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Background: Large conductance calcium-activated potassium (BK) channels are regulated by �1 subunits.
Results: We identified two binding sites engaged in intersubunit interactions to regulate the sensitivity of BK to divalent ions.
Conclusion: Both electrostatic and hydrophobic sites enhance the calcium sensitivity of BK, whereas the hydrophobic site
selectively reduces the magnesium sensitivity.
Significance: This work provides structural and mechanistic insights into the molecular mechanism of BK(�1) gating.

Large conductance Ca2�- and voltage-activated potassium
(BK) channels, composed of pore-forming � subunits and aux-
iliary � subunits, play important roles in diverse physiological
activities. The �1 is predominately expressed in smooth muscle
cells, where it greatly enhances the Ca2� sensitivity of BK chan-
nels for proper regulation of smooth muscle tone. However, the
structural basis underlying dynamic interaction between BK
mSlo1 � and �1 remains elusive. Using macroscopic ionic cur-
rent recordings in various Ca2� and Mg2� concentrations, we
identified two binding sites on the cytosolic N terminus of �1,
namely the electrostatic enhancing site (mSlo1(K392,R393)-
�1(E13,T14)), increasing the calcium sensitivity of BK channels,
and the hydrophobic site (mSlo1(L906,L908)-�1(L5,V6,M7)),
passing the physical force from the Ca2� bowl onto the enhanc-
ing site and S6 C-linker. Dynamic binding of these sites affects
the interaction between the cytosolic domain and voltage-sens-
ing domain, leading to the reduction of Mg2� sensitivity. A com-
prehensive structural model of the BK(mSlo1 �-�1) complex
was reconstructed based on these functional studies, which pro-
vides structural and mechanistic insights for understanding BK
gating.

BK4 channels play critical roles in modulating many physio-
logical activities, such as neurotransmitter release and endo-

crine secretion in neurons or endocrine cells, contraction of
smooth muscle cells, and even frequency tuning in hair cells
(1–5). These large conductance channels exhibit a considerable
functional diversity with respect to their kinetic behavior,
apparent Ca2� and Mg2� regulation, and pharmacological sen-
sitivity to toxins (6, 7). The cytosolic domain (CTD) of the BK
channel contains multiple divalent ion binding sites, including
two Ca2� binding sites with high and moderate affinity respec-
tively as well as a low affinity Mg2� binding site (8 –10). Func-
tional heterogeneity of native BK-type channels is often
imparted by their association with tissue-specific auxiliary
�1–�4 subunits. For example, the mSlo1 � subunits and �1
subunits are mostly co-localized in smooth muscle cells in heart
and vascular tissues (11–13). These auxiliary subunits share a
similar topology of two transmembrane (TM1 and TM2) seg-
ments, intracellular N and C termini, and a large extracellular
loop (14 –18). One BK channel can associate with up to four
auxiliary � subunits in 1:1 stoichiometry with mSlo1 � subunits
(19, 20). The �1 and �2 subunits of the � family share the high-
est sequence homology and increase the apparent Ca2� sensi-
tivity of BK channels (15, 19, 20). Several laboratories have
reported that magnesium is also able to activate BK channels at
the mSlo1(E374,E399) sites (9, 10), and the locus of the Mg2�

binding domain resides in the cytosolic terminal of S4 between
the voltage-sensing domain (VSD) and the first C-terminal reg-
ulators of K� conductance (RCK1) (21). Previous studies have
reported that Mg2� sensitivity of BK is attenuated by �1 (22)
and subsequently by �2 but to different extent (23). These
reports imply that � subtype-dependent differences in the sen-
sitivity to Ca2� and Mg2� are possibly derived from their dis-
tinct structures.

Compared with the �2, the �1 only modifies the BK activa-
tion without affecting inactivation and rectification, probably
due to a lack of the inactivation domain at its N terminus and
basic residues distributed around the outer pore (24, 25). Fur-
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FIGURE 1. An interaction schematic of mutations of mSlo1 and �1 subunits. Topological interaction maps between mutations of mSlo1 � (bottom) and �1
subunits (top) are displayed. The central panel denotes a partial sequence of �1 and mSlo1. The colored amino acids (red and green) in mSlo1 and in the N
terminus of �1 are the regions of �/� interaction, termed the H and E sites, as indicated.

