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Selectivity filter gating in large-conductance Ca?*-activated K* channels
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Membrane voltage controls the passage of ions through voltage-gated K (K,) channels, and many studies have
demonstrated that this is accomplished by a physical gate located at the cytoplasmic end of the pore. Critical to this
determination were the findings that quaternary ammonium ions and certain peptides have access to their internal
pore-blocking sites only when the channel gates are open, and that large blocking ions interfere with channel clos-
ing. Although an intracellular location for the physical gate of K, channels is well established, it is not clear if such
a cytoplasmic gate exists in all K channels. Some studies on large-conductance, voltage- and Ca*-activated K* (BK)
channels suggest a cytoplasmic location for the gate, but other findings question this conclusion and, instead, sup-
port the concept that BK channels are gated by the pore selectivity filter. If the BK channel is gated by the selectivity
filter, the interactions between the blocking ions and channel gating should be influenced by the permeant ion.
Thus, we tested tetrabutyl ammonium (TBA) and the Shaker “ball” peptide (BP) on BK channels with either K* or
Rb" as the permeant ion. When tested in K' solutions, both TBA and the BP acted as open-channel blockers of BK
channels, and the BP interfered with channel closing. In contrast, when Rb" replaced K" as the permeant ion, TBA
and the BP blocked both closed and open BK channels, and the BP no longer interfered with channel closing. We
also tested the cytoplasmically gated Shaker K channels and found the opposite behavior: the interactions of TBA
and the BP with these K, channels were independent of the permeant ion. Our results add significantly to the evi-
dence against a cytoplasmic gate in BK channels and represent a positive test for selectivity filter gating.

INTRODUCTION

Ion channels are membrane proteins that provide a
pathway for the movement of ions into or out of all cells
and are critical for all physiological processes. Some
channels discriminate poorly among various ions and
some are quite selective, allowing passage of predomi-
nantly only one or very few types of ions. In certain sub-
types of ion channels, the ion pathway is constitutively
available; in others it is “gated.” That is, the availability
of the pathway is controlled by voltage or a ligand or, in
some cases, by both. Over the last few decades, consid-
erable effort has been directed toward identifying the
part of the protein that forms the physical gate of the
channel. Much of this work has been focused on voltage-
gated K (K;) channels, and a clear picture has evolved.
The pioneering work of Armstrong (1966, 1971)
probing squid axon K channels with tetraethyl ammo-
nium ions and other quaternary ammonium (QA) com-
pounds led to the idea that the gate was located on the
cytoplasmic side of the protein. A key finding was that
these blocking ions have access to their binding site in
the channel pore only from the intracellular end of the
channel and only when the channel is open. Larger
ions including the long-chain QA analogue decyltriethyl-
ammonium, G, and peptides based on the Shaker
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inactivation ball peptide (BP) are also open-channel
blockers and are trapped by or interfere with the clos-
ing of the activation gate, results that add further evi-
dence that the physical location of the gate is toward
the cytoplasmic end of K, channels (Armstrong and
Hille, 1972; Yeh and Armstrong, 1978; Zagotta et al.,
1990; Demo and Yellen, 1991; Toro et al., 1992; Choi
et al., 1993; Holmgren et al., 1997). Additional studies
using the Shaker K, channel as a model (Holmgren
etal.,, 1997; Liu et al., 1997; del Camino et al., 2000; del
Camino and Yellen, 2001) identified parts of the sixth
membrane-spanning region (S6) that could be chemi-
cally modified whether the channels were open or
closed and other regions in S6, more toward the extra-
cellular end, that could be modified only if the chan-
nels were open. These deeper regions were formed
predominantly by residues in the S4-S5 linker. A critical
part of these studies was the finding that even small ions
like Cd*" and Ag" were excluded from these deeper struc-
tures by the channels’ gates. Finally, support for this pic-
ture of a relatively large intracellular gate in K, channels
has come from the solution of the crystal structures of
several types of K channels (Doyle et al., 1998; Jiang
etal., 2002; Long et al., 2005).
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Thus, the idea of an intracellular gate is well estab-
lished for K, channels, but do other K channels work
the same way? Some studies indicated that the large-
conductance, voltage- and Ca**-activated K* (BK) chan-
nel may also have a large intracellular gate because, as
in K, channels, both C10 and the BP are open-channel
blockers of these channels, and the BP interferes with
BK channel closing (Li and Aldrich, 2004, 2006). How-
ever, there are several other findings with BK channels
that raise questions about this conclusion. For example,
in contrast to the open-channel block of BK channels
by Cjy and the BP, a relatively large QA compound,
N-(4-[benzoyl]benyl)-N,N,N-tributylammonium) (bbTBA),
does not require open, conducting channels to block
(Wilkens and Aldrich, 2006; Tang et al., 2009). In addi-
tion, Ba®* ions cannot access their BK pore-blocking site
from either the extracellular or intracellular solutions
when the channel is closed (Miller, 1987), whereas
closed K, channels can be blocked by external but not
by internal Ba** (Armstrong and Taylor, 1980).

