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ABSTRACT The Ca®*-dependent gating mechanism of cloned BK channels from Drosophila (dSlo) was studied. Both a
natural variant (A1/C2/E1/G3/10) and a mutant (S942A) were expressed in Xenopus oocytes, and single-channel currents
were recorded from excised patches of membrane. Stability plots were used to define stable segments of data. Unlike native
BK channels from rat skeletal muscle in which increasing internal Ca®* concentration (Ca?™") in the range of 5 to 30 uM
increases mean open time, increasing Ca?* in this range for dSlo had little effect on mean open time. However, further
increases in Ca?" to 300 or 3000 uM then typically increased dSlo mean open time. Kinetic schemes for the observed
Ca®*-dependent gating kinetics of dSlo were evaluated by fitting two-dimensional dwell-time distributions using maximum
likelihood techniques and by comparing observed dependency plots with those predicted by the models. Previously
described kinetic schemes that largely account for the Ca®*-dependent kinetics of native BK channels from rat skeletal
muscle did not adequately describe the Ca®" dependence of dSlo. An expanded version of these schemes which, in addition
to the Ca®"-activation steps, permitted a Ca®*-facilitated transition from each open state to a closed state, could approx-
imate the Ca®*-dependent kinetics of dSlo, suggesting that Ca®* may exert dual effects on gating.

INTRODUCTION

Large-conductance G4-activated potassium channels (BK channels in turtle cochlear hair cells by expanding the
or maxi-K* channels) are activated by both intracellular minimal model of McManus and Magleby (1991) with two
Ca&" and membrane depolarization. Consequently, BKadditional closed states (denoted as’Ghlocked states)
channels provide a direct link between “Cadependent beyond the open states.
cellular processes and membrane potential (reviewed by The recent cloning of the BK channel pore-forming
McManus, 1991; Latorre, 1994). BK channels have beersubunit, first fromDrosophila(dSlg (Atkinson et al., 1991;
observed in a wide variety of cell types where they playAdelman et al., 1992), and later from other species, has
crucial roles in many different physiological processes in-allowed investigators to study BK channels of known pri-
cluding neurotransmitter release (Robitaille et al., 1993)mary structure (DiChiara and Reinhart, 1995; McManus et
secretion (Petersen and Maruyama, 1984), smooth musclg., 1995; Silberberg et al., 1996; Cox et al., 1997; Schreiber
contraction (Nelson et al., 1995), and the electrical tuning oaind Salkoff, 1997; Stefani et al., 1997). However, compared
cochlear hair cells (Hudspeth and Lewis, 1988; Wu et al.to native BK channels, much less is known about the
1995). detailed single-channel kinetics of cloned BK channels.
Considerable progress has been made toward Understand'The purpose of the present study was to characterize the
ing the C&"-dependent gating mechanism of BK channelsc*_dependent single-channel kineticstSloand to work
due to their unusually large conductance (150-350 pS ifpward developing a kinetic scheme that could account for
symmetrical 150 mM KCI), which allows single-channel the opserved effects of €2 We found that, unlike native
currents to be _rgcorded with high time resolution. For ex-gk channels in rat skeletal muscle where increases ffca
ample, the minimal model of McManus and Magleby |eaq to progressive increases in mean open time, increases
(1991) and an expanded version of this model with addiyy intermediate CH (30 uM) for dSlohad little effect on
tional brief closed states (Rothberg and Magleby, 1998) Cafean open time. Further increases to highet Q@00 or
account for the major features of the QCadepgndent SIN- " 3000uM) for dSlothen typically increased mean open time.
gle-channel kinetics of native BK channels in rat skeletalginetic schemes for the observed single-channel gating
muscle from low to moderate levels of £a Wu et al. o6 evaluated by fitting two-dimensional (2-D) dwell-time
(1995) were able to account for the activity of native BK gigyipytions using maximum likelihood techniques. Results
indicate that the models, which largely account for the
Ca"-dependent kinetics of native BK channels from rat
Received for publication 10 November 1998 and in final form 3 March gkeletal muscle, do not adequately describe the" ae-
1999. _ , pendent single-channel kinetics dSla However, an ex-
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MATERIALS AND METHODS Log-binning and plotting one-dimensional (1-D)

Expression of dSlo channels in Xenopus oocytes dwell-time distributions

laevi icall d usi " The methods used to log bin the intervals into 1-D dwell-time distributions,
Xen(_)pus aevuao_cytes were enzymanca_y separated using collagenase ag 4 gistributions with sums of exponentials using maximum likelihood
previously described (Dahl, 1992). Earlier work had suggestedd®kat

fitting techniques (intervals less than two dead times were excluded from
channels expressed Kenopusoocytes may be modulated by an endoge-

) = . . 2~ the fitting), determine the number of significant exponential components
nous. cyclic AMP-depende_nt prot_em kinase (PK’B_‘)'“ke _protem, which with the likelihood ratio test, and generate simulated current records with
remains functionally associated with the channels in excised patches (Eﬁ]tering and noise have been described previously (Blatz and Magleby,
guerra gt a‘I.,‘ 1994; see B_owlby and Levitan,‘ 199§). Therefore, oocyterig%; McManus and Magleby, 1988, 1991; Colquhoun and Sigworth,
were microinjected with either cRNA transcribed in vitro from cDNA 1995). Dwell-time distributions are plotted with the Sigworth and Sine

encoding variant A1/C2/E1/G3/I0 dSlo(wild-type channel) (Adelman et (1987) transformation, as the square root of the number of intervals per bin,

al:, ;992) or with CRNA in W_hiCh a putg_tive PKA phosphqrylation site was without correcting for the logarithmic increase in bin width with time.
eliminated by replacing serine at position 942 with alanine (S942A chan-

nel), as described previously (Esguerra et al., 1994). Single-channel cur-

rents from expressed BK channels were recorded in excised patches i’.fog-binning and plotting 2-D dwell-time
membrane 2—4 days after microinjecting 2—10 ng of cRNA.

distributions

The theory of 2-D dwell-time distributions can be found in Fredkin et al.

. . (1985), Keller et al. (1990), and Rothberg et al. (1997). Two-dimensional
Single-channel recording dwell-time distributions were generated as detailed in Rothberg and
Currents were recorded frodSlo channels using the inside-out configu- Magleby (1.998)’ and plotteq by gxte_ndmg the Slgworth and Sln_e (1987)

) - ) . fransformation to 2-D dwell-time distributions. Briefly, every open interval
ration of the patch-clamp technique (Hamill et al,, 1981) as descrlbeqtand its following (adjacent) closed interval were binned as well as ever
previously (Silberberg et al., 1996). Unless otherwise indicated, experi- 9 (ad y

ments were performed on patches containing a single S942A channe?losed interval and its following (adjacent) open interval, with the logs of

determined by extended recordings at levels of‘Ciat would be ex- the open and closed 'interval durations of each pair locating the bin on the
. . y andx axes, respectively. The 2-D surface plots were generated with the

pected to readily activate BK channelenopusocytes can express very
low levels of endogenous BK channels (Krause et al., 1996). However, thgrogram Surfer (Golden Software, Golden, CO).
single-channel currents in the present study are unlikely to have arisen
from endogenous BK channels since these channels are apparently ac
vated at lower C&" than was observed for tldSlochannels studied here. Cbependency plots
Also, singledSlochannels (variant A1/C2/E1/G3/I0) are characterized by pependency plots were constructed from the 2-D dwell-time distributions
a very distinctive gating pattern in which channel openings are interruptedhs described in Magleby and Song (1992). The dependency for each bin of
by numerous brief closings, or “flickers,” in contrast to the much lower gpen-closed interval pairs with mean duratiogsitd t, is:
frequency of flickers in the records of Krause et al. (1996).