FIGURE 2. Electrostatic interaction between mSlo1(K392,R393) and �1(E13,T14) determined by double mutant cycle analysis. A, G-V curves were
plotted for mSlo1-�1 (V50 � �46.7 � 4.8 mV, n � 10; black), mSlo1-�1(E13K,T14K) (V50 � 0.7 � 5.5 mV, n � 9; red), mSlo1(K392E,R393D)-�1 (V50 � 178.3 � 4.9
mV, n � 7; green), and mSlo1(K392E,R393D)-�1(E13K,T14K) (V50 � 189.0 � 6.5 mV, n � 6; blue). Solid lines are single Boltzmann functions fitted to each G-V
curve. B, representative currents from each experimental combination, recorded from inside-out patches, activated by voltage steps from �160 mV through
100/200 mV in increments of 20 mV, as indicated, after a prepulse of �180 mV, in 10 �M Ca2�. C, the values of V50 were obtained in 10, 100, and 300 �M Ca2�,
respectively. D, the ��G values of mSlo1(K392E,R393D) versus �1(E13K,T14K) are 1.62 � 0.03, 1.17 � 0.02, and 1.07 � 0.02 kcal/mol in 10, 100, and 300 �M Ca2�,
respectively. Error bars, S.D.
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thermore, the �2 subunit has been identified to interact with
the N terminus, including the S0 segment of Slo1 and the AC
region (�A-�C) of the RCK1 domain (21), and the exact binding
sites between the mSlo1 � and �2 subunits have recently been
identified (26). Several reports reveal that the N terminus and
S0 segment play an important role in the function of �1 subunit
(27, 28). Cross-linking experiments show that the intracellular
end of �1 TM2 and mSlo1 � S0 are in contact and that the
intracellular end of �1 TM1 is close to both mSlo1 � S1 and S2
(29). Chimera experiments demonstrated that the intracellular
domains were crucial for functions of the �1 subunit (30). How-
ever, the detailed intracellular interaction sites between the
mSlo1 � and �1 subunits remain unknown.

In order to determine the intracellular activation sites
between the mSlo1 � and �1 subunits, we used double mutant
cycle analysis to examine interaction based on the changes of
free energy between the potential coupling residues. We found
two crucial interaction sites on �1, namely an electrostatic

enhancing (E) site and a hydrophobic (H) site in the cytosolic
region for its coupling to mSlo1 �. We further constructed a
computational model of the mSlo1-�1 channel complex in the
context of its structural and functional feasibility. Altogether,
our results provided a putative working model of the mSlo1-�1
complex, capable to explain both the Ca2� and Mg2� sensitivity
of BK(�1) channels.

EXPERIMENTAL PROCEDURES

Constructs and Mutations—All �-subunit constructs were
made from the mbr5 splice variant of mouse Slo1 (KCNMA1;
GenBankTM accession number L16912). Human �1 (KCNMB1;
GenBankTM accession number U25138.1) cDNAs were subcloned
into pcDNA3.1. Mutations were introduced using the QuikChange
site-directed mutagenesis kit (Stratagene). Specifically,
the mutant mSlo1(D898N/D899N/D900N/D901N/D903N)
(mSlo1(5D5N)) in the calcium bowl of RCK2 was constructed.
All constructs and point mutations were verified by direct DNA
sequence analysis. Fig. 1 shows the topological map of the con-
structs and mutations for all of the experiments.

Cell Culture and Transient Transfections in HEK293 Cells—
HEK293 cells were cultured in DMEM supplemented with 10%
fetal bovine serum (FBS), 100 units/ml penicillin, and strepto-
mycin in incubators with 37 °C and 5% CO2. One day before
transfection, cells were transferred to 24-well plates. At 90%
confluence, transfections could be performed with Lipo-
fectamine 2000 (Invitrogen). 4 – 6 h after transfection, the cells
were transferred to a poly-D-lysine (Sigma)-coated slide for the
patch clamp recordings. For all of the co-transfections, the ratio
of � to � subunits was 1:2.

Patch Clamp Recording—For recordings, transfected HEK293
cells were transferred 1 day after transfection to 160 K� solu-
tion containing 160 mM MeSO3K, 2 mM MgCl2, 10 mM HEPES
(pH 7.0). All experiments were carried out with excised patches,
in inside-out recording configuration. Patch pipettes were

FIGURE 3. There was no electrostatic interaction between the calcium binding sites and �1(K3,K4). A, representative currents from each experimental
combination, recorded from inside-out patches, activated by voltage steps from �160 mV through 100 mV in increments of 20 mV, as indicated, after a
prepulse of �180 mV, in 10 �M Ca2�. B, G-V curves were plotted for mSlo1-�1 (V50 � �46.7 � 4.8 mV, n � 10; black), mSlo1-�1(K3Q,K4Q) (V50 � �35.1 � 5.6
mV, n � 8; red), mSlo1(5D5N)-�1 (V50 � 59.1 � 4.9 mV, n � 7; green), and mSlo1(5D5N)-�1(K3Q,K4Q) (V50 � 62.4 � 6.0 mV, n � 7; blue). Solid lines, single
Boltzmann functions fitted to each G-V curve. C, the values of ��G were plotted for mSlo1(5D5N)-�1(K3Q,K4Q), mSlo1(5D5N)-�1(K3E,K4E), and
mSlo1(D362R,D367R)-�1(K3Q,K4Q). Their values of ��G are 0.3 � 0.02 kcal/mol for mSlo1(5D5N)-�1(K3Q,K4Q), 0.2 � 0.02 kcal/mol for mSlo1(5D5N)-
�1(K3E,K4E), and 0.1 � 0.02 kcal/mol for mSlo1(D362R,D367R)-�1(K3Q,K4Q), as indicated. Error bars, S.D.

TABLE 1
Gating kinetics of mutated BK channels
The first column shows the mutated BK type channels. The activation (�act) and
deactivation (�dea) time constants were calculated at 100 mV except for
mSlo1(K392E,R393D)-�1 and mSlo1(K392E,R393D)-�1(E13K,T14K), which were
calculated at 200 mV, respectively.

