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Coupling between the activation gate and sensors of physiological stimuli during ion channel activation is an important, but not well-
understood, molecular process. One difficulty in studying sensor– gate coupling is to distinguish whether a structural perturbation alters the
function of the sensor, the gate, or their coupling. BK channels are activated by membrane voltage and intracellular Ca2� via allosteric mecha-
nisms with coupling among the activation gate and sensors quantitatively defined, providing an excellent model system for studying sensor–
gate coupling. By studying BK channels expressed in Xenopus oocytes, here we show that mutation E219R in S4 alters channel function by two
independent mechanisms: one is to change voltage sensor activation, shifting voltage dependence, and increase valence of gating charge move-
ments; the other is to regulate coupling among the activation gate, voltage sensor, and Ca2� binding via electrostatic interactions with E321/E324
located in the cytosolic side of S6 in a neighboring subunit, resulting in a shift of the voltage dependence of channel opening and increased Ca2�

sensitivity. These results suggest a structural arrangement of the inner pore of BK channels differing from that in other voltage gated channels.
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Introduction
Many ion channels contain distinct structural domains that func-
tion as the sensor of physiological stimuli and the pore that allows
ions to flow across the membrane. The opening of these ion
channels includes three general molecular processes: activation
of the sensor, propagation of the conformational changes in the
sensor to the pore, and the opening of the pore. Although the
activation of sensors and the opening of the pore have been ex-
tensively studied in voltage gated K� (Kv) channels (Yellen, 1998;
Bezanilla, 2005), the process of the coupling between the sensor
and the pore is still not well understood.

BK channels activate by sensing the membrane voltage and in-
tracellular Ca2� (Cui et al., 2009) and are important to neuronal
excitability (Lancaster and Nicoll, 1987; Storm, 1987), neurotrans-
mitter release (Robitaille et al., 1993), and muscle contraction
(Brayden and Nelson, 1992). Similar to Kv channels, the BK chan-
nels are homotetramers with the central pore formed by S5 to S6
transmembrane segments from all four subunits and voltage sensor

domains (VSDs) containing S1-S4 transmembrane segments. A cy-
tosolic S4-S5 linker covalently links the VSD to the pore. BK chan-
nels also contain a cytosolic gating ring formed by RCK1 and RCK2
domains from four subunits (Wu et al., 2010; Yuan et al., 2010,
2011). Two Ca2� binding sites have been identified in the gating
ring: one in RCK1 (Shi et al., 2002; Xia et al., 2002; Zhang et al., 2010)
and the other, Ca2� Bowl, in RCK2 (Schreiber and Salkoff, 1997;
Yuan et al., 2010). A peptide linker (C-Linker) links S6 to the gating
ring. The voltage sensor activation, Ca2� binding, the opening of the
activation gate, and the coupling among these molecular processes
are quantitatively described by an allosteric model (Horrigan and
Aldrich, 2002). A landmark study showed that the C-Linker is im-
portant for the coupling between Ca2� binding and channel open-
ing (Niu et al., 2004). It is proposed that a change of the gating ring
conformation upon Ca2� binding to the Ca2� Bowl may pull channel
open through the C-Linker (Yuan et al., 2010). However, how the
C-Linker connects the pore and the gating ring or how S6 move in
response to the gating ring conformational change is not known. The
coupling between the VSD and activation gate has not been studied.

In this study, we show that electrostatic interactions between
E219 in S4 and E321/E324 in the C-Linker modulate the coupling
among the activation gate, voltage, and Ca 2� sensors. Mutation
E219R reduces the coupling of the activation gate with the voltage
sensor but enhances the coupling to Ca 2� binding. These effects
on coupling are independent from the changes in the activation
of the voltage sensor. The results provide insights on the molec-
ular mechanisms of sensor– gate coupling in BK channels that
may modify previous hypotheses and suggest an inner pore struc-
ture that differs from other Kv channels.
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Materials and Methods
Mutagenesis and expression. We made mutations using overlap-extension
PCR with Pfu polymerase (Stratagene) from the mbr5 splice variant of
mslo1 (Butler et al., 1993). The PCR-amplified regions were verified by
sequencing (Shi et al., 2002). RNA was transcribed in vitro with T3 poly-
merase (Ambion) and injected into oocytes (Stage IV-V) from female
Xenopus laevis with an amount of 0.05–50 or 150 –250 ng/oocyte for
recording ionic and gating currents, respectively, followed by 2–7 d of
incubation at 18°C.