For the experiments odSlq the pipette (extracellular) solution con- Nobdtos t) — Ning(to, t)
tained (in mM): potassium gluconate, 154; KCI, 6; Cadl; MgCl, 1; Dependencyt,, t,) = Noo(ts, ) 1)
TES buffer (-tris (hydroxymethyl)methyl-2-aminoethane sulfonic acid), indlbo, fe
5. The microchamber (intracellular) solution contained (in mM): pOtaSSiumWhereNobs(to, t.) is the observed number of interval pairs in big {), and
gluconate, 150; KCI, 10; TES buffer, 5; and sufficient Caolachieve the  n (¢ 1) is the calculated number of interval pairs in big () if adjacent
desired levels of free calcium. Solutions were adjusted to pH 7.0. Theypen and closed intervals pair independently (at random). The expected

method used to estimate the buffering capacity of gluconate f6* @  umber of interval pairs in bin {tt.) for independent pairing is:
detailed in Silberberg et al. (1996). The data presented from native BK

channels in rat skeletal muscle were from previous experiments carried out Ning(to, to) = P(ty) X P(t.) 2)

in symmetrical 144-150 mM KCI with 5 mM TES pH buffer, and using

various methods to set €a (details in McManus and Magleby, 1991; whereP(t,) is the probability of an open interval falling in the row of bins

Rothberg and Magleby, 1998). with a mean open duration of,tand P(t.) is the probability of a closed

The membrane potential of the excised patches was heleBatmv interval falling in the column of bins with a mean closed duration of t

(intracellular side positive). Current records were effectively low-passP(t,) is given by the number of open intervals in roydivided by the total

filtered at 6.5-9 kHz {3 dB) as indicated in the figure legends. Experi- number of open intervals, ang(t)) is given by the number of closed

ments were performed at room temperature (21-23°C). intervals in column tdivided by the total number of closed intervals. To
facilitate comparison between experimental and predicted dependency
plots, data simulated from the models contained the same number of
intervals as in the corresponding experimental data.

Sampling and measuring interval durations

Single-channel current records were sampled at 100-200 kHz, durations stimating the most likely rate constants for

open and closed intervals were measured with half-amplitude thresholginetic schemes

analysis, and stability plots were constructed as described in detail previ-

ously fordSlo(Silberberg et al., 1996) and native BK channels (McManus The most likely rate constants for the examined kinetic schemes were

and Magleby, 1988, 1991). determined from fitting 2-D frequency histograms (dwell-time distribu-
Two of the four experiments examining the effect of higifCan mean  tions) obtained at either a single £aor simultaneously fitting distribu-

open time (and no other kinetic parameters) were performed on patchegons obtained at three or four different £a Fitting was done using an

containing twodSlo channels. Mean open time was determined from the iterative maximum likelihood fitting procedure similar to the one detailed

upper level with two channels open by multiplying the measured openn McManus and Magleby (1991), except that 2-D dwell-time distributions

duration for this level by two, as either channel could close. This result waseplaced the 1-D dwell-time distributions, and the correction method of

in agreement with the estimates of mean open time obtained directly fron€rouzy and Sigworth (1990) for missed events due to filtering replaced our

the lower level. previous correction method. Additional details of the fitting including the
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methods used to correct for missed events are given in Rothberg andative BK channels in cultured rat skeletal muscle (Silber-

Magleby (1998). berg et al., 1996; Bowlby and Levitan, 1996). Therefore,
] ] o precautions were taken to obtain stable data for analysis.
Evaluating and ranking the kinetic schemes Only channels in whictP, appeared relatively stable for at

Normalized likelihood ratios (NLR) were used to compare the ability of l€@st 10 min were selected for initial analysis. Each channel
any given kinetic scheme to describe the experimental 2-D dwell-timewas then analyzed with stability plots (Blatz and Magleby,
distributions to the description given by the theoretical best fit (McManus]_986) to examine the stability of the kinetic properties as

and Magleby, 1991; Rothberg and Magleby, 1998). Normalization ac-

counts for the differences in numbers of interval pairs among experiments\{ve” asto 'dentlfy mOdmg and subconductance levels (MC_

so that comparisons can be made among channels. The normalized likehManus and Magleby, 1988).
hood ratio per 1000 interval pairs, NLR, is defined as: The process used to select stable data for analysis from
NLR 1000 = exp((In S— In T)(L000N)) (3) one dSlo channel is shown in Fig. 1. Fig. A presents
. . _ o _ consecutive single-channel current traces for 10 continuous

where InSis the natural Ic_Jgarlt_hm_of the maximum I|k_e||h<_)0d estlmgte for minutes of recording. Fig. B shows stability plots of the
the observed 2-D dwell-time distributions given the kinetic schem@€&,isn . .
the natural logarithm of the maximum-likelihood estimate for the theoret-open (Op) and C!Osed mOttom intervals from the recorq n
ical best description of the observed distributions with sums of 2-DFig. 1 A. Each line segment plots the average duration of
exponential components, aidis the total number of fitted interval pairs 150 consecutive open or closed intervals. For 90% of the
in the obsgrved QW(e_Il-tlme dlstrlbutlo_ns.The the(_)r_etlcal bestdescrlptlgn oﬁntervals (\,40,000 of the 44,500 total open and closed
the dwell-time distributions was estimated by fitting the 2-D dwell-time . . .
distributions with sums of 2-D exponential components with all free mteryals), bOth the mean open time and mean closed t'm_e
parameters, except for the volume of one component, since the volumes éemained relatively constant, suggesting stable channel ki-
the components must sum to 1.0. The number of components was increaspgétics. This predominant type of activity will be referred to
l.mtll.therewas np Igngera5|gn|f|cant mqeasemhkehhood.The mammumas normal mode activity. The remaining 10% of the inter-
likelihood for this fit would then approximate that of the theoretical best | . d with th disti i . d h
description for a discrete-state Markov model that generates the samé@ls was associated with three distinct 'n?tlc _mo es other
number of exponential components fit to the same data (Rothberg et alfhan normal. The modes labeled 1 and 2 in Fid3 tvere
1997). . . ~ characterized by abrupt decreases in both mean open time

Although the NLR o, gives a measure of how well different kinetic and mean closed time. The mode labeled 3 was character-

schemes describe the data, it cannot be used directly for ranking schemes

since no penalty is applied for the number of free parameters. To overcom_'ged by a decrease in mean closed time with no correspond-

this difficulty, the Schwarz criterion was used to apply penalties and randNg change in mean open time. The variatiorPg due to
models (detailed in McManus and Magleby, 1991). The Schwarz criteriormoding is apparent in Fig. C.

(SC) is given by Inspection of the current record corresponding to mode 1
SC=—-L+ (0.5F)(InN) (4) revealed that the channel generated a burst of very brief

whereL is the natural logarithm of the maximum likelihood estimdtes open and clgsed mterval; (Flg.[], 1) Slm"ar,to the buzz
the number of free parameters, ahdis the number of intervals. The Mode described for native BK channels in cultured rat

scheme with the smallest SC is ranked first. skeletal muscle (McManus and Magleby, 1988). During
mode 2, the channel opened to a subconductance level of
RESULTS ~40% of the normal open level (Fig.D, 2). Mode 3 was

associated with a decreased duration of the shut intervals
(not shown).

Currents recorded from a singlSlochannel in an excised  Intervals occurring during sojourns to modes other than
patch of membrane from Xenopusoocyte are shown in  normal were excluded from the analysis, and the resulting
Fig. 1, A andD on slow and fast time bases, respectively.stability plots for the remaining open and closed intervals
Openings (upward current steps) separated by very briefre shown in Fig. E. These data represent activity in the
closed intervals are grouped into bursts separated by long@jpormal mode. The moving means fluctuate about the overall
closed intervals. Occasional isolated openings of brief dumeans of 2.5 ms for the open intervals and 29.6 ms for the
ration also occur. Such complex activity is consistent with;|ysed intervalsdashed lines A fluctuation of the mean

entry into multiple open and closed states during gating, agssnonses about the overall means during normal activity is

described previously for native BK channels from Skeletalexpected due to stochastic variation in the open and closed

mgscl_e (review_ed by McManus, 1991; Latorre, 1994_)' Theinterval durations (Blatz and Magleby, 1986). The fluctua-
objective of this study is to work toward developing a

S ) ) N tions of the closed intervals about the mean during normal
kinetic gating mechanism that can account for this single- .. .

2 activity are greater than those of the open intervals because
channel activity ofdSla . .

the range of durations of closed intervals averaged for each

segment was greater. Fig.FLpresents the corresponding
stability plot of P during normal activity. The stability
plots in Fig. 1,E andF are consistent with relatively stable
The open probability Ro) of cloned dSlo channels ex- kinetics during normal mode activity, as there is no indica-

pressed irXenopusoocytes is often less stable than that of tion of long-term drift in the running means.

