
The Actions of Calmodulin Antagonists W-7 and TFP and of Calcium on the Gating
Kinetics of the Calcium-activated Large Conductance Potassium Channel of theChara
Protoplasmic Drop: A Substate-sensitive Analysis

D.R. Laver1, C.A. Cherry2* , N.A. Walker2*
1Division of Neuroscience, John Curtin School of Medical Research, Australian National University, Canberra, ACT 2601, Australia
2The biophysics Laboratory, School of Biological Sciences, University of Sydney, NSW 2006, Australia

Received: 26 August 1996/Revised: 7 October 1996

Abstract. The effects of the calmodulin antagonists W-7
and trifluoperazine have been measured on the Ca2+-
activated potassium channel in the membrane surround-
ing protoplasmic drops expressed from internodal cells
of charophyte plants. The large-conductance (170 pS),
voltage- and Ca2+-dependent gating, and prominent con-
ductance substrate of this channel shows a strong kinetic
resemblance to those of the Maxi-K channel from animal
cells.

This is the first study of the action of calmodulin
antagonists which measures their effects on the most
populated substates as well as the closed and main open
states of Maxi-K channels. The substate analysis pro-
vides new evidence for different modes of action of- and
different bindings sites for these calmodulin antagonists.

Neither antagonist produces the simple closure of
the channel reported previously as its effect on the
Maxi-K channel, though both do induce flicker-block,
reducing the mean current to near zero at high concen-
trations following an inverted Michaelis-Menten curve.

W-7 reduces residence time in the fully open state,
thus raising, in the same proportions, the probabilities of
finding the channel in the closed state or a pre-existing
substate. Its binding to the channel is voltage- and cal-
cium-dependent.

In contrast, trifluoperazine reduces residence in the
open state and promotes an apparently new substate
which overlaps the closed state at −50 mV but is distin-
guishable from it at voltages more negative than −100
mV. This substate may represent times that trifluopera-
zine is bound to the channel.

Both antagonists have effects clearly distinguishable

from that of withdrawing calcium from the channel,
which does not affect open state residence time but in-
creases closed state residence time. Thus neither antago-
nist reverses the activating effect of Ca2−. This is good
kinetic evidence against the view that the channel is ac-
tivated by Ca2+-calmodulin and that the effect of a cal-
modulin antagonist is to reverse this process by making
Ca2−-calmodulin less available.
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Introduction

The membrane surrounding protoplasmic drops ex-
pressed from internodal cells of charophyte plants shows
channel activity, most obviously that of a calcium-
activated large-conductance (170 pS) potassium channel.
This has been an object of study since Lu¨hring (1986)
reported on its K+ selectivity, bursting kinetics and volt-
age activation and on its having a conductance substate.
The protoplasmic drop membrane originates largely
from the tonoplast (vacuole membrane) (Lu¨hring, 1986;
Sakano & Tazawa, 1986) and the channels it contains are
believed to reside in the tonoplastin vivo.

The gating kinetics of the channel have been studied
by Laver and Walker (1987) who confined their attention
to the modeling of closed and fully open conduction
states, ignoring states of submaximal conductance. As
extended and modified by Laver (1990, 1992) the result-
ing kinetic model has one open state and two gating
mechanisms with opposite voltage dependence. In addi-
tion, channel closures produced by calcium on either the
cytoplasmic or the vacuolar side of the patch, are ex-* Correspondence to:D.R. Laver
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plained in terms of the Woodhull (1973) model of volt-
age-dependent block (Laver, 1990, 1992).

The existence of a number of conduction substates
was demonstrated for the present channel by Tyerman et
al. (1992). They showed that the most populated sub-
state, which they called the ‘midstate’, had a lower con-
ductance than the main open state and that it has a
superlinearI/V curve while the main conductance state
has a sublinearI/V curve. They showed that the half-
amplitude detection method of Colquhoun and Sigworth
(1983), which ignores substates is inappropriate for ana-
lyzing gating kinetics of the maxi-K channel. The exis-
tence of subconductance states is taken into account in
the present analysis.

In its selectivity, gating kinetics and conduction
characteristics, the present charophyte Maxi-K (C-Maxi-
K) channel closely resembles the animal maxi-K (A-
Maxi-K) channel (Laver & Walker, 1991; Laver, 1992).
Although, unlike most A-Maxi-K channels, the C-
Maxi-K is not blocked by CTX (D. Laver,unpublished
results) it is inhibited by eflurane (Antkowiak & Kirsh-
field, 1992). It has been suggested that the calcium-
activated potassium channel ofChenopodium rubrumto-
noplast (SV) is related to the A-Maxi-K channel (Weiser
& Bentrup, 1993), largely on the basis of its pharmacol-
ogy. The SV channel, like most A-Maxi-K channels, is
inhibited by CTX and not by apamine: however its low
unitary conductance and its low selectivity argue for cau-
tion in accepting this relationship especially as its kinet-
ics have not been critically studied.

Like the A-Maxi-K channel (Blatz & Magleby,
1987) and the plant SV channel (Hedrich & Neher,
1987), the C-Maxi-K is activated by calcium on the cy-
toplasmic side (Laver & Walker, 1991) at a level (1mM)
above that expected in the normal, unexcited cell, but
likely during an action potential (Williamson & Ashley,
1982). Fluxes of potassium from vacuole to cytoplasm
which occur during the action potential are presumed to
be mediated by the C-Maxi-K channel (Laver & Walker,
1991).

