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Ion transport across cell membranes is essential to cell communication and signaling.
Passive ion transport is mediated by ion channels, membrane proteins that create ion
conducting pores across cell membrane to allow ion flux down electrochemical gradient.
Under physiological conditions, majority of ion channel pores are not constitutively open.
Instead, structural region(s) within these pores breaks the continuity of the aqueous
ion pathway, thereby serves as activation gate(s) to control ions flow in and out. To
achieve spatially and temporally regulated ion flux in cells, many ion channels have
evolved sensors to detect various environmental stimuli or the metabolic states of the cell
and trigger global conformational changes, thereby dynamically operate the opening and
closing of their activation gate. The sensors of ion channels can be broadly categorized as
chemical sensors and physical sensors to respond to chemical (such as neural transmitters,
nucleotides and ions) and physical (such as voltage, mechanical force and temperature)
signals, respectively. With the rapidly growing structural and functional information of
different types of ion channels, it is now critical to understand how ion channel sensors
dynamically control their gates at molecular and atomic level. The voltage and Ca2+
activated BK channels, a K+ channel with an electrical sensor and multiple chemical
sensors, provide a unique model system for us to understand how physical and chemical
energy synergistically operate its activation gate.
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INTRODUCTION
BK channels, also known as MaxiK, Slo1 or KCa1.1 channels,
are one type of calcium-activated potassium channels that have
large single channel conductance of 100–300 pS (Marty, 1981;
Pallotta et al., 1981; Latorre et al., 1982). As a member of the
six transmembrane (TM) voltage-gated potassium (KV) channel
superfamily, the basic functional unit of BK channels is a tetramer
of the pore-forming α-subunits encoded by Slo1 or KCNMA1
gene in human (Figure 1A). The slo1 gene was first identified
by studying a mutation of the Drosophila Slowpoke locus that
specifically abolished a Ca2+-activated K+ current in fly mus-
cles and neurons (Atkinson et al., 1991; Adelman et al., 1992).
BK channel activation can be regulated by membrane voltage
and various intracellular chemical ligands such as Ca2+ (Marty,
1981; Pallotta et al., 1981; Adams et al., 1982; Barrett et al., 1982;
Latorre et al., 1982; Methfessel and Boheim, 1982; Moczydlowski
and Latorre, 1983), Mg2+ (Squire and Petersen, 1987; Zamoyski
et al., 1989; Ferguson, 1991; McLarnon and Sawyer, 1993; Zhang
et al., 1995, 2001; Morales et al., 1996; Wachter and Turnheim,
1996; Bringmann et al., 1997; Shi and Cui, 2001; Shi et al., 2002;
Xia et al., 2002), protons (Schubert et al., 2001; Avdonin et al.,
2003; Brelidze and Magleby, 2004; Hou et al., 2009), heme (Tang
et al., 2003; Horrigan et al., 2005), carbon monoxide (Williams
et al., 2004, 2008; Hou et al., 2008a), ethanol (Jakab et al., 1997;

Dopico et al., 1998; Davies et al., 2003; Liu et al., 2008c; Bukiya
et al., 2014; Davis et al., 2014), and lipid molecules (Braun, 2008;
Vaithianathan et al., 2008; Yuan et al., 2011; Bukiya et al., 2011b;
Dopico et al., 2012; Latorre and Contreras, 2013; Hoshi et al.,
2013b,c,d; Tang et al., 2014) (Figures 1A,B, 3 and Table 1). The
properties of BK channels can be further diversified through
various splicing variants (Tseng-Crank et al., 1994; Navaratnam
et al., 1997; Rosenblatt et al., 1997; Fury et al., 2002), post-
translational modifications (Schubert and Nelson, 2001; Li et al.,
2010), and association with the tissue-specific auxiliary β (Tseng-
Crank et al., 1996; Wallner et al., 1996; Behrens et al., 2000; Orio
et al., 2002) and γ subunits (Yan and Aldrich, 2010, 2012). Owing
to their big conductance, the opening of BK channels allows
rapid efflux of potassium ions, which effectively hyperpolarizes
membrane potential, regulates membrane excitability, intracellu-
lar ion homeostasis, calcium signaling and cell volume. Therefore,
BK channels are important in controlling various physiological
processes, including smooth muscle contraction (Brayden and
Nelson, 1992; Nelson et al., 1995; Tanaka et al., 1998; Perez
et al., 1999; Pluger et al., 2000; Wellman and Nelson, 2003),
hormone secretion (Petersen and Maruyama, 1984; Wang et al.,
1994; Ghatta et al., 2006; Braun et al., 2008), neural excitation
(Adams et al., 1982; Lancaster and Nicoll, 1987; Storm, 1987;
Roberts et al., 1990; Robitaille and Charlton, 1992; Robitaille
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FIGURE 1 | Structural domains of the large-conductance, Ca2+- and