BK channel �act �dea

ms ms
mSlo1-�1 2.4 � 0.4 10 � 0.8
mSlo1-�1(E13K,T14K) 4.0 � 0.6 4.5 � 0.6
mSlo1(K392E,R393D)-�1 4.2 � 0.7 (200 mV) 0.78 � 0.2 (200 mV)
mSlo1(K392E,R393D)-�1

(E13K,T14K)
3.8 � 0.4 (200 mV) 0.85 � 0.2 (200 mV)

mSlo1-�1(L5Q,V6Q,M7Q) 7.4 � 0.8 5.2 � 0.5
mSlo1(L906Q,L908Q)-�1 15 � 1.5 5.0 � 0.4
mSlo1(L906Q,L908Q)-�1

(L5Q,V6Q,M7Q)
60 � 3.4 1.4 � 0.2

mSlo1-�1(K3Q,K4Q) 2.4 � 0.3 7.4 � 0.8
mSlo1(5D5N)-�1 13 � 1.0 1.7 � 0.3
mSlo1(5D5N)-�1(K3Q,K4Q) 30 � 2.4 2.3 � 0.4
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pulled from borosilicate glass capillaries with resistances of 2–3
megaohms when filled with pipette solution. Experiments were
performed using an Axopatch 200B patch clamp amplifier with
its software (Axon). Currents were typically digitized at 20 kHz
and filtered at 8.5 kHz. During recording, different Ca2� and
Mg2� concentration solutions were applied onto membrane
patches via a perfusion pipette containing eight solution chan-
nels. The 0 mM Mg2� solution contained 160 mM MeSO3K, 10

mM MgCl2, 5 mM EGTA, 10 HEPES (pH 7.0). All experiments
were performed at room temperature (22–24 °C).

Homology Modeling—The full models of BK channel were
built by homology modeling combination with the known par-
tial crystal structure of ion channels (i.e. RCK domains), and
then the complex of mSlo1 and h�1 were assembled manually.
During the modeling process, the S1-S6 domains were built
from MthK (Protein Data Bank entry 1LNQ) and KcSA (Pro-

FIGURE 4. The hydrophobic interaction between mSlo1(L906,L908) and �1(L5,V6,M7). A, representative currents from each experimental combination,
recorded from inside-out patches, activated by voltage steps from �160 mV through 100/200 mV in increments of 20 mV, as indicated, after a prepulse of �180
mV, in 10 �M Ca2�. B, G-V curves are plotted for mSlo1-�1 (V50 � �46.7 � 4.8 mV, n � 10; black), mSlo1-�1(L5Q,V6Q,M7Q) (V50 � �7.2 � 5.6 mV, n � 11; red),
mSlo1(L906Q,L908Q)-�1 (V50 � 48.2 � 4.8 mV, n � 7; blue), and mSlo1(L906Q,L908Q)-�1(L5Q,V6Q,M7Q) (V50 � 127.7 � 5.8 mV, n � 8; green). Solid lines, single
Boltzmann functions fitted to each G-V curve. C, their values of V50 were obtained in 10, 100, and 300 �M Ca2�, as indicated. D, the values of ��G of
mSlo1(L906Q,L908Q)-�1(L5Q,V6Q,M7Q) are 1.30 � 0.02, 1.05 � 0.02, and 1.24 � 2.4 kcal/mol in 10, 100, and 300 �M Ca2�, respectively. E, the values of ��G
were plotted for mSlo1 mutations versus �1(LVM) at 10 �M Ca2�, as indicated. The ��G of mSlo1(L906,L908)-�1(L5,V6,M7) is 1.30 � 0.02 kcal/mol, and this was
only identified as a pair of binding sites based on its ��G (�1 kcal/mol). Error bars, S.D.
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tein Data Bank entry 1K4C). The closed state RCK model was
from previous reports (31, 32) (Protein Data Bank entry 3U6N).
The S0 helix of BK and the TM1 of h�1 was orientated manually
according to another publication (29). The loosed loops of RCK
and the linker of S0-S1 were also rebuilt and refined. The N-ter-
minal 22-amino acid structure of �1 was constructed and
refined by Amber12 with ff13 force field. First, the linear pep-
tide was built with xleap of AmberTool13 and then minimized
for 1000 steps, followed by 100,000 heating steps for 0 –325 K;
finally, 50,000,000 equilibration steps were taken for the whole
ensemble. The simulation time is 50 ns to make the conforma-
tion more stable. During the whole construction process, the
22-amino acid peptide was put into implicit generalized Born
solvent with 1-fs time step. Then the combination of 22-amino

acid N terminus and TM1 helix of �1 subunit was constructed
manually and put into a pre-equilibrated 1-palmitoyl-2-oleoyl-
phosphatidylcholine membrane ensemble with explicit SPC
water model and refined for another 50 ns by Molecular
Dynamics Suite, Desmond version 3.6 (33). Similar to the
BK(�2) complex, the combined model of full BK channel and
partial �1 was assembled and embedded into an larger mem-
brane ensemble with 1-palmitoyl-2-oleoyl-phosphatidylcho-
line, explicit SPC water model, and 160 mM KCl and then
refined by a 5-ns standard molecular dynamics simulation with
the Nosé-Hoover chain thermostat method and Martyna-To-
bias-Klevin barostat method in Desmond version 3.6.