Currents recorded from single dSlo channels

Stability plots can be used to define stable
segments of data from dSlo channels
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FIGURE 1 Defining segments of data with stable kinetic properties from a s@fgjlechannel. ) Consecutive single-channel current traces for 10
continuous minutes of recording fromd&lochannel in an excised patch of membrane. Upward (outward) currents indicate channel ojBritapi(ity

plots of the 44,500 detected opeap) and closedlfotton) intervals from the current record shownAnEach line segment represents the average duration

of 150 consecutive open or closed intervals. Bars labeled 1, 2, and 3 indicate transitions to @pBé&#. df P, as a function of interval number for the

current record irA. Each point represents the average of 1000 consecutive open and closed int@)vMaiegpts of current records froApresented on

an expanded time scale showing a buzz-like mode (1) and openings to a subconductance level (2). The numbers over modes 1 and 2 correspond to the
labeling inB. (E) Stability plots for the current record i after transitions to subconductance levels and modes other than normal were excluded. This
exclusion removed-10% of the detected intervals in this experiment. Mean interval durations over the entire data set are shown by the daskgd lines. (

Plot of P, versus interval number for the datafin Effective low-pass filtering of 7 kHz; 1M Ca2*. Data for this figure and the rest of the paper were

obtained at a membrane potential 680 mV. Channel H23.

Recordings were obtained from a total of 53 excisedThe data were initially analyzed as described above to
patches (39 S942A and 14 wild-type), each containing abtain stable segments of data during normal activity. Data
single dSlo channel. Thirty-nine of these channels werefrom individual channels were analyzed separately, because
rejected because the stable number of intervals was insufiSlo channels encoded by the same cDNA may display
ficient for analysis or because of large fluctuationsPg  variable calcium sensitivity (Silberberg et al., 1996).
over time, suggestive of wanderlust kinetics (Silberberg et
al., 1996; Bowlby and Levitan, 1996). The results presented
in this paper were obtained from the remaining d3lo . 24 .
channels (12 S942A and 2 wild-type). Although most of the:)nnc:ﬁzz:'% C:r: tirfr:zm 510 30 uM has little effect
channels studied were S942A, there was no obvious indi- P
cation that wild-type channels were less stable than thé&ig. 2, A andC presents currents recorded through a single
mutant (Silberberg et al., 1996) or had different kinetics.dSlochannel at two different Ga. Increasing C&" from
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within bursts of openings can be resolved. Surprisingly, the
open interval durations appeared little changed wheff Ca
was increased to 30M. This apparent insensitivity afSlo
open interval duration to increasing £acontrasts to the
observed increase in open interval duration with increasing
C&" reported for native rat skeletal muscle BK channels
(McManus and Magleby, 1991).

To further examine the apparent insensitivity of open
interval duration to increasing €5, mean open interval
durations were measured and plotted againgt Gar five
dSlo channels. As shown in Fig. 3, mean open time
remained relatively constant (with a suggestion of a slight
decrease) over the examined range of C&—30 uM).

For comparison, Fig. & plots mean open time versus
Ca™* for eight BK channels from previous experiments on
cultured rat skeletal muscle. In contrast to the apparent
insensitivity ofdSlochannel mean open time to increasing
C&*, the mean open time of all eight native BK channels
increased dramatically{2—3-fold) over a similar range of
Ca&*. The difference in response was not due to differences
in filtering, as three of the eight channels in FigC3had
levels of filtering similar to those used in Fig./8 and the
relatively flat response in Fig. & was still observed when
the level of filtering was increased to be similar to that of
the more heavily filtered channels in Fig.C3(not shown).

The major anion in the solutions for the experiments on
dSlowas gluconate to eliminate currents through €&
activated CI' channels present in oocytes. This differs from
CI™ used as the major anion for the previous experiments on
native rat skeletal muscle BK channels. However, the dif-
ference in response is unlikely to be due to the difference in
anion, as BK channels cloned from mouseS|9 and
expressed in oocytes using gluconates the major anion
show an increase in mean open time with increasing Ca
similar to that observed for native skeletal muscle BK
channels (B. L. Moss, unpublished observations, three of
three examinedanSlo channels). Thus, the gating dfSlo
differs from that of bothmSlo and BK channels in rat
skeletal muscle.

In contrast to the differential effects of increasing?Ca
on the mean open time afSloand native skeletal muscle

FIGURE 2 Increasing Gd from 8.5 to 30uM markedly decreases the BK channels, increasing éé_ Consistenﬂy decreased mean

closed interval durations while having little effect on the open interval
durations. Currents recorded from a singglo channel at the indicated
C&*. Data are presented on a slow time baseNyend C) and on a faster
time base inB) and D). Effective low-pass filtering of 9 kHz. Channel

HO6.

closed time for both types of BK channels, as shown in Fig.
3, B andD.

Effect of CaZ* on the 1-D dwell-time distributions

8.5 uM to 30 uM increasedP, (from 0.10 to 0.69), as Fig. 4 presents 1-D dwell-time distributions of open and

would be expected for a BK channel. This increaséin

closed interval durations obtained from a sing®&ochan-

was associated with a marked decrease in the durations agl at two different C&". Increasing C&" from 8.5 to 30

closed intervals separating bursts of openings, consistemtM had little effect on the open intervals and shifted the
with results described previously for both native and clonecdclosed intervals from longer to briefer durations. The lines
BK channels (McManus and Magleby, 1991; Adelman etplot the maximum likelihood fits with sums of exponentials.

al., 1992; DiChiara and Reinhart, 1995).

Each of the open distributions was well-described by the

Fig. 2,B andD presents currents recorded from the samesum of three significant exponential components and the
dSlochannel, but on a faster time base so that open intervaldosed distributions were described by the sums of six (8.5
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dSlo Rat skeletal muscle BK channel
A C
3 -
£ g
FIGURE 3 Increasing Gd has little effect - >
on the mean open times dfSlq increases the £ 2 - £ 2
mean open time of native BK channels from rat g %
skeletal muscle, and decreases the mean closed & 1 g 1
times of both channels. Mean open and mean 5 =
closed time plotted against €afor five dSlo % - - g
channels A andB) and eight native BK chan- 0 I I | I I I | 0 i | | — T
nels from cultured rat skeletal muscl€ and
D). Four of thedSlochannels were S942A and 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30
one was wild-type (channel HO®,). Effective Ca®" (uM) Ca™, (uM)
low-pass filtering of 9 kHz for thelSlochan-
nels and 6-10 kHz for the skeletal muscle BK D
channels.P5 ranged from 0.013 to 0.89 for
dSloand from 0.00075 to 0.85 for native BK . 10° — = 10° 4
channels in skeletal muscle. The dashed lines g 3
in A andB are the predicted mean open and ¢ 102 - 2 107 —
closed times for Scheme 2. Channel HO6, cir- = : e
cles and dotted line; channel HO8, squares and § 10 § 10"
medium dashes; channel H10, triangles and 8 100 8
long dashes. = g 10° -
] R Pt
=1 = 107 I e e N
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30
ca” (uM) ca™ (uM)

pM) and five (30uM) significant exponential components Increasing Ca?* to high concentrations
(detailed in figure legend). Similar shifts were observed for(300-3000 uM) can increase mean open time
each of the other foulSlochannels shown in Fig. 3y and

. 4 :
B over the range of examined £a Increasing C&" from 5 to 30uM had little effect on mean

open time (Fig. 3A). To investigate whether open channel
block by C&* might be masking a Ga-induced increase
in mean open time, we recorded fratSlochannels at low
Minimum number of kinetically distinct states and high C&". Fig. 6 presents currents recorded from a
ngledSlochannel in an experiment of this type. Increasing

I . .Sl
The number of significant exponential components requwe%aiy from 11 to 3000uM increased mean open time from
to describe the dwell-time distributions of open and clos;ed2 5 t0 8.6 ms. While it is not known how many, if any, of

iQteryaIs gives an estimate of the minimum number ofy,. closings might arise from €ablock, if only 10% of the
kinetic open and closed states (Colquhoun and HaWke%losings in 11.M Ca2* were due to simple G4 block
1 ]

