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abstract The Ca?*-dependent gating mechanism of large-conductance calcium-activated K+ (BK) channels
from cultured rat skeletal muscle was examined from low (4 wM) to high (1,024 wM) intracellular concentrations
of calcium (Ca?*;) using single-channel recording. Open probability (P,) increased with increasing Ca?*; (Kys
11.2 = 0.3 uM at +30 mV, Hill coefficient of 3.5 + 0.3), reaching a maximum of ~0.97 for Ca?*;~ 100 wM. In-
creasing Ca?*; further to 1,024 wM had little additional effect on either P, or the single-channel kinetics. The
channels gated among at least three to four open and four to five closed states at high levels of Ca?*; (>100 uM),
compared with three to four open and five to seven closed states at lower Ca?*;. The ability of kinetic schemes to
account for the single-channel kinetics was examined with simultaneous maximum likelihood fitting of two-
dimensional (2-D) dwell-time distributions obtained from low to high Ca?*;. Kinetic schemes drawn from the 10-
state Monod-Wyman-Changeux model could not describe the dwell-time distributions from low to high Ca?*;. Ki-
netic schemes drawn from Eigen’s general model for a ligand-activated tetrameric protein could approximate the
dwell-time distributions but not the dependency (correlations) between adjacent intervals at high Ca2*;. However,
models drawn from a general 50 state two-tiered scheme, in which there were 25 closed states on the upper tier
and 25 open states on the lower tier, could approximate both the dwell-time distributions and the dependency
from low to high Ca?*;. In the two-tiered model, the BK channel can open directly from each closed state, and a
minimum of five open and five closed states are available for gating at any given Ca?*;. A model that assumed that
the apparent Ca?*-binding steps can reach a maximum rate at high Ca?*; could also approximate the gating from
low to high Ca?*;. The considered models can serve as working hypotheses for the gating of BK channels.
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introduction

Large-conductance Ca?*-activated K+ (BK)! channels,
which are activated by micromolar concentrations of
intracellular Ca?* (Ca?™;) and by depolarization (Bar-
rett et al., 1982) are present in a wide variety of tissues
(reviewed by Rudy, 1988; Marty, 1989; McManus, 1991;
Latorre, 1994; Conly, 1996). Activated BK channels re-
duce membrane excitability by allowing K* efflux
through their opened pores, which drives the mem-
brane potential more negative. Hence, BK channels
form a link in a negative feed-back loop that decreases
excitability in response to both increased Ca?*; and de-
polarization.

Information about the gating mechanism of BK chan-
nels has accumulated from kinetic studies on native and
heterologously expressed channels. BK channels are
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homotetramers, formed from four alpha subunits
(Shen et al., 1994), with one or more Ca?*-binding sites
per subunit (Schreiber and Salkoff, 1997). BK channels
typically display a steep relation between Ca?*; and
open probability, P,, with Hill coefficients usually in the
range of 2-4 (Barrett et al. 1982; Wong et al., 1982;
Golowasch et al., 1986; Oberhauser et al., 1988; Rein-
hart et al., 1989; McManus and Magleby, 1991; Art et al.,
1995; DiChiara and Reinhart, 1995; Cui et al., 1997).
Hill coefficients >1 suggest a cooperative action of
Ca%?* on P,, and are often associated with allosteric
modulation of activity (Colquhoun 1973; Fersht 1985).
Models drawn from the Monod-Wyman-Changeux
(MWC) model (Monod et al., 1965) describing the
transitions of tetrameric allosteric proteins have often
been used to describe the Ca?*-dependent gating of BK
channels. For example, McManus and Magleby (1991)
found that a model with three open and five closed
states drawn from the MWC model could account for
many of the basic features of the Ca?* dependence of
the single-channel gating kinetics from low to interme-
diate levels of activity, and Cox et al. (1997b) found that
the full 10-state MWC model (and also an extended 12-
state model) could account for macroscopic conduc-
tance-voltage relations over a wide range of Ca?*;.
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Despite these successes, MWC-type models appear
too simple to account for certain details of BK channel
gating. Cox et al. (1997b) found that such a model
would not account for the details of the macroscopic
activation and deactivation kinetics at large positive or
negative potentials, and a number of studies have sug-
gested that closed states in addition to those in the
MWC model may contribute to the gating (Wu et al.,
1995; Cox et al. 1997b). For example, Rothberg and
Magleby (1998) found that gating mechanisms drawn
from the MWC model underpredicted the numbers of
brief closed intervals (flickers) adjacent to the various
open intervals. Single-channel analysis then suggested
that there were additional closed states, either interme-
diate (in the activation pathway) or secondary (beyond
the activation pathway) that contributed to the genera-
tion of the flickers.

We now test further whether the above extensions of
the MWC model are consistent with the underlying gat-
ing mechanism. Our approach is to examine the activ-
ity of single BK channels from low (4 wM) to very high
(~1 mM) intracellular concentrations of Ca2+ (Ca2*)).
By driving the channel toward its fully liganded states,
we estimated the numbers of open and closed states in-
volved in the gating at high Ca?*;, and through analysis
of two-dimensional dwell-time distributions and depen-
dency plots, we determined the minimum number of
independent transition pathways connecting the fully
liganded open and closed states.

We found that at high Ca?*;, the BK channel gates
among three to four open and four to five closed states,
with two or more effective transition pathways (gateway
states) connecting the open and closed states. Neither
the general model of Eigen (1968) nor the 55-state ex-
tension of Eigen’s model by Cox et al. (1997b) appear
consistent with these findings for the gating at high
Ca?*,. Extensions of Eigen’s model to a two-tiered gat-
ing mechanism, in which the upper tier was comprised
of closed states and the lower tier was comprised of
open states, provided a model that would allow gating
in the necessary numbers of open and closed states at
high Ca?*;, together with the required multiple transi-
tion pathways between open and closed states. In the
two-tiered model, each of the closed conformations of
the channel can undergo a direct (possibly concerted)
transition to an open conformation. Models drawn
from the general two-tiered model could describe the
single-channel kinetics from low to high Ca?*;. Since
the general two-tiered model (and simple extensions of
this model) contain previous models that have been
used to account for gating under more limited condi-
tions (McManus and Magleby, 1991; Rothberg and Ma-
gleby, 1998), it can serve to unify descriptions of gating.
A simpler model that assumed the Ca?*-dependent
transition rates approached a maximum in high Ca?*;

could also approximate many features of the single-
channel kinetics from low to high Ca?*;. The consid-
ered models can serve as working hypotheses to further
study the gating mechanisms of BK channels.

methods

Preparation

Currents flowing through single BK channels in patches of sur-
face membrane excised from primary cultures of rat skeletal mus-
cle (myotubes) were recorded using the patch clamp technique
(Hamill et al., 1981). Cultures of rat myotubes were prepared
from fetal skeletal muscle as described previously (Barrett et al.,
1982; Bello and Magleby, 1998). All recordings were made at +30
mV 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. Analysis was restricted to patches
containing a single BK channel. Single-channel patches were
identified by observing openings to only a single open channel
conductance level during several minutes of recording in which
the P, was >0.4. Experiments were performed at room tempera-
ture (22-24°C). Data are presented as mean = SD.

Solutions

The solutions bathing both sides of the membrane contained
150 mM KCI and 5 mM TES (N-tris(hydroxymethyl)methyl-2-
aminoethane sulfonate) pH buffer, with the pH of the solutions
adjusted to 7.0. Contaminant Ca2*; was determined by atomic ab-
sorption spectrometry. The solution at the intracellular side of
the membrane also contained added Ca?* (as CaCl,), to bring
the Ca?* concentration at the intracellular surface (Ca2*;) to the
indicated levels. (The solutions did not contain Ca?* buffers.)
No Ca?* was added to the extracellular (pipette) solution. Solu-
tions were changed through the use of a microchamber (Barrett
etal., 1982).

Recording and Measuring Interval Durations and
Identifying Normal Activity

Single-channel currents were recorded on a digital data recorder
(DC-37 kHz; Instrutech Corp.), 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 effective
filtering is expressed in terms of dead time, which is the duration
of an underlying interval before filtering that would just reach
50% of the single-channel current amplitude with filtering
(Colguhoun and Sigworth, 1995). Five channels in which stable
single-channel data were obtained over a wide range of Ca%*;
were analyzed in detail. The channels and their dead times were:
B04, 16 ps; B06 and B16, 28.5 ps; B12, 22.9 ps, and B14, 17.9 ps.
The sampled currents were analyzed using custom programs
written in the laboratory. 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 various modes using
stability plots, have been described previously, including the pre-
cautions taken to prevent artifacts in the analysis (McManus et
al., 1987; McManus and Magleby, 1988, 1989; Magleby, 1992).

Restriction of Analysis to Activity in the Normal Mode

The analysis in the present study was restricted to channel activity
in the normal mode, which typically involves ~96% of the de-
tected intervals (McManus and Magleby, 1988). Activity in modes
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other than normal, including the low activity mode and transi-
tions to isolated long shut intervals, were removed before analy-
sis. The low activity mode is readily distinguished from normal
activity over the range of low to high Ca?*;, as detailed in Roth-
berg et al. (1996). The isolated long shut intervals are also
readily identified at high Ca?*;, and appear to contribute an in-
significant number of the long shut intervals at lower Ca%*;
(Rothberg et al., 1996). The mean frequency and duration of the
isolated long shut intervals are Ca2* independent, indicating that
isolated long shut intervals do not arise from discrete Ca?* block
(Rothberg et al., 1996). In spite of their low frequency, apprecia-
ble time can be spent in the isolated long shut intervals at high
Ca?*; because most of the other closed intervals are so brief. For
higher Ca?*;s that give P,s > 0.8, BK channels can spend >30%
of their time in the low activity mode that has a P, of ~0.001
(Rothberg et al., 1996). Because of the potential effects of the
low activity mode and isolated long shut intervals on the single-
channel record, it is essential to identify and exclude these (and
other modes), as we have done, when studying normal activity
over a wide range of Ca?*;.

Log Binning and Plotting of One- and Two-Dimensional
Dwell-Time Distributions

Both one- (1-D) and two-dimensional (2-D) dwell-time distribu-
tions were analyzed. The 1-D distributions of open and closed in-
terval durations were log-binned as described previously (Mc-
Manus et al., 1987) at a resolution of 25 bins per log unit for fit-
ting with mixtures (sums) of exponential components. Details of
estimating the numbers of significant exponential components
are in McManus and Magleby (1988), including the use of the
likelihood ratio test for significance. The 2-D distributions of ad-
jacent open—-closed interval pairs (Fredkin et al., 1985) were log-
binned at a resolution of 10 bins per log unit, as described previ-
ously (Magleby and Weiss, 1990b; Rothberg et al., 1997). The 2-D
distributions were fitted with mixtures (sums) of 2-D exponential
components to estimate the numbers of underlying 2-D expo-
nential components, and hence the minimum number of kinetic
states, as detailed in Rothberg et al. (1997).

With filtering, detected intervals with durations less than
about twice the dead time are narrowed (McManus et al., 1987,
Colquhoun and Sigworth, 1995). For the plotting of 2-D dwell-
time distributions, the plotted intervals have not been corrected
for this narrowing. For the fitting of kinetic models using 2-D
dwell-time distributions, the measured durations of these inter-
vals were corrected to their estimated true durations before bin-
ning and fitting, using the numerical method in Colquhoun and
Sigworth (1995). Even with correction, the data were typically fit
starting at ~1.5 dead times for two reasons: (a) intervals whose
underlying (true) durations are less than the dead time can be
detected when data are filtered, placing an excess of intervals in
the first few bins (Magleby and Weiss, 1990a), and (b) intervals
that are undetected due to filtering (missed events) can intro-
duce extra (phantom) components with time constants typically
less than one-half the dead time (Roux and Sauve, 1985; Blatz
and Magleby, 1986; Hawkes et al., 1992; Magleby and Weiss,
1990a), which can also add excess intervals to the first few bins.
Depending on the gating mechanism, noise, and filtering, the
excess intervals arising from either phenomena can lead to the
detection of excess brief exponential components if the fitting
includes intervals less than ~1.5-2 dead times.

