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ABSTRACT Ba?" block of large conductance Ca’?*-activated K channels was studied in patches of membrane ex-
cised from cultures of rat skeletal muscle using the patch clamp technique. Under conditions in which a blocking
Ba?* ion would dissociate to the external solution (150 mM N-methyl-D-glucamine®,, 500 mM K*;, 10 pM Ba?*;,
+30 mV, and 100 uM Ca?*; to fully activate the channel), Ba?* blocks with a mean duration of ~2 s occurred, on
average, once every ~~100 ms of channel open time. Of these Ba®* blocks, 78% terminated with a single step in the
current to the fully open level and 22% terminated with a transition to a subconductance level at ~0.26 of the
fully open level (preopening) before stepping to the fully open level. Only one apparent preclosing was observed
in ~10,000 Ba2* blocks. Thus, the preopenings represent Ba?*-induced time-irreversible subconductance gating.
The fraction of Ba®* blocks terminating with a preopening and the duration of preopenings (exponentially dis-
tributed, mean = 0.75 ms) appeared independent of changes in [Ba’?"]; or membrane potential. The fractional
conductance of the preopenings increased from 0.24 at +10 mV to 0.39 at +90 mV. In contrast, the average sub-
conductance level during normal gating in the absence of Ba?* was independent of membrane potential, suggest-
ing different mechanisms for preopenings and normal subconductance levels. Preopenings were also observed
with 10 mM Ba?*, and no added Ba%*;. Adding K*, Rb*, or Na* to the external solution decreased the fraction of
Ba2* blocks with preopenings, with K* and Rb* being more effective than Na*. These results are consistent with
models in which the blocking Ba?* ion either induces a preopening gate, and then dissociates to the external solution,

or moves to a site located on the external side of the Ba?* blocking site and acts directly as the preopening gate.
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INTRODUCTION

Blocking ions have served as useful probes to gain in-
sight into the structure of the conducting pores of K*
channels (Armstrong, 1971, 1975; Armstrong et al.,
1982; Yellen, 19844, 19845; Ferguson, 1991; Lucchesi
and Moczydlowski, 1991; Slesinger et al., 1993;
Taglialatela et al., 1993; Hurst et al., 1995; Sohma et al.,
1996; Baukrowitz and Yellen, 1996). One blocking ion
that has yielded a great deal of information about the
pore of large conductance Ca%"-activated K* (BK)!
channels is Ba?* (Vergara and Latorre, 1983; Benham
etal., 1985; Miller, 1987; Miller et al., 1987; Neyton and
Miller, 1988a, 19880; Neyton and Pelleschi, 1991; Diaz
et al., 1996). Ba?" enters and blocks the pore of the
open channel in a voltage-dependent manner from ei-
ther side of the membrane, with much higher concen-
trations of Ba?* required for the same blocking rate
from the external as from the internal solution. Ba%*
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typically remains bound to the blocking site, situated
30-50% through the electric field from the inside, for
several seconds. Ba?* then dissociates, restoring the
current to the level observed before the block. With
positive membrane potentials and the impermeant ion
N-methyl-p-glucamine* (NMDG*) replacing external
K*, Ba%" typically dissociates to the outside solution.
Adding external K*, which can bind to external lock-in
and enhancement sites, can force dissociation of the
blocking Ba* to the internal solution (Neyton and
Miller, 1988a, 19880). From a series of experiments ex-
amining the effects of external and internal ions and
membrane potential on the duration of Ba* blocks,
Neyton and Miller (19885) suggested that there are at
least four K* binding sites within the pore of the BK
channel that can be simultaneously occupied: an inter-
nal lock-in site located 30% through the electric field
from the inside, an external enhancement site located
50% through the electric field, the Ba* blocking site lo-
cated between the internal lock-in and the external en-
hancement sites, and an external lock-in site located
85% through the electric field from the inside.

The impetus for our study was the chance observa-
tion by Ferguson et al. (1994) that Ba?* blockade may
be more complex than detailed above. They found
that, when all the external K* was replaced with
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NMDGT, the transition of the current from the blocked
level to the fully open level often passed through a sub-
conductance level at ~25% of the fully open level be-
fore opening fully. The unblocking transition through
the subconductance level was termed a preopening be-
cause it preceded the fully open level.

We now study further the preopenings to investigate
their mechanism. We find that the preopenings repre-
sent time-irreversible subconductance gating, adding
another interesting example to gating processes that vi-
olate microscopic reversibility (Hamill and Sakmann,
1981; Trautmann, 1982; Richard and Miller, 1990; Cull-
Candy and Usowicz, 1987; Wyllie et al., 1996; Schneg-
genburger and Ascher, 1997). The preopenings are ob-
served under experimental conditions that favor the
dissociation of the blocking Ba?* to the external solu-
tion (0 external K*) and are not seen under conditions
where the blocking Ba%* jon dissociates to the internal
solution (100 mM external K*). The preopenings are
found to have conductance properties that differ from
the subconductance levels that occur during normal
gating, suggesting different underlying mechanisms.
Two models with irreversible steps are considered that
appear consistent with the Ba?"-induced time-irrevers-
ible subconductance gating. Preliminary reports of some
of these results have appeared (Ferguson et al., 1994;
Bello and Magleby, 1996).

METHODS

BK Channels from Primary Cultures of Rat Skeletal Muscle

Fetuses were removed from 19-21-d untimed pregnant Sprague-
Dawley rats killed by CO, inhalation. Skeletal muscle from the
hind- and forelimbs of the fetuses was minced with scalpels and
enzymatically dissociated by stirring for 30 min at 37°C in DMEM
(31600; Gibco Laboratories, Grand Island, NY) with 0.1 mg/ml
trypsin (T8253; Sigma Chemical Co., St. Louis, MO) and 1 mg/
ml collagenase (C9891; Sigma Chemical Co.). The resulting cell
suspension was centrifuged at 1000 gfor 15 min and the superna-
tant was discarded. The cells were resuspended in culture me-
dium consisting of DMEM with 10% fetal bovine serum and 100
U/ml penicillin with 100 pg/ml streptomycin (P0781; Sigma
Chemical Co.). The suspension was passed through a 30-pum ny-
lon mesh to remove any undigested tissue and preplated for 30
min on a fibronectin-coated 60-mm tissue culture dish to reduce
the number of fibroblasts. Cells were counted on a standard
hemocytometer using trypan blue exclusion to determine viabil-
ity and diluted to 300,000 cells/ml using the same medium as
above. Cells were then plated using 1.5 ml of the diluted cell sus-
pension per 35-mm tissue culture dish (Falcon 3001; Becton
Dickinson & Co., Mountain View, CA). Cultures were maintained
in a 90% air/10% CO, water-saturated atmosphere. After ~3—4 d
in culture, the myoblasts fused to form myotubes. At this point,
the culture medium was changed to a serum-free medium con-
sisting of DMEM, 100 U/ml penicillin, 100 wg/ml streptomycin,
1 mg/ml bovine serum albumin (A8412), 50 wg/ml holo-trans-
ferrin (T1283), and 5 pg/ml insulin (I1882; all from Sigma
Chemical Co.). The culture medium was replaced every 2 d
thereafter with the serum-free medium. The cultured cells were
suitable for patch clamping for 3-4 d after forming myotubes.

Single-Channel Recording and Solutions

Currents flowing through large conductance Ca?*-activated K*
channels in excised patches of surface membrane from the cul-
tured rat myotubes were recorded using the inside-out patch
clamp technique (Hamill et al., 1981). Currents were filtered at
10 kHz (—3 dB, four-pole low pass Bessel filter) using the inter-
nal filter in the Axopatch 200A amplifier (Axon Instruments, Fos-
ter City, CA), digitized using a VR-10B (Instrutech Corp., Great
Neck, NY), and stored on video tape for subsequent analysis. BK
channels were identified by their K* selectivity, large characteris-
tic conductance, and activation by internal Ca?* and depolariza-
tion (Barrett et al., 1982). Most experiments were performed on
patches containing a single BK channel. However, a few experi-
ments were also performed on patches containing two to three
BK channels. With multichannel patches, only the segments of
current records where a single channel was active (the others
were blocked by Ba?*) were analyzed.

Unless indicated otherwise, the solution at the normal intracel-
lular side of the channel (internal) contained 500 mM KCI and
100-250 wM Ca?*, and the external solution contained 150 mM
NMDG-CL. In addition, both solutions contained 5 mM TES (MN-tris
(hydroxymethyl) methyl-2-aminoethane sulfonic acid) buffer and
the pH was adjusted to 7.0. The internal solution was changed by
means of a gravity-fed perfusion system supplying a microcham-
ber into which the tip of the patch pipette was placed (Barrett et
al.,, 1982). The membrane potential was held at +30 mV unless
otherwise indicated. Experiments were performed at room tem-
perature (21-24°C).

