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To probe structure and gating-associated conformational changes
in BK-type potassium (BK) channels, we examined consequences
of Cd2+ coordination with cysteines introduced at two positions in
the BK inner pore. At V319C, the equivalent of valine in the con-
served Kv proline-valine-proline (PVP) motif, Cd2+ forms intrasu-
bunit coordination with a native glutamate E321, which would
place the side chains of V319C and E321 much closer together than
observed in voltage-dependent K+ (Kv) channel structures, requir-
ing that the proline between V319C and E321 introduces a kink in
the BK S6 inner helix sharper than that observed in Kv channel
structures. At inner pore position A316C, Cd2+ binds with modest
state dependence, suggesting the absence of an ion permeation
gate at the cytosolic side of BK channel. These results highlight fun-
damental structural differences between BK and Kv channels in
their inner pore region, which likely underlie differences in voltage-
dependent gating between these channels.
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How transmembrane potential influences the opening and
closing of ion channels, a process known as gating, is central

to understanding how cellular excitability is regulated (1). For
voltage-dependent K+ (Kv) channels, functional (2–4) and crystal-
lographic (5, 6) studies have led to a compelling model of gating. In
this model there are two key elements, both of which arise from
properties of the cytosolic end of Kv channels: a cytosolic ion per-
meation gate formed by an interlaced arrangement of S6 inner
helices termed the bundle crossing (2, 3), and a kink produced by
the conserved proline-valine-proline (PVP) motif (Fig. 1A, boxed
residues) to allow the C terminus of Kv S6 to form extensive contact
with the S4–S5 linker (5, 6). Thus, the outward movement of the
voltage sensors (VSDs) induced by transmembrane depolarization
is thought to be transmitted to S6 through the S4–S5 linker to open
the cytosolic ion permeation gate (6–8), and this enables access
of cytosolic K+ ions to the Kv inner pore region.
Although this model is generally accepted for Kv channel gating,

it is not clear to what extent it applies to other K+ channels. For
example, the large conductance, Ca2+-activated K+ (BK or Slo1)
channel shares with Kv channels a similar set of four VSDs attached
to a central pore and gate domain (PGD), such that both channels
are voltage dependent (9). However, unlike that of Kv channels, the
inner pore of a closed BK channels is accessible to large mole-
cules such as quaternary ammonium (QA) blockers (10, 11) and
methanethiosulfonate ethyltrimethylammonium (MTSET) (12),
indicating that the cytosolic end of a closed BK channel cannot
completely occlude K+ flow; this indicates that a gate extracellular
to that proposed for Kv channels is required to securely prevent K+

flow in a closed BK channel. As a corollary, the underlying struc-
tural and conformational details required to couple VSD activation
to channel opening may differ between BK and Kv channels.
To provide new insight into differences between BK and Kv in

the inner pore region, we have probed the cadmium (Cd2+)
sensitivity of cysteine residues introduced in the BK S6 inner
helix. Compared with cysteine modification by MTSET (12),
Cd2+–Cys coordination provides two potential advantages for
investigation of BK channel gating. First, Cd2+ coordination can

involve multiple residues with strict distance and geometric
requirements. This potentially provides information about the
relative position of coordinating residues in the BK inner pore
region, thereby placing important structural constraints on BK
S6. Second, the size of Cd2+ is closer to that of a K+ ion com-
pared with large probes such as QA blockers or MTSET; this
allows a more accurate evaluation of whether there may be re-
striction to K+ flow at the cytosolic end of BK channel. Despite the
evidence that large molecules can access the BK inner cavity in
closed states, gated access of intracellularly applied Shaker ball
peptide indicates that conformational changes do occur at the cy-
tosolic end of BK channels (13). Furthermore, our previous study
showed that the open-state modification of BK inner pore cysteines
by MTSET is approximately two orders of magnitude faster than
that in closed states (12), although the state dependence is weaker
than that observed in Shaker channels (3). It is therefore important
to determine the extent to which the BK cytosolic side may restrict
inner pore access of K+ by using a probe similar in size to K+.
Here we focus on two BK S6 residues, V319 and A316, which