Thus, there are significant differences between the
behavior of BK and K, channels that raise doubts that
the gating of BK channels occurs through an intracellu-
lar physical gate like that in K, channels. If BK channels
do not open and close via movement of a large intracel-
lular part of its protein, how is the flow of K ions regu-
lated? One hypothesis is that the selectivity filter itself
controls ion flow through the channel (Li and Aldrich,
2006; Piskorowski and Aldrich, 2006; Tang et al., 2009),
and recent studies have provided evidence in support of
this idea (Chen and Aldrich, 2011; Zhou et al., 2011). If
BK channel gating occurs with structural changes in
the selectivity filter, it might be expected that permeant
ions would alter channel gating. Rb" is very similar in
size and hydration energy to K" and is permeant in all
K channels. Replacing K* with Rb" or adding Rb" to K*
solutions shifts the voltage dependence of BK channel
activation (Demo and Yellen, 1992; Piskorowski and
Aldrich, 2006). However, these effects are relatively weak
and equivalent to ~0.4 kcal/mole. The pore-blocking
ions Cs* and Ba*" have a somewhat larger effect in that
they destabilize the BK channel closed state by ~2.3
and 1.5 kcal/mole, respectively (Miller et al., 1987;
Demo and Yellen, 1992). Finally, replacing K* with the
permeant TI" ion produces significantly larger effects
on BK gating: a +38-mV shift of the voltage dependence
of channel activation (Piskorowski and Aldrich, 2006).
However, even though T1" permeates BK (and K,) chan-
nels, its complex electronic structure may make it a less
than ideal probe of K channel activity.

Although the actions of Rb’, Cs', and Ba®* on BK
channel gating are consistent with the expectations of
selectivity filter gating, the rather small effects and the
fact that Rb" and Cs" ions affect the gating of K, as well
as BK channels (Swenson and Armstrong, 1981; Clay
and Shlesinger, 1983) indicate that these results cannot

236 Selective filter gating in BK channels

be considered as successful tests of this hypothesis. Nev-
ertheless, if the selectivity filter acts as the gate in BK but
not K, channels, there should be some distinct effects of
permeant ions on some aspect of BK but not K channel
gating. Because the interaction of blocking ions with
the gates of K, channels helped establish the intracel-
lular location of the gate in these channels, a selective
alteration of these interactions in BK channels by per-
meant ions would constitute a convincing test of the
selectivity filter gating mechanism. Thus, we used small
(tetrabutyl ammonium [TBA]) and large (BP) mole-
cules shown previously to interact with the gates of K,
channels as probes of BK channel gating with K" or Rb*
as the permeant ion. As reported previously (Li and
Aldrich, 2004, 2006), we found that these two molecules
exhibited open-channel block of BK channels with K" as
the permeant ion, and the BP interfered with channel
closing. However, simply replacing Rb* for K" as the
permeant ion produced a profound difference: these
pore-blocking ions had access to their binding sites in-
dependent of the activation state of BK channels, and
the BP no longer interfered with the closing of the acti-
vation gate. Moreover, this effect was specific for BK
channels: these blocking ions retained their inter-
actions with the gates of Shaker K, channels, indepen-
dent of the permeant ion.

