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BK channels are regulated by two distinct physiological signals,
transmembrane potential and intracellular Ca2+, each acting
through independent modular sensor domains. However, despite
a presumably central role in the coupling of sensor activation to
channel gating, the pore-lining S6 transmembrane segment has
not been systematically studied. Here, cysteine substitution and
modification studies of the BK S6 point to substantial differences
between BK and Kv channels in the structure and function of the
S6-lined inner pore. Gating shifts caused by introduction of cys-
teines define a pattern and direction of free energy changes in BK
S6 distinct from Shaker. Modification of BK S6 residues identifies
pore-facing residues that occur at different linear positions along
aligned BK and Kv S6 segments. Periodicity analysis suggests that
one factor contributing to these differences may be a disruption of
the BK S6 α-helix from the unique diglycine motif at the position
of the Kv hinge glycine. State-dependent MTS accessibility reveals
that, even in closed states, modification can occur. Furthermore,
the inner pore of BK channels is much larger than that of K+ chan-
nels with solved crystal structures. The results suggest caution in
the use of Kv channel structures as templates for BK homology
models, at least in the pore-gate domain.
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As a unique member of the family of K+ channels, large
conductance, Ca2+-activated K+ (BK or Slo1) channels are

activated in a highly synergistic manner by two distinct physio-
logical signals: depolarization and intracellular Ca2+. To ac-
complish this, each of the four α-subunits in a functional BK
channel is constructed of three modular parts: a voltage-sensing
domain composed of S1 to S4 transmembrane segments, a huge
cytosolic domain sensing various intracellular ligands, such as
Ca2+ (1, 2), Mg2+ (3), and heme (4, 5), and a pore-gate domain
(PGD) formed by S5–pore loop–S6 to allow selective K+ per-
meation under the regulation of transmembrane potential and
[Ca2+]i (6–8).
The BK channel shares homology in its membrane-associated

domain, including the voltage-sensing domain and PGD, with
voltage-dependent K+ (Kv) channels. Thus, the X-ray crystal-
lographic structures of Kv channels (9, 10) have been widely used
as an important template to guide structure–function studies of
BK channels (11–13). However, the distant evolutionary re-
lationship between BK and Kv channels (14) raises the possibility
that Kv channel structure must be used with caution as a guide to
BK channel structure. Sequence alignment (Fig. 1A) shows that
BK channels and Kv channels differ at two critical positions in
their pore-lining S6 transmembrane segments. First, there are
two consecutive glycines (i.e., diglycine) at the conserved glycine
hinge (15) in BK channels, but only one in the corresponding
region of Kv channels. Second, whereas Kv channels share
a conserved PXP motif near the cytosolic entrance to the inner
pore, in BK channels there is only one proline in this motif.
Therefore, variance in the conserved motifs raises the possibility
that there may be important differences between BK and Kv
channels in the inner pore region that connects the selectivity
filter with cytosolic solution (Fig. 1B). Consistent with this,

functional studies have revealed substantial differences between
BK and Kv channels in this region. For example, studies that
used cytosolic blockers or sugars of various sizes indicate that the
dimension of a BK inner pore is larger than that of a Kv channel
(16–19). It has also been proposed that the BK ion permeation
gate may reside at the selectivity filter (17, 20, 21) instead of the
intracellular entrance of the inner pore, which forms the ion
permeation gate in Kv channels (22, 23).
Here we have explored structural differences between BK and

Kv channels in the inner pore region. We introduced cysteines
throughout the BK S6 and addressed two issues. First, we ex-
amined periodicity of gating perturbations introduced by cyste-
ine mutations to determine the secondary structure adopted by
BK S6. Second, we examined state-dependent accessibility of
introduced cysteines to intracellularly applied water-soluble
sulfhydryl reagents to investigate the gating-related conforma-
tional change and the geometry of BK inner pore. Based on
modifiability of introduced cysteines, likely pore-facing residues
in BK channels are rotated relative to those in Shaker. Fur-
thermore, based on the pattern of state-dependence of modifi-
cation, the location of the activation gate in BK channels likely
differs from that of Kv channels. Finally, the inner pore of BK
channel is much larger than that of Kv channels and other K+

channels with solved crystal structures.