1981). Estimates of the number of significant open andyep the 270-fold increase in &ashould have decreased
closed exponential components for data fromd8lochan-  he mean duration of open intervals28-fold. Clearly, no
nels are presented in Fig. 5. The estimates are plotteg,cpy decrease is observed in Fig. 6. (The filtering was
against the number of intervals analyzed for each distribugreater for the experiment shown in Fig. 6 than for those
tion, since the number of significant exponential cOMpO-shown in Fig. 3A, and this contributed to the increased
nents can increase with increasing numbers of intervals dugean open time obtained in Fig. 6 at kM Ca2* when

to increased resolution to separate exponential componenggmpared to the mean open times in Figh.3ncreasing the
(McManus and Magleby, 1988). The open dwell-time dis-filtering for the data in Fig. 3 (for three of the examined
tributions were typically described by the sum of threechannels) increased the mean open times into the range of
significant exponential components, and the closed dwellthose observed in Fig. 6, while having little effect on the
time distributions were typically described by the sums Ofslopes of the relationship between izCaand mean open
five to seven significant exponential components. This sugtime).

gests thatlSlochannels typically enter at least three open In four experiments of the type shown in Fig. 6, increas-
and five to seven closed kinetic states during normal activing C&" from low levels &30 uM) to very high levels

ity, as do native BK channels in rat skeletal muscle (Mc-(300—-3000uM) either had little effect on mean open time
Manus and Magleby, 1988). (one experiment) or increased mean open time 2-3-fold as
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FIGURE 4 Increasing G4 shifts the 1-D closed dwell-time distribution to shorter durations while having little effect on the open dwell-time distribution.
Distributions of open and closed interval durations for data obtained at\8aBdB) and 30 C andD) uM Ca2* from a singledSlochannel. The lines

are maximum likelihood fits with sums of exponentials. The distributions are normalized to 100,000 intervals for ease of comparison. The afgn interv
obtained at 8.uM Ca&* (P, = 0.099; 25,646 fitted intervals) were described by the sum of three significant exponential components with time constants
(and areas) of 0.07 ms (0.119), 0.24 ms (0.298), and 0.46 ms (0.583). The open intervaldaC2d" (P, = 0.694; 68,630 fitted intervals) were also
described by the sum of three significant exponential components: 0.04 ms (0.044), 0.18 ms (0.174), and 0.34 ms (0.781). The closed intedvals obtaine
at 8.5uM Ca2* (17,528 fitted intervals) were described by the sum of six significant exponential components: 0.03 ms (0.538), 0.08 ms (0.288), 0.37 ms
(0.085), 3.80 ms (0.016), 24.20 ms (0.062), and 71.27 ms (0.011). The closed intervals\atGff* (43,043 fitted intervals) were described by the sum

of five significant exponential components: 0.03 (0.605), 0.06 ms (0.275), 0.18 ms (0.079), 0.64 ms (0.022), and 1.71 ms (0.019). Channel H06.

in Fig. 6 (three experiments). In contrast, mean closed timgonnections (transition pathways) among the various open
decreased in these experiments frethms at 3quM Ca?*  and closed states. Two-dimensional dwell-time distribu-
to ~0.1 ms at 300QuM Ca?*. tions, which plot the relative number of times (frequency)
The failure of high C&" to decrease mean open time various pairs of adjacent open and closed intervals of spec-
suggests that the apparent?Cansensitivity of mean open ified durations are observed in the single-channel record,
time observed at lower 4 (Fig. 3A) was not due to simple contain correlation information that can help determine
open channel block by && masking a C& -induced in-  these connections (Fredkin et al., 1985; Keller et al., 1990;
crease. However, as will be considered in later sections, if thilagleby and Weiss, 1990; Magleby and Song, 1992).
open states are blocked differentially by’Cathen the obser- Fig. 7,A andC presents 2-D dwell-time distributions for
vation that high C&" does not decrease mean open time doeswo differentdSlochannels. Thg andx axes plot the log of
not rule out more complex types of block by Ca the durations of adjacent open and closed intervals in the
In addition to increasing mean open time, highCa single-channel record, respectively, and #eis plots the
(3000 M) also reduced the single-channel current ampli-square root of the number of observations in each bin (see

tude by~10%, as shown in Fig. 6. A reduction in conduc- pethods). In theory, the total number of potential peaks in
tance at millimolar C&" has also been observed for native the 2-D dwell-time distribution is equal to the number of
skeletal muscle BK channels, and is consistent with possiblEinetiC open states multiplied by the number of kinetic
screening effects of G4 in the vestibule of the channel

closed states, with the peaks located at the intersection of
(Ferguson, 1991). P

the time constants of the open components orytves and

the time constants of the closed components onxtagis
(Fredkin et al., 1985; Rothberg et al., 1997). Fitting the
dwell-time distributions for the channels represented in Fig.
To develop kinetic schemes that can account for the single?, A and C gave four open and six closed exponential
channel kinetics of gating, it is necessary to determine theomponents, suggesting 24 potential peaks for each channel.

2-D dwell-time distributions contain
correlation information
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FIGURE 5 The numbers of significant opeA)(and closed B) expo-

nential components are plotted against the number of fitted intervals for 23 ) N ) )
open and 23 closed dwell-time distributions fraiBla The 23 pairs of FIGURE 6 Very high C&" can Increase the observed mean open time of
open and closed 1-D dwell-time distributions are from 10 different chan-dSkj Currents recorded from a_ singétSlo channel at 11 and 300GM

nels with data obtained at one to five different?Cdor each channel. Ce". Currents were low-pass filtered at 7 kHz. Channel C51.

In practice, the only visibly distinct peaks in 2-D dwell- Dependency plots present information about the
time distributions are those arising from components comkinetic structure of dSlo channels

posed of the most frequent interval combinations or thos@lthough 2-D dwell-time distributions contain correlation
arising from components with time constants widely sepainformation, this information is not obvious from visual
rated from those of other components (Magleby and Weissnspection of the plots because the relative heights of the
1990; Magleby and Song, 1992; Rothberg et al., 1997). Foindividual peaks indicate the relative frequency of occur-
example, for the channels presented in FigA&AndC, it rence of the various pairs of open and closed interval
first appears that only two of the potential 24 peaks aredurations, and not whether a given pair is in excess or deficit
visible. However, upon closer inspection, the peaks ar@ver what would be expected from random pairing of the
wider than would be expected for single exponentials, andtervals. Dependency plots provide a means to display this
slight inflections can be seen on the sides of the peakgorrelation information (Magleby and Song, 1992). A de-
suggesting that each of the two major peaks are Composé{fndency plot presents the fractional difference between the

of a number of underlying 2-D components. The highesl.ol?js_er\t/e:jj (;‘“mtt_’er of a(;jjticerr:t optﬁnt_antlzi clost()ad itr;tetrvalslgf
peak in Fig. 7,A andC (peak 4 arises mainly from long indicated durations and the hypothetical number that wou
. . . . s be observed if all of the open and closed intervals paired
open intervals adjacent to brief closed intervals; this com- .
binati h v, 1 trast. th K ari independently (Egs. 1 and 2 in Methods).
ination occurs most frequently. In contrast, In€ peak ars- Dependencies of 0.5 or—0.5 would indicate 50% more

ing from brief open intervals adjacent to long closed inter-Or 50% fewer observed interval pairs, respectively, than
vals (peak 3 is considerably lower; this combination occurs expected for independent pairing of open and closed inter-
less frequently. vals. Thus, a negative dependency for a given interval pair

Two-dimensional dwell-time distributions were exam- gyggests a relative deficit of effective transition pathways
ined for eight additionadlSlochannels. In general, the major petween the open and closed kinetic states (including com-
features of the 2-D dwell-time distributions were conservedhound states) that give rise to that pair. Conversely, a
among alldSlochannels examined. (Additional examples of positive dependency for an interval pair suggests the pres-
2-D dwell-time distributions will be presented in a later ence of effective transition pathways between the open and
section.). closed kinetic states (including compound states) that give
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rise to that pair (Magleby and Song, 1992; Rothberg et al.the brief open intervals and the long closed intervals. Fi-
1997). Because dependency plots present high gain repraally, there is a 5-10% excess of long open intervals adja-
sentations of excesses and deficits in the observed numbeent to brief closed intervals (Fig. B,andD, position 9.