MATERIALS AND METHODS

The BK channel construct used here was the mouse form of
Kcal.1 (mSlo) (Butler et al., 1993). The Shaker K (ShB) channel
was the inactivation-deleted form with amino acids 6-46 removed
(Hoshi et al., 1990). Channel proteins were expressed by RNA
injection into oocytes from frogs (Xenopus laevis). Xenopus ovarian
lobes were obtained from Nasco, and individual oocytes were iso-
lated by standard procedures. Channel currents were obtained
with excised inside/out macropatches with an amplifier (Axopatch
200B; Molecular Devices). Patch pipettes were pulled from quartz
glass (Garner Class Co.). A holding potential of —80 mV was used
for experiments on BK channels, and —100 mV was used for ShB
channels. In BK channel experiments with Rb* as the permeant
ion, a hyperpolarization to —100 mV preceded the activating de-
polarizations. The pipette (extracellular) solution for BK channel
experiments consisted of (in mM): 140 X-glutamate, 2 MgCl,, and
10 HEPES, pH 7.2, where X was either K or Rb. The external solu-
tion for Shaker channel experiments also included 2 mM CaCls.
Most BK channel experiments were done with a bath (cytoplasmic)
solution containing 100 pM free Ca** (in mM): 140 X-glutamate,
3 NTA, 1.11 CaCly, and 10 HEPES, pH 7.2, but a 10-pM solution
was also used: 140 X-glutamate, 5 HEDTA, 3.6 CaCly, and 10 HEPES,
pH 7.2. These solutions also contained 50 pM crown ether
(Sigma-Aldrich) to chelate any Ba** contamination of the Ca*'
salts. The cytoplasmic solution for Shaker channel experiments was
nominally Ca* free (in mM): 140 X-glutamate, 1 EGTA, and 10
HEPES, pH 7.2. TBA-Cl was obtained from Sigma-Aldrich, and
the enhanced Shaker BP (E12KD13K) (Murrell-Lagnado and
Aldrich, 1993) was prepared by Biopeptide Co.

The accuracy of channel block at negative potentials where the
open probability is small can be compromised by leak currents.
To minimize such possible errors, only patches with a high seal
resistance (low leak) were used, which required minimal analogue
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leak subtraction. In a few experiments in K solutions, we found
comparable TBA block of BK channels without and with a P/4
procedure (not depicted). We preferred not to routinely use P/4
leak subtraction because this procedure increases noise, necessi-
tating the averaging of currents from several depolarizations,
which is problematic for “use-dependent” blockers. The minimal
contribution of leak to the analysis is indicated by the fact that
channel current and activation level smoothly approached zero
at negative potentials where leak currents would continue to
increase. Also, because Rb* permeates both Shaker and BK chan-
nels less well than K" (Latorre and Miller, 1983; Eisenman et al.,
1986; Yool and Schwarz, 1991), channel currents would be smaller
in Rb" than in K* solutions and, therefore, leak would represent a
larger fraction of total current. Such a situation would tend to
minimize the measured block in Rb* solutions, but our results
actually show more block of BK channels at negative potentials
than was seen in K' solutions. In addition, we found no correla-
tion of block levels with current levels with either K* or Rb" as the
permeant ion.

The slow kinetics of block by the BP can make it difficult to
determine steady-state current levels (Zagotta et al., 1990; Li and
Aldrich, 2006; and see Fig. 5). To minimize this problem in some
experiments with few expressed channels, we averaged multiple
current records. For these, we used a 3-Hz cycle time that we de-
termined did not produce accumulated “use-dependent” block
(not depicted). We indicate in the figure legends which examples
were derived from averaging multiple records.

Channel activation at a particular voltage was determined by
the magnitude of the “tail” current after repolarization to the
holding potential. The voltage dependence of channel activation
was fit by the Boltzmann equation Amplitude/ (1 + exp[—z(V,, —
Vi) I/ RT)]) and presented as normalized to the maximum value.
Because of the large patch to patch variability in the half-activa-
tion voltage (V,) of heterologously expressed Slo channels (Stefani
et al., 1997; Horrigan et al., 1999), we followed the procedure of
other authors (Horrigan et al., 1999; Orio and Latorre, 2005) of
shifting the BK channel activation curves from multiple cells so
that the half-activation voltage from each cell coincides with the
overall mean value and, through an interpolation procedure,
computing a mean voltage—activation relation. Estimates of the
channel deactivation kinetics were obtained from fits of a single-
exponential time function to the tail currents after a depolariza-
tion that fully activated the channels. Mean values of various
parameters are reported with SEM limits.