Results
Periodicity of Energy Perturbation Caused by Cysteine Substitution
Reveals α-Helical Composition of BK S6 Transmembrane Segment. To
study the structure of BK channel inner pore, we individually
mutated 28 S6 residues (from G300 to G327; blue underline in
Fig. 1A) into a cysteine. The background channel included the
C430S mutation, which has been shown to be inert to modifi-
cation by MTS reagents (24) (Fig. S1). All BK S6 cysteine
mutants expressed as functional channels in Xenopus oocytes.
Almost all cysteine mutations significantly changed the BK gat-
ing behavior (Fig. 1 C and E), with some shifting G–V toward
negative potentials and others toward positive potentials. Such
gating shifts were not caused by spontaneous disulfide bond
formation between introduced cysteines, as the shifts could not
be reversed by DTT.
For BK channels, shifts in gating may theoretically arise from

effects on voltage-sensing, Ca2+-sensing, or the closed–open
(C–O) equilibrium. To confirm that gating shifts arising from S6
mutations reflect primarily effects on the C–O equilibrium, for
most constructs, we calculated the free energy difference for
a change in Ca2+ from 0 to 100 μM (ΔΔGCa). For each mutant,
we fit the G–V relationship in 0 or 100 μM Ca2+ with the
Boltzmann function (Fig. 1C) and then calculated the free en-
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ergy difference between closed and open states at 0 mV (ΔG0)
using the best-fit estimates of half-maximal activation (Vh) and
apparent equivalent gating charge (zb). The ΔΔGCa was then
calculated as the difference in ΔG0 between gating in 0 and in
100 μMCa2+ (Fig. 1D). For all constructs, the ΔΔGCa was within
2 SD of the overall mean, confirming that S6 segment mutations
do not alter Ca2+ sensitivity, but mainly change the C–O equi-
librium. This justifies comparisons of the mutation-induced gat-

ing change at 100 μM Ca2+, a concentration at which the G–V
relationships of most mutants can be reliably determined.
To define the strength of the energetic perturbation caused by

each mutation, we calculated energy perturbation as the differ-
ence in ΔG0 between mutant and background channels (ΔΔG0)
for 27 cysteine mutants in 100 μMCa2+ (Fig. 1E). Most mutations
increased ΔG0 and stabilized closed states, whereas three (I308C,
L312C, and E324C) reduced ΔG0 and stabilized open states.
The ΔG0 map (Fig. 1E) reveals a cyclical pattern in which

a local maximum gating perturbation appears every three or four
residues, consistent with a generally α-helical conformation in
BK S6. To examine the S6 periodicity more closely, we used
a quantitative periodicity analysis based on a discrete Fourier
transform method. This has previously been used to determine
the α-helical composition of the transmembrane domain of Kv
channels (25, 26). For a typical transmembrane α-helix, the
resulting power spectrum of gating perturbation should peak at
approximately 105°. Furthermore, the significance of this peak,
which is evaluated by a periodicity index (αPI), should be greater
than 2 (27, 28). The periodicity analysis could be effectively
applied only over S6 positions in which energetic perturbation
caused by cysteine introduction could be accurately defined. For
the segment from G300 to G311, the power spectrum (Fig. 1F,
red line) peaks at 94°, near the edge of an α-helical frequency
(25). More importantly, the significance of this peak, as defined
by αPI, is only 1.79. Thus, the G300–G311 segment fails to ex-
hibit clear α-helical characteristics. On the contrary, the power
spectra of shorter stretches preceding G311 showed strong
α-helical properties. For example, the power spectrum of gating
perturbation in segment G300–G310 (Fig. 1F, blue line) peaked
at 105° with αPI of 2.58, consistent with an α-helical motif. In
fact, the αPIs of S6 N terminus segments are always greater than
the threshold value of 2 except when both glycines are included
in the analysis (Fig. 1G). Although the absence of defined en-
ergetic shifts for L312, F315, and P320 preclude application of
periodicity analysis to segments following G311, this analysis
suggests that the novel diglycine motif may alter or disrupt an
otherwise primarily helical structure of BK S6.

