Biophysical Journal Volume 78 February 2000 761-772

761

Complex Voltage-Dependent Behavior of Single Unliganded
Calcium-Sensitive Potassium Channels

Gargi Talukder and Richard W. Aldrich

Department of Molecular and Cellular Physiology, Howard Hughes Medical Institute, Stanford University School of Medicine,
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ABSTRACT The study and characterization of unliganded openings is of central significance for the elucidation of gating
mechanisms for allosteric ligand-gated ion channels. Unliganded openings have been reported for many channel types, but
their low open probability can make it difficult to study their kinetics in detail. Because the large conductance calcium-
activated potassium channel mSio is sensitive to both intracellular calcium and to membrane potential, we have been able
to obtain stable unliganded single-channel recordings of mSlo with relatively high opening probability. We have found that the
single-channel gating behavior of mSlo is complex, with multiple open and closed states, even when no ligand is present. Our
results rule out a Monod-Wyman-Changeux allosteric mechanism with a central voltage-dependent concerted step, and they
support the existence of quaternary states with less than the full number of voltage sensors activated, as has been suggested

by previous work involving measurements of gating currents.

INTRODUCTION

Ion channels are transmembrane proteins that transduce
appropriate stimuli into selective ion movement across the
cell membrane. The basic characteristic of most channels’
gating is of rapid transitions between two fixed primary
conducting conformations, open and closed, whose proba-
bility of occurrence is influenced by gating stimuli such as
ligand binding or voltage sensor movement. Channel gating
is a compelling example of an allosteric mechanism, in that
the gating stimulus, such as ligand binding, occurs at a site
remote from the ion-conducting pore and influences transi-
tions between two functional conformational states (Chan-
geux and Edelstein, 1998; Edelstein and Changeux, 1996,
1998). In multimeric proteins, allosteric regulation is
closely related to cooperativity between the subunits of the
multimer. Cooperative subunit interactions mediated by al-
losteric influences between subunits can be important for
generating steep nonlinear stimulus—response relationships
(see, for instance Fersht, 1985). A central question in un-
derstanding the gating of ion channels and other allosteric
proteins is the relative roles of intrasubunit conformational
changes and intersubunit cooperative interactions.

Large conductance calcium-sensitive potassium channels
(BK channels) serve as a useful model system for the study
of allosteric conformational changes. Their dual sensitivity
to calcium binding and to membrane voltage, along with
their homotetrameric structure, provides a wealth of allo-
steric phenomenology amenable to a wide range of exper-
imental manipulations. In addition, their large single-chan-
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nel conductance makes them ideal for single-molecule
studies of conformational changes with submillisecond time
resolution, a property that has been extensively exploited in
studies of gating kinetics in the presence of calcium (Sil-
berberg et al., 1996; Blatz and Magleby, 1983; Magleby and
Pallotta, 1983a,b; McManus and Magleby, 1988, 1989,
1991; Neyton, 1996; Pallotta et al., 1981, 1992;Rothberg et
al., 1996; Rothberg and Magleby, 1998; Methfessel and
Boheim, 1982; Moczydlowski and Latorre, 1983; Rothberg
and Magleby, 1999).

A central question in the study of allosteric ligand bind-
ing proteins has been the issue of whether ligand binding
induces an allosteric conformational change, typified by the
Koshland—Nemethy—Filmer (KNF) model (Koshland et al.,
1966) developed for hemoglobin (Fig. 1 A), or whether it
influences a pre-existing equilibrium between resting and
active conformations, typified by the Monod—Wyman—
Changeux (MWC) model (Monod et al., 1965) (Fig. 1 B). A
requirement of the MWC class of models is that the unli-
ganded protein is able to adopt the activated conformation.
Conversely, KNF-type models require that the protein first
bind a ligand before it can move to the activated state
(Koshland et al., 1966). In the case of ion channels, the
MWC model predicts that the channel can open even with
no ligand bound (see Fig. 1 B, boxed region). Such unligan-
ded openings have been reported for a variety of channels,
such as calcium-activated potassium channels (Pallotta,
1985), cyclic nucleotide-gated channels (Picones and Ko-
renbrot, 1995; Ruiz and Karpen, 1997; Tibbs et al., 1997),
and acetylcholine receptors (Brehm et al., 1984; Jackson,
1984). However, detailed kinetic studies of unliganded
openings are difficult for these channels because their prob-
ability of being open is very low (for example, = 1.25 X
10~* (Tibbs et al., 1997) when ligand is not bound to the
protein.