Initial Analysis of the Single-Channel Current Records

Currents were sampled from tape by computer every 20 ps using
a Digidata 1200 A/D converter (Axon Instruments, Foster City,
CA) without additional filtering. A custom program using
graphic commands (HP graphics language) was then used to
print the current traces for the entire experiment on a laser
printer at 10 s per trace and eight traces per page. These print-
outs were examined for artifacts, such as voltage spikes, that
could interfere with the analysis. Another custom program al-
lowed display and scrolling of the current records on the com-
puter monitor (486 or Pentium) so that the occasional artifacts
could be excluded from the data.

Detection of Ba?* Blocks

After visually inspecting the current records, the program was
used to measure the durations of the open and shut intervals
from the previously examined current records using 50% thresh-
old detection. For the few records obtained from patches con-
taining more than one channel, the threshold was set to 50% of
the open current level when only a single channel was active.
Such an approach would not be suitable for detailed kinetic anal-
ysis, but was adequate for finding current transitions associated
with Ba?* blocking to the zero current level and Ba?* unblocking
from the zero current level. Since any one of the blocked chan-
nels could unblock in the few patches with multiple channels, the
observed blocking durations were corrected to those that would
be observed for a single channel by multiplying the observed du-
ration by the number of channels in the patch. The plotted re-
sults on block duration in this paper were based on patches con-
taining a single BK channel.

To identify the Ba%" blocks, the shut dwell times were log
binned at 25 bins/log unit and fitted with sums of exponential
components (McManus et al., 1987; McManus and Magleby,
1988). Intervals with durations less than two dead times were ex-
cluded from the fitting. Ba®>* blocks were defined as the expo-
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nential component of long shut intervals that became apparent
in the experimental data with the addition of Ba®*, as shown in
Rothberg et al. (1996). In some experiments, a few apparent
Ba2* blocks were present in the absence of added Ba?* due to the
submicromolar concentration of Ba?* that contaminates reagent
grade KCl salts (Neyton and Miller, 1988a; Rothberg et al., 1996).
In these experiments, Ba?* blocks were defined as the compo-
nent of long shut intervals whose area greatly increased with
added Ba®?*. The contaminating Ba?* in the solutions was esti-
mated at <0.1 M by comparing the apparent Ba?* block rate in
the absence of added Ba’" to the rate with known amounts of
added Ba?*.

In the absence of Ba?*, and at the high internal Ca?* concen-
trations used in these experiments to fully activate the channel,
the shut dwell-time distribution was typically fit by five to seven
significant exponential components. The shut components with
the longest mean durations in the absence of Ba®* typically had
time constants of 100-150 ms, consistent with the longest shut in-
tervals typically observed when high concentrations of Ca?* in
the internal solution are used to activate the channel (Rothberg
et al., 1996). The shut dwell-time distribution obtained after add-
ing Ba?* were found to be described by the same components as
in the absence of Ba?* plus an additional component with a
much longer time constant typically in the range of 1-15s.

Because of the exponential distribution of interval durations
in the various components, there was overlap between the dura-
tions of intervals arising from Ba?* block and those arising from
normal gating. To maximize the probability that intervals de-
fined as arising from Ba?* blocks actually arose from Ba®* blocks,
the analysis was restricted to shut intervals longer than five times
the time constant of the longest component in the absence of
Ba?*. With this restriction, typically <10% of the intervals desig-
nated as Ba?* blocks would have arisen from normal gating com-
ponents. An error of this magnitude would have little effect on
the results.

Measuring the Amplitudes and Durations of Transitions to
Subconductance Levels

The current record during the closing and opening transition of
each identified Ba?" block was automatically located and dis-
played at high time resolution. Each blocking and unblocking
transition was then inspected visually for subconductance levels.
If such a subconductance level was found, its amplitude and du-
ration were measured by user-controlled cursor lines. An exam-
ple of a display with cursor lines measuring the amplitude and
duration of a subconductance transition (defined as a preopen-
ing in the RESULTS) is shown in Fig. 1. As evident in this figure
and those figures in the RESULTS, transitions to the subconduc-
tance levels were typically unambiguous and could be clearly
identified and measured. Since it can be difficult to distinguish
between a brief duration subconductance level and a brief dura-
tion full opening whose amplitude would be reduced by the lim-
ited frequency response, only those subconductance levels last-
ing longer than 150 s were included in the analysis.

RESULTS

Current Transitions Resulting from Unblocking of Ba*>* Can
Be Associated with a Preopening Subconductance Level

Outward currents flowing through a single BK channel
in an inside-out patch of surface membrane from cul-
tured rat skeletal muscle are shown in Fig. 2 A, where a
144-s continuous record is broken into four segments
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Fiure 1. Computer display of a single channel current showing
the setting of the cursor lines to measure the amplitude and dura-
tion of a preopening after a Ba?* block.

for display. Under the conditions of this experiment
with 500 mM internal KCl, 150 mM external NMDG-C1
(0 mM external K*), and a holding potential of +30
mV, channel openings are indicated by outward (up-
ward) currents. The large single channel current (~20
pA) under these conditions increased the ability to de-
tect subconductance levels.

As described previously (Rothberg et al., 1996), cur-
rents recorded in the presence of high (100-250 uM)
internal Ca?* typically contained four or more types of
activity: (@) normal gating, as indicated by long bursts
of high activity; (b) gating in the low activity mode, con-
sisting of a series of brief openings separated by long
(mean of 100 ms) shut intervals; (¢) isolated long (mean
of 127 ms) shut intervals; and (d) an occasional shut in-
terval of several seconds duration due to Ba?* block
arising from the submicromolar contaminating Ba®* in
the reagent grade KCI (Neyton and Miller, 1988a).

Fig. 2 B shows a 144-s current record from the same
patch after Ba%*, a potent blocker of many K* channels
(Armstrong et al., 1982; Vergara and Latorre, 1983;
Miller et al., 1987) is added to the internal solution at a
concentration of 10 wM. Just as described previously
(Vergara and Latorre, 1983), Ba?* introduced long
shut intervals, consistent with slow Ba%* blockade of the
channel. The apparent Ba?" blocks were identified
from analysis of the distributions of all shut intervals in
the presence and absence of internal Ba?*, as described
in METHODS. The mean duration of the Ba?* blocks for
the entire 412-s record for the experiment presented in
Fig. 2 Bwas 1.4s.

High internal Ca%*" was used in the experiments to
make the durations of the shut intervals associated with
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the normal gating of the channel briefer than the aver-
age Ba?* block (Vergarra and Latorre, 1983), which fa-
cilitated the identification of the Ba?* blocks. The in-
ternal concentration of Ca?" was kept below 250 uM
because higher concentrations often induced excessive
entry into the low activity mode (Rothberg et al., 1996),
and decreased single channel conductance (Ober-
hauser et al., 1988; Ferguson, 1991).

The novel observation that forms the basis of our
study is shown in Fig. 2 C, which presents blocking and
unblocking transitions on a faster time scale for six of
the apparent Ba?* blocks from Fig. 2 B (asterisks). The
transition from the fully blocked to the fully open cur-
rent level did not always occur in a single step, as might
be expected for the exit of a single blocking barium
ion, but often proceeded through a subconductance
level (preopening) before opening fully, as shown in
Fig. 2 C (middle row, left and top row, right). This observa-
tion of preopenings was unexpected, since previous
studies have shown that the durations of Ba?* blocks

Ficure 2. Block of BK chan-
nels by internal Ba?*. (A and B)
Continuous records of current
flowing through a single BK
channel in an inside-out patch of
membrane from cultured rat
skeletal muscle in the absence
(A) and after adding 10 uM Ba%*
to the internal solution (B). Up-
ward deflections indicate channel
opening. (C) Blocking and un-
| blocking transitions of the six
Ba?* blocks, indicated in B with
asterisks are presented on a faster
time scale. The gaps in the cur-
rent record during the zero cur-
rent levels indicate excluded time
during the Ba%" blocks. Two of
the unblocking transitions occur
in two steps, with a transition
through a subconductance level
(preopening). The solution bath-
ing the normal intracellular side
of the membrane (internal solu-
tion) contained 500 mM KCI, 100
wM Ca?*, and 5 mM TES buffer.
The solution bathing the normal
extracellular side of the mem-
brane (external solution) con-
tained 150 mM NMDG-CI and 5
mM TES buffer. The membrane
potential was +30 mV (inside
positive).

are well described by a single exponential, and models
typically used to account for Ba?* unblock depict the
channel going from fully blocked to fully open in a sin-
gle step.

In contrast to the preopenings associated with the
unblocking of Ba?* in Fig. 2 C, the blocking transitions
occurred in one step (there were no preclosings), as ex-
pected for simple block of the channel by Ba?".

The brief durations of the preopenings, typically
<~1 ms, may account for why they were not observed
in previous studies of Ba?" block, which were optimally
performed using low time resolution to capture the
slow kinetics of the Ba?* blocking and unblocking
rates. It is also possible that preopenings may not be
present in BK channels in bilayers.

The preopenings shown in Fig. 2 Care different from
and should not be confused with the very brief (50-100
ws) lifetime subconductance levels at ~5-10% of the
fully open level described by Ferguson et al. (1993) that
are associated with both channel opening and closing
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in the absence of Ba?*. It will be shown in later sections
that the preopenings also differ from the subconduc-
tance levels that are entered infrequently during nor-
mal gating.