RESULTS

As noted in Introduction, the Shaker BP is an open-state
blocker of BK channels (Li and Aldrich, 2006). The data
presented in Fig. 1 were collected to summarize the pre-
viously reported behavior of the BP on BK channels.
The top insets show BK channel currents collected in
100 pM Ca** during depolarizations to the indicated
membrane voltages in the absence (black traces) and
presence (red traces) of 2 uM of the BP applied to the
inner surface of BK channels in an inside-out patch.
The peptide produced minimal block at negative po-
tentials where the channel open probability is small
and much larger block at more depolarized potentials
where the channels are open. The main part of Fig. 1
shows the close correlation between channel activation
(M) and the fraction of unblocked channels (O). This
close correlation is not the result of a voltage-dependent

block by the BP that just happens to occur over the gat-
ing voltage range, because shifting channel activation
by a reduction in intracellular Ca** produces an equal
shift in the voltage dependence of block by the BP (Li
and Aldrich, 2006).

Another property reflecting the open-channel block
by the BP can be seen in the time dependence of cur-
rents recorded in the presence of the BP, for example,
the red traces at —10 and +10 mV in the top insets and
at +60 mV in the main inset (Fig. 1). At the beginning
of the pulse, the channels are closed and unblocked
and begin to open normally, and the current in the
presence of the blocker superimposes with the control
records (black traces). Then, as the channels open, they
become increasingly blocked.

A final hallmark of this bulky peptide is that it inter-
feres with BK channel closing (Li and Aldrich, 2006).
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Figure 1. Open-state block of BK channels by the BP in K' solu-
tions. (Top inset) Time course of raw BK channel currents re-
corded in 100 pM Ca*' in the absence (black) and presence (red)
of 2 pM BP at the potentials indicated. Calibration: 0.4 nA,
50 msec. Zero-current level indicated by dashed line. (Main) Voltage
dependence of BK channel activation (M) and fraction of chan-
nels not blocked by the BP (O) in 100 pM Ca?". (Inset) Raw cur-
rent recorded at + 60 mV from a holding potential of —80 mV in
the absence (black) and presence (red) of 2 pM BP. Calibration:
2 nA, 50 msec. Zero-current level indicated by dashed line.
(Boxed inset) Magnified view of the currents after repolarization
to —80 mV, with the peak current in the BP scaled to match that
of the control record. Calibration: 1 nA, 25 msec.
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This can be seen in the boxed inset, which is a magni-
fied view of the tail currents after repolarization in the
absence (Fig. 1, black trace) and presence (red trace)
of the BP. The peak amplitude of the tail current in the
BP was scaled to match that of the control record. The
presence of the BP substantially slowed the tail current;
the channels could not completely close until the pep-
tide left its binding site in the permeation pathway.
Although we have not analyzed this process in detail,
Li and Aldrich (2006) did and found evidence that a
small fraction of blocked channels might not pass back
through the open state before closing. Nevertheless,
their results and ours clearly show that the presence
of the BP profoundly interferes with the ability of BK
channels to close.

As described in Introduction, the QA compound C,
preferentially blocks open BK channels (Li and Aldrich,
2004), but less work has been done examining the prop-
erties of block by the smaller QA ion, TBA, on BK chan-
nels. As shown in Fig. 2, in K' solutions, TBA appeared
to predominantly block open BK channels. The top in-
sets show BK channel currents collected in 100 pM Ca**
during depolarizations to the indicated membrane volt-
ages in the absence (black traces) and presence (red
traces) of 10 mM of internally applied TBA. As with the
BP, TBA produced little block of the channels at the
most negative potentials where the channels have a low
open probability, but there was a very large block at po-
tentials where the channels are mostly open. This can
be seen even more clearly in the main part of Fig. 2
where the voltage dependence of the fractional open
probability and the fraction of unblocked channels in
100 pM Ca* are plotted as closed squares and closed
circles, respectively. The reciprocal relationship between
current inhibition and activation is a hallmark of open-
channel block by this relatively small QA ion.

Shifting the voltage dependence of channel activa-
tion to more positive potentials by reducing the intra-
cellular Ca* level to 10 pM (Fig. 2, [J) produced an
equivalent shift in the voltage dependence of channel
unblock (M), preserving the tight relationship between
channel activation and channel block. It is also appar-
ent from the raw current traces that TBA block was very
fast, because the amount of block appears to be essen-
tially independent of time during the depolarization.
Although not shown in detail in Fig. 2, we found that
TBA, unlike the BP, did not interfere with channel clos-
ing but slightly increased the rate of channel closing
consistent with the findings of Li and Aldrich (2004).