confer interesting sensitivity to Cd2+ on BK channels when
replaced by cysteine. V319 is in register with Kv residues that
contribute to the bundle crossing in Kv channels. The results
reveal that Cd2+ coordination occurs between V319C and E321
in the same BK α-subunit, requiring that BK S6 adopts a novel
kink at this level that is distinct from that in Kv channel struc-
tures. Furthermore, for A316C, which lines the BK inner pore,
the Cd2+ coordination rate differs only modestly between open
and closed states, suggesting there is no significant restriction of
K+ access to the BK inner cavity in both states.

Results
Cd2+ Markedly Changes BK Currents by Coordinating with Cysteines
Introduced at Two Separate Inner Pore Positions. BK channels pose
several challenges in the use of Cd2+ as a probe of potential
coordinating positions in the S6 inner helix. First, Cd2+ at con-
centrations up to 100 μM activates BK through a high-affinity
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Ca2+-sensing residue (D362) in the BK cytosolic domain (14,
15). Second, [Cd2+] above 300 μM strongly blocks BK current
with slow recovery (15). Therefore, the highest [Cd2+] used in
this study is 200 μM. In addition, to minimize Cd2+ effects on
D362, all experiments were done in 300 μM Ca2+. Under such
conditions, 100 μM Cd2+ produces a leftward-gating shift of
∼50 mV (Fig. 1F, circles), corresponding to a change in Gibbs
free energy between closed and open states at 0 mV (ΔG0) of
−0.92 kcal/mol. In addition, the apparent maximal conductance
is reduced (Fig. 1C), which we attribute to a direct fast channel
blocking effect that can be discerned as a reduction in single-
channel current amplitude. In construct E399A, a mutation that
disrupts low-affinity divalent cation regulation of BK channels
(16, 17), the Cd2+-induced leftward-gating shift is changed to a
20-mV rightward-gating shift, with little effect on the fast chan-
nel block effect (Fig. S1). Based on these considerations, we have
therefore focused on Cd2+ effects that are clearly distinguishable
from background effects. Cd2+ sensitivity were examined in mu-
tants with cysteine individually introduced from positions A313
through G327. At most positions, 100 μM intracellular Cd2+ pro-
duces effects that varied from the Cd2+ effect on WT channels by
less than 1 kcal/mol (Fig. S2M).

Using Kv structures as a reference, in this study we focus on six
BK-substituted positions aligning with those within or near the
Kv inner pore region that are critical for Kv channel gating (Fig.
1A, underlined residues). For BK inner pore cysteine mutants
A313C, M314C, S317C, and Y318C, the Cd2+-induced changes
in BK currents were either similar to that of WT channels or too
weak to allow examination of state dependence (Fig. S2 A–D).
For A316C and V319C, intracellular Cd2+ induces large (Fig. 1
D and E) but reversible (Fig. S3) changes in BK channel
current properties.
The general features of Cd2+ action at V319C and A316C

differ markedly. For V319C, the outward current is strongly
inhibited by 100 μM intracellular Cd2+ (Fig. 1D). In contrast, at
negative potentials when VSDs are largely inactive, the single-
channel activity of V319C is not inhibited by intracellular Cd2+

(Fig. S4). For A316C, 100 μM intracellular Cd2+ negatively shifts
the G–V relationship by more than 200 mV (Fig. 1F, blue
squares). Coordination of Cd2+ with A316C also induces strong
inhibition of outward current, probably resulting from the posi-
tive charges on Cd2+ that affect K+ movement through the inner
pore. Thus, Cd2+-A316C coordination substantially increases BK
current at negative potentials but reduces most outward current
at positive potentials (Fig. 1E). Intriguingly, the effect of Cd2+-
A316C coordination on BK current is reminiscent of the phe-
notype of BK A316K or A316R mutants (18), which supports
the idea that both the Cd2+-induced gating shift and the Cd2+-
induced current inhibition arise from Cd2+-A316C coordination.
It should be noted that cysteine mutants outside the BK inner

pore, such as E321C and E324C, also exhibit Cd2+ sensitivity that
is clearly distinct from WT (Fig. S2 E and H). Because the focus
of this work is in the BK inner pore region, Cd2+ coordination in
these mutants will not be considered further in this paper.

