a bath solution containing low (¥ov) C&", 1986; Homble& Fuks, 1991) and only one partly char-
then no CT channels could be detected either in droplet-acterizes a Clchannel (Tyerman & Findlay, 1989). A
attached or in inside-out patch mode. Channel activity30 pS CT channel was reported in droplet-attached con-
was restored if C& was applied to the cytoplasmic side figuration that showed rectification. In detached
of inside-out patches. Rectification properties in the in-patches, channel activity could only be observed for brie
side-out patch configuration could be controlled by theperiods, during which ion substitution experiments re-
holding pipette potential. Holding potential values nega-vealed a permeability sequence of N®CI™ > aspartate
tive or positive to the calculated reversal potential for Cl (76:33:1). It was suggested that some factor or critica
ions induced opposite rectification properties. Our re-concentration of an ion was required for sustained activ
sults show C#&"-activated Cl channels in the tonoplast ity of the CI” channels (Tyerman & Findlay, 1989).

of Charawith holding potential dependent rectification. Cytoplasmic C&' has been shown to modulate ion-
transport proteins in plant cells (Hedrich & Neher, 1987;
Schroeder & Hagiwara, 1989). In the cytoplasmic com-
partment of resting Characean cells, fre¢'Oa main-
tained at a concentration of less than a micromolar (rang
I 0.1-0.56pm) while the vacuolar compartment contains
Correspondence tdG. Berecki >100 pm (Williamson & Ashley, 1982). Transient in-
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creases in the Ga concentration in the cytoplasm to the experimental chamber. Subsequently, gBbath solution was
([Caz+]cyr) of Chara cells control the activity of several @dded carefully avoiding turbulence. The Iarger‘ droplets with diam-
on chamels present n the plasma membrariaiog, S ST f 1o were rfeed o sperrent o ey vere
1985; Okihara et al., 1991; Homann & Thiel, 1994; Jo- ’

hannes, Crofts & Sanders, 1998; Thiel & Dityatev, 1998)

and K" channels in the tonoplast (Laver, 1990; Laver
1992; Tyerman et al., 1992). *Kchannels in theChara

ton_oplast a_re activated by micromolar Fchyt’ an act- The chemicals used were purchased from Merck (Darmstadt, Ger
vation that is found to be O_nIy Weakly VOItage dependen any), Sigma Chemical (St. Louis, MO), Boehringer (Mannheim, Ger-
(Laver & Walker, 1991). Kikuyama (1986) reported that many), and Gibco-BRL (Gaithersburg, MD). Salt solutions were pre-
in a solution lacking C% and containing B%ir, M92+ or pared from 0.1 or M stock solutions with MilliQ water and filtered
Mn?*, Characells lost their excitability in time, resulting  (Millipore S.A., Molsheim, France, type 0.32m) before use. The pH

in the depletion of the tonoplast action potential (AP).was adjusted with HEPES/Tris buffer (pH 7.3-7.4). The composition
It was assumed that [éacyt played an essential role in of solutions pre_sent at each side of the_ membrane is indicated in th
the generation of an AP at the tonoplast and tha&d*Ca legends to the figures. To block the nativé ghannels and allow ClI

. . fluxes, C$ and CI were used as the major salt components in most of
might activate Cl channels, as was also suggested by; : P

. the experiments.
Lunevsky et al. (1983). More recent €anflux mea- Free-C&" concentrations in the presence of a single chelating
surements showed that during the AP, thez[‘(]:gt can ligand were computed using the program Ligandy (developed by P
exceed the resting level by a factor 740—2000 in intacfTatham and B. Gomperts, University College, London). During ex-
Characells (Reid, Tester & Smith, 1997). periments, perfusion of the e>_(perimental chgmber was achieved usin
In the present study the patch-clamp technique Wagath perfusiongbout 200 pl/mihand V\_/a_ste withdrawal at equal rates,
applied to the tonoplast surrounding cytoplasmic drop-"e Volume of the bath600 ) remaining unchanged.
lets of Chara. By using C$ containing solutions the K
channels could be excluded from the measurements, L I
Cs' ions are not able to pass thé khannels. Clchan-
nels were identified in both drOplet_attaChed and eXCisedPatch pipettes with internal filaments (Clark Electromedical Instru
.. + - B
patches. We fou.nd t.hat they are sensitive t6 Qaesent ?nents, Pangbourne Reading, RG8 7HU-England, type GC150TF-15
atthe _CytOpIasmlc side of the membrane. The effects Olvere pulled with a Narishige two-stage puller (Tokyo, Japan, Model
the anion channel blocker Zhon CI channels, C& PB-7) and fire-polished to give a tip resistance of about 4®4vhen
depletion by EGTA and voltage dependent kinetics Offilled with experimental solutions. Seal resistances of about 5 (B0
the channels were also studied. were easily achieved and this stable contact of the pipette with the
membrane persisted upon excision of the patch and perfusion of th
bath.

