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Vac~,)L~r ion channels were characterized after reconstitution into planar lipid bilayers. (I) Channel activity was 
ob~eved after incorporation of to.'loplast-en~ehed microsomal membranes, purified tonoplast membranes or of 
solubilized tonoplasl pro, reins. (2) Channels of yawing ;ingle-channel c~n~uetar~.s were detected after reconsiltu- 
tion. In symmetrk-al 100 mmo| I -~ KCI, conductances between I and I10 pS were frequently measured; the largest 
number of independent ret~mstitufion events was seen for single-¢hannelconductances of 16-25 pS (28 experi- 
ments), 30-42 p,~ (26), ,89-56 pS (15) and 64-81 p$ (15). Channel current usna!ly increased linearly with voltage., 
(3) I-~ asymmetrical .solutions, cation-, non-selective and, for the first time for the touoplust, anion-selective 
channels were detected. CaZ+-dependent regulation of channel opening was not observed in our reconstitnUon 
system. (4) Permeability was also observed for Ci -, i',iO~", 8 0 ~ -  and phosphate, (5) After fractionation of ta~mplast 
proteins by size exclusion chromatography, ion channel activity was recovered in specific fractions. (6) Some of 
~be~e fractions catalyzed sulfate transport after reconstitution into liposomes. The results suggest that different 
channeks are active at the tonop!asl membrane at n larger number than has been concluded from previous work. 

Introduction 

The large central vacuo:e of plant cells occupies 
upto 95% of the volume of p~ mt cells, it ig an effective 
storage compartment for varic,,~ ":-olutc~, whogc conccrt- 
tration in the cytosoI must be controlled in order to 
maintain cellular function. The concentrations of 
cations, such a:; sodium, and of anions, st:ch as nitrate 
and chloride, are low in the cytosol and may b~ high in 
the vacuole, depending on grow!h conditions and the 
extent of saI~ stress [1,2]. Concentration gradients across 
the tonopi~sz c,f malate, potassium and plmsphate are 
adjusted in respon~ to metabolic demands [2,3]. This 
requires regulated transport across the tonoplast mem- 
brane. Using intact vacuoles, various transporters have 
bee~ charactcfi,~¢d kineticatly. H +-ATPas¢- or H +-py- 
ro-~hosphatasc-dependent transpor; was observed for 
anion~ .~uch as chloride, malate and phosphate [3-5]. A 
Na*-H " exchanger has been described for oat tono- 
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plast vesicles [6]. Two types of  rather unspecific ion 
channels have been identified at the mnoplast of ~ugar 
beet by the patch clavtlp technique [7,8]. These chan- 
nels t;-ansport cations such as Na + and K ~', but are 
also permeable for anions (Ref. 9, for rc,:ic,,vs, see  
Ref.~, 10 and i1), it is not yet easy to see how ehey can 
facilitate specific transport of different ions in ciro.  

In dfis communication we reconstitute tonoplast 
membcane proteins into planar bilayer membranes. In 
numerous studies with bacterial and animal membrane 
fractions, planar bilayer membranes have been success- 
fully used to characterize pore or channel forming 
activities and to identify channel proteins [12-14]. 

Several questions can be addressed wRh this tech- 
nique: (1) Are tonoplast channels reconstituted into 
planar bilayer membranes in an active state? (2) Is 
activity maintained after solubilization of the mem- 
branes? (3) How many different channels caz,, be at. 
tributed to the tonoplast and what is their character- 
istics? (4) Can the method be used to identify indi,tid- 
ual tonoplast channel proteins by screening fractions 
from chzomatographic separations of tonoplast mem- 
brane proteins for ion channel activity? 
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Materia~,s and Methods 

Preparation of intact rc:cuofes, tonoplast membranes 
and microsomal tonoplast fractions. Intact vacuoles were 
isolated from primary leaves of 10-12 day old barley 
see(~![ngs (Hordeum rulgare cv. Gerbel) according to 
the method of Martinoia et al. [15]. Tonoplasts were 
sedimented at 120000×g and 4°C for 45 rain and 
resuspen(ied in a buffer containing 10 mmol I -z 
Tricine-imidazole (pH 7.6), 4 mmol l- i  MgC[2 or 10 
mmol I -I Tricine-imidazole (pH 7.6), 4 mmol [- 
MgC]2 and 700 mr:lol I -I urea. Microsomal mem- 
branes w~r¢ prepared as described in Thume and 
Dietz [16]. 