Gating during Preopenings

The form of the two preopenings shown in Fig. 2 Cwas
the most common, but other forms were also observed,
as shown in Fig. 3, and presents nine additional exam-
ples of preopenings from the experiment in Fig. 2. 66%
of the preopenings were of the form shown in Fig. 3 A,
with no closings during the preopening before the full
opening from the preopening level; 28% were of the
form shown in Fig. 3 B, with one or more closings dur-
ing the preopening before the full opening from the
preopening level; and 6% were of the form shown in
Fig. 3 C, with one or more closings during the preopen-
ing before the full opening from the closed level.

It is unlikely that any of the closings observed during
the preopenings arose from Ba?* block, because the
closings observed during the preopenings typically
lasted <1 ms, three orders of magnitude less than the
mean duration of the Ba?* blocks. The gating to the
zero current level during the preopenings may reflect
closing of the gate responsible for normal gating, al-
though activity of the preopening gate cannot be ex-
cluded.

Apparent Absence of Preclosings Associated with Ba’* Block

Records from 10 patches were examined for Ba%*
blocks. Fig. 4 C plots the fraction of examined Ba?*
blocks that contained preclosings or preopenings. A
typical preopening is shown in Fig. 4 B. Fig. 4 A pre-
sents a drawing of a hypothetical preclosing, since no
preclosings were observed in the 10 experiments for
Fig. 4. In contrast to the absence of preclosings associ-
ated with the 1,202 examined Ba%* blocks, 22.0 = 3.1%
(mean * SEM) of the Ba?* unblocking transitions con-
tained a preopening.

LT LT
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If microscopic reversibility is obeyed, the number of
forward and backward transitions made between any
two states should, on average, be equal, and conse-
quently an analysis of the single channel current record
either forwards or backwards in time should, on aver-
age, yield similar gating sequences (Colquhoun and
Hawkes, 1983; Lauger, 1983, 1985; Kirber et al., 1985;
Kijima and Kijima, 1987; Steinberg, 1987a, 1987b).
Clearly, the data in Figs. 2 and 4 show that the single
channel current records associated with Ba?* block
would not yield the same gating, on average, when ana-
lyzed either forwards or backwards in time. Preopen-
ings, but no preclosings, would be observed for forward
analysis, and preclosings, but no preopenings, would
be observed for backwards analysis. Thus, the transi-
tions associated with preopenings violate microscopic
reversibility.

The irreversible nature of the preopenings was not
due to the osmotic gradient existing in the experi-
ments in Fig. 4. Increasing external NMDG-CI from 150
to 500 mM to match the 500 mM internal KCI gave the
same fraction of Ba?* blocks with preopenings (0.24 *
0.05, n = 2) as with 150 mM external NMDG™* (0.22 =+
0.03, Fig. 4).

The Fraction of Ba?* Blocks Followed by a Preopening Does Not
Depend on the Internal Ba?* Concentration

If preopenings require the binding of one or more
Ba?* in addition to the blocking Ba?*, then the fraction
of preopenings should increase with increasing con-
centrations of Ba?*. Alternatively, if the single blocking
Ba?* is sufficient to induce preopenings, then the frac-
tion of preopenings should be independent of the con-
centration of Ba?™.

To examine these possibilities, Ba*>" was added to the
internal solution at concentrations from 0.1 uM to 10
mM. The two traces in Fig. 5 A are typical examples of
preopenings from data obtained with 1 uM and 1 mM
internal Ba?*. Fig. 5 B plots the mean of the fraction of

e
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FiGure 3. Examples of pre-
openings after Ba*" blocks for
three different classes of pre-
openings (see text). All transi-
tions were from the experiment
in Fig. 2 B. +30 mV.
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FIGURE 4. Preopenings, but not preclosings, are associated with
Ba?* blocks. (A) Hypothetical preclosing. (B) Typical preopening
after a Ba?" block. (C) Fraction of Ba®* blocks with preopenings or
preclosings. The error bar indicates the SEM for 10 experiments.
Same experimental conditions as for Fig. 2. +30 mV.

Ba?* blocks that contained a preopening at each Ba?*
concentration. The continuous line plots a linear re-
gression, and the dashed curves are the 95% confi-
dence limits for the line. The slope of the line was not
significantly different from zero (P > 0.98). The mean
of the plotted points was 0.22. Thus, over a 10°-fold in-
crease in Ba?" concentration, little or no change was
seen in the fraction of Ba?" blocks that terminated in a
preopening (Fig. 5 B). In contrast, the Ba®>* blocking
rate increased linearly with Ba’?* concentration over
the same concentration range (Fig. 5 C), consistent
with previous observations (Vergara and Latorre, 1983;
Neyton and Miller, 1988a).

The observation that the number of Ba?* blocks con-
taining a preopening remained a constant fraction of
the total number of Ba?* blocks suggests that the single
blocking Ba?* ion is sufficient to induce preopenings.
(It would, of course, not be possible to detect evidence
for two binding sites if one were saturated at Ba?* con-
centrations >0.1 pM.)

Preclosings were not associated with any of the 6,439
Ba?* blocks analyzed for Fig. 5.

Flickery Block by Millimolar Concentrations of Internal Ba**

As shown in Fig. 5 A, 1 mM internal Ba?* caused an ap-
parent flickery block of the BK channels when the ex-
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Ficure 5. Internal Ba?* concentration has little effect on the

fraction of Ba?* blocks with a preopening. (A) Current traces
showing typical preopenings observed in 1 uM and 1 mM internal
Ba?*. (B) Fraction of Ba?" blocks with a preopening at the indi-
cated concentrations of internal Ba?*. Each plotted symbol with er-
ror bars indicates the mean = SEM of the examined experiments
at each concentration. (For B and C of this figure, and for Figs. 6
and 7, the number of experiments per plotted point were,
from left to right: 2, 5, 4, 3, 10, 5, 5, 4, 4, 4, 1.) The continuous line
is a leastsquares fit to the following equation: fraction =
milogo[ [Ba?*];(upM) 1} + b, where mis the slope of the line and b is
the intercept. In this and the following figures of similar format,
the dashed lines represent the 95% confidence limits for the fitted
line. Same experimental conditions as for Fig. 2, except for the in-
ternal concentrations of Ba*. +30 mV.
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ternal K* was zero. This flickery block was observed for
internal Ba?® of 1-10 mM, and is in addition to the
long duration Ba?* blocks. The concentrations of Ba?*
required for the apparent flickery block are three to
four orders of magnitude greater than those required
for the long duration blocks, suggesting that the appar-
ent flickery block site has a much lower affinity for Ba?*
than the Ba?" block site. Yellen (1984a) observed a
flickery block of BK channels in chromaffin cells by in-
ternal Na* when external K* was low. Since the inter-
nal lock-in site proposed by Neyton and Miller (19885)
also binds Na* and Ca?*, it is possible that the flickery
block by Na* (Yellen, 19885) and Ba?* (Fig. 5 A) re-
flects brief binding of these ions to the internal lock-in
site. A flickery block of BK channels in epithelial cells
by external Ba’?" acting at a site near the cytoplasmic
side of the pore has been described by Sohma et al.
(1996).

The Mean Duration of the Preopenings Does Not Depend on
the Internal Ba?* Concentration

Fig. 5 showed that changing the internal Ba?* concen-
tration had little effect on the fraction of Ba?" blocks
followed by a preopening. To examine whether changes
in internal Ba?* concentration altered the properties of
the preopenings that did occur, the duration of each
preopening in the records analyzed for Figs. 4 and 5
was measured. Fig. 6 A presents examples of preopen-
ings and Fig. 6 B plots a cumulative histogram of the
durations of preopenings for a single data set (continu-
ous line). The distribution was approximated by a single
exponential function with a time constant of 0.66 ms
(Fig. 6 B, dashed line). A single exponential decay was
observed in the two additional BK channels analyzed in
this manner. A single exponential decay is consistent
with a single rate constant governing the process termi-
nating the preopenings.

Fig. 6 Cplots the mean durations of preopenings as a
function of internal Ba?* concentration. Over the 10°-
fold change in concentration, there was no significant
effect of Ba?" on the mean duration of the preopenings
(P> 0.7), indicating that the rate constant for the tran-
sition from the preopening level to the fully conduct-
ing open level was independent of Ba?* concentration.
The mean duration of the preopenings was 0.69 ms.