' SOLUTIONS

Materials and Methods

SINGLE CHANNEL RECORDING
PLANT CULTURE AND DROPLETISOLATION

Currents were recorded at room temperature (23 + 2°C) with ar
Chara corallinawas cultured at 25°C in aquaria filled with partially Axopatch 200 Amplifier (Axon Instruments, Foster City, CA) using
deionized water, under illumination (14-hr light/10-hr dark) with fluo- conventional voltage-clamp technique according to Hamill et al.
rescent (OSRAM Dulux S, UK) lamps. The soil in one part of the (1981). Data acquisition, analysis and control of the amplifier were
aquaria was periodically (after 8 to 12 weeks) replaced with sterilizedperformed with pCLAMP 6.0 in combination with a TL-1 interface
fresh forest soil. For droplet isolation internodal cells were separated Axon Instruments). Signals were digitized at 2 to 10 kHz and filtered
from the neighboring cells (cell length 5-7 cm, cell diameter 0.7-1at 1 or 2 kHz with a 4-pole lowpass Bessel filter. The pipette potential
mm) and intracellular perfusion was carried out for droplet isolation, was measured with respect to the bath potential (ground). Junctio
using a modification of the method of Tazawa, Kikuyama and Shim- potentials were balanced before the formation of each gigaseal. In ca:
men (1976). In short, the cell was blotted dry with a tissue paper andf droplet-attached experiments, the real pipette potential value is th
laid on a Parafilm (American Can Company, Greenwich, CT) coveredvalue of the resting droplet membrane potential of about +11 mV
glass slide. Turgor reduction in air resulted in wilting of the cell within (cytoplasmic side regarded to the bath, Tyerman & Findlay, 1989)
3 to 5 min, due to water evaporation; 20 of bath solution was  added to the pipette clamp voltagé,f. Whole-droplet configuration
pipetted on both ends of the cell and each cell end was removed withvas achieved from droplet-attached configuration by application of a
a scissor. The glass was carefully tilted back and forth in such a wayhort suction pulse to the pipette, or sometimes occurred spontant
that the bath medium flowed through the cell entering the open endsously. The pipette could be withdrawn from this configuration without
Shearing forces caused the pouring out of the vacuole and streaminigosing the gigaseal contact with the membrane, thus forming outside
cytoplasm and formation of cytoplasmic droplets surrounded by tono-out patches. Excising a patch from the droplet-attached configuratiol
plast. The inside part of the droplet contains cytoplasm (Sakano &resulted ininside-out patch. Outward @urrents are cytoplasmic-side
Tazawa, 1986; Lring, 1986). With this procedure, droplets with di- directed and are graphically represented as downward (for droplet
ameters in the range of 20 to 2Q@n could be collected in an Eppen- attached and inside-out patches) or upward deflections (for outside-ot
dorf tube for storage. 10-20l of this suspension could be transferred patches).
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Fig. 1. Single K" and anion channels coexist in the tonoplastbéra.

V,=+60 mV

Droplet-attached configuration, pipette potential: +20 mV. The closed e

(c) state of the K and anion channel is indicateBath solution:155 2 pA

mm CsCl, 1 mu CaCl,, 1 mv MgCl,, 5 nm HEPES/Tris, pH 7.4;

Pipette solution:155 mv KCI, 1 mm CaCl, 1 mm MgCl,, 5 mv L_M

HEPES/Tris, pH 7.4. c- Vp: -60 mV
o-

STATISTICS ) i ) ) )
Fig. 2. With Cs" in the bath and K in the pipette no outward K

current can be detected. Droplet-attached configuration. Pipette poter
tial (V,,): +60 and —60 mV. Closedc) and open states of the small
conductanced) and of K" channel ¢, ando,) are indicatedBath: 155

mm CsCl, 1 mm CaCl, 1 mv MgCl,, 5 mm HEPES/Tris, pH 7.4;
Pipette: 155 nm KCI, 1 mm CaCl, 1 mm MgCl,, 5 mm HEPES/Tris,

Mean values #sem are given, with number of droplets used for ex-
perimentsN. Student'st-test was used for statistical evaluation of the
data (p < 0.05).