Calmodulin (CAM) frequently mediates calcium ac-
tivation and it has been reported as binding to the A-
Maxi-K channel from renal medulla (Klaerke, Peterson
& Jorgensen 1987). It has not been shown to mediate
calcium activation in A-Maxi-K channels of dog airway
smooth muscle (McCann & Welsh, 1987) and of rat
myometrium (Kihira et al., 1990), discussed further be-
low. Investigators of some other calcium-activated ion
channels have concluded that the calcium activation is
mediated by CAM. Potassium channels are reported to
be calcium-CAM-1 activated in a number of cells includ-
ing neurones (Onozuka et al., 1987) andParamecium
(Hinrichsen et al., 1986). Calcium-activated channels in
plant cells, notably the vacuolar SV (Weiser, Blum &
Bentrup, 1991; Bethke and Jones, 1994) and the charo-

phyte plasma membrane chloride channel (Okihara, Oh-
kawa & Kasai, 1991), have been claimed to be calcium-
CAM-activated. The question of CAM-mediation of cal-
cium-activation has not previously been addressed for
the C-maxi-K channel.

The present study arose from the search for a ligand
that might be used for identification and purification of
the C-maxi-K channel protein; it developed into an in-
quiry into the pharmacology of the channel, and the
mechanism of the action of CAM antagonists, specifi-
cally W-7 and TFP.

W-7 and TFP are widely-used CAM antagonists
(Hidaka et al., 1981; Roufogalis, 1982). The mechanism
of their CAM antagonism is unclear: it has been pro-
posed that antagonists interact with the hydrophobic re-
gions of the Ca-CAM complex which become exposed
during the conformational change it undergoes as a result
of binding with calcium (Shatzman, Raynor & Tazawa,
1983). These hydrophobic regions are located in clefts
in the globular regions of the dumbbell and appear cru-
cial to the activation of the complex. More importantly
for our present purpose, it has been clear since early
work on W-7 that it inactivates calcium-activated pro-
teins that are not CAM-dependent (Shatzman et al.,
1983; Roufogalis, 1982), so that it and other CAM an-
tagonists are not specific probes for CAM action, al-
though often used in this role.

Investigations of CAM antagonists’ action on Ca2+-
activated channels have been many, mostly fairly per-
functory. In a careful study of A-Maxi-K channels of
dog airway smooth muscle, McCann and Welsh (1987)
showed that the CAM antagonists TFP, CPR, TRZ and
HPD all reduced open probability and mean open dura-
tion at micromolar concentrations, and that their affini-
ties (HPD > TFP > CPM > TRZ) were not in the same
order as their affinities for antagonizing CAM action
(TFP > CPM > HPD). They modeled the kinetic effects
as simple block of the channel by the antagonist, and
suggested that the antagonists act directly on the channel,
not via CAM. The effects of W-5, W-7 and TFP on the
activity of the A-maxi-K channel from pregnant rat myo-
metrium were studied by Kihira et al. (1990). They
stated that all three produced the same effects, and
showed that W-7 reduced the long (calcium-dependent)
time constant in the open time distribution without a
consistent effect on the distribution of closed times, and
that W-7 did not affect the calcium concentration needed
for half-activation of the channel. They concluded there-
fore that the effects of CAM antagonists were the result
of direct binding to the channel rather than of an inhibi-
tion of CAM action. These analyses used versions of the
half-amplitude method, ignoring the existence of a sub-
state which had been established for the A-Maxi-K chan-
nel (Barrett, Magelby & Pallotta, 1982). However an
inspection of the records shown by Barrett et al. (1982)
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suggests that the substate (at 40% of the open-state am-
plitude at −30 mV) may occur more often than the
claimed once in 1000–10,000 openings, and that ignor-
ing it may therefore lead to errors in analysis.

We report here the first study of the effects of the
antagonists W-7 and TFP on a Maxi-K channel using
appropriate analysis methods for a channel exhibiting
conductance substates; we will show that such analysis
can distinguish between their effects and can offer a
pointer towards their different modes of action.

Materials and Methods

SOLUTIONS AND SOLUTION EXCHANGE

We used solutions of the following compositions (In mM): Bath Solu-
tion: 150 KCl, 1 CaCl2, 10 HEPES, pH 7.3;Low Calcium Bath Solu-
tion: 150 KCl, 870mM CaCl2, 1 EGTA (41 mM free calcium), 10
HEPES, pH 7.3;Pipette Solution:50–500 KCl, 1 CaCl2, 10 MES pH
5.6; Calmodulin Solution:150 KCl, 870mM CaCl2, 1 EGTA (41 mM

free calcium), 10 HEPES, 9–90 NM spinach CAM, pH 7.3 (CAM was
also tested at 0.1mM Ca2+); W-7 Solution:150 KCl, 870mM CaCl2, 1
EGTA (41 mM free calcium), 10 mM HEPES, 50mM W-7, pH 7.3.

The concentration of free calcium was calculated using the
BUFFA program (courtesy of R.G. Ryall, Flinders Medical Research
Centre). Spinach CAM (Sigma-Aldrich) has a 86% identity with
ChlamydomonasCAM and 97–99% identity with other higher plant
CAMs (Roberts & Harmon, 1992). W-7 (Sigma-Aldrich) solution was
made up the day before the experiment. It was dissolved in Low-
Calcium bath solution, stirred for 2 hr and left to dissolve overnight at
room temperature. All solutions were adjusted to the appropriate pH
using KOH.