Although previous studies of single BK channels have
involved sophisticated analyses of gating behavior, they
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FIGURE 1 Two models commonly used to describe B
the functional properties of allosteric proteins are the (A)

Koshland—Nemethy—Filmer (KNF) model and the (B)
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were, with few exceptions, conducted in the presence of
calcium and did not account for the possibility of unligan-
ded openings. However, it has been shown that, even in the
absence of calcium, macroscopic BK currents can be nearly
maximally activated by strongly positive voltage steps (Cui
et al., 1997; Cox et al., 1997 Horrigan et al., 1999; Stefani
et al., 1997).

Investigation of the macroscopic kinetics of the cloned
BK channel mSlo has led to a proposed model of channel
gating analogous to the allosteric MWC model (Cox et al.,
1997). This voltage-dependent MWC model (see Fig. 1 B)
has open and closed states corresponding to different num-
bers of calcium ions bound (0—4), with a single voltage-
dependent allosteric transition between each closed state
and its adjacent open state. A key difference between this
model and models derived from previous studies of BK
channel gating is that the MWC-like model accounts for
opening of the unliganded channel through the channel’s
ability to respond to changes in membrane voltage. In the
voltage-dependent MWC scheme, the unliganded channel
exists in one of only two possible conformational states:
open or closed (Fig. 1, boxed region). However, recent work
on macroscopic ionic and gating currents suggests that the
intrinsically voltage-dependent behavior of unliganded
mSlo channels is more complex than the two-state mecha-
nism predicted by this version of the voltage-dependent
MWC model (Horrigan and Aldrich, 1999; Horrigan et al.,
1999).

We have taken advantage of mSlo’s voltage sensitivity to
study the gating of single unliganded mS/o channels. Our
goal was to determine whether the complexity seen in
previous studies of liganded BK channels remains in the
gating of the unliganded channel, or if the unliganded chan-
nel is only able to gate with a single concerted transition

Biophysical Journal 78(2) 761-772

between the open and closed state of the channel, as sug-
gested by the voltage-dependent MWC model of Cox et al.
(1997). We have approached this question at the single-
channel level to ensure that any complexity we see in
channel gating is due to the actions of a single molecule, and
is not an apparent complexity that could arise from a het-
erogeneous population of channels in a macropatch. Re-
gardless of the details of a particular model for BK channel
gating, only a subset of the total available kinetic states are
available when no calcium is bound to the channel, allowing
study of the channel’s gating within a subset of its total
mechanism.

MATERIALS AND METHODS

All experiments were performed with the mbr5 clone of the mouse ho-
molog of the slo gene (mSlo), which was kindly provided to us by Dr. Larry
Salkoff (Washington University School of Medicine, St. Louis, MO). The
cDNA was propagated in a modified Blue Script vector BS-MXT (Strat-
agene Inc., La Jolla, CA) in the E. coli strain DH5-a. cRNA was tran-
scribed from this vector in vitro using the mMessage mMachine kit with T3
polymerase (Ambion In., Austin TX). ~0.005 ng of cRNA were injected
into Xenopus laevis oocytes 2-3 days before recording.

All recordings were conducted in the inside-out patch clamp configu-
ration at room temperature. Patch pipettes were made of borosilicate glass
(VWR Micropipettes, West Chester, PA). Their tips were coated with wax
(Kerr Corp, Romulus, MI) and fire polished before use. Data were acquired
using an Axopatch 200-A patch clamp amplifier (Axon Instruments, Foster
City, CA) in the resistive feedback mode and a Macintosh based computer
system using Pulse acquisition software (HEKA Electronik, Lambrecht,
Germany) with an ITC-16 hardware interface (Instrutech Scientific Instru-
ments, Great Neck, NY). Records were digitized at 20-us intervals and low
pass filtered at 8 kHz.

Recording solutions were composed of the following (in mM): External
(pipette): 140 KMeSo,, 20 HEPES, 2 KCl, 2MgCl, (pH = 7.20). Internal:
140 KMeSo5, 20 HEPES, 2 KCI, 1 HEDTA and CaCl, to give the
appropriate free Ca>* concentration. For zero calcium solutions, 5 mM
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EGTA was included (calculated free calcium = 0.5 nM). All internal
solutions also included 40 uM (+)-18-crown-6-tetracarboxylic acid to
chelate any contaminant barium (Diaz et al., 1996; Neyton, 1996). Solu-
tions were exchanged at the cytoplasmic face of the patch using a sewer-
pipe flow system (DAD 12, Adams and List Assoc. Ltd., Westbury, NY).

Data were analyzed using the ScanApp analysis program developed in
the laboratory by Dorothy Perkins and Dan Cox. Sums of exponentials
were fit directly to the dwell time data using the maximum likelihood
method (Colquhoun and Sigworth, 1995). The appropriate number of
exponentials were determined using the log-likelihood ratio test (Horn and
Lange, 1983; Rao, 1973). To minimize errors due to filter cutoff, events
shorter than 50 ws were not included in the fitting routine (Blatz and
Magleby, 1986).

