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abstract The voltage- and Ca?*-dependent gating mechanism of large-conductance Ca?™-activated K+ (BK)
channels from cultured rat skeletal muscle was studied using single-channel analysis. Channel open probability
(P,) increased with depolarization, as determined by limiting slope measurements (11 mV per e-fold change in P,
effective gating charge, g, of 2.3 = 0.6 ). Estimates of g. were little changed for intracellular Ca?* (Ca?*;) rang-
ing from 0.0003 to 1,024 WM. Increasing Ca?*; from 0.03 to 1,024 M shifted the voltage for half maximal activa-
tion (Vy,,) 175 mV in the hyperpolarizing direction. V,,, was independent of Ca?*;for Ca?*; = 0.03 M, indicating
that the channel can be activated in the absence of Ca2*;. Open and closed dwell-time distributions for data ob-
tained at different Ca2*; and voltage, but at the same P,, were different, indicating that the major action of voltage
is not through concentrating Ca?" at the binding sites. The voltage dependence of P, arose from a decrease in the
mean closing rate with depolarization (g = —0.5 e,) and an increase in the mean opening rate (g = 1.8 €,),
consistent with voltage-dependent steps in both the activation and deactivation pathways. A 50-state two-tiered
model with separate voltage- and Ca?*-dependent steps was consistent with the major features of the voltage and
Ca?" dependence of the single-channel kinetics over wide ranges of Ca?*; (~0 through 1,024 uM), voltage (+80
to —80 mV), and P, (10~“to 0.96). In the model, the voltage dependence of the gating arises mainly from voltage-
dependent transitions between closed (C-C) and open (O-O) states, with less voltage dependence for transitions
between open and closed states (C-O), and with no voltage dependence for Ca?*-binding and unbinding. The
two-tiered model can serve as a working hypothesis for the Ca?*- and voltage-dependent gating of the BK channel.

key words:
Eigen = Markov

INTRODUCTION

Large conductance Ca?*-activated K* channels (BK or
maxi K* channels)! are activated by both intracellular cal-
cium (Ca?*;) and depolarization of the membrane poten-
tial (Marty, 1981; Pallotta et al., 1981; Barrett et al., 1982;
Latorre et al. 1982; Methfessel and Boheim, 1982; Wong
et al., 1982). Once open, BK channels allow the passive
flux of K* out of cells, driving the membrane potential
more negative. This reduction of membrane excitability
by active BK channels plays a key role in the function of a
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wide variety of tissues by linking intracellular Ca?*; to
membrane potential, in which the tightness of the linkage
is increased by depolarization (reviewed by Latorre, 1994;
Conley, 1996; Kaczorowski et al., 1996; Toro et al., 1998).
Some of the structural regions contributing to the
voltage and Ca?* sensitivity of BK channels have been
identified. The pore-forming alpha subunits of BK
channels, which are encoded by the gene at the Slo lo-
cus (Atkinson et al., 1991; Adelman et al., 1992; Butler
et al., 1993; Tseng-Crank et al., 1994), assemble as tet-
ramers to form functional channels (Shen et al., 1994).
The alpha subunits show homology with the pore-form-
ing subunits of the voltage-dependent superfamily of
K* channels, including an S4 voltage sensor (Atkinson
et al., 1991; Butler et al., 1993; Jan and Jan, 1997; Diaz
et al., 1998), gating charge movement with voltage ac-
tivation (Stefani et al., 1997; Horrigan and Aldrich,
1999), and voltage-dependent gating in the virtual ab-
sence of Ca2*;, (Pallotta, 1985; Meera et al., 1996; Roth-
berg and Magleby, 1996; Cui et al., 1997; Horrigan et
al., 1999; Nimigean and Magleby, 2000; Talukder and
Aldrich, 2000). The COOH terminus of BK channels is
much longer than that of other K* channels, exceeding
the length of the core region, and contains the primary
Ca?*-sensing domain of the channel (Wei et al., 1994;
Schreiber and Salkoff, 1997; Schreiber et al., 1999).
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Gating mechanisms proposed to account for the Ca?*
and/or voltage sensitivity of BK channels have typically
been based on the 10-state Monod-Wyman-Changeux
model (MWC; Monod et al., 1965; Changeux and Edel-
stein, 1998) or the 35-state Eigen model (Eigen, 1968;
see scheme one in Cui et al., 1997). Both of these mod-
els describe conformational changes for a tetrameric al-
losteric protein. The separate movement of the four sub-
units in the Eigen model compared with the joint (con-
certed) movement in the MWC model leads to the much
larger numbers of states in the Eigen model. These mod-
els, as well as the Koshland-Nemethy-Filmer sequential
model, which represents a subset of states in the Eigen
model, are discussed in Fersht (1985). While both the
MWC and Eigen models or modifications of these mod-
els can give excellent descriptions of the channel kinet-
ics over restricted ranges of conditions (Magleby and
Pallotta, 1983; McManus and Magleby, 1991; Wu et al.,
1995; Cox et al., 1997; Cui et al., 1997; Rothberg and Ma-
gleby, 1998; Horrigan et al., 1999; Horrigan and Aldrich,
1999), both models with Ca?*; as the allosteric activator
fail to describe the data at the extreme conditions of ei-
ther ~0 Ca?*; (Horrigan et al., 1999; Nimigean and Ma-
gleby, 2000; Talukder and Aldrich, 2000) or saturating
(1 mM) Ca?*; (Rothberg and Magleby, 1999).

To overcome these limitations, we have extended the
MWC and Eigen models to two-tiered gating mecha-
nisms comprised of at least 50 states in their minimal
theoretical form, with 25 closed states on the upper tier
and 25 open states on the lower tier (Rothberg and Ma-
gleby, 1999). Such two-tiered models with Ca%*; as the
allosteric activator can account for the Ca?* depen-
dence of the gating for a fixed voltage from low to satu-
rating levels of Ca2*;, including predicting the Hill co-
efficients for Ca?" activation and the correlation be-
tween adjacent open and closed intervals (Rothberg
and Magleby, 1999). Alternatively, a two-tiered model
with voltage as the allosteric activator can account for
the voltage dependence of the gating at ~0 Ca?*; (Hor-
rigan et al., 1999; Horrigan and Aldrich, 1999). Thus,
two-tiered models can account for the Ca?* depen-
dence of the gating at a fixed voltage and for the volt-
age dependence of the gating at ~0 Ca?*. It will now be
crucial to test whether two-tiered gating mechanisms
can also describe the complex interactions between
Ca?*; and voltage (see commentary by Jones, 1999).

The purpose of the present study is to evaluate the
ability of a two-tiered allosteric gating mechanism to
describe both the Ca?* and voltage-dependent activa-
tion of BK channels. Using single-channel recording
techniques, we examine the effects of voltage on the
open and closed interval durations over wide ranges of
Ca?*,. The resulting dwell-time distributions and esti-
mates of P, are analyzed to examine the relationship
between activation by Ca?*; and voltage and estimate

the charge movement associated with the voltage-depen-
dent activation and deactivation of the channel. We
find that two-tiered models provide a reasonable de-
scription of the Ca?*; and voltage dependence of the
gating from ~0 to saturating levels of Ca?*; over wide
ranges of voltage and P,. In terms of the two-tiered
mechanism, the voltage dependence of the gating arises
mainly from voltage-dependent transitions between the
closed (C-C) and open (O-O) states, with less voltage
dependence for transitions between the closed and
open states (C-O), and with no voltage dependence of
the Ca?*-binding and -unbinding steps. Ca2*; modu-
lates the voltage for half activation, while having little
effect on the effective gating charge for activation.
These findings on the voltage-dependent steps obtained
with single-channel analysis over a range of voltage and
Ca?*; are consistent with those obtained from macro-
scopic ionic and gating currents at ~0 Ca?*; (Horrigan
et al., 1999; Horrigan and Aldrich, 1999).

The two-tiered model provides a comprehensive gat-
ing mechanism for BK channels that can simulta-
neously describe the major features of the steady state
activation by both Ca?*; and voltage over wide ranges
Ca?*;, voltage, and P,,.

METHODS
Preparation and Single-Channel Recording

Currents flowing through single BK channels in patches of sur-
face membrane excised from primary cultures of rat skeletal
muscle (myotubes) were recorded using the patch-clamp tech-
nique (Hamill et al., 1981). Cultures of rat myotubes were pre-
pared from fetal skeletal muscle as described previously (Barrett
et al., 1982; Bello and Magleby, 1998). All recordings were made
using the excised inside-out configuration of the patch-clamp
technique in which the intracellular surface of the patch was ex-
posed to the bathing solution. Unless otherwise indicated, analy-
sis was restricted to patches containing a single BK channel. Ex-
periments were performed at room temperature (22-24°C).

Solutions

The solutions bathing both sides of the membrane contained 150
mM KCI and 5 mM TES [N-tris(hydroxymethyl)methyl-2-amino-
ethane sulfonate] pH buffer, with the pH of the solutions adjusted
to 7.0. Contaminant Ca?*; was determined by atomic absorption
spectrometry. Ca2* (as CaCl,) was added to bring the Ca2* concen-
tration at the intracellular surface (Ca?*;) to the indicated levels.
The solutions did not contain Ca?* buffers unless indicated. Very
low Ca?*; of ~0.0003 and ~0.03 .M was obtained by adding 2 mM
EGTA and 0 or 266 M Ca?*, respectively, to the solution. No Ca?*
was added to the extracellular (pipette) solution. Solutions were
changed through the use of a microchamber (Barrett et al., 1982).

Analysis Restricted to Activity in the Normal Mode

All data analyzed in this paper were restricted to activity in the
normal mode, which typically includes ~96% of the intervals
(McManus and Magleby, 1988). Unless otherwise indicated, the
analysis was performed using the same methods presented in de-
tail in earlier papers (Rothberg and Magleby, 1998, 1999). Briefly,
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single-channel currents were recorded on a digital data recorder
(DC-37 kHz), low-pass filtered with a four-pole Bessel filter to give
a final effective filtering of 6-10 kHz (—3 dB), and sampled by
computer at a rate of 125-200 kHz. The filtering gave effective
dead times (Colguhoun and Sigworth, 1995) for the following
channels (ws): 16 B04, 17.9 B14, 22.9 B12, and 28.5 B06, B07,
B10, B13, B15, and B16. The methods used to set the level of fil-
tering to exclude false events that could arise from noise, mea-
sure interval durations with half-amplitude threshold analysis,
test for stability, and identify activity in the normal mode using
stability plots, are as described previously (McManus et al., 1987,
McManus and Magleby, 1988, 1989; Magleby, 1992). The use of
single channel analysis to study gating of BK channels allows sec-
ondary effects of Ca?*, such as Ca?*-dependent mode shifts to the
low activity mode (Rothberg et al., 1996) to be clearly identified
and excluded from the analysis of normal mode activity.
Estimates of P, were obtained by dividing the observed open
time by the sum of the observed open and closed times. Although
missed events can have large effects on estimates of interval dura-
tions, they had negligible effect (<1%) on the estimates of P,.
The reason for this is that, under the conditions of our experi-
ments, the intervals that were missed were very brief compared
with the mean durations of the intervals that were captured, so
that missed events removed a negligible amount of the total time.

Estimating Rate Constants and Evaluating Kinetic Models

Estimates of the most likely rate constants, including their Ca* and
voltage sensitivities, were made from the simultaneous (global) fit-
ting of two-dimensional dwell-time distributions obtained at several
different Ca2+; and voltages, using Q-matrix methods (Colquhoun
and Hawkes, 1995b) incorporating the Crouzy and Sigworth (1990)
correction for missed events (details in Rothberg and Magleby,
1998, 1999). Such fitting of 2-D distributions takes into account the
correlation information in the single-channel data (Fredkin et al.,
1985; Magleby and Weiss, 1990; Magleby and Song, 1992). Micro-
scopic reversibility was preserved during the fitting to be consistent
with the gating of BK channels (Song and Magleby, 1994).
Normalized likelihood ratios (NLR;) were used to indicate how
well any given kinetic scheme describes the 2-D dwell-time distri-
butions when compared with a theoretical best description of the
data (Rothberg and Magleby, 1998, 1999). Normalization corrects
for differences in number of interval pairs among experiments, al-
lowing direct comparisons between different experiments. The
normalized likelihood ratio per interval pair is defined as Eq. 1:

NLR; = exp[(InS—InT)/n], Q)

where InS is the natural logarithm of the maximum likelihood esti-
mate for the observed 2-D dwell-time distributions given the kinetic
scheme, InT is the natural logarithm of the likelihood of the theoret-
ical best description of the observed distributions, and n is the total
number of fitted interval pairs (events) in the observed dwell-time
distributions (McManus and Magleby, 1991; Rothberg and Magleby,
1998). For comparison to data normalized to 1,000 interval pairs, as
also used in our previous studies, NLR 4 is given by NLR;1000,

The NLR; gives a measure of how well different kinetic
schemes describe the distributions, but it cannot be used to di-
rectly rank schemes, since no penalty is applied for the number
of free parameters. To overcome this difficulty, models were
ranked using an information criteria approach (Akaike, 1974,
Horn, 1987), which has the limitation that the significance level
of the ranking is not known. If:

log (mg/my) > (kg — ki), 2
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then model g is ranked above model f, where my and m; are the
maximum likelihood estimates for models g and f, and k, and k;
are the number of free parameters for each scheme.