Electrophysiology. Ionic currents were recorded with inside-out patches
using an Axopatch 200-B patch-clamp amplifier (Molecular Devices) and
Pulse acquisition software (HEKA Electronik). Inside-out patches were
formed from oocyte membrane by borosilicate pipettes of 0.8–1.5 M� resis-
tance. The current signals were low-pass-filtered at 10 kHz with the amplifi-
er’s four-pole Bessel filter and digitized at 20 �s intervals. Capacitive
transients and leak currents were subtracted using a P/4 protocol with a
holding potential of �120 mV. Our pipette solution contains (in mM) the
following: 140 potassium methanesulphonic acid, 20 HEPES, 2 KCl, 2
MgCl2, pH 7.2. The nominal 0 �M [Ca2�]i solution contains (in mM) the
following: 140 potassium methanesulphonic acid, 20 HEPES, 2 KCl, 5
EGTA, and 22 mg/L (�)-18-crown-6-tetracarboxylic acid (18C6TA), pH
7.2. The free [Ca2�] i in the nominal 0 [Ca2�]i solution is�0.5 nM. Different
[Ca2�]i solutions were made by adding CaCl2 in a basal solution containing
(in mM) the following: 140 potassium methanesulphonic acid, 20 HEPES, 2
KCl, 1 EGTA, and 22 mg/L 18C6TA, pH 7.2, to obtain the desired free
[Ca2�]i, which was measured by a Ca2�-sensitive electrode (Thermo Elec-
tron). We recorded gating currents also with inside-out patches, and cur-
rents were filtered at 20 kHz, sampled at 200 kHz, and leak subtracted using
a �P/4 protocol. The pipette solution contained (in mM) the following: 127
tetraethylammonium (TEA) hydroxide, 125 methanesulfonic acid, 2 HCl, 2
MgCl2, 20 HEPES, pH 7.2, and the internal solution contained 141
N-methyl-D-glucamine (NMDG), 135 methanesulfonic acid, 6 HCl, 20
HEPES, 5 EGTA, pH 7.2. All chemicals were obtained from Sigma-Aldrich
unless otherwise noted, and all the experiments were performed at room
temperature (22°C–24°C).

Analysis. Relative conductance was determined by measuring macro-
scopic tail current amplitudes at �80 mV. The G-V curves were fitted
with the Boltzmann function as follows:

G/Gmax � 1/(1�exp(�ze�V�V1/ 2�/kT)) � 1/�1�exp��V1/2�V)/b))

(1)

where G/Gmax is the ratio of conductance to maximal conductance, z is the
number of equivalent charges, e is the elementary charge, V is membrane poten-
tial, V1/2 is the voltage where G/Gmax reaches 0.5, k is Boltzmann’s constant, T is
absolute temperature, and b is slope factor (mV). Each G-V curve was obtained
from 3 to 15 patches; in all the figures, error bars indicate SEM.

Model fitting. Po-V curves of the wild-type (WT) and E219R channels at 0
[Ca2�]i were first fitted with the HCA model (Horrigan et al., 1999)

Po � L�1�JD�4/�L�1�JD�4��1�J�4� (2)

where:

L�V� � L0exp(�ZLV/KT) (3)

J�V� � J0exp(�ZJV/KT) � exp((V�Vh)ZJV/KT) (4)

These fittings provide the value for parameters Vh, ZJ, ZL, L0, and D factor
for both WT and mutation E219R channels.

G-V relationships for both WT and mutation E219R in different in-
tracellular [Ca 2�]i, 0, 1, 2, 5, 10, 30, and 100 �M, were then fitted to the
HA model (Eq. 5) (Horrigan and Aldrich, 2002) with Vh, ZJ, ZL, L0, and D
factor fixed and allowing KD, C, and E factors to vary freely. These fittings
provide values for parameters KD, C, and E factors.

Po � L�1�KC�JD�JKCDE�4/�L�1�KC�JD�JKCDE�4

��1�K�J�JKE�4� (5)

where:

K � �Ca2�	i/KD (6)

Results
Mutation E219R changes voltage and
Ca 2�-dependent activation
Mutation scans of S4 and the S4-S5 linker in previous studies
showed that mutations of E219 alter voltage and Mg 2�-
dependent activation of mSlo1 channels (Hu et al., 2003). We
measured gating currents of the WT and E219R mSlo1 at 0
[Ca 2�]i (Fig. 1A) and found that the mutation shifted the voltage
dependence of gating charge movement (Q-V) to more negative
voltages by �126 mV and increased the steepness of the Q-V
relation by changing the slope factor of Boltzmann fits from 50 to
38 mV, which can be caused by an increase of gating charge (Fig.
1B). These results indicated that E219R altered voltage sensor
movements, consistent with previous findings that the mutation
alters voltage-dependent gating. However, the shift of Q-V
caused by the mutation was opposite to that of the voltage depen-
dence of channel openings (G-V) at 0 [Ca 2�]i, which was to more
positive voltages by 93 mV (Fig. 1C,D), suggesting that the mu-
tation altered channel gating through mechanisms in addition to
the changes in voltage sensor movements.

E219R also changed Ca 2�-dependent activation. In response
to the increase of [Ca 2�]i from 0 to 100 �M, the G-V relation of
both the WT and mutant mSlo1 channels shifted to more nega-
tive voltages, but the shift as measured by the voltage at half-
maximum activation, 
V1/2, was increased by the mutation from
�185 mV to �319 mV (Fig. 1D). Such a change in Ca 2� sensi-
tivity is equivalent to a change of free energy of channel opening
in response to Ca 2� binding, 
G � 
(zV1/2), where z is the
number of gating charge proportional to the slope of the G-V
relation. Comparing to 
G of WT (�23 KJmol�1) as [Ca 2�]i

increases from 0 to 100 �M, 
G of E219R increased to �35
KJmol�1. The increase of Ca 2�-dependent activation by E219R
was also shown by the measurements of channel opening at low
voltages where voltage sensor movements do not affect the open
probability of intrinsic pore opening (Horrigan et al., 1999; Cui
and Aldrich, 2000). The open probabilities of channels measured
by single-channel activities (Fig. 1E) at low voltages, known as the
limiting slope measurement (Horrigan et al., 1999; Cui and Al-
drich, 2000), showed that E219R enhanced the open probability
change in response to a [Ca 2�]i increase from 0 to 100 �M, equiv-
alent to an enhancement of free energy of channel opening from

G � �17 KJmol�1 (WT) to 
G � �29 KJmol�1 (E219R) (Fig.
1F). Thus, Ca 2� sensitivities measured from both G-V relation-
ship and limiting slope showed that mutation E219R increased
Ca 2� sensitivity by �50%. We noticed that mutation E219R also
decreased intrinsic channel opening at 0 Ca 2� (Fig. 1F).