The data in Fig. 1 summarized past published work
with the BP (Li and Aldrich, 2006), showing that it is an
open-state blocker of BK channels and that it interferes
with BK channel closing. The results presented in Fig. 2
illustrated that TBA also preferentially blocked open
BK channels. As with K, channels, these types of find-
ings lead naturally to a picture of BK channels with a
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Ca* and voltage-controlled intracellular gate that pre-
vents even the relatively small TBA ion from blocking
the channel in its closed conformation. In this view, the
intracellular gate must first move to its open position
before these ions can occupy their blocking sites in the
intracellular end of the pore. The existence of such an
intracellular gate can also account for how the large,
slow BP interferes with channel closing. Although this
picture of an intracellular gate is consistent with these
data, we noted in Introduction that there are other
findings with BK channels that call such a picture into
question. If BK channel gating occurs with such an intra-
cellular gate, changing the permeantion from K" to Rb*
should have little or no effect on the relationship be-
tween channel opening and block by TBA and the BP.
Therefore, we examined the actions of TBA and BP on
BK channels in Rb" solutions, and an example of TBA
block is illustrated in Fig. 3.

The insets in Fig. 3 A contain raw BK channel cur-
rents recorded at the indicated voltages with Rb" as the
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Figure 2. Open-state block of BK channels by TBA in K* solutions.
(Top insets) Time course of raw BK channel currents recorded in
100 pM Ca* in the absence (black) and presence (red) of 10 mM
TBA at the potentials indicated. Calibration: 0.4 nA, 50 msec. The
zero-current level is indicated by the dashed line. (Main) Voltage
dependence of BK channel activation in 100 pM Ca** (M) and in
10 1M Ca?* ([J). Also shown is the voltage dependence of the frac-
tion of channels not blocked by 10 mM TBA in 100 pM Ca* (@)
and in 10 pM Ca?" (O). Solid lines, fits of the Boltzmann equation
to the data; dashed lines, spline fits to the data.
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permeant ion in the absence (black traces) and pres-
ence (red traces) of 10 mM TBA. It is clear from these
examples that TBA produces a substantial block of BK
channel currents, even at very negative potentials where
the channels have a low open probability. The main
part of Fig. 3 A illustrates this same property over a
larger voltage range and also shows that block by TBA
is fully reversible in Rb" solutions. The relationship be-
tween BK channel activation and block by TBA in this
patch is illustrated in Fig. 3 B. Unlike the close corre-
spondence between channel activation and TBA block
seen in K* solutions (Fig. 2), when Rb" is the permeant
ion, block was almost completely independent of volt-
age. This was a consistent finding as illustrated in Fig. 4,
where mean values from several experiments are pooled
together. Itis clear that BK channel block by TBA in Rb*
was almost independent of membrane voltage and, sig-
nificantly, there was substantial block of the channels
even at very negative potentials where the open proba-
bility was quite small.

Replacing K" with Rb* as the permeant ion also had a
profound influence on BK channel block by the BP, as
illustrated in Fig. 5. The left side of Fig. 5 shows exam-
ples of BK channel currents in K* solutions in the ab-
sence (black) and presence (red) of 2 pM BP at the
indicated potentials. As has been reported previously
(Li and Aldrich, 2006) and can also be seen in Fig. 1,
the current with K* as the permeant ion in the presence
of the peptide perfectly follows the control current at
the beginning of the depolarization. Then only after
the channels have been opened by the depolarization is
the current inhibited. In contrast (Fig. 5, right), there
was no such time-dependent change of current in the
presence of the BP in Rb" solutions: the current recorded

with the BP is much smaller than control levels immedi-
ately upon depolarization and remains so throughout
the pulse.

The data in Fig. 6 demonstrate that the lack of time
dependence of BP block in Rb" solutions seen in Fig. 5
was because, with Rb" as the permeant ion, the BP had
already blocked BK channels at the holding potential
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Figure 4. State-independent block of BK channels by TBA in Rb*
solutions. Pooled data. Voltage dependence of BK channel activa-
tion (M) and fraction of channels not blocked by TBA (O) in
100 pM Ca*". Mean data shown with standard error limits if larger
than symbol. Data from six to nine experiments, except n = 3 at
—90 mV.
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K" solutions

while they were closed. The insets in Fig. 6 A show BK
channel currents recorded in Rb* solutions in the ab-
sence (black traces) and presence (red traces) of 2 pM
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Figure 5. Time course of BP block of BK channels in
K" and Rb* solutions. Raw currents at the indicated po-
tentials in the absence (black) and presence (red) of
2 pM BP recorded in 100 pM Ca® in K* (left; calibration:
1.2 nA, 50 msec) and Rb* (right; calibration: 0.25 nA,
50 msec) solutions. The holding potential for the K' so-
lutions was —80 mV. For the Rb" solutions, the voltage
level before depolarization was —100 mV, and after the
depolarization it was —80 mV. The tail currents upon
repolarization have been truncated for clarity.

