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Abstract. A cation-selective channel was characterized
in isolated patches from osmotically swollen thylakoids
of spinach (Spinacea oleracea). This channel was per-
meable for K+ as well as for Mg2+ and Ca2+ but not for
Cl−. When K+ was the main permeant ion (symmetrical
105 mM KCl) the conductance of the channel was about
60 pS. The single channel conductance for different cat-
ions followed a sequence K+ > Mg2+ ù Ca2+. The per-
meabilities determined by reversal potential measure-
ments were comparable for K+, Ca2+, and Mg2+. The
cation channel displayed bursting behavior. The total
open probability of the channel increased at more posi-
tive membrane potentials. Kinetic analysis demonstrated
that voltage dependence of the total open probability was
determined by the probability of bursts formation while
the probability to find the channel in open state within a
burst of activity was hardly voltage-dependent. The cat-
ion permeability of intact spinach thylakoids can be ex-
plained on the single channel level by the data presented
here.
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Introduction

Light-driven uptake of H+ into thylakoids occurs in par-
allel with passive efflux of cations and influx of anions.
As a result, the steady-state electrical potential difference
across the thylakoid membrane is only about −10 mV,

whereas large acidification of the thylakoid lumen by
2–3 pH units is observed (Bulychev et al., 1972; Junge &
Jackson, 1982; Remisˇ, Bulychev & Kurella, 1986). An-
ions (Cl− and NO3

−) are likely to be transported through
the thylakoid membrane via the voltage-dependent anion
channel (Scho¨nknecht et al., 1988). Recent patch-clamp
studies have shown that this channel is a highly con-
served component of the thylakoid membrane in both
higher plants and green algae (Pottosin & Scho¨nknecht,
1995a,b). Because of its high anion over cation selec-
tivity a significant transport of cations through the thy-
lakoid anion channel can be excluded. There is, never-
theless, a large body of evidence obtained especially on
spinach, the most popular object of photosynthesis stud-
ies for a significant contribution of Mg2+ and/or K+ to the
light-induced ion fluxes across the thylakoid membrane
(e.g., Dilley & Vernon, 1965; Hind, Nakatani & Izawa,
1974). Our recent patch-clamp measurements with spin-
ach thylakoids revealed in addition to the anion channel,
also observed in other plant species, a cation-selective
channel (Pottosin & Scho¨nknecht, 1995b).

In this study we attempted to answer the question,
which among the physiologically significant ions as K+,
Cl−, Mg2+ and Ca2+ are transported through the cation
channel. We explored also the dependence of single
channel kinetics on the membrane voltage.

Materials and Methods

PREPARATION

Spinach (Spinacea oleracea) sort Matador was grown in a greenhouse
at 20–24°C under 10/14 hr day/night cycle. Leaves of 7–9-week-old
plants were used for experiments. Spinach chloroplasts were isolated
mechanically and thylakoid membranes were swollen in hypotonic so-
lution as described previously (Pottosin & Scho¨nknecht, 1995a). This
procedure resulted in formation of large (10–15mm) spherical blebs

* On leave from:The Institute for Cell Biophysics, Russian Academy
of Sciences, 142292 Puschino, Moscow region, Russia

Correspondence to:G. Schönknecht

J. Membrane Biol. 152, 223–233 (1996) The Journal of

Membrane
Biology
© Springer-Verlag New York Inc. 1996



(swollen thylakoids) which were used for further patch-clamp record-
ings.

PATCH-CLAMP MEASUREMENTS

Micropipettes were prepared as described previously (Pottosin &
Schönknecht, 1995a). After fire polishing, the resistance of patch pi-
pettes filled with ‘‘100 KCl’’ solution (seeTable) was 10–15MV.
The reference AgCl electrode was connected to the batch via an agar
bridge filled with 100 mM KCl. Electrical measurements were per-
formed using an Axopatch 200A Integrating Patch-Clamp amplifier
(Axon Instruments, Foster City, CA). Tight seals (5–20 GV) between
glass microelectrode and thylakoid membrane were achieved by ap-
plying a light suction pulse. All experiments were performed in the
inside-out patch configuration (Hamill et al., 1981) which means the
lumenal side of the thylakoid membrane was exposed to the bath.
The convention of current and voltage was according to Azzone et al.
(1993), i.e., the sign of voltage refers to the stromal side (pipette volt-
age for inside-out patches). Positive currents represent an efflux of
cations from the pipette to the intrathylakoid side.

LIQUID JUNCTION POTENTIAL CORRECTION

Whenever solutions with two different ion compositions are in contact,
a liquid junction potential (VLJ) is developed between them. A proper
correction ofVLJ is necessary for the determination of ion selectivity.
We used a low salt (100 mM KCl) agar bridge in the reference electrode
instead of conventional 3M KCl to prevent contamination of bath with
K+ and respective errors in determinations of the cation selectivity.
Therefore, bothVLJ at the interfaces between bath and patch pipette
(VLJ,1) and bath and reference electrode (VLJ,2) must be taken into
account.

With the open pipette in the bath the electrical potential (V) under
zero-current conditions consists of three terms:

V4 DV − VLJ,1 + VLJ,2 (1)

whereDV is the electrical potential difference between pipette- and
reference AgCl electrodes. TheVLJ can be measured (Neher, 1992) or
calculated using the generalized Henderson Liquid Junction Potential
Equation (Barry & Lynch, 1991). For calculation ofVLJ one has to use
ion activities instead of concentrations. We used the Debye-Hu¨ckel
formalism to calculate ion activities which gives an accurate approxi-
mation (error <1%) of experimentally measured values (Ammann,
1986) for the determination of mean activity coefficients.