Data Analysis—Recording data were analyzed with Clampfit
(Axon Instruments, Inc.) and Sigmaplot (SPSS, Inc.) software.

TABLE 2
Influence of mutations on BK channels
The first column shows the corresponding mutations of BK channels. Estimates for the values of V50 and Z for the different mutations were obtained by fitting G-V curves
to the Boltzmann equation. The free energy is given by �ZFV50.

BK channel V50 Z �ZFV50

mV kcal/mol
mSlo1-�1 �46.7 � 4.8 1.70 � 0.21 1.83 � 0.02
mSlo1-�1(E13K,T14K) 0.7 � 3.2 2.07 � 0.17 0.03 � 0.01
mSlo1(K392D,R393D)-�1 178.3 � 6.2 1.16 � 0.15 �4.79 � 0.02
mSlo1(K392D,R393D)-�1(E13K,T14K) 184.2 � 6.5 1.17 � 0.16 �4.97 � 0.02
mSlo1-�1(L5Q,V6Q,M7Q) �7.2 � 5.5 1.70 � 0.15 0.28 � 0.02
mSlo1-�1(L5Q) �33.5 � 5.2 1.70 � 0.13 1.32 � 0.02
mSlo1-�1(V6Q) �18.5 � 5.1 1.69 � 0.14 0.71 � 0.02
mSlo1-�1(M7Q) �20.4 � 4.9 1.70 � 0.15 0.80 � 0.02
mSlo1(L906Q,L908Q)-�1 46.7 � 6.1 1.74 � 0.20 �1.88 � 0.02
mSlo1(L906Q,L908Q)-�1(L5Q,V6Q,M7Q) 127.9 � 6.4 1.64 � 0.17 �4.86 � 0.02
mSlo1-�1(L5A,V6A,M7A) �7.0 � 5.6 2.03 � 0.22 0.33 � 0.02
mSlo1(L906A,L908A)-�1 128.0 � 6.2 1.24 � 0.15 3.68 � 0.02
mSlo1(L906A,L908A)-�1(L5A,V6A,M7A) 145.1 � 6.1 1.16 � 0.16 3.88 � 0.02
mSlo1-�1(K3Q,K4Q) �35.1 � 4.7 1.60 � 0.15 1.3 � 0.01
mSlo1(5D5N)-�1 59.1 � 4.9 1.51 � 0.16 �2.07 � 0.02
mSlo1(5D5N)-�1(K3Q,K4Q) 62.0 � 6.1 1.44 � 0.07 �2.08 � 0.01
mSlo1(D362R,D367R)-�1 6.49 � 5.0 1.74 � 0.15 �0.26 � 0.02
mSlo1(D362R,D367R)-�1(K3Q,K4Q) 18.3 � 5.5 1.78 � 0.13 �0.75 � 0.02
mSlo1(L110Q)-�1 �63.2 � 6.5 1.70 � 0.08 2.48 � 0.02
mSlo1(L110Q)-�1(L5Q,V6Q,M7Q) �18.6 � 5.1 2.02 � 0.14 0.87 � 0.02
mSlo1(V114Q)-�1 �13.2 � 6.0 1.74 � 0.08 0.53 � 0.02
mSlo1(V114Q)-�1(L5Q,V6Q,M7Q) 38.4 � 5.8 1.59 � 0.12 �1.41 � 0.02
mSlo1(V117Q)-�1 �81.2 � 6.5 1.52 � 0.14 2.86 � 0.20
mSlo1(V117Q)-�1(L5Q,V6Q,M7Q) �45.6 � 5.3 1.74 � 0.10 1.84 � 0.01
mSlo1(L118Q)-�1 �70 � 5.2 1.82 � 0.13 2.94 � 0.02
mSlo1(L118Q)-�1(L5Q,V6Q,M7Q) �21.3 � 5.5 1.68 � 0.09 0.83 � 0.01
mSlo1(F120Q)-�1 �37.5 � 4.8 1.67 � 0.14 1.45 � 0.02
mSlo1(F120Q)-�1(L5Q,V6Q,M7Q) 11.7 � 5.6 1.78 � 0.12 �0.48 � 0.02
mSlo1(I215Q)-�1 �18.2 � 6.5 1.74 � 0.06 0.73 � 0.01
mSlo1(I215Q)-�1(L5Q,V6Q,M7Q) 35.4 � 4.5 1.62 � 0.10 �1.33 � 0.01
mSlo1(F217Q)-�1 �78.7 � 6.4 1.84 � 0.11 3.36 � 0.02
mSlo1(F217Q)-�1(L5Q,V6Q,M7Q) �38.5 � 5.2 1.86 � 0.12 1.65 � 0.02
mSlo1(I220Q)-�1 �186.8 � 6.8 0.85 � 0.22 3.66 � 0.03
mSlo1(I220Q)-�1(L5Q,V6Q,M7Q) �152.2 � 5.7 0.78 � 0.15 2.73 � 0.02
mSlo1(F223Q)-�1 �135.1 � 5.5 0.95 � 0.12 2.97 � 0.02
mSlo1(F223Q)-�1(L5Q,V6Q,M7Q) �71.5 � 5.6 1.08 � 0.11 1.78 � 0.02
mSlo1(L235Q)-�1 41.5 � 4.9 1.12 � 0.13 �1.07 � 0.02
mSlo1(L235Q)-�1(L5Q,V6Q,M7Q) 74 � 6.5 1.54 � 0.09 �2.64 � 0.02
mSlo1(L239Q)-�1 �21.7 � 5.4 1.62 � 0.12 0.81 � 0.02
mSlo1(L239Q)-�1(L5Q,V6Q,M7Q) 35.2 � 6.1 1.62 � 0.08 �1.32 � 0.01
mSlo1(V339Q)-�1 �47.8 � 4.8 1.70 � 0.13 1.88 � 0.01
mSlo1(V339Q)-�1(L5Q,V6Q,M7Q) �6.7 � 4.5 1.70 � 0.10 0.26 � 0.01
mSlo1(L353Q)-�1 �35.5 � 5.1 1.82 � 0.12 1.49 � 0.02
mSlo1(L353Q)-�1(L5Q,V6Q,M7Q) �4.7 � 4.6 1.82 � 0.13 0.2 � 0.01
mSlo1(L381Q)-�1 �45.5 � 4.8 1.70 � 0.09 1.79 � 0.01
mSlo1(L381Q)-�1(L5Q,V6Q,M7Q) �5.1 � 5.0 1.68 � 0.12 0.20 � 0.02
mSlo1(L385Q)-�1 50.1 � 5.7 1.66 � 0.13 �1.93 � 0.02
mSlo1(L385Q)-�1(L5Q,V6Q,M7Q) 94.5 � 6.5 1.45 � 0.15 �3.18 � 0.02
mSlo1(I517Q,I519Q,L529Q)-�1 12.2 � 5.5 1.72 � 0.12 �0.49 � 0.02
mSlo1(I517Q,I519Q,L529Q)-�1(L5Q,V6Q,M7Q) 59.1 � 5.5 1.72 � 0.11 �2.37 � 0.02
mSlo1(I813Q)-�1 �56.3 � 5.7 1.68 � 0.12 2.19 � 0.02
mSlo1(I813Q)-�1(L5Q,V6Q,M7Q) �11.5 � 6.1 1.65 � 0.13 0.44 � 0.02
mSlo1(F893Q)-�1 18.5 � 5.4 1.71 � 0.09 �0.73 � 0.01
mSlo1(F893Q)-�1(L5Q,V6Q,M7Q) 66.5 � 6.5 1.69 � 0.13 �2.60 � 0.02
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Unless otherwise stated, data are presented as mean � S.D. G-V
curves for activation were fitted by the single Boltzmann func-
tion with the form, G/Gmax � (1 � exp((V � V50)/�))�1, where
V50 is the voltage at which the conductance (G) is half the max-
imum conductance (Gmax), and � is a factor affecting the steep-
ness of the activations.