BP at the indicated potentials. It can be seen that the
BP strongly blocked BK channels, even at negative po-
tentials where the channel opening probability is low.

Figure 6. State-independent block of BK
channels by BP in Rb" solutions. (A; insets)
Time course of raw BK channel currents
recorded in 100 pM Ca*" in the absence (black)
and presence (red) of 2 pM BP at the poten-
tials indicated. Calibration: 0.1 nA, 50 msec.
(Main) Steady-state current-voltage relation
before (M), during (@), and after ((J) appli-
cation of 2 pM BP in Rb* solutions. (B) Volt-
age dependence of BK channel activation (H)
and fraction of channels not blocked by BP
(O) in 100 pM Ca*. (Inset) BK currents in
response to repolarization to —80 mV from
+40 mV in the absence (black) and presence
(red; average of four records) of 2 pM BP,

Selective filter gating in BK channels

1 with the peak current in the BP scaled to
match that of the control record. Calibration:
0.2 nA, 10 msec.
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The main part of Fig. 6 A illustrates this same observa-
tion over a larger voltage range and also illustrates the
reversible nature of BP block in Rb" solutions. Fig. 6 B
shows the relationship between channel activation and
BP block in this example patch. It is clear that with Rb*
as the permeant ion, the BP blocked closed channels
essentially as well as it did open channels, in contrast to
blocking only open channels when K' was the permeant
ion (Fig. 1).

The inset in Fig. 6 B shows BK channel tail currents
recorded in Rb" in the absence (black) and presence
(red) of the BP, with the amplitude of the record in the
presence of the BP scaled to match the control data. It
is clear that the BP had no effect on the ability of the BK
channels to close when Rb" was the permeant ion, again
in sharp contrast to the strong interference that occurs
in K" solutions (Fig. 1). These differences in the behav-
ior of the BP with Rb" as the permeant ion were consis-
tent findings, as shown in Fig. 7. The main part of Fig. 7
establishes that, in Rb* solutions, the BP blocked BK
channels essentially independently of whether they
were open or closed. The inset in Fig. 7 shows BK chan-
nel closing time constants over a range of potentials in
the absence (M) and presence (O) of the BP. There was
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Figure 7. State-independent block of BK channels by BP in Rb*
solutions. Pooled data. Voltage dependence of BK channel activa-
tion (M) and fraction of channels not blocked by 2 pM BP (O)
in 100 pM Ca*. Mean values from four experiments shown with
standard error limits if larger than symbol. (Inset) Voltage depen-
dence of the time constant of deactivation in the absence (H)
and presence (O) of the BP. Mean values from three experiments
shown with standard error limits if larger than symbol.

little or no affect of the BP on the channel closing rate
with Rb" as the permeant ion.

As described in Introduction, the overall weight of
evidence strongly supports the existence of an intracel-
lular gate for K, channels. If BK channels are gated dif-
ferently, for example within the selectivity filter, these
two types of channels would likely differ in how perme-
ant ions interact with state-dependent blocking ions.
With K" as the permeant ion, the BP is an open-channel
blocker of Shaker K channels and interferes with the
channel gate closing (Zagotta et al., 1990; Demo and
Yellen, 1991). We tested if this remained true with
Rb" as the permeant ion, and the results are illustrated
in Fig. 8.

The inset of Fig. 8 A shows time-dependent block of
Shaker K channels in K' solutions produced by 2 pM BP
during a depolarization to —40 mV (red trace), and the
main part of Fig. 8 A shows the open-state block charac-
teristics of the BP. The inset contains tail currents re-
corded in the absence (black) and presence (red) of
the BP, showing that the BP strongly interfered with
channel closing in K’ solutions. Fig. 8 B shows that the
open-channel block properties of Shaker K channels
did not change when Rb' replaced K" as the permeant
ion. The time-dependent block by the BP was preserved
(Fig. 8 B, top), and the voltage dependence of the frac-
tion of channels not blocked by the BP (O) mirrored
channel activation (H) in Rb" solutions just as in K so-
lutions. The inset demonstrates that the BP continued
to interfere with channel closing, even with Rb" as the
permeant ion, all in sharp contrast with the behavior of
BK channels.

