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ABSTRACT

A depolarization-activated K+ channel capable of carrying the
large K+ currents that flow from shrinking cells during movements
of Samanea saman leaflets has been described in the plasma-
lemma of Samanea motor cell protoplasts (N Moran et al [1988]
Plant Physiol 88:643-648). We now characterize this channel in
greater detail. It is selective for K+ over other monovalent ions,
with the following order of relative permeability: K+ > Rb+ > Na+
= Cs+ Li+. It is blocked by Cs+ and by Ba2+ in a voltage
dependent manner, exhibiting a 'long-pore' behavior, similarly to
various types of K+ channels in animal systems. Cadmium, known
for its blockage of Ca2+ channels in animal systems, and Gd3+,
closely related to La3+, which also blocks Ca2+ channels in animal
cells, both block K+ currents in Samanea in a voltage-independent
manner, and without interfering with the kinetics of the currents.
The suggested mechanism of block is either (a) by a direct
interaction with the K+ channel, but external to its lumen, or,
alternatively, (b) by blocking putative Ca2+ channels, and pre-
venting the influx of Ca2 , on which the activation of the K+
channels may be dependent.

that this channel plays a role in the passive efflux ofK+ during
cell shrinkage. The channel has the following characteristics:
(a) it is voltage gated, opening upon membrane depolarization
with a time constant of 1 to 2 s; (b) at moderate depolariza-
tions, it does not inactivate for many minutes; (c) its con-
ductance ranges from 15 to 40 pS at external K+ concentra-
tions between 5 and 125 mm, respectively; (d) it can be
blocked by TEA3 and quinine, compounds that block K'+
channels in membranes of other organisms; and (e) the chan-
nel is similar in both extensor and flexor cells.
TEA and quinine also inhibited the movement of excised

leaflets, thereby supporting the view that the flow of K+
current through these channels is necessary for leaflet move-
ment. To characterize this channel in greater detail, we now
extend our description of the channel's 'signature' to include
its interaction with various inorganic ions: Li+, Na+, Rb+,
Cs+, Ba2+, Cd2+, and Ga3+. Preliminary results appeared in
abstract form ( 18).

MATERIALS AND METHODS

Plant Material

Leaflet movements in Samanea saman and other nyctinas-
tic legumes depend upon changes in the volume of motor
cells in the pulvini. Motor cell volume changes are driven
osmotically, by changes in the concentration of internal K+,
Cl-, and other solutes (reviewed in ref. 24). Cells in the
extensor region of the pulvinus take up K+ and Cl- as they
swell during leaflet opening, and lose both ions as they shrink
during leaflet closure, while cells in the opposing (flexor)
region behave in the reverse manner. In 1981, Satter and
Galston (22) postulated a role for ionic channels in the
transport of ions across Samanea motor cell membranes.
We recently (17, 18, 23, 24) described a potassium channel

in plasma membranes of protoplasts isolated from the exten-
sor or flexor region ofthe Samanea pulvinus. Our data suggest
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Samanea saman trees were grown in a greenhouse, as
described by Moran et al. (17). Terminal secondary pulvini
were excised from the third and fourth mature leaves, count-
ing from the apex, within 3 h after dawn.

Protoplast Isolation

Protoplasts were isolated separately from the extensor and
flexor regions of the pulvinus using the method for protoplast
isolation described by Moran et al. (17), or a modification of
this method. Our modification was as follows. After 30 to 35
min of enzymatic digestion, the tissue was separated from the
enzyme solution by filtration on a double layer of 50 ,m
nylon mesh. The enzyme solution was discarded, and the
tissue was rinsed off the mesh into a B5-Gamborg's solution
(basic composition as in GIBCO catalog [1985, Netherlands],
and containing in addition 100 mM KCl, 340 mM sorbitol, 2
mM CaCl2, 0.5 mm DTT) and was agitated occasionally for
10 min. This tissue and cell suspension was then layered on