To diminish or even completely eliminate the junction potential
between patch electrode and bath (VLJ,1), prior to patch formation the
solution in the bath always was ‘‘100 KCl’’ while the patch pipette
contained either ‘‘100 KCl’’ or ‘‘15 KCl’’ or ‘‘5 CaCl2’’ or ‘‘5
MgCl2’’ ( seeTable). In all these casesVLJ,1 wasø2 mV as calculated
according to Barry and Lynch (1991). The liquid junction potential
between the bath (‘‘100 KCl’’) and reference electrodes filled with 100
mM KCl was also close to zero (0.2 mV). So, the potential observed
with an open pipette at zero current could be referred toDV only which
was set to zero before seal formation.

After tight seal formation when the actual measurement under
voltage-clamp conditions is initiated there is no more direct contact
between patch electrode and bath solutions, thusVLJ,1 4 0 (Neher,
1992). Therefore, the electrical potential difference across the patch
membrane consists of two terms:

V = VPIP+ VLJ,2 (2)

whereVPIP is the command potential applied to the patch electrode.
Bath solution in our experiments contained ‘‘100 KCl,’’ ‘‘50 CaCl2’’
or ‘‘50 MgCl2.’’ In the last two cases, the calculated values ofVLJ,2
were rather large, +13.1 mV or +12.8 mV, respectively. The theoret-
ical values were close to those measured under current-clamp condi-
tions, +9.3 ± 0.2 mV (n 4 7) and +8.3 ± 0.2 mV (n 4 6) for ‘‘50
CaCl2’’ and ‘‘50 MgCl2’’ against 100 mM KCl, respectively. The ex-
perimentally obtainedVLJ,2 values were used to calculate the mem-
brane potentials (V) from the applied command potentials (VPIP) ac-
cording to Eq. 2.

DATA ACQUISITION AND ANALYSIS

The records were filtered at 10 kHz by a low pass Bessel filter, digi-
tized using a VR-10B digital data recorder (Instrutech, New York, NY)
and stored on videotape. For analysis selected records were filtered
and transferred to an IBM-compatible PC.Seefigure legends for filter
cutoff frequency and sampling rate. The analyses were carried out with
the pClamp 6.0 software package (Axon Instruments).

Results

SELECTIVITY OF THE CATION CHANNEL IN

SPINACH THYLAKOIDS

Most (163 out of 223, 73%) of the membrane patches
isolated from spinach thylakoids contained at least one
copy of the ion channel characterized in the present pa-
per. In about 7% of all patches the activity of these
channels was accompanied by the activity of other chan-
nel types, mainly by the anion-selective channel de-
scribed previously (Pottosin & Scho¨nknecht, 1995b).
We selected 88 stable patches where only the dominant
channel type was present for further analysis of single
channel currents at different ionic conditions. In sym-
metrical ‘‘100 KCl’’ (seeTable for solutions) the single
channel conductance displayed a slight rectification. At
negative voltages the slope conductance was 53.0 ± 1.6
pS and at positive voltages 62.3 ± 0.8 pS (n 4 28, Fig.
1). With ‘‘15 KCl’’ solution in the pipette and ‘‘100
KCl’’ in the bath the slope conductance decreased to
38.5 ± 2.6 pS (n 4 27) at positive voltages and at nega-
tive voltages asymptotically approached that for sym-

Table. Ionic composition of the experimental solutions (all concentra-
tions in mM)

Abbreviation KCl CaCl2 MgCl2

HEPES/
KOH

HEPES/
TRIS pH

‘‘100 KCl’’ 100 1 5 10 7.5
‘‘15 KCl’’ 15 1 5 10 7.5
‘‘50 CaCl2’’ 50 10 7.5
‘‘5 CaCl2’’ 5 10 7.5
‘‘50 MgCl2’’ 50 10 7.5
‘‘5 MgCl 2’’ 5 10 7.5
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metrical ‘‘100 KCl’’. A negative single-channel current
was observed at 0 mV, implying a preference for cations
over Cl− (Fig. 1). The reversal potential wasVR4 +20.5
± 0.4 mV compared to the K+ equilibrium potential of
E(K+) 4 +40 mV, the Cl− equilibrium potential of
E(Cl−) 4 −31 mV, and equilibrium potentials close to 0
mV for divalent cations (Ca2+ and Mg2+), under these
conditions.

With ‘‘15 KCl’’ in the pipette and either ‘‘50
CaCl2’’ or ‘‘50 MgCl 2’’ in the bath (Fig. 2), the equi-
librium potentials for K+ and Cl− were both negative.
However, the reversal potential for the single channel
current remained positive, +22.5 ± 1.1 mV (n 4 5) with
‘‘50 MgCl2’’ and +23.6 ± 0.9 mV (n 4 3) with ‘‘50
CaCl2’’. Comparison with the equilibrium potentials for
Ca2+ (+45 mV) and Mg2+ (+25 mV) points to a signifi-

cant permeability of the channel for divalent cations.
The substitution of ‘‘100 KCl’’ in the bath either by ‘‘50
CaCl2’’ or by ‘‘50 MgCl 2’’ caused a decrease of the
inwardly directed single channel current (Fig. 2).