RESULTS

Determination of the Enhancing Site of mSlo1(�1) Channels—
Both �1 and �2 subunits can enhance the Ca2� sensitivity of BK
channels (34 –37). In previous work, we determined the com-
plementary paired residues mSlo1(K392,R393)-�2(E44,D45) as
an enhancing (E) site of BK (�2) channels (26). After comparing
the sequences of �1 and �2, we found that a pair of conserved
residues, �1(E13,T14), may play a role similar to that of
�2(E44,D45). To explore the possible interaction between two
groups of residues, we performed thermodynamic double
mutant cycle analysis (38 – 41). Changes of free energy coupling
between mutations in pairs of residues located in different sub-
units were respectively calculated by using a thermodynamic
square composed of the WT complex (��), the two single
mutants (�*� and ��*), and the corresponding double mutant
(�*�*) (asterisks denote a mutation). The thermodynamic
square was described as follows, ��G � �G��* � �G�*� �
�G�*�*. A distinct change of ��G � 1 kcal/mol would be
judged to be coupled; otherwise it was not.

For double mutant cycle analyses, all G-V curves of the
mSlo1(K392,R393) versus �1(E13,T14) cycle are shown in Fig. 2A.
The corresponding currents, recorded from inside-out patches in
10 �M Ca2�, are shown for each mutation (Fig. 2B). The values of
V50 are �46.7 � 4.8 mV for mSlo1-�1 (black); 0.7 � 5.5 mV for
mSlo1-�1(E13K,T14K) (red), which is close to the V50 of mSlo1
alone; 178.3 � 4.9 mV for mSlo1(K392E,R393D)-�1 (blue); and
189.0 � 6.5 mV for mSlo1(K392E,R393D)-�1(E13K,T14K)
(green). The total change of��G is about 1.62 kcal/mol, suggesting
that there is a strong coupling between the mSlo1(K392,R393) and
�1(E13,T14). Similarly, additional experiments in 100 and 300 �M

Ca2� reinforce this observation (Fig. 2C). All of the statistics indi-
cate that the ��G for mSlo1(K392,R393) versus �1(E13,T14) is
independent to Ca2� (Fig. 2D).