Previous studies have identified two high-affinity Ca 2� bind-
ing sites in BK channels: one site located in the RCK1 domain,
including residues D367 and E535 (Xia et al., 2002; Zhang et al.,
2010) and the other, Ca 2� bowl, in the RCK2 domain (Schreiber
and Salkoff, 1997; Bao et al., 2004; Yuan et al., 2010). To examine
which site the Ca 2� sensitivity increase by E219R derives from,
E219R was combined with mutations that abolished the function
of Ca 2� binding sites in RCK1 (D367A, E535A), Ca 2� bowl
(5D5N), and both sites (D367A/5D5N), respectively. E219R en-
hanced Ca 2� sensitivity with the same proportion as in the WT
mSlo1 when the function of either Ca 2� binding site was abol-
ished (Table 1), suggesting that the Ca 2� sensitivity increase
derived from both Ca 2� binding sites. Because separate mecha-
nisms underlay voltage and Ca 2�-dependent activation of BK
channels (Cui et al., 2009), the results that E219R enhanced Ca 2�
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sensitivity further suggest that the muta-
tion altered channel gating through
mechanisms that were fundamental for
both voltage and Ca 2�-dependent activa-
tion in addition to the changes in voltage
sensor movements.

Mutation E219R changes channel
gating via electrostatic interactions
with E321 and E324
To study the mechanism of how E219R
changes both voltage and Ca2�-dependent
activation of BK channels, we examined
whether electrostatic interaction was im-
portant. At first, E219 was mutated to dif-
ferent amino acids varying in size and
charge, and G-V relationship at 0 and 100
�M [Ca 2�]i were measured to obtain V1/2

at 0 [Ca 2�]i and Ca 2� sensitivity (
V1/2)
of these mutant channels (Fig. 2A). All the
E219 mutations either shifted G-V rela-
tion to more positive voltages at 0
[Ca 2�]i, enhanced Ca 2� sensitivity, or
both; however, the charge reversal muta-
tions (E219R, E219K) altered these prop-
erties more than neutralizing mutations
(E219A, E219C, and E219Q) (Fig. 2A).
These results suggested that the mutations
altered channel gating via changes in an
electrostatic interaction involving E219.
To further examine the importance of elec-
trostatic interaction, we increased ionic
strength of the intracellular solution by add-
ing 1 M NaCl. The increased ionic strength
decreased Ca2� sensitivity (
V1/2) of both
the WT and E219R channels as [Ca2�]i in-
creased from 0 to 300 �M, from 277 to 263
mV for WT and from 350 to 263 mV for
E219R (Fig. 2B), consistent with the idea
that Ca2�-dependent activation involved
electrostatic interactions and E219R altered
channel gating by change of an electrostatic
interaction.

BK channels contain a large intracellu-
lar gating ring (Wu et al., 2010; Yuan et al., 2010, 2011), which is
located close to the membrane spanning VSD formed by S1-S4
transmembrane segments and the pore-gate domain (PGD)
formed by S5-S6 (Yang et al., 2007, 2008; Wang and Sigworth,
2009). E219 is located in the cytosolic end of S4 so that it may
interact with charged residues located at the interface between the
membrane spanning domains and the gating ring. To identify
such residues, we performed a mutation scan on the background
of E219R of charged residues in the linker between S6 and the
gating ring (C-Linker) and the region in the gating ring that faces
the membrane (Wu et al., 2010; Yuan et al., 2010, 2011). The
results showed that the mutation of Glu321 and Glu324 reduced
and the combined mutations E321A/E324A abolished the E219R
effect on increase of Ca 2� sensitivity (Figs. 1D and 3A). On the
other hand, the mutations of other charged residues, including
R329, K330, K331, R342, K343, E386, K392, R393, H394, and
H409, did not prevent E219R from enhancing Ca 2� sensitivity
(Figs. 1D and 3B; data not shown). These results suggested that
E219R interacted with E321 and E324. The limiting slope mea-

surement also showed that E321A/E324A eliminated the effect of
E219 on Ca 2� sensitivity when VSD stays at the resting state (Fig.
3C).

The E321A/E324A also reduced the effects of E219R on G-V
shift at 0 [Ca 2�]i (Fig. 3A). However, E219R still shifted the Q-V
relationship on the background of E321A/E324A by �132 mV
(Fig. 3D), comparable with that in the WT background of �157
mV (Fig. 1B). These results suggested that, although E219R al-
tered voltage sensor movements, the electrostatic interaction be-
tween E219R and E321 and E324 was primarily responsible for

Figure 1. Mutation E219R changes voltage and Ca 2�-dependent activation of mSlo1 BK channels. A, Gating current traces for
WT and E219R mutation channels in 0 [Ca 2�]i. Voltage pulses were from �30 to 300 mV (WT) or from �80 to 250 mV (E219R) at
20 mV increment. B, Normalized Q-V curve of on-gating currents at 0 [Ca 2�]i. The smooth curves are fits to Boltzmann function
with V1/2 and slope factor 166.1 mV and 49.50 mV for WT, and 39.7 mV and 38.00 mV for E219R. C, Macroscopic current traces were
elicited in 0 and 100 �M [Ca 2�]i by voltage pulses from �30 to 270 mV and �150 to 190 mV, respectively, at 20 mV increment.
The voltages before and after the pulses were �50 and �80 mV, respectively. D, G-V curves in 0 (open symbols) and 100 �M