For the analysis of burst and interburst durations, a burst criterion of ~1
ms was determined from the data using the method of Colquhoun and
Sakmann (1985).

RESULTS

Because strongly positive voltages ( =120 mV) are required
to open mSlo channels in the absence of calcium, we used
repetitive steps to the indicated test voltage (Fig. 2), rather
than the continuous recordings more commonly seen in
previous analyses of single BK channel gating. The patches
were better able to withstand the necessary voltages if the
steps were kept relatively short (25 ms). Using voltage steps
also allowed us to construct ensemble averages to compare
with macroscopic current behavior.

10KM Ca2+
+60mV
ST
e,
FIGURE 2 Representative single-chan-
nel records from a single patch across a
range of voltages. The leftmost column of ST
traces were recorded in 10 uM internal
calcium to show that the behavior of these
channels is qualitatively similar to what has R
been reported previously (see Pallotta et al.,
1981). All other traces were recorded in 5 [
mM EGTA, zero added calcium. Ensemble
averages for each voltage are pictured in I s i iand
the bottom row. 150—400 sweeps went into
each of the ensemble averages.
USSR ¥t TR
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Figure 2 displays traces from a single patch in the virtual
absence of calcium, as well as a control set of traces
recorded in the presence of 10 uM calcium. It was straight-
forward to identify single mSlo channels due to their large
conductance ( =250 pS) and the sensitivity of their apparent
P, to internal calcium (see the left most column of traces in
Fig. 2). These data are representative of five single-channel
patches studied at multiple voltages in the absence of calcium.

A two-state concerted open-to-closed behavior predicted
by the voltage-dependent MWC model in Fig. 1 B is sup-
ported by the near single exponential kinetics of macro-
scopic current activation (Cui et al., 1997; Cox et al., 1999,
however see Horrigan et al., 1999). To compare the average
single-channel gating behavior to macroscopic currents, we
constructed ensemble averages of hundreds of sweeps at
various voltages in zero calcium (Fig. 2, bottom row). Like
the macroscopic currents, the ensemble averages can be
described by single-exponential kinetics, consistent with the
idea of a single concerted allosteric transition. The time
constants of single-exponential fits to the ensemble aver-
ages are similar to macroscopic current time constants (Fig.
3 A4) above +200 mV, indicating that the average kinetics of
the single-channel data are similar to what has been reported
for macroscopic current behavior (Cui et al., 1997). At
voltages lower than +200 mV, the ensemble averages seem
to activate more slowly than macroscopic currents. How-

Zero Calcium

+180 +200 +220 +250 +260
LN . N
N e

SRR VRS i 1
O WO i

Mo LM e U e
—— ML T
e M T ML
20pA —

5ms

C — T o ]

0.2

5ms

Biophysical Journal 78(2) 761-772



764

25‘D
207
157
107

5 e o2

A
O

Time Constant (ms)
He OO

O
[ ]
T

L Jule]

o
A 'Y
1

160 200 40

2
Voltage (mV)

B 404

081
o 067
o
041
021

00

150 200 250 300
Voltage (mV)

FIGURE 3 Single channel behavior in zero internal calcium is similar to
previously described macroscopic current behavior. (4) The time constants
of single exponential fits to the ensemble averages from three different
patches are plotted against voltage (open symbols). The closed symbols
represent time constants from single exponential fits to macroscopic cur-
rents (data kindly provided by Frank Horrigan). The single-channel data
and the macroscopic data show similar kinetics at voltages above +200
mV. The differences between the two data sets at the lower voltages are
most likely due to the relatively low open probability at those voltages—
the small size of the ensemble averages prevented an accurate single
exponential fit. (B) Po versus voltage curves. The symbols represent data
from three different patches in zero calcium. The black curve is a Boltz-
mann curve generated from parameters reported in (Cui et al., 1997) for
macroscopic mSlo currents in zero internal calcium. The single-channel
data are shifted toward more positive voltages compared to the macro-
scopic current data. The dashed line is the macroscopic Boltzmann curve
simply shifted to the right ~20 mV, and the gray line is the macroscopic
curve scaled in the y-direction. Both manipulations to the curve represent-
ing the macroscopic data seem to fit the single-channel data.