Tests of whether linear regression slopes were significantly dif-
ferent from zero were made by first obtaining the regression co-
efficient by fitting with Sigma Plot, and then calculating a t statis-
tic as described by Kleinbaum et al. (1988). Results are expressed
as the mean = SEM.

Estimating the Voltage Sensitivities of the Rate Constants

The voltage sensitivities of the rate constants were estimated using
the simplifying assumption of an exponential relationship between
the rate constants and membrane potential (Hodgkin and Huxley,
1952; Stevens, 1978; Weiss and Magleby, 1992; Sigworth, 1994):

rate;(V) = Byexp[g;(V —30)/ksT], 3)

where rate;(V) is the effective rate constant (s~*) for the transi-
tion from state i to state j at voltage V (mV), B; is the value of the
base rate constant at +30 mV, g is the partial charge (in units of
ep) associated with transition ij, and kgT is 25.5 mV X units of
electronic charge at 23°C. We estimated the value of the base rate
at +30 mV to facilitate comparison with rate constants obtained
at +30 mV in previous single-channel studies (McManus and Ma-
gleby, 1991; Rothberg and Magleby, 1998, 1999).

Since absolute rate theory (Eq. 3) may not necessarily apply to
conformational changes in proteins (Eisenberg, 1990; Sigg et al.
1999; Andersen, 1999), the theoretical implications of Eq. 3
should be approached with caution (see Weiss and Magleby,
1992). Nevertheless, such equations can describe the observed
experimental observations, and can thus serve as a basis to char-
acterize the voltage-dependent gating of the channel and esti-
mate partial charges associated with various transitions. Alterna-
tively, g/kgT could be replaced with a constant A, where 1/A indi-
cates the voltage sensitivity (see Eqg. 6 below), reducing Eq. 3 to
an empirical equation that is not dependent on the rate theory
assumptions inherent in Eq. 3, except that the dwell times in the
various states are exponentially distributed. The final kinetic
models would be the same with this substitution, except for the
method of expressing the voltage sensitivity of the rate constants.

Estimating Effective Charge Movement gy

Estimates of lower limits for the effective gating charge q.; were
obtained by the limiting slope method (Almers, 1978; Schoppa
et al., 1992; Sigworth, 1994; Sigg and Bezanilla, 1997; Horrigan et
al., 1999) using log weighting of the open probability, P,, to em-
phasize the points at low P,. This was done by fitting the log of P,
versus voltage with least squares using the Boltzmann equation:

Po = AZ{1+ exp[—ers(V —Vo5)/ (ks T)I} . 4)

where A is the maximal single-channel open probability, V5 is
the voltage for half-maximal open probability, kg is the Boltz-
mann constant, and T is absolute temperature. In cases where a
maximal open probability could not be defined due to low levels
of activity, this value was fixed to a value of 0.95, which was typical
of the maximal P, for the channel. The limiting slope method of
estimating effective gating charge gives the equivalent number of
charges for a linear model containing any number of closed
states (Almers, 1978). Since the gating of BK channels is inconsis-
tent with linear gating mechanisms (McManus et al., 1985; Roth-
berg and Magleby, 1998, 1999), estimates of g. are only effective
estimates as related to an assumed linear model.
The effective gating charge g is given by Eq. 5:



Qetr = Zeodv (5)

where z is the effective valence of the moved charge, ¢, is the value
of an electronic charge (e, = 1.6 X 10° C), and d is the frac-
tional distance the charge moves in the electric field of the mem-
brane. The voltage sensitivity of the channels, expressed as the
change in membrane potential required for an e-fold change in
P,, can be calculated from g with:

mV/ (e-fold change in Py) = kgT/os (6)

(Hodgkin and Huxley, 1952). Alternatively, an estimate of g.; for
only the effective opening rate or only the effective closing rate,
can be determined by rearranging Eqg. 6 to solve for g from the
slope of an exponential fit to the voltage dependence of the
mean closed or open times, respectively.

Online Supplemental Material

Fig. S1 presents single-channel currents simulated over a range
of Ca?*; and voltage using Scheme Il. The noise and filtering
used in the simulation was equivalent to that in the experimen-
tal current records to allow direct comparison to the experimen-
tal records in Fig. 1. The simulated single-channel current
records in Fig. S1 were essentially indistinguishable from the ex-
perimental current records in Fig. 1, except for stochastic varia-
tion and a slightly more stable baseline in the simulated data.
Thus, comparison of simulated to experimental data shows that
Scheme Il predicted the characteristic features of the single-
channel current records over wide ranges of voltage (—80 to
+70 mV) and Ca?*; (~0 to 1,024 wM). Fig. S1 is available online
at http://www.jgp.org/cgi/content/full/116/1/75/DC1

RESULTS

Currents through a single large-conductance Ca?*-acti-
vated K* channel at two different Ca?*;, each at three dif-
ferent voltages ranging from +30 to +50 mV, are shown
in Fig. 1 A. These traces illustrate the activation of the
channel by both Ca?*; and depolarization. The activating
effect of Ca?"; at three different voltages can be seen by
comparing each trace on the left with the corresponding
trace on the right at higher Ca?*;. At +30 mV, increasing
Ca?*; from 5.5 to 12.3 uM increased P, 8.3-fold, from
0.024 to 0.20. Similarly, the activating effect of voltage can
be seen by comparing the top traces with the traces below.
For example, at 5.5 pM Ca?*;, changing the voltage from
+30 to +50 mV increased P, 9.2-fold, from 0.024 to 0.22.

Voltage also modulated BK channels at the extremes
of very high and very low Ca?*;. Fig. 1 C shows that de-
polarizing from —80 to —50 mV in very high (1,024
mM) Ca?*; increased P, 8.5-fold, from 0.026 to 0.22.
Fig. 1, B and D, presents examples of data recorded at
very low Ca?*;, of 0.0003 (C) and 0.03 uM (D). Such
low Ca?*;s are effectively equivalent to ~0 Ca?*; (Meera
et al., 1996; Cui et al., 1997; Nimigean and Magleby,
2000), and within the limits of stochastic variation,
channel activity in 0.0003 and 0.03 uM Ca?*; appeared
similar. Fig. 1 B presents selected channel openings
with 0.0003 wM Ca?*; on a time base to allow direct
comparison to the currents in A and C. Fig. 1 D pre-

sents currents recorded with 0.03 wM Ca?*; on a very
slow time base to show the low frequency of channel
opening at very low Ca2*;. The insets on a much faster
time base show that openings can still occur in bursts at
very low Ca?*;. In spite of the low activity, increasing the
voltage from +30 to +70 mV increased P, an average
of ~25-fold in the overall records from which the ex-
amples shown in Fig. 1, B and D, were taken.

Voltage Dependence of BK Channel Activation

Insight into the voltage dependence of channel opening
can be obtained from fitting the steady state P, vs. voltage
relation with a Boltzmann distribution (Hodgkin and
Huxley, 1952). We used log-weighting to obtain the best
Boltzmann fit of the data obtained at low P, to estimate
from the limiting slope (Almers, 1978), where . is the ef-
fective charge movement associated with activation. Be-
cause of the complex gating mechanism of BK channels,
with two or more separate transition pathways connecting
multiple open and closed states (McManus and Magleby,
1991; Rothberg and Magleby, 1998, 1999), it might be ex-
pected that limiting slope measurements would give an un-
derestimation of the actual charge movement involved in
the full activation of the channels (Horrigan et al., 1999).
Nevertheless, estimates of the limiting slope can give a
measure of effective charge movement and can be used to
examine the effects of Ca2*; on the voltage dependence of
the gating. (For further discussions of the limiting slope
method and its limitations, see Almers, 1978; Schoppa et
al., 1992; Sigworth 1994; Sigg and Bezanilla, 1997.)

Examples of data used to estimate limiting slope are
shown in Fig. 2, A and B, which plots on linear and
logarithmic coordinates steady state P, vs. voltage for
single-channel data recorded from five different single-
channel patches at each of four different Ca?*;. Boltz-
mann fits to the data (Eq. 4) are plotted as thick con-
tinuous lines. Increasing Ca?*; shifts the P~V relation
leftward on the voltage axis (Barrett et al., 1982; Latorre
etal., 1982; Cox et al., 1997).

The limiting slopes are more clearly seen in Fig. 2 B,
where the logarithmic coordinates emphasize the data
obtained at low P,. Changing Ca2?*; ~30,000-fold had lit-
tle apparent effect on the limiting slope over the exam-
ined range of P,s. Fig. 2 C plots 17 estimates of q.g
against Ca?*; for data from five different single BK chan-
nels and also from two patches containing four BK chan-
nels each. The mean estimate of g was 2.3 = 0.6 g,
(thick line), giving an e-fold increase in P, per 11.1 mV
depolarization. There was little effect of Ca2*; on g, as
the slope of a linear regression line (—0.025 e,/10-fold
increase in Ca2*;, not shown) was not significantly differ-
ent from zero (P > 0.45), and the correlation coefficient
(r2 = 0.006) was negligible. These results suggest that
changes in Ca?*; have little effect on the effective gating
charge, as measured in these experiments. This mean
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5.5 uM Ca®"; 12.3 uM Ca*;
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0- -0
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+50 mV P,=022 +50 mV P, =0.81
0- m MMMWM Mm Iﬂ W 0
C- ‘ -C

10 pA
50 msec
B 0.0003 uM Ca?, c 1024 uM Ca?*;
+30 mvV P, = 0.000036 -80 mv P, =0.026

Figure 1. Single-channel cur-
rents recorded over a range of
Ca?*; and voltage show that BK
channels are activated by both
depolarization and Ca?*;. The
open (O) and closed (C) current
levels are indicated, where up-
ward current steps indicate chan-
nel opening at positive potentials
and downward current steps in-
dicate channel opening at nega-
tive potentials. (A) Activation by
Ca?*; and voltage in the interme-
diate range of Ca?*;. Depolariza-
tion increases P, (compare the
traces at +30 mV with the traces
at +40 and +50 mV), and in-
creased Ca?*; increases P, (com-

O- -C
C-WM

O-+70mV

P, =0.0012

-50 mv

D 0.03 M Ca”™"; 8 msec
. ¥30mv P, = 0.000057 % ” —
C-

o A70mV * P, =0.0010 m
C-

estimate of g, of 2.3 ey obtained from limiting slope
measurements of single-channel data can be compared
with the estimates for hSlo of 1.6 e (Diaz et al., 1998)
and for mSlo of ~2 ey (Horrigan et al., 1999) obtained
over a similar range of P,. For levels of P, < ~1074, the
limiting slope becomes more shallow (Horrigan et al.,
1999), suggesting less charge movement for activation at
hyperpolarized voltages in ~0 Ca?*;.

The effect of Ca?*; on V,,, values (the voltage for half-
maximal activation) estimated from the same data used
for Fig. 2 C is shown in Fig. 2 D. In the range of 4-1,000
M, increasing Ca?*; shifted V,,, towards more hyperpo-
larized voltages with a slope of —50 mV per 10-fold in-
crease in Ca?*; (thick line). In contrast, V,,, was indepen-
dent of Ca2; at very low Ca2*;, where a 100-fold increase
in Ca2*, from 0.3 to 30 nM had little effect on the V,,, of
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pare traces at 5.5 wM with traces
obtained at the same voltages at
-0 12.3 uM Ca?";). Channel B13.
(B) Depolarization increases P,

P, =022 at very low (essentially zero)

§-C Ca?*;. Representative openings
l l “” “ w " EH w 'm ' are shown as the closed intervals
-0 were typically 1-2 s in duration.