The Fractional Conductance of Preopenings Does Not Depend
on the Internal Ba?* Concentration

Fig. 7 plots the fractional current amplitude of the pre-
openings as a function of the concentration of internal
Ba?*. The fractional current amplitude for each ob-
served preopening was determined by dividing the cur-
rent amplitude during the preopening by the fully
open current amplitude after the preopening. An aver-
age fractional amplitude was then determined for the
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FiGure 6. Internal Ba?*t concentration has little effect on the

mean duration of the preopenings. (A) Current traces showing
that the duration of the preopenings was measured from the start
of the preopening to the time of the transition to the fully open
level, including any closed time during this period. (B) Cumulative
distribution of the durations of the preopenings are measured as
shown in A. The continuous line plots the number of preopenings
lasting as long or longer than the indicated duration. The dashed
line is the maximum likelihood fit to a single exponential function
of the following form: No. of observations = A exp(—t/7), where
A is the total number of preopenings in the distribution, T is the
time constant (mean duration) of the intervals in the distribution,
and exp is an exponential function. 10 pM internal Ba?*. (C)
Mean duration of the preopenings at the indicated internal Ba®*
concentrations. Same experimental conditions and experiments as
for Fig. 5. +30 mV.
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FIGURE 7. Internal Ba?" concentration has little effect on the frac-

tional conductance of preopenings. The fractional amplitudes of
the preopenings are plotted against the Ba?* concentrations. Same
experimental conditions and experiments as in Fig. 5. +30 mV.

preopenings in each data set. Ba?* had an insignificant
effect on the fractional conductance of the preopening
(P> 0.28). The mean of all the experiments indicated
that the typical preopening was a transition to a sub-
conductance level at 26% of the full conductance level.
The results in Figs. 2-7 show that changes in Ba?*
concentration over five orders of magnitude have insig-
nificant effects on the duration and conductance of the
preopenings, or on the fraction of Ba?* blocks followed
by a preopening. Apparently, the single Ba®* ion that
blocks the channel suffices to induce the preopening.

Voltage Dependence of the Fraction of Ba?" Blocks Containing
a Preopening

If the Ba?*-induced alteration in the channel responsi-
ble for the preopenings involves rate-limiting voltage-
dependent movement of charge through the electric
field of the membrane, then changes in membrane po-
tential may alter the kinetic and/or conductance prop-
erties of the preopenings. To test this possibility, cur-
rents were recorded at membrane potentials ranging
from +10 to +90 mV with 0 Kt outside (same as for
Figs. 2-7). Under these conditions, the dissociation of
the blocking Ba%* ion would be to the external solution
(see INTRODUCTION and Neyton and Miller, 1988aq,
19885).

Fig. 8 A plots the fraction of Ba?* blocks followed by a
preopening as a function of membrane potential. There
was a tendency for the fraction of Ba?* blocks associ-
ated with preopenings to increase with depolarization
(slope of 0.0008/mV), but the increase was not statisti-
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FiGure 8. Effect of membrane potential on the fraction of Ba?*
blocks with a preopening (A) and on the mean duration of the
preopenings (B). Each plotted symbol with error bars indicates the
mean * SEM of the examined experiments at the indicated volt-
age. For A and B of this figure, and for Fig. 9, B and C, the num-
bers of experiments per plotted point were (from left to right): 2,
10, 5, 3, 2. Same experimental conditions as for Fig. 2.

cally different from zero (P> 0.28). The mean fraction
of Ba?* blocks associated with preopenings was 0.20 for
the data in the figure. (Examples of current traces at
different voltages will be presented in a later figure.)

Over the same range of voltages, the mean durations
of the Ba®"* blocks decreased from 5.9 s at +10 mV to
1.2 s at +90 mV (not plotted), consistent with the
membrane potential driving Ba?* through the channel
to the external solution.

Over the range of membrane potentials tested, none
of the 2,176 Ba?" blocks analyzed for Fig. 8 A contained
a preclosing.
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The Mean Duration of the Preopenings Is Independent of
Membrane Potential

The durations of the preopenings for the data sets ex-
amined for Fig. 8 A were measured and plotted in Fig.
8 B. Voltage had an insignificant effect on the dura-
tions (P > 0.37), which had a mean value of 0.82 ms.
The observation that the durations of the preopenings
were little affected by membrane potential suggests
that the process by which preopenings make transitions
to full openings is not rate limited by a voltage-depen-
dent step.

The Fractional Amplitude of Preopenings Increases
with Depolarization

Fig. 9 A presents current traces of preopenings re-
corded at different membrane potentials from one of
the experiments included in Fig. 8. The ratio of the am-
plitude of the preopenings to that of the full openings
increased with increasing membrane potential. This is
shown more clearly in Fig. 9, which plots the current
amplitudes of both the preopenings and the full open-
ings versus membrane potential (Fig. 9 B), and the ra-
tios of the current amplitudes of the preopenings to
the current amplitudes of the full openings (Fig. 9 C).

The preopening amplitude increased from 24 to
39% of the fully open amplitude as the membrane po-
tential was increased from +10 to +90 mV. The frac-
tional increase in amplitude was 0.002/mV (continu-
ous line in Fig. 9 C). The observations in Fig. 9 suggest
that membrane potential has a differential effect on
the conductance during the preopening and fully open
levels.

Preopenings Arise from a Different Mechanism than
Subconductance Levels during Normal Gating

BK channels occasionally enter subconductance levels
during normal gating in the absence of Ba?" (Barrett et
al., 1982; Moczydlowski and Latorre, 1983; Stockbridge
and French, 1989; Stockbridge et al., 1991; Miller et al.,
1987) have shown that the gate in BK channels can
open and close when the channels are blocked by Ba%*.
Thus, the possibility arises that the preopenings associ-
ated with Ba?* block are not induced by the blocking
Ba?* ion, but simply reflect chance gating to a subcon-
ductance level at the time Ba?" unblocks. If this is the
case, then the conductance level of the preopenings
and subconductance level should be the same, and the
conductance during the subconductance levels should
have the same voltage dependence as was observed for
the preopenings in Fig. 9. To examine this possibility, the
fractional conductance and voltage dependence of the
subconductance levels during normal gating were de-
termined and compared with values obtained for the
preopenings.
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FiGure 9. The fractional conductance of preopenings increases
when the membrane potential is made more positive. (A) Current
traces of typical preopenings observed at +10 and +90 mV. (B)
Current-voltage plot for the preopening and fully open current
levels. The dashed lines have no theoretical basis. (C) Fractional
current of the preopenings compared with the fully open current
at the indicated membrane potentials. The slope of the fitted line
was significantly different from zero (P < 0.0001). Same experi-
mental conditions and experiments as for Fig. 8.

Results from two channels (plotted as black and gray
bars) are shown in Fig. 10. Current records at +90 mV
during a transition to a subconductance level during
normal activity and during a preopening are shown in
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FiGure 10. Preopenings are different from subconductance lev-
els observed during normal gating. (A) Current traces recorded at
+90 mV of a typical subconductance level observed during normal
gating and of a typical preopening. (B) Mean fractional conduc-
tances of all subconductance levels <50% of the fully open level
during normal gating and of preopenings. Estimates were made at
both +30 and +90 mV. The black and gray bars plot the results for
two separate channels. The subconductance levels were obtained
from currents recorded in the absence of added Ba*" and the pre-
openings were recorded with 10 uM internal Ba?*. The concentra-
tions of the other ions in the solutions were the same as for Fig. 2.

Fig. 10 A. As typically observed in comparisons of this
type, the conductance of the preopening was greater
than that of the subconductance levels. Fig. 10 B plots
the average fractional conductances. At +90 mV, the
average fractional conductance was 53% greater for the
preopenings than for the subconductance levels (P <
0.005). The greater conductance of the preopenings at
+90 mV was mainly due to the fact that the fractional
conductance of the preopenings was voltage depen-
dent (as shown previously in Fig. 9), increasing an aver-
age of 38% for these two experiments when voltage was
changed from +30 to +90 mV (P < 0.05). In contrast,
the average fractional conductance of the subconduc-
tance levels was insignificantly affected by voltage, in-
creasing slightly in one experiment and decreasing in
the other (P> 0.7).

For the experiments presented in Fig. 10, the sub-
conductance levels during normal gating were mea-
sured in the absence of internal Ba?* to remove the
possibility that any of those measured may have been
associated with a brief Ba2™ block, as subconductance
levels can also occur immediately after complete clos-
ings. Measurements of subconductance levels during
normal gating were also made from the same mem-
brane patch in the presence of Ba?" and were found to
be essentially the same as the subconductance levels in
Fig. 10 (not shown). Thus, the fractional amplitude of
the subconductance levels lacked voltage dependence
both in the presence and absence of Ba?".

The greater conductance and voltage dependence of
the fractional conductance for preopenings when com-
pared with subconductance levels indicates that the
mechanisms underlying preopenings and subconduc-
tance levels are different. Thus, since the preopenings
are not normal subconductance levels, then Ba2™ must
induce the preopenings.

Additional support that preopenings do not reflect
gating to normal subconductance levels at the time that
Ba?* unblocks comes from the low fraction of time that
BK channels spend in subconductance levels during
normal gating. Analysis of single channel current records
in the absence of Ba?* for the two channels analyzed
for Fig. 10 indicated that the average fraction of time
spent in subconductance levels during normal gating
was ~20.0012. This is similar to the low value of ~0.001
observed previously (Barrett et al., 1982), and can be
compared with the fraction of Ba?* blocks ending with
a preopening of typically 0.22 in experiments of this
type (Fig. 5). Thus, the fraction of Ba?* blocks with pre-
openings was more than two orders of magnitude
greater than what would have been expected by chance
alone if preopenings simply reflected the random un-
blocking of channels by Ba?" at the time the channels
were gating to subconductance levels, suggesting once
again that Ba?* induces the preopenings.