ever, at these lower voltages, the ensemble averages were
small, and the discrepancy between the single-channel and
macroscopic current data may be due to difficulty in finding
an accurate fit to the smaller ensemble average currents.
The probability that the single unliganded channel is open
(P,) increases with voltage (Fig. 3 B, symbols), as was seen
in the macroscopic currents(Cui et al., 1997; Stefani et al.,
1997). The single-channel data are from three different
patches. The solid black curve in Fig. 3 B is derived from
macroscopic g—V curves in zero calcium (Cui et al., 1997).
The single-channel data seem to be shifted toward higher
voltages relative to the macroscopic data. Scaling the mac-
roscopic curve in the y-direction (gray line) fits the data, as
would be expected from a difference in maximum open
probability between the single-channel and the macroscopic
current. Simply shifting the macroscopic curve by ~20 mV
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(dashed line) also fits the single-channel data. It is thus
unclear whether the discrepancy between the macroscopic
P_—V and the single-channel data is due to a depression in
the maximum open probability or to a shift in the channel’s
gating toward higher voltages. Variability in channel gating
among different patches has been reported for both mSlo
and ASlo (DiChiara and Reinhart, 1997; Stefani et al., 1997;
Horrigan and Aldrich, 1999), and 20-mV differences in V, ,
from patch to patch are not unusual. Determining whether
the single-channel P, continues to increase at higher volt-
ages is impractical in our experiments, because the patches
were not able to withstand such high voltages for the length
of time necessary to attain the appropriate number of events.
However, it is clear from Fig. 3 B that the probability of
single-channel opening shows similar voltage dependence
to the macroscopic currents.

Analysis of dwell-time distributions of the single-channel
data can be used to determine the minimum number of
conformational states that the channel can adopt, allowing a
stringent test of the predicted two-state behavior of unligan-
ded channels in the voltage-dependent MWC model of Fig.
1 B. The model predicts that such analysis should resolve
only one component in the open dwell times and one com-
ponent in the closed dwell times. Instead, the closed dwell
time histograms were best fit with a sum of three exponen-
tials, and the majority of the open dwell time histograms
were best fit with a sum of two or three exponentials (Fig.
4). Additional exponential components were judged signif-
icant (p < 0.5) by the likelihood ratio test, (Rao, 1973; Horn
and Lange, 1983), in which twice the difference in log
likelihood of & versus & — 1 exponential components must
be greater than 5.99, the x* value for two degrees of free-
dom at the 0.05 confidence level. For our data, the value of
the difference was usually three to five times larger than the
required 5.99, indicating that the additional components are
significant aspects of the dwell-time distributions. The mul-
tiple components found in the dwell-time distributions in
zero calcium argue against the two-state voltage-dependent
allosteric transition predicted by the MWC model (Fig. 1 B,
boxed region) and indicate that the intrinsic voltage depen-
dence of the single-channel molecule involves transitions
between more than two conformational states. The presence
of these multiple components requires that the voltage-
dependent MWC model be expanded to allow for multiple
unliganded open and closed states. These results also nec-
essarily add several ligand-independent states to previously
published models based on single-channel recordings ob-
tained at moderate voltages and calcium concentrations
(McManus and Magleby, 1991, 1988; Rothberg et al., 1997;
Rothberg and Magleby, 1998). The model of Rothberg and
Magleby (1999) suggests the presence of unliganded states,
but they did not record from channels in the absence of
calcium at any voltage. Our single-channel data in zero
calcium are consistent with the presence of intermediate
states inferred from macroscopic ionic and gating currents
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Closed Dwell Times Open Dwell Times
tlam m

. . +200mV .(()6 (.p5)7) t1(: (.ps)z)
FIGURE 4 Dwell-time histograms reveal .35 (.12) 1.79 (.12)
multiple components in both the closed and open 7.12 (.31) 3.37 (.36)
dwell-time distributions. The exponential fits
shown were directly fit to the data as described
in Methods. These histograms represent data
from a single patch recorded in zero internal
calcium (5 mM EGTA). Two additional patches
were analyzed across a similar voltage range. t(amp) Yamp)

.09 (.67) .09 (.05)
Open fit parameters: Patch 1: +160 mV: .80 (.12) .52 (.16)
0.33(0.11), 1.950.89): +200 mV: 042(0.17),  +240mV 789 (.21) 1,56 (.79)
1.48(0.83); +240 mV: 1.95(1). Patch 2: +160:
0.15(0.32), 1.12(0.68); +200 mV: 0.08(0.03),
0.87(0.97). Closed fit parameters: Patch 1: +160
mV: 0.06(0.44), 0.44(0.13), 15.13(0.43); +200
mV: 0.08(0.52), 0.94(0.27), 8.22(0.22); +240
mV: 0.12(0.66), 5.34(0.34). Patch 2: +160 mV: t{amp) (amp)
0.12(0.27), 22.63(0.73); +200 mV: 0.09(0.76), .08 (.73) .87 (.47)
5.52(0.24). +260mV .65 (.12) 2.42 (.55)
7.48 (.15)

in the absence of calcium (Horrigan and Aldrich, 1999;
Horrigan et al., 1999).