For further measurements the pipette was filled ei-
ther with ‘‘5 CaCl2’’ or with ‘‘5 MgCl 2’’, while the bath
contained ‘‘100 KCl’’ (Fig. 3). This means a very large
positive equilibrium potential for K+, an equilibrium po-
tential close to 0 mV for divalent cations, andE(Cl−) 4
−60 mV. The reversal potential was about +28 mV (VR
= +28.2 ± 0.4 mV,n 4 12 for ‘‘5 CaCl2’’/‘‘100 KCl’’
andVR4 +27.8 ± 0.7 mV,n4 15 for ‘‘5 MgCl2’’/‘‘100
KCl’’). Compared to the ‘‘15 KCl’’/‘‘100 KCl’’ gradi-
ent (VR4 +20.5 mV) the reversal potential was about 10
mV more positive (cf. Figs. 3 and 1) i.e., was shifted in
the direction ofE(K+). The large concentration gradient
for permeant cations (‘‘5 CaCl2’’ or ‘‘5 MgCl 2’’ in the
pipette and ‘‘100 KCl’’ in the bath; open symbols in Fig.
3) resulted in an obvious rectification of single channel
currents. At positive voltages we estimated (by linear
regression) a single channel conductance of about 21 pS
and 24 pS for ‘‘5 CaCl2’’ and ‘‘5 MgCl 2’’ respectively.
At voltages more negative than −30 mV the single chan-

Fig. 1. Cation channel in the thylakoid membrane of spinach. Single
channel traces (top) were measured in the inside-out configuration with
the stromal side of the thylakoid membrane facing the solution inside
the patch pipette. Given voltages refer to the stromal side of the mem-
brane and negative currents correspond to cation influx into the pipette.
Original records were filtered at 0.5 kHz and sampled at 1 kHz. The
pipette contained the ‘‘15 KCl’’ solution and bath the ‘‘100 KCl’’
solution (seeTable). The closed state of the ion channel is indicated by
C. Open channel currents were measured either at ‘‘15 KCl’’/‘‘100
KCl’’ gradient (d, average of 27 patches) or in symmetrical ‘‘100
KCl’’ conditions (s, average of 28 patches) and plotted against voltage
(bottom). Standard deviation was smaller than symbol size. Solid lines
are low-order polynomials fitted to the data.E(Cl−) andE(K+) indicate
the equilibrium potentials in ‘‘15 KCl’’/‘‘100 KCl’’ gradient for Cl−

and K+, respectively.

Fig. 2. The thylakoid channel is permeable for divalent cations. Patch
pipette was filled with ‘‘15 KCl’’ solution, bath contained ‘‘50 CaCl2’’
(.), ‘‘50 MgCl2’’ ( m), or ‘‘100 KCl’’ ( d). Single channel traces (from
top to bottom) were measured at −42, −41, and −40 mV (after correc-
tion for liquid junction potentials), respectively. Original records were
filtered at 0.5 kHz and sampled at 1 kHz. The closed state of the ion
channel is indicated by C. Open channel currents were plottedvs.
membrane voltage (bottom). Solid lines are low-order polynomials
fitted to the data.

225I.I. Pottosin and G. Scho¨nknecht: Thylakoid Cation Channel



nel currents had the same amplitude as under symmetri-
cal ‘‘100 KCl’’. In order to estimate the relative perme-
ability of the channel for divalent cations and Cl−, pure
gradients of CaCl2 and MgCl2 were examined. With ei-
ther ‘‘5 CaCl2’’ or ‘‘5 MgCl 2’’ in the pipette the bath
solution was changed from ‘‘100 KCl’’ to ‘‘50 CaCl2’’
or ‘‘50 MgCl2’’ (Fig. 3). This caused a substantial de-
crease of inward currents (18.6 ± 1.2 pS;n 4 5 for ‘‘50
CaCl2’’ and 19.2 ± 1.7 pS;n 4 6 for ‘‘50 MgCl2’’) and
a decrease by roughly one third of the outward currents
(13 pS and 15 pS as estimated by linear regression for ‘‘5
CaCl2’’ and ‘‘5 MgCl 2’’, respectively), but no large
changes inVR. The reversal potential values wereVR 4
+26.1 ± 1.2 mV with a pure CaCl2 gradient andVR 4
+26.4 ± 1.0 mV with a pure MgCl2 gradient. These val-
ues came close to the equilibrium potentials for Ca2+ and
Mg2+ (+22.5 and +22.8 mV, after correction for ionic
activities) but were different from the equilibrium poten-
tial for Cl− (−56 mV). The reversal potential measure-
ments indicated no significant Cl− permeability of the
channel.