[Ca 2�]i (filled symbols). Solid lines indicate fits to Boltzmann relation with V1/2 and slope factor for WT: 184.0 mV and 20.11 mV
at 0 [Ca 2�]i, and �1.8 mV and 17.63 mV at 100 �M [Ca 2�]i; for E219R: 267.9 mV and 25.58 mV at 0 [Ca 2�]i, and �51.5 mV and
24.73 mV at 100 �M [Ca 2�]i. E, Current traces at�140 mV. F, Po-V relations at very negative voltages in 0 (open symbols) and 100
�M [Ca 2�]i (filled symbols). Data points represent the mean 
 SEM; n � 4 for all figures unless specified otherwise.

Table 1. E219R enhances Ca 2� sensitivity derived from both Ca 2� binding sites

Construct 
V1/2 (mv) Construct 
V1/2 (mv) Ratio

WT 190.0 E219R 318.1 1.67
D367A 69.9 E219R/D367A 127.9 1.83
E535A 80.2 E219R/E535A 126.5 1.58
5D5N 124.7 E219R/5D5N 203.5 1.63
D367A/5D5N 12.0 E219R/D367A/5D5N 18.5 1.54
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the effects of E219R on the opening of
the pore in response to voltage sensor
movement and Ca 2� binding. Consis-
tent with this idea, E321A/E324A had no
effect on Q-V relation (Fig. 3D), further
suggesting that the interaction of
E321A/E324A with E219 only affected
the change in voltage and Ca 2� sensitiv-
ity of pore opening but not on gating
charge movement.

Mutation E219R alters the coupling
among the activation gate, voltage, and
Ca 2� sensors
BK channel gating is an allosteric mecha-
nism that has been described by a model
involving voltage sensor activation from
the resting state to the activated state
((R � A)4, for 4 subunits), Ca 2� binding
((X � XCa 2�)4), channel opening (C �
O), and the coupling among these three
processes: C–E factors (Horrigan et al.,
1999). Here the allosteric D factor quanti-
fies the coupling between voltage sensor
activation and pore opening such that
the C-O equilibrium constant increases
D-fold for each voltage sensor activated,
and reciprocally, the R-A equilibrium
constant increases D-fold when the chan-
nel opens. Likewise, the C factor quanti-
fies the coupling between Ca 2� binding
and pore opening, whereas the E factor
quantifies the coupling between Ca 2�

binding and voltage sensor activation
(Horrigan et al., 1999). To examine which
molecular process, the responses of volt-
age or Ca 2� sensors, the pore opening or
the coupling between sensors and the
pore, was altered by E219R, we fitted the
model to the gating currents (Fig. 1D) and
ionic currents of the WT and E219R
channels at various voltages and [Ca 2�]i’s
(Fig. 4; Table 2).

The results (Table 2) showed that mu-
tation E219R altered voltage sensor acti-
vation by shifting the voltage sensor
movement in the closed channel, Vh( J), to
less positive voltages and increasing gating
charge of each voltage sensor, zJ. Along
with the increase of gating charge associ-
ated with pore opening, ZL, the total gat-
ing charge valence, zT � zL � 4zJ, was
increased by 0.88. These results reflected
the experimentally measured changes in
Q-V relation (Fig. 1B) and the limiting
slope measurements (Fig. 4A,B), indicat-
ing that E219 is part of S4 that senses
membrane voltage during channel gating.
The mutation also changed Ca2� binding
affinity, KD, by �25% and the equilibrium
constant of channel opening, L0. However,
the most striking changes brought by the
mutation in addition to gating charge

Figure 2. Mutation E219R changes channel function via electrostatic interactions. A, E219 was mutated to various amino acids,
and G-V relations at 0 and 100 �M [Ca 2�]i were measured. Top, V1/2 of G-V relations at 0 [Ca 2�]i. Bottom, 
V1/2 � V1/2 at 0
[Ca 2�]i � V1/2 at 100 �M [Ca 2�]i. *Significantly different ( p � 0.05), Tukey–Kramer ANOVA test. B, G-V relationships in the
absence (circle) or presence (triangle) of 1 M NaCl in 0 (open symbols) and 300 �M [Ca 2�]i (filled symbols). Top, WT channels.
Bottom, E219R. Solid lines indicate fits to Boltzmann relation with V1/2 and slope factor for WT: 195.5 mV and 19.52 mV at 0
[Ca 2�]i, and �86.4 mV and 22.60 mV at 300 �M [Ca 2�]i without the presence of NaCl; 118.1 mV and 29.12 mV at 0 [Ca 2�]i, and
�144.9 mV and 15.68 mV at 300 �M [Ca 2�]i in 1 M [NaCl]; for E219R: 280.1 mV and 24.61 mV at 0 [Ca 2�]i, and �59.8 mV and
37.36 mV at 300 �M [Ca 2�]i without the presence of NaCl; 205.1 mV and 34.81 mV at 0 [Ca 2�]i, and �60.5 mV and 28.75 mV at
300 �M [Ca 2�]i in 1 M [NaCl].