External K* Reduces the Fraction of Ba?* Blocks
with Preopenings

Neyton and Miller (1988)) found that whether the
blocking Ba?" dissociates to the external or internal so-
lution depends on the concentration of K* in the exter-
nal solution. With 0 K* and 150 mM NMDG" in the ex-
ternal solution, Ba?* preferentially dissociates to the ex-
ternal solution, as indicated by the shortening of the
blocked intervals by depolarization. With >10 mM K*
in the external solution, Ba%?* binds to the external
lock-in and enhancement sites, forcing Ba* to prefer-
entially dissociate to the internal solution, as indicated
by a reversed voltage dependence of the duration of
the blocked intervals.

To examine if the fraction of Ba?" blocks with pre-
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Ficure 11. External K*, Rb*, or Na' reduces the fraction of

blocks with preopenings. (A) Fraction of Ba?* blocks that contain
a preopening in the presence of the indicated external K* concen-
trations with equimolar replacement of external NMDG™* with K*.
The internal Ba?>* was 3 uM. The cation in the internal solution
was 500 mM K*. Each of the plotted symbols with error bars indi-
cate the mean * SEM for the experiments under the indicated
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openings changed with the concentration of external
K", and consequently the direction of Ba* dissociation,
currents were recorded with increasing amounts of K*
replacing equal molar amounts of the NMDG™ in the
extracellular solution. Fig. 11 A plots the fraction of
Ba%* blocks with a preopening versus external K* con-
centration. As external K* was increased, the fraction
of Ba%* blocks with preopenings decreased until, at 100
mM external K*, preopenings were no longer ob-
served. The continuous curve in Fig. 11 A is a nonlinear
least-squares fit of the plotted points to a rectangular
hyperbola with a K, for inhibition of preopenings by K*
of 6.6 mM (details in figure legend).

The observation that the fraction of preopenings was
decreased as external K* was increased is consistent
with the notion that preopenings can occur only when
Ba?* dissociates to the external solution. (The possibil-
ity that external K* prevents preopenings through di-
rect allosteric modification of the channel, rather than
by preventing Ba?* from dissociating to the external so-
lution, cannot be excluded.)

External Rb* and Na ™ also Reduce the Fraction of Ba**
Blocks with Preopenings

If the decrease in the fraction of preopenings with in-
creasing external K* shown in Fig. 11 A were due to the
binding of K* to the external lock-in site so that Ba?*
had to dissociate to the intracellular solution, then
other ions that bind to these sites should also decrease
the fraction of preopenings. Neyton and Miller (1988a)
found that external Rb™ was more effective than ex-
ternal K* in binding to the external lock-in site, and
that external Na™ could also bind, but much less effec-
tively.

To examine whether permeant Rb* and impermeant
Na™ (Blatz and Magleby, 1984) also reduced the frac-
tion of preopenings, 100 mM Rb* or Na* was added

conditions. The numbers of experiments per plotted point were
(from left to right): 3, 1, 3, 2, 5. The continuous line is a least-
squares fit by the inhibition equation: fraction = f .. — {fua/[1 +
([K*1,/K) 1}, where f.is the fraction of Ba** blocks that contain
a preopening with 0 mM external K*, and K;is concentration at
half maximal inhibition. The fitted K; is 6.6 mM and the fitted f,,,
is 0.26. (B) Fraction of Ba?* blocks with a preopening with 100 mM
external Rb* or Na* replacing 100 mM NMDG*. The bars for 0
and 100 mM external K* are replotted from A for comparison.
Each bar with associated error bar indicates the mean = SEM for
(left to right) 3, 5, 3, and 4 data sets. (C) Mean duration of the
Ba?* blocks observed at the indicated external ion concentration
for the experiments shown in A and B. Each symbol (@ for K*,
for Rb*, < for Na*, and A for Ba®*) plots the average of the time
constants obtained from the fits to the exponential component de-
fining Ba?* block (see METHODS). The experiments are the same
as in A and B, except for Ba**, which is from four experiments.



to the extracellular solution, replacing equal molar
amounts of NMDG™. The results are shown in Fig. 11 B,
which plots the fraction of Ba?* blocks containing a
preopening for each of the indicated conditions. The
data with 0 and 100 mM external K* are from Fig. 11 A
for comparison. As was the case for 100 mM external
K*, addition of 100 mM Rb* to the external solution
also eliminated the preopenings. External Na* at 100
mM, while not eliminating the preopenings, did re-
duce the fraction of Ba?* blocks with preopenings to
0.05 £ 0.03 compared with 0.25 = 0.02 with external
NMDG™ and no external Na'. Thus, external K™ and
Rb™, two ions that are more effective than external Na*
in binding to the external lock-in site (Neyton and
Miller, 1988a), were also more effective than Na* in
eliminating preopenings.

Preopenings Can Be Observed with External Ba?*

For the experiments presented in the previous sections,
the blocking Ba?* ion entered the pore of the channel
from the internal side, since Ba2* was added to the in-
ternal solution. Ba?" can also enter and block BK chan-
nels from the external solution, but much higher con-
centrations of Ba?* are required to achieve the same
blocking rate as compared with block from the internal
solution (Vergarra and Latorre, 1983; Miller et al., 1987;
Neyton and Miller, 19884). Independent of whether
Ba2* enters from the external or internal solution, Ba2*
appears to block at the same site in the conduction
pathway, with the barriers to reaching the blocking site
being greater from the external solution (Vergarra and
Latorre, 1983; Neyton and Miller, 19884, 19880).

To test whether Ba?* could also induce preopenings
when entering the channel from the external solution,
currents were recorded with 10 mM Ba?* added to ei-
ther the external or internal solutions. Of 428 identi-
fied Ba2?* blocks in four separate experiments in 10 mM
external Ba’?*, 8 were associated with preopenings.
These results are summarized in Fig. 12 B, which shows
that the fraction of Ba®* blocks with preopenings with
10 mM external Ba%* was only 0.019, 13-fold less than
the fraction of 0.24 observed with 10 mM internal Ba?*.

The vast majority of the Ba?* blocks observed with 10
mM external Ba?" would have arisen from Ba?" enter-
ing and blocking the channel from the external solu-
tion, and not from any contaminant Ba?* entering and
blocking the channel from the internal solution, as the
Ba?" block rate of 2.0 s™! for 10 mM external Ba?" was
60-fold greater than the contaminant Ba?* blocking
rate of 0.032 s™! (mean from nine experiments) when
Ba?* was not added to either solution.

Although 98.4% (1 — [0.032 s71/2s71]) of the blocks
would have arisen from external Ba’*, the possibility
exists that the preopenings were generated only from
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FIGURE 12. Preopenings are observed with Ba?* in the external
solution. (A) Current traces of preopenings observed in the pres-
ence of 10 mM internal or external Ba?*. (B) Fraction of Ba?*
blocks with a preopening in the presence of 10 mM internal or ex-
ternal Ba?*. The bar for 10 mM internal Ba®* is replotted from the
data in Fig. 5. The mean + SEM with 10 mM external Ba?* is based
on data from four experiments.

the remaining 1.6% of the blocks arising from contami-
nating internal Ba?*. If preopenings arose only from
blocks from internal Ba?*, then, assuming that 22% of
such blocks had preopenings, the fraction of Ba?*
blocks with preopenings should have been 0.0035 (0.22
X 0.016), a value approximately fivefold less than the
observed value of 0.019 in 10 mM external Ba2*. Thus,
these calculations would suggest that external Ba?* can
both block the channel and generate some preopen-
ings, although less than for internal Ba%*.

If the Ba?" blocking site is the same for internal or
external Ba?*, then it might be expected that the frac-
tion of preopenings would be independent of the side
from which Ba%* entered the channel, in contrast to
the findings in Fig. 12 B. A possible explanation for this
apparent paradox is offered by the observations of Ney-
ton and Pelleschi (1991), who found that external Ba?*
can act like external K* by binding to the external lock-
in site, preventing the exit of Ba?* to the external solu-
ton. On this basis, since external K*, which forces the
exit of the blocking Ba%?* to the internal solution, re-
duces the fraction of Ba?* blocks with preopenings
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(Fig. 11), external Ba?*, which also forces the exit of
the blocking Ba?* to the inside, might also be expected
to reduce the fraction of Ba?* blocks with preopenings,
as was observed (Fig. 12). Evidence for two Ba?* bind-
ing sites in the pore of K* channels has also been ob-
tained by Hurst et al. (1995) and Sohma et al. (1996).

Preopenings Are Not Observed when the Blocking Ba?* Ion
Dissociales to the Internal Solution

A common observation in Figs. 11 and 12 is that exper-
imental conditions that would have been expected to
block the exit of Ba?" to the external solution (100 mM
external K* or 100 mM external Rb*) completely elimi-
nated the preopenings, and solutions that would be ex-
pected to reduce but not eliminate the exit of Ba?* to
the external solution (1-30 mM external K*, 10 mM ex-
ternal Ba2™, or 100 mM external Na™) reduced but did
not eliminate preopenings. Thus, these observations
suggest that preopenings are associated with the disso-
ciation of Ba?* to the external solution.