Bath solutions were altered using two protocols (1) W-7 was
applied using perfusion of the bath solution. Solution (10 ml) was
cycled through the 3 ml bath using a back-to-back dual syringe system.
W-7 was then removed from solution by perfusing with fresh Bath
Solution containing additional CAM. Channel activity was constantly
monitored during these changes of solution. Activity was then mea-
sured for a further 1–2 min to follow the recovery of activity. (2)
Inhibitors were also applied directly to the bath solution using a mi-
cropipette, which was also used to mix the bath.

PATCH PIPETTES

Borosilicate microcapillary tubing was used to make pipettes. A two-
stage pull on a vertical electrode puller (Kopf Model 720) was used to
obtain pipettes with tip resistance about 30MV. Pipette tips were fire-
polished but coating with Sylgardy was not necessary as patches were
excised and always brought to the level just below the surface of the
bath medium, diminishing pipette surface noise. For a more detailed
description of the manufacture of pipettes see Laver and Walker
(1987).

CYTOPLASMIC DROPLETS

Internodal cells ofChara australisR.Br. were cut from the plant and
kept in normal growing solution 16 hr before experimental use. Cells
were blotted dry 2 min before use, and then one end was cut off. The
contents of the cell were expressed using rubber coated tweezers into

Bath solution following the method of Kamiya and Kuroda (1957).
Cytoplasmic droplets formed almost instantly. For consistency, drop-
lets about 20mm in diameter were selected for experimental use. The
droplet preparations were viable for 1 hr only. After this time, mem-
branes started visibly to break down and seals were noisy: such records
are not included in the analysis presented here. High resistance seals
(10–50 Gv) formed when suction was applied. The pipette was with-
drawn from the membrane, usually detaching an inside-out patch.
When a vesicle was present the pipette tip was moved through the
air-water interface to break it.

ELECTRICAL MEASUREMENTS

Potential differences across membrane patches are all expressed ac-
cording to standard convention; positive current represents the move-
ment of positive charge from the cytoplasmic side to the vacuolar side
of the membrane (outward current) and voltage is with respect to the
vacuole as ground. When seals were formed, patches were voltage-
clamped over the voltage range −50 to −200 mV, over which activity
was present. Seals were often unstable at voltages more negative than
−150 mV, so data quoted mainly covers the range −50 to −150 mV.
Although most records were taken from single-channel patches, it was
commonly observed that large-conductance K+ channels may stay dor-
mant for a long period, and reappear spontaneously. Records with this
type of activity were not used for open probability measurements.
All measurements were taken after channel activity was judged to have
reached a stable condition, based on measurements ofPo (see below).
All experiments were carried out at 22 ± 2°C.

DATA RECORDING AND ANALYSIS

Two patch rigs were used. In Sydney the amplifier was a List Model
EPC7; membrane current was displayed on a Gould digital storage
oscilloscope (Model 1421), and recorded using a Sony Betamax video
recorder in conjunction with a Sony Pulse Code Modulator (Model
501-ES). In Canberra the amplifier was an Axon Instruments
Axopatch (Model 200A), the membrane current was displayed on a
Hitachi Digital Storage Oscilloscope and recorded on videotape using
pulse code modulation (Model 200 from A.R. Vetter). For analysis the
replayed records were filtered at 10 kHz using a 4 pole low-pass Bessel
filter, sampled at 20 kHz and digitized using a 12-bit AD/DA board
(Data Translation Model DT2801A or Tecmar Model TL-1). The
sample rate of twice the filter corner frequency is needed to eliminate
correlations between neighboring data points, a requirement of the
HMM analysis algorithm (see below). Preliminary analysis was carried
out using the software package CHANNEL II (courtesy Michael Smith,
John Curtin School of Medical Research, Australian National Univer-
sity). CHANNEL II was used to produce hard copies of raw data
records (filtered where appropriate with a running average filter) and to
analyze mean currents, amplitudes and open time probabilities. More
detailed analysis of the mechanism of the block by W-7 and TFP was
carried out using two analytical methods. Channel gating kinetics were
recovered from the background noise using the programme HMM
(Hidden Markov Model), from S. Chung, Department of Chemistry,
Australian National University (Chung et al., 1990, 1991) or EVPROC,
developed by D.R. Laver (Kourie et al. 1996).

The programme HMM finds the maximum likelihood estimate of
the transitions present in the record and provides for the identification
of substate levels and the determination of state amplitude, open prob-
ability and transition probability. It is based on the assumption that the
signal is the sum of a first order finite state Markov process and white,
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uncorrelated, Gaussian noise of known variance. We began HMM
analysis by deciding the number of current levels in the original signal:
a maximum-likelihood amplitude histogram was produced (using Op-
tion #6); the number of unknown levels and their approximate positions
were deduced from the amplitude histogram, and the programme (using
Option #2) locates the levels and provides the transition matrix; once
the levels were known we could obtain the maximum-likelihood esti-
mate of the original signal (using Option #1). While HMM uses prob-
ably the most sensitive analysis technique yet applied to single channel
recordings it computationally expensive. This makes its use impracti-
cal for records in which substates occur infrequently, as they do in
those from the C-Maxi-K channel (Tyerman et al., 1992). So HMM
analysis was complemented by use of the programme EVPROC, which
uses a faster, less rigorous method of detecting transitions. The method
is based on the assumption that the signal is the sum of a series of
stepwise process, transitions are accepted if they exceed a variable
threshold; if not, the adjacent levels are replaced by their weighted
mean. The threshold (T) is determined by the variance of the noise (s2)
and the number (n) of samples in the shortest level adjacent to the
transition:

T 4 A z s/√n (1)

wheres/√n is the standard error of the estimate of the current level.
We setA 4 2 so that the accepted transitions have a significance
>95%.

