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Summary. Cytoplasmic drops, covered by a membrane derived
from the tonoplast, were obtained from the internodal cells of
Chara anstralis. Patch-clamp measurements were made on this
membrane using the droplet-attached configuration with the
membrane patch voltage clamped at values from ~250 to 50 mV.
Single-channel records, filtered at 5 kHz, were analyzed to eluci-
date the kinetics of the ion gating reaction of the K*-selective
channel. The current-voltage characteristics for single channels
exhibit saturation and are shown to be consistent with Liuger’s
theory of diffusion-limited ion flow through pores (P. Liuger,
Biochim. Biophys. Acta 455:493-509, 1976). The time-averaged
behavior of the K* conductance has a maximum at — 100 to — 150
mV which is produced by the combination of two distinct mecha-
nisms: (1) The channel spending more time in long-lived closed
states at positive voltages and (2) a large decrease in the mean
open lifetime at more negative voltages. The channel activity
shows bursting behavior with opening and closing rates that are
voltage-dependent. The mean open time is the Kinetic parameter
most sensitive to membrane potential, showing a maximum be-
tween — 100 to — 150 mV. The distribution of open times is domi-
nated by one exponential component (time constant 0.3 to 10
msec). In some cases an additional rapidly decaying exponential
component was detectable (time constant = 0.1 msec). The
closed distributions contained were observed to obtain up to four
exponential components with time constants over the range 0.1
to 200 msec. However, the voltage dependence of the closed-
time distributions suggests an eight-state model for this channel.
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Introduction

Cytoplasmic drops, retaining many of the proper-
ties of intact cells, can be isolated from the inter-
nodal cells of charophytes (Kamiya & Kuroda,
1957). Cytoplasmic drops consist of a drop of cyto-
plasm delineated by a membrane which exhibits ex-
citability (Inoue, Ishida & Kobatake, 1973), ion se-
lectivity {Inoue et al., 1973; Reeves, Shimmen &
Tazawa, 1985) and light-induced active transport
(Svintitskikh, Andrianov & Bulychev, 1985). Re-
cent experiments in which the vacuolar compart-

ment of charophyte cells were perfused with a fluo-
rescent label identified the droplet membrane as
being derived largely from the tonoplast (Liihring,
1986; Sakano & Tazawa, 1986). A recent patch-
clamp study on membranes of cytoplasmic drops
isolated from Chara australis (Lithring, 1986) re-
ported that the most frequently observed ion
translocator in the membrane surrounding these
drops is highly selective for K* (Pg/Pn, and Pyx/Pg
greater than 100). He showed that the unitary cur-
rent-voltage relation for this channel exhibited satu-
rating behavior such as expected for an ion-translo-
cating mechanism whose current is limited by
diffusion in the medium outside the channel. He
also noted that the rates of occurrence of the open-
ing and closing transitions were dependent on the
transmembrane electric potential difference (mem-
brane potential) and that the channel activity shows
bursting behavior typical of most other ion chan-
nels.

Cytoplasmic drops are a particularly conven-
ient model for patch-clamp studies on the mem-
brane of Characean cells as they can be prepared
quickly and easily. The membrane delineating these
cytoplasmic drops is directly accessible to the patch
pipette and readily forms stable, high-resistance
seals with the pipette tip. In this work the patch-
clamp technique is applied to cytoplasmic drops
isolated from internodal cells of Chara australis to
study the steady-state electrical and kinetic proper-
ties of K* channels. Further, we examine the time-
averaged steady-state electrical behavior of the K*
channel and how it is related to single-channel
events.

A quantitative analysis of the unitary current-
voltage (I/V) relation of the K+ channel is presented
in terms of Lduger’s theory of diffusion-limited ion
flow through pores (Liuger, 1976). The voltage-de-
pendent kinetics of the opening and closing transi-
tions of the K* channel are examined in detail. The
frequency distributions of the open and closed dura-
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tions at different membrane potentials are pre-
sented and a kinetic model which is consistent with
this channel activity is proposed. The voltage-de-
pendence of the K™ current through many channels
in a single patch as well as the time-averaged cur-
rents through single channels are compared with
that found for K* channels in other membrane sys-
tems determined from patch-clamp and whole-cell
voltage-clamp studies.

Conceptual Framework

The theory for dealing with the kinetics of ion channels has been
described by Colquhoun and Hawkes (1981, 1982, 1983). Some
of the concepts fundamental to the analysis of channel kinetics
are summarized here. Consider a hypothetical ion-gating reac-
tion described by the kinetic model shown here.

Scheme 1:
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where g;; are the reaction rate constants for the transitions be-
tween states. The probability f(¢) that the channel having entered
any particular group of states A, at ¢ = 0 will exit from that group
in the time interval 1 to Az is called the probability distribution
function of the channel lifetime in A. This function is given by:

f(#) = Lim|[Prob(Duration in A is between t and 1 + A¢)/At].
Ar—0

(D

It can be shown (Colquhoun & Hawkes, 1981) that the time
spent in a group of m kinetically distinct states has the form

f@y =2 P,-expl-0, - 1] 2)
n=|

where P, and O, depend on the rate constants and the kinetic
model. For example the probability distribution function of the
closed times (states | and 2 in A) of channel current fluctuations
described by the above model will be the sum of two exponén-
tials. The probability distribution function of open- and closed-
times have the same form as the open- and closed-time frequency
distributions.