'Abbreviations: TEA, tetraethylammonium; BAPTA, 1,2-bis(o-
aminophenoxy)ethane-N,N,-N',N'-tetraacetic acid.
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a Ficoll cushion and spun at approximately 360g for 7 min,
resulting in a green layer just above the Ficoll cushion. The
clear solution on top of the green layer was discarded. Cold
B5-Gamborg's solution (containing in addition 240 mM sor-
bitol, 240 mm sucrose, 30 mM KCI, 2 mM CaCl2, and 0.5 mM
DTT) was then layered on top of the green band, and the
gradient was spun at 64g for 5 min. Protoplasts were collected
from an uppermost 4 to 5 mm layer and kept on ice for up
to 20 h. We used flexor cells for most experiments described
here; extensor cells were used where noted in figure captions.

Recording Solutions for Patch-Clamp Experiments

The bath solution contained varying concentrations of K+
and/or other ions (Rb+, Cs', Ba+2, etc.), 1 mM CaCl2, 10 mM
Mes at pH 5.8 to 6.0, and about 0.45 to 0.55 M sorbitol (used
to adjust the final osmolarity of the solution to 550 to 580
mOsm. The internal (pipette) solution contained 10 to 20 mM
Hepes at pH 7.1 to 7.2, 14 to 215 mM KCl with or without a
test ion, and either Ca/EGTA buffer (6) or Ca/BAPTA
(Sigma) buffer to yield a free Ca2+ concentration between 4 x
10-8 and 3 x 10-6 M, 1 to 2.5 mM MgATP (Sigma), and about
0.4 M sorbitol, to adjust the final osmolarity of the solutions
to 600 to 620 mOsm.

Temperature

The experiments were conducted at room temperature of
23 to 26°C, but temperature did not vary more than 1°C
during a single experiment.

Patch-Clamp Experiments

The patch-clamp technique is described in detail by Hamill
et al. (11); application of the patch-clamp methodology to
plant cells is described by Satter and Moran (23), and Moran
et al. (17). Briefly, a drop of the protoplast suspension was
added to 1.5 mL of the recording solution and the protoplasts
were allowed to settle and stick to the bottom of the experi-
mental chamber, a Nunc (Roskilde, Denmark) tissue culture
dish. The patch pipette was then brought into contact with
the protoplast. Upon the formation of a tight seal between
the patch electrode and the cell membrane, the patch was
broken to form a 'whole-cell' configuration. At this configu-
ration, the solution within the pipette becomes continuous
with the cytoplasm, and within several seconds to a few
minutes replaces the diffusable components of the cytoplasm.

All experiments were performed in a voltage-clamp mode
using the Axopatch B- 1 amplifier (Axon Instruments, Burlin-
game, CA) and were under computer control (an IBM clone,
Minta AT, Taiwan) using a software-hardware system from
Axon Instruments (pclamp program package software and
the TL1-TM-100 Labmaster A/D and D/A peripherals).
Membrane potential was varied according to a pre-pro-

grammed schedule and the resulting membrane current was
filtered at 20 Hz (-3 db), digitized at 100 Hz, and stored for
further analysis. The error in voltage clamping of the whole-
cell membrane, largely due to the access resistance of the
patch pipette, was compensated at 80% by analog circuitry of
the Axopatch amplifier.

Electrophysiology: Determination of Reversal Potential
and Relative Permeability

Two pulse sequences were used in these experiments:
1. To monitor the voltage and time dependence of K+

channels, a series of increasingly depolarizing, single square
pulses, each lasting 15 to 30 s (e.g. Fig. lA), was applied at
intervals of 20 mV and 30 to 45 s (between start of pulses).
The holding potential was restored between pulses. These
pulses would usually activate outward currents, followed,
upon the restoration of the holding potential, by deactivating
tail-currents.