Bilayer technique. Samples were tested for channel 
activities using the lipid-bilayer method [I7]. The cu- 
vette consisted of two chambers of 4 ml vo!ume each 
separated by a diaphragm with a central hole of 0.8 
mm diameter. The hole was precoated by applying 5 p l 
of lipid (either phosphatidylethanolamine or diphy- 
tanoylphosphatidylcholine) solution in chloroform (2% 
w/v). After 5 rain of air-drying, the chambers of the 
cuvette were filled with 4 ml of electrolyte solution 
(100 mmol I -~ KCI, 5 mmol I -~ MgCI 2, pH 6.5 un- 
buffered, if ~ot indicated otherwise). Then, a solution 
(2 /~l) containing 1% (w/v) lipid, 10% (v/v) butanol 
and 89% (v/v) n-decane was painted across the hole 
with a teflon-loop. After the membrane turned black, 
the ~mple was added under continuous stirring. Two 
calomel electrodes were used to apply a voltage be- 
tween the two chambers, One chamber was held at 
zero potential (trans chamber), the other at potentials 
be',wee~, ÷ i50 mV a,~- - !50 ,nV variable in steps of 5 
mV (cis chamber). The zero potential-electrode was 
connected to a current to volt~.-,¢ ~.'onvcrter ba~ed on a 
Bur~" Brc~vn operational amplifier. The amplifier signal 
was monitored on a storage oscilloscope and proto- 
o,,lled on a chart recorder. The input signal was ampli- 
fied by a factor of upto 10 *°, Usually the signal was 
fiP.ered with a time resolution of 33 Hz, in some cases 
of 100 Hz which is necessary t,, ~ ~duce the background 
noise caused by the large si,e of the lipid bilayer 
membrane. 

Two different apwoaches were used to reconsfit~,te 
channel activity into the planar bilayers: 

(1) Fusion of  membr, me cesic!e~. The osmolarity of 
the sample was adjusted with urea to 700 mosmol, the 
osmolarity of the electrolyt~ solution of th,." trans- 
chamber was increased with urea to 450-500 mosmol, 
whereas the osmolarity of the cis, chamber was held at 
220 mosmol. Sample was added to the trans-chataber. 
In these experiments, phosphatidyl ethanolamine 
(Avanti Polar Lipids, Bit'm~g~kL, aa~, ,M,, USA) was used 
as lipid. The content of the chambers was stirred for 
5-10 rain and the changes in conductance upon incor- 
poration of channels was recorded [18], 

(2) lfi'constimtion of channel proteins offer solubiliza- 
tion with Triton X.IO0. The tonoplast taembranes were 
suspended in i0 mmoi 1-~ Tricine-imidazole (pH 7.6)- 
4 mmol l-~ MgCl e and 2% (v/v) Triton X-100 (P:'erce 
Chemical Compan!v, Oud Beijerland, The Netherlands) 
at room temperature for 5 rain. 5-10 p.! san,ples were 
pipetted into each chamber. The reconstitution fre- 
quency was unchange(' when the solubi|ization mix was 
freed from non-solubilized proteins and membranes by 
centrifugation (result not shown). In these experiments, 
diphytartoylphosphati6y!chohne (Avanti Polar Lipids, 
Birrningnarn, AL, USA) was used as lipid to form the 
bilayers. 