Dependency Plots

Dependency plots were constructed from the 2-D dwell-time dis-
tributions as detailed in Magleby and Song (1992) and Rothberg

95 Rothberg and Magleby

and Magleby (1998). In brief, the dependency for each bin of
open-—closed interval pairs with mean durations t, and tc is:

NObS(tO'tC) — Nlnd(tOltC)
Nlnd(tovtc) ‘

where Ngps(to,tc) is the experimentally observed number of in-
terval pairs in bin (to,tc), and N,q(to,tc) is the calculated number
of interval pairs in bin (to,tc) if adjacent open and closed inter-
vals pair independently (at random). The method of calculating
expected frequencies for observations that are independent
(contingency tables) is a common statistical procedure (compare
Mendenhall et al., 1990). The expected number of interval pairs
in bin (to,tc) for independent pairing is:

Nina(toste) = P(to) x P(te), @

where P(tp) is the probability of an open interval falling in the
row of bins with a mean open duration of ty, and P(tc) is the
probability of a closed interval falling in the column of bins with
a mean closed duration of t.. P(tp) is given by the number of
open intervals in row ty divided by the total number of open in-
tervals in all rows, and P(tc) is given by the number of closed in-
tervals in column t. divided by the total number of closed inter-
vals in all columns. Since open and closed intervals are paired,
the total number of open intervals is equal to the total number of
closed intervals. Each open and closed interval forms two pairs:
one with the preceding interval and one with the following inter-
val. Hence, the number of interval pairs in a 2-D dwell-time distri-
bution is equal to the number of open plus closed intervals mi-
nus one.

dependency(tp,te) =

@

Estimating the Most Likely Rate Constants for Kinetic Schemes

The most likely rate constants for the examined kinetic schemes
were estimated from the simultaneous fitting of the 2-D dwell-
time distributions obtained at six different Ca?*; using the itera-
tive maximum likelihood fitting procedure described in Roth-
berg and Magleby (1998) with Q-matrix methods to calculate the
predicted 2-D dwell-time distributions (Fredkin et al., 1985;
Colquhoun and Hawkes, 1995b). Corrections for missed events
were applied during the fitting using the method described in
Crouzy and Sigworth (1990). Since the gating of native BK chan-
nels in rat skeletal muscle appears consistent with microscopic re-
versibility (Song and Magleby, 1994), microscopic reversibility
was maintained during the fitting.

The number of underlying 2-D exponential components that
sum to form a 2-D dwell-time distribution is given by the product
of the numbers of open and closed states (Fredkin et al., 1985;
Rothberg et al., 1997). Thus, a single 2-D dwell-time distribution
fitted with, for example, three open and five closed 2-D exponen-
tial components can potentially define 22 parameters: three
open and five closed time constants and the volumes of 14 of 15
(3 X 5) underlying 2-D components. One of the volumes is not
free since the volumes must sum to 1.0. Simultaneous fitting of
three to six 2-D dwell-time distributions obtained at different
Ca?; further increased the information available to estimate the
fixed number of rate constants that defined the models. In spite
of all this information, rate constants can remain ill-defined in
complex models (Fredkin et al., 1985; Bauer et al., 1987), which
is why the analysis in this paper has been restricted to models
with the fewest numbers of states that can approximate the exam-
ined kinetic features of the data. Rather than estimating the un-
certainty in the rate constants for any single experiment, the un-
certainty was estimated by comparing rate constants obtained
from fitting data from different channels.

For a given model and rate constants, the equilibrium occu-



pancies of the states could be calculated as described in Colqu-
houn and Hawkes (1995b). The frequencies of entry into each
state could then be calculated by dividing the equilibrium occu-
pancy of a state by its mean lifetime.

Evaluating Kinetic Schemes

Normalized likelihood ratios (NLR;40) have been used to indi-
cate how well any given kinetic scheme describes the 2-D dwell-
time distributions when compared with a theoretical best de-
scription of the data. Normalization corrects for the differences
in numbers of interval pairs among experiments so that compari-
sons can be made among channels. The normalized likelihood
ratio per 1,000 interval pairs is defined as

NLRyge = exp[(InS—1InT)(1,000/n)], A3)

where InS is the natural logarithm of the maximum likelihood es-
timate for the observed 2-D dwell-time distributions given the ki-
netic scheme, InT is the natural logarithm of the likelihood of
the theoretical 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;
Weiss and Magleby, 1992; Rothberg and Magleby, 1998).

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 numbers
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
is not known. If

loge(mg/my) > (kg —ki), )

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. We also
compared the Akaike rankings to those of the Schwarz (1978)
criterion and found that the Akaike rankings for different
schemes were more consistent among channels and also were in
better agreement with rankings based on the visual perception of
the ability of models to describe major features of the data.

Estimating the Theoretical Best Descriptions of the 2-D
Dwell-Time Distributions

To evaluate models, it was useful to have an estimate of the theo-
retical best descriptions of the dwell-time distributions for com-
parison to the distributions predicted by the various examined
gating mechanisms. For gating consistent with a discrete state
Markov process (the rate constants remain constant in time for
constant experimental conditions), as appears to be the case for
BK channels (McManus and Magleby, 1989; Petracci et al., 1991),
the log likelihood for a theoretical best description of the 2-D
dwell-time distribution could be obtained by fitting the distribu-
tion with an uncoupled (generic) scheme (Rothberg and Ma-
gleby, 1998). Uncoupled schemes have direct transition pathways
between every open and closed state, and no transition pathways
between open states or between closed states (Kienker, 1989).
The log-likelihood value for the theoretical best fit for the simul-
taneous fitting of dwell-time distributions obtained at different
Ca?*; was given by the sum of the log-likelihood values obtained
by fitting data at each Ca?* separately with the uncoupled
scheme.

Using Simulation to Generate Predicted Single-Channel Data

To make comparisons between the observed distributions and
those predicted by the kinetic models, simulated single-channel
current records were generated with filtering equivalent to that
used in the analysis of the experimental current records and with
noise similar to that in the experimental current record. The
simulated single-channel currents were then analyzed in the
same way that the experimental currents were in order to obtain
the predicted 2-D distributions, dependency plots, and numbers
of exponential components observed in the predicted dwell-time
distributions. The method used to simulate single-channel cur-
rents with filtering and noise is detailed in Magleby and Weiss
(1990a). Visual comparison between observed and predicted dis-
tributions and dependency plots served to guide the analysis, in-
dicate where models were inadequate, and give a sense for how
well the models described the data. The critical assessment of the
models was based on quantitative comparisons using maximum
likelihood and Akaike rankings (Egs. 3 and 4).

Online Supplemental Material

Figure S1 presents the equilibrium occupancy of the states in
Scheme VII at low (5.5 wM) and high (1,024 uM) Ca?*;. At low
Ca?™;, the channel spent most of its time (91.7%) in closed states
C8-C11, considerably less time (7.5%) in open states O1-O6,
and even less time (0.8%) in the intermediate closed states C12—
C17. At high Ca?*;, the channel spent essentially all (99.4%) of its
time in the fully liganded open and closed states, with most
(96.6%) of the time spent in open states O1 and O4, consider-
ably less time (2.8%) in closed states C7, C12, and C15. A very
small amount of time (0.5%) was spent in open states O2 and
O5, with negligible time (0.1%) spent in all of the remaining
open and closed states. Thus, at high Ca?*;, Scheme VII gates as
though there were one effective transition pathway between
open and closed states (C15-04), inconsistent with the observed
significant dependencies at high Ca?*;. Available at http://
www.jgp.org/cgi/content/full/114/1/93/DC1

Figure S2 presents the estimated rate constants for the
three channels examined in detail for Schemes IV-VII, XIlI,
and XIlII. Available at http://www.jgp.org/cgi/content/full/114/
1/93/DC1

resul ts

The findings presented in this paper are based on a com-
plete single-channel analysis of data obtained from three
different BK channels, each studied at six different Ca?*;,
from low to high (4-1,024 uM). In addition to these three
channels, two additional channels were analyzed at three
Ca?";, including high Ca?*;, and an additional four chan-
nels were also examined, with findings consistent with the
channels analyzed in more detail. All of the data, analysis,
and figures presented in this paper are restricted to data
collected during normal (mode) activity, which typically
includes ~96% of the intervals (McManus and Magleby,
1988). All experiments were performed at +30 mV.

Saturation of P, and the Mean Open and Closed Interval
Durations at High Ca?*;

Currents flowing through a single BK channel in an in-
side-out patch of membrane excised from a cultured
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rat skeletal muscle cell are shown in Fig. 1 A. These
traces are representative of BK channel gating during
normal activity over a range of Ca?*;, and illustrate a
small fraction of the ~25 min of continuous recording
from this channel. The current traces are excerpts of
data obtained with 5.5, 12.3, 132, and 1,024 uM Ca?*;
that gave mean open probabilities (P,) during normal
activity of 0.061, 0.50, 0.97, and 0.97, respectively. Thus,
while the 2.2-fold increase in Ca2*; from 5.5 to 12.3 uM
gave an 8.2-fold increase in P,, the 7.8-fold increase in
Ca?*; from 132 to 1,024 M resulted in no increase in
P,, indicating that the channel had reached a maxi-
mum level of activation. The saturation in P, at high
Ca?*; is readily apparent in the current traces in Fig. 1.

The effect of Ca?* on P, for five different single BK
channels during normal activity is illustrated in Fig. 2
A. For these channels, increasing Ca2*; in the 4-20 pM
range increased P, from ~0.02 to 0.85, while further in-
creases in Ca?*; to either 132 or 1,024 uM led to a max-
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132 uM Ca°*
nill "O
' \ ] il
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24
1024 uM Ca

|

200 ms
20 ms
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-C
1024 uM Ca**
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W L*J e

Figure 1. The gating of BK channels appears to kinetically satu-
rate at high Ca?*;. (A) Representative currents recorded from a
single BK channel at 5.5, 12.3, 132, and 1,024 uM Ca?*; and dis-
played at a time resolution of 1 s/trace. O and C indicate the open
and closed current levels. (B) The currents recorded at high Ca?*;
displayed at a time resolution of 100 ms/trace. All data in this and
the following figures was collected at +30 mV.
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imum P, ranging from 0.93 to 0.98. Maximum P_s
within this range have been observed previously (Bar-
rett et al., 1982; Moczydlowski and Latorre, 1983; Roth-
berg et al., 1996; Cox et al., 1997a).

Fitting P, versus Ca2*; with the Hill equation for data
from these five channels gave a K, s (the Ca?*; for a P,
of 0.5) of 11.1 = 0.7 uM, with a Hill coefficient of 3.5 =
0.6, consistent with at least four Ca2*-binding steps con-
tributing to maximal channel activation. The mean of
the maximal fitted P, was 0.95 = 0.03, and the fitted
line indicated that a Ca?* of ~40 uM was sufficient to
drive the channel to within 1% of the maximum P,.
Hill coefficients ranging from 2-4 are a common fea-
ture of BK channels (see introduction), and higher
slopes have been reported (Golowasch et al., 1986; Mu-
noz et al., 1998), consistent with the channel binding at
least four Ca2* to become fully activated.

The P, did not reach 1.0 during normal activity at
high Ca?*; because of frequent sojourns to brief closed
states that generated flickers, and also because of much
less frequent sojourns to longer closed intervals with
durations of typically 1-10 ms. Examples of the fre-
quent flickers and of the less frequent longer closed in-
tervals during normal activity at high Ca?*; (>100 uM)
are presented in Fig. 1 B for data obtained at 132 and
1,024 wM Ca?*;. Analysis of the current records ob-
tained at 132 and 1,024 wM Ca?*; indicated that only
2.1 £ 1.0% of the closed intervals had durations >1
ms, and even fewer, 0.026 = 0.023%, had durations
>10 ms. (The estimates obtained at both 132 and 1,024
wM Ca?*; from each of five channels were combined, as
the percentages of longer closed intervals at the two
different high Ca?*; were not significantly different.)

The increase in P, with increasing Ca2*; was associ-
ated with increases in the mean open interval durations
and decreases in the mean closed interval durations
(Fig. 2, B and C), consistent with previous reports for
BK channels from skeletal muscle (Barrett et al., 1982;
Magleby and Pallotta, 1983; McManus and Magleby,
1991) and mSlo BK channels (Nimigean and Magleby,
1999).

The increase in mean open interval duration (Fig. 2
B, thick line; Hill coefficient of 1.02) was much less
Ca?" sensitive than the decrease in mean closed inter-
val duration (Fig. 2 C, thick line; Hill coefficient of
3.48), suggesting that the major effect of Ca?*; is to de-
crease the durations of the closed intervals. The de-
creased filtering for channel B04 (Fig. 2 B, <) would
contribute to the briefer observed open times for this
channel, as more of the flickers would be captured.