2. To calculate the relative permeability of different ions
(as outlined below), the reversal potential had to be deter-
mined, by a series of paired pulses, applied at 30 to 45 s
intervals. This constitutes the 'tail-current' method, for the
determination of reversal potential (illustrated in Fig. 1, C
and D). The membrane potential was stepped to a certain
depolarized value (pre-pulse) to open K+ channels, and then
to another potential (test-pulse), to elicit a (deactivating) tail-
current. At the end of the test pulse, the holding potential was
restored. Several pairs of pulses (pre-pulse/test-pulse) were

repeated: the pre-pulse was always the same for a given series,
while the test-pulse ranged from -90 to -10 mV (usually
aimed at the vicinity of the presumed reversal potential; Fig.
1C). A plot of the instantaneous tail-currents (corrected for
leakage current, as described by Moran et al. [17]) as a

function of the potential at which they were recorded (the
values of the test-pulses) yields the instantaneous I-V curve

(Fig. 1D). This, in turn, yields the reversal potential, i.e. the
zero-current potential, or the potential at which no current
flows, although the channels are open. Ifthe solutions bathing
the membrane contain only a single permeant ion, the reversal
potential equals the ion's Nernst potential; when two or more

permeant ions are included, the reversal potential reflects a
combination of their Nernst potentials, weighted by their

X ~~~~~~~-,00

B pl,g ~~~~~~~+ Nsla
CO pA

3s

C 30 3
-loo~~~~~~~3

rL~~~~~~~4OpA

A-

Figure 1. The effect of external Na+ on K+ currents. Whole-cell
membrane currents (superimposed "noisy" traces) elicited by a series
of square voltage pulses (also superimposed, top panel). Holding
potential was -100 mV. (A) Control; inset: recording configuration.
(B) After addition of 25 mm Na+ to the external solution. C and D, A
'tail-current' experiment for the determination of reversal potential.
The experimental solutions contained: bath: 6 mm K+, 550 mM
sorbitol, 1 mM CaCI2, 10 mm Mes (pH 6.0); pipette: 139 mm K+, 125
mM CL-, 450 mm sorbitol, 2 mm MgATP, 2 mm BAPTA-Na4, 0.5 mM
CaCI2 (calculated free Ca2+ concentration was 40 nM), and 20 mm
Hepes (pH 7.2).
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relative permeabilities. Thus, the permeability ofa permeating
cation X+, relative to that of K+ (Px/PK), can be calculated
from the reversal potential, Erev, using the Goldman equation
(7):

1) FE - RTln [K ]i PCI/PK [CI-]o PX/PK [X+]i
F [K ]O + PCI/PK [CI ]i + PX/PK [X ]O

with PCI/PK and PX/PK denoting the permeabilities of Cl- and
the cation X+, respectively, relative to that of K+ (we assumed
the relative permeability of an ion at the internal mouth of
the channel to equal that at the external mouth). [ ]i and [ ]o
denote the internal (pipette) and outer (bath) ion concentra-
tions. R, T, and F are the universal gas constant, absolute
temperature and Faraday constant, respectively. The anion
used in our experiments was Cl-, and in all calculations we
used the value of 0.05 for the permeability ratio of Cl- to that
of K+ (determined for 12 cells), unless it could be determined
independently for the same cell. Note, that although Na+ (8
mM) was present in most internal solutions with BAPTA, we

disregarded this in our calculations for two reasons: (a) the
control K+ currents recorded in these conditions were com-

parable in their amplitudes and time courses to those recorded
with internal EGTA, without Na+, and (b) the contribution
of this to the error in calculation of Px was less than 5%. The
measured potentials were corrected for liquid-junction poten-
tials resulting from different ion mobilities (21).

RESULTS

Na+ and Li+

Figure IA depicts membrane currents elicited by a series of
depolarizing square pulses. As previously demonstrated using
similar experimental conditions (17), these currents are car-

ried by K+ ions via the depolarization-activated K+ channel
(KD channel).
The addition of 25 mm of Na+ (Fig. 1B) or of Li' (data not

shown) to the external solution only slightly diminished both
the outward and the inward membrane currents. Moreover,
K+ currents, in both directions, persist even in the presence
of 50 mm external Na+ (not shown).
To estimate the relative permeabilities of Na+ and Li' in

the KD channel, we used the 'tail-current' method for the
determination of the reversal potential for the currents (see
"Materials and Methods"). This is illustrated for Na+ in Figure
1, C and D. The calculated permeability for Na+, relative to
that of K+, was 0.10 in this experiment, and 0.07 ± 0.05 on

average (mean ± SD; n = 6). The calculated relative permea-
bility for Li' (data not shown) was 0.05 ± 0.02 (n = 3).