In the figures shown we used an average of 5 patch records in
obtaining mean current data. The combined white noise recorded in this
system was <1 pA RMS with a bandwidth of 10 kHz. Records pre-
sented were filtered with a running average-of-5 filter.

Data are presented first as open probability, Po, measured directly
as within-burst mean current divided by unitary current. This statistic
is a convenient summary, but it is recognized that for a channel with
more than one conductance state it has no precise meaning. In pre-
senting later the results of analysis by HMM or EVPROC we can deal
with estimates of transition probabilities, event probabilities and event
durations, whose meanings are well-defined if the states to which they
refer are well-defined. The channel shows a distribution of closed
states that includes some very long durations, so that it is not practi-
cable to measure open probability over whole records. We define
bursts as periods of activity separated by closed durations of 1 sec or
more.

ABBREVIATIONS
CAM (calmodulin): Phosphodiesterase 38-58-cyclic nucleotide

activator
CPZ (chlorpromazine): 2-Chloro-N,N-dimethyl-10H-phenothi-

azine-10-propanomine
CTX: Charybdotoxin
HPD (haloperidol): 4-[4-(4-Chlorophenyl)-4-dihydroxypiper-

idinyl]-1-(4-fluorophenyl)-1-butanone
TFP (trifluoperazine): 10-[3-(4-Methyl-1-piperazinyl)propyl]-2-

(trifluoromethyl)-10H-phenothiazine
TRZ (thioridazine): 10-[2-(1-Methyl-2-piperidinyl)ethyl]h-2-

(methylthio)-10H-phenothiazine
W-5: N-6-aminohexyl)-1-napthalene sulfon-

amide
W-7: N-6-(aminohexyl)-5-chloro-1-napthalene

sulfonamide

Results

GENERAL OBSERVATIONS OFEFFECTS OF

CAM ANTAGONISTS

Flicker Block

Both W-7 and TFP produced concentration-dependent
block at micromolar concentrations, on the cytoplasmic
side of the membrane, causing flickering channel activity
and a slightly reduced amplitude (Fig. 1), each flicker
representing a very fast channel closure. This flicker
block is analyzed in the present paper. The block was
reversible partly or fully, the channel recovering 60% to
100% of its mean current after removal of blocking
agent. Careful inspection suggests that the effects of
W-7 and TFP are different (Fig. 1), and such a difference
appears more clearly during the analysis below.

Effects of Cytoplasmic Calcium and Membrane PD on
Flicker Block by W-7

The effect of W-7 on open probability fits a Michaelis-
Menten relationship; Figure 2 shows an experiment in 10
mM Ca2+ in which, as was typical, the data could be fitted
with a Michaelis-Menten inhibition curve falling to zero
open probability at infinite W-7 concentration, and in
this case with Ki of 11 mM. The median values from 24
such experiments were fitted by weighted least squares
to give the following values of Ki (±standard error):

[Ca2+]/mM K i/mM

1 2.5 ± 0.7
10 16 ± 4.5

1000 11 ± 2.0

There was marked variability in Ki between differ-
ent patches. This variability in apparent binding constant
is found also with TFP and Ca2+. Calcium reduces W-7
binding but does not reduce it to zero at high concentra-
tions. This is not a simple competitive interaction; it
would be consistent with a binding site with micromolar
affinity for Ca2+ which partially destabilizes W-7 binding.

Similar experiments showed that the effect of W-7
on open probability was voltage-dependent, the apparent
Ki being:

PD/mv Ki/mM

0 17 ± 1
−50 25 ± 3
−80 61 ± 4

266 D.R. Laver et al.: W-7 & TFP Effects on Charophyte-Maxi-K Channels



ANALYSIS OF FLICKER BLOCK BY W-7

Figure 3 shows the maximum likelihood estimate of the
amplitude histogram, as generated by HMM from a rec-
ord at −50 mV for a patch in symmetrical 150 mM KCl
with 1 mM CaCl2 on the cytoplasmic face and 1 mM

CaCl2 on the vacuolar face. Distinct conductance levels
are seen as peaks in this distribution. The effect of W-7
was to decrease the probability of the highest channel
conductance state. This decrease in probability appeared
to be absorbed by the lower conductance levels. A more
precise determination of the amplitudes and probabilities
the channel conductance states was found using the four-
state HMM analysis (seebelow).

For a channel at −50 mV in symmetric 150 mM KCl
and 1 mM CaCl2 the mean duration of levels as a function
of their amplitude and of [W-7] is shown in Fig. 4. The
control record had too few events to give a statistically
significant representation of the duration, so in construct-
ing this figure a record from another channel was added.

The mean durations for closed, open and midstates are
longer than 100ms, while the mean durations of the other
levels are shorter than 50ms. It is clear that W-7 de-
creases only the open state mean duration, which results
in the reduced open state probability noted above.