Cd2+ Coordination at V319C Involves a Native Glutamate E321 in the
Same Subunit. The apparent Cd2+ affinity of V319C is ∼20 μM
(Fig. S5), which is comparable to the affinity of Cd2+ coordi-
nation sites formed by two Cd2+-coordinating residues (19), in-
cluding cysteine, histidine, aspartate, or glutamate (20). There
are two native glutamates following the YVP motif in BK S6
(Fig. 1A; E321 and E324). To examine whether either of these
residues participate in Cd2+-V319C coordination, we individu-
ally mutated each glutamate to glutamine in the V319C construct
and examined Cd2+ sensitivity of these mutants. Intracellular Cd2+

no longer coordinates with V319C to inhibit BK current when
E321 is replaced by glutamine (Fig. 2A). However, Cd2+ inhibits
V319CE324Q current with affinity similar to that of V319C (Fig. 2
B and D). The V319C in V319CE21Q can be modified by in-
tracellularly applied MTSET (Fig. S6), indicating that V319C is
still accessible in the V319CE321Q construct. Collectively, these
results show that Cd2+ simultaneously coordinates with both
V319C and E321; this is in contrast to Cd2+ coordination with
Shaker V474C, which only involves C474 residues from neigh-
boring subunits (3).
Next we asked whether V319C-Cd2+-E321 coordination in-

volves residues in the same subunit or from neighboring subunits.
If the coordination involved an intersubunit metal bridge,
coexpression of V319CE321Q with WT subunits should partially
restore Cd2+ sensitivity. Contrary to this expectation, currents
recorded from oocytes coinjected with V319CE321Q and WT
RNAs are not inhibited by intracellular Cd2+ (Fig. 3 A and B),
revealing that Cd2+ does not coordinate with V319C and E321
when they are not in the same subunit.
To verify that Cd2+ does not form an intersubunit bridge be-

tween V319C and E321, we examined single channels from oo-
cytes coinjected with the V319CE321Q construct together with
an Y294V construct. Y294V abolishes BK channel sensitivity to
extracellular tetraethylammonium (TEA) (21). In the presence
of extracellular TEA, the conductance of the resulting channel is
determined by the number of Y294V subunits in the channel,
thereby defining the stoichiometry of each channel from its

Fig. 1. Cd2+ coordinates with cysteines separately introduced at two BK
inner pore sites. (A) Sequence alignment of the S6 segment in the inner pore
regions of Slo family channels, Kv channels, and the KcsA channel. The
conserved glycine hinge and prolines in the PVP motif (boxed residues) are
colored in red. The sites evaluated with cysteine substitution in BK S6 are
underlined. A316 and V319 are indicated by arrowheads. (B) Radius profiles
of Kv1.2 (blue) and KcsA (red) channels calculated from their crystal struc-
tures. The approximate locations of A316C and V319C are marked by hori-
zontal dotted lines. SF, selectivity filter; IP, inner pore; BC, bundle crossing.
(C–E) Currents of WT, V319C, and A316C recorded in 300 μM Ca2+ without
(Left) and with (Right) 100 μM intracellular Cd2+. Voltage protocol was
shown in E. (F) G–V relationships of WT (black circles), V319C (red triangles),
and A316C (blue squares) in 300 μM Ca2+ without (open symbols) or with
(filled symbols) 100 μMCd2+. Boltzmann fit results (lines) are z = 1e, Vh = −3 mV
(WT, control); z = 0.75e, Vh = −57 mV (WT, Cd2+); z = 0.94e, Vh = +69 mV
(V319C, control); z = 0.6e, Vh = +136 mV (A316C, control); z = 0.32e, Vh =
−66 mV (A316C, Cd2+).
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single-channel current (22). Fig. 3C shows the single-channel
activity of a homomeric BK channel formed by Y294VV319C
subunits recorded at +70 mV. Extracellular TEA (1.5 mM) in
the pipette solution did not block the channel, as expected (21,
22). Application of 100 μM [Cd2+]in markedly reduced channel
open probability (Po; red traces). The single-channel currents
recorded from oocytes coinjected with V319CE321Q and Y294V
in the presence of extracellular TEA (Fig. 3 D1–D5) revealed
four distinct conductance classes indicative of four stoichiomet-
ric subunit combinations. However, none of these channels were
inhibited by intracellular Cd2+, suggesting that Cd2+ does not co-
ordinate with V319C and E321 when they are in different subunits.
We also examined Cd2+ sensitivity of BK channels formed by