Rb+

To determine the relative permeability of Rb+, we replaced
most of the K+ in the internal solution by Rb+. The outward
currents recorded in these conditions (Fig. 2A) were within
the range of voltage dependence and time constants of acti-
vation and deactivation of K+ currents observed in similar
conditions (with equivalent concentration of K+ only inside),
such as depicted in Figure 1. Thus, the gating properties of
the channels conducting these currents were similar to those
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Figure 2. The permeability of Rb+ in the K+ channel. (A) Whole cell
membrane currents (superimposed, bottom) elicited by a series of
square voltage pulses (superimposed, top). The holding potential was
-90 mV. Inset: the recording configuration. (B) A tail-current experi-
ment, for the determination of the reversal potential. Solutions were
as in Figure 1 A, except for the following: bath: 16 mm K+, 12 mm Cl-;
pipette: 14 mm K+, 125 mm Rb+.

of KD channels. In addition, and similarly to K+ currents,
these currents could be abolished by 10 mm TEA (not shown).
We therefore conclude that they were carried via the KD
channel. Since the prevalent cation in the internal (pipette)
solution was Rb+ (see legend) and in the external solution -
K+, we assume that the major ion carrier of the outward
current was Rb+ and that of the inward tail-current was K+.

Since the amplitude of the Rb+ currents was somewhat
smaller than the usual range ofthose observed for K+ currents,
the permeability of Rb+ within the KD channels must be
somewhat smaller than that of K+. For more exact estimation
of the relative permeability of Rb+, we used the tail-current
method (illustrated in Fig. 2B). From the value of the reversal
potential (-40 mV in this experiment), we estimate the
permeability of Rb+ in the KD channel to be 0.75 that of K+.
The average relative permeability of Rb+ was 0.64 ± 0.24
(n = 3).

Cs'

In Figure 3A most of internal K+ was replaced by Cs'. Note
both the virtual absence of outward currents and the presence
of large inward tail currents elicited by restoring the holding
potential after a depolarizing pulse. This is summarized in
two current-voltage (I- V) curves in Figure 3B: the steady-state
I-V curve for the outward currents and the instantaneous I-V
curve for the tail-currents. The increasing amplitude of the
instantaneous tail current, following the increasingly more
depolarizing pulses, reflects the increase of membrane con-
ductance during the depolarization, which was otherwise ob-
scured due to the absence of the outward current. Figure 3C
illustrates a tail-current experiment summarized in an instan-
taneous I-V curve in Figure 3D. Since the tail-currents van-
ished in the presence ofTEA (Fig. 3C), and since the prevalent
cation in the external solution was K+ (Fig. 3, legend), we
conclude that the tail-currents were carried by K+ via the KD
channel. The value of the reversal potential of the TEA-
sensitive current was 3 mV, and the calculated permeability
ofCs+ in this experiment, relative to K+, was 0.06. The average
relative permeability of Cs+ was 0.05 ± 0.02 (n = 3).
The addition of Cs+ at the external surface of the cell
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Figure 3. Effect of internal Cs+ on K+ current. (A) Current records
(superimposed, bottom), elicited by a series of square voltage pulses
(superimposed, top). The holding potential was -100 mV. (B) Current-
voltage (I-V) relationships; steady-state (end-of-the-pulse) I-V curve
(0); instantaneous I-V relationship for the tail currents recorded upon
the return to the holding potential (E). Abscissa: membrane potential
during the pulse. (C and D) Tail-current method for determination of
the reversal potential; tail currents before (E) and after (U) the addition
of 10 mM TEA to the bath. Note the disappearance of these currents
upon TEA treatment. Continuous lines: fitted by eye to the data
points. Interrupted line: net, TEA sensitive tail current. Solutions as
in Figure 1A, except bath: 20 mM K+, 16 mm Cl-; pipette: 14 mM K+,
125 mm Cs+.

membrane only partially diminishes outward K+ currents.
In contrast, inward tail-currents were abolished completely
(Fig. 4B).