Chromatographic separation of so!ubilizcd poly- 
peptides. Tonoplast membranes corresponding to about 
3. I0 ~ vacuoles were solubilized in 200 p.! of a buffer 
containing 20 mmol l - '  Tris (pH ?.2), 50 mmol l- 
NaC[ and Triton X-100 at a concentration of 2% (v/v). 
.e~lub~lJz,.~ proteins were separated by size exclusion 
chromatography on a prepacked Superose 6 HR~'Ol- 
umn (Pharmacia, Uppsala, Sweden), which was equili- 
brated with 20 mn~ol i-z "iris (pH 7.2), 50 mmol I-z 
NaCI and 0.1% ~,v/v)Triton X-100 at a flow rate of 03  
ml rain-'; 40 fractions of 0.3 ml we,.-'e collected. The 
fractions we:re divicled into aliquois and stored in liquid 
N 2 ( - 196°C) until fu~her use. 

Reconstitution of t.on_~.~st .~mtypeptide~ into lipo- 
sprees. Tonoplast potypeptides were incorporated into 
pltospha:idyleholine-lipo~omes by a freeze-thaw cycle 
as described in Tb.,.:me and Dietz [16]. L i ~ c s  and 
proteoliposome~ were incubated in the presence of 
35SO~- (50 B(I p.l-W). Liposomes were separated from 
the surroundine medium by applying the liposmml 
suspensiorl onto a Sephadex G-75 columr, The turbid 
fraction was collected and counted for _radioactivity. 

Reconstitution of nitrate-, sulfate- cldoride- and phos- 
phate-conducting channfls. To measure nitrate-, sul- 
fate-, phosphate- and chloride-conductar~:es, elec- 
trolyte solutions were prepared from the correspoa-.aing 
acids. The pH value of the solutions was atijusted to 
about pH 6.5 with the impermeable cat!on N-methyl- 
g!ucataine. Mg 2+ ions were a~|ded in the form of 
Mg-gluconate to a final concentration of 5 taM. 

Results 

Reconstitution of ion channels jrom ronoplast-pnriched 
microsomal fractiot~, Ionoplast t'esicl¢~ or solubil~ed 
tonoplast membranes 

In symmetrical KCl-solution. channel activity was 
detected upon addition of tonoplast-enriched microso- 
mai membranes or tonopiast vesicles to the chambers. 
Without adding any sample no opening and dosing 
events could be detected. Fig. 1 shows e.~mples of 
current recordings which were obtained from diffe~nt 
samples. Usually, 2-10 rain after adding the tonoolast 
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Fig. I. Recordings of ion channel activities reconstituted into planar 
bi lay¢~ from a tonopl~.~t-enrieh¢'ti microsnmal fraction (A: lhe tim,; 
bar corresponds to 2ll ~: + .¢,t3 niV; ihe cemduezancc wa.~ f,,-O, pS). or 
from '-.'~:dt~iar vesicles obtained after freezing of i.qJlaird inlacl 
vacuoles (B; t "= I0 s: +50 mV; 40 pS). or from vesicles of ~di- 
menied tonoptasts (C: t = 2 s: + 50 mV: 24 pS), or from tonoplast 
membranes solub;lizcd in 0.1% Tr i lon X- I l l0  ID,  I -- 20 s: +50 mV; 
20 pS). The chambers of the cuveile contained 100 mmoi / I  KCI and 
10 mruol/ t  MEG: .  The el~t'lfolyte .¢~lulion was unbuffered with a 

pH of 6.5. 

preparation to the chambers, frequent opening and 
closing events of ion channels were o~erved. Channel 
activity was also seen when the tonoplast polypeptides 
were solubiGzed in detergent prior to the addition to 
the chamber. Without mechanical stress, stability of 
the membranes reached up to five hours. Analysis 
times for reconstituted channels was variable, it was in 
the range of 30 rain to 3 h without much change in 
opening and closing frequency. 