Channel B14. (C) Depolariza-
tion from —80 to —50 mV acti-
vates BK channels at high (satu-
rating) Ca?*;. Channel B16. (D)
Longer current traces (10 s) are
displayed at a slower time base to
illustrate that depolarization in-
creases the frequency of opening
at very low Ca?*;. *Bursts of
openings are shown at a fast time
base above each trace at the
right. Channel B14.

150 mV (horizontal thick line). This apparent lack of ef-
fect of Ca2*; on V, /, at very low Ca2*; is consistent with ob-
servations in previous studies using macroscopic currents
recorded from hSlo (Meera et al., 1996), and suggests
that BK channels contain an intrinsic voltage sensor that
does not require Ca?*; to couple voltage to channel open-
ing (Meera et al., 1996; Cox et al., 1997; Stefani et al.,
1997; Horrigan et al., 1999; Horrigan and Aldrich, 1999).

Wei et al. (1994) and Cui et al. (1997) have observed
that the V,,, vs. log Ca?*; relationship becomes less steep
for Ca?*; > ~100 wM. Our observations in Fig. 2 D are not
sufficient to confirm this decrease in slope because of the
scatter in the data. Cui et al. (1997) have argued that this
decreased slope at higher Ca?*; can be taken as evidence
against a model considered by Moczydlowski and Latorre
(1983) in which the voltage dependence of the channel
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Figure 2. Increasing Ca?*; shifts
voltage-activation curves to more
hyperpolarized potentials, while
having little effect on the appar-
ent limiting slope. (A) Pg vs. volt-
age is plotted on a linear scale for
data obtained from two to three
different single-channel patches
at each Ca?*. The continuous
thick lines are fits with the Boltz-
mann equation: P, = A/{1 + exp
[9e(V — V1/2)7kgT]}, where A was
usually fixed at 0.95 (the maxi-
mum P, typically observed for

-100 -50 0 50 100 -100
Membrane potential (mV)

C &- D o0,

4 | 100 4

Geff ()
Q

V12 (mV)

0 -100 -

-50 0 50 100
Membrane potential (mV)

these channels). The thin con-
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mann fits are different from those
in A due to the log-weighting
used to emphasize the data at low
open probability to estimate the
limiting slope. (C) Effective gat-
A ing charge per channel (ge) Vs.
Ca?*;. ge Was estimated from indi-

0.001001 01 1 10 100 1000

ca?*; (um)

0.0010.01 0.1 1

vidual Boltzmann fits obtained
from 16 different P, vs. voltage
curves. The thick solid line repre-
sents the mean g.. (D) Plot of the
voltage for half-maximal P, (V1,,)

10 100 1000

ca?*; (uM)
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from 4 to 1,000 wM. Symbols in A-D represent channels B07 (O), B10 (), B11 (A), B13 (V), B14 (<), B15 (hexagons), and B16 (©). The
thin lines in C and D represent predictions using Scheme Il for channels B13 (continuous line), B14 (dashed line), and B16 (dotted line).

arises from voltage altering the concentration of Ca?*; at
binding sites located within the electric field of the mem-
brane. An additional compelling argument against such a
model is the observation in Fig. 2 D and in previous exper-
iments (Meera et al., 1996; Rothberg and Magleby, 1996;
Cui et al., 1997; Nimigean and Magleby, 2000) that the
gating becomes insensitive to Ca?*; at low Ca?*;. If voltage
acted through altering the concentration of Ca?* at bind-
ing sites within the electric field, then estimates of V,,,
should not become independent of Ca?*; at low Ca?*;.

Voltage-dependence of Mean Open and Closed Intervals

To gain further insight into the voltage dependence of
the gating transitions, the mean durations of open and
closed intervals were measured over a range of voltages
and Ca?*;. Fig. 3, A and B, presents such data at three dif-
ferent Ca?*; from three representative channels. Both de-
polarization and Ca?*; increased mean open times and
decreased mean closed times. The voltage dependence
of mean open times could be approximated by single ex-

ponentials over the examined range of Ca?*; and voltage
(thick lines). In contrast, the mean closed times were first
approximated by a single exponential, and then ap-
proached a minimum of ~180 s under conditions of
voltage and Ca?*; when P, > 0.95 (thick lines). As will be
shown in a later section, a minimum mean closed time is
reached because the dominant closed intervals at high P,
are the flickers (brief closings within bursts), which have
observed mean lifetimes that are little affected by voltage.

The slopes of the exponential part of the thick lines
in Fig. 3, A and B, give a measure of the voltage depen-
dence of the apparent mean closing and opening rates,
respectively (see methods). Estimates of the effective
charge movement g, determined from plots of this
type are presented in Fig. 3 C. The mean gy associated
with channel closing, as determined from the open
durations, was —0.5 eq, giving an e-fold decrease in
closing rate per 50-mV depolarization (dashed line
through open symbols in Fig. 3 C), and the mean g as-
sociated with channel opening, as determined from the
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Figure 3. Effects of voltage and
Ca?*; on mean open- and closed-
interval durations. (A) Semiloga-
rithmic plots of mean open-inter-
val duration vs. voltage at 5.5,
12.3, and 1,024 pM Ca?t; for
channels B13 (O and A), B14
(<) and B16 (V). The thick lines
at each Ca?*; are fits with single
exponentials, and the thin contin-
uous, dashed, and dotted lines
represent predicted mean open
interval vs. voltage obtained by
simulation of Scheme Il (with fil-
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channels in A. Lines through
each set of points indicate fits with
a single exponential, plus a base-
line term to account for the mini-
mum mean closed-interval ob-
served at higher Ca?*;. The thin
continuous, dashed, and dotted
lines represent predicted mean
closed interval vs. voltage ob-
tained by simulation of Scheme 11
for channels B13, B14, and B16,
, respectively. (C) Effective gating
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The dashed lines at —0.5 and +1.8 indicate the mean g.; for channel closing (determined from the voltage dependence of the mean open in-
tervals) and channel opening (determined from the voltage dependence of the mean closed intervals), respectively. (D) Semilogarithmic plot
of the mean opening and closing rates (1/mean closed or open intervals) at +30 mV plotted as a function of Ca?*;. Thin lines represent pre-
dicted values obtained from Q-matrix calculations using Scheme 11 (with correction for missed events) for channels B13, B14, and B16.

closed durations, was 1.8 eq, giving an e-fold increase in
opening rate per 14-mV depolarization (dashed line
through filled symbols). The plots in Fig. 3, A—C, show
that the effective charge movement associated with
opening and closing is relatively independent of volt-
age or Ca?*; over the examined range of conditions.
Fig. 3 D plots the apparent mean closing and open-
ing rates at +30 mV as a function of Ca?*;. The appar-
ent mean opening rate (determined from the inverse
of the closed-interval durations) was steeply Ca?* de-
pendent over the examined range of ~1-50 uM Ca?*;.
Outside of this range, the apparent mean opening rate
was little affected by Ca?*;, reaching an observed mini-
mum of ~0.5/s at very low Ca?*; and an observed maxi-
mum of ~5,500/s at high Ca?*;. The maximum Ca?*
dependence of the apparent mean closing rate (deter-
mined from the inverse of the open interval durations)
was considerably less than for the apparent mean open-
ing rate, as indicated by the open symbols in Fig. 3 D.
The results in Fig. 3 D are consistent with previous ob-
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servations (Rothberg and Magleby, 1999) showing that
the single-channel kinetics become relatively Ca?* in-
sensitive at high Ca?*; (100-1,024 wM), and more ex-
tensive observations than presented here (Nimigean
and Magleby, 2000; observations on mSlo) also indicate
that the single-channel gating kinetics are relatively in-
dependent of Ca?* at very low Ca?*; (<0.1 uM).

Voltage Shifts the Open and Closed Dwell-time Distributions

To obtain further insight into the effects of voltage on
the transitions among states, the open and closed inter-
vals were binned into dwell-time distributions and fitted
with sums (mixtures) of exponential components. The
numbers of significant exponential components give an
estimate of the minimal number of states entered dur-
ing gating (Colquhoun and Hawkes, 1995a). Open
dwell-time distributions obtained at +30 and +50 mV at
two different Ca2*; of 5.5 and 12.3 pM are shown Fig. 4,
A-D. Over the 34-fold range in P, in these experiments
(from 0.024 to 0.81), each of the open distributions was



best fit with the sum of three exponential components
(thin continuous lines), suggesting that neither voltage
nor Ca?*; changed the minimal numbers of detected
open states entered over these experimental conditions.

The fits to the open distributions obtained at +30
mV in Fig. 4, A and B, are plotted as dashed lines on
the open distributions obtained at +50 mV in Fig. 4, C
and D, at the same Ca?*,. It can be seen that the major
effects of the additional depolarization were to increase
the number and duration of the longer openings while
decreasing the number of the briefer open intervals.

Closed dwell-time distributions from the same exper-
iment are shown in Fig. 4, E-H. The closed distribu-
tions at the lower P s of 0.024, 0.20, and 0.22 (E-G)
were best fit by the sums of five exponential compo-
nents, and the distribution at the higher P, of 0.81 (H)
was best fit with the sum of four exponential compo-
nents (thin continuous lines), suggesting that a mini-
mum of four to five closed states are entered during
gating over the wide examined range of P,.

The fits to the closed distributions obtained at +30
mV (Fig. 4, E and F) are plotted as dashed lines on the
closed distributions obtained at +50 mV (G and H) at
the same Ca?*;. The major effects of further depolar-
ization were to greatly decrease the durations and
frequency of the longer closed intervals, shifting the
area to the briefer closed intervals. The shifts in the
closed distributions with depolarization were more pro-
nounced than for the open distributions, consistent
with the greater voltage dependence of the mean
closed-interval duration when compared with the mean
open-interval duration (Fig. 3).

For data obtained from six additional channels with
one to four different Ca?*; for each channel, at least
three to four open and four to six closed states were
typically entered during gating over the examined
ranges of P,. In these additional experiments, as was
the case for Fig. 4, there was no obvious effect of volt-
age on estimates of the numbers of states.

Fig. 5 plots representative examples of the effect of volt-
age on the time constants and areas of the longest and
briefest duration exponential components (filled and
open symbols, respectively) for both the open and closed
dwell-time distributions for data obtained at 4.0, 20.3, and
1,024 uM Ca?*;. The time constant of the longest open
component increased with depolarization (Fig. 5 A), while
the time constant of the longest closed component de-
creased with depolarization (B), and this was the case over
the range of examined Ca?*;. In contrast, the time con-
stants of the briefest open and closed components were
little affected by depolarization for any given channel. For
the low and intermediate levels of Ca?*;, depolarization
shifted area from the briefest open intervals towards the
longest open intervals and from the longest closed inter-
vals towards the briefest closed intervals (Figs. 5, C and D).
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Figure 4. Voltage- and Ca?*-induced shifts in the open and
closed dwell-time distributions. (A-D) Open dwell-time distribu-
tions at +30 and +50 mV for 5.5 and 12.3 wM Ca?*;. The thin con-
tinuous lines are fits to the distributions with the sums of three ex-
ponential components. The dashed lines in C and D plot the fits to
the distributions obtained at +30 mV on the data obtained at +50
mV at the same Ca?*;. The thick line in B plots the fit to the distri-
bution in C on the distribution in B. Open distributions obtained
at similar P.s, but with different Ca?*; and voltage, are different.
(E-H) Open dwell-time distributions at +30 and +50 mV for 5.5
and 12.3 uM Ca?*;. The thin continuous lines are fits to the distri-
butions with the sums of five exponential components. The
dashed lines in G and H plot the fits to the distributions obtained
at +30 mV on the data obtained at +50 mV at the same Ca?*;. The
thick line in F plots the fit to the distribution in G on the distribu-
tion in F. Closed distributions obtained at similar P,s but different
Ca?*; and voltage are different. The numbers of fitted intervals in
the distributions were: A, 3,061; B, 5,098; C, 2,384; D, 13,570; E,
2,617; F, 4,248; G, 1,838, and H, 9,728. To facilitate comparison be-
tween the dwell-time distributions in this and the following figures,
the numbers of intervals in each distribution have been normal-
ized to 100,000 for time ranging from 0 to infinity. Channel B13.
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(The effects of voltage on the intermediate components
was more variable and will not be considered here.)