of interval pairs relative to the expected number assuming\lthough the dependency is small at position 4, this small
independent pairing, estimates of dependency can be unrgractional excess involves a large number of intervals be-
liable where the numbers of observed interval pairs per bitause of the large number of intervals at position 4 in the
in the 2-D dwell-time distributions are small. Consequently,»_p dwell-time distributions. The excess at position 4 in the
references to dependency in the following sections will b&jependency plots suggests that there is an effective connec-
made only where a sufficient number of interval pairsijon petween the open and closed states giving rise to the
contribute to the dependencies to obtain reliable esumatqgng open intervals adjacent to the brief closed intervals.
(see Rothberg and Magleby, 1998). Such dependencies will Dependency plots were examined for eight additional

beFr_efe7rreBd todbsl numbetrs gn theddepenclietnc()j/ p!otsd.f dSlo channels. In general, these four prominent excesses
'g. /,B andb) presents dependency plots denved romy, 4 yeficits of interval pairgppsitions 1, 3, 4, and)Bvere

the 2-D distributions in Fig. 7A and C, respectively. The observed in dependency plots obtained fromasillochan-

heavy lines indicate a dependency of zero. These deperI]]—eIS analyzed with 2-D methods.

dency plots share several major features. First, there is a In addition to th or feat the olots al
20-30% deficit of brief open intervals adjacent to brief N addition fo these major Teatures, the piots aiso sug-
gested that the dependency of brief open interval.{

closed intervals (Fig. 7B and D, position 1. This deficit ) ) ) . s
suggests a relative lack of effective transitions between th8'S) adjiacent to intermediate closed intervaisl (ms) in-
greased a®, increased. To investigate this possibility, we

open and closed states giving rise to the brief open interval >t -
and brief closed intervals. Second, there is a 20% deficit oPlotted the dependency at position 2 agaiRgf for 16

long open intervals adjacent to long closed intervals (Fig. 7dependency plots obtained from nid8lochannels over a

B andD, position §. This deficit suggests a relative lack of range of C&" (Fig. 8). Although there was variability in
effective transitions between the open and closed staté§sponse, the dependency at position 2 did increase as a
giving rise to the long open intervals and long closedfunction of P,. Data from channels H23 and H2bpen
intervals. Third, there is a 30—60% excess of brief opertircle andopen squaren Fig. 8) were selected for presen-
intervals adjacent to long closed intervals (FigB7andD,  tation in Fig. 7 because these data gave two representative
position 3. This excess suggests that there is an effectiveexamples of the types of responses that could be observed,
connection between the open and closed states giving rise tnd also because these data had large numbers of intervals,
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Such analysis of 2-D distributions can distinguish models
that are not separable by analysis of 1-D distributions
(Magleby and Weiss, 1990), because the 2-D distributions
contain the correlation information shown in the depen-
dency plots, which defines the relationships between adja-
cent intervals.

Fig. 9 presents the 2-D distributions and dependency
plots predicted by Scheme 1 for the same ti&ochannels
shown in Fig. 7. Scheme 1 approximated most of the major
features of the kinetic structure of thed®lochannels, each
examined at a single ¢a. However, some discrepancies
were observed. To estimate the magnitude of the errors, the
difference between the predicted and observed 2-D dwell-

Popen time distributions for each channel is plotted in FigC%nd
F, where the heavy lines indicate a difference of zero.
FIGURE 8 The dependency of intermediate closed intervals (ns)  Although Scheme 1 approximated the data, it did predict too

adjacent to brief open intervals<Q.1 ms) increases witRo. The plotted many brief closed intervals adjacent to Ionger open intervals
estimates of dependency at position 2 (see Fig. 7) are from 16 differen

dependency plots from nine channels, with data obtained at 1-3 differeniposl,tlon 4 m Fig. 9 C’_ a_‘nd to?, much depepdency at

C&" for each channel. The line indicates the trend. Channels H23 and H2POSItion 3 (Fig. 9E). A similar ability to approximate the

are indicated by the open circle and open square, respectively. data was observed for seven additional data sets fitted at a
single C&*. Thus, the differences between predicted and
observed responses suggest that Scheme 1 may be too

which facilitates model discrimination. Any proposed gat-simple to account for the gating kinetics @8loBK chan-

ing mechanism should account for these types of responsesels.

1.0

Dependency of intermediate closed
intervals adjacent to brief open intervals

0.0 0.5 1.0

Scheme 1 approximates the kinetic structure of Scheme 2 provides a better description of the
dSlo channels at a single Ca®* kinetic structure of dSlo at a single Ca?*

McManus and Magleby (1991) found that Scheme 1, withThe observed insensitivity of mean open time to increasing
three open and five closed states and fouf'Gainding  C& " at low to intermediate concentrations (FigABmight
sites, could account for the major features of Geepen-  result from brief C&*-block or C&"-induced allosteric
dent gating of native BK channels from rat skeletal muscletransitions to brief closed states. However, the observation
over a 400-fold range oP., and Silberberg et al. (1996) that increasing Cd to high concentrations typically in-
found that an extension of Scheme 1 with some variable ratereased mean open time (Fig. 6) appears inconsistent with
constants could approximate some featuredSibwander- ~ such simple models for & block or C&"-induced allo-

lust kinetics examined at the level of 1-D distributions. steric transitions. Nevertheless, if the blocking or allosteric
Thus, as a starting point to examine the detailed singletransition rates were less for those open states that were
channel kinetics ofdSlg we examined to what extent typically entered at higher Ga than for those open states

Scheme 1 could account for the kinetic structure. that were typically entered at lower €3 then mean open
To determine whether Scheme 1 could account for théime could increase with increasing £a
gating properties ofiSlo BK channels, single 2-D dwell- To examine this possibility, Scheme 1 was extended to

time distributions from ninelSlochannels were fitted with include a C&"-dependent transition to a separate closed
Scheme 1 to determine the most likely rate constantsstate from each open state. The resulting Scheme 2 is a more
Scheme 1 with the most likely rate constants was then usegeneral version of a model proposed by Wu et al. (1995) for
to simulate single-channel current records with filtering andnative BK channels in turtle cochlear hair cells, in which
noise similar to that in the experimental data. The simulateda " blocked only Q and G.. Fig. 10 presents the predicted
single-channel current records were then analyzed just @D dwell-time distributions, dependency plots, and differ-
the experimental current records were to obtain the preences between predicted and observed dwell-time distribu-
dicted 2-D dwell-time distributions and dependency plots.tions for Scheme 2 for the same tw§lochannels shown in

Fig. 7. Scheme 2 improved the prediction of the dependency

at positions 3 and 4 and also decreased the differences

Co T €, a5 o ey S Cs ta0my ~SE Cy iy between thg predicted and observed dwell—time distribu;ions
(compare Figs. 10, 9, and 7). Improvements in the predicted
‘L 1 ‘L kinetic structures for Scheme 2 when compared to Scheme

o - 1 were obtained for the seven additional channels examined.
03 @cay~——0, 3ca) ~——0, ¢4Ca) To quantitatively evaluate the abilities of Schemes 1 and
SCHEME 1 2 to describe the observed 2-D dwell-time distributions,
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FIGURE 9 Two-dimensional (2-D) dwell-time distributions and dependency plots predicted by Scherheatd B) Predicted 2-D dwell-time
distribution and dependency plot for channel H23. Predigd= 0.090; 11uM Ca2"; 33,300 plotted interval pairs. Dead time 30 us. © andE)
Predicted 2-D dwell-time distribution and dependency plot for channel H21. Pre@igted).116; 11uM Ca2*; 47,000 plotted interval pairs. Dead tirse

20 ps. (C andF) Difference plots of the predicted 2-D dwell-time distributions minus the observed 2-D dwell-time distributions @igirus Fig. 7

Ain C, and Fig. 9D minus Fig. 7Cin F). The difference plots are the square root of the numbers of predicted intervals minus the square root of the numbers
of observed intervals. Rate constants’js 1-2 = 1239 (H23), 1202 (H21); 2-% 0.1, < 0.1; 4-5= 13483, 11568; 5-6= 1902, 2914; 6—7 1954,

1616; 7-8= 0.40, 0.15; 6-3= 203, 44.9; 3—6= 8911, 16491; 5-2= 31950, 24439; 2-5 3344, 725; 4-1< 0.1, < 0.1; 1-4< 0.1, < 0.1.
Ca"-dependent rate constanjsM ~* s™%): 2-1= 63.0, 85.1; 3-x 0.1, < 0.1; 5-4= 387, 359; 6-5= 107, 47.0; 7-6= 1.1, 1.9; 8—7= 0.20, 0.17.

