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The patch clamp technique has been applied to isolated vacuoles from green suspension cells of 
Chenopodium rubrum to record electrical parameters of the tonoplast. In a symmetrical K* 
solution of 46 mM, the membrane displays a near zero voltage, whereas 2 mM ATP will hyper- 
polarize it to 15 or 20 mV (vacuole positive). The conductance amounts to about one S-m~2. 
Fluctuations of the clamp current are explained by an unknown channel species having opening 
times of 5 — 10 ms. Together with previous work on a tonoplast vesicle preparation and unpub­
lished data on vacuoles from our laboratory, the present results indicate an electrogenic mem­
brane ATPase pumping protons from the cytoplasm to the vacuole.

Introduction

Presently  transport processes across the tonoplast 
m em brane are intensively studied, particularly 
w hether energy is expended by a m em brane A TPase 
pum ping protons from  the cytoplasm into the vac­
uole. Since direct evidence for an electrogenic p ro ­
ton pum p, as available through standard  electrophys­
iology with im paled m icroelectrodes for the plas- 
m alem m a [1], is hardly feasible, we have applied the 
“whole cell”-recording m ode of the patch clamp 
technique [2] to  isolated vacuoles from  green suspen­
sion cells of Chenopodium rubrum. W e present data 
on m em brane po tential and conductance of the tono­
plast, including the activity of an A TPase.

Abbreviations: BSA. bovine serum albumin; Cm, mem­
brane capacity [F]; DEAE-, diethylaminoethyl-; DTT, DL- 
dithiothreitol; EDTA, ethylenediaminetetraacetic acid; 
EGTA, ethyleneglycol-bis(ß-aminoethyl ether) 
N,N,N',N',diaminetetraacetic acid; FCCP, p-tri- 
fluoromethoxycarbonyl cyanid; HEPES, N-2-hydroxy- 
ethylpiperazine-N'-2-ethanesulfonic acid; I, current [A]; 
MES, 2-(N-morpholino)ethanesulfonic acid; /?ser, serial re­
sistance [Q]; Rm, membrane resistance [Q]; Tris, tris(hy- 
droxymethyl)aminoethane; U , electrical potential [V],
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Materials and Methods

Cell culture

Photoau to troph ic and phytohorm one independent 
suspension cells derived from  hypocotyl cells of 
Chenopodium rubrum  L. [3] are cultured as de­
scribed in [4],

Isolation o f  protoplasts

For pro top last isolation cells from  the exponential 
grow th phase were used (for the growth pattern  of 
the culture see [5]); cells from  6 days old cultures 
w ere harvested  from  the suspension by filtering 
th rough  a 15 nylon net (Thom a G m bH , Mössin- 
gen, F R G ); 15 g cells (fresh weight) were suspended 
in 50 ml m edium  I (20 m M  M E S/K O H , pH  5.3, 0.3 M 

m annito l, 2 m M  C aC l2, 10 m M  KCl, 1 m M  D TT,
5 m M  M gCl2, 0.5%  BSA ); 50 ml m edium  I with 2.5 g 
cellulase TC from  Trichoderma reesi (Serva) and 
2.5 g pectinase 5S from  Aspergillus niger (Serva) 
w ere added to  the cell suspension and incubated on a 
gyratory  shaker (120 rpm ); after 90 min, there was 
no m ore Calcofluor w hite-staining [6] detectable at 
the cell surface (Calcofluor white ST-solution was a 
gift from  D r. U . Seitz, T übingen). P rotoplasts were 
harvested  by centrifugation with 100 x g ,  15 m in, and 
w ashed twice with m edium  II (20 m M  M ES/K O H ,
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pH  6 ,  0.3 m m annitol, 25 m M  KCl, 1 mM  D TT, 
0.5 mM M gCl2, 0.1%  BSA ); yield of protoplasts was 
81% .

For fu rth e r purification, the protoplasts in m edium  
II w ere loaded on a step gradient with 10, 7.5, 5, 
2 .5%  (w/w) Ficoll in m edium  II and centrifugated for 
15 min w ith 100x g . Spherical protoplasts (60% of 
the crude protoplasts) banding at the 7.5 to 5%  (w/w) 
Ficoll in terface were used for the isolation of vac­
uoles.