Voltage and Ca?*; Have Differential Effects on
the Gating Kinetics

Data were presented in a previous section suggesting
that the voltage dependence of the channel does not
arise through voltage-induced alterations in the con-
centration of Ca?*; at binding sites located within the
electric field of the membrane, consistent with previous
studies (Wu et al., 1995; Meera et al., 1996; Rothberg
and Magleby, 1996; Cox et al., 1997; Cui et al. 1997;
Diaz et al., 1998; Horrigan et al., 1999; Horrigan and
Aldrich, 1999). The arguments were based on data ob-
tained at very low and very high Ca?*;. This section fur-
ther tests this hypothesis under conditions of interme-
diate levels of Ca?*;. If voltage acts only through chang-
ing Ca?*; at the Ca?*-binding sites, then activating the
channel by depolarization would change only the rate
(but not the second-order rate constant) of Ca?* bind-
ing. In this case, depolarization should have the same
effects on the gating kinetics as an increase in Ca?*;, as
both methods would increase the rate of Ca?" binding
while having no effect on any rate constants. To test
whether the gating kinetics are the same for activation
by either voltage or Ca?*;, we compared open and
closed dwell-time distributions for data with the same
P,, but with different levels of Ca?*; and voltage. Repre-
sentative results are shown in Fig. 4, B and F.

The thick line in Fig. 4 B plots the open dwell-time
distribution obtained at +50 mV with 5.5 uM Ca?*; on
the open distribution obtained at +30 mV with 12.3
wM Ca?*;. The P_s under these two sets of conditions
were similar (0.22 vs. 0.20). Increasing Ca?*; and then
decreasing depolarization to obtain the same P, shifted
the open distribution to the left, with a decreased fre-
guency of the longer open intervals and an increased
frequency of the briefer open intervals. The thick line
in Fig. 4 F plots the closed dwell-time distribution ob-
tained at +50 mV with 5.5 wM Ca?*; on the closed dis-
tribution obtained at +30 mV with 12.3 pM Ca?*;.
For the closed distribution, increasing Ca?*; and then
decreasing the depolarization to obtain the same P,
greatly increased the frequency of the closed intervals
with durations from 1 to 20 ms and slightly decreased
the durations of the longer closed intervals. The differ-
ences in the open and closed distributions were not
due to the small difference in P, as shifting either volt-
age or Ca?*; sufficiently to change the P, ~10% of its
internal value had little effect on the distributions.

The marked changes in the dwell-time distributions in
Fig. 4 when changing voltage and Ca?*; to maintain the
same P, indicates that depolarization does not have the
same effects on single-channel kinetics as increasing
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Figure 5. Effects of Ca?*; and voltage on the time constants and
areas of the longest and briefest exponential components describ-
ing the open and closed dwell-time distributions. (A) Time con-
stants of the longest (solid symbols) and briefest (open symbols)
components of open dwell-time distributions at 4 (up triangles,
B13), 20.3 (circles, B16) and 1,024 (squares, B14) uM Ca?*;. (C) Ar-
eas of corresponding components in A. Depolarization generally in-
creased the durations and areas of longest open component. (B and
D) Time constants and areas of the longest and briefest compo-
nents of closed dwell-time distributions. Depolarization generally
decreased the durations and areas of the longest closed component.

Ca?*;. Similar shifts in the shapes of the distributions ob-
tained at the same P,, but with different Ca?*; and volt-
age, were found in four additional comparisons from
three additional channels for P,s ranging from 0.18 to
0.89, Ca?*; ranging from 5.5 to 1,024 wM, and voltage
ranging from —20 to +50 mV. In all comparisons, in-
creasing Ca?*; and decreasing depolarization to obtain
the same P, decreased the observed mean durations of
both the open and closed intervals. For example, in Fig.
4, B and F, increasing Ca?*; from 5.5 to 12.3 puM and
changing the voltage from +50 to +30 mV decreased
the observed mean durations of both the open and
closed interval durations ~30%. As another example, in
an experiment on a different patch, increasing Ca?*,
from 20.3 to 132 wM and changing the voltage from
+20 to —30 mV to maintain the P, at ~0.19 decreased
the observed mean open and closed interval durations
~17%. The differential effects of voltage and Ca?*; on
the single-channel kinetics at intermediate levels of
Ca%*; shown in this section provides further evidence
that voltage does not activate the channel solely through
changes in the effective Ca?*; at the Ca?*-binding sites.
Note that this conclusion applies to the limited case
where voltage acts only by changing Ca?*; at its binding



sites without changing any of the rate constants. Conse-
quently, it does not exclude more complicated mecha-
nisms in which voltage acts through both changes in
Ca?*; at the binding sites and changes in rate constants.

Working Hypothesis for Voltage Dependent Gating

Any viable model for the gating of BK channels must
account for the properties of the voltage dependence
described above and also the properties of the Ca?*; de-
pendence. We have recently suggested that the Ca?*
dependence of the gating is consistent with the 50-state
model shown in Scheme I, in which the top tier of
states are closed and the bottom tier of states are open
(Rothberg and Magleby, 1999). The tetrameric struc-
ture of the channel (Shen et al., 1994) is reflected in
the four subunits comprising each state of the channel,
with each subunit capable of binding at least one
Ca?* (Wei et al., 1994; Schreiber and Salkoff, 1997;
Schreiber et al., 1999). Subunits with a bound Ca?*; are
indicated by shading. Ca2*; binding shifts the gating to-
wards the right hand side of the scheme, as indicated.
Each subunit can undergo a conformational change
(indicated by the transitions between the squares and
circles) with or without bound Ca?*;. In terms of this
model, it is the conformational changes of the various
subunits together with the opening and closing confor-
mational changes that generate the multiple open and
closed states that the channel can enter at nominally
zero Ca?*; (Horrigan et al., 1999; Horrigan and Ald-
rich, 1999; Nimigean and Magleby, 2000; Talukder and
Aldrich, 2000) and also very high Ca?*; (Rothberg and
Magleby, 1999). The large numbers of states on each
tier arise from the various combinations of subunit con-
formations and different numbers of bound Ca?*;.

(SCHEME I)

In the context of Scheme I, the voltage dependence
of activation could arise through voltage-dependent
Ca?*-binding steps or voltage-dependent conforma-
tional changes not related to Ca2* binding. The results
in this (Figs. 2-4) and previous (Meera et al., 1996;

Rothberg and Magleby, 1996; Cox et al., 1997; Cui et al.
1997; Diaz et al., 1998; Horrigan et al., 1999; Horrigan
and Aldrich, 1999) studies have shown that the voltage
activation of BK channels is an intrinsic property of the
channel and does not arise through voltage-dependent
increases in Ca?* binding. Consistent with this conclu-
sion, BK channels show homology to the superfamily of
voltage-gated K+ channels, including an S4 voltage sen-
sor (Atkinson et al., 1991; Adelman et al., 1992; Butler
et al., 1993; Pallanck and Ganetzky, 1994; Diaz et al.,
1998), and also display gating currents in the absence of
Ca?*, (Stefani et al., 1997; Horrigan and Aldrich, 1999).

For separate voltage- and Ca?*-dependent steps, the
voltage activation would arise through one or more
voltage-dependent conformational changes separate
from the Ca?*-dependent transitions in Scheme |I.
Thus, depolarization could activate the channel by driv-
ing the conformational change from the closed states
on the upper tier to the open states on the lower tier
(as indicated by the vertical arrow in Scheme 1), by driv-
ing the conformational changes of the individual sub-
units for transitions among states within each tier (as
indicated by the oblique voltage arrow in Scheme 1),
or by driving both of these types of conformational
changes. To distinguish among these possibilities, the
complex Scheme | was simplified by reducing the num-
bers of states to decrease the numbers of free parame-
ters. If the simpler scheme could account for the single-
channel data, then the more complex Scheme I should
also be able to account for the data.

Based on our previous study of the Ca2*-dependent
gating (Rothberg and Magleby, 1999), Scheme | was re-
duced to Scheme Il by condensing three rows of interme-
diate open states in Scheme | into one row of intermedi-
ate open states and by condensing three rows of interme-
diate closed states into one row of intermediate closed
states. An additional row of open states has also been ex-
cluded by assuming that they are entered infrequently
under the conditions of the present studies. However, oc-
casional entry into these states may be expected at hyper-
polarized voltages (Horrigan et al., 1999). With these
simplifying assumptions, Scheme Il can serve as a starting
point to examine possible mechanisms for the voltage de-
pendence of the single-channel gating.
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Note that Schemes I and 11 each consist of five paral-
lel subschemes, with either 0, 1, 2, 3, or 4 Ca?" bound
to each state. For Scheme I, each subscheme is com-
prised of five closed and five open states, and, for
Scheme II, each subscheme is comprised of three
closed and two open states, as shown by Scheme I111.
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Our general approach to testing Scheme Il quantita-
tively was to estimate the most likely rate constants for
this scheme, including their Ca?*; and voltage depen-
dence, and then to determine whether Scheme I, with
the most likely rate constants, could account for the
Ca?*; and voltage dependence of the single-channel
data. To do this, we first examined which of the transi-
tions in Scheme Il were voltage dependent. This was
done by examining the voltage dependence of the gating
in the limiting cases of ~0 Ca?*; and saturating Ca?*;, to
confine the gating to subsets of states within Scheme II
with either zero or four bound Ca?*, respectively.

Identifying the Voltage-dependent Transitions within the
Subscheme of Unliganded States

The observation that V,,, at very low Ca?*; (=0.03 pM)
is essentially independent of Ca?* (Fig. 2 D; Meera et
al., 1996) suggests that Ca?* binding is infrequent un-
der such low Ca?* conditions. On this basis, channel ac-
tivity for Ca?*; = 0.03 wM would reflect mainly the gat-
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ing among the unliganded states, given by the left-most
subscheme in Scheme I1. Since Scheme Il is identical
to the left-most subscheme in Scheme II, identifying
the voltage-dependent transitions for Scheme 111 under
conditions where Ca?*; = 0.03 uwM should then identify
the voltage-dependent transitions for the unliganded
states in Scheme 11.

Five different forms of Scheme 111 were examined in
which the voltage dependence of the various rate con-
stants, indicated by g;—q,, was constrained in different
ways, as shown in Scheme Il (A-E). Rate constants
without an associated q have no voltage dependence.
Three estimates of the most likely rate constants and
their voltage dependence were obtained for the unli-
ganded channel for each form of Scheme Ill. Each esti-
mate was obtained by simultaneously fitting 2-D dwell-
time distributions obtained at three different voltages
(+30, +50, and +70 mV). One of the estimates was ob-
tained from channel B15 for Ca?*; of 0.03 wM, and the
other two were obtained from channel B14 for Ca?*; of
0.03 and 0.0003 wM. (The number of interval pairs fit-
ted in each 2-D dwell-time distribution in these experi-
ments ranged from 65 to 793.)

Fitting sums of exponential components to the dwell-
time distributions in these experiments indicated typi-
cally two significant open components and two to three
significant closed components for unliganded gating.
Similar experiments on mSlo analyzing greater num-
bers of intervals detected two to three open and three
to five closed components in ~0 Ca%*; (Nimigean and
Magleby, 2000; Talukder and Aldrich, 2000). Taken to-
gether, these findings suggest gating among a mini-
mum of two to three open and three to five closed
states at ~0 Ca?*;.

Table | presents the normalized likelihood ratios for
one interval pair, NLR;, to give a measure of how well
the various models described the data. The NLR; gives
the ratio of the likelihood for fitting with the model to
the likelihood for the theoretical best description of the
data, normalized to one open-closed interval pair. [See
methods and Rothberg and Magleby (1998, 1999) for
detailed discussions of the NLR and how the theoretical
best description can be obtained.] A NLR; of 1.0 would
indicate that the model describes the data as well as the
theoretical best description of the data, and a NLR; of
0.95 would indicate that there is an average difference
in likelihood of 5% per interval pair between the pre-
dicted distributions and the theoretical best descrip-
tion. Since the NLR gives an average for interval pairs,
the likelihood difference could be greater than this for
some areas of the distribution and less for others.