State-Dependent Accessibility of Cysteines Substituted in BK S6. We
next examined the state-dependent accessibility of S6 cysteines
to sulfhydryl reagents applied intracellularly. For comparison
with results in Shaker channels (23), we chose methanethiosul-
fonate (MST)–ethyltrimethylammonium(MTSET) as the primary
modification reagent. Fig. 2A shows an example of MTSET
modification of A313C in open states. The inside-out patch was
held at 60 mV during the recording. Upon switching from 0-Ca2+
control solution into modifying solution containing 100 μM Ca2+

and 200 μM MTSET, the current immediately reached a peak
and then decayed irreversibly to a steady-state level of approxi-
mately 40% of the peak. The decay of the current was fit with
a single exponential function to calculate the second order rate
constant. Interestingly, the G–V profile of A313C was strongly
shifted to negative potentials after MTSET modification. Thus,
the open probability of modified channels approached a maxi-
mum level at 60 mV even in 0-Ca2+ solution (Fig. S2), and the
current level showed only a small change between 0 and 100 μM
Ca2+ (Fig. 2A).
The closed-state modification rate was measured in 0 Ca2+

solution at −120 mV (Fig. 2B, 1), a condition for which the open
probability (PO) of WT BK channels is lower than 10−6 (29). Fig.
2B, 2 shows the modification time course of closed A313C by 1
mM MTSET. The modification was much slower but still mea-
surable compared with the open state modification rate. As with
the open state, the MTSET modification of A313C in closed
states also resulted in tonic opening of the channels.
We systematically examined the state-dependent accessibility

to MTSET of cysteines substituted at positions from 309 to 327.
Modification rates were determined at 10 sites at which MTSET
treatment caused a noticeable irreversible change in current
level (Fig. 2C). The results reveal several distinct differences

Fig. 1. Periodicity of gating perturbations produced by cysteine mutations
reveals α-helical composition of BK S6 transmembrane segment. (A) Se-
quence alignment of the pore-loop and S6 of Slo family channels and Kv
family channels. The selectivity filter is colored in blue. The glycine hinge and
prolines in the PXP motif are colored in red. The S6 helix in the Kv1.2 crystal
structure (Protein Data Bank accession no. 2a79) is marked by a green un-
derline. The cysteine scanning range in BK S6 is marked by a blue underline.
(B) Side view of Kv 1.2 PGD. For clarity, only two diagonal subunits are dis-
played. The selectivity filter is colored in blue. The glycine hinge and PXP
motif are colored in red. The purple dot is K+. The structural images in this
study were prepared by using the University of California, San Francisco,
Chimera system (42). (C) G–V relationships of background (filled square),
I308C (open circle), and S317C (open triangle) in 100 μM Ca2+. Boltzmann fit
results (line) are as follows: zb = 1.2, Vh = 16.2 mV (background); zb = 0.5,
Vh = −147 mV (I308C); and zb = 1.2, Vh = 116 mV (S317C). (D) The gating
energy difference between 0 and 100 μM Ca2+ (ΔΔGCa) of background and
S6 cysteine mutants. Black line marks the mean value of all ΔΔGCa in the
plot, and red lines mark the mean ±2 SD (E) The ΔG0 of the background
(gray) and S6 cysteine mutants (black) in 100 μM [Ca2+]i. The ΔG0s of three
mutants (L312C, F315C, and P320C, unfilled) could not be reliably de-
termined because of the extremely shifted G–Vs of the resulting channels.
Thus, these three values were estimated by assuming Vh of 300 mV (F325C
and P320C) or −300 mV (L312C) and zb of 1 (averaged from of the zbs of
background channel and other cysteine mutants). (F) Power spectra of |ΔΔG0|
for cysteine mutations from G300C to G310C (blue; peak, 105°; αPI, 2.58) and
from G300C to G311C (red; peak, 94°; αPI, 1.79). (G) αPIs of BK S6 segments
start at 300 and end at different sites from 307 to 311. Dotted line marks the
threshold value of 2.
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between BK and Kv channels in the pattern and rate of S6
MTSET modification. First, although both BK and Kv channels
have sites in S6 that exhibit state-dependent modification, the
linear position of these sites along S6 relative to the hinge glycine
and the PXP motif differs markedly between BK and Kv chan-
nels. In BK channels, MTSET modification at three of the 10
MTSET-sensitive sites showed strong state dependence (ap-
proximately three orders slower at closed states). These three
sites (313, 316, and 317) are all above (i.e., extracellular to) the
PXP motif. In contrast, in Shaker channels (ref. 23; red lines in
Fig. 2C), cysteines introduced into sites in or even below (i.e.,
intracellular to) the PXP motif exhibited strong state de-
pendence on MTSET modification. Second, although the maxi-
mum open-state modification rates of BK S6 residues are
comparable to those observed in Shaker channels, the closed-
state modification rates are approximately two orders higher in
BK channels (23). Finally, the maximum modification rates of
cysteines introduced at 313, 316, and 317 in the BK S6 are
comparable to the rate constant of MTSET reaction with free
mercaptoethanol [∼90,000 M−1s−1 (30)], which suggests that the
side chains of residues at these sites are exposed to an aqueous
environment, presumably the BK inner pore. However, none of
the presumed BK pore-facing residues matches the two pore-
lining residues (V474,I479) in Shaker channels. Based on an
alignment of BK S6 to Kv1.2, residues in Kv1.2 that correspond