Ion gating kinetics modelled by an open state connected
with several closed states with very different mean lifetimes will
exhibit bursting behavior, i.e. clustering of rapid activity into
bursts which are separated by relatively long dormant periods.
The kinetic reactions responsible for a burst in the above model
(when g3 is much greater than g,,) would be a series of transi-
tions between states 2 and 3 followed by a period in state 1. A
channel with three distinct closed states will also manifest clus-
ters of bursts within the patch-clamp record. In general the time
spent within bursts and burst clusters represents sojourns in a
group of states A containing at least one open state and one
closed state.

Materials and Methods

Cytoplasmic drops are formed by the effusion of cytoplasm from
the internodal cells of Chara australis R. Brown (Kamiya &
Kuroda, 1957) into an aqueous medium which is isotonic with the
vacuolar sap. The cytoplasmic drops were prepared by the same
method as that used by Liihring (1986). The composition of the
bathing medium was usually 144 mM KCI, 5 mM CaCly, 5 mm
H*MES and adjusted to a pH of 5.1 to 5.6 using KOH. Alj
solutions were filtered with a 0.22-um filter (Millipore) before
use. The temperature of the bathing medium was monitored us-
ing a calibrated thermistor which was kept electrically isolated
from the bath. The bath solution was maintained at ground po-
tential by immersing an Ag/AgCl electrode connected to earth
via the head stage of the patch-clamp amplifier (LIST EPC7).

Patch pipette electrodes were pulled from borosilicate glass
microcapillary tubes (Hilgenberg, Mansfeld) with an internally
fused element to facilitate easy filling. The desired pipette tape
and tip diameter was achieved with a two-stage pull on a vertical
electrode puller (David Kopf model 720) using a platinum ribbon
heating element. Fire polishing and Silgard® coating of the elec-
trodes was not necessary for obtaining good patch-clamp records
so these procedures were omitted. The composition of the elec-
trode filling solution was always kept the same as that of the
bathing solution. The patch pipette was held in a pressure-tight
assembly which in turn was carried on a hydraulic micromanipu-
lator (Narishige model M0-8).

During experiments the output of the patch-clamp amplifier
was simultaneously displayed on a CRO and recorded on mag-
netic tape (TDK SAX-90 cassettes) with an FM data recorder
(TEAC model R-80) using a low-pass four-pole bessel filter set at
5.5 kHz (-3 dB) incorporating phase compensation to eliminate
ringing. A computer (IBM-AT) interfaced to the experiment with
a multipurpose 1/0 device (DT2801-A) was used to digitize and
analyze the patch-clamp recordings. Calibration of the overall
gain of the FM data recorder and computer interface were made
at the beginning and end of each tape cassette using a known
square-wave voltage signal. Continuous data sampling, storage
on hard disc and subsequent graphical display of the digitized
data was effected using the programs ADCIN and SCOPE (from
Dr. J. Pumplin, Dept. of Physics, Michigan State University).
The software package (IPROC2 from Dr. C. Lingle, Dept. of
Biological Sciences, Florida State University) used for the detec-
tion and analysis of single-channel current fluctuations, is an
adaption of software written by F. Sachs and J. Neil. Sachs
(1983) discusses the principles of the automated analyses that are
used here. Patch-clamp measurements were performed with the
pipette and cytoplasmic drop in the drop-attached configuration
(Hamill et al., 1981). Electrode voltages were compensated be-
fore the membrane-pipette seal was formed. Measuring the tip
resistance of the electrode and monitoring the formation of the
membrane-pipette seal was facilitated by applying a square-wave
voltage signal (I-mV amplitude) superimposed on the voltage-
clamp command potential. Once seal formation had occurred the
pipette potential was clamped to a random sequence of values, at
100- to 200-sec intervals, over the range —100 to 300 mV. The
membrane resting potential was measured at the end of each
experiment by breaking the membrane patch, thus providing
electrical contact between the patch electrode and the drop inte-
rior. Provided the membrane resting potential does not vary sig-
nificantly during the course of the experiment then the electric
potential difference across the membrane patch V,, can be calcu-
lated from the following equation:
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V,,, = Vr - vpip

where V, is the measured membrane resting potential and Vi, is
the voltage-clamp potential of the pipette electrode. The open-
time frequency distributions were fitted with exponential func-
tions using the nonlinear least-squares fitting routine, NFITS,
incorporating subroutines from the IMSL statistics library.