voltage-activated BK channels and their allosteric interactions during

channel gating. (A) A BK channel can be divided into three structure
domains: the pore-gate domain (PGD), the voltage sensor domain (VSD)
and the cytosolic tail domain (CTD). Major elements for voltage and ion
sensing (see text) are illustrated. (B) A homology model of BK channels
based on the CTD structure of the zebra fish BK channel (PDB ID:
3U6N) and the membrane spanning domain of the Kv1.2–Kv2.1 chimera
channel structure (PDB ID: 2R9R) by superimposing to the corresponding
conserved regions of the MthK channel structure (PDB ID: 1LNQ) using
UCSF Chimera software. Different structural domains are shown in colors
as in A. (C) A general allosteric gating mechanism including allosteric
interactions among three structure domains. C and O: closed and open

conformations of PGD, respectively; L: the equilibrium constant for the
C–O transition in the absence of voltage sensor activation and Ca2+
binding; R and A: resting and activated states of VSD; J: the equilibrium
constant for VSD activation; KC : equilibrium constant for ligand binding
to closed channels; D, C, and E: allosteric factors describing the
interaction between PGD-VSD, PGD-CTD, and VSD-CTD, respectively. (D)

Macroscopic ionic current of BK channels in the absence and presence
of 100 μM [Ca2+]i. (E) Increasing [Ca2+]i shifts the conductance-voltage
(G–V ) relation to more negative voltages. (F,G) In the absence of Ca2+,
VSD can move in response to membrane voltage changes. (F) Gating
current traces. Gating currents are generated due to the movement of
the voltage sensor in the electric field across the membrane. (G) The
voltage dependence of gating charge movement, the Q–V relation.

Table 1 | Molecular nature of chemical sensors in BK channels*.

Ligands Effect Binding site(s) References

Ca2+ Activation D367, R514, and E535 (in RCK1) and Ca-bowl: D889, D892, D895,
and D897 (in RCK2)

Schreiber and Salkoff, 1997; Shi et al.,
2002; Xia et al., 2002; Zhang et al., 2010a

Mg2+ Activation D99 and N172 (in VSD) + E374 and E399 (in RCK1) Shi et al., 2002; Xia et al., 2002; Yang
et al., 2008

H+ Activation H365 and H394 (in RCK1) Hou et al., 2008b
Carbon monoxide Activation Potentially through H365, D367, and H394 (in RCK1) Hou et al., 2008a
Ethanol Activation K361 and R514 (in RCK1) Bukiya et al., 2014
Heme Inhibition C612KAC615H616 (between RCK1 and RCK2) Tang et al., 2003
PIP2 Stabilization? K392, R393 (in RCK1) Tang et al., 2014
Omega-3 Activation Y318 (in S6) Hoshi et al., 2013d

*The residue numbers are according to the sequence of the mbr5 clone.

et al., 1993), hearing (Hudspeth and Lewis, 1988b,a; Wu et al.,
1995; Rosenblatt et al., 1997; Fettiplace and Fuchs, 1999), cir-
cadian rhythms (Meredith et al., 2006), and gene expression
(Marty, 1981; Li et al., 2014a). Consistent with their important

physiological roles, BK channels have been discovered involving
in pathogenesis of various diseases such as epilepsy (Du et al.,
2005; N’Gouemo, 2011), cerebellar ataxia (Sausbier et al., 2004),
autism and mental retardation (Laumonnier et al., 2006; Deng
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et al., 2013), stroke (Gribkoff et al., 2001), hypertension (Brenner
et al., 2000), asthma (Seibold et al., 2008), tumor progression
(Weaver et al., 2004; Sontheimer, 2008), obesity (Jiao et al., 2011),
hypoxia and ischemia (Kumar, 2007; Tano and Gollasch, 2014).
With the collective efforts of the BK channel field, the understand-
ing of molecular mechanisms of BK channel function has been
greatly advanced over the past three decades. This review summa-
rizes the recent structure-function understanding of the sensors
and the activation gate of BK channels, their allosteric coupling,
and implications of their assembly in 3-dimension. The readers
may refer to other excellent reviews with regard to BK channel
structure-function, physiology and regulations (Toro et al., 1998;
Magleby, 2003; Cox, 2006; Latorre and Brauchi, 2006; Salkoff
et al., 2006; Cui et al., 2009; Latorre et al., 2010; Lee and Cui,
2010; Horrigan, 2012; Rothberg, 2012; Singh et al., 2012b; Hoshi
et al., 2013a; Yang and Cui, 2015) and reviews in this special topics
series.