Just as P, saturated at high Ca?*;, the mean durations
of the open and closed intervals also saturated in high
Ca?*; at ~3.6 and ~0.15 ms, respectively (Fig. 2, B and
C, thick line). Thus, any viable mechanism for the gat-
ing of the BK channel must account for a saturation in
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The Gating Kinetics Remain Unchanged at High Ca27;

To further characterize the effect of high Ca?*; on gat-
ing, the open and closed interval durations during nor-
mal activity were measured and plotted as 1-D dwell-
time distributions in Fig. 3. The thick lines in the open
and closed distributions in Fig. 3 are the fits with mix-
tures (sums) of three open and five closed exponential
components, respectively. Increasing Ca?*; from 5.5 to
132 pM shifted the open intervals to longer durations
(note rightward shift of the major peak for the open
times) and the closed intervals to briefer durations
(note leftward shift and decreasing amplitude of the
peak describing the longer closed times.). A further in-
crease in Ca?*; from 132 to 1,024 uM had little addi-
tional affect on either the open or closed distributions,
as seen in Fig. 3, D and H, where the fits to the distribu-
tions at 132 wM Ca?*; are plotted as thin lines on the
fits to the distributions at 1,024 wM Ca?*;. The thin
lines essentially superimpose the thick lines, indicating
essentially unchanged gating kinetics at high Ca?*;. Fig.
3 H, inset, where the ordinate is plotted on a log scale

- sents a fit of the Hill equation to
all the data points: P, = Max/[1
+ (Kys/[Ca?+])"], where Max =
0.950 ms, Ky5 = 11.1 puM, and n
= 3.52. (B) Plot of mean open
duration vs. Ca?*; for the same
five channels. The thick line rep-
resents a fit of the Hill equation
to all the data points, where Max
= 3.68 ms, Ky5 = 13.7 uM, and n
= 1.02. (C) Plot of mean closed
duration vs. Ca?*; for the same
five channels. The thick line rep-
resents a fit of the equation P, =
Min[1 + (Kys/[Ca?";])"], where
Min = 0.145 ms, Ky 5 = 22.5 uM,
and n = 3.48. (A-C) Predicted
response of Scheme X for chan-
nel BO6 (thin continuous line),

10 100 1000 channel B12 (dashed line), and

channel B14 (dotted line, which
24 is often superimposed on the
Ca™ ' (uM) thick line and not visible).

to present the tails of the distributions at high gain,
shows that the thin line also superimposes the thick
line (within the range of the data) at the longer inter-
vals where the frequency of occurrence of intervals is
low. Results consistent with those in Fig. 3 were ob-
served for four additional channels.

Table | presents the time constants and areas of the
three open and five closed exponential components fit-
ted to the 1-D distributions in Fig. 3. For increases in
Ca?*; up to 132 puM, the time constant of the briefest
open component remained relatively unchanged, the
time constants of the two longer open components in-
creased with increasing Ca?*;, and the area from the
briefest open component shifted into the longer open
components. In contrast, the time constants of the
longer closed components became briefer and their ar-
eas shifted from the longer to the briefer closed com-
ponents. Increasing the Ca?*; from 132 to 1,024 uM
then had little additional effect on the open and closed
components, when compared with the large effects ob-
served for lower concentrations of Ca2*;.

Table Il presents the mean = SD of the time constants
and areas of the exponential components for data ob-
tained from five channels at two levels of high Ca2*;. For
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Open interval (ms)

four of the channels, the data were obtained at 132 and
1,024 uM Ca?*;, and for the fifth channel the data were
obtained at 100 and 1,000 M Ca?*;. The data from the
fifth channel was pooled with the data from the other
four since there was no apparent difference in the find-
ings. Increasing the Ca?*; from 132 to 1,024 pM had no
significant effect on either the time constants or areas of
any of the open or closed components (Table II, P >
0.05; paired t test). The measured increase in the time
constant of the slowest closed component in Table | for
channel B06 would be consistent with stochastic varia-
tion, as there were <20 intervals contributing to this
component at each of the two levels of high Ca?*;.

The apparent lack of effect of an eightfold increase
in Ca?*; on the dwell-time distributions at high Ca?";
suggest that the rates for the transitions between states
that dominate the gating at high Ca?* are either Ca?*
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10

Closed interval (ms)

14,330 open and 7,725 closed; 1,024 M, 18,128
open and 8,510 closed. Deadtime, 28.5 us; chan-
nel BO6.

100 1000

independent or saturate at high Ca?*. These possibili-
ties will be considered later.

Lack of Discrete Ca Block with High Ca?*;

It is well established that Ba?* produces discrete block
of BK channels (Vergara and Latorre, 1983; Miller,
1987). If Ca?* produces a similar block, then a poten-
tial difficulty with conducting experiments in high
Ca?*; is the possibility of discrete (slow) channel block
by Ca?*. Closed intervals arising from discrete Ca?*
block could then be mistaken for closed intervals aris-
ing from sojourns to closed states during the gating.
The observations in Figs. 1 and 3 at high Ca?*; are con-
sistent with our previous findings of a lack of evidence
for discrete Ca?* block of native BK channels from rat
skeletal muscle (Rothberg et al., 1996). Increasing



TABLE |
Time Constants and Areas of Fitted Exponential Components

TABLE 11
Time Constants and Areas of Fitted Exponential Components

at the Indicated Ca?*; at High Ca?*;
5.5 uM 12.3 pM 132 uM 1024 pM 132 uM 1024 pM
Component T Area T Area T Area T Area Component T Area T Area
ms ms ms ms ms ms
Open distributions Open distributions
1 0.17 0.225 0.13 0.143 0.12 0.047 0.13 0.047 1 0.09 +0.04 0.062+0.020 0.09 +0.03 0.057 =0.018
2 0.79 0.406 0.94 0.226 4.26 0.409 3.25 0.262 2 185+ 1.65 0.208+0.149 164+ 138 0.163*0.116
3 221 0370 3.01 0.631 6.72 0.544 6.69 0.691 3 3.71+201 0.772+0.160 4.31+188 0.813*+0.131
Closed distributions Closed distributions
1 0.06 0.516 0.04 0.528 0.03 0.585 0.02 0.753 1 0.03 =0.008 0.601 +0.019 0.02 +0.003 0.659 = 0.058
2 0.30 0.162 0.15 0.249 0.08 0.266 0.09 0.162 2 0.11 +0.06 0.276 =0.040 0.09 = 0.03 0.235 = 0.060
3 152 0.073 071 0.098 0.24 0.113 0.30 0.072 3 0.35+0.23 0.093 +0.038 0.042 = 0.40 0.087 = 0.032
4 273 0131 7.10 0.088 0.80 0.036 1.13 0.013 4 0.87 £ 0.27 0.028 +0.015 0.87 =0.19 0.022 = 0.008
5 102 0.119 212 0.037 4.02 0.001 7.08 0.0004 5 42+15 0.003+0.003 45=*17 0.002* 0.002

Channel B06.

Ca?*; eightfold from 132 to 1,024 pM had little effect
on the closed dwell-time distributions (Fig. 3, C, D, G,
and H). If appreciable closed intervals arose from dis-
crete Ca?" block, then increasing Ca?*; eightfold might
have been expected to have a noticeable effect on the
distributions, which was not observed.

As a more critical test for discrete block, we tabulated
the frequency of occurrence of closed intervals >1 and
>10 ms at the two different Ca?*;. For the five exam-
ined BK channels, the frequency of closed intervals
with durations >1 ms was 7.4 = 3.6 s! for 132 uM
Ca?*;and 5.6 = 2.5 57! for 1,024 uM Ca?*;, values that
were not significantly different (P = 0.098, paired t
test). The frequency of closed intervals with durations
>10 ms was 0.12 = 0.11 s~! with 132 uM Ca?*; and
0.076 = 0.086 s with 1,024 wM Ca?*;, values that were
also not significantly different (P = 0.44, paired t test).

Thus, the lack of effect of Ca?* on the closed dwell-
time distributions from brief to long times, and also on
all closed intervals >1 and >10 ms, suggests that dis-
crete Ca?* block did not contribute to the closed inter-
vals. As expected, increasing Ca?*; to 1,024 uM did de-
crease the conductance of the channel by ~10%, pre-
sumably due to a screening (fast blocking) effect
(Ferguson, 1991). Cox et al. (1997a) studying mSlo BK
channels also found that high Ca?*; (1,000 uM) re-
duced single-channel conductance through a fast
block, but did not induce discrete block. Since high
Ca?*; does not introduce closed intervals arising from
discrete block, it is possible to estimate the numbers of
kinetic states that contribute to the gating at high Ca?*;.

At Least Three to Four Open and Four to Five Closed States
Are Entered during Gating in High Ca2*;

Assuming that the gating is consistent with a discrete-
state Markov model (McManus and Magleby, 1989; Pe-

Values are means = SD for five channels, except for open component 2,
which is based on data from four channels.

tracchi et al., 1991), the number of significant expo-
nential components required to describe the dwell-
time distributions gives an estimate of the minimum
number of states entered during the gating (Colqu-
houn and Hawkes, 1981, 1995a). Estimates of the num-
bers of significant exponential components were made
from fitting both 1-D and 2-D dwell-time distributions
(see methods). (Examples of 1-D distributions were
presented in Fig. 3 and examples of 2-D distributions
will be presented in a later section.) These estimates
were then plotted against Ca2*; in Fig. 4.

In general, the 1-D and 2-D methods gave similar esti-
mates of the numbers of exponential components, but
there were some differences. 2-D fitting can have an in-
creased ability to detect components over 1-D fitting
when the same numbers of intervals are analyzed (Roth-
berg et al., 1997). However, with 2-D fitting, when very
brief intervals pair with longer intervals, both intervals
in the pair are excluded from the fitting to avoid poten-
tial artifacts arising from fitting intervals with durations
<1.5-2 dead times (see methods). The combination of
the greater ability to detect components together with
the fitting of fewer intervals for 2-D fitting, when com-
pared with 1-D fitting, would contribute to the minor
differences in the numbers of significant components
estimated by the 1- and 2-D fitting methods.

At the lower concentrations of Ca?*;, the distribu-
tions were typically described by three to four open and
four to seven closed components for fitting with either
1- or 2-D distributions (Fig. 4), consistent with previous
observations (McManus and Magleby, 1988; Wu et al.,
1995; Rothberg and Magleby, 1998). At the high con-
centrations of 132 and 1,024 uM Ca?*;, the open distri-
butions were still typically described by three to four
open components, and the closed distributions were
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Figure 4. Numbers of significant exponential components de-
termined from maximum likelihood fitting of dwell-time distribu-
tions are plotted as a function of Ca?*;. Points have been offset ver-
tically to prevent overlap. (A) Numbers of significant open compo-
nents estimated from fitting 1-D open dwell-time distributions with
mixtures of 1-D exponential components. (B) Numbers of signifi-
cant closed components estimated from fitting 1-D closed dwell-
time distributions. (C and D) Numbers of significant open and
closed components estimated from fitting 2-D (open—closed)
dwell-time distributions with mixtures of 2-D exponential compo-
nents. With 2-D fitting, the numbers of open and closed compo-
nents are determined within a single fit. The symbols for five dif-
ferent channels are: B06 (@), B12 (M), B14 (A), B16 (V¥), and
B04 (#).

typically described by four to five closed components.
Thus, at kinetically saturating levels of Ca?*;, the gating
typically involved transitions among at least three to
four open and four to five closed kinetic states.

Theoretical Models for the Gating of Tetrameric
Ligand-gated Channels

Functional BK channels can be formed by four alpha
subunits (Shen et al., 1994), and the BK channels in
skeletal muscle, as studied here, are unlikely to be asso-
ciated with the auxiliary beta subunit that increases the
Ca?* sensitivity of the channel (Tseng-Crank et al.,
1996; Chang et al.,, 1997; Nimigean and Magleby,
1999). If one or more Ca?" ions bind to each alpha
subunit to fully activate the channel (Schreiber and
Salkoff, 1997), then this would give a basis for the high
Hill coefficients of 2—4 that are typically observed for
activation (see introduction).

Although relatively simple in concept, with four sub-
units and at least one Ca?*-binding site per subunit,
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theoretical models for the gating of a ligand-activated
homotetramer, such as the BK channel, can be highly
complex, with 35-55 potential states (Eigen, 1969; Cox
et al., 1997b). The 55-state model (Cox et al., 1997b) is
given by Scheme I, where each subunit can assume ei-
ther of two conformations, indicated by squares or cir-
cles, and each subunit in either conformation can ei-
ther be free of Ca?* (open symbols) or bound with a
Ca?* (shaded symbols). Many of the states are isoforms,
in which subunits with diagonal and adjacent confor-
mational changes and Ca?* bindings have potentially
different functional properties.