Y294VV319C and E321Q subunits. The Po of the resulting
channels was reduced by addition of intracellular Cd2+ (Fig. 3
E1–E6), but, importantly, the extent of Cd2+-induced inhibition
was dependent on the number of V319C subunits in the channel,
with stronger inhibition in channels containing multiple V319C
subunits (Fig. 3F). Maximum inhibition requires the presence of
all four pairs of V319C and E321 (Fig. 3E1). Large variation of
Cd2+ inhibition was observed in channels containing two V319C
subunits (Fig. 3F), with inhibition in some channels (Fig. 3E3)
comparable to those containing three V319C subunits (Fig. 3E2)
and inhibition in others (Fig. 3E4, comparable to those con-
taining only one V319C subunit (Fig. 3E5); this suggests that
the V319C-Cd2+-E321 coordination may also depend on whether
coordinating subunits are adjacent to or across from each other.
Interestingly, the Hill coefficient of inhibition induced by V319C-
Cd2+-E321 coordination is greater than 1 (Fig. 2D and Fig. S5),
suggesting that binding of multiple Cd2+ ions can contribute
to inhibition.
Taken together, the above results reveal that V319C and E321

must be in the same BK subunit to form a Cd2+ coordination site.
The average bond length of Cd2+-Glu(Oδ,Oe) and Cd2+-Cys(S)

in a Cd2+ coordination site is ∼2.5 Å (20). Therefore, the dis-
tance between V319C side chain thiol and E321 side chain
carboxyl in a BK subunit should be ∼5 Å. In Kv channel struc-
tures (5, 23), the distance between the side chains of equivalent
residues (V406 and V408) is more than 10 Å. In addition, V406
and V408 are in not on the same surface of Kv S6 helix because
this distance goes through the middle of the helix in Kv channel
structure. Therefore, we propose that the conserved proline (P320)
in the BK YVP motif may produce a kink in BK S6 that is sharper
than that observed in Kv channel structures.

State Dependence of Cd2+ Coordination with BK Inner Pore Cysteines.
In Kv channels, voltage-dependent gating involves a large con-
formational change in the C terminus of S6 around the PVP
motif, which changes either the structure of Kv inner pore Cd2+

coordination sites or accessibility to these sites (24). As a result,
Cd2+ coordination with cysteines placed in the Shaker inner pore
is strongly state-dependent (2–4). To gain insight into confor-
mational changes in the BK inner-pore region during gating, we
determined Cd2+ coordination rates for V319C or A316C under
conditions favoring either open or closed states.
To determine the rate of Cd2+-V319C coordination in open