Finally, we examinedI/V relationships of the thy-
lakoid cation channel with ‘‘100 KCl’’ in the patch pi-
pette and either ‘‘50 CaCl2’’ or ‘‘50 MgCl 2’’ in the bath
(Fig. 4). Under these conditions the equilibrium poten-
tial for K+ was very large and negative and the equilib-
rium potential for divalent cations was positive (with

E(Ca2+) 4 +49 mV; with E(Mg2+) 4 +29 mV). The
reversal potentials wereVR 4 +6.3 ± 1.4 mV (‘‘50
CaCl2’’, n4 6) andVR4 −2.7 ± 1.0 mV (‘‘50 MgCl2’’,
n 4 4). This indicates that the cation channel has com-
parable permeabilities for K+, Ca2+, and Mg2+. Under
bi-ionic conditions the relative permeability of divalent
cations (Cat2+) to K+ can be calculated from reversal
potential values (VR) according to the following formula
(Hille, 1992):

VR =
−RT
2 ·F

· ln S4 ·pCat2+

pK+
·
aCat2+

aK+
D (3)

whereai is the activity andpi the permeability of the
respective ion, andR, T,andF have the usual meaning.
Using Eq. 3, relative permeabilities for Ca2+/K+ of 1.93
and for Mg2+/K+ of 0.93 were calculated. For this cal-
culation the small contribution of divalent cations inside
the patch pipette were neglected and thus the relative
permeability for divalent cations was slightly underesti-
mated. At negative voltages we estimated (by linear re-
gression) slope conductances of 23.2 ± 1.6 pS and 28.4

Fig. 3. The thylakoid cation channel is impermeable for Cl−. Current-
voltage relationships of the single channel currents. The pipette was
filled with ‘‘5 CaCl2’’ (top) or ‘‘5 MgCl 2’’ (bottom) solution, the bath
initially contained ‘‘100 KCl’’ (, or n) which was replaced by ‘‘50
CaCl2’’ ( .) or ‘‘50 MgCl2’’ ( m) respectively. Solid lines are low-
order polynomials fitted to the data.

Fig. 4. The thylakoid cation channel has a comparable permeability for
K+ and divalent cations. Current-voltage relationships of the single
channel current. Patch pipette and bath were initially filled with ‘‘100
KCl’’ solution (s). The bath was replaced either by ‘‘50 CaCl2’’ ( .)
or by ‘‘50 MgCl2’’ ( n). Top and bottom current-voltage plots were
obtained in the same experiment. Solid lines are low-order polynomials
fitted to the data.
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± 2.0 pS for ‘‘50 CaCl2’’ and ‘‘50 MgCl2’’ respectively.
At positive voltages the slope conductance decreased by
about one third when ‘‘100 KCl’’ in the bath was ex-
changed by ‘‘50 CaCl2’’ or ‘‘50 MgCl 2’’. According to
the reversal potential measurements the channel dis-
played an at least twofold higher selectivity for Ca2+

relative to K+. Though, the conductance for Ca2+ was
about twofold lower than for K+ resulting in an outward
rectification of theI/V curve (Fig. 4, top).

VOLTAGE DEPENDENCE OF THE

CATION-SELECTIVECHANNEL

Patches (n4 10) containing only one copy of the cation-
selective channel and displaying stable single channel
activity for a sufficiently long time (tens of seconds at
each given potential) in symmetrical ‘‘100 KCl’’ were
selected for further kinetic analysis. Potentials above 50
mV were generally not applicable as they, with a few
exceptions, caused breakdown of the seal.

An example of voltage-dependent kinetics of the
cation channel is shown in Fig. 5. When the membrane
potential was changed from +40 to −40 mV channel
activity decreased. This is illustrated by a decrease of
the open state peak of the corresponding all-points am-
plitude histograms at the right. The probability to find
the channel in the open state (total open probability, PO)
corresponds to the relative area of the open state peak.
This area was quantified by fitting all-points amplitude
histograms with a sum of two Gaussian distributions and
PO was plotted as a function of the applied membrane
voltage (Fig. 6, circles). Alternatively, from idealized
single channel traces events lists can be constructed
which give the duration and amplitude for each open and
closed event, andPO can be calculated from these events

lists (Fig. 6, squares). The two data sets reflecting the
voltage-dependence ofPO based on all-points amplitude
histograms and on event lists respectively did not differ
within the experimental error (Fig. 6). This demon-
strates that the idealized single channel traces contained
all information necessary to unravel the voltage depen-
dence of the open probability. Therefore, we used the
resulting events lists for further kinetic analysis.

The channel displayed complex kinetics. In the
single channel records presented in Fig. 7 one can see
groups of fast closed-open transitions (bursts) separated
by relatively long closures (tens to hundreds of millisec-
onds, more obvious at negative potentials). This means
that at least two different time components are needed to
describe the closed times distributions of the cation chan-
nel. Kinetic analysis of the records at +40 and −40 mV
presented in Fig. 5 was performed and the results are
shown in Fig. 8. It revealed three components in the

Fig. 7. Example of bursting behavior of the thylakoid cation channel.
Consecutive single channel traces at +30 mV (left) and −30 mV (right)
are shown. Records were filtered at 0.5 kHz and sampled at 1 kHz. The
closed state is indicated by a broken line. Measurements were per-
formed on an isolated inside-out patch bathed in symmetrical ‘‘100
KCl’’ solution.

Fig. 5. Voltage dependent kinetics of the cation-selective channel in
spinach thylakoids. Single channel traces (filtered at 0.3 kHz and
sampled at 1 kHz) at the left and corresponding all-points amplitude
histograms (for the whole 20 sec records at each potential) at the right.
For all-points amplitude histograms points were binned in 0.05 pA
steps and the bar below the histograms indicates 500 points per bin.
Measurements were performed with an isolated inside-out patch bathed
in symmetrical ‘‘100 KCl’’ solution. Closed and open channel states
are indicated by C and O, respectively. Amplitude histograms were
fitted by a sum of two Gaussian distributions (solid lines).