(scheme i)

For the gating of the channel, the states in the top
row of Scheme | are assumed to represent closed states
of the channel, and the states in the bottom row are as-
sumed to represent open states. The conductance of
the states in the middle three rows is less clear, but may
be open, closed, or partially conducting (Cox et al.,
1997a). Scheme | reduces to the 35-state model of
Eigen (1968) if it is assumed that diagonal and adjacent
subunits in the same conformation have identical prop-
erties. Because of the complexity of the 55- and 35-state
schemes, Scheme | is often reduced further to the 25-
state model described by Scheme 11 (Fersht, 1985).

If it is further assumed that each collection of iso-
forms has the same properties, and that conforma-
tional changes are concerted so that all four subunits
undergo conformational changes simultaneously or
that the lifetimes of the middle three rows of states in
Schemes | and Il are very brief, then Schemes | and Il
reduce to the 10-state Monod-Wyman-Changeux model
for allosteric proteins (Monod et al., 1965) described
by Scheme III.



(scheme ii)

e o
R
B89 8

(scheme iii)

Simple Models Fail to Predict the Single-Channel Kinetics at
High Ca?*;

It has been shown previously for low to intermediate
levels of Ca2*; that the Ca?* dependence of the single-
channel kinetics of BK channels in rat skeletal muscle
can be approximated by the gating mechanisms de-
scribed by Schemes IV-VI (McManus and Magleby,
1991; Rothberg and Magleby, 1998). Thus, we first ex-
amined whether these schemes might also account for
the single-channel kinetics through high Ca?*;.

Scheme 1V is drawn from the MWC model. Scheme
VI is an expansion of Scheme IV because it includes
closed states beyond the activation pathway. Scheme V
can be viewed as a condensed version of Schemes | and
Il if it is assumed that the intermediate states in
Schemes | and 1l are too brief to be detected or that
only a subset can be detected. It is the additional brief
closed states C9, C10, and C11 that generate most of
the flickers (brief closings) in Schemes V and VI,
whereas flickers for Scheme IV are generated mainly by
sojourns between states O2 and C5. Flickers are highly
characteristic of single-channel currents and can be
seen in Fig. 1.

Before examining whether Schemes IV-VI could ac-
count for the gating from low through high Ca2*;, we
first examined whether they could describe the 1-D
dwell-time distributions from low to intermediate levels
of Ca?*;, as reported previously (McManus and Ma-

c ca® ca* ca® ca**
8 ~— Cy(Ca) ~—— Cg(2Ca) ~—— Cg(3Ca) ~— Cy(4ca)

b

Ca2w Ca2+

Oj3(2Ca)~— 0,(3Ca) ~— 0, (4Ca)

(scheme iv)

C 2+ C 2+ 2+ 2+
Cy ~2 Cy(Ca) ~ Cg(2Ca) —2= Cp(3Ca) —2 Caca)

C1(2ca) Co(3ca) Colaca)

2+

C 2+
O,(3Ca) ~——~ O, (4ca)

Os(2ca)

(scheme v)
ca® ca® Ca®’ Ca?’
Cy ——— Cy(Ca) =—— Cg(2ca) —— Cg(3Ca) ~—— Cy4Ca)

2+ 2+

c
03(2Ca)xi¥ Oy(3Ca) = 0O, 4ca)

]

Cq1(2Ca) Cyo(3ca) Cy(4ca)

(scheme vi)

gleby, 1991; Rothberg and Magleby, 1998). Rate con-
stants for each scheme were estimated by the simulta-
neous fitting of 2-D dwell-time distributions obtained at
three different Ca?*; of 5.5, 8.3, and 12.3 uM (see
methods). The most likely rate constants were then
used to simulate single-channel data with noise and fil-
tering equivalent to that of the experimental data. The
simulated current records were then analyzed in the
same manner as the experimental data to determine
the predicted 1-D dwell-time distributions. As expected,
the predicted distributions gave excellent descriptions
of the observed 1-D dwell-time distributions from low
to intermediate Ca?*; for the three channels examined
in detail. For example, for the data in Fig. 3, A, B, E,
and F, at 5.5 and 12.3 M Ca?*;, the predicted distribu-
tions typically overlapped or were within a line width of
the thick lines describing the dwell-time distributions
in these figures (not shown).

We next examined whether Schemes IV-VI could
predict the distributions from low to high Ca?*;. Rate
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constants for each scheme were estimated by the simul-
taneous fitting of 2-D dwell-time distributions obtained
at six different Ca?*; of 5.5, 8.3, 12.3, 20.3, 132, and
1,024 wM. These rate constants were then used to pre-
dict the observed distributions over the full range of
Ca?*;. As shown in Fig. 5, Scheme IV could not simulta-
neously describe the dwell-time distributions from low
to high Ca?*;. Scheme V gave a better description than
Scheme 1V, but still could not describe the distribu-
tions. The predictions of Scheme VI were very slightly
better than those of Scheme V, and are not shown. Ta-
ble 11l shows the schemes rankings: Scheme VI >
Scheme V > Scheme 1V (Akaike rankings, Eq. 4).

The inability of these schemes to account for the sin-
gle-channel kinetics from low to high Ca?*; indicates
that the models described by Schemes IV-VI are too
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Closed interval (ms)

1000 schemes to predict the distributions. The distribu-

tion and fits in H are replotted on a logarithmic
scale as an inset. Deadtime, 28.5 us; channel B06.
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simple. Such a finding is, perhaps, not surprising since
Scheme IV with eight states and Schemes V and VI with
11 states include only a small subset of the minimal 55
potential states for the gating of a ligand-activated ho-
motetrameric channel based on theoretical consider-
ations (Scheme I). Nevertheless, it is possible that the
channel does not gate as described by the theoretical
55-state model or, if it does, that only a fraction of the
potential 55 states actually contribute to the gating.
Consequently, we examined the differences between
the observed and predicted responses for these
schemes to determine how the minimal schemes might
be expanded to be more consistent with the gating of
the channel.

For high Ca?*;, Schemes IV-VI predicted fewer brief
openings than were observed in the single-channel



TABLE 111

Normalized Likelihood Ratios (NLR;4000) @and Rankings (R)
of Schemes 1V-X

Channel 1 (B06) Channel 2 (B12)

Channel 3 (B14)

Scheme NLR100 R NLR100 R NLR1000 R
v 315+10°® 6 866+10%® 6 363+104 6
% 854+10°%0 5 474+10% 5 535+10°5 5
Vi 104+10° 4 537=108B 4 625*105 4
V-sat 315+10% 3 366+10°% 3 101+10°6 3
Vil 879+105 2 122+105 2 124+10°6 1
X 325+10% 1 124+105 1 125+10¢ 2

V-sat is Scheme V with saturation in the binding of Ca?* for the data
collected at 132 and 1,024 uM Ca?*; (see text).

data (Fig. 5). Brief openings in Scheme V typically
arose from sojourns such as -C11-O3-C11l-, and in
Scheme VI from sojourns such as -C11-O3-C11- or -C6-
03-C6-, as O3 was the open state with the briefest life-
time in both schemes. For these schemes, the channel
would be unlikely to reach O3 or the associated closed
states at high Ca?*;, as the high Ca?*; would drive the
gating towards the fully liganded states. Thus, to gener-
ate more brief open intervals at high Ca?*;, there needs
to be a means for the gating to reach directly one or
more brief open states from the fully liganded closed
states. In addition, the underprediction of the long
closed intervals at high Ca?*; suggests that the channel
may also gate among additional closed states at high
Ca?*; not included in Schemes IV-VI. Further evidence
that the channel gates among additional states at high
Ca?*; arises from the observation in Fig. 4 that the
channels typically entered at least three to four open
and four to five closed states at high Ca?*;, while analy-
sis of the dwell-time distributions predicted by Schemes
IV-VI at high Ca?*; indicated that the distributions
were described by only one open and two to three
closed components.

Scheme VII Can Describe the Open and Closed 1-D Dwell-Time
Distributions from Low to High Ca?*,

We next examined how Scheme V might be expanded
to provide the required access to more open and closed
states at high Ca?*;. Scheme V is contained within the
general Schemes | and Il if it is assumed that the three
rows of intermediate states in the general schemes are
closed states that can be collapsed into one row of brief
lifetime intermediate closed states. However, since it is
possible that the last two rows of states in Schemes |
and Il are open states and that the remaining interme-
diate closed states do not collapse into one row of
closed states, we investigated whether simplified
schemes drawn from Scheme I, with an assumption of
three rows of closed states and two rows of open states,
could account for the data.

Scheme VII presents a gating mechanism of this type,
where open states O4-O5-06 (with brief lifetimes) and
closed states C12-C13-C14 are the additional rows of
open and closed states when compared with Scheme V.
With high Ca?*;, the channel could now make sojourns
from closed states to brief open states, such as -C15-O4-
C15-, giving brief open intervals, and also make so-
journs from closed states to longer open (and com-
pound open) states, such as -C15-04-01-O4-C15-, giv-
ing longer open intervals. The extra row of closed
states should also allow the generation of longer closed
intervals at high Ca?*; by allowing more sojourns
among closed states between openings.

Ca- CE' c(*— 2+
CH—L Cgica) N Cgl2ca) 2 Cglaca) ca C-4ca)
Ci4l2Ca) C5(3ca) Cial4Ca)
Cy7(2ca) C1g(3ca) C,5(4ca)
y
!
I
ca”
Og(2ca) Os(aca) Oy4ca)
1 J
f
ca®’ ca®
Os(2ca) Oy(3ca) z O, 4ca)
(scheme vii)

The most likely rate constants for Scheme VII were
determined from the simultaneous fitting of 2-D dwell-
time distributions at six different Ca?*; (5.5, 8.3, 12.3,
20.3, 132, and 1,024 n.M). The thick lines in Fig. 5 show
that the additional states allowed Scheme VII to de-
scribe the 1-D open and closed dwell-time distributions
from low to high Ca?*;. In this scheme, the mean life-
times at 5.5 wM Ca?"; of states O4, O5, and O6, of 0.11,
0.09, and 0.03 ms, tend to be brief compared with the
lifetimes of the final row of open states O1, O2, and O3
of 0.50, 0.18, and 0.06 ms. The improved ability of
Scheme VII to describe the single-channel gating when
compared with Schemes IV-VI (compare thick line to
dotted and thin lines in Fig. 5) is also reflected in the
greatly improved likelihood ratios in Table I11.

We also examined whether a scheme like Scheme
VII, but with one less row of intermediate closed states,
could account for the data. For the three channels ex-
amined, the likelihood estimates were two to four or-
ders of magnitude less than for Scheme VII, and the re-
duced scheme ranked below Scheme VII for all three
channels (not shown).
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Using Kinetic Structure to Evaluate the Gating Mechanism

Scheme VII accounts for the 1-D open and closed
dwell-time distributions from low to very high Ca?*;
(Fig. 5). Such a description would be sufficient to pre-
dict P, as a function of Ca?*; over a wide range of activ-
ity, but the 1-D distributions do not take into account
the correlation information between adjacent intervals,
which can give insight into the connections (transition
pathways) among the various states (Magleby and
Song, 1992; Rothberg and Magleby, 1998). To examine
the correlation information, we determined whether
Scheme VII could account for the kinetic structure of
the single-channel data. The kinetic structure is de-
scribed by 2-D dwell-time distributions and dependency
plots. The 2-D distributions indicate the frequency of
occurrence of pairs of adjacent open and closed inter-
vals (Fredkin et al., 1985; Magleby and Weiss, 1990b),
and the dependency plots convey information about
the correlations of adjacent interval durations (Ma-
gleby and Song, 1992).

The kinetic structure for the same channel featured
in the previous figures (channel B06) is shown in Fig. 6
at four different Ca?*;. The 2-D dwell-time distributions
(Fig. 6, left) are plotted on log-log coordinates with
the logs of the durations of adjacent open and closed
intervals locating the position of the bin on the x and y
axis, respectively. The z axis plots the square root of the
numbers of intervals in each bin. These 2-D dwell-time
distributions thus extend the Sigworth and Sine (1987)
transform used in the previous figures to two dimen-
sions. From the 2-D dwell-time distributions it can be
seen that pairs of long open intervals adjacent to brief
closed intervals (flickers) occur most frequently of all
the interval pairs, and this is the case from low to high
Ca?*; (Fig. 6, left, position 4). It is these interval pairs
that give rise to the characteristic longer openings sepa-
rated by flickers in the experimental data (Fig. 1). At
the lowest Ca?*; of 5.5 uM, there were also large num-
bers of longer open intervals adjacent to longer closed
intervals (Fig. 6, left, position 6) and brief open inter-
vals adjacent to longer closed intervals (left, position
3). As the Ca?*; was raised, the longer closed intervals
shifted to briefer durations. The peak at position 6 with
5.5 wM Ca?*; shifted towards position 5 at 12.3 pM
Ca?*;, and position 4 at higher Ca?+;.