states, channels were held at +100 mV with Po estimated from
the G–V curve to be ∼0.7 and Cd2+ then applied. The time
course of inhibition induced by 100 μM Cd2+ was fit by a single
exponential function with a time constant of 390 ms (Fig. 4A).
The inhibition time constants were determined in 50, 100, and
200 μM Cd2+. The reciprocal time constants were plotted
against [Cd2+]in and fit linearly to determine the second-order
rate of Cd2+-V319C coordination in open states (2.8 × 104 M−1·s−1;
Fig. 4C). Closed-state coordination was examined at −120 mV
during Cd2+ application. Brief test steps (160 mV, 2 ms) were
applied every 200 ms to monitor residual outward current. Be-
cause the duration of these test steps was much shorter than the
inhibition time constant in open states, it is therefore unlikely
that the apparent closed-state coordination rate was biased by
some open-state inhibition occurring during the brief test steps.
In accordance with this, the inhibition time course generated by a
protocol using 40-ms test steps was identical to that by 2-ms steps
(Fig. 4B). The closed-state coordination rate of Cd2+ with V319C
determined from inhibition time constants measured in 50, 100, and
200 μM Cd2+ was 2.1 × 104 M−1·s−1 (Fig. 4C), similar to that ob-
served in open states. In contrast, the closed-state coordination of
Cd2+ with Shaker V474C (equivalent to V319C) is more than 1,000-
fold slower than that in open state (Fig. S7). The weak state de-
pendence of the onset of Cd2+-V319C coordination suggests that
this site is readily accessible to intracellular Cd2+ in both closed and
open states.
By a similar strategy, we also examined the state dependence

of Cd2+-A316C coordination. The open-state coordination rate
determined from inhibition time constants measured in 50, 100,
and 200 μM Cd2+ at +100 mV was 3.3 × 105 M−1·s−1 (Fig. 4 D
and F), also comparable to the open state Cd2+-V474C co-
ordination rate observed in Shaker channels (2). To determine
the rate of Cd2+-A316C coordination in closed states, inside-out
patches containing hundreds of BK A316C channels were held at
−120 mV. BK channels were activated by addition of 100 μM
Cd2+ with a single exponential time constant of 156 ms (Fig. 4E).
The closed-state Cd2+-A316C coordination rate determined
from activation time constants measured in 50, 100, and 200 μM
Cd2+ is 4.1 × 104 M−1·s−1 (Fig. 4F). The rate of the Cd2+-induced
increase in current may reflect both Cd2+ coordination and
channel gating kinetics, such that the observed rate may be a
lower limit of the actual coordination rate. However, conditions
favoring BK channel opening only increase the accessibility of
A316C to intracellular Cd2+ by less than 10-fold. In contrast, for
the same patch (Fig. 4 D and E), the BK channel Po estimated
from currents recorded in control solution was increased from
10−5 to 0.35 by stepping from −120 to +100 mV, suggesting a
concomitant K+ permeability increase of more than 30,000-fold.

Fig. 2. Cd2+-V319 coordination requires E321. (A) V319CE321Q currents
without (Upper) and with (Lower) 100 μM intracellular Cd2+. (B) V319CE324Q
currents without (Upper) and with (Lower) 100 μM intracellular Cd2+. Volt-
age protocol is shown. (C) G–V relationships of V319CE321Q (circle) and
V319CE324Q (triangle) in 300 μM Ca2+ without (open symbols) or with (filled
symbols) 100 μM Cd2+. Boltzmann fit results (line) are z = 0.9e, Vh = −3 mV
(V319CE321Q, control); z = 0.7e, Vh = −35 mV (V319CE321Q, Cd2+); z = 0.6e,
Vh = 36 mV (V319CE324Q, control). (D) Normalized residual BK current at
+120 mV is plotted as a function of [Cd2+]in for V319CE324Q channels. Hill
function fit result (black line) is IC50 = 28.4 μM, n = 1.6. Gray dashed line
represents Hill equation fit to [Cd2+]-inhibition curve of V319C (Fig. S5; IC50 =
21 μM, n = 1.8).
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A316C is a pore-lining residue positioned a full helical turn
extracellularly to the S6 positions that align with those in the
Kv channel bundle crossing (Fig. 1B), which participate in the
restriction to permeant ion flow in closed Kv channels (2).
Therefore, the observation that intracellular Cd2+ accesses
A316C with only a modest state dependence clearly shows that
the cytosolic side of a closed BK channel does not significantly
restrict access of permeant ions to the inner cavity. Our previous
study suggested that the narrowest part of BK inner pore is at the
level of A316 (12). Therefore, the current result adds to the
evidence suggesting that the selectivity filter is the most likely
region to gate ion permeation in BK channels (11, 12, 18, 25, 26).
Interestingly, the modest state dependence of A316C-Cd2+ co-
ordination is comparable to that observed at an inner pore lo-
cation in the cyclic nucleotide gated channels (Fig. S7), for which
ion permeation is thought to be primarily gated in the selectivity
filter region (27).