Considering that both mSlo1(K392E,R393D) and �1(E13K,T14K)
exhibited a significant change in kinetics of BK(�1) channel (Table
1) and that the mutant �1(E13K,T14K) abolished the calcium sen-
sitivity of �1 (Fig. 2C), we conclude that the complementary paired
residues mSlo1(K392,R393)-�1(E13,T14) form an E site.

Non-electrostatic Interaction between �1(K3,K4) and Cal-
cium Binding Bowl—There are two different types of residues
in the N terminus of the �1 subunit, namely electrostatic type-
like �1(K3K4) and hydrophobic type-like �1(L5,V6,M7). There
are many potential residues in the RCK domain of the BK �
subunit that may couple with two types of binding sites, but we
reason that two prerequisites must be satisfied: accessibility and
associability. For the basic residues �1, the acidic ones in the
RCK domain of BK � subunit near the �1(K3K4) are strong
candidates, whereas the hydrophobic ones in the RCK domain
probably bind to hydrophobic residues �1(L5,V6,M7).

In a previous study, we verified a calcium bowl site (i.e.
mSlo1(calcium bowl)-�2(K33,R34,K35)) for the BK(�2) chan-

nel, which passes the original Ca2� gating force from the cal-
cium bowl to the E site (26). Based on the sequences of �1 and
�2, we postulated that the residues �1(K3,K4) might also inter-
act with mSlo1(calcium bowl) as �2(K33,R34,K35) did. To test
this, we performed experiments based on double mutant cycle
analysis. The representative currents, recorded from inside-out
patches in 10 �M Ca2�, were shown for each mutation (Fig. 3A).
All of the G-V curves required for the mSlo1(5D5N) versus
�1(K3,K4) cycle were shown in Fig. 3B. The values of V50 were
�46.7 � 4.8 mV for mSlo1-�1 (black), �35.1 � 5.6 mV for
mSlo1-�1(K3Q,K4Q) (red), 59.1 � 4.9 mV for mSlo1(5D5N)-�1
(blue), and 62.4 � 6.0 mV for mSlo1(5D5N)-�1(K3Q,K4Q)
(green). The total ��G was about 0.2 kcal/mol, suggesting that
no significant interaction existed between the mSlo1(calcium
bowl) and �1(K3,K4), differing from the case of mSlo1(calcium
bowl) and �2(K33,R34,K35). Similar experiments were con-
ducted for mSlo1(5D5N) versus �1(K3E,K4E). Our experi-
ments showed that their ��G was about 0.1 kcal/mol. It is

FIGURE 5. A structural model for mSlo1 � interacting with the N terminus
of �1. A, side view of the mSlo1-�1 complex, composed of only two mSlo1 �
subunits (green) associated with an N terminus-TM1 segment of �1 (purple),
was drawn to show two pairs of residues (i.e. mSlo1(K392,R393)-�1(E13,T14)
named as the E site and mSlo1(L906,L908)-�1(L5,V6,M7) named as the H site).
B, the detailed spatial distribution of the above pairs of residues is shown.
Both of the structural models were prepared and rendered by the PyMOL
suite (PyMOL Molecular Graphics System, version 1.5.0.4, Schrodinger, LLC).
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nearly the same as that of mSlo1(5D5N) versus �1(K3Q,K4Q)
(Fig. 3C).

We previously reported that the Ca2� bowl exerted a force
onto the S6 gate of BK(�2) via the calcium bowl site (19), raising
the possibility that there may be another pathway in �1, distinct
from that in �2. To this end, it is necessary to examine the
second calcium binding site mSlo1(D362,D367)of BK channel
(9). In other words, the mSlo1(D362,D367)-�1(K3,K4) may
play a role in regulating the BK gating similar to that of
mSlo1(5D5N)-�2(K33,R34,K35) (26). Contrary to our expecta-
tion, we found that their ��G was about 0.1 kcal/mol (Fig. 3C),
suggesting that there was no significant interaction between the
mSlo1(D362,D367) and the �1(K3,K4).

Taken together, there was no electrostatic interaction
between the mSlo1 and the �1(K3,K4).