Results pH 7.4.
K*-AND ANION CHANNELS COEXIST IN THE TONOPLAST in droplet-attached configuration with Cpresent in the
OF CHARA bath. At least two K channels were present at +60 mV,

opening with high frequency. Flickerings in the open

In droplet-attached and detached patches the appearant@t€ of the channel also can be observed. In these r
of large-conductance channels and small-conductancePrdings openings of the small conductance channe
channels could be observed. Figure 1 shows a trace &°Uld not be resolved. However, as expected at —60 m\
opening and closing events obtained from a tonoplasf® K~ channels could be detected, only the small con
patch in droplet-attached configuration at +20 mV pi- ductance channel appeared at hegative pipette potent
pette potential. From the current-voltage relationshipsvalues without K channel activity “contamination.
two different single channel conductances could be iden-
tified, 170 pS and 37 pS for the high and Iov_\( cpnduc-CHARACTERIZATION OF THE SMALL
tance channels, respectively. According téhkimg
(1986), Laver and Walker (1987), Tyerman and Findlay
(1989) the 170 pS channel is likely to be & hannel o
and the 37 pS channel is likely to be & €hannel. The Selectivity
high conductance Kchannel and the 37 pS channel
could be observed together in a patch. To further identify the current carried by the small con-
The ion gating and permeation kinetics of the tono-ductance channel we replaced thé iK the pipette and
plast K" channel was studied in detail before"flting,  bath solutions by Naand C§. The Nernst equation was
1986; Laver & Walker, 1987; Laver, 1992; Tyerman et used to calculate the reversal potential valugs,) for
al., 1992). Itwas reported that Clslocks K" permeation  CI™ ions, using the concentrations of the ions on the
in the channel (Pottosin, 1992; Klieber & Gradmann,outside and inside membrane surface (Fig.a®d b).
1993). We have also found that in the presence of divawith asymmetrical Cl concentrations (lowered pipette
lent cations ijot showi and/or C3 the K" channel does or bath CI' concentration), the detected channels were
undergo flickering when it is in the open state. Klieber selective to Cl, since the measured reversal potential
and Gradmann (1993) reported that under bi-ionic convalues E,,; -24.3 + 22N = 4 and +23.6 + 1.AN =
ditions, C$ on one side does not affect the' Ksatura- 9, respectively) were close to the expected theoretica
tion) currents from the opposite side. Indeed; Gsing  values of the Cl equilibrium potential (Fig. 8). Tyer-
present in the bath or in the pipette did not influence K man and Findlay (1989) also described this high selec
channel openings in the positive or, respectively, negativity of the small conductance channels for @ns in
tive range. Figure 2 illustrates this with traces recordedhe tonoplast ofChara.

CoNDUCTANCE CHANNEL
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Fig. 4. CI” channels are activated by calcium from the cytoplasmic
side.Charadroplets were formed inlbathsolution containing 140

Fig. 3. Shifting the reversal potential for Clons in inside-out patch ~ CSCl, 5 M HEPES/Tris, pH 7.4, 16 m free C&" (adjusted with 500
configuration (representative traces froand b are shown.c = M EGTA); Pipette:140 ma CsCl, 5 ma HEPES/Tris, pH 7.4, and 150

closed channel)aj From a holding pipette potential of ~30 mV volt- #M CaCb, E, for CI” ions = 0 mV). The pipette potential was
age pulses\(,) between -90 and +50 mV with 10 mV increments were stepped to values as indicated from a holding potential of 0 mV. Scale

applied for inside out membrane patches, and the current traces réimilar for all traces. &) Droplet-attached modeb) Inside-out con-
corded N = 4). Calculated Nernst potential for Obns Eq): -29.1 figuration. €) Single-channel openings recorded after bath perfusion
mV. Bath solution:106 mv NaCl, 50 mu CsCl, 1 ma CaCl, 5 mv with 100 pm CaCl. The single-channel slope conductance calculated

