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S u m m a r y .  Voltage-dependent K channels could be identified in 
on-cell and excised patch-clamp records on membranes of iso- 
lated plant cell vacuoles. The current through a membrane patch 
is dominated by a channel population with a conductance of 
about 121 pS in symmetrical 250 m ~  KC1 solution. The single 
channel adopts at least two conducting levels, the 121-pS state 
being most frequently observed. The channel shows outward 
rectification, representing a cation flux into the vacuoles. The 
rectification appears to be caused by a vanishing open probability 
and a short channel lifetime at hyperpolarizing voltages. A selec- 
tivity ratio of potassium over sodium of about 6 was derived as 
an estimate. Occasionally, an additional population of K chan- 
nels with a single-channel conductance of approximately 18 pS is 
observed. This channel type exhibits outward rectification as 
well. 

K e y  W o r d s  K c h a n n e l s  �9 r e c t i f i c a t i o n  �9 open probability �9 

plant vacuoles �9 patch clamp 

Introduction 

Ions play an important role in the preservation of 
the plant water potential. Uptake of salts enables 
the plant to maintain turgot without expending en- 
ergy for the synthesis of organic osmotica. Most of 
these ions are stored in the large central vacuole 
that accounts for about 80% of the plant cell vol- 
ume. The vacuole functions as a storage unit for 
sugars and organic and inorganic ions (Boiler & 
Wiemken, 1986). In spite of the importance of ion 
transport across tonoplast membranes, only a few 
transport studies using isolated vacuoles have been 
conducted. Uptake of malate and chloride in vacu- 
oles of barley mesophyll leaves is energy dependent 
(Martinoia et al., 1985, 1986), for which participa- 
tion of the tonoplast-bound H+-ATPase (Sze, 1985) 
is suggested. 

Homeostatic mechanisms are thought to main- 
tain an ion distribution which facilitates metabolism 
(Kaiser, Weber & Sauer, 1983). Nitrate, which is 
predominately located in the vacuole (Martinoia, 
Heck & Wiemken, 1981), disappears during senes- 

cence (Christensen, Below & Hageman, 1981), 
whereas chloride or sodium, which are not metabo- 
lized, seems not to be released (Jeschke, 1979). 
Therefore, mechanisms controlling the ion trans- 
port and rectification at the tonoplast membrane 
have to be postulated. 

In the present paper we used the patch-clamp 
technique to investigate ion transport into isolated 
vacuoles (Kolb, K6hler & Martinoia, 1986a). Plant 
electrophysiological investigations using the patch- 
clamp technique have been few so far. The plasma- 
lemma of wheat mesophyll protoplasts contains dif- 
ferent channels (Moran et al., 1984). They have 
been distinguished by their conductance, but the 
corresponding ion selectivity is unknown. A potas- 
sium channel of 37 pS has been observed in the 
plasmalemma of Vicia faba guard cells (Schroeder, 
Hedrich & Fernandez, 1984). This channel is ten 
times more selective for potassium than for sodium. 
In a recent study, Bentrup et al. (1985) investigated 
the tonoplast of Chenopodium rubrum vacuoles. 
From the analysis of current noise, a K channel of 
0.5 pS was postulated in symmetrical 46 mM KC1. 
For the cytoplasmic drop of Chara australis, 
L~ihring (1986) could show a K-channel conduc- 
tance of up to 165 pS, depending on the accessabil- 
ity of both sides of the membrane for potassium 
ions. 

The major result of this work is the identification 
of a K channel of large unit conductance. The per- 
centage of channel open time was measured as a 
function of membrane potential. At hyperpolarizing 
voltages the channel could not be detected, suggest- 
ing outward rectification. It was found that the po- 
tential-dependent gating properties are similar to 
the results obtained for maxi-K channels in mem- 
branes of muscle cells (cf. Lattorre & Miller, 1983) 
and epithelial cells (Kolb, Brown & Murer, 1986b). 
A kinetic analysis of open and closed times is pre- 
sented. We carefully analyzed the problem of the 
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Fig. 1. Current records at different depolarizing membrane (~ 
pipette) potentials as indicated. Tonoplast-attached pipette con- 
figuration with high-K solution in the bath and pipette. Positive 
currents from the pipette into the vacuole are presented as up- 
ward currents (see Materials and Methods). (a -c )  Current traces 
of one experiment. At 30 mV (a) and 50 mV (b) two channel 
populations are visible, which show different current amplitudes 
and kinetical patterns. For clearer presentation, at 30 mV a 
record section was selected where the current pulses of larger 
amplitude showed longer open times. On the right-hand side the 
corresponding mean current levels are marked: io denotes the 
commonly closed state, is the smaller current amplitude, and i2 
the larger current amplitude. The sum of i~ + iz is given as well. 
(d) Current fluctuations of a further experiment where only the 
channel of larger amplitude was observed. The superposition of 
two simultaneously open channels is marked 

number of conducting states and concluded that the 
channel adopts at least two. 