Four-state Analysis

The arrows at the top of Fig. 3 indicate levels consis-
tently chosen as the maximum likelihood estimates by
HMM with the assumption that there are 4 levels. The
lowest of these chosen levels corresponds to the closed
state, the highest to the open state, and the level at about
2 pA to the midstate described by Tyermanet al. (1992).
Amplitude distributions generated by HMM and by
EVPROC also indicate the presence of a range of less
easily-defined substates. When HMM searched under
the assumption of 4 levels the closed, open and midstate
levels were well-defined, i.e., consistently chosen at

Fig. 1. Digitized records of the large-conductance K+ channel in excised inside-out patches ofChara cytoplasmic droplets, at −50 mV, in 1 mM
Ca2+, in various [W-7] and [TFP]. Channel openings are shown as downward current steps. Filtered by running average of 5. Concentrations are:
(a) control; (b) 8.2mM W-7; (c) 30 mM W-7; (d) control; (e) 8.2mM W-7; (f) 30 mM W-7; (g) control; (h) 8.2mM TFP; (i) 16.3mM TFP; (j) control;
(k) 8.2 mM TFP; (l) 16.3 mM TFP. Experiments dc239 and dc327.
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close to the same positions, while the position of the
fourth level varied considerably, even between different
sections of the same record. The bar in Fig. 3 indicates
the range of these choices. We take it that this range

contains a (possibly large) number of lightly populated,
short-lived states: the difficulty in defining their levels is
their short duration (shown below). Because it is im-
practical to characterize these sparsely populated levels
separately we have often used HMM with the assump-
tion that there are four conductance levels, with one
single level available to represent the many sparse states.

The effect of W-7 on the amplitudes of the 4 states
is shown in Fig. 5—the open-state and midstate currents
are unaffected by W-7, while the upper substate is very
variable but shows no significant effect. The current-
voltage characteristics of open and mid states are shown
in Fig. 6, in the absence and presence of W-7 in sym-
metric 150 mM KCl plus 1 mM CaCl2. Again W-7 has no
significant effect on amplitudes over a wide range of
concentration and PD. The conductances of open state
and midstate appear to be unaffected or slightly reduced
by W-7, and the large reduction in mean current it pro-
duces is mainly due to a reduction in open state duration
and probability (see below). Associated with this reduc-
tion is an increase in the probabilities of the closed state
and the substates.

Figure 7 shows the effect of W-7 on the substate
probabilities and mean durations. W-7 causes a decrease
in the main state probability which is absorbed by pro-
portional increases in the other three states (Fig. 7A).

Fig. 3. Effect of W-7 on the amplitudes of C-maxi-K channels at −50
mV in 1 mM Ca2+ (Experiment 67w7, representative of seven experi-
ments). Maximum likelihood amplitude histogram generated from
HMM (using Option #6). The W-7 concentrations are: (solid line) zero;
(dotted line) 8.3mM. Solid arrows mark 3 amplitudes consistently
chosen by HMM (using Option #2, assuming 4 levels) and labelled as,
left to right: (O) open state; (M) midstate and (C) closed state. The bar
marks a range in which HMM chooses the fourth amplitude, represent-
ing what appeared to be a cluster of short-lived states, labeled: (CL)
cluster state.

Fig. 2. Effect of W-7 on open probability within bursts (see text)
relative to that at zero [W-7] in 10mM Ca2+. Fitted line: Michaelis-
Menten curve falling to zero at infinite [W-7], with Ki of 11 mM.
Experiment 55w7.

Fig. 4. Mean event duration as a function of amplitude and W-7 con-
centration over the range 8 to 80mM in symmetrical 1 mM Ca2+ derived
from EVPROC analysis (Experiment dc239 shown here is representa-
tive of seven experiments). The mean durations were derived from the
ratio of the number of data points and the number of channel openings
at each amplitude. The W-7 concentrations are: (full line) 8.2mM;
(dotted line) 16mM; (dashed line) 32mM; (dashes and dots) 77mM. The
control record in zero [W-7] had too few channel openings for a good
measurement of mean durations; the control was similar to the data
obtained at 8mM W-7.
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The W-7 dependence of the mean durations of different
conductance states (Fig. 7B) shows that W-7 has an ef-
fect only on the main state, causing a reduction in mean
duration. The transition matrix produced by HMM (not

shown) indicates that W-7 increases all the exit rates
from the open state in the same proportion, and this
increase is the cause of the reduction in mean duration
noted above.

The frequency distributions of the open and substate
durations were well fitted single exponentials (Tyerman
et al.,1992, and our data,not shown). The closed dura-
tions however have more than two exponential compo-
nents, indicating more than two closed states. The fre-
quency distributions of closed durations in the absence of
W-7 and in 6.7mM are shown in Fig. 8 for the channel of
Fig. 3, using the scales suggested by Sigworth and Sine
(1987). In such a plot individual exponential compo-
nents show as peaks in the distribution, and in this ex-
ample there would be at least two such components. W-
7 has no effect on the distribution, showing that it has no
effect on the closed state conformations.

Fig. 5. Effect of W-7 on amplitudes of open, midstate and cluster states
in symmetrical 1mM Ca2+. The current amplitudes were derived from
HMM analysis (using Option #2). The states are: (d) open state; (n)
cluster states consisting of a group of sparsely populated levels; (j)
midstate. The lines show linear fits to the data. Experiments 31w7,
277w7 and dc239.

Fig. 6. The current-voltage characteristics of open (j) and midstate
(h) in symmetrical 1 mM Ca2+ and at either 20 or 47mM W-7, com-
pared with control, shown as (dotted line) 95% confidence limits for
polynomial regression (data not shown). Also shown in the current-
voltage characteristics of new state induced by TFP. (d, seetext), in
symmetrical 1 mM Ca2+ Experiments 4#3850, dc100 and dc239.

