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ABSTRACT Electrokinetic measurements, of streaming potential, were carried out on an excised inside-out patch of the vacuolar mem-
brane of Chara corallina. A water activity gradient was imposed across the patch membrane containing a single K+ channel by addition
of sorbitol to one side. Two different K+ channels were found in the tonoplast. Their open channel conductance was investigated as a
function of KCI concentration. They had a maximal open channel conductance of 247 and 173 pS, and an apparent affinity (KM) of 1 16
and 92 mM, respectively. Single-channel zero-current potentials were determined in the presence of an osmotic gradient, and dilution
artifacts were corrected for by addition of valinomycin to the bath. Our results suggest that 29 water molecules were coupled to the
transport of one K+ ion in the large conductance K+ channel which has a pore radius of -1.5 nm.

INTRODUCTION

In plant cells most ions are stored in a large central vacu-
ole which plays an important role in turgo- and osmoreg-
ulation. The tonoplast which surrounds the vacuole con-
tains various ion pumps and ion channels (Hedrich and
Schroeder, 1989). The study ofthe function ofion chan-
nels has mostly been concerned with the rate of ion
movement through these integral membrane proteins.
Cytoplasmic droplets formed from Chara are covered

by a membrane derived from the tonoplast (Lihring,
1986; Sakano and Tazawa, 1986). The passive conduc-
tance ofthis vacuolar membrane is largely dominated by
a potassium conductance (Homble, 1987).

Different K+ channels have been found in the tono-
plast surrounding cytoplasmic droplets formed from
Chara (Homble et al., 1987; Tyerman and Findlay,
1989; Homble and Fuks, 1991). In symmetrical 150-
mM KCI solutions, K+ channels with open channel con-
ductances of 170 pS (Laver et al., 1989), 130 pS (Laver et
al., 1989; Homble and Fuks, 1991), and 90 pS (Homble
and Fuks, 1991) have been identified in excised patches.
The unitary current through the maxi-K channel (170
pS) is limited, at high voltage, by ion diffusion external
to the pore and, at high potassium concentration, by the
maximum transport rate of the channel (Laver and
Walker, 1987; Laver et al., 1989). Both 170 and 130-pS
K+ channels have a high selectivity for K` over other
monovalent alkali cations (Lulhring, 1986; Laver and
Walker, 1987; Bertl, 1989; Homble and Fuks, 1991;
Laver and Walker, 1991). Unfortunately, the physiologi-
cal role of those K+ channels is not yet understood.

Selective channels exclude all but those ions which
they are specifically designed to conduct. Substances
that cannot flow through the channel act osmotically on
the channel. Inside narrow channels, ions, and water are
constrained to diffuse in a single file. Ifa membrane con-
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taning this type of channel separates two solutions of
different osmolalities, a streaming potential difference is
generated (Rosenberg and Finkelstein, 1978; Levitt et
al., 1978; Miller, 1982; Finkelstein, 1987; Alcayaga et al.,
1989).
In this work, the streaming potential arising across

130-pS K+ channels of the tonoplast is measured by im-
posing an osmotic gradient across the patched mem-
brane. The ion-water coupling was found to be large and
we show that this channel is too large to assume single
file diffusion assumption.

MATERIALS AND METHODS

Protoplasmic droplets
Protoplasmic droplets were obtained by gently cutting the lower end of
a turgorless internodal cell of Chara corallina Klein ex Willd., em, R.
D. W. maintained vertically and allowing the endoplasm to flow down
from the open end into a 150 mmol kg-' (millimolal) KCI solution. In
order to study the effect ofthe salt concentration on the single channel
conductance, protoplasmic droplets were formed in solutions ofdiffer-
ent KCI concentration and seals were formed in symmetrical salts.

Patch-clamp
After establishing a "gigaseal" between the pipette and the membrane
(Hamill et al., 198 1), the patch was excised into an inside-out configura-
tion. The control of the membrane potential and the measurement of
membrane currents were performed with a Bio-Logic RK-300 (BIO-
LOGIC, France) patch-clamp amplifier. Giga-ohm seals of -10-50
GQ were formed with pipettes (10 MQl) made from borosilicate glass.
Continuous recordings of patch currents were preliminarily stored in
digital form on a video tape. The data were subsequently replayed
through a low pass 5-pole Tchebicheff filter (generally, -3dB cut-off
frequency at 500 Hz), and the relevant events were sampled and stored
digitally on a computer (Zenith Z-200). The membrane potential dif-
ference across a patch was calculated as minus the pipette potential
difference. Thus, the flow of positive charges from the bath to the pi-
pette is defined as an outward-current and is positive.