Fig. 6. Voltage dependence of total open probability (PO) of the thy-
lakoid cation channelPO (s) was either calculated from all-points
amplitude histograms (compareFig. 5) or from idealized single channel
traces (events lists,h). In each case calculations were based on 10–20
sec records at each potential. Where error bars are given (on one side
only for clarity) 3–9 measurements were averaged.
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closed times distributions and two components in the
open times distributions (Fig. 8). Only the slower com-
ponents in dwell times distributions displayed a signifi-
cant dependence on the applied voltage. The durations
of fast transitions within a burst and of long closed times
separating bursts differed by at least one order of mag-
nitude (comparelegend of Fig. 8).

On this basis we performed a burst analysis. For
this purpose a minimum interburst interval is taken and
all consecutive closures shorter than this interval were
summed up in a single burst. With this definition of a
burst, theprobability of bursts(PB) and theopen prob-
ability within bursts(PI) can be estimated. When mul-
tiplied with each otherPB and PI give the total open
probability (PO):

PO = PB z PI. (4)

It is obvious that a proper estimation of the mini-
mum interburst interval is critical for a correct burst
analysis. One way to do this estimation is to analyze the
number of closures per burst as a function of the test
interburst interval (Sigurdson et al., 1987). As the mini-
mum interburst interval approaches the ‘‘true’’ value the
number of closings per burst will be relatively insensitive

to further increase of this interval. When our records
made in the voltage range from −50 to +50 mV were
analyzed in such a manner minimum interburst intervals
between 20 and 30 msec were obtained. This corre-
sponds to the lower limit for the slowest closed times
component estimated by the kinetic analysis presented in
Fig. 8.

On the basis of these minimum interburst intervals,
from the sample presented in Fig. 5 durations of bursts
and interburst intervals were estimated and the resulting
time distributions were fitted by monoexponential func-
tions (Fig. 9, top) to yield the characteristic times. This
analysis was performed for different membrane voltages

Fig. 8. Dwell times distributions of the thylakoid cation channel.
Double-logarithmic plots of the number of events (Y-axis) with a cer-
tain duration (X-axis) were based on events lists of the records pre-
sented in Fig. 5. They were filtered at 1.5 kHz and sampled at 3 kHz.
The dwell times distributions were fitted by a sum of exponential terms,
three for the closed times (left) and two for the open times (right). For
closed times distributions the following characteristic times (and rela-
tive amplitudes) were obtained: at +40 mV:t1 4 0.41 ± 0.03 msec (A1
4 0.747),t2 4 2.1 ± 0.02 msec (A2 4 0.190),t3 4 26.7 ± 0.01 msec
(A3 4 0.063); at −40 mV:t1 4 0.41 ± 0.03 msec (A1 4 0.648),t2 4

2.7 ± 0.01 msec (A2 4 0.221),t3 4 88.9 ± 0.01 msec (A3 4 0.130),
and for open times distributions at +40 mV:t1 4 1.6 ± 0.08 msec (A1
4 0.500),t2 4 8.6 ± 0.02 msec (A2 4 0.500); at −40 mV:t1 4 1.5
± 0.04 msec (A1 4 0.748),t2 4 6.0 ± 0.01 msec (A2 4 0.252).

Fig. 9. Burst analysis. Distributions of interburst (top, left) and burst
durations (top, right) from the same experiment as in Figs. 5 and 7.
Events lists were constructed from 20-sec records at each potential (0.3
kHz sampling rate). The minimum interburst interval was 24 msec. The
number (Y-axis) of interburst intervals and bursts with a certain dura-
tion (X-axis) were plotted and fitted with monoexponential functions
(solid lines). Characteristic times of interburst intervals (l) were 36.3
msec and 107.9 msec, and of burst durations (L) 183.2 msec and 62.4
msec for +40 and −40 mV, respectively. Averaged characteristic times
(means ±SD, 3–9 measurements) were plotted as a function of mem-
brane voltage in semilogarithmic coordinates (bottom). The datapoints
were fitted by Eq. 5 (solid lines). This yielded the following param-
eters: for interburst intervals (t1, l) zI 4 −0.31 ± 0.033 andtI(0) 4

82.1 ± 3.91 msec; for burst durations (tB, L) zB 4 0.35 ± 0.041 and
tB(0) 4 90.6 ± 5.02 msec.
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applied. The averaged values of the characteristic times
of burst durations (tB) and interburst intervals (tI) for
nine patches are presented as a function of membrane
potential in Fig. 9, bottom. While the burst duration in-
creased with increasing voltages the interburst interval
decreased. The voltage-dependencies were described by
(Fig. 9):

tB(V) = tB(0) · expSzB · FRT·VD andtI (V) = tI (0) · expSzI · FRT·VD
(5)

wherezB andzI are the valencies of the respective gating
charges. They were estimated by nonlinear regression
analysis aszB 4 +0.35 andzI 4 −0.31. From the time
constants of burst durations (tB) and interburst intervals
(tI) we calculated theprobability of bursts(PB) as:

PB =
tB

tB + tI
(6)

In Fig. 10 the voltage-dependence of theprobability of
bursts(PB) based on Eq. 6 was compared with the volt-
age dependence of thetotal open probability(PO) based
on all-points amplitude histograms (Figs. 5 and 6). The
voltage-dependence ofPBwas described by a Boltzmann
distribution in the form:

PB(V) = F1 + expSz · FRT· (VB − V)DG−1

(7)

wherez = zB − zI andVB is the voltage at whichPB 4

0.5 (Fig. 10). The values estimated by nonlinear regres-
sion analysis werez4 0.66 andVB 4 −3 mV. Accord-
ing to Eq. 4 thetotal open probability(PO) is the product
of theprobability of bursts(PB) and theopen probability
within bursts(PI). The voltage-dependence ofPB is ob-
vious. It remains to be tested whether there is a signifi-
cant voltage-dependence ofPI or whetherPI is constant
and the observed voltage-dependence ofPO reflects
solely the voltage-dependence ofPB. On the basis of the
definition of bursts given above (separated by intervals
longer than the minimum interburst interval) theopen
probability within a burst(PI) was calculated from event
lists. This yielded values betweenPI 4 0.64 (−50 mV)
andPI 4 0.74 (+50 mV) indicating thatPI was hardly
voltage-dependent. AccordinglyPO(V) as fitted by a
Boltzmann distribution (Eq. 7) multiplied with a constant
factor (PI 4 const; Eq. 4). FittingPO(V) by the product
of two Bolzmann distributions, assumingPI is voltage-
dependent, consistently resulted in a very small voltage
dependence (z 4 0.12 ± 0.07) and did not improve the
fit. The open probability within a burst (PI) was hardly
voltage-dependent and, therefore, the observed voltage-
dependence of the total open probability (PO) solely re-
flected the voltage-dependence of burst formation (PB).

Discussion

CHARACTERISTICS OF THECATION CHANNEL IN NATIVE

SPINACH THYLAKOID MEMBRANES

This work demonstrates the existence of a cation-selective
channel in spinach thylakoid membranes(Figs. 1 and 2).
In pure CaCl2 or MgCl2 gradients, the reversal potential
corresponded to the equilibrium potential for the respec-
tive divalent cation (Fig. 3) indicating that the cation
channel is hardly permeable for Cl−. Based on reversal
potentials, the channel showed a comparable permeabil-
ity for K+ and divalent cations. The permeability ratio
for Ca2+ over K+ was at least 2.0 and the permeability
ratio for Mg2+ over K+ was at least 1.0 (Fig. 4). As tight
seal formation was hardly possible in the absence of
divalent cations (Pottosin & Scho¨nknecht, 1995a) both,
bath and pipette always contained at least 5 mM divalent
cations (seeTable). A direct measurement of the Cl−/K+

permeability ratio was therefore not possible.
Whenever bi-ionic conditions were applied with di-

valent cations on one side and (mainly) K+ on the other
side a rectification of single channel currents was ob-
served (Figs. 2–4). Obviously, the single channel con-
ductance was larger for K+ than for divalent cations, at
100 mM K+ about 62 pS compared to 21 pS or 24 pS for
50 mM Ca2+ or Mg2+, respectively (averaged values from
Figs. 3 and 4). When the activity for K+ was increased
by a factor of about five (from 20 mM to 105 mM), the

Fig. 10. Comparison of thetotal open probability(PO, s) and the
probability of bursts(PB,L) for the cation-selective channel in spinach
thylakoids. All measurements were performed on isolated inside-out
patches bathed in symmetrical ‘‘100 KCl’’ solution. Theprobability of
bursts(PB) was calculated from the data presented in Fig. 9 (bottom)
using Eq. 6. Thetotal open probability(PO) was calculated from all-
points amplitude histograms (seeFig. 6). PB and PO were obtained
from the same experimental series (points are means ±SD from 3–9
measurements). The voltage dependence ofPO andPB was fitted si-
multaneously according to Eqs. 4 and 7 (solid lines). This yieldedPI 4

0.58 ± 0.03,VB 4 −3 ± 2 mV andz 4 0.66 ± 0.04.
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single channel conductance increased by about 40%
(from 38.5 pS to 62 pS). This indicates a relatively high
affinity for K+ (about 20 mM) assuming a Michaelis
Menten type of binding. An increase of the Ca2+ or
Mg2+ concentration (to 50 mM in Figs. 2–4) on the lu-
menal side resulted in a decrease (by about one third) of
the cation efflux from the stroma into the lumen. This is
especially obvious in Fig. 4 where the outward current
was mainly carried by 100 mM K+. This may be ex-
plained in the following way, divalent cations (at higher
concentrations) temporarily occlude the channel and
thereby reduce the outward current. The slight rectifica-
tion observed under symmetrical ‘‘100 KCl’’ (62 pS for
the outward and 53 pS for the inward current) might be
explained on this basis by slightly different binding af-
finities for divalent cations at the lumenal side compared
to the stroma face of the channel.

The cation channel of the spinach thylakoid mem-
brane displayed a moderate voltage dependence resulting
in an increase of thetotal open probability(PO) from
about 0.1 at −60 mV to 0.6 at +80 mV (Fig. 6). The
cation channel had a complex gating behavior (Fig. 7)
with at least two characteristic open times and three char-
acteristic closed times (Fig. 8). The observed voltage-
dependence was consistently explained by an increased
probability for bursts at more positive voltages (Fig. 10)
due to decreasing interburst intervals and increasing
burst durations (Fig. 9). The open probability within
bursts (PI) was hardly voltage-dependent.