BK CHANNEL STRUCTURE FOLLOWS A MODULAR DESIGN
A functional BK channel is comprised of four Slo1 subunits. Each
Slo1 subunit has three main structural domains with distinct
functions (Figure 1A). The pore-gate domain (PGD) opens and
closes to control ion selectivity and K+ permeation; the voltage
sensor domain (VSD) senses membrane potential changes; and
the large cytosolic tail domain (CTD) that occupies two third of
Slo1 sequence forms a gating-ring and serves as the chemical sen-
sor to detect intracellular Ca2+ ions and various other ligands
(Figures 1B, 3 and Table 1). Two sensory domains, the VSD and
the CTD, covalently attach to the N- and C-terminus of the PGD,
respectively. The basic function of these sensory domains is to
transduce electric or chemical energy to mechanical forces on the
PGD to toggle its conformation between closed and open states
to control K+ flux (Figure 1C).

The three distinct structural domains in BK channels can work
as functionally independent modules and their homologs are
widely expressed in various organisms. The PGD of BK channel is
homologous to the PGDs of numerous prokaryotic and eukary-
otic 2-TM and 6-TM K+ channels, while the BK channel VSD
follows similar design as the VSDs of voltage-gated cation chan-
nels (Long et al., 2005b,a, 2007; Payandeh et al., 2011), proton
channels (Ramsey et al., 2006; Sasaki et al., 2006; Takeshita et al.,
2014) and voltage sensitive phosphatase (VSPs) (Murata et al.,
2005; Li et al., 2014b). Homologs of BK CTD have been found
in the cytosolic domains of the bacterial K+ channel complex
(Cao et al., 2013), prokaryotic ligand-gated K+ channels (Jiang
et al., 2002a,b), as well as of the CTDs of Na+- and Cl−- acti-
vated Slo2 and pH-regulated Slo3 K+ channels (Schreiber et al.,
1998; Yuan et al., 2003, 2010; Salkoff et al., 2006). Based on the
sequence homology, it seems plausible that multiple lateral gene
transfer and gene fusion events might have occurred during the
evolution of BK channels to link all three individual modules to
form a multi-functional ion channel. Consistent with this possi-
bility, a recent study elegantly demonstrated that a truncated BK
channel without the entire CTD specifically eliminates its capa-
bility to sense intracellular ligands; but the voltage sensing and
K+ permeation are largely intact (Budelli et al., 2013). On the
other hand, a prokaryotic MthK channel that is comprised of a

PGD and a similar cytosolic gating-ring structure but lacks VSD
is activated by intracellular Ca2+ (Jiang et al., 2002a,b).

The three distinct structural domains interact with one other
and dynamically regulate channel gating, making BK channels
an exemplar model system to study principles of sensor-gate
coupling in ion channel function. Under physiological condi-
tions, Ca2+ and depolarization work on the CTD and the VSD,
respectively. The free energy derived from these two separate sen-
sory modules activates the PGD of BK channels. The structure-
function relationships of each individual module and the current
understanding of their couplings are described below.

THE VOLTAGE SENSOR DOMAIN SERVES AS THE ELECTRIC
SENSOR OF BK CHANNELS
Membrane depolarization alone is sufficient to activate BK chan-
nels as evidenced by the voltage-dependent macroscopic ionic
current and the fast gating current that proceeds the ionic
current in the absence of Ca2+ (Figures 1D–G). The voltage-
dependence is mainly derived from voltage sensing residues in
their intrinsic voltage sensor domain (VSD), which transverse
membrane electrical field resulting in the measurable gating cur-
rent (Figures 1F,G). The VSD of BK channels resembles a similar
design to the VSDs of other voltage sensitive transmembrane pro-
teins that include four transmembrane helices S1–S4. Unique to
BK channel VSD, an additional transmembrane helix S0 (Meera
et al., 1997) had been evolutionarily fused to its N-terminus
through a long (∼70 amino acids) intracellular loop (the S0–S1
linker), rendering the N-terminus of Slo1 peptide to the extra-
cellular side (Figure 1A). Biochemical and electrophysiological
evidence suggests that the extracellular end of S0 is located in close
proximity of S3 and S4 (Liu et al., 2008a,b; Wang and Sigworth,
2009) and contributes to the folding and function of BK chan-
nel VSD (Meera et al., 1997; Koval et al., 2007; Pantazis et al.,
2010b).