HEPES/Tris pH 7.4Pipette solution106 ma NaF, 50 nw CsCl, 1 from this particular recording was 37 p§ & closed channel).d)
CaCl, 5 mv HEPES/Tris pH 7.4:1) From a holding pipette potential Effect of the anion channel blocker Zhon the activity of the channels

of +30 mV voltage pulsesvf) between +90 and ~50 mV with 10 mv (recording was started 5 sec after applying the blockeppm5ZnCl,
increments were applied, and the current traces recordee (9). ~ aimost completely blocked Clpermeation.

Calculated Nernst potential for Clons Ecf): +29.1 mV. The same

solutions as ina, but exchanged.cf Single-channel current-voltage

relationships for currents from experiments showrmaiandb. sisted for minutes over a whole voltage range betwee
—60 and +60 mV, without inactivation in the presence of
Ca* (Fig. 4c). In this experiment the conductance of the
Activation of the Channel from the Cytoplasmic Side activated single-channel was about 37 pS, suggestin
by C&* and Blocking with Zfi" lons that the CI' channel was activated. Upon €a
activation a 37 pS (30%) or a 48 pS (70%) conductanc
When using Csas the only monovalent cation, no single dominated the record®(= 16). The appearance of the
channel openings could be detected in solutions containchannel did not depend on the fact thatOaas present
ing low C&* (buffered with EGTA). Figure 4 shows or absent (chelated by EGTA) in the pipette. Chelating
current traces recorded in droplet-attached configurationCa" in the bath by applying EGTA perfusioiN(= 3),
with no channel openings in a voltage range of —=50 to(not show reversibly abolished channel activity. The
+50 mV. After patch excision still no currents could be EGTA-effect was instantaneous. Znis a well-known
detected (Fig. B). Addition of CaC]}, to the bath instan- blocker of anion channels (Stanfield, 1970; Keller, Hed-
taneously activated single channels. The activation perrich & Rasche, 1989; Hille, 1992). Addition of ZnCio
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the bath resulted in a complete block of the channel@-
The time needed for total inhibition was variable.
In three cases the block occurred instantaneously
(Fig. 4d), but we also detected gradual lowering of
the open probability F,) value (open times became
shorter and long closed states were present, the complete
block resulting after 5 to 10 min). In five cases 5 to il i SEEES WMMMMC
10 wvm ZnCl, was able to block the channel activity
completely. In one experiment 3@m ZnCl, was not IR, || 20uM .
effective. ey WW&W"W '
The C&*-dependence of the Cturrent was tested
in experiments performed in the absence or in the pres- | _2um c
ence of different concentrations of [Efiacyt (ranging be- W |
tween 150 m and 5 nm). With 100 um CacCl, in the \ hA ”
pipette, changesin [éé]cytrevealedadependence of the N O L
channelP, on the [Cé’t*]Cyt (Fig. 58). No considerable 5pA
Cl™-conductance was present up to 0@ [Caz*]cyt, is
thenP, of the channel increased with elevated TC}@yt
in a concentration-dependent manner, with a median ef-"
fective concentration ([E&]) of abou 2 x 107* m at +40
and 1 x 10* m at 40 mV, respectively (Fig.l§. The
single channel current amplitude was not affected by
changes in the [Czé]cyt, except that in some cases puta-
tive substates (48 pS and conductances smaller than 37
pS) of the CI channel were present. An interesting point
is the apparent transient activation of the channel by
calcium. In approximately 30% of the cases, this tran- 0.2+ o é
sient character could be detected in the inside-out patch é n
configuration: after an initial burst activity in the patch 0,0 . . .
(with traces showing 2—3 open levels) lasting for some 1" 10°  10° 10* 10°  10°
seconds, channel activity reached a steady-state level [Ca™] (M)
State channel actity i the patoh persisted for more a2 Cedechamnelaciy dependsn . (@ Single cha
: . NS el activity, recorded from inside-out patches bathed by 0.75, 2, 20, 50
one-half hour, without inactivation. Because of the short,, and 5  c#*, at V,s of +40 or -40 mV. Current traces at the
initial burst kinetics and transient character of the chanindicated concentrations were recorded from different experiments
nel activity, no attempt was made to fit the plotted meanduring which perfusion was omitted & closed channel, 2.5-sec long