Preparation o f  vacuoles

V acuole p reparation  (a m odification of the 
m ethod given in [7]) was perform ed as follows: 5 ml 
purified protoplasts in m edium  II with 22% (w/w) 
Ficoll (3-106 protoplasts/m l) were layered under a 
step g rad ien t containing 2.5 ml 17% (w/w) Ficoll in 
m edium  III (20 mM M ES/K O H , pH 6, 0.3 m m an­
n itol, 25 mM KCl, 1 mM N a2E D T A , 1 mM D TT, 
0.5 mM M gCl2), 9.5 ml D EA E -D extran-m edium  
(20 mM M E S/K O H , pH  6 , 0 . 1 m m annitol, 15% (w/ 
w) Ficoll, 0.8%  (w/v) D E A E -D extran  500000, 
25 mM KCl, 1 mM N a2E D T A , 1 mM D TT, 0.5 mM 
M gCl2), 7.5 ml D extransulfate-m edium  (20 mM 
H E P E S /K O H , pH  7, 0.3 m m annitol, 5% (w/w) 
Ficoll, 0 .4%  (w/v) D extransulfate 5000, 1 mM 
N a2E D T A , 1 mM D TT, 0.5 mM MgCl2), 6.5 ml 2.5%  
(w/w) Ficoll in m edium  IV (50 mM H E PE S /K O H , 
pH  7, 0.3 m m annitol, 25 mM KCl, 1 mM D TT, 
0.5 mM M gCl2), and 4 ml m edium  IV; centrifugation 
(22500 X g, 60 min) was carried out in a Sorvall A H  
627-swinging bucket ro tor. 4 ml vacuole suspension 
were harvested  from top of the gradient.

The yield of vacuoles was 7.5%  based on the 
num ber of protoplasts layered under the gradient. 
The viability of each preparation  was checked by 
m onitoring A T P-dependent H +-translocation into 
the vacuoles. For this purpose 0.5 ml vacuole sus­
pension w ere diluted 1:2 with medium IV; after add i­
tion of 10—20 [j.1 3 mM acridine orange the absorp­
tion at 490 nm was m onitored before and after add i­
tion of 10 jo.1 100 mM A TP (disodium salt; M erck, 
D arm stad t, F R G ) in 100 m M  MgCl2, 7 m M  H EPES 
(pH  6.5) in a photom eter (G ilford Response; C or­
ning, G ießen , F R G ). The vacuoles used for fu rther 
experim ents showed an A TP-dependent intravacuo- 
lar acidification of m ore than two pH -units as calcu­
lated  from  the decrease in absorbance at 490 nm with 
the form alism  given in [4] and the pertinent param e­
ters.

The patch clam p technique was em ployed in the 
“whole cell-attached”-m ode as described in [2] and 
[8]. D uring the m easurem ent the vacuoles were b a th ­
ed  in 50 jal m edium  IV with 0.1 mM NaCl added. If 
not stated  otherw ise, the electrodes were filled with 
30 |xm E G T A  in m edium  IV. U nder these conditions 
the em ployed electrodes had a resistance of 10 to 
20 m Q . A T P (Tris salt; Sigma, M ünchen, FR G ) 
solved in equim olar M gCl2, pH  6, and FCCP in 
ethanol w ere added as 50-fold concentrated  stock 
solutions.

All experim ents shown w ere conducted with the 
voltage clam ped to  the given values and the current 
registered on a 4-track tape recorder. For I —V- 
curves only the stationary  curren t m ore than 10 s 
after the last change in the clam p voltage was consid­
ered.

As the curren t signal (/!/(,)) to  a voltage jum p 
(A t/)  at t =  0 for a resistance whh parallel capaci­
ty CM and serial resistance R $er is given by:

A U  (  R m n 
A/(,) =  — ------- —---- (1 -I— —------ exp(-f/x)

E lectrophysio log ica l experim ents

with T =

R m Rser 

Rser R m Cm

R ,

RM R Ser

and thus =  A U /R SeT and A /(r = x) =  A U/(RM +
/?ser) ? ^ser was calculated from  the initial current 
peak , (R m +  Rser) from  the steady state current and 
CM from  the resistances and x ,  neglecting the elec­
trode capacity and the seal resistance; the la tter was 
in the range of 10 to  20 G Q  (as com pared to RM + 
RSer in the range of 200 to  1000 M Q. The thus calcu­
lated values differed only slightly from the capacity 
calculated from  the in tegral of the initial current 
overshoot and the serial resistance calculated from  x 
and CM. For noise analysis the recorded data were 
low-pass filtered  at 400 H z, digitized by a N icolett 
1170 digital oscilloscope and evaluated with an HP- 
9830A-calculator.

Results

Im m ediately after the establishm ent of the open 
connection betw een vacuole and patch electrode in­
te rio r a “transm em brane po ten tia l” of —15 mV was 
m easured. D uring the first m inutes this potential de­
clined to  zero corresponding to the exchange of elec­
trode filling and vacuolar sap. This decrease in po-
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tential was accom panied by an increase in the serial 
resistance (Fig. 1). The capacity of the non- 
energetized vacuole was about 5 m F -m -2.