A characteristic feature of BK channel gating is fast
“flicker” closings separating openings during a burst (Roth-
berg and Magleby, 1998). This bursting pattern of channel
gating is present whether or not calcium is bound to the
channel (see Fig. 2). The fast closed times within bursts
must arise from conformational states that are distinct from
those that give rise to the longer closed times between
bursts, but the molecular basis of these short-lived flicker
closed times is unclear. In the absence of calcium, the
flickers show no voltage dependence (Fig. 5 4), and yet they
represent a large proportion of the closed dwell times.

A

FIGURE 5 The components of the
closed and open dwell-time distribu-
tions are not measurably sensitive to
voltage. (4) and (B) show closed and
open distribution time constants ver-
sus voltage from fits to dwell-time
distributions, such as those shown in
Fig. 4. The data are from three differ-
ent patches. The different symbols
represent different components of the
distributions. None of the dwell-time
components in either the open or the
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Attributing a place for the flickers within kinetic mecha-
nisms has proven difficult—even analyses of two-dimen-
sional distributions composed of millions of events could
not distinguish between a gating scheme that places the
flickers within the activation pathway from a mechanism in
which the channel must first open before it can access the
flicker closed state (Rothberg and Magleby, 1998). The
flickers are also not predicted by the voltage-dependent
MWC model shown in Fig. 1 B (Cox et al., 1997). These
fast closings could be unrelated to activation, and are per-
haps a result of a fast voltage independent block by an
unknown contaminant, or they could be due to voltage-
independent transitions to conformational states outside the
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activation pathway (Hoshi et al., 1994; Schoppa and Sig-
worth, 1998).

If the flicker closings arise from mechanisms (block or
otherwise) distinct from activation, their presence may
mask a bursting behavior that is consistent with the two-
state behavior predicted by the MWC model (Cox et al.,
1997). We tested the two-state MWC prediction of the
relationship between mean dwell times and ensemble aver-
age kinetics.

The model (Fig. 1 B) predicts that, in zero calcium, the
single exponential kinetics of the ensemble averages should
be related to the mean open and mean closed time in the
following way:

... = (mean open time) ' + (mean closed time) .
Figure 6 A displays the mean open and closed times against

voltage for three different patches. In Fig. 6 B, the filled

A B

Talukder and Aldrich
squares represent 7., and the circles represent the right side
of the above expression: [(mean open time) ' + (mean
closed time)™ '], both plotted against voltage. Figure 6 B
shows that the above expression does not hold for our data.
However, if the flicker closed times are effectively removed
with the application of a burst criterion, then the same
analysis using mean burst and mean interburst times (¢rian-
gles) yields time constants that closely resemble the time
constants of ensemble average activation, as predicted by
the voltage-dependent MWC model. This analysis supports
the idea that the burst and interburst durations determine the
macroscopic kinetics and are consistent with a two-state
MWC gating mechanism with the flicker closed state not a
part of the activation process. However, as shown in the
following analysis, the burst and interburst duration histo-
grams are inconsistent with an MWC mechanism consisting
of only a single burst and a single interburst state.
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T T 1 T T F T T T 1
160 200 240 Patch 1 160 200 240
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160 200 240 Patch 3 160 200 240
Voltage (mV) Voltage (mV)
&1/tau

v Mean Open
¢ Mean Closed

O1/mean open + 1/mean closed
B1/mean burst +1/mean interburst

FIGURE 6 The voltage-dependent MWC model reported by Cui et al. (1997) predicts a specific relation between the single exponential kinetics of
ensemble averages and the mean open and closed dwell times (see text). (4) Mean open and closed dwell times from three different patches. (B) Plots of
the reciprocal time constant of fits to ensemble averages (open triangle) against voltage. Although these time constants do not correlate with the reciprocal
of the mean open time plus the reciprocal of the mean closed time (open circles), as predicted by the voltage-dependent MWC model, the ensemble average
time constants do correlate to the reciprocals of the mean burst + mean interburst dwell times.
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Examination of the burst and interburst dwell times
shows that, even when the flicker closed state is eliminated
by application of the burst criterion, multiple components
still remain in the burst and interburst distributions. Burst
time distributions are best fit by the sum of at least two
exponentials, and the interburst distributions are best fit by
either one or two exponentials (Fig. 7). A mechanism that
places flicker closed state (C;) outside the activation
pathway,

B k+b
C e 00— C

a k-p

(Scheme 1)

could conceivably account for the double exponential dis-
tribution of the burst dwell-time histograms (see Colquhoun
and Hawkes, 1995). During a burst, the channel travels back
and forth between two states, open and the flicker closed,
until the burst ends when the channel enters the longer-lived
closed state. The sequential scheme pictured above could
thus lead to the double exponential burst dwell-time distri-
bution, and the deviations from the two-state predictions of
the voltage-dependent MWC model would only be a result
of the flicker closed state. Alternatively, the double expo-
nential burst distribution could indicate a gating mechanism
in which the channel can adopt more than one open-state
conformation, which would be a serious deviation from the
two-state predictions of the model.