P, values, detected at —40 and +40 mV. sequences are shownp) (Steady-state channel open probabiliBg)(
values for the 37 pS channel at -40 mV (open square) and +40 m\
(solid square) pipette potential (error bars represem, each point

Cca%" is Not Able to Activate from the Vacuolar Side represents 3-5 determinations, each in a separate patch) were calc
lated from all-points histograms generated from 30 to 50-sec lonc

L ) ) traces. 48 pS conductance openings often appeared together with tl
Excision of the patch to outside-out mode gave rise to &maller conductance values. All openings were taken into accoun

transient activation of Clchannels present in the patch considering that different current levels are states of the same channe
(N = 4). 2 um C&" in the pipette was already able to

activate the channels in the outside-out patch configuratested concentration being Ivm None of these experi-
tion. Fig. @ shows activation due to 150m CaCl,  ments resulted in the activation of the channels afte
present in the pipette solution. The conductance of thexcision of the patch. These findings indicated that
single-channel in this particular case was 48 pS. TheC&" was not acting on the vacuolar side of the mem-
channels slowly inactivated, the activation in outside-outbrane.

mode being transient (Figh Addition of CaC}, to the In inside-out patch configuration inactivation of the
bath did not result in Cl channel activity recruitment CI~ channel in the presence of high [€h(ranging 0.1-1
(Fig. 6c). A number of experiments (with at least 20 mm) was scarcesee aboveFig. 5). However, in out-
independent inside-out patches) were performed aside-out configuration, the channels fully inactivated af-
shown in the Fig. 4 and b, except that the pipette ter a relatively high initial activity in the presence of
solution (vacuolar side of the membrane patch) con-CaCl, at the cytoplasmic pipette side (Figb &nd c).
tained different concentrations of €awith the highest  The time course of the inactivation shows, that it happen:

+40 mV -40 mv

o o
)] e ]
1 !

Opeg probability
=

X
"

T T
-4
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1 after 5-10 min. Fig. 7. CI” channels inactivate in outside-out patch configuration with
b. 100 ms 150 wm Cé&™* at the cytoplasmic side. ClchannelP, values were
i 0L plotted against time. The pipette potential was stepped to +40 mV fron
- A QMMW« +60 a holding potential value of 0 mVE,, for CI” ions = 0 mV. The
: e menn it +40 tendency of the decay is indicated by the fitted curve. (Error bars shov
- A +20 sem, N = 4). In one experiment channels were inactivated within 180
0 sec. Similar results were obtained with —40 mV pipette potential.
e 20 Two Types of Cl Channel Activity
T Y S eyt -40 To investigate the voltage dependence of the single char
LA a aoaue O A b G0 nel currents, the pipette was voltage clamped to potentic
values ranging from —40 to +40 mV (or —50 to +50 mV)
+1mM CaCl, (after 15-20 min.) from a pipette holding potential of 0 mV. In experiments
started shortly after droplet isolation, very often rectifi-
c