Streaming potentials
The control current-voltage relationship for the open channel was ob-

tained in symmetrical KCI solution. Then, an osmotic gradient was
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FIGURE 1 Single-channel conductance as a function ofK+ concentra-
tion for two different K+ channels ofthe tonoplast of Chara. Measure-
ments were done on inside-out excised-patches in symmetrical KCl
concentrations. Data were fitted with the Michaelis-Menten equation.
The single channel conductance was 90 pS (@) and 130 pS (0) in sym-
metrical 150 mM KCl.

established by changing the solution ofthe bath for a solution contain-
ing the same molal concentration ofKCI plus 0.65 osmol kg-' sorbitol.
Under these conditions a second current-voltage curve was taken. Fi-
nally, 1 gM valinomycin was added in the bath and a third current-volt-
age curve established. This was done to correct the values of reversal
potential for electric potential generated by reductions in the activity
coefficient due to the presence of the sorbitol and the differences in
local salt concentration in the unstirred layer (Rosenberg and Finkel-
stein, 1978). The streaming potential arising only from K+-water cou-

pling is the difference between the reversal potential for the channel
measured in the presence ofsorbitol and the reversal potential obtained
with valinomycin. The reversal potential was determined by linear or

nonlinear regression of the current-voltage relationship.

RESULTS

KCI-dependent conductance
As previously described (Homble and Fuks, 1991), two
different K+ channels were observed in our preparations
and were identified by their single channel conductance
in symmetrical 150 mM KCI concentration. Many ion-
selective channels exhibit current saturation with in-
creasing permeant ion concentration reflecting occupa-
tion of one or more distinct ion binding sites within the
channel. This behavior was investigated for both 130
and 90-pS K+ channels in the presence ofincreasing sym-
metrical concentrations of potassium in order to distin-
guish them whatever the KCI concentration. To provide
a phenomenological description of saturation behavior,
the measured slope conductance at low positive or nega-
tive voltage is plotted as a function ofthe K+ concentra-
tion in Fig. 1. These data were well described by the
Michaelis-Menten relationship as indicated by the fitted
curve. The Michaelis-Menten fit gave parameters of
KM = 116 mM and ym. = 250 pS for the concentration
at half-saturation and the maximal unitary conductance,
respectively. The corresponding parameters for the 90-
pS K+ channel were KM = 92 mM and ym. = 170 pS.
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FIGURE 2 Current-voltage relationships in 300 mmolal KC1, in the
absence (A) and in the presence of 0.65 osmol/kg sorbitol (+) on one
side ofthe membrane. The reversal potential measured in the presence
of both valinomycin and sorbitol was 1 mV.

Water coupling
The low conductance (90 pS) K+ channel was observed
only on such rare occasions (Homble and Fuks, 1991)
that electrokinetic measurements were only recorded
successfully on the 130-pS K+ channel. A streaming po-
tential determination made in 0.65 osmol/kg sorbitol so-
lution is shown in Fig. 2. A control current-voltage curve
was taken just before application of the water activity
gradient in symmetrical KC1 concentrations. This curve
was clearly shifted to positive values of membrane po-
tential by decreasing the activity of water in the bath. In
those conditions, the reversal potential of the current-
voltage characteristic ofthe 130-pS K+ channel is 10 mV
(Table 1). After addition of 1 gM valinomycin the rever-
sal potential shifted backward to plus 1 mV and the
patch conductance increased a hundred times. This low
value of reversal potential recorded in the presence of
valinomycin suggested that the ion activity did not
change significantly in the presence of sorbitol. We have
confirmed this hypothesis by measuring the activity of
K+ and Cl- by means of ion-specific electrodes. Indeed,
the activity ofthese ions was not affected by 0.65 osmolal
sorbitol (data not shown). In the presence of0.65 osmo-
lal sorbitol, the unitary conductance of an open 130-pS
K+ channel decreased by - 30% (Table 1).

TABLE 1 Electrical potential differences and single-channel
conductance changes produced by an osmotic gradient
across the 130-pS K+ channel

No sorbitol Sorbitol added

Vre,(channel) 0 mV 9.7 + 0.8 mV
V,,,(channel + valinomycin) 0.9 + 0.1 mV
Unitary conductance 176.0 + 2.3 pS 118.3 + 5.3 pS

KCI molality (300 mmolal) was identical on both side ofthe tonoplast.
The osmotic gradient was produced by 0.65 osmol/kg sorbitol. Data
were obtained on seven replicates.
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DISCUSSION
The osmotic permeability of the plasma membrane of
Characean internodal cells (100 ,um s-') is relatively
large compared with that ofmost other cells (Finkelstein,
1987). For instance, the osmotic permeability ofValonia
is only 2.4 ,m s-' (Gutknecht, 1967). The value of the
osmotic permeability of the tonoplast has not yet been
measured but it should be at least as large as that of the
plasma membrane since the vacuole occupies 90% ofthe
volume of mature Characean cells and both membranes
are in series.