Ba2+

Figure 5 depicts the complex effect of Ba2" on the K+
current, in the presence of 32 mm of external K+. Figure 5A
shows the records of membrane currents elicited by repeating
the same series of voltage pulses in the presence of varying
external concentrations of Ba24. In Figure 5B, the peak values
of these currents are plotted versus membrane potential dur-
ing the depolarizing pulses. Barium (0.5 mM) decreased the
outward current elicited by a depolarization to 30 mV by
about 15 to 20% (Fig. 5B). In contrast, at -10 mV, as much
as about half of the outward current was suppressed by 0.5
mM Ba2+. In Figure SC the instantaneous tail-currents at -100
mV (holding potential) are plotted versus the membrane
potential preceding the tail-current. Note that 0.5 mm of
external Ba2' effectively blocked about 80% of the inward
tail-current at -100 mV following a 30 mV depolarization,
although it caused only about 20% block during the depolar-
ization itself.

Figure SD shows the effect ofBa2" on the kinetics ofchannel
gating. This is summarized in a plot of t*, (the time to attain

half of the maximum value of the current, measured from
the start ofthe voltage step) versus membrane potential during
the voltage step. Here, too, the effect of Ba2" was voltage
dependent: Addition of 0.5 mm Ba2" to the external solution
roughly doubled the t/,, at 30 mV (from 0.6 s to 1.2 s), while
it more than tripled t½1, at -10 mV (from 1.4 s to 4.8 s).

Figure 6 shows the effect of 1 mM Ba24 on membrane
currents in the presence of 7 mm external K+. In these
conditions, over 80% of the outward current was suppressed
at 30 mV, and the suppression was complete at -30 mV and
more hyperpolarized potentials (Fig. 6B). The effect of Ba24
was (at least partially) reversible (Fig. 6, A and B).
Note that while 1 mm external Ba2' blocked about 80% of

the outward current in the presence of 7 mm KCI (Fig. 6, at
+30 mV), the same amount of Ba24 suppressed only about
20% of the outward current when the external K+ concentra-
tion was 32 mm (Fig. 5, at +30 mV).

Cd2+

Figure 7 shows the effect ofCd2+ on K+ currents. Cadmium
(330 ,gM) blocked most of both outward and inward current.
Figure 7A illustrates the reversibility of the Cd2+ block. Cad-
mium block was not voltage dependent: 330 jAM Cd2+, in the
presence of 50 mm external K+, blocked about 90% of the
current at +40 mV, and about 95% at -90 mV (tail-current
at the holding potential).

Blockage of the K+ current increased with the increase in
Cd24 concentration. This is summarized in Figure 7B, in a
family of steady-state I- Vcurves, and in a dose-response curve
(at membrane potential of S0 mV) in Figure 7C. The concen-
tration for blockage of one-half the control current is about
60 ,M Cd24. The dose-response curve at -10 mV practically
overlaps (not shown).

In Figure 7D, current records are compared, before (left)
and after (right) the addition of 80 uM Cd2+ to the external
solution, in the presence of 7 mm K+. Although 80 uM Cd2+