Selectir:'ity and coltagc-dependence of two tonoplast 
channe!s wit_/" 57pS and 24pS 

The characteristics of two channels is shown in more 
detail in Fig. 2. Voltage was varied between +50 and 
- 5 0  mV ~nd channel currents were recorded. The 
amplitude of the currents through the channels were 
linearly dependent on the voltage. The single-channel 
conductance of the channels wa.~ 57 pS, and 24 pS, 
respectively. After the measurement in symmetrical 
KCi solution, an asymmetrical electrolyte distribution 
was established by increasing the electrolyte concentra- 
tion in the cis-chamber from 100 mmol i-= KC! to 430 
mmol I -I KCI. Under these conditions, the reversal 
potential calculated from the Nernst-equation corre- 
sponded to +37,5 inV. A second current-v~!:aE,¢ curve 
was measured. Again closing and opening events of 
two channels were observed. The single-channel con- 
ductances increased after the increase in ion concen- 
tration. The conductance of the 57 f,Y, channel which 
revealed no ion selectivity increased to 150 pS. Assum- 
ing a linear relationship between ion cor.centration and 
single-channel conductance we would have expected a 
conductance 4.3-times as high as 57 pS (245 pS). This 
result indicates substrate .~aturation. The conductance 
of the 24 pS channel which was anion-specific (the 
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Fig. 2. Voltagc-delmndcnt current of reconstituted Ionvpl~st c~ann¢ls. The currenl amplitudes obtained in 0,1 mol/I KCL 0.01 mol/I CaC12 (A) 
or, ahem' ineTeasing ih¢ KCI in the ci.s chamber to 0.43 alol/I {B) were ~naiyzed and plotted as I .V curves. Symbols: ( + ) - 24 ps; (o)  = 57 DS. 



current through the channel was zero at + 37 mV, the 
Nerrtst potential for CI-) increased only to 49 pS 
which indicates again substrate saturation at higher 
concentrations. 

Vari, bility of channel actirities after reconstitution of 
tonq~last membranes 

Different ion channels showed large differences in 
siTzgle-channel conductance after incorporating tone- 
pi~t  proteins into the bilaycr membrane Figure 3 
summarizes conductanccs which were oos~rved in dif- 
ferent experiments. The conductance steps were cho- 
~ n  in dependence o: the mean error of -:he measure- 
meats and were based on the functional relationship 
that the magnitude of the error is proportional to the 
~uare root of the single-channel conductance. Only 
channels are included in the figure which were charac- 
terized by" a current anaiysis of at least five different 
voltages. Each of these single voltage steps of every 
e,~periment reflects several to more than one hundred 
opening and closing events. The histogram shows that 
the most frequent events o~" reconstitution were ob- 
served for channels with a single.channel conductance 
o f  16-25 p$ (28 experiments. Thi~ corresponds to a 
40% probability of detection in single experiments), 
30-a~! oS (26), 49-66 pS (15) and 64-81 pS (15) (in 100 
mmol ;~* KCI). Interestingly, chaanel activities were 
observed o~er the whole range from < 4 pS to > 196 
pS. This observation clearly needs clarification of the 
possible causes for the channel heterogeneity (~e  Dis- 
cussion). A -l~tailed analysis of the channels ;.~ no t  
possible as long as the reo0n:;titutiot~ is performed with 
complex populations of different channels. Fig, 3 shows 
*.E=t preparations of highly purified tonoplast mere- 
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branes contain a large number of different channels. 
Therefore, we started a chromatographic separation of 
solubilized tonoplast proteins in order to enrich spe- 
cific channels in distinct fractions. 