Giant internodal Characean cells, have been conve-
nient material for the study of water relations in single
cells. Using the method oftranscellular osmosis Kamiya
and Tazawa (1956) observed that the water movement
across the plasma membrane ofNitella flexilis was polar-
ized. The rate of water movement into the cell was 2.6
times larger than the rate of water movement out of the
cell. The polarity of water movement was altered after a
treatment with cytochalasins (Wayne and Tazawa,
1988). Treating the cells ofNitellopsis obtusa with differ-
ent inhibitors of protein function, Wayne and Tazawa
(1990) have shown that sulfhydryl reagents inhibit exos-
mosis, whereas nonyltriethylammonium (a Kt channel
blocker) inhibits endosmosis. Combining the voltage-
clamp technique and the pressure probe technique,
Kourie and Findlay (1991) observed that the K+ conduc-
tance of the plasma membrane of Chara inflata in-
creased as the turgor is decreased or the external osmotic
pressure increased. Taken together, these results sug-
gested that ion channels and water transport are coupled
in the plasma membrane of Characean cells.
The shift ofreversal potential observed in the presence

of an osmotic gradient indicated that the water flow
through the Kt channels drives a Kt current. The
streaming potential ofthe 1 30-pS K+ channel was 9 mV
for 0.65 osmol per kg sorbitol.
Rosenberg and Finkelstein (1978) and Levitt et al.

(1978) have shown that it is possible to calculate the num-
ber ofwater molecules that are coupled to each ion trans-
ported across the narrow region of the channel. This
theory is only valid when ions and water molecules are
constrained to diffuse in single file. However, there has
recently been published a new theory of the streaming
potential that is valid for small ion selective channels
where the single file assumption is not required a priori
(Levitt, 1990). According to this theory the volume of
water per ion (Vol) flowing through a univalent cation-
selective channel is given by:

Vol =

where A4/ is the streaming potential, AP the pressure dif-
ference across the membrane, and e is the electrical
charge.

Using the value for the streaming potential obtained
for 300 millimolal KCI concentration, we can calculate
that there are at least 29 water molecules which are cou-

pled to the transport of one K+ ion in the 130-pS K+
channel. Such a large value of ion-water coupling does
not seem unreasonable in the case of giant plant cells of
Chara. Indeed, previous electroosmotic measurements
done on an intact cell have led Barry and Hope (1969) to
conclude that up to 30 water molecules move across the
plasmalemma with each equivalent monovalent cation.

Levitt ( 1990) also showed that the streaming potential
depends only on the geometry ofthe channel. For spheri-
cal particules of radius a in a uniform cylindrical chan-
nel of radius R and length L the volume of water mole-
cules moved per ion is given by:

Vol1 37rR2a 1 - 1.33 a2
4 h + (a/L)l - 2a2(1- 0.67a2)'

where h = 1 - 2.1054 a + 2.0805 a 3, a = aIR and a =

0.133 nm.

Using this equation, our results would correspond to a
pore of - 1.5 nm in radius, which is not an unreasonable
result for the large conductance channel considered here.
Note that this value is independent of pore length be-
cause the second term in the denominator is negligible
for L > 2 nm. This result indicates that the 130-pS K+
channel can accommodate more than one ion which can

get past each other.
The relationship between concentration and open

channel conductance is nonlinear and shows a satura-
tion which is well described by the Michaelis-Menten
equation. This indicates that there is at least one ion
binding site in the pore.
The unitary conductance of the 130-pS K+ channel

decreases in the presence of sorbitol (Fig. 2). This has
also been observed for the Maxi-K channel in the pres-
ence of impermeant solutes such as sucrose or urea

(Laver et al., 1989). According to these authors, this ef-
fect arises from a reduction of the diffusion of Kt from
the bulk aqueous phase to the pore mouth. If the access

diffusion is the only factor affecting the change in uni-
tary conductance of the channel, then one might expect
that this effect will be reduced by increasing the salt con-
centration. Indeed, the diffusion limitation ofion flow to
the channel entrance is lowered when the ion concentra-
tion is increased (Fig. 1). Our electrokinetic measure-

ments were done using a KCI concentration which satu-
rates the current through the channel. At this concentra-
tion the rate of ion transport becomes limited by the
binding-unbinding step but not by the rate of diffusion
toward the entrance ofthe channel. Thus, the decrease of
the unitary conductance of the 130-pS K+ channels ob-
served after addition of sorbitol suggests that sorbitol
may act directly on the pore. This conclusion is also sup-
ported by the results showing that the reversal potential
measured in the absence of sorbitol and in the presence
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of both sorbitol and valinomycin was not significantly
different, indicating that the electrochemical potential of
the K+ ions were equal on both side of the membrane
during the course of an electrokinetic experiment.

In conclusion, our results indicate that there is a strong
coupling between water and K+ in the 130-pS K+ chan-
nel of the tonoplast of Chara, and we have calculated
that the channel has a radius of 15 nm.
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