The dependency plots in Fig. 6 (right) present the
fractional excess or deficit of interval pairs of specified
durations over that expected if the intervals paired at
random. Dependencies of +0.5 or —0.5 would indicate
a 50% excess or 50% deficit of interval pairs over the
number expected if open and closed intervals paired
independently. The thick lines indicate a dependency
of zero. Because the dependency plots present magni-
fied representations of excesses and deficits in the
numbers of observed interval pairs relative to the num-
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bers expected for independent pairing, they must be
interpreted with some caution, as the estimates of de-
pendency can be unreliable where the numbers of ob-
served interval pairs per bin in the 2-D dwell-time dis-
tributions are small. Consequently, references to de-
pendency will only be made when the referenced
dependencies are known to be significantly different
from zero. Such dependencies will be referred to by
numbers on the dependency plots. Examples of which
areas of the dependency plots are significantly different
from zero are presented in Rothberg and Magleby
(1998) for low to intermediate levels of Ca?*; and will
be presented in a later section for data obtained at high
Ca?+,.

The dependency plots in Fig. 6 (right) indicate that
over the wide range of examined Ca?*; there was a defi-
cit of brief open intervals adjacent to brief closed inter-
vals (position 1), an excess of brief open intervals adja-
cent to both intermediate and long closed intervals
(positions 2 and 3), and a deficit of long open intervals
adjacent to long closed intervals (position 6; not clearly
visible in the presented orientation, but visible when
the plots were rotated). At the lower Ca?*; of 5.5 and
12.3 uM, there was also an excess of longer open inter-
vals adjacent to brief closed intervals (position 4).
These specific excesses and deficits of interval pairs
give rise to the characteristic saddle shape of the de-
pendency plots for BK channels (Rothberg and Ma-
gleby, 1998), and were consistently seen for all the ex-
amined channels.

While the kinetic structure at intermediate levels of
Ca?*, for six different BK channels has been presented
previously (Rothberg and Magleby, 1998), it was impor-
tant to determine whether the kinetic structure at high
Ca?*, as shown in Fig. 6, was consistently observed. (It
will be shown in a later section that the presence or ab-
sence of significant dependencies at high Ca?*; is a key
factor in distinguishing gating mechanism.) Fig. 7 pre-
sents such plots for data obtained at 132 and 1,024 pM
Ca?*; for two additional channels. Although there were
some obvious differences in the magnitudes of the de-
pendencies, the general shape of the kinetic structure
in these plots was the same as for the channel shown in
Fig. 6, G and H, in that there were obvious deficits of
brief open intervals adjacent to brief closed intervals
(Fig. 7, right, position 1) and obvious excesses of brief
open intervals adjacent to intermediate duration
closed intervals (right, position 2).

Dependency significance plots were made for the
data obtained at high Ca?*; to estimate which depen-
dencies were significantly different from zero. A paired
t test was used to compare the number of interval pairs
in each bin of the observed 2-D dwell-time distribution
with the number expected if adjacent open and closed
intervals paired independently, by using a moving 3 X
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Figure 6. Kinetic structure of a
BK channel at 5.5, 12.3, 132, and
1,024 pM Ca?*;. (A-D) 2-D dwell-
time distributions.  Adjacent
open and closed intervals were
binned as pairs, with the logs of
the open and closed interval du-
rations locating the bins on the x
and y axes, respectively. The z
axis plots the square root of the
number of intervals in each bin.
(E-H) Dependency plots, which
present the fractional excess and
deficit of interval pairs in the ob-
served 2-D dwell-time distribu-
tions in A-D when compared
with the 2-D dwell-time distribu-
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3 bin array as detailed in Rothberg and Magleby
(1998). Results are shown in Fig. 8 for channel B12.
The plots in Fig. 8, A and C, present the dependency
significance for the front and back views, respectively,
of the dependency plot in Fig. 7 E obtained at 132 uM

Ca?™;, and the plots in Fig. 8, B and D, present the de-
pendency significance for the front and back views of
the dependency plot in Fig. 7 F obtained at 1,024 pM
Ca?™;. The dependency significance plots present the
logarithm of the estimated P value, which is multiplied
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by the sign of the dependency to indicate whether the
paired intervals are in excess or deficit. The thick lines
on the plots at —1.3 and 1.3 indicate a significance
level of P = 0.05. Absolute values of dependency signif-
icance > 1.3, 2, 3, and 4 would indicate P < 0.05, 0.01,
0.001, and 0.0001, respectively.

From Fig. 8 it can be seen that the dependencies at
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Figure 7. Adjacent open- and
closed-interval durations are de-
pendent at high Ca?*;. The ki-
netic structure is presented at
two different levels of high Ca?*;
for channels B12 and B14. The
deficit of intervals at position 1
and the excess of intervals at po-
sition 2 are consistently seen.
The approximately eightfold in-
crease in Ca?*; from 132 to 1,024
M has little effect on either the
2-D dwell-time distributions or
the dependency plots.

the numbered positions 1, 2, 4, and 5 were significantly
different from zero at both 132 and 1,024 pM Ca?*;.
Importantly, there was a significant excess of long open
intervals adjacent to brief closed intervals (position 4),
even though the fractional excess of these interval pairs
was small in the dependency plots (Fig. 7, E and F).
The reason for this apparent discrepancy is that most of
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the interval pairs fall at position 4 in high Ca?*;, as can
be seen from the 2-D dwell-time distributions (Fig. 7,
A-D), so that even an appreciable excess of interval
pairs at position 4 would still appear small when plotted
as dependency, which plots the fractional excess of in-
tervals (Eqg. 1). In six of six dependency significance
plots that were examined at high Ca?*;, the dependen-
cies at positions 1, 2, and 5 were significant, and the de-
pendency at position 4 was significant in five of six
plots. The one plot where significance was not ob-
served at position 4 had fewer numbers of analyzed in-
tervals.

The observations that the numbers of detected ki-
netic states remained relatively unchanged from low to
high Ca?*; (Fig. 4) and that the general shapes of the
dependency plots also remained relatively unchanged
from low to high Ca?*; (Figs. 6 and 7) raise the possibil-
ity that the basic gating mechanism remains relatively
unchanged from low to high Ca?*;.

Scheme VII Describes the Kinetic Structure at Low
but not High Ca2*;

To determine whether Scheme VII could account for
the kinetic structure, the most likely rate constants for
Scheme VII, determined from the simultaneous fitting
of 2-D dwell-time distributions at six different Ca?*;
(5.5, 8.3, 12.3, 20.3, 132, and 1,024 pnM), were used to
simulate single-channel data for Scheme VII with noise
and filtering equivalent to that of the experimental
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Channel B12.

data. The simulated current records were then analyzed
in the same manner as the experimental data to deter-
mine the predicted kinetic structure shown in Fig. 9.

Scheme VII captured the basic features of the kinetic
structure at 5.5 and 12.3 pM Ca?*; (compare the pre-
dicted 2-D dwell-time distributions and dependency
plots in Fig. 9, A, B, E and F, to the observed plots in
Fig. 6, A, B, E, and F). Scheme VII also captured the ba-
sic features of the 2-D dwell-time distributions at the
high Ca?*; of 132 and 1,024 uM (compare Fig. 9, C and
D with Fig. 6, C and D). However, Scheme VII pre-
dicted that little or no dependence would be observed
at high Ca?*; (Fig. 9, G and H), in contrast to the signif-
icant dependencies observed in the experimental data
(Fig. 6, G and H, and Figs. 7 and 8). Thus, Scheme VII
predicted that open and closed intervals would pair
randomly at high Ca?*;, in contrast to the dependent
pairing observed in the data. These observations indi-
cate that Scheme VII is too simple to capture the fea-
tures of the gating at high Ca?";.

The Gating Is Effectively Restricted to the Fully Liganded
States of Scheme VII at High Ca2*;

To explore why Scheme VII did not predict the depen-
dency at high Ca?*;, we calculated the equilibrium oc-
cupancies of the various open and closed states for this
scheme. At low to intermediate Ca?*; (5.5-12.3 pM),
the channel readily entered all the states in Scheme
VII, with occupancy biased towards the closed states

Two-Tiered Gating Mechanism of Large-Conductance Calcium-activated K* Channels
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C8-C11 at the low Ca?*;. At high Ca?*; (132 and 1,025
wM), the channel spent 99.6% of its time in the fully
liganded states, with 96.6% in open states 1 and 4 and
2.8% in closed states 7, 12, and 15. (The calculated
equilibrium occupancies for Scheme VII can be found
in online supplemental Figure S1 [http://www.jgp.
org/cgi/full/114/1/93/DC1].)
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Figure 9. Scheme VII de-
scribes the basic features of the
kinetic structure from low to in-
termediate Ca?*;, but cannot de-
scribe the Kkinetic structure at
high Ca?*;. (A-H) Kinetic struc-
ture predicted by Scheme VII
from low to high Ca?*;. Scheme
VII predicted little dependence
at high Ca?*;. (Compare with the
experimental data in Fig. 6.) The
rate constants used in the predic-
tions were obtained by simulta-
neous maximum likelihood fit-
ting of 2-D distributions obtained
at six different Ca?*; ranging
from 5.5 to 1,024 wM. Scheme
VIl with the same rate constants
could predict the 1-D dwell-time
distributions in Fig. 5 (thick
line). Channel BO6.

The reason that Scheme VII predicted a lack of de-
pendence between adjacent open and closed intervals
at high Ca?*; is now readily apparent. Because the
channel spent 99.4% of its time in the fully liganded
column of states at high Ca?*;, the channel would es-
sentially gate as Scheme VIII. Scheme VIII has a single
effective transition pathway between the open and



closed states, given by C15-O4. A single effective transi-
tion pathway gives a single gateway state, which would
lead to independent pairing of open and closed inter-
vals and lack of significant dependencies (McManus et
al., 1985; Colquhoun and Hawkes, 1987; Song and Ma-
gleby, 1994).

Caca)

Cya(aca)

C5(4ca)

Oyt4aca)

O, 4ca)

(scheme viii)

If Scheme VII does effectively gate in the fully
liganded column of states at high Ca?*;, as indicated by
Scheme VIII, then a maximum of two open and three
closed components would be detected in the dwell-
time distributions predicted by Scheme VII at high
Ca?™;. This was found to be the case. Fitting exponen-
tials to dwell-time distributions simulated with Scheme
VIl at high Ca?*; gave two open and three closed com-
ponents, compared with the typically three to four
open and four to five closed states detected in the ex-
perimental data. Scheme VII also predicted a lack of
dependence and too few components at high Ca?*; for
the two other channels analyzed in detail.

Schemes I, 11, and VII Can Be Rejected

The above findings indicate that Scheme VII can thus
be rejected as a model for gating, as it cannot describe
the dependencies at high Ca?*;. By analogy, Schemes |
and Il and all schemes based on subsets of states drawn
from these schemes, such as Schemes I1-VI, can also be
rejected as such schemes would also not describe the
dependencies at high Ca?*;, provided that the forward
rate constants for binding of Ca?* are sufficiently rapid
at high Ca?* to effectively keep the gating in the fully
liganded column of states.

The Kinetic Structure at High Ca2*; Suggests a Two-Tiered
Gating Mechanism

The above results suggest that models for gating at high
Ca?*; must: (a) allow effective transitions among at
least three to four open and four to five closed states at
high Ca?*; to generate the required numbers of expo-
nential components in the dwell-time distributions
(Fig. 4), (b) have two or more independent transition
pathways between open and closed states (two or more
gateway states) at high Ca?*;to generate a dependent
relationship between the durations of adjacent inter-
vals (Figs. 6-8), and (¢) gate among the three to four
open and four to five closed states at high Ca?*; in a
manner that is essentially independent of Ca?*; for
Ca?*; > 100 wM to account for the observed lack of ef-
fect of Ca?* on the gating at high Ca?*; (Figs. 1-3 and
Tables I and II).