The rankings of the schemes based on the Akaike cri-
teria, which applies a penalty for additional free param-
eters (Eq. 2), are also listed in Table I. Scheme 11l A,
with only the open-closed transitions being voltage de-



TABLE |
NLR; and Rankings (R) of Scheme 111, A-E

Unliganded states

Fully liganded states

Channel B15 Channel B14 Channel B14 Channel B16 Channel B07 Channel B14
Scheme I11 0.03 uM Ca?*; 0.03 wM Ca?*; 0.0003 wM Ca?*; 1024 pM Ca?*; 1024 pM Ca?t; 1024 pM Ca?*;

NLR, R NLR; R NLR; R NLR; R NLR; R NLR; R
A 0.963 5 0.955 5 0.967 4 0.846 5 0.952 5 0.938 5
B 0.990 3 0.958 3 0.976 1 0.925 4 0.964 4 0.940 4
C 0.966 4 0.955 4 0.945 5 0.942 3 0.968 3 0.942 3
D 0.992 2 0.961 2 0.976 3 0.944 2 0.969 2 0.947 2
E 0.992 1 0.963 1 0.978 2 0.965 1 0.975 1 0.970 1

pendent, gave the worst or next to worst descriptions of
the data (lowest values for the log likelihood and
NLR;) and also ranked the lowest (5th) or next to low-
est (4th). Scheme Ill E, with voltage dependence in
each rate constant, gave the best description of the data
in each case (highest values for the NLR;) and ranked
highest for two estimates and second highest for one es-
timate. Since all of the schemes are nested, the likeli-
hood ratio test can be used to determine which of the
rankings are significant (Horn, 1987) for the unli-
ganded gating. Scheme 111 E ranked significantly (P <
0.05) above A-C, except for B for channel B14 at
0.0003 wM Ca?*; The rankings of Scheme Ill E over D
were not significant. The ranking of B over E for chan-
nel B14 at 0.0003 wM Ca?*; was not significant.

The mean £ SEM of the estimated rate constants and
their voltage dependence for Scheme 11l E are shown in
Table Il. Although estimates of some of the rate constants
were consistent among the three sets of data, others
showed large variability from being poorly defined, due in
part to the very limited amount of data that was obtained
at the low P_s associated with the very low Ca?*;. For the
well-defined rate constants, the transition from C5 to C4
was consistently slow at ~2/s, generating the long closed
intervals, and transitions such as O1-C3-O1 generated
most of the brief closings (flickers) in the bursts due to
the brief (~40 ws) lifetime of C3. Calculation of the equi-
librium occupancies of the states for Scheme Il E indi-
cated that C5, the longest closed state, was occupied
>098.6% of the time for the unliganded channel over the
range of examined voltages of up to +70 mV.

To examine whether Scheme 111 E could describe the
voltage dependence of the single-channel data for unli-
ganded gating, predicted dwell-time distributions were
obtained by simulating single-channel data with E for
different voltages for comparison to the experimental
distributions. The simulated single-channel currents
were analyzed just like the experimental currents to ob-
tain the predicted dwell-time distributions. Analyzing
simulated single-channel data with filtering and noise
equivalent to that in the experimental data automati-

cally accounts for the effects of filtering (missed events)
and noise on the predicted distributions.

The predicted distributions (thick lines) for the rep-
resentative experiments in Fig. 6 show that Scheme 111
E could approximate the observed shift in the open
and closed dwell-time distributions with voltage for the
unliganded channel. For the experiment in Fig. 6, A-D,
depolarizing from +30 to +70 mV with 0.0003 pM
Ca?*; increased P, 33-fold (from 0.000036 to 0.0012) by
shifting the open intervals towards longer durations
and the longer closed intervals towards briefer dura-
tions (O). A similar shift was seen for an experiment at
0.03 wM Ca?*; in Fig. 6, E-H. The distributions pre-
dicted by Scheme Il1 E (thick lines) captured the major
aspects of the single-channel data as well as the voltage-
dependent shifts in the distributions, with the predic-
tions typically falling within the scatter in the data re-
sulting from the limited number of intervals that could
be collected at the low P.s. In spite of its relative suc-
cess, Scheme Il E underpredicted the intermediate
duration (1-10 ms) closed intervals at +30 mV for the
experiment in Fig. 6, A-D. It is perhaps not surprising
that Scheme Il E with five states only approximated
the data, as this scheme is simplified from the 10-state
model expected for gating in zero Ca?*; described by
the left-most subscheme of Scheme 1.

Identifying the Voltage-dependent Transitions within the
Subscheme of Fully Liganded States

Having identified the possible voltage-dependent tran-
sitions among the unliganded states in Scheme I, we
next used the same approach to identify the voltage-
dependent transitions among the fully liganded states
(the right-most subscheme) in Scheme Il. We have pre-
viously shown for normal mode gating and Ca?*; =
1,000 M, that the channel would be expected to spend
>99% of its time in the fully liganded states (Rothberg
and Magleby, 1999). On this basis, the rate constants
and voltage dependence for transitions among the fully
liganded states in Scheme Il were estimated by fitting
Scheme |11, A-E, to 2-D dwell-time distributions ob-
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TABLE 11
Rate Constants for Scheme Ill E at +30 mV

Unliganded* Fully liganded*
Rate constant F/BS Rate constant F/BS
st st
k(5,4) 1.90 = 0.45 0.0003 640 + 250 2
k(4,5) 7000 = 750 280 * 100
k(4,3) 290 = 290 0.05 2100 = 1100 2
k(3,4) 6000 = 6000 1300 £ 1000
k(4,2) 1500 *+ 550 0.2 1200 + 810 0.6
k(2,4) 8700 = 1700 1900 + 720
k(3,1) 21000 = 3300 10 20000 = 6000 40
k(1,3) 2200 = 210 450 + 95
k(2,1) 3000 = 2000 1 1500 + 1400 20
k(1,2) 2500 *+ 1300 70 = 70
Partial charge (e,)!
' +0.45 = 0.19 +0.21 = 0.12
q, —0.39 = 0.04 —0.54 = 0.19
'8 +0.20 = 0.25 —0.064 = 0.09
0, —0.17 + 0.07 —0.30 = 0.06

*Ca?*; = 0.03 uM, channel B15 at 0.03 uM, and channel B14 at 0.03 uM,
and also 0.0003 pM. *Ca?*; = 1,024 uM, channels B07, B14, and B16.
Estimates of rate constants and partial charges are listed as mean = SEM.
SF/B is the mean forward rate constant (towards O,) divided by the mean
backward rate constant (towards Cs), and would be equivalent to the
equilibrium constant for a model with only two states. IPartial charges for
unliganded versus fully liganded channels were not significantly different.

tained with 1,024 wM Ca?*; at three to four different
voltages, typically ranging from —80 to +30 mV.

As with the data obtained at very low Ca?*;, the rate
constants and their voltage dependence was estimated
for Scheme I, A-E. Table I (right) presents the NLR;
and the rankings of the various schemes for three dif-
ferent channels studied at high Ca?*; in the fully
liganded state. As was the case for the unliganded chan-
nel, Scheme I11 A, in which the voltage-dependent tran-
sitions were confined only to the opening and closing
transitions, gave the worst descriptions of the data (low-
est values of the log-likelihood and NLR;) and also
ranked the lowest, while E, in which all the transitions
were voltage dependent, gave the best descriptions of
the data and also ranked first among the five models.

The mean = SEM of the estimated rate constants and
their voltage dependence for Scheme Il E with all
states fully liganded (1,024 uM Ca?™)) are shown in Ta-
ble 11. As was the case for fitting the unliganded chan-
nel, a number of the rate constants were poorly de-
fined, as reflected in the large SEM for those estimates.

The predicted distributions (thick lines) for the rep-
resentative experiment in Fig. 7 shows that Scheme 111
E could approximate the major effects of voltage on
the open and closed dwell-time distributions for the
fully liganded channel for voltages ranging from —80
to +30 mV, which increased the observed P, 37-fold,
from 0.026 to 0.96. The predicted distributions de-
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Figure 6. Dwell-time distributions at very low Ca?*;. Open and
closed dwell-time distributions for 0.0003 uM Ca?*; at +30 mV (A
and B) and +70 mV (C and D), and for 0.03 uM Ca?*; at +30 mV
(E and F) and +70 mV (G and H). Thick solid lines are the pre-
dicted dwell-time distributions from Scheme Ill E. Dashed lines
are the predicted dwell-time distributions from the 10-state allo-
steric scheme in Table | from Horrigan et al. (1999), using the rate
constants denoted as Case A. The model in Table | from Horrigan
et al. (1999) underpredicts the numbers of experimentally ob-
served brief closed intervals. The numbers of fitted intervals in the
distributions were: A, 36; B, 111; C, 159; D, 158; E, 38; F, 58; G, 334;
and H, 298;. Channel B14.

scribed the pronounced depolarization-induced shifts
in the open intervals to longer durations and in the
closed intervals to briefer durations. The predicted in-
crease in P, from 0.022 to 0.97 was similar to the ob-
served increase. While Scheme 11l E captured the ma-
jor features of the single-channel data over this large
range of P, it clearly had some deficiencies, as evident
in the differences between the observed and predicted
distributions and NLR; values of ~0.97 (Table I), 3%
less than the best possible description of 1.0.
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Figure 7. Dwell-time distributions at very high (1,024 uM) Ca?*;.
Open and closed dwell-time distributions at —80 mV (A and B),
—50 mV (C and D) and +30 mV (E and F). Thick solid lines are
the predicted dwell-time distributions from Scheme Il E. The
numbers of fitted intervals in the distributions were: A, 550; B, 514;
C,5,139; D, 3,936; E, 1,113; and F, 647. Channel B16.

As with the unliganded channel, it is perhaps not sur-
prising that the five-state Scheme IIIE only approxi-
mated the fully liganded gating, as this scheme is sim-
plified from the minimal 10-state model expected for
gating in the fully liganded states, as described by the
right-most subscheme of Scheme |. To determine how
much improvement the 10-state model might provide,
we also examined the ability of a 10-state model with g
constrained similar to that in Scheme 111 E to describe
the data. The description with the 10-state model was
significantly improved over Scheme 111 E (P < 0.001),
with an average NLR; of 0.985 for the three data sets,
indicating a 50% reduction in the error compared with
the five-state model. While the 10-state model gave a
better description of the data, so many of the large
numbers of parameters were poorly defined that the fo-
cus in the present paper will be on the simpler models.

Comparison of Gating of the Unliganded and Fully Liganded
Channel at +30 mV

Increasing Ca?*; from ~0 to 1,024 pM increased P,
~20,000-fold, from ~0.00005 for the unliganded chan-
nel to 0.96 for the fully liganded channel (Figs. 6 and

7). In the context of Scheme Ill E, the Ca?*-induced
changes in gating that give this phenomenal increase
in P, can be seen in Table Il, which presents each rate
constant and also the ratios of the forward to backward
rate constants (F/B) for each of the transitions for both
the unliganded and fully liganded channels. The bind-
ing of four Ca?* altered the rate constants to have three
major effects: (a) the duration of the long closed state
C5 was greatly decreased, (b) the duration of the long
open state O1 was increased, and (c) the ratios of the
forward to backward rate constants were changed to
drive the gating away from the long closed state and to-
wards the long open state.

The mean lifetime of the long closed state C5 at +30
mV was 530 ms for unliganded gating, compared with
1.6 ms for fully liganded gating, for a 330-fold increase
in the rate of leaving C5 after binding four Ca2* (P <
0.001, t test), and the mean lifetime of the long open
state O1 at +30 mV was 210 ws in the unliganded state
and 1.9 ms in the fully liganded state, for a ninefold de-
crease in the rate of leaving O1 after binding four Ca2*
(P < 0.05, t test). In addition, the binding of four Ca2",
decreased the transition rate from C4 to C5, from
7,000/s to 280/s (P < 0.001). This 25-fold decrease acts
to increase the duration of the bursts in the fully
liganded channel by slowing the return to the long
closed state C5 that is the main contributor to the gaps
between bursts. These Ca?*-induced changes in the
transition rates between C5 and C4 biased the ratio of
the forward to backward rate constants (F/B) between
these states, from 0.0003 for the unliganded channel to
2.0 for the fully liganded channel, for a 6,600-fold in-
crease in the ratio for transitions towards the long open
state. As another example, the Ca?*-induced changes in
the transition rates between O2 and O1 biased the ratio
of the forward to backward rate constants between these
states from 1 for the unliganded channel to 20 for the
fully liganded channel, for a 20-fold increase in the ratio
for transitions towards the long open state. Thus, the
binding of Ca?* to its allosteric sites on the BK channel
acts to greatly decrease the stability of the long closed
state while increasing the stability of the long open state.