The VSD of BK channels exhibits three major functional differ-
ences from the VSDs of other Kv channels. First, BK channel VSD
carries much less voltage-sensing charges (gating charge) than Kv
channel VSDs (Stefani et al., 1997; Horrigan and Aldrich, 1999;
Ma et al., 2006). The canonical Shaker K+ channel has ∼12–
13e effective gating charges (Zagotta et al., 1994; Aggarwal and
MacKinnon, 1996; Seoh et al., 1996), whereas each VSD of a BK
channel only carries 0.6e gating charge or 2.4e charges per chan-
nel. The smaller number of gating charges indicates that more
membrane depolarization is needed to move the VSD of BK chan-
nels into the fully activated state, as evidenced by the shallower
slope of the gating charge-voltage (Q–V) relationship in gating
current measurement (Figure 1G) and the conductance-voltage
(G–V) relationship in ionic current measurement (Figure 1E).
This weaker voltage sensitivity is critical to the physiological role
of BK channels because it enables BK channels to operate in a
wide range of membrane potentials to fine-tune channel activa-
tion, and in turn the membrane voltage. Second, only one out
of three Arginine residues in BK channel S4 contributes to gat-
ing charge. Mutations of the other two Arginine residues, R207 or
R210, do not affect the total gating charge, while voltage-sensing
R213 merely contributes 0.3e to each VSD (Ma et al., 2006). This
is drastically different from the S4 of Kv channels, in which each
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of the first four Arginine (R1-R4) residues accounts for about
1e gating charge (Aggarwal and MacKinnon, 1996; Gandhi and
Isacoff, 2002; Bezanilla, 2008). Third, the voltage sensing residues
in BK channels are not restricted to S4. It has been well estab-
lished that the R1-R4 residues in S4 serve as the primary voltage
sensor of Kv channels and account for nearly all their gating
charge (Aggarwal and MacKinnon, 1996). Nevertheless, BK chan-
nel S4 only contributes about half of total gating charge (Ma et al.,
2006). In addition, E219, an acidic residue at the C-terminus of
S4, was suggested to sense voltage (Zhang et al., 2014), bring-
ing the contribution of S4 to total gating charge even lower. The
other voltage sensing residues, D153 and R167 in S2 and D186
in S3 (Figure 1A), collectively contribute at least 50% of gating
charge of BK channels. Interestingly, the corresponding residues
in the Shaker K+ channel have minimal contribution to its gating
charge (Seoh et al., 1996). Instead, the acidic residues correspond-
ing to D153 and D186 in Kv channels have been shown to form
a network of electrostatic interaction with arginine residues in
S4 at either the resting or active state, thereby controlling the
conformational stability of the VSD (Seoh et al., 1996; Tiwari-
Woodruff et al., 1997; Silverman et al., 2003; Long et al., 2005a).
On the other hand, E293, the only major voltage sensing residue
in Shaker S2, corresponds to an uncharged residue in the BK
channel (Y163) (Seoh et al., 1996). Even replacing Y163 with
a glutamate residue did not enhance the voltage sensing of BK
channels (Ma et al., 2006). The decentralized distribution of gat-
ing charges and small contribution of each voltage sensing residue
to BK channel activation thus suggest that the VSD movement in
BK channels during channel gating may differ from that in Kv
channels (Ma et al., 2006). Consistent with this scenario, recent
voltage clamp fluorometry studies demonstrated that the trans-
membrane helices in BK channel VSD undergo complex relative
motions during voltage-dependent activation. Upon depolariza-
tion, S2 approaches S1, while S4 diverges from S0, S1, and S2
(Pantazis et al., 2010b; Pantazis and Olcese, 2012). The rela-
tive movements of the voltage sensing S2 and S4 segments in
the membrane electrical field result in reciprocal and coopera-
tive interactions between these two transmembrane segments as
evidenced by the fact that the neutralization of voltage-sensing
residues in one segment impairs the voltage-dependent motions
of the other (Pantazis et al., 2010a). This cooperativity between
S2 and S4 may derive from mechanical coupling between the
two segments. Alternatively or additionally, this cooperativity
may be mediated by the rearrangements of the aqueous crevices
within the VSD, which can change the dynamic focusing of the
membrane electric field.