The kinetic analysis program, IPROC2. divides the records
of channel activity into bursts. These are phenomenologically
defined as periods of current fluctuations terminated by closed
periods exceeding a predetermined threshold. Thus all closed
periods within bursts, so defined. are shorter than this threshold
value. The burst is the basic unit of channel activity scrutinized
by IPROC? during the analysis procedures. Bursts showing dou-
ble-current steps were automatically rejected to ensure that only
single-channe! kinetics were examined. In general the kinetic
parameters were derived from membrane patches where only
one channel was evident. using criteria for assuming that the
channe! activity is derived from only a single channel as de-
scribed by Colquhoun and Hawkes (1981). However, kinetic pa-
rameters, derived from records where limited dual-channel activ-
ity was evident (less than 10% of bursts having double-current
steps), were still considered as valid descriptions of single-chan-
nel characteristics. Analysis of the current records usually in-
volved two passes of the data each using different criteria for
scrutinizing bursts of activity. This was done to check for arti-
facts arising from bias in the automated detection of valid single-
channel events.

The probability distribution functions of the open and
closed times and bursting behavior predicted by theoretical ki-
netic models were calculated numerically using the Q-matrix
method of Colgquhoun and Hawkes (1981, 1982). The theoretical
predictions allow for the effects of brief missed events in the
current records using the effective rate constant method of Blatz
and Magleby (1986).

Results

GENERAL OBSERVATIONS

Cytoplasmic drop samples were found to contain &
wide variety of droplet sizes. In this study patch-
clamp measurements were made on droplets with
diameters larger than 10 um. The appearance of the
cytoplasmic drops was similar to that described by
Lihring (1986). The electrode resistances in the
bathing solutions were typically 10 to 20 MQ. High-
resistance seals (10 to 50 GQ2) between the pipette
and droplet were stable and formed readily. Within
an hour of preparation the ability of the droplet
membranes to seal against the pipette had deterio-
rated to the point where further measurements were
not feasible. Seal resistances were markedly more
stable at positive pipette potentials (i.e. negative
membrane potentials in the drop attached configu-
ration) than at negative potentials. Seal breakdown
at negative pipette potentials made it difficult to ob-
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Fig. 1. Shown here are records of current fluctuations (as ap-
pearing at the output of the patch-clamp amplifier) typical of
bursts of potassium channel activity at three different values of
the membrane potential V,,. The current baseline is toward the
bottom of each trace. The current convention in this Figure is
positive current passing out of the patch pipette, i.e. negative
membrane currents when using the membrane-attached configu-
ration. The frequency resolution shown here is 5 kHz. The small
downward current spikes on the upper parts of each trace are
partly resolved, very short closures of the K+ channel. The most
striking difference between these records is the relatively large
number of rapid fluctuations introduced at ~250 mV

tain records of sufficient length for kinetic analysis.
The membrane resting potentials of nine cytoplas-
mic drops were observed to be in the range —10 to
+10 mV. The combined background random cur-
rent notse of the apparatus and the pipette-drop sys-
tem was less than 1 pA (rms) with a band width of 5
kHz.

K* channels were found to be the most fre-
quently detected channel in these experiments.
These channels could be easily identified by their
unusually large currents which have been well char-
acterized by Lihring (1986). Record lengths of
about 100 sec are sufficient for kinetic analysis as
the K* channels are very active. The appearance of
the current records varies considerably with mem-
brane voltage (see Fig. 1). At small membrane po-
tentials (=50 to +50 mV) they consist of short
pulses separated by relatively long closed periods.
As the membrane potential is hyperpolarized be-
yond —75 mV the closed periods become shorter
and bursting behavior is apparent. Very short,
partly resolved closings of the channel can be de-
tected at these voltages. At larger voltages (more
negative than —200 mV) the current pulses become
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Fig. 2. Unitary current-voltage characteristics of the K*-selec-
tive channel. The data shown here are the combined resuits of
five experiments using electrode-filling solutions with pH 5.1 to
5.6 and containing 144 mm KCl, 5 mm CaCl,, S mm MES at 21°C
(®) and four experiments with solutions containing {00 mm KClI,
45 mm NaCl, 5 mm CaCl,, 5 mMm MES at pH 5.1 and 28°C (O).
The membrane potential V,, is measured with respect to the exte-
rior bath solution. The convention of outward current being
given positive sign is adopted here. The solid curves show the
numerical solutions to the simultaneous Eqs. (3)-(5). The param-
eter values used in the equations are listed in Table 2

very short and the bursts are separated by long
closed periods. Occasionally the number of electri-
cally active channels in a patch would change indi-
cating the existence of ‘sleeping’ channels.