If the patch pipette was filled with 1 mM K + in­
stead of 46 mM K~, the stable transm em brane po ten ­
tial was 15 to 20 mV (inside positive). As Fig. 2 
shows, the current-voltage-relationship of the tono- 
plast was linear in the range from  — 50 to +  50 mV, 
and indicated a conductance range of 0.88 to 
1.18 S- m~2 with different vacuoles. Fig. 2 also dem ­
onstrates that addition of A T P  did not change the 
slope of the current-voltage-characteristics; how ever 
the zero-current potential was shifted from  0 to

membrane 
current / pA

h —

> - V -

50 pA
20 ms

20 UQ 60

membrane potential / mV

Fig. 1. Current response of a Chenopodium vacuole (23 |xm 
diameter) to 5 mV voltage clamp pulses. The displayed 
current traces are averaged from 16 sweeps each. A. Elec­
trode attached to the tonoplast with a seal resistance of 
15.9 GQ. B. Immediately after connection between elec­
trode- and vacuole-interior has been established by suction; 
zero current (base line) at —14 mV; RSer = 71 MQ. RM — 
884 MQ, CM = 7 pF. C. 13 min after B; zero current was at 
±  0 mV; RSer =  278 MQ, RM = 438 MQ, CM = 7.7 pF. D. 
13 min after addition of 2 mM MgATP (25 min after B); 
zero current at + 15 mV; RSei -  52 MQ, RM = 611 MQ, 
CM = 13.5 pF. E. 20 min after addition of 32 |im FCCP 
(63 min after B); zero current at + 3  mV; RSer — 267 MQ, 
Rm =  527 MQ, CM = 7.6 pF.

Fig. 2. Membrane current vs membrane voltage clamped to 
the abscissa values before (O) and after ( • )  addition of 
2 mM MgATP to an isolated vacuole of Chenopodium 
rubrum.

17 m V (vacuole positive), indicating a tonoplast hy­
perpolarization . This hyperpolarization was accom ­
panied  by decrease of the serial resistance and an 
increase of the m em brane capacity to 8 m F -m -2. 
A fte r addition of FCCP (32 [am) all of these M gATP- 
dependen t effects were reversed (Figs. 1 and 3).

Fig. 3. [///-curve after addition of 32 |im FCCP. The dashed 
line indicates the control curve from Fig. 3. Note the 
broader voltage range compared to Fig. 2.
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Fig. 4. Standard deviation of the current fluctuations as 
function of the mean clamp current. Each point resulted 
from the analysis of one second; sampling rate — 1/ms. The 
slope of the given lines is the one expected if the individual 
open channels are ohmic resistors with a conductivity of 
0.45 pS/closing probability [9] and the conductivity of the 
tonoplast as measured (1.5 nS). Upper graph: 2 mM ATP 
added.

It has not yet been possible to  record single chan­
nel events from tonoplast patches. H ow ever, our 
whole cell recordings shows very distinct fluctuations 
of the clamp current necessary to  m aintain a set 
transm em brane voltage. The sm allest fluctuations 
appeared  not at the zero-current voltage, bu t at 
about —10 to - 2 0  mV corresponding to  —15 to
— 30 pA ; upon addition of A TP this minim um  was 
shifted to even m ore negative values (Fig. 4).

plied, i.e. normally energized, tonoplast of about 15 
to 20 m V (vacuole positive), as indicated by the 
zero-curren t voltage of the ATP curve in Fig. 2, is in 
accord with num erous estim ates from m icroelectrode 
im palem ents of whole cells. The tonoplast slope con­
ductance is linear, as expected from a K + perm eable 
m em brane facing identical K+ solutions (46 m M ) ;  its 
m agnitude of one Sm~2 is in the same order as of the 
intact Chenopodium  suspension cell [11].

The A TP-generated  tonoplast hyperpolarization 
(Fig. 2) and, from our unpublished data, A T P-gener­
ated  acidification of isolated vacuoles strongly sug­
gests the existence of a proton pum ping m em brane 
A TPase. Its dissipation by the pro tonophore FCCP 
(Fig. 3) is consistent with this notion. M ore in te rest­
ingly, the difference betw een the two curves in Fig. 2 
constitutes a constant current (about 20 pA ), and 
nicely confirms the conclusion of our previous study 
on pro ton  pum ping in a tonoplast containing vesicle 
p repara tion  [4]. Previously, this constant curren t 
m ode has been found with plasm alem m a proton 
pum ps [1].

Finally, we analyzed the current fluctuations in 
term s of single channel conductance [9]. The re la ­
tionship between the standard deviation of the cur­
ren t fluctuations and the m ean clamp current can be 
explained by a single channel conductance of about
0.5 pS (provided the channel closing probability is 
assum ed to be one). W hereas this value is consider­
able sm aller than 30 pS, reported  for the K + channel 
in the plasm alem m a of Vicia guard cells [10], the 
m ean channel opening tim es of 5 — 10 ms em erging 
from  our analysis of the covariance function and 
7 —10 ms from the K + channel in Vicia fairly agree. 
W e have not yet identified the channel(s) in Cheno­
podium ; how ever, the A TPase is no likely candidate, 
as shown by the similarity of the curves in Fig. 4.

Discussion

W hile the patch clam p technique has been applied 
already to the plasm alem m a of a plant cell [10], this 
paper com m unicates the first study on the tonoplast. 
Isolated vacuoles are obviously well suited for this 
technique. The m em brane potential of the A TP-sup-
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