likelihood ratios normalized to 1000 pairs of intervals, example, for channel H21 (Fig. T and D) the Schwarz
NLR,00o Were calculated (see Eg. 3 in Methods). A criterion was 124,561 for Scheme 2 and 124,707 for
NLR; 000 Of 1.0 would indicate that a kinetic scheme de- Scheme 1, where the scheme with the smallest value ranks
scribes the distributions as well as theoretically possible fofirst (see Methods). Thus, the visual impressions from the
a discrete-state Markov model with the same number okinetic structure suggesting that Scheme 2 describes the
states as in the kinetic scheme. When the 2-D dwell-timalata better than Scheme 1 are in agreement with the quan-
distributions obtained at a single £afrom nine dSlo titative rankings.

channels were fitted with Scheme 1, the NR, ranged Fig. 11 presents five sets of rate constants for Scheme 2
from 0.00024 to 0.059. In contrast, when the same 2-Dobtained by fitting five differentSlochannels. The top two
distributions were fitted with Scheme 2, the N|fg,ranged  bars in each set of five are for the two representati@o

from 0.24 to 0.60, indicating that Scheme 2 provided achannels in Fig. 7 fitted at a single £a (The bottom three
better description of the data. (The log likelihood ratio bars are for simultaneous fitting of data obtained at different
(LLR), given by the log likelihood for Scheme 2 minus the C&" and will be discussed later.) In general, the relative values of
log likelihood for Scheme 1, ranged from 75 to 176 for thethe rate constants for Scheme 2, in terms of which were fast and
examined channels, also indicating that Scheme 2 gave wahich were slow, were similar for the nine different channels
better description of the data than Scheme 1.) While thditted at a single C& . However, there could be large differences
NLR, 000 0ives a measure of how well a given model de-in estimates of some of the rate constants, such as for rates 2—-3 and
scribes the data, it cannot be used for ranking scheme8:-2, which are in a loop and were typically poorly defined. For
since no penalty is applied for the number of free paramemost channels, the closing rates from state€$¢, and G, were

ters. To overcome this difficulty, the Schwarz criterion wastypically fast so that the mean lifetimes of these states were very
used to apply penalties and rank models (Eqg. 4 in Methodsrief (~0.05 ms). Each channel was also fitted with a version of
Using the Schwarz criterion, Scheme 2 ranked aboveécheme 2 in which the closing rates for statgs@,, and G,
Scheme 1 for altiSlochannels studied at a singleCaFor  were constrained so that these states would have identical mean
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FIGURE 10 Two-dimensional (2-D) dwell-time distributions and dependency plots predicted by Schemear2d B) Predicted 2-D dwell-time
distribution and dependency plot for channel H23. Prediflgd= 0.079; 11uM Ca*; 33,500 plotted interval pairs. Dead time 30 us. © andE)
Predicted 2-D dwell-time distribution and dependency plot for channel H21. Predfigtedd.122; 11uM Ca2*; 47,000 plotted interval pairs. Dead tinse
20 ps. (C andF) Difference plots of the predicted 2-D dwell-time distributions minus the observed 2-D dwell-time distributions (FAgnitius Fig. 7
Ain C, and Fig. 10D minus Fig. 7C in F). The rate constants are presented in Fig. 11.

Ca® Ca* Ca® 2
Cy ~— C;(Ca) ~—— C¢ (2Ca) <~ Cs (3Ca) ﬂC3—¥C4 (4Ca)

oo

CaZ¢ C32¢
05 @Cay~—>0; 3Ca) ~>=—0,; (4Ca)

1{ Ca™ 1 Ca* 1 Ca*

Cy1 3Ca) Cio (4Ca) Co (5Ca)
SCHEME 2

lifetimes. In most cases, constraining the closing rates in thi§ ;
manner had little effect on the results for fitting data at a singld"&0"

ca".

Scheme 2 approximates the effects of changing
Ca®* on dSlo gating kinetics

(channel HO6) at three different €a Note the pronounced
shift of long closed intervals to briefer durations as Cwas
increased, as indicated by the leftward shift of the arrows in
Fig. 12,A, C, andE, where the arrows indicate the peaks.
Estimates of the most likely rate constants for Scheme 2
were determined by simultaneously fitting the 2-D dwell-
time distributions obtained at three or four different?Ca
for each of three differenSlo channels. Fig. 13 presents
the 2-D dwell-time distributions, dependency plots, and
difference plots predicted by Scheme 2 at 8.5, 11, and 30
uM CaZ* for the channel shown in Fig. 12. Comparison of
igs. 12 and 13 indicates that Scheme 2 accounted for the
features of the Ga-dependent shifts in the 2-D
dwell-time distributions, including the shift from longer to
briefer closed interval durations. (The arrows are from Fig.
12 and indicate where the peaks of the observed distribu-
tions would fall.) Scheme 2 also approximated the basic
features of the Ca-dependent shifts of the dependency

While Scheme 2 provides a reasonable description of thelots, but with some differences. For example, Scheme 2
kinetic structure at a single &4, a further test would be to underpredicted position 3 for 1iM Ca{*. However, the
see how well the model can account for the effects ofdifference plots indicate that the errors were small, espe-
changes in C& on dSlogating kinetics, as revealed by the cially at 30uM Caf". A similar ability to approximate the
kinetic structure. Fig. 12 presents 2-D dwell-time distribu-dwell-time distributions and dependency plots was obtained

tions and dependency plots for a representatis®channel

for each of the other two channels analyzed in this manner.
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FIGURE 11 Estimated rate constants for Scheme 2. Estimates are pr

sented for two channels fitted at a single?CgH21, criss-crossed bar
H23, cross-hatched b3y one channel fitted at four different €2 (H08,
light gray bai), and two channels fitted at three differentC4H10, white
bar; HO6, black baj. The bars at 10* uM~* s~ indicate that the rate
constants were this value or less.

The dashed lines in Fig. 3 and B plot the predicted
mean open and closed times for Scheme 2 as a function of
Ce&* for channel HO6 and also for the two other channels
analyzed by simultaneous fitting of 2-D dwell-time distri-
butions obtained at different €4 The mean open times are
well-described for the fitted channels, and the Cdepen-
dence of the mean closed times are reasonably described for
two of the three fitted channels. For the third channel
(square$ the observed decrease in mean closed time was
somewhat greater than predicted.

Although gating was not studied in detail at high’Ca
the predicted response of Scheme 2 at high*Gar chan-
nel HO6 was calculated. Increasing %Cafrom 11 uM to
3000 uM increased the predicted mean open time 2-fold
and decreased mean closed tim&0-fold (not shown),
which is consistent with the observations made at high
Cé&*. Thus, Scheme 2 can predict a dual response in plots
of mean open time versus €a(little or no effect for low to
moderate C&" followed by an increasing mean open time
for high C&™"), and a monotonic decrease in mean closed
time. In terms of Scheme 2, the dual response in mean open
time for channel HO6 arose because the'Gdependent
rate constants for transitions,G@Cy and O—C,, were con-
siderably less than for transitiong&C, ;. Thus, as higher
Cé&" drives the gating away from £and G, toward Q, the
effective rate of transitions to the brief closed states is
decreased, leading to longer mean open intervals.

The NLR;gqo for Scheme 2 for the three channels, each
fitted simultaneously to three or four different£aranged
from 3.4x 10 °to 1.3x 10 *?(Table 1). Thus, the NLR
for a single interval pair (given by (NLRo9%°) ranged
from 0.994 to 0.973, suggesting an average likelihood dif-
ference per interval pair of 0.6% to 2.7% between the
theoretical best fit of the distributions and the descriptions
by Scheme 2. This small difference in the normalized like-
lihood ratio per interval pair is reflected in the ability of
Scheme 2 to give reasonable descriptions of the distribu-
tions. (A detailed discussion of normalized likelihood ratios
can be found in McManus and Magleby, 1991.)