CURRENT-VOLTAGE CURVES

The unitary current-voltage (I/V) characteristics of
open K7 channels are shown in Fig. 2. The mea-
sured accuracy of the clamp current was 2% or
+0.2 pA. Variations in I/V characteristics recorded
from different patches were less than =5% or =1
pA. The I/V relation shows saturating behavior at
large values of V,, and the magnitude of the satura-
tion current is dependent on the K* concentration
in the bathing medium. Figure 3 compares the volt-
age-dependent behavior of the single-channel time-
averaged K™ channel current from six membrane
patches with that for a patch containing approxi-
mately 20 channels. It is apparent from Fig. 3
firstly, that the time-averaged behavior of individual
channels is similar to that of many channels in a
patch and secondly, that ion translocation through
K *-selective channels is largely restricted to the
voltage range —250 to 0 mV with a maximum cur-
rent at about —150 mV.
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Fig. 3. Time-averaged [/V relation for: (O) single K* channels at
21°C in 144 mm KCI, 5 mM CaCl, and 5 mm MES with pH 5.1t
5.6, (@) a patch containing an estimated 20 individual K* chan-
nels in a solution of 100 mM KCl, 45 mM NaCl. S mm CaCland 5
mM MES with pH 5.1 at 28°C. The potential difference V,, is
defined with respect to the external solution and negative current
is defined as positive charge flowing into the cytoplasmic drop.
The dotted line indicates the predictions of the kinetic model
(scheme 3). The dashed curve shows the //V relation reconsti-
tuted from the data shown in Figs. 4 and 5

SINGLE-CHANNEL KINETICS

The frequency distributions of the closed-times in
most cases could be adequately fitted with a func-
tion comprising the sum of three exponentials with -
time constants ranging from 0.1 to 100 msec. Four
exponential components were required to fit the
closed-time distributions when the membrane po-
tentials were near —250 mV.

Figure 4 shows the frequency distributions of
closed-times derived from a single membrane patch
which was clamped at seven different voltages over
the range —50 to —250 mV and also from a patch
voltage clamped at 50 mV. It can be seen from Fig.
4 that the shapes of the closed-time distributions are
affected by the membrane potential.

The frequency distributions of the channel open
times are shown in Fig. 5 fitted with single exponen-
tials. A small additional exponential component
(0.1-msec time constant) was sometimes evident
which comprised 5 to 10% of the area under the
open-time distribution. During analysis of the chan-
nel kinetics the burst termination closed-time
threshold was set at different values for each pass of
the current records. A relatively small threshold
value of 0.6 to 1 msec was used in determining burst
durations and a longer threshold value of 6 to 10
msec where chosen to terminate clusters of burst
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Fig. 4. Frequency distribution of the closed times are shown
plotted on a log-log scale. Variable bin sizes are used with widths
ranging from 0.1 to 10 msec. The data at each voltage have been
displaced vertically for clarity. The full curves show the predic-
tion of the kinetic model in reaction scheme 3

activity. Some of the burst duration values are
shown in Fig. 6.

Figure 7 shows the mean fraction of time the K
channel spends in nonconducting states during each
burst. The burst durations and fractional open times
have strong voltage dependences which have broad
maxima over the range —50 to —150 mV. When
more than 80% of putative bursts within a current
record were deemed as valid by IPROC2, the
shapes of the closed- and open-time distributions
were found to be insensitive to variations in the
event detection- and analysis-criteria. Though con-
siderable variation exists in the kinetic parameters
calculated from K* channels situated in different
membrane patches general trends in the voltage de-
pendences were consistent. None of the kinetic
properties of the K* channels showed any signifi-
cant time dependence over periods of 10 min.

LOG, (frequency/total counts)

OPEN TIME ms

Fig. 5. Frequency distribution of channel open times is shown
pI-otted on a log-linear scale. The binwidths are the same as in
Fig. 4. The data here are shown fitted with single exponentials of
the form N - exp[—1/7]
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Fig. 6. Voltage-dependence of burst duration nteasured from
three representative K=~ channels. The closed symbols represent
burst clusters separated by closed periods exceeding 10 msec.
The open symbols depict bursts of activity within these clusters
separated by closed periods exceeding 1 msec. The durations of
bursts and burst clusters show a broad maximum at about ~100
to —200 mV. The data shown as ({J) and (M) are compared to the
predictions of the kinetic model (scheme 3)

Discussion

OPEN-CHANNEL [/V CHARACTERISTICS

The conductance of the K* channel (in 150 mm
KCl), derived from the maximum slope of the [/V
data shown in Fig. 2, is 170 pS which is similar to
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Fig. 7. Relative fraction of the burst durations spent in closed
states. The data shown here is taken from the same records as
that presented in Fig. 7. The symbols have the same meaning as
in Fig. 7

Table 1. Summary of the analysis of the I/V data in Fig. 2 in
terms of Lauger’s (1976) theory of diffusion-limited ion flow
through pores.