THE CYTOSOLIC TAIL DOMAIN SERVES AS THE CHEMICAL
SENSOR OF BK CHANNELS
STRUCTURES OF THE CYTOSOLIC TAIL DOMAIN (CTD)
The CTD of BK channel contains multiple ligand binding sites
(Figure 3), serving as the primary chemical sensor to respond to
changes of Ca2+ and other intracellular ligands. The main struc-
tural components of a CTD are two regulators of K+ conductance
(RCK) domains (RCK1 and RCK2) that are connected by a ∼100-
amino acid linker (Figure 1A). Evolutionarily conserved in the
CTDs of some eukaryotic and many prokaryotic ligand-gated K+

channels, as well as many prokaryotic K+ transport systems, RCK
domains regulate K+ transport in response to intracellular ligand
binding (Jiang et al., 2001, 2002a; Kuo et al., 2005; Loukin et al.,
2005; Albright et al., 2006; Fodor and Aldrich, 2006). Recently,
three crystal structures of eukaryotic BK CTD (PDB ID: 3MT5,
3U6N and 3NAF) were solved (Wu et al., 2010; Yuan et al., 2010).
These structures provide the molecular basis for further under-
standing of how BK channel CTD regulate channel gating upon
ligand binding.

The overall architecture and some key structural features are
conserved between BK channel CTD and its prokaryotic coun-
terparts. Four CTDs or eight RCK domains from a tetrameric
BK channel stack together and form a large gating ring structure
that covalently connects to the C-terminus of the PGD through
four ∼20-amino acid C-linker (Figure 1A). Nevertheless, BK
channel gating ring structures exhibit unique features. Different
from the prokaryotic MthK channel whose CTD contains two
separate identical RCK domains (Jiang et al., 2002a), the BK
CTD contains the tandem non-identical RCK1-RCK2 domains
and assembles into a more expanded gating ring structure. Each
RCK domain can be further divided into three subdomains:
the Rossmann-fold subdomain (βA–βF) forms central core of
the gating ring; the intermediate helix-crossover (αF-turn-αG)
interlocks RCK1 and RCK2 domains within the same subunit;
and the C-terminal subdomain (αH–C-terminus) stays in the
periphery and helps to hold the integrity of the gating ring struc-
ture. Extensive inter-RCK interactions at the helix crossover and
C-terminal subdomain result in a more extensive “flexible inter-
face” within the same subunit; while the “assembly interface”
is mainly restricted to the Rossmann-fold subdomains between
neighboring subunits. Under physiological conditions, Ca2+ is
the major BK channel regulator that binds to the CTD. CTD
also interacts with VSD via intracellular Mg2+ to activate the
channel. Other ligands such as protons, heme, phosphatidylinos-
itol 4,5-bisphosphate (PIP2) and ethanol also bind to the CTD
and regulate BK channel activation. Based on the functional and
structural information of the CTD, here we review the current
molecular understanding of Ca2+ and Mg2+-dependent activa-
tion and also briefly summarize the action of other physiological
ligands.

CA2+ SENSORS AND THEIR ACTION
Intracellular Ca2+ binds to the CTD of BK channels to increase
channel opening, typically in the range of 100 nM to 300 μM
(Figures 1D,E). Electrophysiological and mutagenesis experi-
ments have identified two Ca2+ high affinity binding sites for each
Slo1 subunits (Figures 2A,B): one is located in the C-terminus
of RCK2 domain, containing a string of Asp residues known as
the “Ca2+ bowl” (Schreiber and Salkoff, 1997), and the other is
located in RCK1 domain presumably including the side-chain
carboxylates of D367 and E535, as well as the main-chain car-
bonyl of R514 (Shi et al., 2002; Xia et al., 2002; Zhang et al.,
2010b) (Figures 1A,B).