A Strong Hydrophobic Interaction between mSlo1(L906,L908)-
�1(L5,V6,M7)—In a separate set of experiments, we found that
the three-hydrophobic mutation �1(L5Q,V6Q,M7Q) made a
marked shift of �50 mV in V50 combined with significant
changes in gating kinetics (Table 1), implying that these resi-
dues might play a role similar to that of �2(K33,R34,K35) (26).
To further identify all of the corresponding hydrophobic sites
on mSlo1, that may possibly interact with �1(L5,V6,M7), we
scanned all of the hydrophobic residues in the RCK regions of
mSlo1 surrounding �1(L5,V6,M7) (Fig. 4E) (detailed informa-
tion is shown in Table 2) and found that the mSlo1(L906,L908),
locating behind the calcium bowl, were the only residues pos-
sibly interacting with �1(L5,V6,M7). Based on all of the cur-
rents as well as the G-V curves of mSlo1(L906,L908) versus
�1(L5,V6,M7) (Fig. 4, A and B), we noted that the ��G of
mSlo1(L906Q,L908Q) versus �1 (L5Q,V6Q,M7Q), was signif-
icantly larger than 1 kcal/mol in 10, 100, and 300 �M Ca2�,
suggesting that the mSlo1(L906,L908) strongly coupled with
�1(L5,V6,M7), independent of Ca2�(Fig. 4, C and D). More-
over, when a substitution of glutamine with alanine (Q3A) was
conducted, we found that the ��G of mSlo1(L906A,L908A) ver-
sus �1(L5A,V6A,M7A) was about 1.3 kcal/mol (Fig. 4E), nearly
the same as mSlo1(L906Q,L908Q) versus �1(L5Q,V6Q,M7Q),
whereas no other hydrophobic residues of mSlo1 interact with
the �1(L5,V6,M7) with a ��G � 1 kcal/mol (Fig. 4E). Given
that the Leu, Met, and Val in both the mSlo1(L906,L908) and
�1(L5,V6,M7) have high hydrophobicity, we defined these res-
idues as an H site.

A Putative Structural Model of BK(�1) Channels—As we
described the above, both the E and H sites enhanced the
calcium sensitivity of BK channels. To further verify their

feasibilities in space structure, we constructed a model of BK
channel by homology modeling using the known partial crys-
tal structure of BK channels (i.e. the published crystal struc-
ture of RCK domains) and manually assembled mSlo1 and �1
complex (see “Experimental Procedures”), in which the loca-
tion of �1(TM1) is placed next to both S1 and S2 of Slo1 (Fig.
5A) (29). Based on this information, we noticed in molecular
dynamics simulations that the �1(E13,T14) was just located at
the top of mSlo1(K392,R393) with a mean distance of about
3.8 – 4.4 Å in between and that the side chains of three
residues �1(L5,V6,M7) were lined in parallel with that of
mSlo1(L906,L908), co-localized within close proximity of the
residues mSlo1(L906,L908) (Fig. 5B). This suggests that the
enhancing force by Ca2� binding was possibly coming from
H3 E3 PGD, forming a pathway of enhancing Ca2� sensitiv-
ity of BK channels. Along with our experimental results, these
simulations led us to suggest that both electrostatic and hydro-
phobic effects appear to be synergistic for Slo1 � and �1
interactions.

H Site Reducing Magnesium Sensitivity of BK(�1) Channel—
Previous studies revealed that the Mg2� binding site was
located in the VSD and cytosolic domain (CTD) interface of
mSlo1 (7) and that the �1 reduced the Mg2� sensitivity by
directly altering the structural configuration of the Mg2� bind-
ing site (23). To examine which site, �1(L5,V6,M7) or
�1(E13,T14), could affect the Mg2� sensitivity of BK(�1) chan-
nels, we performed experiments in a variety of Mg2� concen-
trations and found that the G-V curve showed a leftward shift of
28.5 and 57.1 mV in 10 mM Mg2�, in the presence and absence
of �1 subunits, respectively, compared with 0 Mg2� (Fig. 6,
A–C). This indicates that the �1 reduces the Mg2� sensitivity of
BK channels. Here we noticed that the peak currents of BK in
Mg2� experiments varied widely due to the blockage of Mg2�

while the Mg2� concentrations were elevated. The G-V curve
showed a leftward shift of 56.7 mV in 10 mM Mg2� in the pres-
ence of �1(L5Q,V6Q,M7Q) (Fig. 6, B and C). Similarly, the G-V
curve of mSlo1(L906Q,L908Q)-�1 channels had a leftward
shift of 50.4 mV. These results suggest that both the mutants
�1(L5Q,V6Q,M7Q) and mSlo1(L906Q,L908Q) could elimi-
nate the �1-induced reduction of Mg2� sensitivity of BK(�1)
channels. Correspondingly, the G-V curve of �1(E13K,T14K)
only showed a leftward shift of 30 mV in 10 mM Mg2�, similar to
that of the WT �1 (Fig. 6C), indicating that the H site but not
the E site affected the Mg2� sensitivity of BK(�1) channels (Fig.
6D). When Mg2� was increased to 50 mM, we found even