Fig. 7. Effect of W-7 on channel gating kinetics derived from HMM
analysis (using Option #2, assuming four levels) expressed as level
probability (A) and mean level duration (B). The levels are: (s) closed;
(n) cluster; (j) midstate and (d) open. The channel was in symmetri-
cal 1 mM Ca2+ at a membrane PD of −50 mV. Experiment dc239 shown
here gave similar results to experiment 67W7.
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ANALYSIS OF FLICKER BLOCK BY TFP

Amplitude Histograms

Figure 9A shows the maximum likelihood amplitude his-
togram, generated by HMM, of a C-maxi-K channel in
an inside-out patch with membrane PD of −50 mV in
symmetric 150 mM KCl plus 1 mM CaCl2. The histo-
grams shown correspond to 0, 8 and 16mM TFP. At −50
mV, 8 mM TFP reduces mean current to 0.37 of control
(data not shown). Figure 9A shows that this is the com-
bined result of a small decrease in amplitude and a pro-
nounced decrease in open state probability. Figure 9B
shows the mean duration verses amplitude for the
maxi-K channel, generated by EVPROC, in the presence
and absence of TFP, at −50 mV. TFP decreases both the
mean open time and the mean closed time, while the
substate durations are relatively unaffected.

In contrast to the effect of W-7, TFP did not alter the
probabilities of midstate or cluster state(s) relative to the
open state. At membrane PDs more negative than −100
mV the decrease in open state probability was absorbed
by a new, TFP-induced substate. At −50 mV the sub-
state could not be resolved from the closed state so that
the decrease on open state probability seemed to be ab-
sorbed by a closed state component (Fig. 10).

Five- and Six-state Analysis

Figure 10 shows a portion of the amplitude histogram
near the closed state, for 8mM TFP, at different mem-

brane PDs. The arrows above the plots show a level
consistently chosen by HMM in multistate analysis, rep-
resenting a new substate evoked by TFP, whose current-
voltage curve is shown in Fig. 6.

Although at −50 mV TFP had no effect on the sub-
state levels, it did, unlike W-7, alter the closed time
frequency distribution produced by EVPROC. Figure 11
shows this frequency distribution of closed times gener-
ated by EVPROC. The scaling is the same as that used
in Fig. 8 except that the data are normalized for record
duration rather than event number. At −50 mV TFP
causes a large increase in the frequency of closed events
with an exponential time constant of approximately 1
msec. This additional TFP component in the closed time
distribution at −50 mV is presumed to arise from the new
substate which at more negative membrane PDs is more

Fig. 8. Effect of W-7 on the probability distribution of closed times in
1 mM Ca2+ shown using the scaling suggested by Sigworth and Sine
(1987) (Experiment 67w7 shown here is representative of five experi-
ments). The W-7 concentrations are: (solid line) zero; (thick dashed
line) 6.7mM. The closed durations have at least two exponential com-
ponents (shown by the dotted lines) which produce the overlapping
peaks in the distribution.

Fig. 9. Effect of TFP on the channel kinetics at −50 mV in 1 mM Ca2+.
The W-7 concentrations are: (solid line) zero; (dashed line) 8mM;
(dotted line) 16mM. (A) the amplitude histogram from HMM analysis
(Option #6), (B) mean duration at each level from EVPROC analysis.
Experiment dc327 shown here gave a similar result to experiment
cd1011 except the latter did not show the peak in part B at −2 pA.
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clearly distinguished from the closed state (Fig. 10). The
mean duration for this substate derived from HMM is
0.53 msec. This substate also seems to be the reason for
the apparent reduction in mean closed time.

At membrane PDs larger than −100 mV the TFP-
induced substate is partially resolved from the closed
state and the increase in closed frequencies is less pro-
nounced than at −50 mV (data not shown). The residual
effect of TFP on closed frequencies at −100 mV may
reflect ‘‘spillage’’ of ∼30% of the nearby TFP-induced
substates as neither EVPROC nor HMM could discrimi-
nate absolutely between the baseline and this substate.
We are not able to rule out the alternative explanation,
that TFP does alter the closed state distribution as well as
introducing substates, but there is no need for the addi-
tional assumption it involves.

Effects of Calmodulin on Channel Activity and
W-7 Block

When CAM was added to partly activated channels in
0.1 mM, 1 mM or 1 mM Ca2+, there was no increase in
open probability or in amplitude (data not shown). In the
presence of W-7, 90 nM CAM relieved the block to some
degree, at concentrations obviously too low for the CAM
to titrate the W-7 present. In two experiments (not
shown) CAM reversed the effect of W-7 on the ampli-
tude distributions and mean substate durations. There-
fore CAM appears to enhance channel activity by com-

petitively antagonizing W-7 inhibition rather than by
separate CAM-dependent activation mechanism.

ANALYSIS OF CA
2+ ACTIVATION

The Ca2+-activation kinetics of the C-maxi-K channel
were studied in detail in a previous paper (Laver &
Walker, 1991). It was found that PO increased over the
range 0.1–10mM and that this was mediated by a de-
crease in channel closed durations. Mean open duration
of C-maxi-K channels was not significantly affected by
[Ca2+] over the range 0.1mM to 1 mM. However, Laver
and Walker (1991) did not investigate the effects of
Ca2+-activation on the substate kinetics, which is used in
this study to distinguishing the mode of action of chan-
nel.

Amplitude histograms generated by EVPROC (not
shown) of partially activated C-maxi-K channels in low
[Ca2+] show a relatively large closed level probability.
There did not appear to be any differences in the substate
probabilities (relative to the main open level) compared
to fully activated channels over the PD range −50 to
−150 mV. Thus it appears that these channels are Ca2+-
activated from a fully closed state.