As shown in Table 1, Scheme 2 ranked significantly
above Scheme P(< 0.001) for all three channels that were
each fitted simultaneously to three or more?CaThe
consistent finding that Scheme 2 ranked above Scheme 1,
whether fitting data obtained at a single?Caor multiple
Ca", reduces the possibility that the ranking was affected
by possible drift in the data that would be more likely to
occur when data are collected over a range of 'CaA
further reason for rejecting Scheme 1 is that the dependency
plots predicted for Scheme 1 with rate constants obtained by
simultaneous fitting of multiple Gd did not predict (not
shown) the inverse relationship between the durations of
adjacent open and closed intervals that is consistently ob-
served in the dependency plots in the experimental data
(notice in Figs. 7 and 12 that brief closed intervals tend to
be adjacent to long open intervals and long closed intervals
tend to be adjacent to brief open intervals).
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The rate constants obtained for Scheme 2 for channalonstants when fitting single and multiple data sets most
HO6 and the two additional channels included in Table 1 ardikely reflect that Scheme 2 is simpler than the actual gating
presented in Fig. 11 (lower three bars for each rate). For themechanism. If the scheme were correct and the data perfect,
three channels fitted at multiple €73 there were very rapid then the rate constants obtained from the simultaneous
transitions between states, @nd G, whereas there were fitting of multiple data sets should also describe the single
very few transitions between these two states for the chardata sets as well as when fitting single data sets alone.
nels fitted at a single G4. Such a difference may reflect
that the rate constants betweepah_d gare poorly defined Schemes 3 and 4 ranked below Scheme 2
or may reflect the greater restrictions on rate constants
imposed by fitting multiple C&". To distinguish among In contrast to the Cd-dependent transitions to the brief
these possibilities, each channel fitted at a singlg"Geas  closed intervals in Scheme 2, Rothberg and Magleby (1998)
also fitted with Scheme 2, in which the rate constantsfound that Scheme 3, in which the transitions to the brief
between @ and G, were constrained to those values ob-closed intervals were not €&-dependent, gave improved
tained from channels fitted at multiple €a In each case descriptions of the kinetic structure of native BK channels
the constrained model for the single data sets ranked sign rat skeletal muscle when compared to Scheme 1. Conse-
nificantly below the unconstrained one (not shown). Con-quently, we examined how well Scheme 3 could account for
sequently, the rate constants betweena@dd G, are well  the C&*-dependent kinetics afSla As shown in Table 1,
defined, and the large differences in the values of these ratécheme 3 ranked above Scheme 1, but below Scheme 2.
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FIGURE 13 Scheme 2 approximates the kinetic structudSééd Two-dimensional dwell-time distributions and dependency plots predicted by Scheme

2 for channel HO6. Compare to the observed kinetic structure in Fig. 12. The arrows are from Fig. 12 and indicate where the peaks of the observed
distributions would fall. A—C) PredictedP,, = 0.10. O—F) PredictedP, = 0.17. G-I) Predicted®, = 0.62. C, F, andl) Difference plots of the predicted

2-D dwell-time distributions minus the observed 2-D dwell-time distributions in Fig. 12. Dead-=tifB@ us. The rate constants are in Fig. 11.

DiChiara and Reinhart (1995) have suggested that thékely rate constants had been found for such complex
gating ofdSlois consistent with Scheme 4, which has only models. Consequently, examination of more complex mod-
the first two C&"-binding sites when compared to the four els is best delayed until additional data, such as channel
Ca*-binding sites of Scheme 1. For the three channelsctivity over a range of voltages and a wider range of'Ca
examined with simultaneous fitting in our study, Scheme 4and also from step changes in‘Caare obtained to better
ranked lower than Schemes 1-3 (Table 1). define and constrain the rate constants.

More complex schemes DISCUSSION

In addition to Schemes 1-4, a number of more complexThe results of this study suggest that the effects of increas-
schemes with additional states and/or different connectionig C&* on the gating kinetics ofiSlovariant A1/C2/E1/
among the states were examined. In general, the largé3/IO are complex and can be divided into at least two
numbers of free parameters in these more complex modefshases. Increasing &afrom 5 to 30uM had little effect on
resulted in many of the rate constants being poorly definednean open time, whereas increasing Cto high concen-
and it was also difficult to determine whether the mosttrations (300—-3000uM) typically increased mean open
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TABLE 1 Log-likelihood ratios (LLR), normalized likelihood ratios (NLR,o0), and rankings (R) of schemes 1-4

Channel HO8 Channel H10 Channel HO6
Scheme LLR NLR 1000 R LLR NLR:000 R LLR NLR 000 R
4 14,174 2.7 107 4 5778 6.8< 107 %3 4 4586 9.7x 102* 4
1 999 6.1x 1074 3 2603 9.3x 10°° 3 904 4.1x 107 3
3 910 6.5x 1074 2 150 1.2x 10°° 2 682 7.9x 104 2
2% 0 34x10° 1 0 1.9x 10°° 1 0 1.3x 10°%2 1

Each channel was fitted simultaneously at three (H10 and HO6) or four (H08) differgnt =R is calculated from the log-likelihood for scheme 2 minus

the log-likelihood for the indicated scheme. NIf3, (Eq. 3 in Methods) is the ratio of the likelihood of the indicated scheme to the likelihood of the
theoretical best fit to the distributions determined with sums of exponentials. ThepHi&normalized to what would be observed for 1000 interval pairs.

The rankings are based on the Schwarz criterion, which applies a penalty for additional free parameters (Eq. 4 in Methods).

*The likelihood ratio test (examples in McManus and Magleby, 1988) indicated that Scheme 2 gave a significantly better description of the data than th
other schemed(< 0.001). Number of fitted interval pairs: channel H88550,395; channel H16- 333,328; channel HO& 241,527.

(secondary) closed states can differ for different open states.
It is this combination of C&"-dependent shifting and €&

cat Ca® ca? 2
Cs S G (Ca) 2 Cg (2Ca) 2 Cs (3Ca) ~m Cy (4Ca)

‘L 1 1{ facilitated blocking that allows Scheme 2 to provide a
ca oo two-phase response in mean open time with increasing
Os eca~—=0, 6 ~—=O1 ucw Ca&" for dSla (Note that the C& -facilitated blocking for
‘L 1{ 1 dSloin Scheme 2 is derived solely from kinetic modeling,
without direct evidence for such block. Hence, Scheme 2
Cueca Cioica Couca must be considered only a working hypothesis.)
SCHEME 3 Ca"-dependent transitions to secondary closed states

have been proposed previously by Wu et al. (1995) for BK
channels in turtle cochlear hair cells to account for an

Cs S ¢ ew < g ey ~—Cs 0oy ~——C; 2cay observed shift from briefer to longer duration closed inter-
vals at the highest Ga examined (35uM). The model of
Wu et al. (1995) is the same as Scheme 2, except that state
05 @Cay~—"0, 2Cay ~—=0; (2Ca) C,, is omitted in their model. In addition, the lifetimes of

the C&"-induced secondary closed states obtained by Wu
et al. (1995) differ from those obtained with Scheme 2 for
fitting dSla The lifetimes of the secondary closed states for
the cochlear BK channels are 1.7 ms and 12.5 ms, compared
time. Evaluation of kinetic schemes fit to 2-D dwell-time {5 —0.05 ms fordSla Thus, the effective gating mecha-
distributions indicated that previously described schemegisms fordSiq native BK channels from rat skeletal muscle,

that largely account for the Ca-dependent kinetics of and native BK channels from turtle cochlear hair cells
native BK channels from rat skeletal muscle (Schemes Jppear to have some differences.

and 3) did not adequately describe theCdependence of
this dSlo channel. However, an expanded version of these
schemes that permits a €afacilitated transition from each
open state to a brief (secondary) closed state (Scheme
could approximate the Ga-dependent kinetics of thi$Slo
BK channel variant. From Fig. 3,A andB it can be seen that there is variability
Scheme 2 was the minimal model that described themong channels in the plots of mean open and closed time
major features of the Ga-dependent gating aiSlo.The  versus C&", with the greatest variability for the closed
improvement in the dependency plots predicted by Schem@émes. Variability in the properties of cloned channels ex-
2 upon addition of a brief closed state to each open state igressed inrXenopusoocytes has also been observed for the
similar to results for native BK channels from rat skeletalC&" sensitivity ofdSlochannels (Silberberg et al., 1996),
muscle (Rothberg and Magleby, 1998), suggesting that adhe time course of inactivation oShaker K™ channels
ditional brief closed states may contribute to channel gating(Ciorba et al., 1997), and the kinetics of nicotinic acetyl-
However, for rat skeletal muscle BK channels, transitions tacholine receptors (Gibb et al., 1990). The mechanism un-
secondary brief closed states are not facilitated b/ Cand ~ derlying the variable Cd -dependent kinetics afSlois not
there is no evidence for discrete Tablock in skeletal known, but could be related to differences in the environ-
muscle BK channels (Rothberg et al., 1996). ment of the channels or to chemical modification of the
For dSloand Scheme 2, the relative occupancy of thesubunits of the channels. For example, the activity of BK
three open states shifts with increasinggGaand the rate channels in rat neuroepithelium and rat brain BK channels
constants for the Ga-facilitated transitions to the brief reconstituted in planar lipid bilayers can be altered by

SCHEME 4

3’ e effects of Ca?* on kinetics can differ among
lo channels
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cytoskeletal proteins (Mienville et al., 1996; Kitzmiller and of C&" dependence for smooth muscle reflects a similarity
Rosenberg, 1997), and BK channels can be modulated hiyp gating todSlo channels or results from the limited fre-
posttranslational modifications such as phosphorylatiorquency response of recordings from bilayers is not yet clear.
(Reinhart et al., 1991; Bielefeldt and Jackson, 1994) and

oxidation/reduction (DiChiara and Reinhart, 1997
Thuringer and Findlay, 1997).