to the BK positions A313, A316, and S317 tend to face away from
the aqueous environment (Fig. 3A, cyan residues), in contrast to
the positions of V474 and I479 in Shaker (Fig. 3A, red residues).
For BK A313, A316, and S317 to point into the ion permeation
pathway, we propose that this segment of BK S6 must be rotated
relative to the same linear segment in Kv channels.
The prominent shift in gating produced by MTSET modifi-

cation of A313C is similar to effects of L312C mutation on BK
gating (31) (Fig. S2 A–C), both of which suggest a preferential
stabilization of the open state. We therefore examined the ability
of MTSET, 2-aminoethyl MTS (MTSEA), and 2-sulfonatoethyl
MTS (MTSES) to produce gating shifts at A313C (Fig. S2D) or
A317C (Fig. S2E). In both positions, irrespective of the net
charge on the appended moiety, modification favors the channel
open state with particularly strong effects at position A313. The
simplest explanation is that MTS modification hinders return of
the S6 helix at position A313 to a closed conformation, indicative
that position A313 undergoes prominent state-dependent changes
in position during gating.

Pore Lining Residues in BK S6. We sought further evidence to
support the hypothesis that BK residues at positions 313, 316,
and 317 face the inner pore of BK channels. We arranged 15 BK
S6 residues below the glycine hinge (A312–I326) in a helical
wheel diagram (Fig. 3B). In this diagram, three of the four res-
idues resulting in a large positive ΔG0 in the gating equilibrium
lie on the hydrophobic surface of the helix, as indicated by the
helical hydrophobic moment (Fig. 3B, black arrow), whereas the
three sites with maximum modification rates lie on the opposite
surface of the helix. This suggests that the former surface is
buried in protein, probably participating in protein–protein
interactions that are important for defining the C–O equilibrium
of BK channels, whereas the latter surface is exposed in the
aqueous environment and lines the inner pore of BK channels.
To further confirm that A313C lines the BK pore, we exam-

ined interference between MTS modification on A313C and
blocking of A313C by tetrabutylammonium (TBA), a well es-
tablished K+ channel pore blocker (18). Because TBA is posi-
tively charged, we used neutral 2-aminocarbonylethyl MTS
(MTSACE) to modify the channels so that any interference
between TBA blockade and MTS modification should only result
from direct steric hindrance. We first examined if MTSACE
modification could change the TBA block. As shown in Fig. 3C,
modification of A313C by MTSACE modestly reduced the block
by 1 mM TBA. We also tested if TBA could protect A313C from
being modified by MTSACE. To do this, we first perfused open
channels (300 μM Ca2+, 80 mV) in 10 mM TBA and 400 μM
MTSACE for 3 s. This treatment only slightly shifted GV left-
ward (Fig. 3D, blue diamond), indicating that most channels
were not modified by MTSACE in the presence of TBA. The
same patch was then perfused in 400 μM MTSACE for the same
duration (3 s) in the same conditions (300 μM Ca2+, 80 mV). All
channels were modified and became tonically open in 300 μM
Ca2+ after this treatment (Fig. 3D, red triangle). Thus, TBA
protects A313C from being modified by MTSACE. These
observations confirm A313C as a pore-lining residue. As residues
at 316 and 317 are on the same surface of the helical wheel di-
agram as residue at 313, these residues should also line the pore.
Based strictly on homology mapping onto the structure of Kv1.2,
residues A316, S317, and especially A313, would be expected to
be buried in the protein (Fig. 3A, cyan residues; A313s are
highlighted by orange ellipses). Given the evidence that A313,
A316, and S317 are pore-facing, this supports the view that the
BK S6 helix below the glycine hinge must be rotated relative to
that of Kv channels.