Figure 3. E219 interacts with E321 and E324. A, B, G-V relationship at 0 (open symbols) and 100 �M (filled symbols) [Ca 2�]i

and fits to Boltzmann function (smooth curves). A, V1/2 and slope factor for E321A/E324A (triangle): 81.3 mV and 19.54 mV at 0
[Ca 2�]i; �70.8 mV and 22.78 mV at 100 [Ca 2�]i; for E219R/E321A/E324A (inverted triangle): 102.2 mV and 33.32 mV at 0
[Ca 2�]i;�87.4 mV and 27.70 mV at 100 [Ca 2�]i;. B, V1/2 and slope factor for R329A/K330A/K331A (triangle): 217.3 mV and 26.50
mV at 0 [Ca 2�]i; �6.5 mV and 19.13 mV at 100 [Ca 2�]i; for E219R/R329A/K330A/K331A (inverted triangle): 219.2 mV and 22.80
mV at 0 [Ca 2�]i; �75.1 mV and 15.91 mV at 100 [Ca 2�]i. C, Po-V relations at 0 (open) and 100 �M (filled) [Ca 2�]i at negative
voltages. D, Normalized Q-V relations at 0 [Ca 2�]i. The smooth curves are fits to Boltzmann function. V1/2 and slope factor for
E321A/E324A: 190.6 mV and 53.71 mV; for E219R/E321A/E324A: 33.8 mV and 46.98 mV.
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movements were found in the couplings
among sensors and the activation gate. The
coupling of PGD to VSD was reduced (fac-
tor D) but to Ca2� binding was increased
(factor C); in addition, the coupling be-
tween VSD and Ca2� binding was also re-
duced (factor E). Our experimental results
demonstrate that mutation E219R alters
VSD movements (Figs. 1B and 3D), and the
interaction between E219R and E321 and
E324 results in a shift of the G-V to more
positive voltages at 0 [Ca2�]i (Figs. 1D and
3A) and an increase of Ca2� sensitivity
(Figs. 1D,F and 3A,C). The results of model
fittings illustrate that the interaction be-
tween E219R and E321 and E324 primarily
alters the coupling among the sensors and
activation gate to change voltage and Ca2�

dependence of pore opening. These results
are consistent with the BK channel structure
because E321 and E324 are located in the
linker between S6 and the cytosolic gating
ring (C-Linker), proximal to the inner pore
(Nimigean et al., 2003; Zhang et al., 2006).
In Kv channels, the proximal cytosolic side
of S6 is important for the coupling between
VSD and PGD (Lu et al., 2001; Long et al.,
2005), and previous studies showed that the C-Linker in BK chan-
nels is important for the coupling between Ca2� binding and the
opening of the activation gate (Niu et al., 2004).

Residue E219 interacts more strongly with E321/E324 in a
neighboring subunit
BK channels are homotetramers, and each channel is formed by
four identical Slo1 subunits. To find whether E219 in S4 interacts
with E321/E324 in the same mSlo1 subunit (intrasubunit inter-
action) or in a neighboring subunit (intersubunit interaction),
we performed a series of mRNA mixing experiments, in which
different ratios of two mRNA species for WT, E219R, E321A/
E324A, or E219R/E321A/E324A mSlo1 subunits were mixed to
express in Xenopus oocytes (Fig. 5). We made two assumptions in
these experiments. First, the ratios of expressed different subunit
proteins are proportional to the mRNA ratios. Second, interac-
tion in each of four pairs of E219-E321/E324 contributes equally
and independently to the total Ca 2� sensitivity of the channel,
and a change of interaction in any pair only alters the contribu-
tion of that pair to the total Ca 2� sensitivity. The second assump-
tion is consistent with previously proposed allosteric models of
BK channel activation (Cui et al., 1997). We first validated these
assumptions by mixing mRNAs of the WT and E219R subunits
with different ratios and then measuring Ca2� sensitivity in terms of

V1/2 (
V1/2-mix) in response to a [Ca2�]i increase from 0 to 100 �M,
In the channels formed by a mixture of the WT and E219R subunits,
each mutant E219R subunit could change Ca2� sensitivity of only
one subunit, either its own subunit or a neighboring subunit de-
pending on whether the E219-E321/E324 interaction was intrasu-
bunit or intersubunit. Based on the two assumptions, the 
V1/2-mix

could also be calculated by the following:


V1/2-mix � (a
V1/2-WT�
V1/2-E219R)/(a�1) (7)

where a was the ratio of WT:E219R subunit proteins, which dif-
fered from the ratio of WT:E219R mRNA (x) with a constant

factor (expression factor: e, a � ex) possibly because of differ-
ences in the translation efficiency of the WT and E219R subunit
and inaccuracies in the measurements of mRNA concentrations.

V1/2-WT and 
V1/2-E219R were obtained from the results in
Figure 1D. Our measured 
V1/2-mix could be well fitted to the
calculated 
V1/2mix (Fig. 5B). Likewise, 
V1/2-mix from differ-
ent ratios of WT:E321A/E324A mRNA was also tested, and the
measured values could also be well fitted to the calculated

V1/2-mix (Fig. 5B). These results suggested that our two as-
sumptions were valid.