Channel activity in fractions from chromatographically 
separated tonoplast polypeptides 

To investigate the hctcrogep.eity of ion conducting 
activities, we separated solubilized tonoplast poly- 
peptidcs by gel filtraticia (Fig. 4A). The silver-stained 
clectrophoretog,~am t'," the 40 collected fractions 
showed good separation of most and little ~pa;ation 
of some. ;x)l .vpcptides. in particular, a 24 kD polypep- 
tide was present in all fractions. This polypeptide L~ 
reported to be developmentally regulated, heavily 
g[v:osylated and tends to form higher molecular weight 
aggregates. It is a l ~  responsible for the heavy protein 
stain in frail[otis 25-28 ([19]; Kloske, personal commu- 
nicationS. Individual fractions were tested for channel 
forming activities. Most of them showed no or little. 
channel activit~ (Fig. 4 C). Fractions 1-3 showed dif- 
ferent channels with conductances of 20 pS, 30 pS, 
pS and !90 pS. These first fracqons contained unsolu- 
bilized membrane ves.~¢!es and therefore are likely to 
reflect the whole pattern of activi~ic~ ~ t a i n e d  in the 
stalin8 material, 

In fzaction 6, channels were detected whh -.= .~'ng'c-- 
channel conductance of 4 pS in 100 mmol I - l  KCI. 
Channel activites were also repeatedly found in frac- 
tions 15 and 16 (~;) pS and 100 pS), in fraction 35 (42 
pS; Fig. 5) and in fraction 39 (42 pS), The spectrum of 
channels detected after separation of tonoplast pro- 
teins ~; gel filtration corresponded to Ule spectrum of 
channels which can be reconstituted from whole tono- 
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Fig. 3. HisloBram of reconsfit,*,~on evenxs of ~n channels wilh ~ccifl~ conductanc-cs. Tonoplas; vcsiclcs wer~ in¢ortrmwatcd L,2.to the plaP.~r 
Oilayers. Channel reconstitution events from inde¢-.mlen! experiments were ordered accordinil to their sinllle-chanT, el eon¢|uctance. Each event 

cmresponds to a channel which was characl©t~ed at i©ast by five different vollag©s, 
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plasts. Single-channel conductances range from 4 pS to 
190 pS. 

Fig. 4 compares the "tSSO~--transport activity of  
reconsti tuted proteoliposomes with the activity profile 
seen af ter  reconstitution of  tonoplast polypeptidcs into 
planar bil~ycr membranes.  As for rcconstitution into 
lipo.-(mcs the amount  ,~f fractionated tonoplast mate- 
riai g-as limiting. SO~-  was chosen arbitrarily as an 
example to  test for a~;ion permeability. SO~- is partic- 
uh, riy suitable for liposomal rcconstimtion experi- 
ments,  as the basic rate of SO~- uptake by phospha- 
tidylcholine l i po~mes  was very low. In fraction 6, a 
single-channel conductance of  16 pS was observed in 
the b i laycr  .~ystcm in thc presence o f  1 tool  [ -  ' su l f , ; r ic  
acid neu t ra l i zed  w i t h  the  i m p e r m e a b l c  ca t ion  N - m e t h -  
y lg lucamine .  Th i s  resul t  w i t h  b i layer  membranes  co in-  

c ides w i t h  the act iv i ty  o f  the same f rac t ion  in the  

liposome reconstitution system. 
The  42 pS channel uf ~r,cfion 35 was fur ther  charac- 

terized after  application of  an ion gradient.  It revealed 

TABLE I 

Reconstitution of anion-conducting channels imo planar b:./ayer mem- 
branes fn~m solubilized tonoplast membranes 

The electmly~.c soludon consisted of the anion as indicated. The pH 
v, as adjusted to al~ml pH 6.5 with N-methylglucamine. Mg gluconal¢ 
was prcscn! a! a cnncentration of 5 mmol I- ~. The conductance was 
derived from Ihe sfop¢ of I-V ~:urves oblained from sevcrnl measure. 
merits. 