Burst Dwell Times

FIGURE 7 Multiple components re-
main in the burst and interburst dwell-
time distributions. Burst and interburst
dwell times are best fit with either one or
two exponentials, indicating that the
channel is able to adopt multiple confor-
mational states. Two additional patches
were analyzed across a similar voltage
range. Burst fit parameters: Patch 1:
+160 mV: 4.35(); +200 mV:
0.10(0.08),  3.92(0.60), 12.01(0.32);
+240 mV: 7.06(1). Patch 2: +160 mV:
1.33(0.80), 3.34(0.20); +200 mV:
4.37(1). Interburst fit parameters: Patch 1:
+160 mV: 11.24(0.45), 24.85(0.55);
+200 mV: 6.01(0.80), 18.33(0.20); +240
mV: 4.93(1). Patch 2: +160 mV: 9.81(1);
+200 mV: 4.79(0.66), 21.56(0.34).
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+260mV
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Duration(ms)
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To distinguish between these possibilities, we calculated

the expected burst time distribution for the three-state burst-

ing mechanism pictured in Scheme I. Such a mechanism

predicts a double exponential burst duration distribution of
the form

f(t) = al)\le_)”t + azAze_/\zt.

A, and A, can be determined by solving the quadratic
equation

MN+br+c=0,
where =b = o + k,, + k_pand ¢ = ak_,
All the parameters of this distribution can be determined
from our data (see (Colquhoun and Hawkes, 1995)).
We calculated —b from the following two expressions:

mean open time = (k,, + @)

mean flicker closed time = 1/k_,.

To determine ¢, we calculated « from the expression
mean number of openings per burst = 1 + B/a,

where B is equal to the reciprocal of the mean interburst
duration.

Interburst Dwell Times

T(amp) T(amp)
.310(.041) 6.428
7.14(.959)

T{amp) T(amp)

1.03(.23) 5.4

9.08(.77) ’

T(amp) T(amp)
.82(.09) 5.45(.73)
24.06(.91) 17.17(.27)

1 10

Duration(ms)
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These calculations provided sufficient information to
solve the following expressions for @, and a,:

_ ak , —Ay) a(d; — k)

a, = T/ 3N =73 /N -
MG - A(A; = Ay)

a
As Table 1 shows, the predicted burst dwell-time distribu-
tions would show an essentially single-exponential behav-
ior, because the shorter time constant has such a low relative
amplitude. In contrast, fits to the burst dwell-time distribu-
tions from our data reveal two well resolved exponential
components with significant relative amplitudes. This anal-
ysis suggests that the two components of the burst dwell-
time distributions cannot be accounted for by the flicker
closings (Scheme I) and most likely represent distinct open
conformational states (or groups of conformational states).
Clearly, the flickers are not the sole cause of the complexity
of channel gating in zero calcium. The simplest interpreta-
tion of these data is that the voltage-dependent step in
channel activation is not fully concerted, as required by the
model in Fig. 1 B, but that the channel is able to open even
when only a subset of the subunits have voltage sensors in
the active conformation (Horrigan et al., 1999; Horrigan and
Aldrich, 1999).

If voltage is able to drive the channel to open with only
a subset of its voltage sensors active, then a reasonable
prediction is that the dwell time in these intermediate con-
formations will show a dependence on voltage. However,
Fig. 5, A and B shows that the time constants of both the
closed dwell-time distributions and the open dwell-time
distributions show no significant change with voltage.
These data suggest that, even an 80-mV change in mem-
brane voltage is not enough to influence dwell time in the
various open and closed conformational states that the chan-
nel is able to adopt. This apparent lack of voltage depen-
dence may again be a reflection of the dominant effects of
the flicker closed states. Because the flicker closed-time
constants show no voltage dependence (Fig. 5 4), their
dominance in the records could mask the voltage depen-
dence of the other transitions (~80% of closings are to the
flicker closed state, and ~93% of the openings are inter-
rupted by flicker closings). We analyzed the burst dwell
times to avoid the obscuring effects of the flicker closed
states. As voltage increases, the longer component of the

TABLE 1 Predicted and actual burst dwell-time distribution

time constants

Voltage Predicted Actual

(mV) m(amp) 7(amp)

+200 0.089 ms (0.0002) 0.310 ms (0.041)
15.53 ms (0.9998) 7.14 ms (0.959)

+240 0.102 ms (0.0003) 1.03 ms (0.23)
21.29 ms (0.9997) 9.08 ms (0.77)

+260 0.105 ms (0.00023) 0.82 ms (0.09)
26.6 ms (0.99977) 24.06 ms (0.91)
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burst duration distribution increases (Fig. 8 4), as does its
frequency within the dwell-time histogram (Fig. 8 B). These
data suggest that the transitions from the open states to the
longer-lived closed states are sensitive to changes in mem-
brane voltage, and that this voltage sensitivity can be
masked by the obscuring effects of the flicker closed states.