Figure 4. Effects of external Cs+ and Na+. Membrane current re-
corded in response to a series of square voltage pulses (top). Before
(A) and after (B) after the addition of 25 mm Cs+ to external solution.
The holding potential was -70 mV. Solutions: as in Figure 1 A, except
bath: 50 mM Na+, 10 mm K+, 56 mm Cl-; pipette: 125 mm KCI, 2 mm
EGTA (instead of BAPTA), 0.6 mm Ca2+ (calculated free Ca2+ con-
centration was 0.5 ALM [6]).
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Figure 5. Effect of external Ba24. (A) Membrane currents (superim-
posed), in response to a series of square voltage pulses (also super-
imposed). The series was repeated at various external Ba2+ concen-

trations, indicated on each panel. (B) Peak-of-current I-V curves, with
Ba2+ concentrations indicated to the right. (C) instantaneous I-V
curves of the tail-currents obtained upon the restoration of the holding
potential. D: voltage dependence of t½,, i.e. the time to half-maximum
current, measured from the start of the voltage step. Solutions: as in
Figure 1 A, except bath: 32 mm K+.

blocked about two-thirds of the K+ current, the kinetics of
the remaining current seems to be unaffected.

Gd3+

The effect of Gd3+ is depicted in Figure 8. When a Gd3+-
containing pipette (200 uM Gd3+ in external solution) was
positioned in the vicinity of the cell (30-50 ,um away), mem-
brane currents decreased by about 50% (Fig. 8C). Note, that
similarly to Cd2+ and in contrast to Ba2+, Gd3+ did not affect
the time course of the remaining currents. The removal of
the pipette resulted in restoration of the current amplitude
(not shown). Figure 8A displays a family of I-V curves, at
various concentrations of Gd3+ (denoted to the right). Figure
8B summarizes the concentration-dependence ofGd3+ block-
age. The concentration for blockage of one-half the current
was about 17 gM.

DISCUSSION

In an attempt to characterize the depolarization-activated
KD channel in the plasmalemma ofSamanea motor cells, we
tested its interaction with several different ions: the alkali
series (Li+, Na+, Rb+ and Cs+), two divalent cations: Ba2+ and
Cd2+, and one trivalent member of the lanthanide group:
Gd3+. This characterization should aid in evaluating the role
of this channel in the volume changes of intact protoplasts.

Selectivity to Monovalent Cations

The relative permeability of other monovalent ions (com-
pared to that of K+) in the KD channel was calculated using

the Goldman equation (Eq. 1 in "Materials and Methods").
Rb4 is the second most permeant ion, after K4, with perme-
ability values ranging between 0.4 and 0.8. Na4, Cs' and Li'
have small and comparable permeabilities, but they differ
dramatically in that Li4 and Na4 have relatively little effect
on K+ currents (Figs. lB and 4A), while Cs4 blocks them
(Figs. 3 and 4B).
Both the differences and the similarities in the permeabili-

ties of the ions through the KD channel can be explained in
terms of the free energy profile for ion diffusion in this
channel. Generally, the path of a permeating ion can be
described as a spatial potential energy profile with maxima
(barriers) and minima or wells (sites of interaction). The
height of the energy barrier for an ion to enter the channel
reflects the energy balance of substituting its hydration layers
by solvation by the polar groups within the channel. The
higher the barrier the less likely the ion will enter the channel.
The higher the internal barriers or the tighter the interaction
of an ion with a site within the channel, i.e. the deeper the
well, the slower the permeation through the channel (3, 5,
13).
Thus, K+ and Rb+ enter the Samanea KD channel with a

Figure 6. Reversibility of Ba2+ block. (A) Membrane currents (super-
imposed), in response to a series of square voltage pulses (also
superimposed), before (a) and during (b) treatment with external Ba2+
(1 mM), and after washout to estimated final [Ba2+] of <5 gM (c).
During the wash membrane potential was held at -100 mV. (B)
Steady-state I-V curves corresponding to conditions in A. Solutions:
as in Figure 1A.
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relatively low energy barrier and cross the channel with rela-
tively small interaction with a site(s) within. The low perme-
ability of Li' and Na+ may be due to a much higher energy
barrier for entering the channel from outside. We did not test
the effects of internal Li' and Na4 (although some Na4 was

included in most of the internal solutions used), and thus
have no information on the interaction of these ions with the
internal mouth of the channel. In contrast, the low permea-

bility of Cs4 combined with its blocking of K4 current may
be ascribed to its much stronger interaction within the channel
(see also below). In the sequence of relative permeability, the
Samanea depolarization-activated K4 channel resembles sev-

eral other types of K4 channels in membranes of animal cells
(reviewed by Hille [14]) and in plant cells (25-27).