Discussion
In this study we probed the consequences of Cd2+ coordination
with cysteines introduced into the BK inner pore region. Our
results define two interesting features of BK structure and function
in this region. First, Cd2+ forms intrasubunit coordination with
V319C and E321 in the C terminus of BK S6 with weak state-
dependence, suggesting that the conserved proline (P320) between
V319C and E321 produces a stable structural feature that differs
from the PVP kink observed in Kv channel structures. Second,
intracellular Cd2+ coordinates with inner pore lining cysteines
(A316C) with only modest state dependence, further supporting
the idea that the cytosolic side of a closed BK channel does not
occlude access of permeant ions to the inner cavity.
Is there any precedence for bends analogous to the proposed

BK VPE triplet in known protein structures? Recently, it was
shown that two Cd2+ binding residues separated by just one
residue can form a high-affinity (apparent affinity Kd < 30 μM)
Cd2+ coordination site when they are placed in a β-turn but not

Fig. 3. Cd2+ coordinates with V319C and E321 from the same subunit. (A) Macroscopic BK currents recorded from oocytes coinjected with WT and
V319CE321Q RNAs without (Upper) and with (Lower) 100 μM intracellular Cd2+. Voltage protocol was the same as in Fig. 1. (B) G–V relationships of
WT + V319CE321Q in 300 μM Ca2+ without (open symbols) and with (filled symbols) 100 μM Cd2+. Boltzmann fit results (line) are z = 0.9e, Vh = −23 mV
(control); z = 0.6e, Vh = −68 mV (Cd2+). (C–E) Representative single-channel currents of homomeric and heteromeric BK channels recorded in 300 μM Ca2+ at
+70 mV without (black) and with (red) 100 μM Cd2+. Closed-channel level is indicated by dotted lines. All-point amplitude histogram on the right of each pair
of sample traces was generated from recording in 4 μM Ca2+ from the same patch. (Insets) Stoichiometry for channel deduced from the single-channel current
amplitude. The time scale in E1–E5 (5 s) is different from that in C and D1–D4 (100 ms). The single-channel traces in D4 and E5 are magnified (2×) and
displayed in D5 and E6, respectively. (C) Single-channel activity of homomeric Y294VV319C channel. (D1–D5) Single-channel recordings for the four levels of
observed currents recorded from oocytes coinjected with Y294V and V319CE321Q. (E1–E6) Single-channel recordings for the four levels of observed currents
recorded from oocytes coinjected with Y294VV319C and E321Q. Notice that examples in E3 and E4 have similar single-channel conductance but distinct Cd2+

sensitivity. (F) The fraction of BK Po in 100 μM Cd2+ (PoCd/PoCtrl) is plotted against single-channel conductance of channels formed by Y294VV319C alone
(triangle), coinjection of Y294V and V319CE321Q (square), and coinjection of Y294VV319C and E321Q (diamond). Po was determined from steady-state
recordings of 5- to 10-s (Y294VV319C and Y294V + V319CE321Q) or 30- to 90-s (Y294VV319C + E321Q) duration.
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in an α-helix (19). In addition to breaks or kinks in α-helices,
proline is also frequently found in β-turns (28), with two residues
adjacent to proline close enough to allow Cd2+ coordination. In
such structures, proline is often followed by an acidic residue
(29–32). For example, the distance between I64-Cβ and E66-Cδ
in a triplet sequence IPE found in a β-turn of the gene 3 protein
structure is ∼6 Å, which is permissive for Cd2+ coordination (29).
In the structure of Sulfolobus shibatae isopentenyl diphosphate
isomerase, the distance between V265-Cβ and D267-Cβ in a
triplet sequence VPD is also less than 6 Å (30). Interestingly, the
side chain oxygen and the backbone amino group of the acidic
residue in such triplets are usually close enough (3 Å or less) to
form an intraresidue hydrogen bond. Fig. 5 and Fig. S8 show a
structural model of the BK PGD (orange in Fig. 5) using the
Kv1.2 structure (PDB ID code 2A79, blue) as an initial template.
Taking into account both our previous (12) and the current
functional results, we adjusted dihedral angles in the double-
glycine hinge to orient the side chains of three BK pore-lining
residues (A313, A316, S317, green) into the central pore. Di-
hedral angles in the VPE triplet were then adjusted to match