Since Schemes | and Il are theoretical schemes based
on a ligand-activated homotetramer, it might be useful if
these schemes could be modified to account for gating
at high Ca?*;. As pointed out by Cox et al. (1997b), it is
not necessarily clear which of the states in Scheme | are
open and which are closed. Perhaps all 55 (Scheme I) or
25 (Scheme II) states are closed, each with the potential
of opening through a concerted conformational change
of the subunits. Concerted conformational changes
leading to opening have been suggested previously for
the gating of Shaker channels (Bezanilla et al., 1994; Za-
gotta et al., 1994; Zheng and Sigworth, 1998). If each
closed state can open for BK channels, then Schemes |
and Il would become two-tiered 110- and 50-state mod-
els, respectively, with the upper tiers composed entirely
of closed states and the lower tiers of an equal number
of open states. Preliminary data using macroscopic ionic
and gating currents from mSlo are consistent with such
models (Horrigan and Aldrich, 1998). The extension of
Scheme Il to a two-tiered model is given by Scheme IX,
where in the graphic representation all 25 closed states
in the upper tier are visible and only the first two rows of
the 25 open states in the lower tier are visible

Scheme X Can Approximate the Kinetic Structure From
Low to High Ca?*;

A difficulty with Scheme IX, as was also the case for
Schemes I and I, is that Scheme IX has so many rate
constants that it would be difficult if not impossible to
determine unique rate constants for this scheme, even
by the simultaneous fitting of 2-D dwell-time distribu-
tions over a range of Ca?*; (see methods). Conse-
quently, we examined whether a reduced version of
Scheme IX might be sufficient to approximate the ki-
netic structure. The number of rows of closed states in
the upper tier was reduced from five to three, and the
number of rows of open states in the lower tier was re-
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duced from five to two to obtain the reduced Scheme X.
Some of the open and closed states with zero and one
bound Ca?* were also omitted in Scheme X to reduce
further the number of rate constants because, over the
range of Ca?*; examined in this paper, it might be ex-
pected that these states would contribute little to the gat-
ing (Cui et al., 1997; Rothberg and Magleby, 1998).

(scheme ix)
C2+ Cz+ 2+ 24
Ci1—~= CyplCa) <2 Cyl2ca) ~2 Cyaca) 2 Cy(4ca)
Cya(2ca) Cys(3ca) Cat4ca)

1\ 1 N\ 1 N\
Ciq(2ca) Cys(3ca) Cs(4Ca)

06(2Cav1«—¥ Os(3cay t——\ O,(aca) 1

Os(2ca) «—‘- 02 3Ca) \_x01(4Ca

(scheme x)

Scheme X is like Scheme VII, except that Scheme X
has a total of six independent transition pathways be-
tween the open and closed states, compared with three
in Scheme VII. Two of the independent transition path-
ways connect fully liganded open and closed states,
which would then allow at least two functional gateway
states for gating with high Ca?*;. Two or more gateway
states would be needed to generate the dependencies
observed in high Ca?*;.

Scheme X was tested by determining the most likely
rate constants from the simultaneous fitting of 2-D
dwell-time distributions obtained at six different Ca?*;
ranging from 5.5 to 1,024 wM. The most likely rate con-
stants were then used with Scheme X to obtain the pre-
dicted kinetic structure in Fig. 10. The predicted ki-
netic structure (compare to the observed in Fig. 6)
shows that Scheme X captured the major features from
low to high Ca?*;, including the general shapes of the
dependency plots at high Ca?*;. Scheme X predicted
the excess of brief open mtervals adjacent to the longer
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closed intervals (position 2) and the deficits of brief
open intervals adjacent to brief closed intervals (posi-
tion 1) that were not predicted by Scheme VII at high
Ca?*; (compare Fig. 10, G and H, with Figs. 9 and 6, G
and H). For intervals with durations less than ~0.05
ms, Scheme X predicted too great of a deficit at posi-
tion 1. This could reflect an inadequacy of the model
or it could reflect the fact that dwell times <0.05 ms
were not fitted, so that the predictions of the model
were not constrained below this time.

As would be expected from the reasonable descrip-
tions of the kinetic structure, Scheme X also described
the Ca?* dependence of the 1-D dwell-time distribu-
tions. The distributions predicted by Scheme X essen-
tially superimposed the thick lines in Fig. 5. Scheme X
also described the Ca?* dependence of P, and of the
mean open and closed interval durations (Fig. 2, thin,
dotted, and dashed lines).

Assessing the Various Gating Mechanisms

Scheme X could also describe the kinetic structure ob-
tained from the two other channels examined over a wide
range of Ca?*. The rankings of the various kinetic
schemes for the three channels together with the NLR o
are presented in Table I1l. The NLR;q, Which gives a
measure of how well the schemes describe the data (see
below and methods), indicated that Scheme X was more
likely than the other examined schemes for all three
channels (larger values of NLR,4y, are more likely).

While the NLR,y, can indicate which schemes are
most likely, it does not apply any penalties for addi-
tional free parameters. Consequently, the schemes
were ranked by the Akaike criteria, which applies a pen-
alty for additional free parameters (Eq. 4). The general
rankings were: Scheme X > Scheme VII > Schemes
IV-VI (Table IIl). The Akaike test ranks schemes, but
does not give the significance of the rankings. The like-
lihood ratio test can be used to estimate the signifi-
cance of rankings for nested models (Horn and Lange,
1983; see examples in McManus and Magleby, 1988).
Schemes VIl and X ranked significantly above Schemes
IV-VI and V-sat (P < 0.001) for all three channels. In-
terestingly, Scheme X ranked above Scheme VII for
only two of three channels, and this ranking was signifi-
cant for only one channel (B06, P < 0.001) in spite of
the fact that Scheme X gave better likelihoods than
Scheme VII for all three channels.

The apparent discrepancy between visual observa-
tions and the significance of some of the rankings may
reflect the necessarily conservative nature of statistical
tests. Alternatively, the discrepancy may reflect that
Scheme X is still too simple, so that obvious improve-
ments in some aspects of the gating, such as in the de-
pendency plots, are countered by minimal improve-
ments or even small detrimental changes in other as-
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pects of the gating. Thus, Scheme X may have to be
expanded into Scheme IX to obtain sufficiently im-
proved descriptions of the data to outweigh the heavy
penalty imposed by the ranking tests. Consistent with
this possibility, Scheme X predicts only two open and
three closed exponential components at high Ca?*;. It
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Figure 10. The two-tiered
Scheme X describes the basic fea-
tures of the kinetic structure from
low to high Ca?*;. (A-H) Kinetic
structure predicted by Scheme X.
(Compare with the experimental
data in Fig. 6.) The rate constants
used in the predictions were ob-
tained by simultaneous maxi-
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will be shown in a later section that the gating of the
fully liganded channel is described better by models
that more closely approximate Scheme IX.

The NLR;yq values in Table 11l give a numerical mea-
sure of how well the various schemes describe the experi-
mental data. A NLR of 1.0 indicates that a kinetic scheme
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describes the 2-D dwell-time distributions as well as the
theoretical best description for a discrete state Markov
model (see methods). The thick lines in Fig. 3 show the
theoretical best description of the 1-D distributions. For
channel B06, the values of NLR;qy0 (Normalized to 1,000
interval pairs) ranged from 3.15 X 10-33 for Scheme IV to
3.25 X 10~ for Scheme X. These values give likelihood
ratios per interval pair of 0.93 [(3.15 X 10-3)0001] for
Scheme IV and 0.99 [(3.25 X 10-4)%001] for Scheme X.
Such values suggest an average likelihood difference per
interval pair between the predicted and theoretical best
fits of 7% for Scheme IV and only 1% for Scheme X. The
7% difference per interval pair is readily seen (Fig. 5, dot-
ted line), while the small 1% difference is still visually ap-
parent as less than perfect descriptions of the data (Fig. 5,
thick line, and compare Fig. 10 to Fig. 6).

Scheme X Predicts too Few Components at High Ca2*,

In spite of its relative success, Scheme X is still too sim-
ple. Analysis of simulated data indicated that Scheme X
predicted only two significant open and four significant
closed components at high Ca?*;, compared with the
three to four open and five closed components in the
experimental data. This underprediction is not surpris-
ing, since for Scheme X the high Ca?*; would effec-
tively drive the gating towards the two open and three
closed fully liganded states.

Models for the Gating of the Fully Liganded Channel

Since Scheme X predicts too few components at high
Ca?*;, we explored what types of gating mechanisms
might be consistent with the gating at high Ca?*;. In the-
ory, Scheme IX could be examined directly, but the data

(scheme xi)
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(scheme xii)

would be insufficient to constrain the large numbers of
rate constants for the 50-state model. Consequently, we
explored the reduced models given by Schemes XI-XI1lI,
which are all composed of fully liganded states.

Scheme X1 is drawn from the 10-state model describ-
ing the fully liganded states in Scheme IX (the right-
most column of states) with two open states excluded
because they had no significant effect on the likelihood
estimates. Scheme XII expands Scheme XI so that tran-
sitions to the open states pass through intermediate
states, and Scheme XII1 has closed states beyond the ac-
tivation pathway. Schemes XI11 and XI1I were examined
because BK channels gate with large numbers of brief
closings (flickers) at high Ca?*;, just as they do at lower
Ca?*; (Figs. 1, 3, and 6). Intermediate and/or second-
ary states are associated with the generation of flickers
at lower Ca?*; (Rothberg and Magleby, 1998). Addi-
tional support for possible intermediate closed states
between the closed and open states comes from the ob-
servation of Cui et al. (1997) that there is a 50-150-u.s
delay in the activation of BK channels by voltage steps.
Indirect support for possible secondary closed states
comes from observations on Shaker K* channels, where
secondary states appear to contribute to the gating
(Hoshi et al., 1994; Zagotta et al., 1994; Schoppa and
Sigworth, 1998). Homology between Shaker channels
and the core region of BK channels (Wei et al., 1994;
Toro et al., 1998) then suggests the possibility of con-
sidering such secondary states for BK channels.

Schemes XI-XIII were fitted to the 2-D dwell-time
distributions obtained at a single high Ca?*; of 1,024
wM for each of three channels. All three of these
schemes gave reasonable descriptions of the kinetic
structure at high Ca2*; (not shown, but slightly better vi-
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sually when compared with the experimental data than
that shown in Fig. 10, D and H), and all three schemes
gave detected numbers of open and closed states within
the range observed in the experimental data at high
Ca?*;. Scheme Xl gave three open and four closed com-
ponents, and Schemes XII and XlIl each gave three
open and five closed components. For purposes of
comparison, a simpler Scheme XIV with only two open
and three closed states, which describes the fully
liganded states in Scheme X, was also examined.

Both the NLR;q, and Akaike criteria ranked the
schemes in the order: Scheme XII ~ Scheme XIII >
Scheme XI >> Scheme XIV (Table V). The likelihood
ratio test was applied to the nested Schemes XIllIlI, XI,
and X1V, and gave highly significant (P < 0.001) rank-
ings of: Scheme XIIl > Scheme XI > Scheme XIV.

The values of the NLR;4q, for Schemes XIl, XII, and
X1l (Table 1V) indicated that the fits given by these
schemes were considerably better than for the simpler
Scheme X1V, and approached the theoretical best de-
scriptions of the single data sets for discrete state
Markov models. The values of the NLR;,q, for these
schemes ranged from 0.061 to 0.959, giving likelihood
ratios per interval pair ranging from 0.9972 (0.0610001)
to 0.9999 (0.89909%1) suggesting little difference in
likelihood per interval pair between the observed and
theoretical best descriptions of the data.

These findings indicate that the gating of BK chan-
nels at high Ca?*; can be approximated by models
based on the fully liganded states in Scheme IX.
Scheme XI was drawn from the fully liganded states in
Scheme IX. Adding three additional brief states as ei-
ther intermediate states (Scheme XII) or secondary
states (Scheme XIlI11) to generate additional flickers sig-
nificantly improved the description of the data (Table
IV). Whether the intermediate or secondary states are
needed, or whether these additional states simply pro-
vide a means to compensate for the fact that fitting only
the fully liganded states excludes potential contribu-
tions to the gating from transitions back to the states
with fewer than four bound Ca2* is not yet clear. What
is clear, however, is that at least three open and five to
eight closed states, as described by Schemes XI-XIlII,
are required to describe the gating at high Ca?*; equiva-

TABLE IV

Normalized Likelihood Ratios (NLR;400) and Rankings (R) of Schemes
X1-XIV Fitted to Data Obtained at 1,024 uM Ca?*;

Channel 1 (B06) Channel 2 (B12) Channel 3 (B14)

Scheme NLR1000 R NLR100 R NLR1000 R
XIV 211+10%4 4 224+105 4 100x10% 4
XI 0.0610 3 0.117 3 0.238 3
X111 0.468 2 0.950 2 0.828 2
X1 0.475 1 0.959 1 0.899 1

lent to the theoretical best description. These schemes
lack Ca?*-dependent rate constants and apply only for
Ca?*™; > ~100 wM, where the gating kinetics are little
affected by Ca?*,.