lun Concentration Conductance 
(real l -  ') (pS) 

cI 0.1 42 20 Io 
NO; o.I 57 22 
SO4 - O.l 9 

!.o 16 
L0 10 5.7 1.4 H :PO4 /HPO~-  

only a small increase in single-channel conductance  
af ter  the KCI concentrat ion in the cis chamber  had 
been increa.~¢d from 100 mmol I-~ (Figs. 5A and B) to 
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Fig. 4. Channel aclivilies detected after l,:consth-fion of Ionop}ast polypeplide fraclions which wer~ obtained by size exclusion chromatography. 
Tonopla;l membranes of 3. l0 s vac~:oles were scdimcn¢cd, solubiliz;=d a,=d [racdonated on sup=rose b HR-particles as d~Eribed in M~thod~. FiB. 
4A sh{~v~ a silver st'fined SDS-PAGE of the obtained t rae|ions i-40. In 4B, 50/JI of each frac{ion were in¢orp~rulcd inlo phosphatidy|cholin~ 
hvoso:ncs as descr;b,~: in Thum¢ ¢! aL [16} and analyzed for [ ;~S]s,Jlfalc permeability. In 4C, results from incorporating iop channels in~o planar 
bilaycr membranes arc summarized. Ekhcr KCI (0, l reel/D- or SO.~- (1 mol/l)/N-m¢lhylg!ucaminc-pcrmeabiiil~ was hwcsti~:ated aflcr adding 

10 #! of the chromatographic fraclions to the eh:lmbcrs. The nt~mbers ~ivc Ih¢ conductance of th~ channe.l~ i~ pS. 



480 mmoi I-" (Fig. 5C). The intersection with 'he 
abscissa shit'ted to -25  m'~: which indicates partial 
cation selectivity. As th,: conductance only increased to 
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66 pS, the  channel shows substratc saturat ion.  We 
would have expected a reversal potentiol of - 4 0  mV 
for a 4.8-fold gradient in the case of potassium pcrme- 
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FiB..~. Current truces and I .V curve o[ the 42-pS channel detected in fraction 35 after size exclusion chromazosraphy of tuaop.tas! polypeptidcs 
ozz a Superose 6l-.IR.c,_~lumn. 'l'h,,se data rcprcscnt one example ol" scvera! independent measurc.m.cnts. Current r¢cordmg,s under symmetric~zl 
conditions (0,] mol/I KCi, 5 mmol/I MgCI.,) are ~h(~wn in (A) a t. yawing voltases, F~r ! > 60 mV, the current bat corresponds to ] pA, for i <60 
mV to 0.4 pA. Th~ current amplitudes wett: analyzed and plotted as i -V curve (B). Aficr JltcreasJn8 the K~I copccnlration ol the cis chamber Io 

0.4~ tool/i, the I .V curve shown in (C) wa.~ eblained, 



314 

i. Cl- 
c=0.1rnollt 
.-50mY .... i 

2. NO~ 
¢ =01 mol/I 
*&OmV 

3. SO z- 
c=OJrnol l l  
-50mY 

~f HzPO~ 
-&~nV 

!5s 

Fig. 6. Anion permeability of ~econ~fi:~!c~l ;onoplast channels. The electrolyte sn~uUons were made up from the corresponding acid at the 
concentratmn indicated a,d neutralized with N-methylghz;amine. The conductivities were: 42 pS for CI-. 22 pS for NO./. 9 pS for SO~- and 10 

pS fi)r H., PO4- (the latter at ! molar concentration; all the others at 0.! molar concentration). 

abili~' a]ojic. The incomplete shift to -- 25 mV suggests 
that the channel also conducts CI-, however at a about 
5.7-fold lower activity than K +. 

Reconstitution of nitrate-, sulfate-, chloride- and phoa- 
phate-conducting channels 

In samples of Triton X-lOO-sc, lubilized tonoplasts, 
s':ngle-channe! conductances were detected for al! 
tested anions (Table D (Fig. 6). Channels for chloride 
and nitrate had higher co~,ductances than channels for 
sulfate and phosphate. The comparison has to be taken 
with care as only the direct exchange of the cuvette 
content after successful rcconsfitution an:i charac- 
te.r/zation of a channel will provide cicar evidence for 
the single.channel conductance of the differem tono- 
plast channels f.:)r various ions. 