While one or more of the factors considered above mayBecause the Ca-facilitated transitions to brief closed
have contributed to the variable response among channels gtates in Scheme 2 include both “Cabinding and the
the observed mean open and closed times in this study, ftansition to a nonconducting state in a single step, this
cannot be ruled out that some form of mode shifting (Mc-model suggests that the observed insensitivity of mean open
Manus and Magleby, 1988) occurred at the time of thetime to increasing Ga (<30 uM) may occur directly
solution changes (so that it was not detected). This seenthrough discrete CGa-block of the channel. A discrete
less likely, however. The observed changes in activity withCa®"-block mechanism has also been proposed for BK
changes in C& did not appear consistent with the known channels in plant vacuoles to account for an increase in the
mode shifts for BK channels (McManus and Magleby, frequency of intermediate closed intervals with increasing
1988). Ca&* (Laver, 1992). This type of discrete €ablock is
distinct from the graded reduction in conductance observed
at millimolar C&" (Fig. 6) which may be due to the
screening of negative charges by?Cand displacement of
K* from the inner vestibule of the channel (Ferguson,
Lagrutta et al. (1994) and DiChiara and Reinhart (1995)1991). It should be noted that Scheme 2 differs from the
observed that the mean open time dfflo is relatively  activation/blockade model of Methfessel and Boheim
Ca*-insensitive for C&" < 75 uM. Our observations are (1982). In their model, Cd facilitates unblocking of the
in agreement with theirs and also suggest that the meachannel rather than blocking, as in Scheme 2. Scheme 2 also
open time ofdSlo channels becomes €asensitive when differs form the C&"-dependent inactivation model of
Cea™" is increased to very high concentrations (300—300CHicks and Marrion (1998) in which inactivation involves
uM). The C&"-dependent kinetics afSlodiffer markedly  large reductions i,
from those of native BK channels from cultured rat skeletal Although Scheme 2 is drawn as a discrete? Calock
muscle. For BK channels from rat muscle, mean open timenodel (for simplicity), our results are also consistent with a
increased consistently and dramatically over the entirenechanism in which the observed insensitivity of mean
range of examined Ga (1-23 uM, Fig. 3 C) and can open time to increasing €4 could occur indirectly through
increase further as €4 is increased to millimolar concen- a C&"-induced allosteric effect. In this case, the three brief
trations (B. S. Rothberg and K. L. Magleby, unpublishedsecondary closed states in Scheme ¢-(G,) would each
observations). be converted into two states: an initial open state with an

In terms of Schemes 1 and 3, this increase for the nativadditional bound C& followed by a transition to a brief
skeletal muscle BK channel arises because increasifigg Casecondary closed state. If this were the case, thefi Ca
drives the gating toward the longer lifetime open states (Obinding to the channel would induce at least two general
and Q). In terms of Scheme 2 falSIq the increase does types of conformational changes: those that activate the
not occur at lower C& because of Cd -facilitated brief ~ channel and those that generate brief closed intervals
closings. Despite these differences inCalependent ki- through sojourns to secondary closed states.
netics, the basic features of the dependency plotd$twin An allosteric model in which Cd exerts dual effects on
the present study appear similar to those for native BKgating implies at least two different types of Tabinding
channels in skeletal muscle presented in Rothberg ansites at the intracellular surface of the channel. Examination
Magleby (1998). Each channel type shows an inverse relasf the deduced primary structure d$loindicates that the
tionship between the duration of adjacent open and close@-terminus contains a string of aspartate residues (“calcium
intervals, such that brief open intervals tend to be adjacerthow!”), mutations of which alter the G4 activation of
to long closed intervals and long open intervals tend to benSlo(Schreiber and Salkoff, 1997). In addition, the data of
adjacent to brief closed intervals. This suggests t&lb  Schreiber and Salkoff (1997) suggest that there may be a
and rat skeletal muscle BK channels may share some fursecond C&" binding site involved with activation on each
damental similarities in gating mechanism. subunit. UnlikemSlo(Butler et al., 1993), the C-terminus of

Other types of C& -activated K channels may have dSloalso contains a putative €abinding domain sugges-
Ca"-dependent kinetics similar tdSla The mean open tive of an EF hand (Atkinson et al., 1991; Adelman et al.,
times of small conductance €aactivated K channels are  1992), but deletion of this site did not produce obvious
independent of intracellular €& (Hirschberg et al., 1998), changes on the properties of the channel (Adelman et al.,
and the mean open times of BK channels purified from1992).
bovine aortic smooth muscle also show no apparert Ca  As pointed out by Eigen (1968), McManus and Magleby
dependence (Giangiacomo et al., 1995). Whether this lackl991), and Cox et al. (1997), tetrameric allosteric proteins

; Possible mechanisms for Scheme 2

Comparison to previous studies
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might be expected to enter large numbers of states. Fa¥ox, D. H., J. Cui, and R. W. Aldrich. 1997. Allosteric gating of a
example, a generalized model for allosteric binding to a four 'arge-conductance Ca-activated” Kchannel.J. Gen. Physiol.110:

. . 257-281.
subunit protein can lead to 55 states (Cox etal., 1997), mo rouzy, S. C., and F. J. Sigworth. 1990. Yet another approach to the

of which would be intermediate between the initial binding  gwell-time omission problem of single-channel analydsophys. J.
steps and full activation. Thus, it is perhaps surprising that 58:731-743.
such a simple model as Scheme 2 can account for the maj®ahl, G. 1992. The oocyte cell-cell channel assay for functional analysis of

_ : gap junction proteindn Cell-Cell Interactions: A Practical Approach. B.
features of the Cal dependent gating afSlq as reflected Stevenson, D. Paul, and W. Gallin, editors. Oxford University Press,

in 2-D dwell-time distributions and dependency plots (the [ondon and New York. 143—165.
kinetic structure). It can be difficult to distinguish secondary pichiara, T. J., and P. H. Reinhart. 1995. Distinct effects of'Cand
closed states from the intermediate closed states predictedvoltage on the activation and deactivation of cloned Gactivated K

by allosteric mechanisms (Hoshi et al., 1994; Rothberg and _é:e_mne'?r‘]';hys'zl‘é"(’:d'zggr:fof_g??' red Sulationhait
: iChiara, T. J., and P. H. Reinhart. . Redox modulatio

Magleby' 1998). Consequently, some of the brief Close(f Cé&"-activated K channelsJ. Neurosci 17:4942—-4955.

intervals that are generated by the secondary states Hlgen, M. 1968. New looks and outlooks on physical enzymol@yRev.

Scheme 2 may arise, instead, from intermediate closed Biophys.1:3-33.
states. It is also possible that other simple models that wergsguerra, M., J. Wang, C. D. Foster, J. P. Adelman, R. A. North, and 1. B.
not tested might describe the gating as well as or better than Levitan. 1994. Cloned Cd-dependent K channel modulated by a

Scheme 2. Nevertheless. Scheme 2 can serve as a starti functionally associated protein kinadéature 369:563-565.
’ ! II—J guson, W. B. 1991. Competitive K block of a large-conductance,

point for more detailed studies of the gatingdSlq includ- Ca*-activated K channel in rat skeletal muscld. Gen. Physiol

ing its voltage dependence, as well as for other types of 98:163-181.

C& ' -activated K channels that display similar gating Fredkin, D. R., M. Montal, and J. A. Rice. 1985. Identification of aggre-

properties gated Markovian models: application to the nicotinic_ acetylcholine re-
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