KD Channel as a Long Pore: Cs+ and Ba2+ Block

A complete block by Cs+ occurs when the current flows
away from the side of Cs+ application (e.g. inward current
with Cs4 applied externally, Figure 4B, or, outward current
with Cs+ applied internally, Fig. 5A). However, the block is
only partial when the current flows toward the Cs+ side
(outward currents in Fig. 4B, and tail-currents in Fig. 5A).
Such directional, or voltage-dependent, block by Cs+ has been
observed in various types of K+ channels in animal cell
membranes (3, 8, 9, 12), and is consistent with a view that
Cs+ interacts strongly with a site(s) within the channel, result-
ing in its own very slow permeation and occlusion of the
movement of K+ (3). According to this view, K+ entering the
channel from the Cs4 side would trap the Cs4 inside and be
itself prevented from crossing, while K+ entering from the
opposite side, would relieve the block by repelling Cs4 off the
site (2, 15). Such a mutual interaction of ions present simul-

Figure 7. Effect of Cd24 on K+ currents. (A)
Membrane currents (superimposed) in an exten-
sor cell, in response to a series of square voltage
pulses (also superimposed), before (a) and after
(b) the addition of extemal Cd2+ (330 Mm), and
after washout (c) to estimated final [Cd2+] of <10
AM. Between pulses and during the wash, mem-
brane potential was held at -90 mV. B: Steady-
state I-V curves from a flexor cell, from mem-
brane currents obtained with various Cd2+ con-
centrations, indicated to the right. (C) Percent-
age of block by Cd2+ versus external [Cd2+], at
+50mV for data of B (circles) and at +40 mV for
data of A (asterisk). Line: a least-mean-square fit
to the experimental points (circles, not including
the asterisk), of Michaelis-Menten-type equation:
I = 1 00/(1 + KD/S); with / denoting percent
inhibition of K+ current, as compared to control;
S, [Cd2+], and KD, the dissociation constant for
the binding of Cd2+ to its blocking site, = 58 ±

8 AM. D: Comparison between K+ currents with-
out (left) and with (right) 80 AM Cd2+ in the bath.
Note the different vertical scales for the current.
Solutions as in Figure 1A, except: A, bath: 55
mM K+, 52 mm Cl- (pH 5.8); pipette: 214 mM K+,
200 mm Cl-, 2 mm EGTA (instead of BAPTA),
1.96 mm Ca+ (calculated free Ca2+ concentra-
tion: 3 jAM [6]); B to D, as in Figure 1 A.
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Figure 8. Effect of Gd34 on K4 currents. (A) Steady-state I-V curves
from an extensor cell, from membrane currents obtained with various
Gd3+ concentrations, indicated (in Mm) to the right. (B) Percentage of
block by Gd3+ versus external [Gd3+], at +50 mV. Line: a least-mean-
square fit of the Michaelis-Menten relation (as in Fig. 7 legend), to the
experimental points, with KD = 17.4 ± 0.3 ,M. (C) K+ currents before
(left) and during (right) exposure of the membrane to external solution
containing 0.2 mm Gd3+ diffusing from a nearby pipette (inset). Note
the difference in vertical scales for the currents. Solutions as in Figure
1A.
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taneously within the channel led to the concept of a 'long
pore.' Thus, as suggested by the Cs' block of K+ permeation,
the Samanea KD channel is similar to 'long-pore' K+ channels
in other systems.

Similarly to Cs', Ba2+ has been shown to block K+ passage
through several types of K+ channels in animal cell mem-
branes by occlusion of the open channel (1, 4, 16, 29). In the
Ca2"-dependent K+ channel, the block is voltage dependent,
as though Ba2+ bound at a site located about 80% of the
length of the channel, from the inside (assuming a linear
voltage drop across the channel). The binding of Ba" is
competitive with K+, and block by Ba2+ can be relieved by
K+ (20, 29).