100 mm KCli 145 mMm KCli
+ 45 mm NaCl
PP 2 (13- 3) 2 (13- 3
P; x 10 m/sec 84 (6 ~—11) 7506 - 10)
P. x 10" m3/sec 1.6 (1.4 - 1.8) 1.6(1.4 - L8
r, N 0.25 0.25
dl/dV, (max) pSa 150 170
PZ’F? pSb 300 (230 — 400) 420 (330 — 550)
RT

2 The maximum conductance of the potassium channel and the
adjacent electrolyte calculated from the slope of the I/V curves.
b The intrinsic conductance of the potassium-selective pore cal-
culated from the predicted pore permeability.

that found for potassium channels in the mem-
branes of other Charophyte cells (Ohkawa, Tsutsui
& Kishimoto 1986). The current-voltage relation-
ships for the open K* channel, shown in Fig. 2, are
characteristic of diffusion-limited ion translocation
across the pore. The solution of the Nernst-Planck
equation has been calculated by Lauger (1976) for a
single pore embedded in a membrane separating
two aqueous phases as shown in Fig. 8. The theory
considers a channel which is permeabie to the cat-
ion species in an electrolyte also containing a non-
permeable cation species and a common anion spe-
cies. The net passive ion flux through such a
channel has been calculated by solving numerically
the simultaneous equations (Eq. 3-5):

Ck

\fo
Il\\
®pk, Cpk

(b‘p‘ C;')K

Fig. 8. From Liuger (1976). The geometric model of the pore
upon which Egs. (3)-(6) are based. The radial boundary between
the interior and exterior of the pore is given by r,, ¢, and C,,; are
the reduced electrical potential and ion concentration of ion spe-
cies k at the pore boundary. ¢ and C, are the same gquantities at
infinite distance from the pore. The superscripts “ and ” refer to
the above quantities on the left- and right-hand-side. respectively

J==2PCy-(y = 1) (3)
J=2PCy - (y' = 1) (4)
J=P;[u+ In(y'/yn]
AU - (Cy' = Gily') = UH(Cy" -
U+ ut!

Cily")

5

where y’ = exp(¢, — ¢'), y' = exp(d, ~ ¢") and U
= [exp(u) - y'/¥"]"2, C, is the concentration of per-
meable cations, C, is the concentration of non-
permeable cations, Cs is the anion concentration, ¢,
is the reduced electric potential near the mouth of
the pore, ¢ is the reduced electric potential at infin-
ity, P; is the intrinsic permeability of the pore to ion
species C,, P, is the permeability of the electrolyte
near the mouth of the pore, u is the externally ap-
plied reduced electrostatic potential difference in
units of F/RT, ' and " indicate parameters associ-
ated with the left and right sides of the pore, respec-
tively.

P. can be expressed in terms of the diffusion
constant of the ion species in the aqueous phases.

P. = 2nwr,D (6)

where r, is the effective ion capture radius of the
channel which can be as small as the difference be-
tween the ton and pore radii.

The theoretical I/V relation was calculated for
different values of P; and P.. The resulting curves
which best fit the data are shown in Fig. 2. Table 1
contains the parameter value ranges over which the
theoretical curves were consistent with the //V
data. The permeability of the external electrolyte is
about two times larger than the intrinsic permeabil-
ity of the pore. The slight difference between the
values of P, derived from the I/V relations in high



D.R. Laver and N.A. Walker: K- Channel Gating Kinetics and Conduction 37

a250f k] =100

[No’] =45

200f (k= 1as

Vpore
mV [
100}
50r
O A k. A A S
-50 -100 -150 -200 -250

MEMBRANE PD., Vm/mV

b 10f
0.9
0.8
Cip 07
Cl

0.6
0.5

04

[K*]1=100mM

0.3F [Na7 = 45mm

0.2F

0.1 L— A L . i
-50 -100 -150 -200 -250

MEMBRANE P D.,Vm/mV

Fig. 9. («) Transpore clectrical potential difference V.. = (¢ + In ¥'/y") as a function of membrane potential difference V,, calculated
from Eqs. (3)-(6) using the parameter values listed in Table 1. The dashed line results when diffusion limitation effects are neglected.
{h) Expected potassium concentration. Cy,. near the side of the pore which acts as the jon sink, relative to the bufk solution value under

the same circumstances as in part (¢)

and low K* concentrations is most likely due to the
different temperatures at which the two sets of mea-
surements were made. The capture radius of the
pore, as calculated from Eq. (6) with D = 107 is
0.25 nm. Therefore the radius of the pore can be up
to 0.25 nm larger than that of the K~ ion (i.e. pore
radius is less than 0.4 nm).
The phenomenon of diffusion-limited ion flow
has several consequences for the interpretation of
“intrinsic channel properties. Firstly, the intrinsic
pore conductance is much larger than that derived
from the slope of the I/V data (see Table 1). Sec-
ondly, the ion concentration and the electric poten-
tial near the mouth of the open channel will differ
from that of the closed channel and from that de-
tectable in the bulk solutions. Figures 9(«) and (b)
show that in these experiments the trans-pore po-
tential difference is as much .as 50 mV lower than
the membrane potential and the K™ concentration at
the pore mouth can be fourfold different from that
found in the bulk phase. These effects should be
considered when quantitatively predicting intrinsic
properties of the K* channel.