In comparison with the orders of magnitude differ-
ences in some of the rate constants between the unli-
ganded and fully liganded channels for Scheme Ill E,
the estimates of the partial charges q,—q, that convey the
voltage sensitivity to specific transitions (see Eq. 3) were
typically within a factor of two between the unliganded
and fully liganded channel (Table II), and none of the
differences were significant (P > 0.2-0.5). The lack of
significant effect of Ca?*; on estimates of the partial
charge is consistent with the apparent lack of effect of
Ca?*; on the apparent limiting slopes of the plots of P,
versus membrane potential observed in Fig. 2 B. Never-
theless, due to the variability in the estimates of partial
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charge among channels, a small effect of Ca2* on par-
tial charge cannot be excluded, as observed by Cui et al.
(1997) from Boltzmann fits to macroscopic currents.

Scheme Il Describes the Voltage and Ca?*; Dependence
of the Gating

The results in the previous two sections identified the
voltage-dependent steps in the gating of the unli-
ganded and fully liganded channel as being consistent
with Scheme 11l E. With this information, it was possi-
ble to examine whether Scheme 11 could account si-
multaneously for the voltage and Ca?*; dependence of
the gating. In carrying out this test, it was assumed that
the voltage-dependent steps for the partially liganded
channel were also consistent with Scheme Il E, and it
was further assumed that the Ca?*-binding and -unbind-
ing rate constants were independent of voltage, since
there was no evidence to the contrary. With these as-
sumptions, the rate constants for Scheme Il were esti-
mated by simultaneous fitting 2-D dwell-time distribu-
tions obtained over a range of voltages and Ca?*;. The
data for the fitting were obtained at five to six different
voltages and three to four different Ca?*; for each of
three different channels, giving 6-10 2-D dwell-time
distributions that were simultaneously fitted for each of
the channels. For channel B13, the voltage ranged
from —40 to +50 mV and the Ca?*; ranged from 5.5 to
20.3 pM. For channel B14, the voltage ranged from
—40 to +70 mV and the Ca?*; ranged from 0.0003 to
1,024 uM and, for channel B16, the voltage ranged
from —50 to +40 mV and the Ca?*; ranged from 20.3
to 1,024 wM. For channels B13 and B16, data were not
obtained at ~0 Ca?*;, so the rate constants for the tran-
sitions among the unliganded states were set to the
mean values in Table Il (left), determined from the
separate fitting of data obtained at =0.03 uM Ca?*;.
Setting the values of the rate constants of the unli-
ganded states (vs. letting them be free parameters) had
little effect on the estimates of the other rate constants
in Scheme Il for these channels. Although the con-
straints on the voltage-dependent steps were given by
Scheme Il E during the fitting, the specific partial
charge estimates g,—q, were free parameters.

Estimates of the most likely rate constants for Scheme
Il for channel B13 are presented in Table 111, together
with estimates of g,—q, for channels B13, B14, and B16.
Also presented in Table Ill are the approximate ra-
tios of the rate constants for the various transitions
pathways between states for those transitions in which
both rate constants were >0.1 s~1. These estimates were
obtained from the means of the rate constants for
channels B13, B14, and B16. F/B in Table Il gives
the ratio of the forward (towards O1) to the back-
ward (towards C15) rate constants for those transition
pathways independent of agonist binding or unbind-
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ing, and would be equivalent to the equilibrium con-
stant for a model with only two states. In general, the
ratios of the forward to backward rate constants (F/B)
increase as the number of bound Ca?* increase. B/F
gives the ratios of the backward (towards C15) to the
forward (towards O1) rate constants for the agonist-
dependent transitions, and would be equivalent to the
dissociation constant for a model with only two states.
Since the forward agonist-dependent rate constants
have units of uM~1s71 the ratio B/F has units of pM,
corresponding to the concentration at which the indi-
vidual forward rate constant is equal to its correspond-
ing backward rate constant.

To examine whether Scheme Il with the most likely
rate constants could simultaneously describe the Ca2*
and voltage dependence of the single-channel data,
predicted dwell-time distributions were obtained by
simulating and then analyzing the simulated single-
channel data. Results are shown in Fig. 8 for channel
B13, where the predicted distributions (thick lines)
gave a reasonable description of the observed open and
closed dwell-time distributions obtained over a 134-fold
change in P,, from 0.0061 to 0.82, for voltages ranging
from —40 to +50 mV, and for three Ca?*, of 5.5, 12.3,
and 20.3 mM. The voltage- and Ca?*-dependent shifts
in the distributions were predicted with a single set of
parameters (Table IIl). A similar agreement between
experimental and predicted results was observed for
the two other examined channels using seperately de-
termined sets of rate constants for each channel.

The ability of Scheme Il to give a reasonable descrip-
tion of the voltage and Ca?* dependence of the single-
channel kinetics in Fig. 8 is reflected in an NLR; value
of 0.987, and the NLR; values of 0.983 and 0.987 for
the other two channels (B16 and B14, respectively) ex-
amined in this manner. Although these values are less
than the theoretical best description of 1.0, they do in-
dicate an average likelihood difference of only ~1.4%
per interval pair between the theoretical best descrip-
tion and that predicted by Scheme I11. A less than ideal
description would be expected, since Scheme Il is sim-
plified from the more complete gating mechanism de-
scribed by Scheme I.

To examine whether Scheme Il could describe the ef-
fects of Ca?*; on P,, V,,,, and g over an even wider
range of Ca2*;, Scheme Il with the most likely parame-
ters for each of three channels was used to predict P,
versus voltage curves for values of Ca%*; ranging from
0.0003 to 1,024 wM. The P, versus voltage curves were
also used to estimate the values of V,,, and g over a
range of Ca?*; for the three channels. The predicted val-
ues of P, V,,,, and . were plotted in Fig. 2 A-D as con-
tinuous (channel B13), dashed (channel B14), and dot-
ted (channel B16) thin lines. The points on these fig-
ures are a composite of data from a number of different



TABLE

Rate Constants from Scheme Il at +30 mV for Channel B13

Ca?* binding Ca?* unbinding B/F* O-O forward 0O-O backward F/B*
k uM-1s1 k st uM k st k st
15,14 22 14,15 5000 200 10,5 3000 5,10 2500
14,13 800 13,14 25000 80 9,4 3900 4,9 20000 0.5
13,12 130 12,13 190 100 8,3 3200 3,8 2600 2
12,11 40 11,12 6600 50 7,2 <0.1 2,7 <0.1
5,4 <0.1 4,5 <0.1 — 6,1 3300 1,6 800 20
4,3 <0.1 3,4 <0.1 —
3,2 <0.1 2,3 <0.1 —
2,1 140 1,2 150 3
Cc-O Oo-C F/B* C-C forward C-C backward F/B*
k st k st k st k st
20, 10 1500 10, 20 8700 0.2 15, 20 19 20, 15 7000 0.0002
19,9 13000 9,19 1000 14,19 190 19,14 7500 0.04
18,8 45000 8,18 15000 13,18 3300 18,13 25000 0.3
17,7 45000 7,17 18000 2 12,17 <0.1 17,12 <0.1 —
16,6 2900 6, 16 2600 11,16 25000 16, 11 5600 4
25,5 21000 5,25 2200 10 20, 25 130 25,20 6000 0.02
24,4 850 4,24 <0.1 20 19,24 <0.1 24,19 14000 —
23,3 1100 3,23 510 10 18, 23 <0.1 23,18 <0.1 0.2
22,2 6900 2,22 1700 2 17,22 <0.1 22,17 <0.1 2
21,1 23000 1,21 480 60 16, 21 <0.1 21,16 <0.1 —

Partial Charge Estimates from Scheme 11 for Channels B13, B14, and B16

B13 (e,) B14 (&) B16 (&)
% +16 +0.97 +0.58
Uy -0.19 -0.26 -0.63
Us —0.30 +0.14 +0.01
Ua —0.072 +0.12 —0.24

Mean * SEM (e,)
+1.05 + 0.30
—0.36 £ 0.21
—0.05 + 0.13
—0.06 = 0.10

*B/F is the mean of the average backward rate constant (towards C15) divided by the mean of the average forward rate constant (towards O,) for channels
B13, B14, and B16, and would be equivalent to the dissociation constant for a model with only two states. *F/B is the mean of the average forward rate
constant divided by the mean of the average backward rate constant for channels B13, B14, and B16, and would be equivalent to the equilibrium constant
for a model with only two states. Estimates of the SEM for the B/F and F/B values were typically similar in magnitude to the indicated means of these values.

channels so an exact fit would not be expected. None-
theless, the results show that Scheme Il approximated
both the P, vs. voltage curves and the effective gating
charge for the three channels (Fig. 2, A-C), and also
the general shape of the Ca?*-dependent and -indepen-
dent regions of the V,,, versus Ca?*; relation for two of
the three channels (Fig. 2 D). Scheme Il also approxi-
mated the general effects of voltage on the mean open
and closed interval durations (Fig. 3, A and B, thin
lines) and also the effect of voltage on the apparent
mean opening and closing rates (Fig. 3 D, thin lines).

Scheme |1 predicted single-channel current records
that were essentially indistinguishable from the experi-
mental data over wide ranges of Ca?*; and voltage, after
allowing for stochastic variation and a slightly more sta-
ble baseline in the simulated data. Examples of simu-
lated current records can be found in the online sup-
plement to this paper for comparison with the experi-
mental data in Fig. 1.

The partial charges g,—q, in Table 11l show that, in

terms of Scheme 11, the gating steps with the most volt-
age dependence were the transitions between the closed
states (closed-closed) and between the open states
(open-open) in each of the five parallel subschemes
(as described by Scheme 111 E) that form Scheme I1. For
all three channels, depolarization facilitated the for-
ward steps (mean q; = +1.05 e,) and slowed the back-
wards steps (mean q, = —0.36 e,). The closed-open
transitions (mean g; = —0.05) and the open-closed
transitions (mean q, = —0.06) were much less voltage
sensitive, with the variability in the estimates exceeding
the mean values.

Although there was reasonable consistency among
the partial charge estimates for the three different
channels, for many of the rate constants there was con-
siderable variability among estimates for the three dif-
ferent channels, as many of the rate constants were
poorly defined. Consequently, the rate constants in Ta-
ble 111 must be viewed as an example of a set of most
likely rate constants that, when used with Scheme I,
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can describe the gating of the channel without placing
too much emphasis on the specific values. The most
likely rate constants for the various channels were suffi-
cient to show that Scheme Il could describe the gating,
even though they do not necessarily represent unique
values of the rate constants.

Partial Charge Estimates

In the above sections, estimates of the partial charge
movement associated with specific gating steps for
Scheme Il were obtained separately under the three
conditions of ~0 Ca?*;, saturating Ca2*;, and for simul-
taneously fitting data over a wide range of Ca?*;. The
mean = SEM of these estimates are presented in Table
IV. The partial charge estimates for the forward (g, =
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+0.57 e,) and backward (q, = —0.43 e,) steps for the
C-C and O-O transitions in Scheme Ill E were signifi-
cantly different from zero (P < 0.05, signs test). The es-
timates for the C-O transitions (q; = +0.030) were not
significantly different from zero (P > 0.4), and the esti-
mates for the O-C transitions (g, = —0.18) were signifi-
cantly different from zero (P < 0.05). These mean glo-
bal estimates suggest that the voltage dependence of
the gating arises primarily from the C-C and O-O transi-
tions in each subscheme (Scheme |11 E), with less volt-
age dependence arising from the opening C-O and
closing O-C transitions. These findings, obtained from
the simultaneous analysis of single-channel data re-
corded over a range of both voltage and Ca?*;, are con-
sistent with findings obtained from analysis of macro-



TABLE IV
Means of All Partial Charge Estimates for Schemes 11 and I11 E*

Gating step? Partial charge (e,)

Forward O-O and C-C transitions 'l +0.57 + 0.168
Reverse O-O and C-C transitions q, —0.43 + 0.078
C-O transitions 'S +0.03 = 0.10
O-C transitions s —0.18 + 0.058

*Means = SEM were determined from nine independent estimates of
partial charges using Scheme Il E for unliganded (n = 3) and fully
liganded (n = 3) channels over a range of voltages, and Scheme Il for
simultaneous fitting of data obtained over a range of Ca?*; and voltages
(n = 3). *g’s are subscripted corresponding to Scheme I11 E. Significantly
different from zero (P < 0.05, signs test).

scopic ionic and gating currents obtained over a wide
range of voltage at ~0 Ca?*; (Horrigan et al., 1999;
Horrigan and Aldrich, 1999).