Scheme V with an Assumption of Saturation in the
Ca?*-dependent Rate Constants Could Approximate
the Gating from Low to High Ca?*;

We also explored an alternative explanation to account
for the lack of effect of Ca?*; on the gating at high Ca?*;.
In all of the above considered schemes, the binding rate
of Ca?*; was assumed to be a first order reaction, increas-
ing linearly with Ca?*;. Thus, the effective rate constants
for binding are given by the product of Ca?*; times the
rate constants expressed per micromole per second. An
upper limit for the rate constant for such a diffusion-
controlled process is ~10° M~ s~1 (Fersht, 1985; Cui et
al., 1997). There is, however, no a priori reason to think
that the effective binding rate would necessarily increase
linearly with Ca?*; at high Ca?*;. The physical structure
of the Ca?*-binding sites is not yet known, but if the
binding sites are in a vestibule with some additional neg-
ative charged groups, then the local concentration of
Ca?* at the binding sites at lower Ca?* could be greater
than that in the bulk solution (Van der Kloot and Co-
hen, 1979; Green and Andersen, 1991; Nonner and
Eisenberg, 1998), so that the local concentration could
reach a maximum as the concentration of Ca?* in the
bulk solution is raised. This could give an apparent satu-
ration in the Ca?*-dependent rate constants.

Alternatively, if the binding, which is represented by
a one-step process in the kinetic schemes, is actually a
two-step process that involves binding followed by a
conformational change, then the apparent binding
rate would saturate if the second step becomes rate lim-
iting at high Ca?*; (Fersht, 1985).

Since the physical details involving Ca?* binding and
action are not known, we explored these two saturation
models by using an approach that was independent of a
detailed physical model. As both processes would have
the effect of reducing the effective concentration of
Ca?*; at high Ca?*;, we examined whether the kinetic
structure from low to high Ca?*; could be described by
letting the effective Ca?"; at high Ca?*; be less than the
actual Ca?*;, to mimic apparent saturation of the bind-
ing step. Since it is not known what the value of the ef-
fective Ca?™; would be at high Ca?*;, this value was esti-
mated by iterative fitting. The 2-D dwell-time distribu-
tions obtained at six different Ca?*; (5.5, 8.3, 12.3, 20.3,
132, and 1,024 pM) were simultaneously fitted to esti-
mate the most likely rate constants for Scheme V, and
also the most likely effective concentrations of Ca?*; for
the data obtained at 132 and 1,024 M Ca?*;. When fit-
ting, the Ca?*; used for the data obtained at the four
lower Ca?*; was fixed to the experimental values.
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Scheme V with effective Ca2*; of 56.9 and 60.0 uM
for the data obtained at 132 and 1,024 uM Ca?*;, re-
spectively, and the actual Ca?*; for the other four data
sets obtained at lower Ca?*; could approximate the ba-
sic features of the kinetic structure from low to high
Ca?*,. The predicted kinetic structure at 1,024 pM
Ca?*; is shown in Fig. 11 and was visually indistinguish-
able from the predicted kinetic structure at 132 uM
Ca?*,. Comparison of the predicted kinetic structure in
Fig. 11 to that in Fig. 6, C, D, G, and H, showed that
Scheme V with an assumption of saturation could ap-
proximate the data at high Ca2*;. Scheme V with satura-
tion also described the data at lower Ca?*;, with the pre-
dicted structure similar to that in Fig. 10 (not shown).
For the other two channels studied in a similar manner,
the effective Ca?*;s at 132 and 1,024 p.M Ca?*;were 67.8
and 114 pM (channel B12) and 35.2 and 39.4 uM
(channel B14). The likelihoods indicated that Scheme
V with an effective saturation in the binding rate
(Scheme V-sat) described the kinetic structure from
low to high Ca2"; slightly less well than Schemes V11 and
X (Table I11). The observation that the effective Ca?*;
was greater for all three channels for the data collected
at 1,024 uM than for the data collected at 132 uM sug-
gests that increasing Ca?*; from 132 to 1,024 uM may
have some additional effects on the gating, but any ef-
fects would be small since the exponential components
describing the dwell-time distributions at 132 and 1,024
wM Ca?*; were not significantly different. Cox et al.
(1997b) have also found (for mSlo) that high Ca2*; may
have additional effects on gating.

The results in this section show that a relatively simple
gating mechanism (Scheme V) with the added assump-
tion of apparent saturation in the Ca2* binding steps at
high Ca%*; can approximate the gating from low to high
Ca%*,. It will be discussed later that saturating models
may be less appropriate than two-tiered models.
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Estimated Rate Constants for the Examined Kinetic Schemes

Fig. 12 presents the estimated rate constants for Schemes
X and Xl for the three channels examined in detail. On-
line supplemental Figure S2 (http://www. jgp.org/cgi/
full/114/1/93/DC1) presents estimated rate constants
for these same three channels for most of the other exam-
ined schemes. The rate constants for the examined
schemes typically ranged from ~0 to 45,000/s, indicating
a large range in the height of the energy barriers between
the various states. Rate constants were limited so as not to
exceed 45,000/, as letting them go higher gave little im-
provement in the fits. Estimated rate constants for the
simpler models (Schemes IV-VI and XI-XIII) were rela-
tively consistent from channel to channel. For the most
complex gating mechanism examined (Scheme X), there
could be considerable variability in the estimates, depend-
ing on the specific rate constants. In those cases where
there was considerable variability in estimates of the rate
constants among channels, the variability was typically as-
sociated with poorly defined rate constants, as these rate
constants could be fixed to various values with little effect
on the likelihood values after refitting. The rate constants
for Scheme X will be used in the discussion to describe
how the channel gates at low and high Ca?*.

discussion

This study used detailed single-channel analysis to ex-
amine the Ca?*-dependent gating of native BK chan-
nels in cultured rat skeletal muscle. We have extended
previous studies by examining the effects of high Ca?";
to obtain critical information about mechanism when
the gating is driven towards the fully liganded states.
Maximum likelihood fitting together with comparisons
of the observed and predicted 2-D dwell-time distribu-
tions and dependency plots (the kinetic structure)
were used to evaluate gating mechanisms.

Figure 11. Scheme V with an
assumption of saturation in the
Ca?*-binding rates (Scheme V-sat
in Table I11) describes the kinetic
structure from low to high Ca?*;.
The figure presents the pre-
dicted kinetic structure for data
obtained with 1,024 pM Ca?*;
e (compare with Fig. 6, D and H).
‘tisii:;i"’" :"’, The rate constants used in the
R predictions were obtained by si-
multaneous maximum likeli-
hood fitting of 2-D distributions
obtained at six different Ca?*;
ranging from 5.5 to 1,024 uM.
The values of the effective Ca?*
at the binding sites for the data

obtained at 132 and 1,024 uM Ca?*; were determined by fitting to maximize the likelihood during the simultaneous fitting of data ob-
tained at the six different Ca?*;, and were 56.9 and 60.0 M Ca?*;, respectively. Channel B06. The predicted kinetic structure for 132 uM
Ca?*;was similar to that plotted in A and B, and the predicted kinetic structures for the lower Ca%*; were similar to those shown in Fig. 10.
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Properties of Gating in High Ca®*; on P, (~0.97), the mean open and closed times, the 1-

For low to intermediate levels of Ca?*;, the gating was  and 2-D dwell-time distributions, and the dependency
highly Ca?*; dependent, with a Hill coefficient of ~3.5, plots (Figs. 1-4, 6-8, and Tables | and I1). Estimates of
within the range of 2-4 typically observed for BK chan-  the numbers of significant exponential components in
nels (see introduction). In contrast, the gating was  the dwell-time distributions indicated that the channel
Ca?* independent for high levels of Ca2*; (>100 uM). entered at least three to four open and four to five
Increasing Ca?*; 8-10-fold to 1,024 pM had little effect  closed states during normal activity at high Ca?*;, and
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that the estimated numbers of states did not change
when Ca?*; was increased from 100 to 1,024 uM (Fig.
4). Significant dependencies (correlations) between
the durations of adjacent open and closed intervals in
the dependency plots (Figs. 6-8) indicated that transi-
tions between the open and closed states occurred over
at least two independent transition pathways (two or
more gateway states) at high Ca2";.

Thus, as a first approximation, gating at high Ca?*;
involves Ca?*-independent transitions among at least
three to four open and four to five closed states, with
two or more independent transition pathways among
the open and closed states. Models with these charac-
teristics (Schemes XI1-XII1) gave excellent descriptions
of the kinetic structure for data limited to high Ca?*;
(Table 1V).

The MWC Model Is Inconsistent With Gating from Low
through High Ca?*;

The MWC model (Monod et al., 1965) for allosteric
proteins (Scheme 111) predicts that high Ca?*; would
drive the gating towards the two fully liganded open
and closed states, resulting in a simple two-state gating
mechanism at high Ca?*; with a single transition path-
way between the states. These predictions of the MWC
model are inconsistent with our observations at high
Ca?*; of multiple open and closed states connected by
two or more independent transition pathways. The
MWC model or extensions of the MWC model
(Schemes 1V-VI) could not describe the gating from
low to high Ca?*; (Fig. 5 and Table 1II). Clearly, the
MWC model can be rejected for the gating of BK chan-
nels in skeletal muscle.

Models with a Single Effective Gateway State at High Ca2™;
Can Be Rejected

Since models based on the MWC model were inconsis-
tent with the data at high Ca?*;, we examined more
complex models based on Eigen’s (1968) general 35-
state allosteric model for tetrameric proteins and the
55-state extension of Eigen’s model (Cox et al., 1997a)
shown in Scheme I. Since both the 35- and the 55-state
models have too many rate constants to estimate practi-
cally, we condensed these models to a 25-state model
(Scheme 11) by assuming that the isoforms of each state
were Kinetically indistinguishable (as in Fersht, 1985),
and then examined models drawn from the 25-state
model. Scheme VII could describe the 1-D dwell-time
distributions from low to high Ca?*; (Fig. 5), but pre-
dicted no dependence between adjacent intervals at
high Ca2*; (Fig. 9), in contrast to the significant depen-
dencies observed in the experimental data (Figs. 6-8).

The lack of dependence for Scheme VII at high Ca2*;
results because the high Ca?*; drives the gating towards
the fully liganded states, as summarized by Scheme
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V111, where there is a single effective transition pathway
between the open and closed states. The observation
that Scheme VII predicted no dependence at high
Ca?*; suggests by analogy that the more complex 25-55-
state models (Schemes | and II), and all schemes in
which there would be a single effective transition path-
way between open and closed states at high Ca?*;, can
be rejected.

A General Two-Tiered Model Can Account for the Gating
from Low to High Ca2*;

Schemes I-VII can be classified as one tiered because
the open and closed states can be contained within a
single plane. Since the examined one-tiered models
were inadequate to describe the data at high Ca?*;, we
considered what type of model would be required. If all
the states in Schemes | and Il are closed states, then
there would be a sufficient number of fully liganded
closed states at high Ca?* to generate the four to five
observed closed exponential components observed at
high Ca?*. If each of the closed states in Schemes | and
Il can make a direct transition to an open state, then
this would give enough fully liganded open states to
generate the three to four observed open components
at high Ca?*. If the gating is effectively confined to the
fully liganded states at high Ca?*;, then the gating at
high Ca?*; would be described by Scheme XV, where all
the subunits are bound with Ca?*. Each subunit in this
scheme can exist in two conformational states, and a
concerted conformational change of all subunits is re-
quired for opening. Scheme XV has five independent
transition pathways between the fully liganded closed
and open states (upper and lower tiers, respectively)
that would allow dependence to be generated between
open and closed intervals at high Ca?*;. Scheme XI,
consistent with Scheme XV, gave excellent descriptions
of the gating in high Ca?*; (Table 1V)

(scheme xv)



Extending Scheme XV to include states with zero to
three bound Ca?* would give the general two-tiered
model described by Scheme IX, with 25 closed states on
the upper tier and 25 open states on the lower tier.
Scheme X, a reduced version of Scheme IX, could de-
scribe the kinetic structure of the channel from low to
high Ca2*; (Fig. 10). Scheme X also generated single-
channel current records that closely mimicked, except
for stochastic variation, the experimental current records,
as can be seen by comparing the simulated (predicted)
records in Fig. 13 to the experimental records in Fig. 1.
The Ca%*-independent gating kinetics at high Ca?*; to-
gether with the few longer closed intervals are present
in the simulated records.