Relationship between Mean Duration of Ba?* Blocks and the
External Lock-In Ions

Fig. 11C plots the mean duration of Ba?* blocks as a
function of the concentrations of the various external
ions examined. These results are consistent with the
observations of Neyton and Miller (19884, 19886), who
found that Ba?* block duration increased as external
K* was increased from 0 to 10 mM (due to binding to
the external lock-in site to prevent dissociation to the
external solution), and then decreased as external K+
was increased to several hundred millimolar (due to
binding to the external enhancement site, forcing dis-
sociation of Ba?* to the internal solution). Neyton and
Miller (1988a, 1988b) also found that Ba?™ blocks were
longer in 100 mM external Rb* and shorter in 100 mM
external Na* than they were in 100 mM external K*.
The lack of strong correlation in the data in Figs. 11
and 12 between the duration of Ba?* blocks and the
fractions of Ba?" blocks with preopenings reflects the
observation that the fraction of preopenings depends
on the direction of exit of Ba?* from the channel (see
above section), which is not necessarily tightly coupled
to the duration of the Ba?* blocks.

Only One Apparent Preclosing in ~10,000 Examined
Ba?* Blocks

Only one apparent preclosing was observed during this
entire study of ~10,000 Ba?" blocks examined for pre-
openings and preclosings. This one apparent preclos-
ing was in one of the data sets with 3 mM external K*
analyzed for Fig. 11 A. As mentioned in a previous sec-
tion, BK channels spend ~0.1% of their open time dur-
ing normal gating in subconductance levels. Thus, it is
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possible that this apparent preclosing represented a
transition to a subconductance level during normal gat-
ing that occurred by chance just before a Ba?* block. If
this is the case, then the irreversible mechanism gener-
ating the preopenings may be strictly unidirectional.

DISCUSSION

The Opening Transition Associated with Ba®* Unblock is
More Complex than Previously Thought

Ba?* blockade of BK channels from rat skeletal muscle
has been well characterized at the single-channel level
(Vergarra and Latorre, 1983; Miller, 1987; Miller et al.,
1987; Neyton and Miller, 19884, 19885; Neyton and
Pelleschi, 1991). Ba?* enters the open channel and
blocks the flow of ions. After a mean block time of sev-
eral seconds, Ba2" dissociates and leaves the channel,
thus immediately restoring the current to the full open
level seen before the block.

Our results were consistent with this picture when
high concentrations of K* were present in the external
solution. However, when the external K* concentration
was =30 mM, our observations indicated that the un-
blocking of the channel could be associated with the
transition of the channel through a subconductance
level (Figs. 2-7). This subconductance level, with a
mean duration of 0.75 ms and a conductance of ~26%
of the fully open level (+30 mV) was termed a pre-
opening since it preceded the current transition to the
fully open level from the blocked level. Preopenings
were present in 0.22 of the unblocking transitions with
150 mM external NMDG™, and this fraction was inde-
pendent of the concentration of the internal Ba?* used
to block the channel.

Only one possible preclosing, defined as a subcon-
ductance level immediately preceding a Ba?* block, was
observed in the ~10,000 examined Ba?* blocking tran-
sitions. It was likely that this one exception was a
chance transition through one of the subconductance
levels that occurred infrequently during normal activ-
ity. Thus, the preopenings appear to represent absolute
time-irreversible subconductance gating. In contrast to
the preopenings after Ba?* block, normal gating ap-
pears consistent with microscopic reversibility (Mc-
Manus and Magleby, 1989; Song and Magleby, 1994).

Preopenings Are Not Observed when the Blocking Ba?* Ion Is
Forced to Dissociate to the Internal Solution

Addition of K* to the external solution by equimolar re-
placement of the NMDG* reduced the fraction of Ba?*
blocks followed by preopenings (Fig. 11). With 100 mM
external K* or Rb*, preopenings were no longer ob-
served even though Ba?* blocks were still present. Ex-
ternal Na* and Ba?* also reduced the fraction of Ba?*
blocks (Figs. 11 and 12). Neyton and Miller (19885)



have previously shown a reversal in the sign of 3, the
fraction of the membrane electric field sensed by Ba?*,
as external K* was increased. They concluded that the
side of the membrane to which Ba%* dissociated from
the channel changed from outward to inward as exter-
nal K* was increased. External Na™, Rb*, and Ba2"
could also shift the direction of dissociation from the
external side to the internal side (Neyton and Miller,
19885; Neyton and Pelleschi, 1991).

Thus, under conditions where Ba?™ would be ex-
pected to dissociate to the external solution, preopen-
ings were observed following Ba?* blocks. However, un-
der conditions where Ba?" would have been expected
to dissociate preferentially to the internal solution, pre-
openings were seen less frequently or not at all. The
following section examines two functionally different
models consistent with these observations. In the first
model, Ba?* itself forms the subconductance gate.

Model 1 for Irreversible Subconductance Gating: Bound Ba**t
Forms the Preopening Gate

In the first model to be considered, the preopenings
arise directly from Ba2* binding to a preopening site in
the channel that is located external to the Ba?" block
site. When Ba?* binds to this site, which is normally oc-
cupied by K*, the conductance is reduced, creating a
preopening. Fig. 13 A depicts the gating with 0 mM ex-
ternal K*. The only ions depicted are K* at the pre-
opening site and Ba?*. The four K* ions that Neyton
and Miller (1988b) suggest are typically in the conduct-
ing channel in the absence of Ba?* block are not
shown. The preopening site may bind one of the four
K*, but this is not known. The open unblocked chan-
nel (state 1) becomes blocked after Ba?* enters the
channel from the internal solution (state 2). Once in
state 2, there are two possible outcomes. Unblocking
can occur without a preopening if Ba?* dissociates di-
rectly to either the internal or external solution (state
1). Alternatively, if the K* bound to the preopening
site in state 2 dissociates to the external solution before
Ba%* unblocks, then the channel makes an irreversible
transition to state 3. The preopening site remains unoc-
cupied by K* because the outside solution contains no
K*, and the blocking Ba?" ion prevents internal K*
from reaching the preopening site.

Ba?* can then move from the blocking site (state 3)
to the unoccupied preopening site (state 4) to gener-
ate a preopening through partial obstruction of the
channel. After ~0.75 ms, Ba%?* then dissociates to the
outside, and one of the K* ions moving down the chan-
nel immediately occupies the preopening site, restor-
ing the conductance to the fully open current level
(state 1).

The transition from state 2 to 3 for the dissociation of
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FIGURE 13. Model 1. A cartoon for generation of preopenings
when Ba?* forms the preopening gate. (A) Generation of pre-
openings with 0 mM external K*. Below the model are hypotheti-
cal single-channel currents and indicated state transitions for Ba?*
blocks with (Zop) and without (bottom) preopenings. (B) Absence of
preopenings with 100 mM external K*. See text for descriptions of
the models.

K* to the external solution is irreversible since the sin-
gle K* ion is lost into the external solution, which con-
tains 0 K*. The transition from state 3 to 4 is also appar-
ently irreversible, since the positive membrane poten-
tial and the outward flux of K* would drive Ba?* away
from the blocking site, and the entering K* would im-
mediately occupy the site once Ba?* left. Support for
the effective irreversibility of step 3 to 4 comes from the
observation that preopenings were not observed be-
tween two Ba?* blocks, as would occur for the hypothet-
ical transition sequence among states 1-2—-3—-4-3—-4-1.
The transition from state 4 to 1 has been drawn as ir-
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reversible, as the entering K* would immediately oc-
cupy the preopening site as soon as Ba?* leaves, return-
ing the channel to the initial state 1. We cannot rule
out, however, that the step might be reversible. Our
lack of observations of preclosings would not require
that the step be irreversible since a preclosing is de-
fined as a transition from the open level to a subcon-
ductance level followed by a Ba?* block. The irrevers-
ibility of the transition from state 3 to 4 would be suffi-
cient to prevent preclosings even if the transition from
state 4 to 1 were reversible.

Below the model (Fig. 13 A) are hypothetical current
records with state transitions for Ba?" block with (top)
and without (bottom) a preopening. The channel typi-
cally makes approximately three blocking transitions
without for every one with a preopening. The gating
that can occur during the preopenings (see examples
in Figs. 3, 6, and 9) is not incorporated into the model
in Fig. 13 and may reflect gating of the main gate dur-
ing the preopening.

External K, Rb*, Na*, and Ba2* can bind to sites ex-
ternal to the Ba?* blocking site, preventing the dissocia-
tion of the blocking Ba%* to the external solution (Ney-
ton and Miller, 1988a; Neyton and Pelleschi, 1991) and
preventing preopenings (Figs. 11 and 12). Thus, it is
not unreasonable to assume that these ions might pre-
vent the blocking Ba?* from binding to the preopening
site.