those found in the IPE triplet of the gene 3 protein structure
(PDB ID code 3KNQ). These structural manipulations reduce
the distance between the side chains of V319C and E321 from
10.3 to 5.1 Å, which is ideal for Cd2+ coordination. In this hy-
pothetical structure, the conserved proline in the BK YVP motif
produces a curvature more marked than that observed in the
Kv1.2 structure. Such a structural feature would be likely to alter
the points of contact between S6 and S4–S5 linker, if the BK S4–S5
linker adopted a similar arrangement as that observed in Kv
channel structures.
At present, we cannot completely rule out the possibility that

the proposed β-turn structure of the BK VPE triplet is induced
by intracellular Cd2+. Such a possibility would require the BK S6
to be unusually flexible around P320, which seems unlikely for
several reasons. First, based on limited MTSET accessibility,
V319C appears to be partially buried in both open and closed
states (12); second, P320 would be expected to impose rigid
constraints on backbone rotation due to its cyclic five-member
ring structure (33); and third, E321 may also limit backbone
rotation because of the potential for glutamate to form a hy-
drogen bond between its side chain oxygen and a backbone
amino group (29, 30). Finally, that the onset of Cd2+ inhibition
(as reported by brief depolarizing steps) is similar both when
measured at −120 mV (low Po) and +120 mV (high Po) (Fig. 4
A–C) also supports the idea that the availability of residues
involved in Cd2+ coordination are minimally influenced by
channel conformational status. For these reasons, we prefer
the view that the β-turn structure revealed by Cd2+ is an in-
trinsic part of native VPE triplet.
The present results provide strong support for a novel struc-

tural feature within BK S6, but do not answer the question of
how Cd2+ produces inhibition by coordination between V319C
and E321. BK V319 is equivalent to Shaker V474, the valine in
the Kv PVP motif. In Shaker V474C construct, a single Cd2+

is thought to coordinate with multiple 474 cysteines at the center
of the ion permeation pathway to block Kv current by a simple
occlusion mechanism (3). In BK V319C, a single-site occlusion
model seems unlikely. Although binding of a single Cd2+ is
sufficient to produce some inhibition of channels containing only
a single V319CE321 subunit (Fig. 3E5), the concentration
dependence of Cd2+ inhibition for V319C revealed a Hill
coefficient of ∼2 (Fig. S5), suggesting that multiple Cd2+ ions
participate in inhibition. Furthermore, the ability of bulky MTS

Fig. 4. State-dependent accessibility of BK inner-pore cysteines to intra-
cellular Cd2+. Time courses of current change induced by 100 μM Cd2+ are fit
by a single exponential function in A, B, D, and E (red lines) (A) Decay of
outward current induced by open state Cd2+-V319C coordination at +100
mV. Zero current level is indicated by dotted line in this panel and in D and E.
(B) Inhibition of outward current induced closed-state Cd2+-V319C co-
ordination at −120 mV. Inhibition time courses obtained using 2-ms (filled
square) and 40-ms test steps (open square) were identical. (C) Reciprocal
time constants of Cd2+-V319C coordination in open (open circle) or closed
(filled circle) states plotted against [Cd2+]in. The second-order rate constant
of Cd2+ coordination is determined from the slope of a linear fit (line).
(D) Decay of outward current induced by open-state Cd2+-A316C co-
ordination at +100 mV. (E) Increase of inward current induced by closed-
state Cd2+-A316C coordination at −120 mV. (F) Reciprocal time constants of
Cd2+-A316C coordination in open (open circle) and closed (filled circle) states
are plotted against [Cd2+]in to determine second-order rate constants of
Cd2+-A316C coordination by a linear fit (line).