cation of the CI conductance could be seen in droplet-
attached configuration (Figa® The slope conductance
calculated from the current-voltage relationship of this
channel at negative pipette potentials had a value ©
Fig. 6. CI~ channels are not activated by Tdrom the vacuolar side. about 37 pS (37.3 + 1.9\ = 10, Fig. &). This recti-
Scale similar for all tracesaj A short suction applied to the pipette in  fication in some cases (about 5%) was not present any
droplet-attached configuration resulted in whole-droplet configuration.more in droplets 1-2 hr after isolation.
Exgisir'\g the patch to outside-out configuration gave rise tg a transient The rectification ceased when the membrane patc
activation of CI' channels. Upward and downward deflections repre- . . . S .
sent channel openings)(These channels slowly inactivated in time. was exm;ed ina bath SOIu,tlon with |der_1t|an(Cbntent
(©) Addition of CaCl to the bath did not result in Ckhannel activity ~ @S the pipette solution (Fig.cB In the inside-out and
recruitment.Bath: 140 mv CsCl, 5 nm HEPES/Tris, pH 7.4, 16 m outside-out fot showi) patch configuration the ampli-
free C&* (adjusted with 50Qum EGTA); Pipette:140 mv CsCl, 5 nu tude of the single-channel current showed a linear volt
HEPES/Tris, and 15Quwm CaCl, pH 7.4. age relationship with a mean slope conductance of 48 p
(48.1 £ 0.8,N = 11, Fig. &). This finding suggested
that the reason for the strong rectification was the asym
within 15-20 min from the start of an experiment (Fig. metrical CI' concentration in the pipette (high) and drop-
7). Inactivation persisted while recording conditions |et (low), as was also concluded by Tyerman and Findlay
were constant. Channel activity and open time de{1989). The absence of rectification in “old” droplets
creased, (Fig. 6) resulting in a gradually decreasing opegould then be explained by the fact thaf €bncentration
probability (P,). Apparently, the single-channel conduc- in such droplets became higher, as €bncentrations in
tance was not changed. It cannot be excluded that inaghe bath, droplets and pipette gradually reached equilib
tivation is caused by the desensitization of the*€a rium. However, our experiments with asymmetrical Cl
activated channel. Alternatively, some peripherallyin excised patch configuration did not show rectification
bound proteins which might have extra control functionsin 72% of the cases\ = 18, Fig. 3).

and are present in the bath after droplet isolation migh‘—lolding Potential Dependent Rectification of the

be lost (for instance, in the outside-out patch configura-CI_ ch |
tion they may be washed out more easily by the pipette anne
solution), and the mechanism that confers sensitivity toTo further investigate the rectification we tested the idec

C&* becomes labile. that the holding membrane potential could influence the

+50
0

-50
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Fig. 9. Negative holding potential dependent rectification of the Cl
channel in inside-out patch configuration. Time scale similar for all
traces. § The pipette voltage\(,) was held constant at least 2 min
Fig. 8. Two types of CI channel activity. From a holding pipette before the start of a protocol. Interepisode times before each ramp wei
potential of 0 mV the pipette potential was stepped to values as indi-L0-sec long. A 2-sec long recording with channel activity (at -=30 mV)
cated. Scale similar for all current traces € closed channelp = before the ramp is shown. Five consecutive episodes are presente
open channel). Current traces shownairand ¢ were recorded from  Downward deflections represent openinds. $ingle-channel current-
different experimentsBath and pipette solutiont30 mv CsClI, 1 nm voltage relationships obtained from inside-out patck&g;,. = 36 pS
CaCl, 1 mm MgCl,, 5 nm HEPES/Tris, pH 7.4.4) Current traces  (35.6 + 1.1,N = 4). Voltage steps from —80 to +60 mV with 20 mV
recorded in droplet-attached configuration. At =30 mV current levels ofincrements were applied from a holding pipette potential of —30 mV.
superimposed individual channels were detected, and numbered coishort traces of channel activity recorded at steps —-60 and +60 mV ar
tinuously according to the number of detected levely. Qurrent- inserted Bath: 140 nm CsCl, 1 nm CaCl,, 5 mv HEPES/Tris, pH 7.4;
voltage relationships. In droplet-attached configuration the single-Pipette:140 mv CsCl, 150pum CaCl, 5 mv HEPES/Tris, pH 7.4E,.,
channel slope conductand8(,,9 was 37 pS (37.3 + 1.9 = 10) and for CI” ions = -0.4 mV.
showed rectification. In inside-out patch configuration the current-
voltage relationship was lineaByqpe 48 pS (48.1 + 0.8N = 11). (©) However, holding the membrane patch at voltage value
Single-channel activity in inside-out patch configuration with linear different from the calculated,., for CI™ ions (at -50,
current-voltage refationship. -30, +30 or +50 mV in the case &, = 0), dramati-
cally changed the behavior of the channels. Figuse 9
behavior of the channel. Different holding pipette po- shows current traces at a holding potential of —30 mV
tential values were applied to the excised membranand subsequent ramps from —-70 to +70 mV. Channe
patches before and between voltage-step and ramp practivity was present preceding ramps at —30 mV, anc
tocols. Figures 9 and 10 show single-channel activityshowed rectification during ramps, with much larger out-
before and during ramp protocols. Previous experimentsvard currents than inward currents. Similar experiment:
showed that when the membrane patch was held at asing step protocols instead of ramp protocols showe
voltage value corresponding to that of the calculdgg  the same, as illustrated in Figb9The current-voltage
for ClI” ions, then channel activity could be detected bothrelationship of inside-out patches gave a slope conduc
in the positive and negative range (Fig)8wvith a linear  tance value at the negative range of about 36 pS (35.6
single-channel current-voltage relationship (Fidgn).8 1.1, N = 4). This value is not significantly different
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a. ramp from -70 to +70 mV
ramp from +70 to -70 mV
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2 pA