Materials and Methods 

PREPARATION OF PROTOPLASTS AND VACUOLES 

Protoplasts from young barley leaves were prepared as described 
previously (Kaiser, Martinoia & Weimken, 1982). Vacuoles were 
isolated according to Martinoia et al., 1981. For patch-clamp 
studies 50-100/~1 of the vacuole preparation was added to 1-2 ml 
of 250 mM KCI,  containing 50/xg/ml neutral red. The electrolyte 
concentration of the vacuole is 400-450 mM (nitrate 40-60 mM, 
chloride 50-70 mM, phosphate 50-70 raM, sulfate 10-20 mM, 
potassium 130-180 mM, sodium 20-50 mM). Vacuoles were al- 
lowed to settle on the bottom of a petri dish, which was treated 

with 1 mg/ml L-polylysine for about 5 min. L-polylysine treat- 
ment enhanced the adherence of vacuoles considerably and 
therefore facilitated the formation of gigaseals. The vacuoles 
were spherical with a diameter of 20-30/zm. Purity was as re- 
ferred elsewhere (Kaiser et al., 1982). 

PATCH-CLAMP EXPERIMENTS 

Patch-clamp experiments were carried out according to the 
method of Neher and Sakmann (cf. Hamill et al.,-1981). The 
experiments were performed in the vacuole-attached configura- 
tion of the micropipette, or also on inside-out patches of the 
tonoplast. Throughout the records potentials are denoted as 
membrane potentials. Since the electrolyte of the micropipette 
can be considered as a substitute for the cytoplasmic solution, 
the membrane potential is equivalent to the applied pipette po- 
tential, referred to a vacuole potential of 0 mV. Positive currents 
from the pipette into the vacuole are presented as upward cur- 
rents and defined as outward currents. The current records were 
stored on an FM tape recorder (Racal Store 4) with a frequency 
response of DC to 20 kHz. The records were actively low-pass 
filtered (Krohn-Hite Model 3342) at a cuf-off frequency ( -3  db 
frequency) of 1.5 kHz. 

ELECTROLYTE SOLUTIONS 

For all current records, the bath contained a solution of 250 mM 
KC1, 20 mM HEPES, 10 mM glucose with a pH of 7.4 (high-K 
medium) to mimick the normal cytoplasmic ionic composition. 
The patch electrode contained, unless stated otherwise, the high- 
K medium with no CaC12 added. The ionic selectivity was inves- 
tigated by varying the pipette electrolyte. In this case, KC1 was 
replaced by equal amounts of NaCI. Experiments were per- 
formed at room temperature (20-30~ 

DATA ANALYSIS 

For data analysis, the recorded patch current was played back at 
1/32 of the recording speed into a strip-chart recorder (Gould 
Brush 2200S). Open-close events and the corresponding current 
amplitudes were digitized using a Hewlett Packard 9874A digi- 
tizer. For derivation of frequency histograms of open and closed 
times, the half-amplitude threshold analysis (Colquhoun & 
Sigworth, 1983) was applied. Sojourns within single-channel 
events to lower current levels lasting less than 500/zsec were 
considered as open times. The derived frequency distributions 
were fitted by exponential functions using a least squares fitting 
routine. 

To estimate the percentage of time during which a channel 
stays open (open probability), the sum of consecutively mea- 
sured open times was divided by the observation time. 