Four-state analysis

HMM was used to analyze the Ca2+-activation kinetics
of single C-maxi-K channels from three patches. In

Fig. 10. Detail of channel amplitudes near the closed level showing the
effect of membrane PD on the amplitude distributions in 8mM TFP and
in 1 mM Ca2+ over a range of membrane PDs. The membrane PDs are:
(solid line) −50 mV; (dotted line) −100 mV; (dashed line) −150 mV.
The peaks corresponding to the TFP induced substate are labeled in-
dicated by the arrows. Experiment dc327 shown here gave a similar
result to experiment dc320.

Fig. 11. Effect of 8 mM TFP in 1 mM Ca2+ on closed time frequency
distributions at −50 mV. The concentrations of TFP are: (solid line)
control; (dotted line) 8mM. Both distributions have been normalized by
their record length to allow direct comparison. Normalizing the fre-
quency distributions by record length rather than event number more
clearly reveals how TFP increases the number of events near 1 msec.
Experiment dc327 shown here gave similar results to experiment
cd1011.
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agreement with previous findings, the relatively low Po

at low [Ca2+] was mediated by a longer mean closed
duration and a larger closed state probability. In addi-
tion, the substate analysis revealed that the probability
and amplitude of the mid state, relative to that of the
open state was similar in partially and fully activated
channels. In one experiment, the gating kinetics of a
C-maxi-K channel were measured at both 10mM and 1
mM cytoplasmic Ca2+. In 1 mM Ca2+ the probabilities of
the open state and mid state were 0.74 and 0.031 respec-
tively (a ratio of 0.042). For the same channel, only
partly activated in 10mM Ca2+ the probabilities of the
open state and mid state were 0.05 and 0.0037 respec-
tively (a ratio of 0.077). A∼30% blockade of the chan-
nel was induced by the presence of 1 mM Ca2+ (Laver,
1992) so that current levels at 10mM and 1 mM Ca2+

could not be compared directly. However, the ratio of
current amplitudes of the open state and the mid state at
low and high [Ca2+] were both 0.41 suggesting that this
subconductance state was not affected by the Ca2+-
activation site of the channelper se.

Discussion

EFFECTS OFW-7

The results and analysis presented above make it clear
that W-7 has only a small effect on the conduction
mechanism of theChara maxi-K channel: it does how-
ever markedly affect the gating mechanism. W-7 in-
creases the exit rates from the open state to the closed
state and substates, which remain populated in the same
proportion as in its absence. This is most easily under-
stood in rate theory terms as an increase in the potential
energy of the open state without any change in the acti-
vation energies of the transitions between it and the other
states, whether substates or closed states. Since W-7 al-
ters the open state duration it must bind to the open state;
conservation of energy (which forbids equilibrium
cycles) then requires that it also binds to closed and
midstates. At high concentrations of W-7 the closed

states observed are largely closed-and-bound-to-W-7.
It is of interest that the closed state durations are not
altered by W-7 binding.

The only other study of the effects of W-7 on
Maxi-K channel kinetics is that of Kihiraet al. (1990) on
the A-Maxi-K channel of rat myometrium. The chief
effect reported was a reduction of the longer of the two
components of the open time distribution, and this is
obviously compatible with our finding. The short time
constant component in their open time distribution may
well represent a substate or substates corresponding to
the cluster of states in the C-Maxi-K channel since their
analysis could not distinguish between these substates
and the main open state.

The voltage-dependence of W-7 block would sug-
gest, according to the Woodhull (1973) model, that it
binds at a site within the transmembrane electric field,
although we cannot rule out the possibility that other
voltage-dependent factors such as current could regu-
lated W-7 binding as is found for the binding of charyb-
dotoxin (Park & Miller, 1992) to A-maxi-K channels.

INTERACTION BETWEEN Ca2+
AND W-7

Cytosolic Ca2+ causes a marked reduction in the potency
of the W-7 block, which indicates an interaction between
Ca2+ and W-7 at the channel protein. This interaction is
weaker than that expected from direct competition since
high [Ca2+] does not totally abolish W-7 binding. This
result also indicates that Ca2+ and W-7 can simulta-
neously bind to the channel. The fact that inhibition of
W-7 binding by Ca2+ saturates at concentrations less than
10 mM means that the Ca2+ binding site has similar af-
finity as the sites responsible for Ca2+-activation of the
channel (∼1 mM, Laver & Walker, 1991). It is tempting
then to speculate that W-7 competes with Ca2+ binding at
the Ca2+-activation site. However, this hypothesis is in-
consistent with several other observations. While Ca2+

reduces the potency of W-7 the reverse is not true: the
inhibiting effect of W-7 is not simply a reversal of Ca2+-
activation (seeTable). Though we have not carried out

Table. Effects of channel regulators on C-maxi-K channel kinetics

Main State Midstate/substates Closed state/s

Decreasing [Ca2+] < 10 mM Marginal reduction in mean
duration

Reduces probability

Mean duration unchanged
Probability reduced in proportion

with main state

Increases mean duration by
intoducing long closures

Increases probability relative to
the main state

Increasing [W-7] Reduces duration
Reduces probability

Mean duration unchanged
Increases probability relative to

the main state

Mean duration unchanged
Increases probability relative to

the main state
Increasing [TFP] Reduces duration

Reduced probability
Induces new substrate Probably unaffected
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detailed measurement of the effect of W-7 on the Ca2+-
activation of the C-maxi-K channel, Kihiraet al. (1990)
have found that W-7 does not antagonize calcium-
activation of the rat myometrium channel. Thus it ap-
pears that W-7 is acting on a high affinity Ca2+ site that
is not essential for activation. There remains a possibil-
ity that the long, W-7 induced channel closures we ob-
served at 1mM Ca2+ could result from W-7 displacing
Ca2+ from the activation site since Ca2+-activation kinet-
ics also involves long closures (seeTable).