MTSET Modification at the Single Channel Level Defines a Lower Limit
on the Dimension of the BK Inner Pore. In Shaker channels, Cd2+

irreversibly inhibits two S6 cysteine mutants (I470C and V474C,
corresponding to F315C and V319C in BK, respectively, based
on linear alignment) by forming strong coordination with three

Fig. 2. State-dependent accessibility of S6 cysteines to intracellularly ap-
plied MTSET. (A) Modification of A313C by 200 μM MTSET in 100 μM [Ca2+]i
with holding potential of 60 mV. After modification, the patch was switched
between 0 Ca2+ and 100 μM Ca2+ to show the tonic opening of modified
channels. (B) Closed state modification. 1: Protocol for closed state modifi-
cation. Patch was first perfused in 100 μM [Ca2+]i. The current level was ex-
amined by a brief test pulse of 200 mV at the end of the perfusion. The patch
was then washed in control 0 Ca2+ for several seconds before being switched
into 0-Ca2+ solution containing MTS reagent for modification. Membrane
potential was held at −120 mV during the modification. After modification,
the patch was switched back into the control 0-Ca2+ solution to wash out
remnant MTS reagent and then switched into 100 μM Ca2+ to check current
level. This cycle was repeated until current decayed to a steady level. 2: Time
course of closed-state modification of A313C by 1 mM MTSET. The time
course is fit with a single exponential function (line). (C) Second-order rate
constants of MTSET modification are plotted for BK S6 cysteine mutants in
the closed (black circles) and open (green circles) states on logarithmic scale.
Error bar is displayed only when it is larger than the associated symbol.
Seven mutants were not substantially affected by MTSET treatment (gray
squares). Two mutants did not generate enough current for tests of modi-
fication (black cross). Red lines represent state-dependent modification rates
of the corresponding cysteine mutants in Shaker channels by intracellularly
applied MTSET, with arrowheads indicative of open-state modification rates
(23). The glycine and PXP motif are highlighted in gray. The identities of BK
(black) and Shaker (red) S6 residues are listed on the left and right of the
plot, respectively.
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or four cysteines individually introduced at these pore lining sites
(23). This coordination by Cd2+ defines a diameter in Shaker of
approximately 8 to 9 Å separating diagonal cysteines (32). In BK
channels, however, we observed no irreversible inhibition pro-

duced by Cd2+ treatment at any of the S6-substituted cysteine
mutants. This indicates that the dimension of the BK inner pore
is sufficiently larger than that of Shaker channels such that Cd2+
cannot be multivalently coordinated by three to four cysteines at
any of the pore lining sites. By using the three pore-lining sites
A313, A316, and S317, we next examined MTSET modification
at the single-channel level to obtain information on the geometry
of the BK inner pore. For A313C, we found that there was one
intermediate level between the initial and final conducting level
during MTSET modification (Fig. 4A). This requires that at least
two of the four cysteines introduced at 313 can be simultaneously
modified, but that even modification of two cysteines is not
sufficient to fully block channel conductance. Two modification
steps were also observed for S317C (Fig. 4C). For A316C,
MTSET modification completely eliminated single-channel cur-
rent, and there was no intermediate conducting level (Fig. 4B).
However, this mutant was still conductive after it was modified
by a smaller neutral MTS reagent, MTSACE (Fig. S3). Thus, the
complete inhibition of A316C by MTSET modification likely
results from occlusion of the ion permeation pathway but not
from an extreme gating shift. This also suggests that a BK
channel can be modified only once by MTSET at the level of 316.
We attempted to define a minimum estimate of the size of