DEVELOPMENT OF THE KINETIC MODEL

The fact that at least three and sometimes four ex-
ponential terms were required to fit the closed-time
distributions indicate that there are at least four dis-
tinct closed states involved in the ion gating reac-

tion. The mean lifetimes of these closed states are
spread over the range 0.1 to 200 misec. The open-
time distributions indicate that one open state
dominates the gating kinetics of this channel. The
open-time distribution also indicates a short-lived
open state (mean lifetime about 0.1 msec) which is
detectable in some experiments. Due to the relative
pausity of data concerning this short open state it
can not, as yet, be reliably included in any kinetic
model for ion gating. Consequently only the domi-
nant, long-lived open state is considered in the puta-
tive kinetic scheme proposed here.

In any kinetic scheme the mean life of a state is
equal to the inverse of the sum of the rate constants
associated with reaction pathways leading away
from that state. In the analysis of the kinetic model
it is expected that the rate constants have an expo-
nential dependence on membrane potential. If the
K* could exit from its open state by only one route
then the mean open-time would exhibit an exponen-
tial dependence on membrane potential like that
which has been observed from some other channel
types (Kolb, Kohler & Martinoia, 1987). The mean
lifetime of the open state varies with voltage from
0.3 to 10 msec and has a maximum over the range
—100 to —200 mV. Therefore there must be at least
two reaction pathways connected to the open state
(with opposite voltage dependences) to give a maxi-
mum in the voltage-dependence of the channel
mean open time. The minimum kinetic scheme indi-
cated so far is shown in
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Table 2. Summary of the values of the rate constants associated with kinetic scheme 3 for K- channels

from five membrane patches?

Reaction rate constants from state x to v a[.h]* sec !

X,y #1 #2 #3 #4 #5 uncertainty
A4,A3 10 10 25 25 35 *+50%
A3,A4 40 40 100 100 100 +50%
A3,A2 250 250 250 250 250 =50%
A2,A3 240 340 140 200 200 +50%
A2,A1 2100 2100 2100 1700 2500 +20%
Al,A2 90000, 0.4 90000, 0.4 140000, 0.4 110000, 0.4 9000, 0.4 =50%,+20%
Al,0 8000 8000 8000 17000 5000 +20%
0,Al 3.6,-0.7 2.5,-0.8 1.9,-0.74 6.0,-0.6 10.0,~0.6 +50%,*5%
0,B1 760, 0.25 2000, 0.4 430, 0.25 430, 0.25 250, 0.25 £10%,+20%
B1,0 2400 4000 3400 6000 4000 +20%
BI,B2 2000 2500 1000 1000 500 +20%
B2,B1 60, -0.6 60, —0.6 60, -0.6 165, -0.3 165, —0.3 *30%.,=10%
B2,B3 20 20 20 200 200 +50%

50 +50%

B3,B2 70 70 70 50

* Voltage-dependent rate constants are expressed in the form a - exp(bh - eV/KT).
2 The estimated uncertainty in the rate constants arising from fitting the predictions of the model to the

kinetic data from each channel is shown in column 6.

Scheme 2:
A= 0=8B

where A and B are groups of one or more closed
states, O is the open state, go-a. = {(2-9)-
exp(—(0.6-0.7)eV/kT) and gg-p = (250-2000) -
exp{(0.2-0.3)eV/kT).

A more detailed picture of the K* channel ki-
netics can be derived from the voltage dependence
of the closed-time distribution data shown in Fig. 4.
The ratio of gp-_4/go-p varies by five orders of mag-
nitude from 70 at =250 mV to 7 x 107%at 50 mV. At
positive voltages the channel kinetics is strongly bi-
ased to reactions involving the closed states B.
Therefore the closed-time distribution data at more
positive voltages mainly reflects the properties of
the closed states in group B. Similarly at —250 mV
the closed-time distribution should result primarily
from the closed states in group A. Examining the
closed-time distributions obtained at —250 mV and
those at —50 and 50 mV it is found that group A is
made up of four states and group B is comprised of
three states. The interconnections between the
closed states within groups A and B are not
uniquely determined from the data. An example of a
specific model that meets the above requirements is
shown in scheme 3 in which the closed states within
each group (A and B) are chosen to be connected in
series with each other.

Scheme 3:
Ad = A3 = A2 = Al = O = Bl = B2 = B3.

A wide variety of alternate kinetic models was
compared with the data and in each case it was
found that, provided the rate constants were con-
strained to follow exponential dependences on
membrane potential, a minimum of seven closed
states was required to fit the voltage dependence of
the closed-time distributions. Kinetic scheme 3 rep-
resents the simplest model (i.e. with the minimum
number of states, interconnections and voltage-de-
pendent rate constants) which is consistant with the
data in Figs. 3-7. Table 2 lists the rate constants
associated with this model. Predictions of scheme
3, including the effects of the measured minimum
event-duration detection limit of 50 usec are com-
pared with the data in Figs. 3-7. On the evidence
presented here the kinetic model can at most be
considered as a tentative proposition. However,
this model will serve as a useful basis for further
experiments.