Voltage-induced Shifts in the Gating

We have previously described, in terms of a two-tiered
model such as Scheme IlI, how increased Ca?* shifted
the gating from the closed states in the top left of the
scheme to the open states in the bottom right (Figure
14 in Rothberg and Magleby, 1999). Fig. 9 presents the
same type of information for the voltage-induced shift
in gating. Depolarizing from —40 to +40 mV (at a
fixed Ca?*; of 20.3 wM) also shifted the gating from the
closed states in the top left of the two-tiered Scheme II
to the open states in the bottom right. At —40 mV (P, =
0.0061), the channel spent 48% of its time in the top
left—-most closed state C15 (Fig. 9 A) and only 0.01% in
the bottom right-most open state O1. In contrast, at
+40 mV (P, = 0.82), the channel now spent only 7.7%
of its time in the top left-most closed state C15 and
61% of its time in the bottom right-most open state O1
(Fig. 9 D). This shift in equilibrium occupancy with de-
polarization results mainly from a decreased frequency
of entry into the longer closed states and an increased
frequency of entry into the longer open states (Fig. 9, C
and F), and less from changes in the lifetimes of the
states (Fig. 9, B and E). (When examining Fig. 9, keep
in mind that small changes in the amplitudes of the
bars can have large effects on the parameters because
of the logarithmic coordinates.)

DISCUSSION

Two-Tiered Gating Mechanisms Can Describe the Gating of
BK Channels Over Wide Ranges of Voltage, Ca?*, and P,

This study used single-channel analysis to examine the
mechanism of the voltage- and Ca?"-dependent gating
of native BK channels from cultured rat skeletal mus-
cle. It was found that the simplified two-tiered model,
Scheme 11, could describe the major effects of voltage
and Ca?*; and their interaction on the single-channel

kinetics during normal activity over wide ranges of volt-
age (—80 to +80 mV), Ca?*, (~0 to 1 mM), and P,
(~10* to 0.96), as shown in Figs. 2 and 6-8. Since
Scheme 11 is simplified from Scheme I, it would be ex-
pected that the full two-tiered model described by
Scheme | would give even better descriptions of the
data, since Scheme | reflects more completely the sub-
unit structure of the channel. In Scheme I, the top and
bottom tiers contain the closed and open states of the
channel, respectively. The 25 states on each tier arise
because each of the four subunits can bind Ca?* (indi-
cated by shading) and also make voltage-dependent
transitions between two conformations (indicated by
squares and circles).

The two-tiered gating mechanism of Scheme | can be
functionally divided into five parallel (two-tiered) sub-
schemes, each having five closed and five open states.
The subschemes differ only in the numbers of Ca%*
bound to each, with zero, one, two, three, or four
bound Ca?*. The binding and unbinding of Ca?* shifts
the channel laterally between the parallel subschemes,
while voltage shifts the gating among the 10 states
within each of the subschemes, including between the
upper and lower tiers. Both Ca?* binding and depolar-
ization increase P, by increasing the stability of the
open states. The Ca?*-induced increase in stability is il-
lustrated in Rothberg and Magleby (1999; Figure 14, A
and D), where increasing Ca?*; from 5.5 to 1,024 pM
Ca?*; increased the equilibrium occupancy of the open
states from 0.06 to 0.97 at + 30 mV. The depolarization-
induced increase in stability is illustrated in Fig. 9, A
and D, where depolarization from —40 to +40 mV in-
creased the equilibrium occupancy of the open states
from 0.0061 to 0.82 in 20.3 M Ca?*;.

Depolarization increases P, by increasing the rate of
the (forward) conformational changes of the subunits
and decreasing the rate of the backward conforma-
tional changes of the subunits (Scheme I, oblique ar-
row), and this is the case for both the closed—closed
transitions on the top tier and the open-open transi-
tions on the bottom tier (Scheme Il E and Tables Il-
IV). Depolarization also alters the transition rates be-
tween the two tiers to stabilize the open states (vertical
arrow). These effects of voltage obtained from ~0 to
saturating Ca?*; in our study are consistent with those
of Horrigan et al. (1999) and Horrigan and Aldrich
(1999) obtained at ~0 Ca?*;.

MWC- and Eigen-type Models Are Subsets of Scheme |

Before considering Scheme | as a working hypothesis,
it is necessary to establish that simpler models do not
describe all of the experimental observations. Most pre-
vious studies of the gating of BK channels have been
based on either Eigen (1968)-type models or one of
two different forms of the MWC model (Monod et al.,
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1965), or extensions of these models (e.g., Magleby
and Pallotta, 1983; McManus and Magleby, 1991; Di-
Chiara and Reinhart, 1995; Wu et al., 1995; Cox et al.,
1997; Cui et al., 1997; Rothberg and Magleby, 1998
Horrigan et al., 1999; Horrigan and Aldrich, 1999).
MWC models with Ca?* as the allosteric activator pre-
dict that no intermediate or secondary states should be
entered during the gating at intermediate levels of
Ca?*,. Yet gating in such states is observed (Ferguson et
al., 1993; Rothberg and Magleby, 1998). MWC and
Eigen models with Ca?*; as the allosteric activator
also predict that gating will occur in fewer states at
the extremes of both ~0 Ca?*; (Horrigan et al., 1999;
Horrigan and Aldrich, 1999; Nimigean and Magleby,
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Figure 9. Voltage-dependent
shifts in gating according to
Scheme Il. (Inset) Numbers re-
late the state numbers in Scheme
Il to the states in the various
plots. (A and D) Predicted equi-
librium state occupancies at 20.3
wM Ca?*; at —40 and +40 mV,
respectively. (B and E) Mean life-
times of the states at —40 and
+40 mV, respectively. (C and F)
Frequency of entry into each
state at —40 and +40 mV, respec-
tively. Channel B13.

2000; Talukder and Aldrich, 2000) and saturating
Ca?*; (Rothberg and Magleby, 1999) than are observed
experimentally. Such models also predict that there
would be no correlation among adjacent interval dura-
tions in single-channel recordings at the extremes of
both ~0 and saturating Ca2*;, in contrast to the correla-
tions that are observed (Nimigean et al., 1999; Roth-
berg and Magleby, 1999). lonic and gating currents ob-
tained in the absence of Ca%*;, but over a wide range of
voltage, are inconsistent with the form of the MWC
model in which Ca2"; is the allosteric activator, but are
consistent with an MWC-type model in which voltage is
the allosteric activator (Horrigan et al., 1999; Horrigan
and Aldrich, 1999), but an MWC model with voltage as



the allosteric activator cannot then account for the ef-
fects of Ca?*;. Taken together, then, these observations
indicate that the MWC- and Eigen-type models are too
simple to describe the gating of BK channels over a
wide range of both voltage and Ca?*;.

Nevertheless, MWC- and Eigen-type models can de-
scribe many features of the gating over restricted condi-
tions. The reason for this is that these models are con-
tained within the two-tiered 50-state model, where both
Ca?* and voltage are separate allosteric activators. Re-
stricting the experimental conditions can effectively re-
duce the 50-state model to one of the simpler models,
so that under restricted conditions, the gating can be
well approximated by these simpler models. Thus, the
two-tiered 50-state model is a unifying model, as it in-
cludes and expands upon the previous models for the
gating of BK channels.

Additional Evidence for Two-Tiered Gating Mechanisms

Scheme | indicates that up to four Ca?* can be bound.
Evidence for three to four bound Ca?* for maximal
activation comes from Hill coefficients typically ap-
proaching three to four for plots of P, vs. Ca?*; (Mc-
Manus and Magleby, 1991; Cox et al., 1997; Rothberg
and Magleby, 1999; and extensive references contained
in these references).

Scheme | indicates that the channel can gate among
as many as five open and five closed states in both 0
Ca?*, (left-most subscheme) and saturating Ca?*; (right-
most subscheme). The gating at ~0 Ca?*; is consistent
with the left-most subscheme in Scheme | with no
bound Ca?* (Horrigan et al., 1999; Horrigan and Ald-
rich, 1999; and Fig. 6 for reduced Scheme Ill E), and
the gating in saturating Ca?*; is consistent with the
right-most subscheme in Scheme | with four Ca?*
bound to each state (Rothberg and Magleby, 1999; and
Fig. 7 for reduced Scheme IIl E). It follows immedi-
ately, then, that the gating with one, two, or three
bound Ca?* would require three additional subschemes
located between the subschemes for gating with zero
and four bound Ca?*, consistent with Scheme 1.

Scheme | has a tier of closed states and a tier of open
states because there is an additional conformational
change associated with the opening—closing transitions
that is separate from the conformational changes of the
four voltage-sensing subunits. Evidence for this addi-
tional conformational change in BK channels at ~0
Ca?*; has been obtained with voltage-jump studies of
ionic and gating currents (Horrigan et al., 1999; Horri-
gan and Aldrich, 1999). More complex models for the
gating of voltage-activated K* channels also include
such concerted conformational changes (Zagotta et al.,
1994; Roux et al., 1998; Schoppa and Sigworth, 1998).
It should be noted that the idea of a separation of the
conformational changes of the voltage sensors from

that of the opening-closing transition, as in Scheme 1,
is not new, but has been considered previously for Ca2*
channels (Marks and Jones, 1992), Shaker K* channels
(McCormack et al., 1994), and the Ca?* release chan-
nel in muscle (Rios et al., 1993).

Scheme | has five open states connected to five closed
states, giving five separate pathways in each subscheme
between the open and closed states in the two tiers.
Thus, at least five separate transition pathways between
the open and closed states are available over the entire
range of Ca2*,. Support for gating with multiple separate
transition pathways over the entire range of Ca2*; comes
from observations of correlation between adjacent open
and closed intervals for single-channel data obtained
from ~0 to saturating Ca?*; (~0 Ca%*;, Nimigean et al.,
1999; intermediate Ca?*, McManus et al., 1985; Mc-
Manus and Magleby, 1991; Rothberg and Magleby, 1998;
saturating Ca?*, Rothberg and Magleby, 1999).

In Scheme I, the voltage-dependent steps are separate
from the Ca?*-dependent steps. Support for separate
steps comes from the observations that voltage still acti-
vates the channel in ~0 Ca2* and that changes in Ca?*; at
very low Ca?*; have little effect on the gating (Figs. 1, 2,
and 6; Meera et al., 1996; Rothberg and Magleby, 1996;
Stefani et al., 1997; Cui et al., 1997; Horrigan and Aldrich,
1999). Support that voltage does not act solely through
changing the effective Ca?*; at the binding sites is our ob-
servation that voltage and Ca?*; have differential effects
on the kinetics of the gating (Fig. 4). Ca%*; also is not re-
quired to serve as the effective gating charge by binding to
some titratable site (Stefani et al., 1997), as the observed
maximum voltage dependence obtained from limiting
slope measurements was little affected when Ca2*; was
changed from ~0 to 1 mM in our experiments (Fig. 2, B
and C), although we cannot rule out that there is some ef-
fect (Cui et al., 1997). Detailed kinetic studies on macro-
scopic ionic currents also argue for at least one voltage
step that is separate from Ca2* binding (Cui et al., 1997).

Scheme | predicts that gating charge movement can
occur after the channel opens its pore through transi-
tions among the open states on the bottom tier. Sup-
port for this prediction comes from the observations of
charge movement after the channel opens (Stefani et
al., 1997; Horrigan and Aldrich, 1999).

Thus, support for Scheme | comes from both its abil-
ity to describe the single-channel kinetics over wide
ranges of voltage, Ca2*;, and P,, and also from the addi-
tional experimental observations discussed in this sec-
tion that lend support to the underlying assumptions
embodied in Scheme 1.