We then examined whether E219R interacted with E321/E324
with intrasubunit or intersubunit interactions by studying

V1/2-mix from different ratios of E219R:E321A/E324A mRNA. If
the interaction was intrasubunit, each mutation E219R or E321/
E324 would only affect 
V1/2 of the subunit that harbors the
mutation, and 
V1/2-mix could be calculated,


V1/2-mix � (a
V1/2-E219R�
V1/2-E321A/E324A)/(a�1) (8)

If the interaction was intersubunit, the channels formed by a mix
of E219R and E321A/E324A subunits, 5 possible subunits com-
positions and 6 different subunits arrangements could arise from
the mixture (Fig. 5A): 1 E321AE324A 3 E219R (top right), 1
E219R 3 E321AE324A (bottom left), 2 E321AE324A 2 E219R
(middle), all 4 E219R (top left), and all 4 E321AE324A (bottom
right). We divided each subunit into the membrane-spanning do-
main and cytoplasmic domain, and used MM (membrane-
spanning domain mutation) for E219R, MW (membrane-
spanning domain WT) for E219, CM (cytoplasmic domain

Figure 4. HA model fit to voltage and Ca 2�-dependent openings of WT and E219R channels. A, B, Log(PO)-V relations in 0
(hollow) and 100 �M (solid) [Ca 2�]i. C, D, Mean Po-V relations for WT (C) and E219R (D) channels in [Ca 2�]i (from right to left):
0, 1, 2, 5, 10, 30, and 100 �M. The smooth curves are fits to the HA model.

Table 2. Parameters for HA modeling fitting

Construct L0 ZL ZJ Vh(J) KD C D E

WT* 9.80E-07 0.3 0.6 150 11 8 25 2.4
WT 3.50E-07 0.18 0.59 159 12 10 44 4.2
E219R 7.5E-7 0.62 0.70 40 15 35 8 0.2

*Parameters obtained from Horrigan and Aldrich, 2002.
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mutation) for E321A/E324A, and CW (cytoplasmic domain WT)
for E321E324 (Fig. 5A), Therefore, the E219R subunit was pre-
sented as (MM) � (CW) and the E321A/E324A subunit was
presented as (MW) � (CM) (Fig. 5A).

If the ratio of the expressed subunits E219R and E321AE324A
was “a,” then the possibility for each subunits composition in
Figure 5A would be as follows:

{a4(4 E219R)

�4a3(3 E219R 1 E321A/E324A)

�6a2(2 E219R 2 E321A/E324A)

�4a(1 E219R 3 E321A/E324A)

�(4 E321A/E324A)}/

(a4�4a3�6a2�4a�1) (9)

We have assumed in the main text and validated in Figure 5B that
interaction in each of four pairs of E219-E321/E324 contributed
equally and independently to the total Ca2� sensitivity of the chan-
nel, and a change of interaction in any pair only altered the contri-

bution of that pair to the total Ca2�

sensitivity. Therefore, if E219 interacted
with E321/E324 from a neighboring sub-
unit, the Ca2� sensitivity, 
V1/2-mix in re-
sponse to a 0–100 �M [Ca2�]i change,
measured from the mixture of all the
channels with different subunits com-
positions would be the weighted average
of 
V1/2 of each subunits composition.
For the channels formed by 4 E219R:


V1/2 � 
V1/2-E219R (10)

For the channels formed by 4
E321AE324A:


V1/2 � 
V1/2-E321AE324A (11)

For the channels formed by 3 E219R 1
E321AE324A, there were two MM-CW
interactions, one MW-CW interaction,
and one MM-CM interaction (Fig. 5A), as
follows:


V1/2 � (2 
V1/2-E219R�


V1/2-WT�
V1/2-E219RE321AE324A)/4 (12)

For the channels formed by 1 E219R 3
E321AE324A, there were two MW-CM
interactions, one MW-CW interaction,
and one MM-CM interaction (Fig. 5A), as
follows:


V1/2 � (2 
V1/2-E321AE324A

�
V1/2-WT�
V1/2-E219RE321AE324A)/4

(13)

For the channels formed by 2 E219R 2
E321AE324A, the interactions depended on
whether the like subunits were adjacent
(Fig. 5A, middle left) or diagonal (Fig. 5A,
middle right). For the adjacent arrange-

ment, there were one MW-CM interaction, one MM-CM interac-
tion, one MM-CW interaction, and one MM-CM interaction (Fig.
5A, middle left), whereas for the diagonal arrangement, there were
two MW-CW interactions and two MM-CM interactions (Fig. 5A,
middle right). Therefore,


V1/2 � (0.5 
V1/2-E321AE324A�0.5 
V1/2-E219R

�1.5 
V1/2-E219RE321AE324A�1.5 
V1/2-WT)/4 (14)

Combined Equations 9 –14 and we got the following:


V1/2-mix � (a4
V1/2-E219R�a3(2 
V1/2-E219R

�
V1/2-E219R/E321A/E324A�
V1/2-WT)

�1.5a2(1.5 
V1/2-E219R/E321A/E324A�1.5
V1/2-WT

�0.5 
V1/2-E219R�0.5 
V1/2-E321A/E324A)

�a(2 
V1/2-E321A/E324A�
V1/2-E219R/E321A/E324A�
V1/2-WT)

�
V1/2-E321A/E324A)/(a4�4a3�6a2�4a�1) (15)