In the recent crystal structures of the human and zebra fish
BK channel CTD domains (Wu et al., 2010; Yuan et al., 2010),
the Ca2+ bowl binding site was mapped to a short consecu-
tive peptide containing an EF-hand-like motif at the “assembly
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FIGURE 2 | Ca2+ and Mg2+-dependent activation of BK channels. (A) The
putative Ca2+ binding pocket in the RCK1 site (PDB ID: 3NAF). (B) The Ca2+
binding pocket in the Ca2+ bowl site (PDB ID: 3U6N). (C) Ca2+ binding
changes the conformation of the cytosolic tail domain (CTD), which pulls the
C-linker to open the activation gate of BK channels. The Ca2+-free (3NAF) and
Ca2+ bound to the Ca2+ bowl (3U6N) CTD structures are shown in the left and
right panels, respectively. One of the most dramatic Ca2+-induced
conformational changes happens in the AC region (βA–αC, orange). The rest of

the RCK1 domain is shown in blue and the RCK2 domain is shown in green.
The bound Ca2+ in the Ca2+ bowl is shown as red dot in the right panel. (D)

The low affinity Mg2+ binding site is composed of D99 and N172 in the voltage
sensory domain (VSD) and E374 and E399 in the CTD. Magenta and cyan of
these residues illustrate that D99/N172 and E374/E399 are from neighboring
Slo1 subunit. (E) Mg2+ binds to the interface of the VSD and the CTD to
activate BK channels through electrostatic interaction with the voltage sensor.
The red + sign in S4 represents the major voltage sensing residue R213.

interface” between two neighboring subunits. Within the Ca2+
bowl, the side chain carboxylate groups of D895 and D897 and
the main chain carbonyl groups of D889 and D892 provide direct
coordinates to the bound Ca2+ ion (Figure 2B), consistent with
previous mutagenesis and biochemistry experiments (Bian et al.,
2001; Braun and Sy, 2001; Bao et al., 2002, 2004). The side chain
of D894 does not directly contact with Ca2+. Instead, it forms
salt bridges with R1018 and K1030, presumably helping to stabi-
lize the conformation of the Ca2+ bowl. D896, on the other hand,
does not contact with other parts of the protein or Ca2+, and is
thereby not important for Ca2+ binding.

Compared to the Ca2+ bowl site, the high affinity Ca2+ bind-
ing site in RCK1 domain was less well defined by the recent BK
channel CTD structures. No diffraction of Ca2+ ion was resolved
within the putative high affinity Ca2+ binding pocket in the
RCK1 domain even when 10 or 50 mM Ca2+ was present during
the crystallization procedures (Yuan et al., 2010). Nevertheless,
the key residues (D367, E535, and R514) that have been shown
to be important for Ca2+ sensing by functional studies (Shi
et al., 2002; Xia et al., 2002; Zhang et al., 2010b) stay in close
proximity in these structures, giving insights on the molecular
details of this putative high affinity Ca2+ binding site (Figure 2A).
Other residues implicated by mutational studies as being impor-
tant for Ca2+ dependent activation, such as M513 (Bao et al.,
2002) and D362 (Xia et al., 2002) do not seem to be part of
the putative Ca2+ binding pocket as they are either chemically
unfavorable (M513) or spatially far away from the binding site

(D362) (Zhang et al., 2010a). It is likely that these resides indi-
rectly contribute to Ca2+ binding by stabilizing the RCK1 Ca2+
site. Does the absence of Ca2+ at the RCK1 site in these struc-
tures represent artifacts during crystallization or result from the
potential distortions of the Ca2+ site due to the absence of the
entire transmembrane spanning domain that intimately interacts
with the RCK1 domain (see discussion in later sections)? Further
structural endeavors are thus needed to address this intriguing
question.