Gating Charge and the Voltage-dependent Steps

The effective gating charge for activation of the BK chan-
nels by voltage, estimated from the maximum limiting
slope of plots of P, vs. voltage, was 2.3 = 0.6 e, (Fig. 2),
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and this effective gating charge was predicted by Scheme
Il (Fig. 2 C). Our estimate of effective gating charge com-
pares favorably with estimates of 1.1-1.8 e, obtained from
mSlo by Cui et al. (1997), 1.6 = 0.2 e, obtained from hSlo
by Diaz et al. (1998), and of 2.0 e, obtained from mSlo by
Horrigan et al. (1999). Interestingly, Horrigan et al.
(1999) found that the limiting slope becomes more shal-
low for P,s < 10~4 at ~0 Ca2";. Calculations with Scheme
Il using the rate constants in Table Ill indicated an ap-
proximately twofold decrease in limiting slope for P,s <
10~*and Ca?*; < 1 uM (not shown). Thus, the two-tiered
scheme can predict the mean effective gating charge and
also a decrease in limiting slope at very low P,,.

In the context of Schemes | and I, the effective gating
charge arises from voltage-dependent conformational
changes. Our mean estimates of partial charge move-
ment associated with the forward (g,) and backward (q,)
steps for both C-C and O-O transitions in Scheme 1ll E
were +0.57 e, for q; and —0.43 e, for g, (Table IV).
These estimates can be compared with those of +0.27 e,
and —0.27 e, obtained by Horrigan and Aldrich (1999)
at ~0 Ca?*; for a model given by the left-most subscheme
in Scheme |, where no Ca?* are bound. There is reason-
able agreement between our estimates and those of Hor-
rigan and Aldrich (1999) when it is considered that our
simplified Scheme Ill E has only two forward and two
backward transitions (as if two subunits were moving si-
multaneously for each transition) compared with the
four forward and four backward transitions in their
scheme. Thus the summed partial charges for the two
forward C-C transitions for Scheme Il E (+1.14 ;) is
similar to the summed partial charges for the four for-
ward C-C transitions from Horrigan et al. (1999, Table I;
+1.08 gy), and the summed partial charges for the two
backward C-C transitions for Scheme 111 E (—0.86 g;) is
similar to the summed partial charges for the four back-
ward C-C transitions from Horrigan et al. (1999, Table I;
—1.08 gy). Our estimates for the partial charge move-
ment for Scheme Il E for the C-O transition g5 (+0.03
,) is less than, but in the same direction as, the estimate
of +0.26 obtained by Horrigan et al. (1999), and our esti-
mate for the O-C transition of q, (—0.18 ¢,) is similar to
that of —0.14 e, obtained by Horrigan et al. (1999).
Thus, our estimates obtained over a wide range of Ca2*
are consistent with previous observations obtained at
Ca?*; and support the hypothesis that the forward and
backward C-C and O-O transitions in Scheme 1l E are
the primary voltage-dependent steps (Scheme I, oblique
arrow) with the C-O and O-C steps being less voltage de-
pendent (vertical voltage-dependent arrow in Scheme I).

The Rate Constants for Scheme Il Represent Combined Rate
Constants from Scheme |

Because of the large numbers of rate constants in
Scheme |, we have used the simplified Scheme I,
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drawn from Scheme I, to assess Scheme I. To reduce
further the numbers of rate constants, we have limited
the number of transition pathways between the parallel
subschemes in the simplified Scheme Il. Since, based
on subunit structure, the channel would be expected to
gate like the more complex Scheme I rather than the
simplified Scheme II, the individual rate constants for
the simplified scheme necessarily reflect combined
rate constants from the more complex scheme. Con-
sequently, while the rate constants for the simplified
Scheme Il are adequate to evaluate and rank models
and to predict single-channel gating kinetics, they to
not necessarily reflect a single transition rate, and
should be interpreted with caution. Furthermore, even
with reduced numbers of rate constants for Scheme 11,
many of the rate constants were not unique, being
poorly defined.

In spite of these limitations, the general Ca2*- and
voltage-dependent shifts in the equilibrium occupan-
cies, mean lifetimes, and frequency of entry into the
various states give information about the underlying
mechanism, as it is these shifts that describe the experi-
mental data. These shifts are illustrated in Fig. 9 for the
voltage dependence of the gating, and in Figure 14 in
Rothberg and Magleby (1999) for the Ca2* depen-
dence of the gating.

Where Do the Flickers Come From?

A characteristic kinetic feature of the gating of BK
channels is the large number of brief closed intervals
(flickers) entered during normal activity (McManus
and Magleby, 1988). Scheme Il accounts for the flickers
(as well as the longer closed intervals) over the wide
ranges of voltage, Ca?*;, and P, in our study, as it de-
scribes the closed dwell-time distributions over these
conditions (Figs. 6-8, thick lines). Scheme Il also gives
a reasonable approximation of the mean open- and
closed-intervals durations (Fig. 3), which are highly
sensitive to flickers. In terms of Scheme 1l (and by pro-
jection, also Scheme 1), the observed flickers arise from
transitions between open states in the lower tier and
brief lifetime closed states in the upper tier.

Horrigan and Aldrich (1999) have described the volt-
age-dependent gating of mSlo BK channels in ~0 Ca?*
using a model described by the left-most subscheme in
Scheme |, with the assumption that the rate constants
for the voltage-dependent conformational changes of
each of the four subunits were identical and indepen-
dent of the conformational states of the other subunits.
To test whether the rate constants they found could de-
scribe the steady state single channel data in ~0 Ca?",
we simulated single-channel currents using the rate con-
stants in Table I, Case A of Horrigan and Aldrich (1999),
and plotted the predicted dwell-time distributions as
dashed lines in Fig. 6. These rate constants gave excel-



lent descriptions of their ionic and gating current data,
and also came remarkably close to describing the open
intervals and the component of long closed intervals in
the single-channel dwell times in Fig. 6, a credit to their
predictive power. However, the rate constants from Case
A do not describe the brief closed intervals (flickers) ob-
served in the single-channel data, as shown in Fig. 6 and
also commented on by Talukder and Aldrich (2000).

Since the state structure of the model of Horrigan
and Aldrich (1999) is the same as that of Scheme | in 0
Ca?*;, the inability of the model (with rate constants
from Case A) to describe the flickers could indicate
that either real differences exist between the kinetic be-
havior of mSlo and native BK channels, or, alternatively,
the state structure of Scheme I may be too simple to ac-
count for both the flickers and the complex voltage de-
pendence of the ionic and gating currents during acti-
vation and deactivation. Since previous studies have
suggested that mSlo and native BK channels are similar
in their single-channel kinetics (Figure 7 in Nimigean
and Magleby, 1999), it is possible that the structure of
Scheme 1 is yet too simple. If so, then there would have
to be yet another tier of closed states in Scheme | with
brief lifetimes to generate the flickers in the data. The
additional tier of closed states could either be between
the open and closed tiers or below the open tier, creat-
ing a multi-tiered gating mechanism. Some support for
a multi-tiered gating mechanism comes from our ob-
servations on the gating of BK channels in saturating
Ca?*;, where models with an additional tier of brief
closed states ranked higher than models without such a
tier (Rothberg and Magleby, 1999).

Scheme | Itself Is a Simplification

Schemes | and Il assume that the properties of each
state are determined by both the number of bound
Ca?* and the number of subunits that have undergone
a conformational change, without regard to which spe-
cific subunits have bound Ca?* and which have un-
dergone conformational changes. If Ca?* has different
effects depending on whether or not it binds to sub-
units that have undergone a conformational change,
then there would be 35 possible combinations (Eigen,
1968). If Ca?* bound to diagonal or adjacent subunits
confers different properties on the states and if con-
formational changes in diagonal and adjacent sub-
units also confer different properties on the states,
then there would be 55 possible combinations of sub-
units and Ca?* binding (Cox et al., 1997; Rothberg and
Magleby, 1999). Recent work on other channels sug-
gests that the positions of the subunits that have un-
dergone conformational changes does matter. Channels
formed by adjacent wild-type or mutant subunits have
been found to have different properties than channels
formed of alternating subunit types (Liu et al., 1996;

Zheng and Sigworth, 1998). If adjacent and diagonal
subunit configurations and Ca?* bindings do confer
different properties to the gating of BK channels, then
Scheme | would have to be expanded from 25 to 55
states on each tier to include all the possible states. If
an additional tier of closed states is needed for flickers,
then this would add an additional 55 states.

While Scheme Il can serve as a starting point to quan-
titatively define the interactions between the voltage-
and Ca?*-dependent activation of BK channels, the de-
termined sets of rate constants for Scheme Il are lim-
ited to the specific physiological state of the channel
used to estimate the rate constants. The reason for this
is that so many other factors alter BK channel activity,
such as phosphorylation (Reinhart et al., 1991; Levitan,
1994; Bielefeldt and Jackson, 1994), redox reactions
(DiChiara and Reinhart, 1997; Thuringer and Findlay,
1997), beta subunits (McManus et al., 1995; Tanaka et
al., 1997; Nimigean and Magleby, 1999, 2000; Wallner
et al., 1999; Xia et al., 1999; Brenner et al., 2000), mod-
ing (McManus and Magleby, 1988; Smith and Ashford,
1998), and alternative splicing (Lagrutta et al., 1994,
Jones et al., 1999) that specific rate constants would
have to be determined for each combination of the var-
ious factors. In addition, to account for activity in
modes other than normal and also for inactivating beta
subunits, additional states, perhaps in the form of addi-
tional tiers, would have to be added to Scheme 1.

Are BK Channels Voltage or Calcium Activated?

In terms of Scheme I, the channel gates in 0 Ca?*; as a
purely voltage-activated channel among the five closed
and five open unliganded states (left-most subscheme).
Ca?*;-dependent steps are not required for full activa-
tion in ~0 Ca?*;, as depolarizing voltage steps to +300
mV with ~0 Ca?*; can fully activate the channel (Horri-
gan et al., 1999). In saturating Ca?*;, where the chan-
nel would be gating in the right-most subscheme of
Scheme |, hyperpolarizing potentials to approximately
—180 mV can essentially eliminate activity (Meera et
al., 1996; Cui et al., 1997). BK channels are thus volt-
age-activated channels that are modulated by Ca?*;
(Meera et al., 1996; Cox et al., 1997; Cui et al., 1997;
Stefani et al., 1997; Diaz et al., 1998). Ca?*; in the range
of ~0.1-50 M then modulates the gating by moving
the voltage towards hyperpolarized potentials for half
maximal activation, by changing the intrinsic closed-
open equilibrium, with little effect on the voltage sensi-
tivity (Fig. 2). The shift in equilibrium results because
each additional bound Ca?* leads to increases in the ra-
tios of the forward to backward rate constants, driving
the equilibrium further towards the long open state
(Tables Il and I11). Consistent with a voltage-activated
and Ca?"-modulated channel, it has been suggested
that BK channels may have evolved from an ancestral
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voltage-sensitive Kt channel, with the later addition of
the extended COOH-terminal tail as a Ca?*-dependent
modulatory domain (Schreiber et al., 1999).

If the BK channel is, from a mechanistic viewpoint,
voltage activated and Ca?* modulated, should the “cal-
cium activated” name of the channel be changed to re-
flect the underlying mechanism? We think not. Under
physiological conditions, Ca?*; is usually the limiting
factor controlling activation, not voltage, since voltage
changes within the physiological range will not activate
the channel unless Ca?*; is elevated above the typical
resting level in cells. Furthermore, the voltage depen-
dence of BK channels (~11-15 mV/e-fold change in
P, effective charge movement of ~2 e,) is considerably
less than the voltage dependence of other K+ channels
(~2 mV/e-fold change; effective charge movement of
~13 e, Islas and Sigworth, 1999).

Conclusions

This study presents a comprehensive kinetic gating
mechanism for BK channels that can describe the ma-
jor features of both Ca?* and voltage dependence of
the single-channel kinetics over the entire range of ~0
to saturating Ca?*;. The two-tiered 50-state working hy-
pothesis both expands upon and unifies many of the
previous models, which are nested within the 50-state
scheme. Nevertheless, as with previously proposed mech-
anisms, it will undoubtedly be necessary to expand
upon this mechanism to account for all details of the
gating.
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