COMPARISON WITH OTHER CATION CHANNELS IN

PLANT ENDOMEMBRANES

Previous measurements with spinach thylakoid mem-
brane fragments incorporated into planar bilayers (Tester
& Blatt, 1988) or giant liposomes (Enz et al., 1993)
revealed some cation-selective channels. Tester & Blatt
(1988) worked with high KCl concentrations and mea-
sured a single-channel conductance of 120 pS in a 1000/
300 mM KCl gradient. Enz and coworkers (1993) re-
ported four different ion conductances. First, a weakly
Cl−-selective channel was presented which is different
from the Cl− channel in the native spinach thylakoid
membrane (Pottosin & Scho¨nknecht 1995b) by its selec-
tivity, conductance and gating behavior. Second, a pu-
tative K+ channel with a conductance of 110 pS (at 100
mM KCl plus 5 mM CaCl2) was shown which seems to be
specific for K+ over Ca2+. The high conductance and the
low relative Ca2+/K+ permeability makes this channel
different from the cation channel characterized by us.
Third and fourth, conductances for Ca2+ (20 pS 62 mM
Ca2+) and Mg2+ (35 pS at 80 mM Mg2+) were presented
without a further characterization which might corre-
spond to the cation channel described here. A general
problem has to be mentioned regarding reconstitution

studies with spinach thylakoid membrane fragments. It
was shown that under reconstitution into giant liposomes
the channel portion of the thylakoid H+-ATPase forms
nonselective cation channels with some 10–20 pS and
higher (30, 60, and 120 pS in 100 mM KCl) conduc-
tances.These artificial channels were effectively blocked
by 1 mM venturicidin (Scho¨nknecht et al., 1989), a potent
inhibitor of F-type ATPases. We have demonstrated that
the cation channel measured by patch-clamp technique in
the native spinach thylakoid membrane is insensitive to
venturicidin up to 10mM (Pottosin & Scho¨nknecht, 1995b).
It remains unclear, which of the cation channels observed
in reconstitution studies (Tester & Blatt, 1988; Enz et al.,
1993) may be related to dearranged membrane spanning
subunits of the thylakoid H+-ATPase.

Cation channels with comparable conductances for
Ca2+ and Mg2+ have been found in the plant vacuolar
membrane (Ping, Yabe & Muto, 1992; Allen & Sanders,
1994). Moreover, the so-called slow vacuolar (SV)
channel has been reported to have a relative Ca2+/K+

permeability of about three and a negligible relative Cl−/
K+ permeability (Ward & Schroeder, 1994; Allen &
Sanders, 1995), but see Schulz-Lessdorf & Hedrich
(1995) for a different view. When K+ is replaced by
Ca2+ at the lumenal side the conductance for the outward
K+ current through the SV channel is decreased by 25%
(from 155 pS to 117 pS). Despite a higher relative per-
meability for Ca2+ compared to K+, single-channel con-
ductance with Ca2+ as the only permeant ion dropped to
16 pS (Ward & Schroeder, 1994). Both effects are simi-
lar to what we observed with the thylakoid cation chan-
nel (Figs. 2–4). It should be noted that even Ca2+ chan-
nels with a relative Ca2+/K+ permeability >100 are
known to conduct K+ ions in the absence of divalent
cations and normally transport rates for K+ are much
higher compared to divalent cations (Tsien et al., 1987).
In this regard, the thylakoid cation channel shares prop-
erties of other ion channels permeable for divalent cat-
ions.

PHYSIOLOGICAL IMPLICATIONS OF THETHYLAKOID
MEMBRANE CATION CHANNEL

The electrical compensations of light-driven H+ uptake
into thylakoids is known to be achieved by concomitant
fluxes of Cl−, K+ and Mg2+ (Dilley & Vernon, 1965;
Hind et al., 1974; Chow, Wagner & Hope, 1976; Krause,
1977). Anions (Cl− and NO3

−) are likely to be trans-
ported through the thylakoid membrane via the voltage-
dependent anion channel found in higher plants,Pepero-
mia metallicaandSpinacea oleracea,as well as in Cha-
rophyte algaNitellopsis obtusa(Schönknecht et al.,
1988; Pottosin & Scho¨nknecht, 1995a,b). However, an-
ions alone appear to compensate only part of the light-
driven H+ current. As an example, measurements with
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ion-selective microelectrodes in a living plant cell
showed that roughly half of the H+ taken up into chlo-
roplasts after illumination is electrically compensated by
anion influx (Thaler, Simonis & Scho¨nknecht, 1993).
The remaining part of the charge balance has to be pro-
vided by an efflux of cations. Light-dependent cation
fluxes across the spinach thylakoid membrane are well
documented, although the relative contribution of K+ and
Mg2+ is a matter of debate (Dilley & Vernon, 1965; Hind
et al., 1974; Barber, 1976; Vredenberg, 1976; Bulychev
& Vredenberg, 1976; Krause, 1977; Fang, Mi &
Berkowitz, 1995). It was shown that Ca2+ and Mg2+ ions
are transported through the thylakoid membrane via a
common pathway showing a slight preference for Ca2+

(Hind et al., 1974). Here we demonstrate that the dom-
inant cation channel in spinach thylakoid membranes is
almost equally permeable for K+, Ca2+, and Mg2+. The
cation-selective channel described in this paper is likely
to explain on the molecular level the different observa-
tions about cation permeability of the intact thylakoid
membrane of spinach.