1000 ms
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G_ :36pS
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Fig. 11. Shifting the rectification for Cl channel in inside-out patch
configuration. For each case a 2-sec long recording with channel ac
tivity (with holding pipette potential values of —30, +30, and =50 mV)
is shown before the ramp. During the 2-sec long ramps the voltage

T
80 changed from -70 to +70 mV. Downward and upward deflections at
- V. (mV) negative, respectively positive pipette potential values are channe

AL LA : openingsBath: 140 mv CsCl, 5 nu HEPES/Tris, 10um CaCl,, pH

) " ) . L B 7.4; Pipette:140 mv CsCl, 5 mu HEPES/Tris, 15Qwm CaCl,, pH 7.4,
Fig. 10. Positive holding potential dependent rectification of thé Cl E_ for CI” ions = 0 mV

channel in inside-out patch configuration. Time scale similar for all "
traces. § V, was held constant at least 2 min before the start of a

protocol. Interepisode times before each ramp were 10-sec long. . i . . ]
2-sec long recording with channel activity (at +30 mV) before the ramp%penlngs in the positive range. The transition from out

is shown. Five consecutive episodes are presented. Upward d':-n‘lectioﬂard tO. inward reCt'fy'”Q occurs gr_adua"y: the number
represent openingsb) Single-channel current-voltage relationships Of 0Openings decreased in the negative range of the ram
obtained from inside-out patcheS;,,. = 36 pS (35.8 £ 3.5N = 7, and openings became shorter (spikes). Many times th
error bars indicatsewm). Voltage steps from +80 to -60 mV with 20 membrane noise increased in the negative range. Col
mV increments were applied frpm a holding pipette potential of +30 comitantly, the channels started to become active in th
mV._Short traces of channel activity recorded at steps +60 and —_60 mVpositive range. The time needed for full transition was
zLe7'?:;::5252}2434&"&3?’5353““0“"612;%%3 EVI'EPHEE;E%T:Z variable, spikes still could appear in the negative rang
7.4,E,., for CI" ions = 0 mV. after an apparent full transition (approx. 5-10 min).
Channels were affected again if the pipette holding po:
tential was “switched back” to negative values (=30 or
from the conductance value detected in the droplet—50 mV, Fig. 11). The transition from inward to out-
attached configuration. When the holding pipette potenward rectifying showed similar characteristics as de-
tial was positive (+30 mV, Fig. 10) Clchannels dis- scribed for the opposite transition. Surprisingly, we
played an inverse behavior, with larger inward than out-could not trigger this holding potential dependent recti-
ward currents, and sometimes showing flicker block infication in outside-out patches, in three consecutive ex
the negative range. The current-voltage relationshigperiments.
(Fig. 1(b) gave a slope conductance value in the positive  Under these experimental conditions (with different
range of about 36 pS (35.8 = 3.B, = 7). Moreover, pipette holding potential values), very often a second
when the holding potential was changed from negative tesmaller conductance channel appeared in the same mel
positive (to +30 mV), and the patch was held longbrane patch, sometimes superimposing with thed®h-
enough at this new voltage value (at least 3—5 min), theluctance channel (Fig. &0 second trace, arrow).
rectification could be inverted, recording negligible cur- Although, we do not exclude that a channel with smaller
rent amplitudes in the negative range, and clear channe&onductance (17 and sometimes 25 pS) than the aboy
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described can also reside in the membrane, subconduaiteraction with the channel pore, only the [Efsvalues
tance levels of the same channel entity might also bevere determined when holding the membrane patch ¢
present in the membrane patch. Cooperative subunit40 and +40 mV pipette potential. The channels appes
phenomena and a model recently presented by McCulto be at least partly activated in the submicromolar range
loch, Laver and Walker (1997), showed subconductancef [Caz*]cyt, but their activation value seems to be higher
states of theChara plasma membrane anion channel. than that reported for plasma membrané €hannels