Since the occupancy of the site by Ba2+ stabilizes the K+
channel in the open conformation (albeit, most of it in the
nonconducting, occluded state), and since Ba2+ becomes
trapped in the closed channel (16), the gating kinetics of the
channel is expected to slow down, and holding the membrane
at a hyperpolarized potential (which favors the closed state of
the channel) should slow down the washout of Ba2+ effect.
Indeed, in the Samanea KD channel, we observed (a) an
increase of t1,, for channel activation when the external solu-
tion contained Ba2+ (Fig. 5A) and (b) much slower washout
of Ba>2, as compared to that of other ions (Fig. 6).

In the Samanea KD channel, external Ba>2 blocks inward
K+ currents much more strongly than it blocks outward K+
currents (Fig. 5, A and B). This voltage dependence of the
block is consistent with the Ba2+ block occurring within the
KD channel. The dependence of the amount of block by
external Ba>2 on the concentration ofexternal K+ is consistent
with the two ions interacting at a common site within the
channel, as in the K+ channels in the animal cell membranes
( 16, 20, 29). This interaction is also consistent with the long-
pore view of the KD channel.
An important practical consequence from the "long pore"

behavior of the Samanea KD channel is that the relative
permeabilities of various ions in this channel may vary,
depending on the concentrations of the ions near the channel
("anomalous mole fraction effect"; reviewed by Hille [ 14]), as
shown recently for K+ channels in Chara by Tester (28). This,
most probably, is the reason for the relatively large range of
permeability values obtained in our experiments, and should
be a reason for caution in comparing data obtained in differ-
ent experimental situations.

Cd2+ and Gd3+ Block; A Direct or Indirect Interaction with
KD Channel?

Cadmium block of the K+ channel seems to lack the
properties of the Ba2+ block, that characterize an interaction
within the channel. Cd2+ block seems to be independent of
voltage (Fig. 7B), and of the external K+ concentration (Fig.
7, B and C), and the kinetics of the currents seem unaffected
by Cd2+ (Fig. 7D).

Cd2+ may block the KD channel directly (although not
within its lumen); alternatively, the mechanism for K+ current
inhibition by Cd , could be indirect, via the blockade ofCa>
channels. This requires an additional assumption, that the K+
channel opening is Ca2+ dependent, and that it is activated
due to Ca>2 influx through Ca2+ channels that open upon

depolarization. Ca> dependence has not yet been demon-
strated for the Samanea KD channel. Moreover, in experi-
ments with internal free Ca> buffered to about 40 nm (with
either EGTA or BAPTA), K+ currents were not appreciably
different from those recorded with internal free Ca> of about
3 Mm. This apparent insensitivity to internal Ca> concentra-
tion renders it rather unlikely that the channel is Ca2+-de-
pendent. However, since in all our experiments the external
Ca> concentration was 1 mM, we cannot rule out a transient
local increase in internal Ca> concentration, ifdepolarization
activated putative Ca> channels. Interestingly, we have ob-
served Ca2+-permeable channels in the plasmalemma of ex-
tensors cell protoplasts ( 19). If these are juxtaposed to the K+
channels in the membrane, the local rise in internal Ca>
might be sufficient to activate the K+ channel. In this case,
the effect of Cd> on the Samanea KD channel would be
consistent with its well known blocking effect of the Ca>
channel in animal cells (reviewed by Hille [14]).
Gd3 appears to block the KD channel in a similar fashion.

In lieu of evidence that Gd3+ blocks the KD channel directly,
we suggest that its effect may be exerted indirectly, as proposed
for Cd2+. La'+, an ion similar to Gd3, has been shown to
block Ca2+ channels in several animal preparations (10).

Thus, the blocking effect of Cd>2 and Gd> on Samanea
K+ currents provides incentive for further investigation of the
Ca2+-permeable channels in pulvinar motor cells, on one
hand, and of extending the search for Ca2+ effect on the KD
channel, on the other hand.
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