On this basis, Fig. 13 B depicts the gating with 100
mM external K* (or Rb*) where no preopenings are
seen (Fig. 11). The open unblocked channel (state 1)
becomes blocked after Ba?* enters the channel from
the internal solution (state 2). However, the high con-
centrations of K* (or Rb*) in the external solution pre-
vents the movement of Ba?' to the preopening site.
Hence, no preopenings are seen, as shown in the hypo-
thetical current record with state transitions below the
model. The graded decrease in the fraction of pre-
openings with increasing external K* (Fig. 11 A) would
reflect a progressive shift from the gating shown in Fig.
13 A to that shown in Fig. 13 B, as the increasing external
K* (or Rb") prevented Ba?* from binding to the pre-
opening site, either by titrating the site or by repulsion.

The relationship of the preopening site in the model
in Fig. 13 to the external lock-in and enhancement sites
described by Neyton and Miller (1988a, 19885) is not
clear. The K; of 6.6 mM for the inhibition of preopen-
ings by external K* in our experiments (Fig. 11 A) dif-
fered by two orders of magnitude from both the K; of
20 pM for the external lock-in site and K; > 500 mM
for the external enhancement site in the experiments
of Neyton and Miller (19884, 19885), suggesting that
there may not be a direct one-to-one relationship be-
tween the preopening site and either the external lock-in
or enhancement sites.
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For the model in Fig. 13, the reduced conductance of
the preopenings arises from the constricted flow of K*
past a Ba?t bound to the preopening site. If the pre-
opening site is within the pore of the channel, then this
model would require that at least one part of the chan-
nel be wider than suggested by the strictly single file
model of Neyton and Miller (19885).

Up to this point, Model 1 in Fig. 13 has been dis-
cussed from the viewpoint of the blocking Ba?* coming
from the internal solution. Preopenings were also seen
with external Ba2"™, where the fraction of Ba%" blocks
with preopenings was approximately fivefold less than
for internal Ba2?* (Fig. 12). In terms of model 1, the ex-
ternal Ba?* would have to pass the preopening site to
reach the Ba?* blocking site. This may account in part
for why block by external Ba?* requires an ~1,000-fold
higher concentration of Ba?" for the same blocking
rate. Once Ba?* reaches the Ba?* blocking site, which is
at the same location for block by external or internal
Ba?* (see INTRODUCTION), the sequence of events for
irreversible subconductance gating would be the same
as described above for internal Ba?*. Since the millimo-
lar concentrations of external Ba?* required to block
the channel from the external side also act like exter-
nal K* (Neyton and Pelleschi, 1991), in preventing the
exit of Ba?* to the external solution, as in Fig. 13 B,
then this could account for why fewer preopenings are
seen with external Ba?*.

Model 2 for Irreversible Subconductance Gating: Ba?*t
Induces the Preopening Gate

In the second model to be considered for the preopen-
ings, Ba?* acts allosterically to induce a preopening
gate that constricts the channel (either electrostatically
or sterically) as shown in Fig. 14. In this model, the
Ba?*-induced preopening gate both reduces the con-
ductance of the channel and also prevents the exit of
Ba?* to the internal solution. A Ba?*-induced preopen-
ing gate that prevents exit of Ba?* to the internal solu-
tion is similar to the carrier-like behavior of an ion
channel that can be generated with shifting energy bar-
riers, as described by Lauger (1983, 1985).

While we have no direct evidence that Ba?* can in-
duce the required conformational change, previous ex-
periments on K* channels have suggested that the
blocking Ba?* can influence the conformation of the
channel by stabilizing either the open or closed state,
depending on the experimental conditions (Armstrong
and Taylor, 1980; Miller et al., 1987; Neyton and Miller,
1988¢; Neyton and Pelleschi, 1991).

Fig. 14 A depicts the gating with 0 mM external K*.
The open unblocked channel (state 1) becomes blocked
(state 2) after Ba?' enters the channel from the inter-
nal or external solution (the figure is drawn with Ba%*
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FIGURE 14. Model 2. A cartoon for preopenings when Ba?* in-
duces a preopening gate. (A) Generation of preopenings with 0
mM external K*. Below the model are hypothetical single-channel
currents and indicated state transitions for Ba?* blocks with (top)
and without (bottom) preopenings. (B) Absence of preopenings
with 100 mM external K*. See text for description of the models.

blocking from the internal solution). Once in state 2,
unblocking can occur in either of two ways. Approxi-
mately 75% of the time the blocking Ba?* ion dissoci-
ates to either the internal or external solution without a
preopening (back to state 1). 25% of the time, the
blocking Ba?* dissociates to the external solution as the

channel passes from state 2 through states 3, 4, and 1.
Preclosings are not observed since the channel is
blocked to zero current level by the blocking Ba?* ion
(state 2) before the preopening gate is induced (state 3).

The reversible transition from state 2 to 3 occurs
when the bound Ba?* induces the preopening gate to
move and partially occlude the channel so that Ba%"
can no longer dissociate to the inside. Ba?" is then
forced to dissociate to the outside (state 4). It is state 4
that gives rise to the preopening since the preopening
gate partially obstructs the unblocked channel.

After ~0.75 ms in state 4, the preopening gate re-
laxes and the channel makes the transition from pre-
opening state 4 to the fully open channel in state 1.

With zero external Ba?", the dissociation of Ba2™ to
the outside in the transition from state 3 to 4 would be
irreversible, since the single Ba’?" ion is immediately
lost into the external solution. The irreversible arrow
from state 3 to 4 is drawn for this condition. With Ba%*
outside, the step is potentially reversible, but could ap-
pear irreversible since the chance of Ba?* entering and
blocking the channel during the 0.75-ms average life-
time of the preopening would be small. After the pre-
opening gate has relaxed in the transition from state 4
to 1, it cannot be ruled out that it spontaneously moves
into the pore of the channel for brief periods of time in
the absence of Ba?" block, just as liganded receptor
channels can open infrequently and for very brief peri-
ods of time in the absence of agonist (Jackson, 1986). A
binding of a Ba?" when the preopening gate was in the
channel would then make the step reversible and pro-
duce a preclosing. However, the absence of observed
preclosings in the presence of external Ba?* would sug-
gest that such a sequence of steps occurs infrequently,
if at all. Below the model in Fig. 14 A are hypothetical
current records (with state transitions) indicated for
Ba?* block with (fop) and without (bottom) a preopening.

Fig. 14 B depicts the gating with 100 mM external K*
(or Rb*). The external K* (or Rb*) binds to the exter-
nal lock-in and enhancement sites, blocking the disso-
ciation of Ba®" to the external solution (states 2 and 3).
Since Ba%* cannot exit to the external solution, and
since the preopening gate must be retracted to allow
Ba?* to exit to the internal solution (state 2), no pre-
openings are seen. Below the model is a hypothetical
current record (with state transitions) for Ba?* block
when the external lock-in site is occupied.

An alternative explanation for the reduction of the
fraction of Ba?* blocks with preopenings in the pres-
ence of external K*, Rb*, Na®, or Ba2" is that the exter-
nal ions act not by preventing Ba?* exit to the external
solution, but through an allosteric mechanism to pre-
vent the blocking Ba?* ion from inducing the preopen-
ing gate. Although an allosteric inhibition cannot be
excluded, the observations of Neyton and Miller (1988a,
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19880) that these ions inhibit the dissociation of Ba?"
to the external solution provide a more parsimonious
means to explain the effects of these ions on prevent-
ing preopenings.

For the models in Figs. 13 and 14, the binding of K*
to the external lock-in and/or enhancement sites can
prevent the exit of Ba?" to the external solution. On
this basis, it might be asked how the channel can carry
such large outward K* currents in the absence of Ba?*
under conditions of high external K* when these sites
would be occupied. Apparently, K* ions bound to the
various sites within the channel destabilize the binding
of K*, leading to a rapid exchange of K* across the sites
and through the channel (Yellen, 19844, 19845; Neyton
and Miller, 19884, 19880).

What Drives the Time-irreversible Gating?

The results discussed in the previous sections suggest
that preopenings can be observed if the blocking Ba%*
ion dissociates (is knocked off) to the external rather
than the internal solution. Thus, factors that prevent
the knock off of Ba?* to the external solution will de-
crease the fraction of Ba?" blocks with preopenings.
Since permeant as well as impermeant ions can influ-
ence the knock off of blocking ions from channels
(Armstrong, 1975; Armstrong et al., 1982; Yellen,
19844, 19845; Neyton and Miller, 1988a, 19885; Arm-
strong and Palti, 1991), our experiments do not un-
equivocally indicate the energy source for the time-irre-
versible gating. The outward flux of K* through the
channel in our experiments would act to push the
blocking Ba?* ion into the extracellular solution. De-
creasing the net outward flux of K* by adding external
K* decreased the fraction of blocks with preopenings,
until at 100 mM external K*, no preopenings were
seen. Adding 100 mM of the permeant ion Rb* to the
extracellular solution in place of the external K* had
the same effect (Fig. 11), suggesting that the flux of
monovalent cations may supply the energy for the time-
irreversible gating.