a pore that would accommodate at least two MTSET head
groups (∼3 Å in radius) and one hydrated potassium ion (3∼4 Å
in radius; Fig. 5A). We assumed an absolute minimum extension
of MTSET from the sides of the S6 helix. With this assumption,
the radius of the BK inner pore at the level of A313 or S317
should not be less than 7.3 Å. Considering that both MTSET and
the K+ ion are positively charged and that MTSET is likely to
protrude considerably into the pore, this value is likely to sub-
stantially underestimate the true dimension of the BK inner pore
at position A313. Even so, this value is much larger than any of
the K+ channels with solved crystal structures (Fig. 5B). How-
ever, at the level of A316, the BK channel does not allow per-
meation of K+ after modification by one MTSET. This suggests
that the radius at this level may be narrower than that at 313 or
317. However, we found that A313C could be modified by a large
MTS reagent, Texas red–MTSEA (TR-MTSEA; Fig. S4). As the
distance between the head group of TR-MTSEA and its sulf-
hydryl-reactive group is less than the pitch of an α-helix (i.e., the
vertical distance between consecutive turns of the helix) (33), it
requires that the large head group (6.5 Å in radius) of TR-
MTSEA must pass by A316 to modify A313C. Thus, the radius
of the BK inner pore at the level of 316 should be no less than 6.5
Å. Therefore, the dimension of the BK inner pore is much larger
than that of all K+ channels for which structural information is
so far available.

Discussion
We have performed cysteine scanning mutagenesis and state-
dependent cysteine accessibility studies to gain structural and
functional insight into the BK inner pore lined by the S6 trans-
membrane segment. The results reveal several important dif-
ferences between BK and Kv channels in this region.
Our analysis of gating equilibria suggests that BK and Kv

channels differ in the role of S6 residues in defining energetics of
channel gating. In particular, introduction of Ala (34, 35) or Cys
(23) into Shaker S6 positions generally promotes channel open-
ing, whereas most Cys mutations in BK S6 favor closure. Fur-
thermore, the energetically most important residues in Shaker do
not align well with those in BK, except for perhaps the second P
in the PXP motif. Superficially, such differences suggest that the
interactions experienced by S6 residues between C and O states
must differ markedly between BK and Kv channels. Perhaps
correlated with this, our MTS modification experiments show
that the S6 pore lining residues in BK channels and Shaker
channels do not lie on the same surface when mapped onto the
Kv1.2 structure (Fig. 3A). For example, to align the side chains of
the inner most pore-lining residues in BK and Kv channels—i.e.,
to bring the side chain of A313 into alignment with that of I470

Fig. 3. Pore lining residues in BK channels. (A) The S6 pore lining residues of
Shaker channels (I470, V474; red) and potential pore lining residues of BK
channels (A313, A316, S317; cyan) mapped on the crystal structure of Kv 1.2
viewed from intracellular entrance. The purple dot represents K+. The cor-
responding residues of BK A313 are marked by orange ellipses. For clarity, S6
below the PXP motif is not rendered. (B) Helical wheel diagram of the 15 BK
S6 residues below the double glycine hinge (L312–I326). Three residues with
maximum MTSET modification rate (A313, A316, S317) are colored in cyan.
Three residues (F315, P320, L325) that caused maximum local positive ΔΔG0