(being 1M, Okihara et al., 1991). The interpretation of
the dose-response relationship tGaependence of
Discussion channel activity) was made more complicated by the fac
that when present, the 48 pS state of the channel showe
The C&*-dependence of vacuolar channels has been resimilar P, values (0.25-0.35) in the presence ofiadto
ported for many plant cells, providing a general mecha-1 mm [Ca2+]cyt.
nism for the regulation of ion transport to and from plant Generally, the conductance increased after patch e»
vacuoles. In higher plants several types of ion channelsision, but we have also found that the excised channe
mediate ion fluxes from vacuole to cytoplasm (for re- had a lower conductance value upon®Gactivation,
views seeMaathuis et al., 1997 and MacRobbie, 1998). suggesting that other regulatory mechanisms might als
The ubiquitous slow vacuolar (SV) and téicia faba influence the channel conductance.
vacuolar (VK) channels are activated by“Cand show Although, the here presented "Cthannels share
cation selectivity. However, the ionic selectivity of the some common properties with otherCanodulated Cl
SV channel is controversial regarding permeability tochannels from the plasma membrane of higher plants, th
anions. At least, irV. fabaguard cell vacuoles the SV rectification seems to be a distinctive featureQifara
channel is highly cation selective (Allen & Sanders, tonoplast CI channels. Depending on the holding po-
1996), and cannot provide a significant pathway fortential, C&*-dependent Cl channels exhibit linear or
physiological anion release from vacuoles (Pei et al.nonlinear current-voltage relationships since channe
1996). A candidate for providing a more general mechaconductance during steps and ramps was dependent
nism for anion uptake in higher plants would be thethe holding potential applied before and between ste
kinase-dependent vacuolar chloride (VCL) channel (Peand ramp protocols. This suggests that during and afte
et al., 1996). the AP, the membrane potential dependent conductanc
In freshwater giant algae such @saraandNitella,  of the tonoplast Cl channels may help to stabilize the
the plasma membrane AP is always accompanied by emmembrane potential. This mechanism might also regu
tonoplast AP, which is chemically triggered (Findlay, late CI" fluxes between the vacuole and cytoplasm dur-
1970; Lunevsky et al., 1983). It was suggested th&f Ca ing osmostress conditions when long-lasting tonoplas
is required for the regulation of Cichannels in the to- membrane potential shifts occur.
noplast, being the most probable candidate for inducing  Holding (membrane) potential dependent rectifica-
the tonoplast AP in vivo (Kikuyama, 1986). tion of Charatonoplast CI channels might represent a
Our work demonstrates that €amodulated CI  novel mechanism for long-term regulation of ion current
channels do exist in the membrane @hara corallina  kinetics in such giant cells. We will focus on further
droplets. C&" present in the solutions activates theseinvestigation of the mechanism of rectification, the in-
channels from the cytoplasmic side, apparently withoutluence of pH and other factors on the €hannels of the
the need of other cytoplasmic factors.”@hannels in  Charatonoplast.
this membrane are difficult to study, because they are
masked by massive Kchannel activity, but in some we are grateful to Dr. R.J. Reid (University of Adelaide, Australia) and
circumstances it was possible to detect coexisting charbr. G. Thiel (University of Gttingen, Germany) for kindly providing
nels. K" channel activity was blocked if Csvas used in  Characells for culture. The work was supported by a grant féz&e
the solutions as the only monovalent cation. In this WayBe_recIfi from the Dutch Platforr_n “AlternatiV(_as for Animal Experimen-
we were able to identify single Ckonducting channels tTaél(\)ﬂnF;UF;Ag gzgtflozrgflgnat'even voor Dierproeven) 96-02 and EC
. S - -97 grant for Zoit¥arga.
in the range of 37-48 pS. When the cytoplasmic side of
the membrane faced a low [€% solution (108 mwm,
buffered with EGTA), CI channel activity was not pres- References
ent in the membrane patch, but could be restored by
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