Disemsion 

What can reconstRution tell us? 
Ion transport across the tonoplast membrane has 

been studied with intact vacuoles, microsomal mem- 
brane fractions and tonoplast vesicles. The possible 
involvement of ion char, zdels in transtonoplest ion 
transport has been discussed only recently. Experimen- 
taJ results from patch clamp studies demonsf.rated the 
existence of three or four different types oi ion chan- 
ntds in the vacuolar memb~'an¢, a slowly aclivat~ng and 
a rapi~lly activating channel for monovalent cations end 
at, ion.% a Oo~as.,,!um channel and a Ca2+-channcl 

[8,20,21,22]. The specificity of the cation channels is 
low [7]. For this reason, ti~eir function is difficult to 
assess. Clearly a further characterization of the ion 
channels is requi~cd to fully understand their role in 
ion ~:ransport. 

"l'v,'o approaches are feasable" On the one hand, 
electrophysiological investigatiens may be extended to 
more complex systems such as permeabilized proto- 
plasts or cells in which possible cytoplasmic regulatory 
mechanisms are still likely to be at work. The whole 
cell configuration in the patch clamp analysis is a 
powerful technique bridging the data on excised mem- 
brane patches and the work with intact vacuoles. On 
the other hand, we are int,=rested in the characteriza- 
tion and identification of ion channels for biochemical 
analysis of ~he parent proteins. Reconstimtion as a 
method to detect channel activity aftec disruption of 
membrane integrity is the first step to address these 
questions, In this communication we demonstrate that 
tonoplast channels ca,~ b~ incorporated ,into planar 
bilayer memb, aneg. The density of ion channels at the 
tonoplast is unlikely to be as high as in membranes of 
cells specialized for rapid ion conductance, for example 
stomata [I0], The efficiency of channel incorporation in 
the planar bilaver membrane is low. The observation of 
more than one simultaneously opening channels in the 
bilayer system suggests (as a function of the open 
probability) that more than the ~-esolved number of 
channels have im,~rporated into the bilayer membrane 
[23!. Therefore, repeated reconstitudon of identical 



channels from different tonoplast preparations pro- 
vide~ good evidence for th,." localization of the charac- 
terized channel in the tonoplast membrane. 

Channel heterogeneity 
The large variability ef channel conductance after 

reconstitution of tonoplas~ membranes is interesting 
and puzzling. The function of plant vacuotes in specitic 
compartmentation of ions requires specific transporte~" 
proteins. With the exception of the Ca 2+ conducting 
channel, the tonoplast channels which have been char- 
acterized upto now show insufficient specificity to ac- 
count for the in z~'vo observed specific ion movement. 
Therefore the identification of an anion specific chan- 
nel of 24 pS conductance marks an important step 
tow~-rds an improved understanding of ion movement 
into and out of the vacuole. 

Although this ':s promissing, the diversit'.,, of channel 
activities seen after incorporation of tonoplast material 
iatto plana.~ eila~,ers may re¢luire some discussion. The 
diversig,' may be explained by different causes: 

(i) The tonoplast contains a larger number of differ- 
ent ion channels than usually conceived, The st.andard 
methodology of the patch clamp technique allows only 
to detect spontaneously acti'qe ,3r specifically activated, 
for examp!e Ca2*-regulated channels. Regulatory 
mechanisms must be un:!erstoed before act.ivity of 
specifically regulated channels can be observed. Re- 
const.itution of proteins into planar bilayer rnembrane,~; 
might ove, rridc rcgulatior~ and produce, channel re. 
sponses different from those observed in intact sys- 
tems. We favour this first explanation. 