Structural and functional studies suggest that the RCK1 Ca2+
site and Ca2+ bowl are not identical in terms of ion bind-
ing and the subsequent allosteric activation mechanism. These
two sites are located, ∼25Å apart, near the periphery of the
gating ring (Figure 1B) with the Ca2+ bowl at the assembly
interface between neighboring subunits and the RCK1 site in
the N-lobe of the RCK1 domain (Wu et al., 2010; Yuan et al.,
2010). Although both sites face toward the plasma membrane,
the RCK1 site stays closer, and thus may exert more influence on
the transmembrane domain including the VSD of BK channels
(Figure 1B). Consistent with this scenario, voltage dependence
was only observed in the binding of Ca2+ to the RCK1 site but
not to the Ca2+ bowl (Sweet and Cox, 2008). The same study
also discovered that the Ca2+ sensors exhibit different apparent
Ca2+ binding affinity with the Ca2+ bowl showing higher Ca2+
affinity than the RCK1 site at −80 mV. Indeed, these two sites
may adopt different cation coordination chemistry as evidence by
their different selectivity toward various divalent cations (Zeng
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et al., 2005). The Ca2+ bowl specifically binds Ba2+, while the
RCK1 site only senses Cd2+, though both sites can bind Ca2+ and
Sr2+. Moreover, the two Ca2+ sites also exert different effects on
channel kinetics (Zeng et al., 2005). The Ca2+ bowl mainly accel-
erates activation kinetics at low Ca2+ concentrations, while the
RCK1 site influences both activation and deactivation kinetics.
Considering the fact that these two Ca2+ sensors contribute about
equally and independently to Ca2+ activation (Bao et al., 2002;
Xia et al., 2002) with small cooperativity in activating the channel
(Qian et al., 2006; Sweet and Cox, 2008), it is reasonable to assume
that they operate the activation gate through different allosteric
pathways. Interestingly, D369G, the human hereditary mutation
associated with generalized epilepsy and paroxysmal dyskinesia
(GEPD) (Du et al., 2005), enhances BK channel Ca2+ sensitivity
specifically through the RCK1 site but not the Ca2+ bowl (Yang
et al., 2010). The enhancing effect of the mutation was lost when
the RCK1 site was destroyed, but still remained intact when the
Ca2+ bowl site was mutated (Yang et al., 2010). Although only
two amino acids away from D367 in the RCK1 site, D369G seems
not directly affect Ca2+ binding to the RCK1 site. Instead, this
mutation increases Ca2+ sensitivity at low Ca2+ concentrations
by enhancing the rigidity of the N-terminal AC region (βA–αC) of
the RCK1 domain (Figure 2C), a critical regulatory gating region
(Krishnamoorthy et al., 2005) that couples the CTD, VSD and
PGD of BK channels and exhibits most dramatic conformational
changes when comparing the Ca2+-free and Ca2+-bound CTD
structures (Wu et al., 2010; Yang et al., 2010; Yuan et al., 2010).
With the new CTD structures, it is promising to unveil the molec-
ular mechanism of these Ca2+-induced activation pathways and
their potential interactions in the near future.

MG2+ SENSOR AND ITS ACTION
Under physiological conditions, millimolar intracellular Mg2+
can activate BK channels by shifting activation voltage to more
negative ranges (Golowasch et al., 1986; Oberhauser et al.,
1988). The low affinity (in millimolar range) Mg2+-dependent
activation is independent from the high affinity (in micromo-
lar range) Ca2+-dependent activation as the Mg2+ sensitivity
remains unaltered at both zero and saturating Ca2+ concentra-
tions (100 μM) (Shi and Cui, 2001). Indeed, Mg2+ activates the
channel by binding to a low affinity divalent cation binding site
distinct from the high affinity Ca2+ bowl and RCK1 binding
sites. Electrophysiological characterization of mutations in the N-
terminus of the RCK1 domain identified two acidic residues, E374
and E399 (Figure 1B), which are critical to Mg2+ sensing and
likely to be part of the putative Mg2+ binding site (Shi et al., 2002;
Xia et al., 2002). A comprehensive screening of all the potential
oxygen-containing residues in the membrane spanning domain
pinpointed D99 and N172 as the other two putative Mg2+ coor-
dinates, which are located in the C-terminus of the long S0–S1
loop and the S2–S3 loop, respectively (Yang et al., 2007, 2008)
(Figure 2D). Functional evidence suggests that D99 and N172 in
the VSD are spatially close to E374/E399 in the RCK1 domain,
thereby forming an inter-domain Mg2+ binding site at the inter-
face between the VSD and the CTD (Yang et al., 2008, 2013).
In the recent BK channel CTD structures (Wu et al., 2010; Yuan
et al., 2010), E374 and E399 are located at the top plateau of the

CTD with their carboxylate containing side chains pointing to the
membrane, providing further support to the functional findings
(Figure 1B).