Figure 5. E219 interacts more strongly with E321/E324 in a neighboring subunit. A, Subunit compositions and arrangements of
BK channels expressed from mixing of E219R and E321A/E324A mRNA. Outer circle represents membrane-spanning domain from
four subunits; inner circle represents cytosolic domain from four subunits. MM: E219R; MW: E219; CM: E321A/E324A; and CW:
E321/E324. B, 
V1/2 between G-V relations at 0 and 100 �M [Ca 2�]i is plotted versus ratio of mRNA mix of WT with E219R
or E321A/E324A. Solid lines are fits to Equation 1 and obtained the expression factor (e) for E219R:WT as 0.30 and for E321A/
E324A:WT as 1.0. C, 
V1/2 is plotted versus ratio of mRNA mix of E219R with E321A/E324A. Solid line is plotted according to
Equation 3, whereas the dashed line is plotted according to Equation 2, with the expressing factor obtained from A so that e for
E219R:E213A/E324A is 0.30. D, 
V1/2 versus ratio of mRNA mix of WT with E219R/E321A/E324A. Solid line is fit to Equation 3,
whereas the dashed line is fit to Equation 2.
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The calculated 
V1/2-mix in both cases
were plotted in Figure 5C according to
Equations 8 and 15, respectively, in which

V1/2-WT, 
V1/2-E219R, 
V1/2- E321A/E324A,
and 
V1/2-E219R/E321A/E324A were obtained
by the results in Figures 1D and 3B, re-
spectively, and expressing factor (e) for
E219R and E321A/E324A was obtained
from Figure 5B because the same batch of
mRNA was used in these experiments.
Our measured 
V1/2-mix fall on the curve
of the intersubunit interactions (Fig. 5C).
Likewise, the same experiment with
mixed WT and E219R/E321A/E324A
mRNA also supported that E219 inter-
acted with E321/E324 from a neighboring
subunit (Fig. 5D). These results make
sense intuitively. For instance, in the ex-
periment shown in Figure 5C, the E219R
mutation can interact with the E321A/
E324A mutation only with the intersub-
unit interaction in the E219R and E321A/
E324A subunits mixture. Therefore, it is
expected that the increase of 
V1/2 should
be less with intersubunit interaction than
with intrasubunit interaction at all E219R:
E321A/E324A ratios because E219R
increased 
V1/2 much more when inter-
acting with the WT E321/E324 than with
E321A/E324A (Figs. 1 and 3). This expected result is just what we
observed in Figure 5C. Likewise, in Figure 5D, the E219R muta-
tion can interact with the WT E321/E324 in the WT and E219R/
E321A/E324A subunits mixture only with the intersubunit
interaction. Because 
V1/2 of E219R/E321A/E324A was similar to
that of WT (Figs. 1 and 3), the total 
V1/2 would have been a flat
line in the case of intrasubunit interaction at all WT: E219R/
E321A/E324A ratios (Fig. 5D, dotted line). Instead, the experi-
mental data showed a bell-shaped curve (Fig. 5D), providing a
strong evidence that the mutation E219 can interact with the WT
E321/E324 in the neighboring WT subunit.

Discussion
In this study, we found that mutation E219R shifts Q-V relation-
ship leftwards by 126 mV at 0 Ca 2� compared with WT and
changes slope factor from 50 to 38 mV, indicating an increase of
gating charge (Fig. 1A,B). In addition to the direct effects on
voltage sensor movements, the mutation also shifts G-V relation-
ship rightwards at 0 Ca 2� and increases Ca 2� sensitivity (Fig.
1C–F), which are the results of an electrostatic interaction be-
tween E219R and E321/E324 (Figs. 2 and 3) that alters the cou-
pling among the activation gate, voltage sensor, and Ca 2�

binding (Fig. 4; Table 2).
Ion channels often contain distinct structural domains for

sensing physiological stimuli and the pore-activation gate. The
coupling among these domains during channel activation is an
important molecular process that has not been fully understood.
One basic question is as follows: what kind of changes in the
properties of channel function would indicate a change of cou-
pling? It has been elegantly shown that, in voltage-gated ion chan-
nels, if a mutation only reduces the coupling between the voltage
sensor and the pore-gate, an opposite shift in the voltage depen-
dence of charge movement (Q-V relation) and channel opening
(G-V relation) would be observed (Chowdhury and Chanda,

2012). Our result that at 0 [Ca 2�]i E219R shifts the Q-V relation
to more negative voltages, and the G-V relation to more positive
voltages seems to immediately indicate a reduction in the cou-
pling between the voltage sensor and the activation gate. How-
ever, two observations prevent us from reaching this conclusion
simply by this result. First, E219R alters not only the voltage range
but also the slope of the Q-V relation (Fig. 1B), and the mutation
also changes the limiting slope of Po-V at negative voltages (Fig.
4B), suggesting a direct change in the gating charge in addition to
the possible change of coupling. The mutation E321A/E324A al-
most abolished the effect at 0 [Ca 2�]i of E219R in shifting the
G-V relation (Fig. 3A) but not the Q-V relation (Fig. 3D), sup-
porting that the shift of Q-V and G-V relations may derive from
different mechanisms. Second, E219R shifts the G-V relation to
more positive voltages at 0 [Ca 2�]i but to more negative voltages
at 100 �M [Ca 2�]i (Fig. 1D). Therefore, as far as the voltage-
dependent gating of the channels at 100 �M [Ca 2�]i is concerned,
the relation between Q-V and G-V does not indicate a reduction
in the coupling between the voltage sensor and activation gate.
BK channel gating can be described by the HA allosteric model, in
which the couplings between the activation gate with the voltage
sensor and Ca 2� binding are explicitly and quantitatively defined
(Horrigan and Aldrich, 2002). The fitting of the HA model to our
experimental data shows that mutation E219R reduces the cou-
pling between the activation gate with the voltage sensor but
increases the coupling with Ca 2� binding (Fig. 4; Table 2). In
addition, the model fitting also revealed that the coupling
between the voltage sensor and Ca 2�binding is also reduced by
E219R.