FIGURE 6. The �1 subunits reducing Mg2� sensitivity of BK-type channels. A, macroscopic currents of all of the BK-type channels were acquired from
inside-out patches in 0 (top), 10 (middle), and 50 (bottom) mM Mg2� at 0 [Ca2�] as indicated. Currents were elicited by 100-ms voltage steps either ranging from
�160 to 200 mV in 20-mV increments at 0 and 10 mM [Mg2�] or ranging from �160 to 160 mV in 20-mV increments at 50 mM [Mg2�] after a 20-ms prepulse of
�180 mV (only the last 2 ms is shown here) and then returned to a repolarization potential of �120 mV. The data were obtained from the same patch in the
presence of 0, 10, and 50 mM [Mg2�]. B, the normalized G-V curves were plotted for various BK-type channels at 0 (left), 10 (middle), and 50 (right) mM [Mg2�].
The values of V50 are 139.5 � 5.5 mV (black; n � 9), 73.4 � 4.8 mV (black; n � 8), and 31.0 � 3.4 mV (black; n � 7) for mSlo1; 132.7 � 5.0 mV (red; n � 10), 103.2 �
4.8 mV (red; n � 8), and 57.1.0 � 4.0 mV (black; n � 8) for mSlo1-�1; 194.5 � 7.5 mV (blue; n � 8), 138.8 � 4.9 mV (blue; n � 10), and 83.0 � 4.5 mV (black; n �
7) for mSlo1-�1(LVM); 200.6 � 6.4 mV (green; n � 12), 150.3 � 5.1 mV (green; n � 8), and 77.4 � 3.3 mV (black; n � 9) for mSlo1(L906Q,L908Q)-�1; and
188.2 � 5.7 mV (pink; n � 11), 134.7 � 4.9 mV (pink; n � 8), and 90.5 � 5.1 mV (black; n � 7) for mSlo1(L906Q,L908Q) in the presence of 0, 10, and 50 mM Mg2�,
respectively. Corresponding colors are the same as shown in A. Solid lines were fitted to the Boltzmann equation under “Experimental Procedures.” C, the
differences of V50 between 0 and 10 mM Mg2� (or �V50(0 –10 Mg)) were plotted for the BK-type channel as indicated. They are 57 � 4.5 mV for mSlo1 (black; n �
9), 29 � 4 mV for mSlo1-�1 (red; n � 8), 56 � 4.3 mV for mSlo1-�1(LVM) (blue; n � 8), 50 � 4.2 mV for mSlo1(L906Q,L908Q)-�1 (green; n � 10), 30 � 4.1 mV for
mSlo1-�1(E13K,T14K) (dark red; n � 11), and 54 � 4.8 mV for mSlo1(L906Q,L908Q) (pink; n � 8), as indicated. D, plots of V50 versus [Mg2�] are shown for mSlo1
(black), mSlo1-�1 (red), mSlo1-�1(LVM) (blue), mSlo1(L906Q,L908Q)-�1 (green), and mSlo1(L906Q,L908Q) (pink), as indicated. Error bars, S.D.
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greater leftward shifts of V50 (Fig. 6, A–D), again demonstrating
that only the H site affected the Mg2� sensitivity of BK(�1)
channels.

DISCUSSION

BK channels function differently due to their auxiliary � sub-
units, which underlie their diverse physiological roles in a vari-
ety of cells. A lack of detailed structural information of the
mSlo1 �-�1 complex has precluded us from fully understand-
ing their coupling mechanisms. It was hypothesized that �1
somehow altered the structural conformation of the Mg2� site
to weaken the action of VSD to PGD (Fig. 7A) (18). In this study,
we demonstrated two complementary pairs of residues located
in the CTD, of which the E site only modulated the Ca2� sen-
sitivity, and the H site modulated both the Ca2� and Mg2�

sensitivity of BK(�1) channels. Our findings indicated that the
H site might play a role as a pivot in transferring a Ca2�-binding
force from the calcium bowl in the CTD, which might disturb
the structural configuration of the Mg2� site to decrease the
Mg2�-binding force onto VSD, ultimately weakening the chan-
nel gating. At the same time, the E site served as a scaffold
between the membrane-spanning and RCK domains of mSlo1,
boosting the force from the H site to enhance channel gating
(Fig. 7B).

Surprisingly, we found that the H site of �1 was composed of
hydrophobic residues, different from the electrostatic site as in
�2, although they share similar basic residues at the corre-
sponding position of their N-terminal sequences, indicating
that these two subunits have different N-terminal structures.
The structure derived from molecular dynamics simulation
indicates that the N terminus of �1 has a looplike conformation
with no secondary structure, which makes �1(L5,V6,M7) inter-
act with mSlo1(L906/L908) more readily. Unlike the corre-
sponding basic residues �2(K33,R34,K35) the basic residues
�1(K3,K4) are located far from the calcium bowl site, suggest-
ing that there is a marked spatial difference in structural
arrangement between the N termini of �1 and �2 (26). Given

that both the �1 and �2 subunits reduce Mg2� sensitivity (23),
we deduce that the perturbation of the Mg2� binding sites
ultimately attenuates the Mg2� sensitivity of BK(�1) and
BK(�2) channels, because the N termini of �1 and �2 bind-
ing to the cytosolic domain may enlarge the distance
between VSD and CTD.

In conclusion, we demonstrated that the N terminus of �1
contained an H site in addition to the electrostatic sites as pre-
viously described in the N terminus of �2 (26). This novel H site
of �1 imparts unique function distinct from that of �2, despite
their similar sequences, impacting BK gating with a different
mechanism. Additionally, our methods developed in this study
may help to further explore how other subunits, such as �3 and
�4, differentially regulate the sensitivity of BK channels to diva-
lent ions.
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12. Brenner, R., Peréz, G. J., Bonev, A. D., Eckman, D. M., Kosek, J. C., Wiler,
S. W., Patterson, A. J., Nelson, M. T., and Aldrich, R. W. (2000) Vasoregu-
lation by the beta1 subunit of the calcium-activated potassium channel.
Nature 407, 870 – 876
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