when mutated to cysteine are colored in red. Residue L312 that induces the
most negative ΔΔG0 when mutated into cysteine is colored in green. The
black arrow stands for the helical hydrophobic moment. The diagram was
generated online at http://rzlab.ucr.edu/scripts/wheel/wheel.cgi. (C) Frac-
tional unblock ratio of A313C by 1 mM TBA before (black open circle) and
after (red filled circle) MTSACE modification. (D) G–V curves of A313C in 300
μM Ca2+ before (black circle), after perfusion in 10 mM TBA and 400 μM
MTSACE for 3 s (blue diamond), and after perfusion in 400 μM MTSACE for
3 s (red triangle). To determine the percentage of channels being modified
by MTSACE in the presence of TBA, we first fit control GV (black line) and
MTSACE-modified (red line) GV with single Boltzmann function. Then, we fit
the GV after perfusion in MTSACE and TBA with a double-component
Boltzmann function (blue line): G (V) / Gmax = (1 − p) / (1 + exp(z1F(Vh1 − V) /
R / T)) + p / (1 + exp[z1F(Vh1 − V) / R / T)], with only p varying with z1, Vh1, z2,
and Vh2 being fixed, with the values determined from previous fit results.
This gave a P value of 0.05, suggesting that only 5% of the channels were
modified by MTSACE in the presence of TBA.
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in the Kv1.2 structure—a clockwise rotation of approximately 86°
(viewed from the intracellular entrance of the pore) would be
required. Furthermore, the modification of BK pore lining cys-
teines by MTSET at the single-channel level indicates that the
BK inner pore is much larger than those of many K+ channels.
Together, the energetic, accessibility, and size differences re-

quire that the inner pore structures of BK and Kv channels differ
markedly. Although the results do not define a BK inner pore
structure, one might imagine a number of ways in which the
differences we observe might be brought about. From the simple
assumption that the larger inner pore dimension arises solely
from expansion around the pore axis, the differences in acces-
sibility might suggest a rotation in BK S6 relative to Kv. Al-
though this may be the case, the larger BK inner pore dimension
may also be associated with substantial tilt in S6 relative to
Kv channels that might also be expected to impact on residue
accessibility.
Our examination of the periodicity within BK S6 suggests

one possible factor that might contribute to such differences.
Namely, the BK S6 α-helix may be in some way disrupted by the
two consecutive glycines (Fig. 1 E and F), whereas, in the Kv 1.2
crystal structure, the S6 helices seem to be continuous around
the glycine hinge (9). The importance of the diglycine motif in
defining BK S6 orientation is also supported by the absolute
dependence of paxilline block on the presence of G311 (36).
However, other factors may also contribute to a different ori-
entation between BK and Kv S6, perhaps originating at the de-
marcation between S6 and the P-loop. Irrespective of its origins,
a difference in BK and Kv S6 orientation would naturally predict
that interactions of S6 residues with other S6 residues or other
elements of the PGD would differ between Shaker and BK. It has
been proposed that the interaction between S6 and other regions

in the protein, such as the S4–S5 linker (37), is critical for K+

channel gating. The properties of BK S6 seem likely to require
substantially different potential interactions than those inferred
from the Kv1.2 structure. It is important to take this into account
when the structure of Kv channels is used as a guide for study of
BK channel structure/function.
The present results also support for the idea that the location

of the BK ion permeation gate is not formed at the same location
as that of a Kv channel. In Kv channels, the ion permeation gate
is formed just intracellular to the PXP motif that forms a tight
steric exclusion when it has closed (22, 23). Thus, strong state
dependence of modification by intracellularly applied MTSET
was observed on cysteines introduced into sites in the PXP motif
(22). In contrast, BK S6 cysteine mutants in the segment cyto-
solic to the BK YVP motif show little state-dependent modifi-
cation. All sites showing strong state dependence of MTSET
modification in BK S6 are extracellular to the YVP motif (Fig.
2C). Thus, even if the slower closed-state modification rate ob-
served at positions 313, 316, and 317 in BK channels was caused
by narrowing between the inner pore and the cytosolic milieu,
this constriction should reside more extracellularly along the
pore than that of the Kv channels. It should also be noted that
the closed-state modification rates at the three BK pore-lining
sites are approximately two orders higher than that of the Shaker
channels (23). These rates are even several fold higher than that
of closed cyclic nucleotide-gated channels (38), the ion perme-