DISCUSSION

As summarized in Introduction, there is overwhelming
evidence that K, channels, including Shaker channels,
contain a cytoplasmic gate that occludes the ion perme-
ation pathway to prevent ion flow when the channels
are in their closed, nonconducting state. Depolariza-
tion induces a conformational change that removes this
intracellular restriction and allows permeant ion flow
through the open channel. Significant contributions to
this picture of the K, channel gate have come from stud-
ies that showed that relatively small, intracellular QA
compounds like TEA and TBA can reach their blocking
sites in the pore only after the cytoplasmic gate opens
upon channel activation (Armstrong, 1966; Armstrong
and Hille, 1972; French and Shoukimas, 1981; Choi
et al., 1993; del Camino et al., 2000; Zhou et al., 2001).
Other important results confirming the intracellular
location of the gate include the finding that large
QA compounds and the BP are not only open-channel
blockers of K, channels but also interfere with the
channel’s activation gate (Demo and Yellen, 1991; Choi
etal., 1993).
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As in K, channels, C;y and the BP can only block open
BK channels, and the BP interferes with BK channel
closing (Li and Aldrich, 2004, 2006), which suggests
that the BK channel may also be gated at the intracel-
lular end of the pore in these channels. This view would
seem to be supported by our data with TBA in K solu-
tions showing that this small QA also required an open
channel for block. However, there is strong evidence
that a cytoplasmic gate does not guard the inner en-
trance to BK channels. A bulky TBA derivative, bbTBA,
does not require open, conducting BK channels to
block the channel pore (Wilkens and Aldrich, 2006;
Tang et al., 2009), and deep pore sites near the selectiv-
ity filter can be modified by large methanethiosulfonate
derivatives, even when the channels are closed (Zhou
et al., 2011). Thus, the location of the physical gate of
BK channels must lie elsewhere than at the cytoplasmic
end of the protein.

If the physical gate of BK channels is not at the inner
end of the pore as itis in K, channels, where could it be?
Considering the limited extent of the pore, there are
only a few possible locations, and the selectivity filter
has been suggested to be the leading candidate (Li
and Aldrich, 2006; Piskorowski and Aldrich, 2006; Tang
et al., 2009). The selectivity filter in BK channels is
able to clearly distinguish between the very similar K*
and Rb" ions, so if the selectivity filter is the actual physi-
cal gate, it would be expected that there would be large
differences between the gating of K" and Rb" ions.
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As described in Introduction, there are differences, but
these are rather small and, furthermore, also occur in
K, channels with their cytoplasmic gate. Thus, there is
no definitive test that the BK channel gates within the
selectivity filter. However, a recent study provided suf-
ficient evidence to keep selectivity filter gating in the
running (Chen and Aldrich, 2011). In this study, the
authors found a strong coupling between the proton-
ation of the side chain of a “deep pore” amino acid and
BK channel gating. These results indicate that channel
gating causes a conformational change that alters the
physical environment (polar or nonpolar) of the side
chain of this amino acid that is at the cytoplasmic
entrance to the selectivity filter.

In spite of the small effect of permeant ions on BK
channel gating, it still seems reasonable to expect that if
the selectivity filter is the BK channel gate, there should
be permeant ion-specific differences in some aspect of
the gating of BK but not K, channels. As reviewed here,
there are strong interactions between K, and BK chan-
nel gating and pore-blocking ions including TBA and
the BP, at least in K" solutions. There are also strong
interactions between permeant ions and pore-blocking
ions in a variety of K channels (Neyton and Miller,
1988a,b; Spassova and Lu, 1998; Immke et al., 1999;
Immke and Korn, 2000; Guo and Lu, 2001; Thompson
and Begenisich, 2001, 2003), and there are differences
in permeant ion occupancy of the K channel selectivity
filter (Doyle et al., 1998; Morais-Cabral et al., 2001;