INTERACTION BETWEEN CA
2+

AND CALMODULIN

We have detected no effect of added CAM on the C-
Maxi-K channel in excised patches at 0.1mM [Ca2+].
Katsuhara and Tazawa (1992) reported the same lack of
effect on normal channel activity inNitellopsistonoplast
C-Maxi-K channels. Their results, however, were ob-
tained in high [Ca2+] which may have obscured any
CAM effect. Further, the stimulating effect of added
CAM is often difficult to demonstrate in membrane
preparations, unless steps are added to the isolation pro-
cedure that remove endogenous CAM (Evanset al.,
1992; Rasi-Caldognoet al., 1993).

In our experiments, spinach CAM showed an unex-
plained ability to relieve the effect of low W-7 concen-
trations, as it did in those of Bethke and Jones (1994) and
of Weiseret al., (1991) on the SV channel. The latter
argued that this effect ofChenopodiumCAM was evi-
dence for the role of CAM in normal activation, particu-
larly since bovine brain CAM was much less effective.
Our results suggest that CAM may not be a part of nor-
mal activation.

While we have not tried the effect of brain CAM in
our system, we do not see any of these experiments as
conclusive, but as raising complex questions of three-
way interaction.

EFFECTS OFTFP

Although TFP produces a flicker-block superficially
similar to that produced by W-7, it is found to generate
a new low-conductance state distinctly different from
any seen in the native channel or under the influence of
W-7. Thus, when substates are included in the analysis
TFP and W-7 are seen to have kinetically distinct actions
on the channel. We propose that the effect of TFP is
simply to reduce the open-state conductance to that of
the new substate.

Investigators of the A-Maxi-K channel, using heavy
filtering and half-amplitude analysis, have not found any
difference between the actions of TFP and W-7 (Kihira
et al., 1990) or between those of TFP and other neuro-
leptics (McCann and Welsh, 1987); it is clear that we
would not have done so in the present case if we had used
similar substate-insensitive methods of analysis. The

substate created or promoted by TFP in our case would
have been included in the closed state in McCann and
Welsh’s analysis, and this could easily have led to their
conclusion that TFP blocked the channel. The analysis
used by Kihiraet al. (1990) was also incapable of dis-
tinguishing between closed state, and midstate and TFP-
state, so that they could not have distinguished between
W-7 and TFP actions. Thus these earlier reports are not
inconsistent with our findings.

The concentration dependence of TFP inhibition
suggests that high [TFP] totally abolishes the open state.
Thus it appears that the substate represents times when
TFP is bound and full opening represents times when
TFP is not. Once this explanation is accepted, it is clear
that TFP, like W-7, does not affect the true closed state
of the channel.

Conclusions

In the present investigation we have shown:

(1) that W-7 and TFP interact with the channel in
ways that do not simply reverse the effect of Ca2+ in
activating the channel: it is clear that both W-7 and TFP
reduce residence times in the (fully) open state, and ap-
pear to have no effect on the closed states, while Ca2+

alters the distribution of closed states; and
(2) that TFP and W-7 differ in their detailed kinetic

effects, so can hardly be operating by a common mecha-
nism such as inactivation of Ca-CAM.

This is the first investigation of the effects of CAM
antagonists on a Maxi-K channel that includes substates
in the analysis, so that we are the first to be able to
differentiate the modes of action of W-7 and TFP in spite
of the broad similarity of their effects in producing
flicker-block. We conclude from this difference that at
least one of W-7 and TFP binds directly to the channel,
not to a putative Ca-CAM complex, and that most prob-
ably both bind directly to the channel. Similar conclu-
sions on different grounds have been reached by Mc-
Cann and Welsh (1987) and by Kihiraet al. (1990).

Thus the actions of the CAM antagonists W-7 and
TFP provide no evidence for CAM-activation of the C-
Maxi-K channel, a conclusion that agrees with that of
McCann and Welsh (1987) and of Kihiraet al.(1990) for
the A-Maxi-K channel, though based on different argu-
ments. The postulated CAM-activation of the plant
vacuolar SV channel is seen not to be well supported by
the experiments to date and needs a detailed kinetic in-
vestigation.

We suggest that a substate-sensitive analysis of
the effects of CAM antagonists on the A-Maxi-K chan-
nel will reveal analogous differences in their modes of
action on gating in that channel also, and strengthen the
evidence against its calcium-activation being CAM-
mediated.
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Calmodulin antagonists may be useful probes of
channel gating mechanisms, but we join the many voices
urging that their effects on channels should not be easily
accepted as evidence for CAM itself activating them.
Appropriate evidence for CAM activation can be ob-
tained—e.g., as it was for immuno-affinity-purified cy-
clic-GMP-gated channels by Hsu and Molday (1994).

This work was supported by grants to N.A. Walker from the Australian
Research Council and the University of Sydney; D.R. Laver was sup-
ported by a Senior Research Fellowship from the Australian Research
Council.
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