Results 

CHANNEL POPULATIONS AND STATES 

Figure 1 shows current records of an active tono- 
plast patch in the on-cell mode at different depolar- 
izing membrane potentials. As will be demonstrated 
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Fig, 2. (a) Current pulses of single-channel events at 58 mV. 
Pronounced steps in the rising and falling phase of the current 
pulses are marked by arrows, On the right-hand scale, the differ- 
ent mean channel states are denoted as io (closed state), i~ (sub- 
state) and i2 (fully open state). The mean values of i~ and of i2 
were taken from the corresponding amplitude histogram of b. 
For further explanations see  text. The experimental conditions 
were as used for Fig. 1. (b) Amplitude histogram of different 
current states (i],/2) within single current pulses (see a) at 58 mV. 
The amplitude histogram was fitted by a superposition of two 
Gaussian functions. The following values were derived: i~ = 2.25 
-+ 0.95 pA, i~ = 6.7 _+ 1 pA. The total number of amplitude values 
is 321. The experimental conditions were as used for Fig. 1 

below, the record shows a cationic current directed 
into the vacuole. Opening and closing events of this 
type could be observed in a total of 12 experiments, 
but giga-seal formation was only successful about 
every 10 to 20th try. Figure la-c shows that besides 
a channel of large current amplitude, a second pop- 
ulation appears with a significantly smaller ampli- 
tude and an obviously distinguishable current pat- 
tern. Both channel populations open and close 
independently, as may be seen from the current 
traces of Fig. la and b. For the channel of smaller 
amplitude, a conductance ofg  = 18 + 4 pS (n = 4) is 
derived (see also Fig. 3). But in the following, we 
will concentrate on the analysis of the current 
pulses of large amplitude which dominate the rec- 
ords. For this purpose, those current records were 
selected in which only this channel population 
could be identified (Fig. ld). Dependent on the open 
probability of one channel (see below), we could 
observe two simultaneously open channels of equal 
amplitude (see marked event in Fig. ld). 

The current fluctuations ending on larger cur- 
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Fig. 3. Current amplitudes (i) vs. applied membrane potential 
(U) of single-channel events. The current values were obtained 
f r o m  evaluation of the corresponding amplitude histograms. The 
drawn line represents a fit of the ohmic relation to i2(U) (O 
points) of the fully open channel state (/2, see  Fig. 2a) which 
yields g2 = 105 pS. For the second type of current amplitudes (El 
points, see  also marked events in Fig. 1) gs = 18 pS is derived. 
By linear extrapolation of both lines a common zero current 
potential of about - 7  mV is found. The data were as used for 
Fig. 1 

rent amplitudes show a characteristic stepwise in- 
crease and decrease as may be seen from the time- 
expanded current traces of Fig. 2a. To find out 
whether these steps are related to defined channel 
states, frequency histograms of the corresponding 
amplitude levels were evaluated (Fig. 2b). At least 
two conducting current levels can be identified, de- 
noted by i] and i2, in the order of increasing 
amplitude. As Fig. 2a demonstrates, the current in- 
creases and decreases stepwise, and state i2 is the 
one most frequently observed (Fig. 2b). This results 
from the fact that most of the current pulses ending 
o n  i2 appear to virtually never enter the intermedi- 
ate current level during the "on-"  and "off-set," 
which may be caused by the limited frequency reso- 
lution of the setup. In Fig. 3 the current amplitude, 
i2, is plotted as a function of the membrane potential 
U. The figure indicates that a linear relationship ex- 
ists within the potential range of approximately 30 
to 100 mV. For the corresponding single-channel 
conductance, a value g2 = 121 -+ 14 pS (n = 9) is 
derived. From a linear extrapolation of i2(U) to zero 
current, a potential intercept of -9.2 -+ 5.2 mV (n = 
9) is derived. A change to the excised patch configu- 
ration shifts the zero current potential to -0.2 -+ 2.4 
mV (n = 4) in symmetrical high-K electrolyte, and 
the single-channel conductance stays unchanged 
within the experimental error. This potential shift is 
caused by a change of the K + concentration at the 
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Fig. 4. (a) Frequency histograms of  lifetimes of  current pulses in state i2 (fully open state) and state io (closed state) at 58 mV (for 
notation s e e  Fig. 2a). For  this plot all transitions shorter than 0.5 msec were discarded. The curves represent  fits of either one or a sum 
of two exponential functions to the corresponding frequency histogram, respectively. A mean open time of r_~ = 4.4 msec (250 events,  
eight events are outside the shown time scale) and two mean closed times of  9.4 and 30.5 msec (2560 events,  21 events are outside the 
shown time scale) were obtained. All events were considered for the fits, respectively. The experimental conditions were as used for 
Fig. 1. (b) Mean lifetime of  current fluctuations in state i,, 00,,,~, (O), closed state) and in the fully open state i2 (7-2 (Q)) as function of  
membrane potential. Regression lines were fitted to the semilogarithmic plot of  these values. Using Eq. (1) the following parameters 
were derived: r0,s (0) = 1.1 msec,  a = -0 .13  mV 1; ~-2(0) = 0.7 msec, a = 0.041 mV ~. In addition, the channel open probability of an 
individual channel is plotted (1).  The corresponding scale is given on the right ordinate, p(U) was estimated as outlined in Materials 
and Methods.  By extrapolation p(0) = 0.0012 is derived and for the corresponding voltage sensitivity, 3.5 mV -I. The experimental  
conditions were as used for Fig. 1 