Fig. 5. A hypothetic structure of the BK PGD based on the Kv1.2 crystal
structure and functional results from our previous and current studies.
(A) The hypothetic structure of BK PGD (orange) is superimposed with the
Kv1.2 structure (blue). Three pore-lining residues of BK channel (A313, A316,
and S317) are colored in green. The S5 of the BK structure is omitted for
clarity. K+ ions are rendered as purple balls. Lipid membrane is delimited by
red dotted lines. The boxed region is magnified in B to show the structure
around the YVP/PVP motif. Side chains of BK319, BK321, Kv1.2406, and Kv1.2408
(equivalent to Shaker474 and Shaker476) are rendered as ball and chain.
Notice that Kv1.2406 and Kv1.2408 are not on the same surface of the Kv S6 helix.
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reagent to modify residues deeper within the inner pore than
V319C suggests that the aperture at the level of V319C would be
unlikely to be occluded by a single Cd2+ion (12). Therefore, the
mechanism of Cd2+-dependent inhibition observed in BK V319C
is likely to be different from that proposed for Shaker V474C.
In summary, we have probed two Cd2+ coordinating positions

in BK S6 to make inferences about structure and function of this
part of the channel. The state dependence of Cd2+ coordination
at both sites is not strong, arguing against an ion permeation gate
at the cytosolic end of S6 in BK channels. In addition, Cd2+

coordination with a substitution cysteine in this region (V319C)
required a native glutamate (E321) from the same subunit.
Based on the Kv1.2 structure, this distance between the side
chains of residues in register with V319 and E321 should be too
far to form an intrasubunit Cd2+ coordination site, which
strongly suggests a significant structural difference between BK
and Kv S6 at a position that may play critical functional roles in
coupling VSD movement to S6 motions. Such structural differ-
ences may contribute to the functional differences between BK
and Kv channels, such as the relatively weak coupling observed
between VSD movement and PGD gating in BK channels (34, 35).

Materials and Methods
Mutagenesis and Channel Expression. The background channel contains the
C430S mutation to eliminate sensitivity to MTSET (36); it is referred to as WT
channel in this study. Mutants were prepared as described before (14). BK
channels were expressed in stage IV Xenopus oocytes following cRNA injection.

Electrophysiology and Data Analysis. Currents were recorded from inside-out
patches (37) with an Axopatch 200B amplifier (Molecular Devices). Macro-
scopic currents and single-channel currents were low-pass filtered with the
integral four-pole Bessel filter at 10 and 2 kHz, respectively. Signals were
digitized with Digidata 1322A data acquisition system (Molecular Devices) at
100 kHz. The recordings were controlled by the pClamp 9.2 software suite
(Molecular Devices). All experiments were performed at room temperature
(21–24 °C).

Recording electrodes were filled with pipette solution containing (in mM):
140 potassium methanesulfonate (KMES), 20 KOH, 10 Hepes, 2 MgCl2
(pH 7.0). Cd2+ and other reagents were applied onto patches through bath
solution using an SF-77B fast perfusion stepper system (Warner Instruments).
The solution changing speed of this system is less than 5 ms, measured from
open tip response. Activation time constant of BK current by switching from
0 to 100 μM Ca2+ is less than 20 ms at +80 mV. The standard bath solution
(cytosolic side of inside-out patch) contained (in mM): 140 KMES, 20 KOH,
10 Hepes (pH 7.0). Solutions with various [Ca2+] (0, 4, and 300 μM) were
prepared as described before (17, 38). For experiments using MTSET, aliquots
of 100-mM stock solution were thawed and diluted to the desired concen-
tration in bath solution immediately before application. MTSET was obtained
from Toronto Research Chemicals. 1N KOH solution was obtained from Fisher
Scientific. All other chemicals were purchased from Sigma-Aldrich.

Data analysis and molecular modeling are described in SI Materials
and Methods.
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