However, 100 mM external Na* or 10 mM external
Ba?*, two ions with negligible flux through the chan-
nel, also decreased the fraction of Ba?* blocks with pre-
openings (Figs. 12 and 13), although less effectively
than 100 mM external Kt or Rb*. Thus, it becomes dif-
ficult to distinguish whether external K* and Rb* are
having their effects by decreasing the concentration
gradient for highly permeant monovalent cations, or by
binding to external sites to prevent Ba?* exit (as Na*
does), or both.

It is also unclear to what extent the electrochemical
gradient of Ba?* drives the time-irreversible gating. The
observation that preopenings are observed with either
inward or outward Ba?" gradients indicates that the

359 BELLO AND MAGLEBY

Ba?* gradient is not a required energy source for the ir-
reversible subconductance gating. In support of this
notion, increasing the concentration of internal Ba?*
five orders of magnitude had little effect on the frac-
tion of Ba?* blocks with preopenings (Fig. 5). In con-
trast, 10 mM external Ba?t decreased the fraction of
Ba?* blocks with preopenings (Fig. 12), suggesting that
the Ba?* gradient may have some effect on the time-
irreversible gating. However, the external Ba?* may have
exerted its inhibitory effect by binding to an external
site and preventing exit of the blocking Ba?*, rather
than through a reversal of the concentration gradient.

While the outward flux of K* through the channel is
the most likely source of energy to drive the irreversible
subconductance gating, further experiments over a
wider range of experimental conditions will be re-
quired to clarify the contributions of all the various fac-
tors, such as external impermeant ions and external
Ba?* to the irreversible subconductance gating.

The Fractional Amplitude of the Preopenings Varies with
Membrane Potential

Dani and Fox (1991) have discussed three mechanisms
that could give reduced conductance levels: alterations
in the electrical charge at the vestibules, long lived con-
formational states, and rapid fluctuations between con-
formational states of different conductances (Figs. 13
and 14, Models 1 and 2). There was no indication in
our experiments that the preopenings arose from rapid
fluctuations between conformational states, because
the open channel noise during the preopenings (ex-
cluding the gating) typically appeared no greater than
that during the closed current level (Figs. 2-6, 10, and
12; compare with Fig. 8 B in Blatz and Magleby, 1986,
which presents an experimental example of a subcon-
ductance state from rapid fluctuation).

Over the 80-mV change in membrane potential from
+10 to +90 mV, the fractional conductance of the pre-
openings increased from 0.24 to 0.39 of the fully open
level (Fig. 9). In theory, the models in Figs. 13 and 14
could automatically account for this relative change in
conductance if the preopening gate were located deeper
in the conducting pore from the inside than the barrier
to conductance associated with the fully open channel.
The reason for this is that the addition (or elevation) of
a second barrier in a conducting pore can change the
shape of the current-voltage curve (Hille and Schwarz,
1978; Hille, 1992).

In support of this approach, Schild and Moczydlowski
(1994) have used Eyring rate theory to describe the
greater effect of voltage on Zn?*-induced subconduc-
tance levels for a sodium channel (see below), and we
have found that a model based on Poisson-Nernst-
Plank theory (Chen et al., 1997) with a preopening-



associated electrostatic barrier near the outer end of
the pore can approximate the current-voltage curves
in Fig. 9 (our unpublished observations).

Other models are also possible. For example, the
changes in voltage itself may alter the position of the
preopening gate, changing directly the conductance of
the preopening.

Whatever the mechanism of the preopenings, it dif-
fers from the mechanism for the subconductance levels
observed during normal gating since the subconduc-
tance levels did not change their fractional conduc-
tance with voltage (Fig. 10). If the subconductance lev-
els entered during normal gating represent partial clo-
sure of the gate used for normal gating (Chapman et
al., 1997), then the subconductance levels observed
during normal gating might be expected to maintain
the same fractional conductance with changes in mem-
brane potential as the main conductance level, as was
observed, since the subconductance gates during nor-
mal gating and the normal gate would be located at the
same place in the electric field. On this basis, since K*
channels typically have a gate at the interior side of the
channel (Armstrong, 1971; Miller et al., 1987; Miller,
1987; Holmgren et al., 1997), then the gate for the sub-
conductance levels during normal gating would be lo-
cated at the interior side as well. The preopening gate
could then be located deeper in the pore of the chan-
nel from the inside.

Similar to the preopenings, but unlike the normal
subconductance levels that we observed, a subconduc-
tance level with a fractional conductance that depends
on membrane potential has been described for a large
conductance K* channel from the alga Chara corallina
(Tyerman et al., 1992). The subconductance levels in
C. corallina were not associated with asymmetric gating.

Subconductance Levels Associated with the Binding of
Divalent Metal Cations in Other Channels

Schild and Moczydlowski (1994) found that the associa-
tion of Zn%* with a cystine residue in the outer vestibule
of cardiac Na* channels led to a subconductance level
that displayed a weak outward rectification, similar to
what we observed for preopenings associated with the
Ba?* block of BK channels. They suggest that the bind-
ing of Zn?* in the external vestibule near the pore at a
site very close to a high affinity Na*-binding site leads
to Zn?"-Na"' repulsion, which decreases the flux of
Na* through the channel. The mechanism in Fig. 13
(Model 1) for the Ba?*-induced subconductance level
is thus similar to the mechanism of Schild and Moczyd-
lowski (1994) for the Zn?*-induced subconductance
level, except that we have located the Ba?*-binding site
for the subconductance level deeper into the pore,
since this Ba?"-subconductance site was not readily ac-
cessible by external Ba?".

Premkumar and Auerbach (1996) have also found a
subconductance level associated with the binding of a
divalent metal ion. They found that the binding of Ca%*
near the outer entrance of the pore of NMDA recep-
tors reduced the conductance by 93%.

In contrast to our observations on the Ba?* subcon-
ductance level, neither the Zn2"- nor Ca2*-induced sub-
conductance levels were reported to be associated with
irreversible gating.

Asymmetric Subconductance Gating in Other Channels

Hamill and Sakmann (1981) recorded inward single-
channel currents through ACh receptors. In one exper-
iment where a total of 809 discrete events were ana-
lyzed, 100 events demonstrated gating to a subconduc-
tance level. Transitions similar to preclosings (closed
level-main level-subconductance level-closed level)
could be observed, whereas transitions similar to pre-
openings (closed level-subconductance level-main level)
were not observed. The causative factor for the subcon-
ductance gating was not established.

Trautmann (1982) found that subconductance levels
were observed when ACh receptors were activated by
20 uM curare, and that the frequency of the subcon-
ductance levels increased with the concentration of
curare. Transitions similar to preclosings occurred
about three times more frequently than transitions sim-
ilar to preopenings.

Both cloned and native NMDA receptors display
asymmetry in gating, with transitions from the main
level to the subconductance level (similar to our pre-
closings) being ~60% more frequent than transitions
from the subconductance to the main level (Cull-
Candy and Usowicz, 1987; Wyllie et al., 1997). Cull-
Candy and Usowicz (1987) ruled out the potential gra-
dient as the driving force.

Schneggenburger and Ascher (1997) have found a
gating asymmetry in the transitions among the closed,
main, and subconductance levels for a mutant NMDA
receptor. The direction and level of asymmetry could
be accounted for by assuming that ions bound to a site
in the permeation pathway influenced the gating, and
that the site was accessible to the internal cations in the
closed state.

Chloride channels from Torpedo gate as if they are
formed by two protochannels (Richard and Miller,
1990). The single channel records have an inactivated
nonconducting state, a brief closed state, and two con-
ducting states corresponding to one or two open pro-
tochannels. The channel enters the inactivated state
preferentially from one open protochannel and leaves
the inactivated state preferentially to two open pro-
tochannels, with the asymmetry ratio in gating increas-
ing from ~1.5 to 15 as the membrane potential was
changed from —20 to —80 mV. The asymmetric gating
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is driven by the electrochemical gradient for CI~, with a
bound Cl~ providing the gating charge (Chen and
Miller, 1996).

The characteristics of the asymmetric gating differed
among these various studies. The subconductance gat-
ing was essentially one way in our study, whereas in the
other studies (excluding the one by Hamill and Sak-
mann, 1981) there was a preferential asymmetry in the
gating. Only (essentially) preopenings were observed
in our study, compared with only preclosings in the
study of Hamill and Sakmann (1981). Both preopen-
ings and preclosings, with a preference for preclosings,
were observed in the studies of Trautman (1982), Cull-
Candy and Usowicz (1987), and Wyllie et al. (1997).

Schneggenburger and Ascher (1997) observed both
preopenings and preclosings, with the preference de-
pendent on the ionic conditions.

Although the characteristics of the asymmetric gating
differed among the various studies, the mechanisms
(when examined) appeared similar in that an ion bind-
ing in the permeation pathway influenced the gating of
the channel. In our study, a blocking Ba®* ion binds to
the conduction pathway and induces the asymmetric
gating either directly (Fig. 13, Model I) or indirectly
(Fig. 14, Model 2), while in the other studies (when ex-
amined) a highly permeant ion binds and induces the
asymmetric gating.
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