Fig. 4. Modification of pore-lining cysteines by MTSET at the single channel
level. Opening is upward. (A) Left: Single channel current of A313C perfused
in 80 μMMTSET and 300 μMCa2+ at 60 mV. Triangles mark the beginning and
the of the intermediate current level. Right: All-point histogram of this re-
cording. The single channel conductances of three conducting levels are 241,
173, and 90 pS, respectively. (B) Left: Single-channel current of A316C per-
fused in 20 μM MTSET and 300 μM Ca2+ at 60 mV. Right: All-point histogram
of this recording. The single-channel conductance of the only conducting
level is 233 pS. A and B have the same scale bar. (C) Left: Single-channel
current of S317C perfused in 20 μM MTSET and 300 μM Ca2+ at 90 mV. Tri-
angles mark the beginning and end of the intermediate current level. Right:
All-point histogram of this recording. The single-channel conductances of the
three conducting levels are 233, 180, and 100 pS, respectively. No additional
reduction of current was observed with ongoing perfusion. In A and C, seg-
ments before the first triangle are from unmodified channels.

Fig. 5. The BK inner pore is much broader than that of many other K+

channels. (A) Estimation of the minimal radius of BK pore at positions that
allow two independent modifications by MTSET, A313C and S317A, based
on the size of MTSET (3 Å in radius, blue sphere) and hydrated K+ (3 Å in
radius, purple sphere). (B) Radius profiles of various K+ channels were cal-
culated from their crystal structures by using the program HOLE (43). The
horizontal dotted lines mark the levels of Shaker I470 (red) and V474 (black),
respectively. The vertical lines mark the minimal radius of 7.3 Å at the level
of 313 or 317 in the BK inner pore.
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ation gate of which has been determined to be in the selectivity
filter region (38, 39). In accord with previous results that small
molecules such as quaternary ammonium blockers may pass in
and out of the BK inner pore in both open and closed states (17,
20), this observation suggests that any constriction at the cyto-
solic end of BK S6 does not prevent access of molecules to the
inner pore and thus is unlikely to form an ion permeation gate.
The differences defined here also suggest that the motion of

S6 during channel gating might be quite different between BK
and Kv channels. In the Shaker channel, it has been suggested
that opening of the gate is expected to be accomplished by
swiveling the lower half of the S6 below the PXP motif (32, 40),
with only modest changes in dimension at the position of V474C
within the Shaker PVP motif (23, 32). Although gating shifts
reported for V474 mutation may somewhat contradict the idea
that V474 changes little during gating (34, 35), it is the case that
Shaker S6 positions with the strongest energetic effects on gating
extend largely from V474 down to perhaps N482. Shaker residues
that follow the hinge glycine have less impact on gating. In con-
trast, for BK channels, our observations suggest that there is
a major conformational change or rotation that involves residues
that closely follow the BK diglycine motif. In particular, mutation
of L312 and F315 each produce profound shifts in gating (31),
whereas the corresponding residues in Shaker following the hinge
glycine have minimal effect. Furthermore, in the same short
segment of S6, modification of A313C by MTSET (and other
MTS reagents) results in essentially tonic activation of the
channels (Fig. 2A and Fig. S2), very similar to the effect of in-
troduction of cysteine at the adjacent position L312 (31). One
speculation is the gating-associated conformational change in BK
S6 includes a rotation of the helix. The presence of an MTS

moiety may hinder the ability of A313C and adjacent residues to
rotate back into the closed conformation, thus stabilizing the
channels in the open conformation. If this is true, activation of
the BK channel is more like that of ligand-gated cyclic nucleotide-
gated channel, in which rotational movement of S6 is required for
gating (41). In addition, the strong state-dependent modification
of BK pore-lining cysteines by MTSET could be at least partly
caused by such rotation.
In summary, despite extensive conservation between BK and

Kv channels in their transmembrane domains, the present work
highlights major differences between BK and Kv channels in the
pore-lining S6 transmembrane segment and points out that
caution is warranted in regards to the use of homology models as
structural surrogates for phylogenetically distant proteins.

Materials and Methods
Mutagenesis and Channel Expression. Mutants were prepared as described
before (2). cRNA was injected in stage IV Xenopus oocytes. Recording was
performed 2 to 7 d after injection.

Electrophysiology and Data Analysis. Electrophysiology and data analysis are
described in SI Materials and Methods.

Chemicals. MTS reagents were obtained from Toronto Research Chemicals.
TBA was obtained from Alfa Aesar. KOH solution (1N) was obtained from
Fisher Scientific. All other chemicals were purchased from Sigma-Aldrich.
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