Although the more complex Scheme IX was not
tested directly, this general scheme should give an even
better description of the gating than Scheme X, as
Scheme X is contained within Scheme IX. Hence,
Scheme IX can serve as a working hypothesis for the
Ca?*-dependent gating of BK channels. Horrigan and
Aldrich (personal communication), based on analysis
of macroscopic ionic and gating currents from mSlo,
have also found evidence for two-tiered gating mecha-
nisms.

Gating in Scheme 1X Occurs Among Five Subschemes that
Differ in the Number of Bound Ca?*

In the context of Scheme IX, it can be seen that, for
any fixed number (0-4) of Ca?* bound to the channel,
the channel could gate among at least five open and
five closed states. Thus, Scheme IX can be viewed as be-
ing comprised of five subschemes (one of which is
shown in Scheme XV). The subunit conformations of
the analogous states in each of the subschemes are the
same, as are the transition pathways among the various
open and closed states. Hence, both the conformations
of the subunits and the connections among states are
identical for each subscheme, independent of the num-
ber of bound Ca. Ca?*; acts by driving the gating from
the subscheme comprised of the states with zero bound
Ca?* towards the subscheme comprised of the states
with four bound Ca?*. The binding of Ca?* stabilizes
the open states. The dynamics of this Ca?*-dependent
shift will be presented in a later section.

Additional support for Scheme 1X comes from the ob-
servation that BK channels gate at very low Ca?*; (Barrett
et al., 1982; Pallotta, 1985; Meera et al., 1996; Rothberg
and Magleby, 1996; Cui et al., 1997), among multiple
closed (Talukder and Aldrich, 1998) and open states
(Nimigean, Rothberg, and Magleby, unpublished observa-
tions). The unliganded states in Scheme 1X have five gate-
way states, suggesting that there would be a dependent
relationship among the durations of open and closed in-
tervals at zero Ca?*;, consistent with unpublished observa-
tions (Nimigean, Rothberg, and Magleby).

Scheme X, simulated
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Figure 13. Single-channel current records predicted by the two-
tiered Scheme X for comparison with the experimental current
records in Fig. 1. Idealized single-channel currents were gener-
ated, noise was added, and then the entire record was filtered with
a digital four-pole Bessel filter to give the same effective dead time
as that in the experimental record. Scheme X predicts the range
of activity as well as the apparent kinetic saturation in the gating at
high Ca?*;.

Why the Dependency Plots Appear Similar from Low to
High Ca?*;

The saddle shape of the dependency plots (Figs. 6 and
7) reflects the inverse relationship between the dura-
tions of adjacent open and closed intervals. This in-
verse relationship suggests that more stable (longer du-
ration) open states are effectively connected to less sta-
ble (briefer duration) closed states (McManus et al.,
1985). In terms of Scheme IX, the general saddle shape
of the dependency plots remains the same from low
through high Ca?*; because the subschemes that are
entered from low to high Ca?*; are comprised of the
same numbers of open and closed states with the same
subunit conformations and connections among the
states. If the relative stability of the connected open
and closed states depends mainly on the subunit con-
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formations rather than on the numbers of bound Ca?*;,
then the general shape of the dependency plots would
remain the same from low through high Ca?*;.

Gating Dynamics at Low and High Ca2*;

Since Scheme X (drawn from Scheme IX) could ac-
count for the kinetic structure from low to high Ca?*;,
Scheme X was examined to gain insight into how Ca?*
activates the channel. Fig. 14 presents the equilibrium
occupancy, mean lifetime, and frequency of entry for
each state for gating at low Ca?*; (5.5 uM, P, = 0.061)
and high Ca?*; (1,024 pM, P, = 0.97) for Scheme X.
Notice that bars of considerable height in these plots
can have small values due to the logarithmic ordinates.
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At low Caz*; (Fig. 14, A-C), the channel readily gates
among all of the states in Scheme X, as indicated by the
frequencies of entry into each state (C), but spends
most of its time in the closed states with zero (82.9%)
and one (8.2%) bound Ca?*; (A). At high Ca?*;, the
gating of the channel is effectively confined to the fully
liganded states with four bound Ca?*, where it spends
99.2% of its time. Little time (0.76%) is spent in the
states with three bound Ca?*, and negligible time
(<0.04%) is spent in the states with 0, 1, or 2 bound
Ca?*; (Fig. 14, D-F). The high P, in high Ca2* reflects
that the channel spends 96.6% of its time in the open
states with four bound Ca?*, where Ca?* stabilizes the
open states. The flickers (brief closings) in the single-
channel current record arise mainly from transitions to

1024 M Ca" /1

Figure 14. Mechanism of the
Ca?"-dependent gating of BK
channels for the two-tiered
model described by Scheme X.
Equilibrium occupancies, mean
lifetimes, and frequencies of en-
try into each state are plotted on
logarithmic scales for data col-
lected at low (A-C, 5.5 uM) and
high (D-F, 1,024 uM) Ca?*;. The
X axis indicates the number of
bound Ca?*, and the y axis indi-
cates the upper tier of closed
states and the lower tier of open
states. The inset identifies the
states in the plots with the state
numbers in Scheme X. The two-
tiered form of Scheme X places
open states 1-3 directly below
closed states 15-17, respectively,
and open states 4-6 directly be-
low closed states 12-14, respec-
tively. Channel BO6.



the brief closed states C12— C16 at lower Ca?*; and C12
and C15 at high Ca?*;.

The Considered Schemes Are Only Approximations of the
Gating Mechanism

As emphasized by Schoppa and Sigworth (1998), all ki-
netic modeling is by nature approximate. Although
Scheme X could give good descriptions of the single-
channel kinetics from low to high Ca?*;, this model
must be considered as only an approximation of the ac-
tual underlying gating mechanism. Scheme X with 17
states was drawn from the general 50-state model de-
scribed by Scheme IX. Additional open and closed
states with zero and one bound Ca?*; would have to be
added to Scheme X to allow gating in very low Ca?*;,
and additional rows of open and closed states would
have to be added to Scheme X to generate the ob-
served numbers of open and closed components at
high Ca?*;. The addition of these states would bring
Scheme X to the general 50-state model described by
Scheme IX.

However, even the general 50-state Scheme 1Xis a re-
duced model compared with what the actual gating
mechanism is likely to be. Scheme IX excludes the iso-
forms of the various open and closed states. Including
all the isoforms of each state (see Scheme I) would ex-
pand Scheme IX from 50 to 110 states.

BK channels may have additional closed states be-
yond the activation pathway (secondary states). Roth-
berg and Magleby (1998) found that models with such
secondary states were consistent with the gating from
low to intermediate Ca?*;, and Scheme XIII with such
secondary states gave excellent descriptions of gating in
high Ca?*; (Table 1V). Such secondary states, if present,
would add a third tier to Schemes 1X and X consisting
of closed states beyond the open states. Secondary
states may also contribute to the gating of other K+
channels (Hoshi et al., 1994; Schoppa and Sigworth,
1998).

The skeletal muscle BK channel often passes through
a brief lifetime subconductance state upon opening
and closing (Ferguson et al., 1993). It is not clear
whether these subconductance states would arise from
some of the states in Schemes IX and X, from isoforms
of the states (see Scheme 1) that were not included in
Schemes IX and X, or whether additional states would
have to be added to Schemes IX and X to account for
the subconductance levels. For example, the concerted
conformational changes that occur between closing
and opening may occur in two steps, rather than the
one indicated in Schemes 1X and X (Schoppa and Sig-
worth (1998).

Changing Ca?*; more than two orders of magnitude,
as was done in our experiments, would be expected to
alter surface charge (Hille et al., 1975; Green and

Andersen, 1991) and hence gating (Moczydlowski et
al., 1985). Since the considered gating mechanisms did
not take surface charge into consideration, the ques-
tion arises as to what effects this omission might have
on the conclusions of our study. Changing the mem-
brane potential =20 mV (to mimic possible surface
charge effects) did not alter the observed numbers of
exponential components or the general saddle shape
of the dependency plots (our unpublished observa-
tions). Since the rejection of previous models in favor
of two-tiered gating mechanisms in our study was based
on factors that relate to the observed numbers of states
and dependency at high Ca?*;, surface charge effects
would be unlikely to alter the conclusion of two-tiered
gating mechanisms reached in this study, but could al-
ter some of the rate constants.

Although Scheme X could describe many features of
the data, this does not exclude the possibility that other
rather different mechanisms might also account for the
data. A model with fewer states than Scheme X, but
with apparent saturation in Ca2* binding rate could
also give reasonable descriptions of the Ca2* depen-
dence of the single-channel kinetics from low to high
Ca?*; (Fig. 11 and Table IIl). Nevertheless, we prefer
the general two-tiered approach based on Scheme IX
to the more ad hoc saturation models, as two-tiered
models provide a means to account for the complexity
of the gating in zero Ca?*;and are consistent with a tet-
rameric protein.

BK channels can gate in a number of different
modes, with 96% of the intervals occurring during ac-
tivity in the normal mode (McManus and Magleby,
1988). The gating mechanisms developed in this study
apply only to normal mode activity and would have to
be expanded to account for activity in other modes.
The gating mechanisms would also have to be ex-
panded or modified to account for the effects of per-
meant ions on channel activity (Demo and Yellen,
1992; Mienville and Clay, 1996), the different gating
properties of other BK channels such as dSlo (from
Drosophila) where mean open times are relatively Ca2*
independent (Lagrutta et al., 1994; Moss et al., 1999),
and the gating effects of various beta subunits not
present in skeletal muscle (McManus et al., 1995;
Dworetzky et al., 1996; Solaro et al., 1997; Tanaka et al.,
1997; Nimigean and Magleby, 1999; Waller et al., 1999).

Voltage Dependence of Gating

The voltage dependence of BK channels is an intrinsic
property of the channel and does not appear to arise
through voltage-dependent increases in Ca?* binding
(Cox et al., 1997b; Cui et al. 1997; Rothberg and Ma-
gleby, 1996, 1999; Stefani et al., 1997; Diaz et al., 1998).
BK channels show homology to the superfamily of volt-
age-dependent K* channels, including an S4 voltage
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sensor (Atkinson et al., 1991; Adelman et al., 1992; But-
ler et al., 1993; Pallanck and Ganetzky, 1994; Diaz et al.,
1998). In the context of the general two-tiered Scheme
IX, depolarization could increase P, through voltage-
dependent transitions of two general types. Depolariza-
tion could drive the concerted conformational changes
that occur when states on the closed tier open to states
on the open tier, or depolarization could drive the con-
formational changes of the individual subunits for tran-
sitions among states on each tier.

Recent preliminary observations on large multistate
models using analysis of macroscopic ionic and gating
currents (Horrigan and Aldrich, 1998) and single-
channel recordings (Rothberg and Magleby, unpub-
lished observations) suggest that the voltage depen-
dence lies mainly in the Ca?*-independent closed-
closed and open-open steps with the concerted
closed—-open step being less voltage dependent. Consis-
tent with this hypothesis, gating charge movement can
precede channel opening, and charge movement can
also occur after the pore is open (Stefani et al., 1997).
These observations suggest that it may only be neces-
sary to add voltage dependence to the rate constants in
the models that we have considered in order to account
for the major features of the voltage dependence of the
single-channel kinetics. Nevertheless, Shaker K+ chan-

nels gate as if each subunit undergoes three transitions
in sequence followed by two final concerted transitions
for opening (Schoppa and Sigworth, 1998), and move-
ment of the S2 segment may precede that of the S4 seg-
ment (Cha and Bezanilla, 1997), consistent with multi-
ple conformations of each subunit. If the subunits in
BK channels also have multiple conformations, then
the potential numbers of states would be greatly in-
creased over the models considered here.

Conclusion

This study develops gating mechanisms that can de-
scribe the Ca?* dependence of the kinetic structure of
BK channels from low to kinetically saturating levels of
Ca?*;. These models are drawn from a general 50-state
two-tiered model in which each closed state in the up-
per tier can make a direct transition to an open state in
the lower tier. Our previous models that describe the
Ca?*-dependent gating over more limited conditions
are contained within the general 50-state model. Thus,
the 50-state model serves to unify previous studies, and
can provide a framework for further studies on mecha-
nism through single-channel analysis of gating at very
low Ca?*; and of the voltage dependence of the gating.
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ing of potassium channels Il: mSlo channel gating charge movement in the absence of Ca?*. J. Gen. Physiol. In press.)
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