(ii) The diversity could also be caused by change~ ia 
the molecular structure or arrangement of the channe! 
or other proteins during reconstitution. Proteins con- 
si~ting of multiple subunit~ may reveal altered activity 
after a reduction of subunit number. TP, e model ¢,f 
multi-subunit (barells)-channels is often used to e~- 
plane substate levels of conductances (cf. for exampk-, 
Refs. 24 and 25). After incoqaoration int,:) planar bilay 
ors, such substructures ma) catalyze ion ~ranport a ~, 
lower conductance. An example of such a change in 
electrical characteristics after reconstitution is the K +- 
permeability associated with the CFo-subunit of the 
ATP synthe.s¢ of the thylakoid membrane after extrac- 
tion of the hydrophilic CF~-complex [26]. F~)llowing 
sotubilizadon, reconstitution may also alter the subunit 
structure of channel proteins. This was observed for 
sui~unit it! of the chloroplast ATPase. Reconstitution 
led to various aggregation states of the protein with 
r~istinet conductance le.vels [27]. 

(iii) Po~,sible contaminatio~,.s of the tonoplast mem- 
brap.e preparations with other cellular membranes or 
with mieroorganism~ could lead to the incorporation of 
channels from other than tonoplast sources. As judged 
fr,~m marker enzyme actvities, vacuoles isolated from 
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barley mesophyll protoplasts are very purc and are 
contaminated with o~her cellular mate..'ial by less than 
I% [28]. The media were routinely frozen to suppress 
growth of microorganisms. Of course, it can not be 
excluded that in some rare cases, channels from other 
than toneplast origin incorpora!': i,,.'.o the bilayer. 

En~cl, i lent of  channels by size-exclusiot, chromatog. 
raphy 

Our results demonstrate tha~ activities of tonoplast 
channels can be separated by chromatographic meth- 
ods. This is the first step towards a molecular under- 
standing of the tonoplast channels beyond *.he electro. 
physiological characterization by patch clamp analysis. 
It will be important to investigate the channel hetero- 
geneity in partially purified fractions in order to under- 
stand specificity of charnels a~d ;heir role in ion 
companmentation i~; "i~'o. 

The survey of to~loplast ion channels by Hedrich et 
al. [7] shows that a slow-vacuolar t y ~  ,=hannel exists in 
all tested vacuoles. This channel has a conductance of 
50-80 pS in Ifl0 mM KCi and cx~,~ibits low ion.selecth,'- 
ity. Howewr, inter-species-variability was ia.,ge. O ~ -  
ously, data obtained with different methods, ~uch a~ 
patch-clamp and planar bilayer technique, car:, only be 
compared for one specific tissue and species. There 
o~iy exist two reports for barley wher~ tonoplast ion 
channels were analyzed with the patch-clamp tech- 
nique [21,22]. However, quite different condit;ons were 
chosen by the authors for their analysis. In 250 mM 
KCI, a single channel conductance of 121 pS was 
reported by Kolb et al. [21[. whereas a conductance of 
60-80 pS was observed by bledrich etal.  [22] in 50 mM 
K2malate. Kolb e t a l .  [21] did not characterize the 
specificity towards K + and CI-. In the case of Hedrich 
et al. [22], K + was about twice ~s permeable than 
malate at pH 7.3. Although, we also detected single- 
channel conductances in the range of 60-80 p3 in I00 
mM KCI, this ~ e  of cP.e,n~el was !ess frequently 
observed than ~h~n~c!~ u.,ith ]ow,~, conductance. Inter- 
estingly, both ~ o u m  describe a voltage-deper~d~,nt 
open probal~iiity of the tonoplast channels. Our here 
reported channels did not reveal such behaviour. This 
may b¢ caused by the solub'.,'hzation of the chan4el 
proteins, follower 4 by reconstitution into artificial bilay- 
ors which in contrast to the m)lar tonoplast has sym- 
me~:rical properties. 

Only (partially) purified fracUons of '.onoplast pro- 
reins will allow to characterize specific types o~ tono- 
plast channels in deteiL 

. .  
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