The voltage-dependent MWC model described by Cox et
al. (1997) requires that the channel open with a concerted
movement of all four subunits from the resting to the
activated conformation. However, studies of mSlo gating
currents (Horrigan and Aldrich, 1999) suggest that the chan-
nel can open even if all four voltage sensors have not moved
to the activated conformation. Our single-channel data are
consistent with this idea, with the multiple exponential
components in the dwell-time distributions representing
states or combinations of states with zero, one, two, three, or
all four of the subunits in the activated conformation. For
example, a channel with only one voltage sensor activated
would presumably have a shorter open time than one with
two or three active voltage sensors.

Because the dwell-time histograms showed multiple open
and closed states, it is possible that the channels occupied
these distinct states progressively as the probability of being
open relaxed toward its equilibrium value during the voltage
step. One advantage of studying single-channel gating using
voltage steps rather than with steady-state recordings is that
we can determine if the mechanism governing mSlo gating
requires that the channel progress linearly through a specific
order of states. Preferential occupancy of particular open or
closed states earlier or later during the voltage pulse would
indicate a preferred pathway of activation. For example,
clusters of shorter open times toward the beginning of the
sweep and longer open times at the end of the sweep would
suggest a sequential mechanism in which the channel must
pass through the shorter-lived open state before it can enter
the longer-lived open state.

Plots of dwell time versus latency show no obvious trends
in the open and closed and burst and interburst durations
(Fig. 9). Because the channel is able to adopt multiple open
and closed conformations (Figs. 4 and 7), the plots of dwell
time versus latency in Fig. 8 show that there is no discern-
ible preferred order to the way the channel adopts these
multiple conformational states. Therefore, there must be
many pathways between the different open and closed states
to allow for the random distribution seen in the dwell times
versus latency plots in Fig. 9. These results suggest that,
even in the absence of calcium, the channel’s kinetic mech-
anism is a branched pathway rather than a more linear
mechanism with a preferred pathway of activation (such as
the KNF scheme pictured in Fig. 1 4). A branched mecha-
nism, such as the one proposed by Horrigan et al. (1999),
can explain the random distribution of dwell times all along
the duration of the sweep.
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FIGURE 8 Although the components of the closed and open dwell-time distributions are not measurably sensitive to voltage (see Fig. 5), the components
of the burst dwell-time distributions do change with voltage. (4) The longer time constant (closed squares) from fits to burst dwell-time distributions does
increase in magnitude with voltage, suggesting that the channel spends more time in the burst state at higher voltages. (B) The relative amplitude of the
longer burst-time constant (closed square) also increases with voltage, whereas the shorter time constant decreases. These data suggest that the channel is
more likely to adopt the conformational state(s) represented by the longer time constant at increasing voltages.

DISCUSSION

The large conductance and stringent potassium selectivity
of BK channels have made them a popular target of bio-
physical scrutiny. In particular, there have been many de-
tailed single-channel analyses of BK gating behavior. These
sophisticated studies yielded complicated kinetic mecha-
nisms and quantitative estimates of the rate constants that
govern transitions among the channel’s various open and
closed states. This work provided a detailed level of under-
standing of channel behavior under the specific conditions
studied (moderate voltage, moderate-to-high intracellular
calcium), but did not provide information on the gating of
single unliganded channels. Macroscopic mSlo currents can
be nearly maximally activated without binding calcium (Cui
et al., 1997; Horrigan et al., 1999). One question we wished
to answer in this paper was whether the complicated kinetic
mechanisms seen in previous single-molecule studies of BK
channels were solely a result of calcium’s effects on the
channel, or whether the channel has an intrinsically complex
voltage-dependent mechanism. With the stringent condi-
tions necessary to make recordings from single unliganded
mSlo channels, it is impractical to obtain the number of
events necessary to isolate the rate constants governing all
transitions between conformational states, a goal that is
perhaps more approachable in studies of liganded single BK
channels. We have shown with a relatively simple analysis
that the intrinsic voltage sensitivity of this channel is indeed
complex even when no calcium is bound to the channel
protein. Dwell-time distributions clearly show that the un-
liganded channel is able to adopt multiple open and closed
states. Multiple conformational states can still be isolated
when the flicker closed states are eliminated from the dwell-
time analysis. We have also found that the transitions from

the open states to the longer lived nonflicker closed states
are sensitive to voltage. Our results suggest that any model
of BK channel behavior will not be complete without an
understanding of how the effects of calcium modify an
intrinsically complex voltage-dependent mechanism.