VARIABILITY OF FITTED PARAMETERS

The I/V relations for open channels in membrane
patches are found to have a relatively small varia-
tion compared with the variations in the parameters
of their gating kinetics (see Table 2 and Fig. 10).
The data-fitting procedures from which the kinetic
parameters were derived, generated relatively little
error. The automated analysis of patch-clamp
records based on preprogrammed criteria for ac-
cepting or rejecting putative bursts is prone to bias
the resulting frequency distributions. However, for
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the results presented here the systematic errors
arising from this bias were found to be small.

The main contribution to the scatter in the
results seems to arise from variations intrinsic {o
the membrane patch. The variation in the fitted pa-
rameters of the gating kinetics is large, but the basic
features of the channel kinetics are common to all
the patches examined here. This observation indi-
cates that the current fluctuations from different
patches can be described by the same model but
that there exist random factors probably external to
the ion channel itseif which are modulating the
channel function. It is likely that these factors are
associated with variations in the composition of the
cytoplasm or the nature of the membrane environ-
ment near the channel.

MEAN CHANNEL I/V RELATION

The muitichannel //V relation shows that a signifi-
cant fraction of the K* channel population is open
over the vaoltage range 0 to —250 mV. The time-
average single and multichannel //V characteristics
are similar indicating that the electrical propérties
of the K* channel population can be accounted for
in terms of the properties of isolated channels, i.e.
the effects of cooperativity between channels can
be neglected.

In order to understand the time-average behav-
ior of the K* channel in terms of the observed K*
channel kinetics the following procedure was
adopted: the observed closed-time distributions of
several channels were characterized by functions
comprising the sum of three exponentials. In this
way the data were characterized by a function
with exponential time constants representing short-
lived, medium and long-lived closed states. The rel-
ative time the channel spends in each of these states
can then be calculated from the three exponential
components of the fit. Together with the mean open
times the time-averaged I/V relation for the channel
could be reconstituted from the kinetic data. These
procedures are summarized in Table 3. This ap-
proach has the advantage that it depends only on
observable quantities and so its conclusions are
model independent. A typical reconstituted mean
1/V characteristic is compared with the data in Fig.
3. The similarity between the reconstituted values
and the data (c¢f. columns 7 and 8 in Table 3) indi-
cates that the properties of the observed I/V rela-
tion can be understood in terms of the kinetics of
closed and open states in the range of durations 0.2
to 1000 msec. Hence the possible existence of long-
lived closed states (mean lifetime > | sec) has little
bearing on the single or multichannel mean {/V
characteristics.

20p

g
[«]
T

MEAN OPEN TIME ms

-200 -100 0 100
MEMBRANE P.D., Ym/mY

Fig. 10. Voltage dependence of the measured mean open dura-
tions for K* channels from different membrane patches plotted
on a log-linear scale. The data depicted by {O) are compared with
the predictions of the kinetic scheme 3 (dashed line)

Examining the relative contributions of the total
times spent in the short, medium and long closed
states and the open state reveals that the closure of
channels at large and small membrane voltages
arises from two distinct mechanisms: 1) a large in-
crease in the time spent in long-lived closed states
at positive voltages; 2) a large decrease in the mean
open time of the channel at large negative voltages.

If the channels described here represent the
tonoplast K* channels, then at their normal work-
ing voltage of —15 to —25 mV (Findlay & Hope,
1964; Spanswick & Williams, 1964; Spanswick,
1970) they would show a conductance intermediate
between the highest value, at —150 mV, and the
lowest, at positive voltages. This rectification may
have physiological significance. If the combination
of high K* concentrations and highly conductive
K* channels is thought of as a mechanism for grab-
bing or clamping the membrane potential (Walker,
1980) then it will do so more efficiently for negative
excursions of the tonoplast membrane potential
(¢.-,) than for positive ones. Such negative ones
occur for example during the cell action potential,
which involves a tonoplast action potential in which
G-y goes from —10 to —50 mV (Findlay & Hope,
1964).

This rectification will also have some effect on
ion fluxes and concentrations: it will be easier for
the movement of some ions to cause a flow of K*
from vacuole to cytoplasm than from cytoplasm to
vacuole. Flows in the former direction occur when,
for example, the charophyte cell is exposed to
amine, and the amine ions are accumulated in the
vacuole in exchange for K* (Smith & Walker,
1978). The closing of K* channels at large negative
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Table 3. Summary of the mean steady-state kinetic data for the potassium channel from four mem-

brane patches?