inside of the tonoplast,  from about 150 mM in the 
intact vacuole to 250 mM for the excised patch con- 
figuration. As a further test whether  the observed 
current is an outward potassium current,  the KCI 
concentrat ion of  the pipette solution was reduced 
from 250 to 125 mM and replaced by an equal 
amount  of  NaCI. This reduction was followed by a 
decrease of the single-channel conductance to 79 -+ 
9 pS (n = 3) and a zero current potential of  +8 --- 3 
mV (n = 3), derived by extrapolation. Application 
of the Goldman equation for K and Na as the only 
transported ions yields an estimate for the selectiv- 
ity ratio of K over  Na of  about 6. With the electro- 
lyte compositions of  the bath and patch-pipette 

used, an inward current  was not observed. Chlo- 
ride-selective channels could not be identified. 

O P E N - C L O S E  K I N E T I C S  AND O P E N  PROBABILITY 

As an approximation of  the channel kinetics, we 
considered the f requency distribution of the most 
often adopted state, i2, by neglecting the appear- 
ance of  state il. For  pulse durations longer than 
about 1 msec, the corresponding frequency distribu- 
tion could suitably be described by a single expo- 
nential function. At 58 mV, a mean lifetime of ~ 2  = 

4.4 msec is derived (Fig. 4a). A correlation between 
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the appearance of state il, in either the rising or 
falling phase of a current pulse, and the lifetime of 
state i2 was not observed. The voltage dependence 
of r2 could be described by the Eyring equation 

T2(U) = T 2 ( 0  ) " exp(~ �9 U) (1) 

where r2(0) is the extrapolated value of r2(U) at 0 
mV and ~ the voltage sensitivity in mV -~. The de- 
rived parameter values are o~ = 0.041 mV -~ and 
r2(0) = 700 ~sec (Fig. 4b), whereby r2(0) could vary 
by a factor of two between different experiments. 

The frequency distribution of channel shut 
times is presented in Fig. 4a as well. As a first ap- 
proximation, the frequency distribution could be fit- 
ted by a superposition of two exponential functions. 
By analogy to Eq. (1) we obtained a voltage depen- 
dency with a voltage sensitivity of -0.13 mV ~ for 
the slower characteristic time constant ro.,, (Fig. 
4b). By extrapolation, ro,s(O) = I. 1 msec was calcu- 
lated. Despite the fact that we took the visible num- 
ber of simultaneously active channels in the patch 
into account (Kolb et al., 1986b), values three times 
larger could be found in the estimate of r0.,.(0) in 
different experiments. The deviation of the kinetic 
parameters might be caused by the variability of the 
electrolyte composition within the vacuole (see also 
Materials and Methods) as a consequence of growth 
conditions. The voltage dependency of the open 
probability could be described by a single exponen- 
tial as well. A voltage sensitivity of 3.5 mV -1, and 
an extrapolated value of 0 mV of p(0) = 1.3 x 10 -3 
was estimated as an upper limit. 

Discussion 

In the present paper, single-channel currents in a 
tonoplast are presented for the first time. Two pop- 
ulations of K channels could be identified in cell- 
attached and excised patch-clamp experiments. The 
records are dominated by an outward-rectifying K- 
channel of 121 pS in symmetrical 250 mM KCI. Oc- 
casionally, a K channel of 18 pS with an obviously 
different kinetical current pattern (Fig. la,b) was 
also identified. The outward rectification was ob- 
served in the cell-attached as well as in the excised 
patch configuration of the tonoplast. The corre- 
sponding shift of the zero current potential of about 
10 mV in depolarizing direction indicates that the 
vacuole is intact with a lower K concentration 
(~-150 mM) than in the bath (250 mM). Further evi- 
dence for an outward K current is obtained from a 
significant decrease of the single-channel conduc- 
tance to 78 pS by replacement of 125 mM KC1 out of 
250 mM by NaC1 in the pipette. A characteristic 
feature of the large K channel is the appearance of 