Figure 8. Open-state block of Shaker
K channels by the BP in K' and Rb" solu-
tions. (A) Block of Shaker channels by
2 pM BP in K' solutions. (Top inset) Cur-
rents recorded at —40 mV from a hold-
ing potential of —100 mV in the absence
(black) and presence (red) of 2 pyM BP.
Calibration: 0.2 nA, 100 msec. (Main)
Voltage dependence of Shaker channel ac-
tivation (H) and fraction of channels not
blocked by 2 pM BP (O). (Inset) Shaker
channel currents in response to repolar-
ization to —100 mV (from +20 mV) in the
absence (black) and presence (red) of
2 pM BP, with the peak current in the BP
scaled to match that of the control record.
Calibration: 0.75 nA, 20 msec. (B) Block
of Shaker channels by 2 pM BP in Rb*
solutions. (Top inset) Currents recorded
at —40 mV from a holding potential of
—100 mV in the absence (black) and pres-
ence (red) of 2 pM BP. Calibration: 0.4 nA,
100 msec. (Main) Voltage dependence of

I T T T T T T T 1
-70 -65 -60 -55 -50 -45 -40 -35 -30
Vm (mV)

I T T T T T T T 1
-75 -70 65 -60 -55 -50 -45 -40 -35
Vm (mV)

Shaker channel activation (H) and frac-
tion of channels not blocked by 0.5 pM
BP (O). Mean values from three experi-
ments shown with standard error limits if

larger than symbol. (Inset) Shaker channel currents in response to repolarization to —120 mV (from +20 mV) in the absence (black)
and presence (red) of 2 pM BP, with the peak current in the BP scaled to match that of the control record. Calibration: 1.2 nA, 20 msec.

Dashed line in all insets represents the zero-current level.
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Zhou and MacKinnon, 2003). These properties of K
channels lead us to consider that a sensitive test for se-
lectivity filter gating in BK channels would be the role of
permeant ions in the interaction between blocking ions
like TBA and the BP and channel gating. In this view, a
positive test would have two results: (1) a permeant ion—
specific difference in how TBA and the BP interact with
the activation gate of BK channels, and (2) no such dif-
ference in Shaker K channels. We found that TBA and
the BP were open-channel blockers with K" as the per-
meant ion but blocked closed and open channels when
Rb" replaced K' as the permeant ion. In contrast, the
state-dependent BP block of Shaker channels was largely
insensitive to the nature of the permeant ion. Thus, we
consider our findings to represent a positive test for se-
lectivity filter gating in BK channels.

Our view is that a BK channel with a closed selectivity
filter has a conformation that allows a K* ion to bind
near the TBA- and BP-blocking sites in the pore. These
ions cannot bind to their blocking sites in the channel
as long as K" occupies its site, so they cannot block a
closed channel. The blockers and the K' ion need not
bind at exactly the same site; they only need to compete
for binding, either directly or electrostatically. In this
view, when the BK channel opens, K" ions will no longer
significantly occupy its site in the selectivity filter, allow-
ing TBA and the BP to block the open channel. If Rb*
ions do not significantly occupy the selectivity filter site,
TBA and the BP will block both closed and open chan-
nels when Rb" is the permeant ion. In this model, the
interference of the BP with BK channel closing in K" so-
lutions is because the binding of K' to the site contrib-
utes to the stability of the closed state. Thus, because
occupancy of the site by the BP and K" ions is mutually
exclusive, the channel cannot be completely closed un-
til BP vacates the site. BP exit from the channel takes
much longer than normal deactivation, so closing will
be slowed.

A selectivity filter gate has been identified in CNG
channels (Contreras and Holmgren, 2006; Contreras
et al., 2008), which are nonselective ion channels that are
similar in structure to K" channels, especially in the se-
lectivity filter region. CNG channels are activated by the
binding of cyclic nucleotides to the channel’s large in-
tracellular domain (Kaupp and Seifert, 2002), analogous
to the binding of Ca*" to the large cytoplasmic domain
of BK channels. It may be that coupling the binding of
an intracellular ligand to the opening of the channel
pore is best accomplished with a selectivity filter gate
rather than by the intracellular parts of the sixth mem-
brane-spanning domain, as occurs in K, channels. In
any case, our results demonstrate large differences in
how blocking ions like TBA and the BP interact with the
gating in K, and BK channels. The simplest interpreta-
tion of our findings is that the activation gates in BK
channels reside within the selectivity filter rather than

in the intracellular end of the S6 domain, which forms
the gating region of K, channels.
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