Vo Closed-time Open time % open % open
(mV) (msec) (msec) {Cal.) (Exp.)
#1 #2 #3 #4 #5 #6 #7 #8
#1 =50 22.0 0.04% 1.5% 98% 2.8 11% 21%
—~100 2.6 2.3% 35% 62% 4.8 64% 68%
~125 2.2 2.7% 61% 36% 43 69%. 72%
—~150 2.2 1.8% 58% 36% 4.9 0% 77%
~175 2.9 1.0% 42% 55% 2.4 45% 57%
~200 33 0.9% 30% 67% 1.9 36% 15%
~250 4.4 3.2% 13% 91% 0.58 11% 9%
#2 —100 12.2 0.3% 4.6% 95% 8.0 40% 15%
-150 2.8 1.1% 34% 64% 7.4 2% 7%
-200 2.8 0.7% 29% 7% 2.6 48% 24%
-250 4.9 1.4% 11% 86% 0.75 13% 4%
#3 50 6.9 2.3% 3% 93% 7.9 3% 665
-100 3.6 2.5% 15% 83% 5.6 72% 24%
~125 3.8 15% 23% 76% 1.0 72% 87%
—175 2.4 0.8% 39% 62% 4.9 67% S1%
~-200 4.6 0.7% 19% 83% 2.4 34% 49%.
#4  +50 619 0.05% 4.5% 95% 1.2 2% 0.69%
-50 8.1 0.6%: 18% 819% 1.5 16% 18%
~150 2.0 2.5% 50% 56% 4.8 70% 77%
-250 4.7 3.5% 15% 815 0.42 8% 9%

* Columns 2 and 6 list the mean closed and open times, respectively. Columns 3. 4 and 3 contain the
fraction of time spent in short. medium and long-lived closed states. Columns 7 and 8 compare the
fraction of time the channel spends open calculated using different methods. Column 7 is calculated
from the data in columns 2 and 6 and is used in conjunction with the unitary //V characteristics to
reconstitute the mean //V relation shown in Fig. 3. Column 8 is experimentally derived from the ratio

of the mean and unitary I/V data in Figs. 2 and 3.

potential differences is a feature of the channel ac-
tivity which is common with K* channels in the
plasmalemma of Chara australis (Beilby, 1986) but
has no apparent purpose in the situation of the tono-
plast.

There is a remarkable similarity between the
voltage-dependence of the conductance of the pop-
ulation of K* channels in these droplets and that
attributed to K* channels in the plasmalemma of
Chara reported by Beilby (1985, 1986) and also by
Coleman and Findlay (1985) with the plasmalemma
in the K*-sensitive state. Beilby (1985, 1986) mea-
sured the short-term (40 msec) current response of
the plasmalemma to short voltage excursions from
the membrane resting potential of Chara australis
and Coleman and Findlay (1985) recorded the com-
bined steady-state I/V characteristics of the plasma-
lemma and tonoplast of Chara inflata. In one re-
spect this similarity with other K* channels in
Chara is reassuring because it suggests that the

properties of the K* channel studied here are not

likely to have been altered during the cytoplasmic
drop preparation procedures or significantly modi-
fied by the proximity of the patch pipette.

The K* conductance, determined from the
maximum slope of the unitary /-V relation (170 pS)
is similar to that found for the large conductance
Ca?*-activated K* channels in cultured rat muscle
(230 pS) (Barrett, Magleby & Pallotta, 1982) and for
Ca’*-activated K* channels in acinar cells of the
mouse lacrimal gland (200 pS) (Findlay, 1984). The
open- and closed-time distributions reported here
are also similar to those of the Ca?*-activated K+
channel (membrane potential 30 mV, [Ca’*].yoplasm
0.1 to 1 uM) in rat muscle investigated by Magleby
and Pallotta (1983). However, the voltage depen-
dence of the time-averaged open time is opposite to
that found here, though it is interesting to note that
this voltage dependence can be reversed at high cy-
toplasmic Ca’" concentrations (Marty, Tan &
Trautmann, 1984).

Therefore, a detailed understanding of these
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K*-selective channels (believed to be tonoplast
channels), derived from a convenient system like
cytoplasmic drops. is relevant to K* channels in the
plasmalemmas of many Charophyte species as well
as Ca’*-activated K* channels which are ubiquitous
in mammalian cells.

Conclusions

The unitary I/V relation is characteristic of diffu-
sion-limited ion translocation through the K* chan-
nels. Liuger’s theory (1976) of diffusion-limited ion
flow is in good agreement with the data. We con-
clude that the diffusion of ions outside the pore is a
major factor contributing to the channel conduc-
tance. The environment near the mouth of the pore
is substantially different when the channel is open
from that in the bulk solution phases. These effects
must be considercd when deriving intrinsic channel
properties from the unitary //V data.

The analysis of the channel open- and closed-
time distributions indicates a minimum kinetic
scheme that has three closed states, one open state
and two reaction pathways connected to the open
state. The proposed model which describes the
voltage dependence of the open- and closed-time
distributions is an eight-state model with one open
state and seven closed states. The open- and closed-
time data entirely accounts for the mean //V charac-
teristics indicating that long-lived dormant states
are not significant to the steady-state macroscopic
K* current. The mean //V data for patches contain-
ing single and multiple channels show that coopera-
tive effects within the K* channel population have
little bearing on the macroscopic K* current.

We wish to thank Dr. Mary Beilby for many helpful discussions
and for critically reading this manuscript. We acknowledge sup-
port from the ARGS and from the University of Sydney. The
work was also supported by a National Research Fellowship.
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