The location of E219 in the cytosolic end of S4 and E321/E324
in the cytosolic C-linker is consistent with the results that the
electrostatic interactions among these residues alter the coupling
between the activation gate and the voltage and Ca 2� sensors. It
has been shown that, in BK channels, the shortening or length-

Figure 6. A structure model of BK channels. A, Sequence alignment of BK, shaker (Batulan et al., 2010), Kv1.2/Kv2.1 chimera
channels (Long et al., 2007), and sodium NAV1.4 channel domain III (Muroi et al., 2010). Purple represents residues that interact
with neighboring subunits. B, C, Bottom (B) and lateral (C) views of the crystal structure of Kv1.2/Kv2.1 chimera channel (Long et
al., 2007). Blue spheres represent residues corresponding to E219R in mSlo1; red represents the main chain of residues correspond-
ing to E321/E324. Purple arrow indicates a possible S6 bending in mSlo1 channels.
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ening of the C-Linker, which connects to the cytosolic gating ring
(Wu et al., 2010; Yuan et al., 2010, 2011), alters voltage and Ca 2�

dependence of channel gating (Niu et al., 2004). Because the
gating ring contains two Ca 2� binding sites (Schreiber and
Salkoff, 1997; Shi et al., 2002; Xia et al., 2002; Yuan et al., 2010;
Zhang et al., 2010), these results suggested that the C-Linker plays
an important role in coupling between the activation gate and
Ca 2� sensors. The fact that Ca 2� sensitivity derived from either
Ca 2� binding site is increased by E219R (Table 1) further sup-
ports the suggestion that the mutation increases Ca 2� sensitivity
by enhancing the coupling. In Kv channels, the interactions be-
tween the S4-S5 linker and the cytosolic side of S6 are important
for the coupling between the voltage sensor and the activation
gate (Lu et al., 2001; Tristani-Firouzi et al., 2002). Other locations
where the VSD and PD may make contacts, such as the S4 and S5
helices (Ledwell and Aldrich, 1999; Soler-Llavina et al., 2006;
Grabe et al., 2007) and the extracellular side of the S1 and the pore
helix (Lee and Cui, 2009), are also implicated in coupling. In
voltage-gated Na� channels, the interaction between the S4-S5
linker and the cytosolic side of S6 is also suggested as important
for the coupling (Muroi et al., 2010). However, our results sug-
gest that the C-Linker in BK channels may orient to a direction
that differs from that in Kv channels (Fig. 6). Therefore, the in-
teraction between C-Linker and the S4-S5 linker may be elimi-
nated or modulated in BK channels.

Our experimental results suggest that E219R interacts with
E321/E324 in a neighboring subunit (Fig. 5). This result high-
lights a difference between BK channels and Kv (Batulan et al.,
2010) or Nav (Muroi et al., 2010) channels, in which the residues
interacting with neighboring subunits are located at the begin-
ning of S5 (Fig. 6A). We labeled the residues in the structure of
Kv1.2/Kv2.1 chimera channel (Long et al., 2007) equivalent to
E219R and E321/E324 of mSlo1 and found that E321/E324 are
located far from E219R either within the same subunit or in the
neighboring subunit (Fig. 6B). If we assume that the S6 of mSlo1
bends to orient differently from that in Kv1.2 (Fig. 6B), our ex-
perimentally observed intersubunit interaction between E219R
and E321/E324 can be explained. Such a structural difference can
also account for two other unique properties of BK channels.
First, in a previous study, we showed that residues from the
membrane-spanning domain of one subunit and residues from
the cytosolic domain of a neighboring subunit form the Mg 2�

binding site for channel activation, which cannot be explained if
the membrane-spanning domain of BK channels adopts a struc-
ture similar to that of Kv1.2 (Yang et al., 2008). Our proposed
orientation of the S6 segment (Fig. 6B,C) is consistent with this
result such that the cytosolic domain of one subunit can align
with the membrane-spanning voltage sensor of the neighboring
subunit. Second, the studies of channel blocking by quaternary
ammonium suggested that the inner pore of BK channels allows
the entry of large quaternary ammonium molecules when the
channel is closed so that the inner pore formed by the bottom of
S6 helices differs from that of Kv channels and does not restrict
the permeation of ions or quaternary ammonium molecules (Li
and Aldrich, 2004; Wilkens and Aldrich, 2006; Tang et al., 2009).
S6 with a similar bending as suggested (Fig. 6B,C) would enlarge
the inner pore and not able to restrict permeation of ions even
when the channel is closed.

The interaction between E219R and E321/E324 resulted in
large changes of BK channel activation (Fig. 1). The neutraliza-
tion of E219, such as E219Q, also altered BK channel activation
significantly (Fig. 2A). These results suggest that, in the WT BK
channels, the electrostatic interaction between E219 and E321/

E324 contributes to voltage and Ca 2�-dependent activation by
participating in the coupling among the pore and the sensors,
although compared with the effects of E219R, which increased
Ca 2� sensitivity (
V1/2) by �50%, the effects of E219Q are much
smaller. It will be interesting for future studies to understand how
the electrostatic attraction between E219R and E321/E324 alters
the coupling among the pore and the sensors.
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