There is the question whether the current through
this channel is large enough to contribute significantly to
the electrical compensation of light-driven H+ currents.
Direct measurements of light-driven H+ pump activity in
thylakoids by patch-clamp technique (Bulychev,
Antonov & Schevchenko, 1992; Muniz, Pottosin & San-
doval, 1995) yielded a current density of 0.07 pA/mm2.
Given that a membrane patch has an approximate surface
of 10mm2 (Hamill et al., 1981) this value transforms to
0.7 pA per patch. The total concentrations of K+ and
Mg2+ in chloroplasts (stroma plus lumen) within spinach
leaves are kept relatively constant under a broad range of
growing conditions, 80–180 mM and 13–18 mM, respec-
tively (Schröppel-Meier & Kaiser, 1988). Therefore, un-
der physiological conditions the current through the thy-
lakoid cation channel is mainly carried by K+ ions and a
single channel conductance close to 60 pS as measured
here with symmetrical 105 mM K+ plus 5 mM Mg2+ (Fig.
1) is a good estimate. When light is turned on the elec-
trical potential across the thylakoid membrane tran-
siently reaches a maximum of up to −60 to −80 mV and
declines to −10 to −15 mV at steady state (Bulychev et
al., 1972; Remisˇ et al., 1986). Thetotal open probability
(PO) of the cation channel measured in this voltage range
increased from 0.08 at −60 mV to 0.23 at −20 mV (Fig.
6). Thus, the time-averaged current through a single cat-
ion channel is practically constant, −0.29 pA at −60 mV
and −0.28 pA at −20 mV. One cation channel per mem-
brane patch is sufficient to compensate about 40% of the
light-driven pump current of about 0.7 pA (see above).
With more than one cation channel per patch, what was
frequently observed, the conductance of the cation chan-
nel is more than sufficient to electrically compensate
light-driven H+ fluxes.

Another possible function of the thylakoid cation
channel concerns Mg2+ homeostasis in chloroplasts.
After the onset of illumination, Mg2+ ions are transported
from the thylakoid lumen to the stroma and the concen-
tration of free stromal Mg2+ increases by approximately
2 mM (from about 3 to 5 mM) at physiological pH
(Krause, 1977; Portis, 1981). As the chloroplast enve-
lope is known to be hardly permeable for Mg2+

(Gimmler, Scha¨fer & Heber, 1974) almost all Mg2+ re-
leased from thylakoids accumulates in the stroma. Based
on relative thylakoid (2mm3) vs. stroma volumes (30
mm3) of 1:15 (Heldt et al., 1973), the total Mg2+ con-
centration inside the thylakoid lumen has to decrease by
30 mM to produce a 2-mM increase of the total stromal
Mg2+ concentration. Taking into account buffering of
Mg2+, an increase of the free stromal Mg2+ concentration
by 2 mM requires even larger changes in total Mg2+

concentration. A gradient of 5/50 mM MgCl2 (stroma/
lumenal side) corresponding to a single channel conduc-
tance of 19 pS (Fig. 3) might come close to physiological
conditions. Assuming a membrane potential of −10 mV
(Bulychev et al., 1972), atotal open probability PO 4
0.3 results (Fig. 6). With a density of 1 cation channel
per 10mm2 and a thylakoid surface of 500mm2 (based
on 10 to 15mm bleb diameters) a Mg2+ current of −2.9
pA or 3 z 10−17 mol sec−1 across the whole thylakoid
membrane can be calculated. For a stromal volume of 30
mm3 (Heldt et al., 1973) this gives an increase of total
stromal Mg2+ concentration by about 1 mM sec−1. In
other words, the thylakoid cation channel can mediate
changes of the free stromal Mg2+ concentrations in the
millimolar range within a few seconds. Physiological
significance of the light-driven Mg2+ redistribution in
chloroplasts was emphasized by many authors (butsee
Ben-Hayyim (1978) for an alternative point of view).
According to Krause (1977) and Portis (1981) stromal
concentration of free Mg2+ in the dark is low (1–3 mM)
and it is roughly doubled under illumination. The light-
induced increase of stromal Mg2+ apparently occurs in
the concentration range where it may activate key en-
zymes of CO2 fixation (Portis, 1981; Portis et al., 1977).
Barber (1976) speculated that light-induced changes
of stromal Mg2+ concentrations affect thylakoid stacking
and hence the efficiency of energy transfer between
photosystems I and II. Thus, the Mg2+-permeable chan-
nel in thylakoid membranes could serve as an important
element in the feedback control of light-driven processes
as well as a link between light and dark photosynthesis
reactions.

Conclusions

A dominant channel responsible for transport of mono-
and divalent cations was characterized in the native thy-
lakoid membrane from spinach. This channel is prob-
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ably involved in the electrical compensation of light-
driven H+ uptake into thylakoids. Compared to K+,
Mg2+ fluxes through this channel are likely to play a
minor role in charge balancing whereas the channel-
mediated increase of the stromal Mg2+ concentration af-
ter illumination may have an important regulatory effect
on photosynthesis. The channel described in this paper
had only a moderate voltage-dependence compared to
classical voltage-dependent channels (Hille, 1992) and
compared to the thylakoid anion channel (Pottosin &
Schönknecht, 1995a). There should be additional
mechanisms to regulate the thylakoid cation channel ac-
tivity.
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