Although most previous single-channel studies of BK
channels did not account for unliganded openings, such
spontaneous openings have been reported. Pallotta (1985)
showed that, if rat skeletal muscle is treated with the pro-
tein-modifying reagent N-bromoacetamide, BK channel ac-
tivity is no longer sensitive to intracellular calcium, al-
though sensitivity to membrane voltage remains. The
N-bromoacetamide-treated channels behaved similarly to
untreated channels in zero calcium. Pallotta found that the
channels had relatively simple kinetics and a low probabil-
ity of opening, even at the highest voltages studied (~0.1
open probability at +80 mV).

Spontaneous openings have also been investigated in
other ligand-gated channels. For example, cyclic nucleo-
tide-gated channels are able to open spontaneously with low
probability in the absence of any ligands (Picones and
Korenbrot, 1995; Ruiz and Karpen, 1997; Tibbs et al.,
1997). Liu et al. (1998) have further supported the concept
of an intrinsic ligand-independent gating mechanism in
cyclic nucleotide-gated channels by showing that the equi-
librium between the unliganded closed and open state is not
altered by mutating the ligand-binding site. Acetylcholine
receptors are also able to spontaneously open in the absence
of ligand (Jackson, 1984). Jackson was able to determine
the steps of channel gating that respond to the binding of a
ligand by comparing the behavior of the unliganded single
channel to that of the liganded channel (Jackson, 1984).
Other studies of unliganded acetylcholine receptors have
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no significant trends in the dwell times throughout
the duration of a voltage step. The data shown are
from a single patch, and are representative of three
patches. (4) Closed and open dwell time versus
latency plots. The y-axes are on a logarithmic scale.
(B) Interburst and burst dwell time versus latency
plots. Burst criteria was 1 ms. The y-axes are on a
logarithmic scale.
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shown that, when the y and € subunits are removed, the
receptor opens spontaneously at a high probability (Jackson
et al., 1990), suggesting that these subunits influence gating
by inhibiting spontaneous openings. Studies of unliganded
channels have thus revealed details of gating mechanisms
that could not have been obtained by studying only the
behavior of their ligand-bound forms.

Rothberg and Magleby (1999) invoke a 50-state two-
tiered kinetic mechanism to explain the single-channel be-
havior of the rat skeletal BK channel across a range of
calcium concentrations. The fully liganded channel (cal-
cium concentrations = 100 uM) occupies the extreme end
of this kinetic mechanism, with five closed states and five
open states. Because Rothberg and Magleby did not change
the membrane voltage in that study, their results represent a
flip side to our results here—a channel at constant voltage
across a range of calcium concentration, whereas we are
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studying an unliganded channel across a range of voltages.
It is interesting to note that, at both extremes, the unliganded
channel and the fully liganded channel, the protein seems to
have a complicated kinetic mechanism with multiple open
and closed conformations.

Our results in zero calcium and the Rothberg and
Magleby results at high calcium indicate that the mecha-
nism proposed by Cox et al. (1997—also see Fig. 1 B) is too
simple to explain BK-channel gating (as acknowledged by
Cox et al., 1997). The model proposed by Cox et al. predicts
that, at the two extremes of calcium binding, either com-
pletely unliganded or fully liganded, the channel’s gating
mechanism consists of a single concerted transition between
two states, open and closed. The multiple kinetic states that
Rothberg and Magleby report for the fully liganded channel
and the multiple kinetic states that we see in zero calcium
argue against a concerted two-state mechanism even under
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these extreme conditions. Both studies suggest that the
model proposed by Cox et al., and previous models that did
not account for ligand-independent gating, must be ex-
panded to account for the complicated kinetic mechanism of
both the unliganded and the fully liganded channel.

Horrigan et al. (1999) have proposed a ten-state mecha-
nism to describe mSlo gating in zero calcium. Single-chan-
nel records simulated from the Horrigan et al. model display
kinetics that resemble the burst kinetics of single mSlo
channels. However, like so many other models proposed to
explain BK-channel gating, the Horrigan et al. model does
not account for the flicker closed states, although other
aspects of channel gating, such as voltage dependence and
multiple open and closed conformational states, are well
described by the model. Our single-channel data thus do not
imply any greater complexity than what is described in the
Horrigan et al. model, other than the presence of the flicker
closed states.

The ten-state voltage-dependent mechanism described by
Horrigan et al. suggests that the channel is able to open even
if not all four voltage sensors have moved to the activated
conformation. One interpretation of our single-channel re-
sults is that the multiple components we see in the open and
closed dwell times of the channel in zero calcium represent
states of the channel in which only a subset of the voltage
sensors are in the activated conformation.
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