at least one well-distinguishable sublevel, which is 
preferentially observed in the "on-"  and "off-set" 
of a single current pulse (Fig. 2a). Sublevels are a 
widespread phenomenon for channels in mem- 
branes of animal origin. They have been observed in 
the acetylcholine-activated cation channel (Hamill 
& Sakmann, 1981), the proton-activated C1 channel 
(Hanke & Miller, 1983), the Ca-dependent maxi-K 
channel (Barrett, Magleby & Pallotta, 1982), the 
serotonin-dependent K channel in Aplysia (Siegel- 
baum, Camarelo & Kandel, 1982), and a large 
anionic channel in myotubes and macrophages 
(Schwarze & Kolb, 1984). But only in the case of 
the proton-activated CI channel could the kinetics 
of the sublevel be analyzed. For the other channel 
types, as for the presented large K channel, the 
substate was visible at random and could not be 
analyzed in terms of Poisson distributed open-close 
kinetics. This might be caused by the limitation in 
the frequency resolution of the patch-clamp tech- 
nique, which virtually supresses the short-lived 
substates of a channel (Colquhoun & Sakmann, 
1985). 

The kinetic analysis concentrated on the fully 
open channel state and on open-close events lasting 
longer than 500/zsec. Within this limit, one-channel 
open state and two-channel closed states could be 
discriminated. In the latter case, the slower charac- 
teristic shut time exhibits a steep dependency on 
the applied voltage, like the mean open time (Fig. 
4b). 

It is interesting to note that the corresponding 
voltage sensitivities are in the same order of magni- 
tude as observed for the voltage-dependent time 
constants of the Ca-dependent maxi-K channel in 
animal cell membranes (Magleby & Pallotta, 1983; 
Kolb et al., 1986b). The voltage-dependent kinetics 
result in a voltage-dependent open probability, 
which increases roughly exponentially with depo- 
larization. Despite the large single-channel conduc- 
tance, the low open probability reduces the contri- 
bution of the large K channel to the mean 
macroscopic current to less than 1 fA at zero mem- 
brane potential. By depolarization of 100 mV, the 
current contribution increases to about 0.7 pA. At 
cell-attached configuration and zero membrane po- 
tential, an open probability of less than 1.3 • 10 -3 is 
estimated (Fig. 4b). Assuming that the isolated vac- 
uoles retain their normal membrane potential in the 
chosen bath solution, the channel would be active 
with this low probability under normal conditions. 
An outward rectification can be explained by the 
small open probability and short channel lifetime 
(-<700/xsec, as extrapolated from Fig. 4b) at hyper- 
polarizing voltages. 

The described channel cannot be compared 
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with the K channel postulated by Bentrup et al. 
(1985) in tonoplasts from Chenopodium rubrum. A 
single K channel of 0.5 pS was estimated at sym- 
metrical K of 46 m g  from the analysis of current 
noise from whole cell records. This value is more 
than two orders of magnitude smaller than that for 
the large K channel described in this paper. In pro- 
toplast membranes of Vicia faba, K channels were 
also observed (Schroeder et al., 1984). These chan- 
nels have a smaller conductance of 37 pS at compa- 
rable symmetrical KC1 concentration (225 mM), and 
neither a significant voltage-dependent gating mech- 
anism nor a rectifying behavior was observed. 

Liihring (1986) could demonstrate a potassium 
channel in the cytoplasmic drop of Chara with a 
maximal conductance of 165 pS at symmetrical po- 
tassium concentrations of 150 mM. This value 
would well agree with our findings. For these K 
channels subconductance levels were also reported. 
But in comparison to our results, no rectification of 
the K channel at hyperpolarizing potentials was ob- 
served. 

Finally, we want to discuss the possible contri- 
bution of this large K channel to the overall ion trans- 
port across the tonoplast. It is known that the tono- 
plast contains H+-ATPase driven anionic transport 
systems (Martinoia et al., 1986). In C3 plants, accu- 
mulation of anions is not linked to an acidification of 
the vacuole (Winter et ai., 1982, G. Schr6ppel- 
Meier, personal communication). Therefore, high 
amounts of potassium and/or sodium have to be 
transported into the vacuole. Na+/H + and K+/H + 
antiport systems (Blumwald & Poole, 1985; Scherer 
& Martiny-Baron, 1985) have been postulated for 
the tonoplast. The observation of a K channel sug- 
gests that potassium is not only transported into the 
vacuole by an energy-consuming process, but also 
by facilitated diffusion through a channel. 
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