Distinct from the Ca2+-dependent activation that is largely
independent of the BK VSD (Horrigan and Aldrich, 2002), Mg2+
actually activates the channel through an electrostatic interac-
tion with the VSD (Yang et al., 2007; Horrigan and Ma, 2008)
(Figure 2E). Two lines of evidence indicate the involvement of
the VSD in Mg2+-dependent activation. First, millimolar Mg2+
has no measurable effect on channel activation at negative volt-
ages when voltage sensors are in the resting state (Yang et al.,
2007; Horrigan and Ma, 2008); in contrast, 70 μM [Ca2+]i can
increase the open probability >2000-fold under similar voltages
(Horrigan and Aldrich, 2002; Yang et al., 2010). This suggests
that Mg2+ activates the channel only when the VSD stays in
the activated state (Chen et al., 2011). Second, neutralization of
R213, the most important voltage-sensing residue in S4, specif-
ically eliminated Mg2+ sensitivity, but had no effect on Ca2+
sensing (Hu et al., 2003). A study further demonstrated that an
electrostatic repulsion between R213 and the bound Mg2+ at the
interface of the VSD and CTD is responsible for the activation
effect of Mg2+ (Yang et al., 2007). This electrostatic interaction
can stabilize the VSD in the activated state and alter the VSD-
pore coupling (Horrigan and Ma, 2008), thereby facilitating BK
channel opening.

OTHER LIGAND SENSORS AND THEIR ACTIONS
In addition to Ca2+ and Mg2+, other intracellular ligands can
also bind to the CTD domain and regulate BK channel activa-
tion (Figure 3 and Table 1). In the absence of Ca2+, intracellular
protons have been found to be able to activate BK channels
presumably by protonating the side chains of H365 and H394
(Avdonin et al., 2003; Hou et al., 2008b). As H365 is located near
the RCK1 Ca2+ binding site, it is likely that its protonated imida-
zole side chains electrostatically interact with the nearby putative
Ca2+ sensor D367 to facilitate Ca2+ binding. On the other hand,
H394, a residue that stays further away from the RCK1 Ca2+ site,
may indirectly affect Ca2+ binding and thus plays a less important
role on proton sensing (Hou et al., 2008b). Interestingly, carbon
monoxide (CO) also stimulates BK channels using the same sen-
sors (Hou et al., 2008a). Mutations of H365, H394, or D367, also
eliminate the CO sensitivity. These studies thus suggest that both
CO and H+ enhance channel activation by mimicking the action
of Ca2+ on its RCK1 sensor.

Ethanol can directly activate BK channels in isolated inside-out
membrane patches (Dopico et al., 1998) in the presence of Ca2+
and potentiate Caenorhabditis elegans BK channels in vivo to pro-
duce alcohol intoxication by reducing excitatory neurotransmit-
ter release (Davies et al., 2003). Further study (Liu et al., 2008c)
shows that in the presence of Ca2+, mutations in the Ca2+ bowl
(5D5N) or the Mg2+ binding site (E374A/E399A) fail to elim-
inate ethanol effect while mutations in the RCK1 high-affinity
site (D362A/D367A) abolish ethanol inhibition of current. Based
on crystallographic structure, computational modeling, mutage-
nesis and electrophysiology, a recent study discovered a putative
ethanol recognition site in the CTD including key residues K361
and R514 (Bukiya et al., 2014). When Ca2+ binds to the CTD,
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FIGURE 3 | The cytosolic tail domain (CTD) serves as chemical sensors

for BK channels. The putative binding sites for different ligands are labeled
with colors. RCK1 domain and RCK2 domain are shown in dark gray and
light gray, respectively. PDB ID: 3U6N.

K361 (in the middle of αA helix) likely forms hydrogen bond with
the hydroxyl group of ethanol, while R514 (in the linker between
αG and αH) may help to stabilize the ethanol binding pocket. It
is known that ethanol cannot active BK channels in the absence
of Ca2+. This new study gave structural explanation to this phe-
nomenon. In the absence of Ca2+, the hydrogen bonding between
K361 and ethanol is blocked by a nearby residue M909, and
R514 swings away from the binding pocket. Both factors likely
make the putative binding site inaccessible to ethanol. Consistent
with this scenario, adding bulk side chains to the nearby residues
E354, S357, and N358 also abolishes ethanol action, presum-
ably by blocking ethanol accessibility. Interestingly, R514 is also
involved in Ca2+ sensing (Zhang et al., 2010b). It is therefore
plausible that Ca2+ binding opens up the putative ethanol bind-
ing pocket and the binding of ethanol, in turn, further facilitates
Ca2+-dependent activation by increasing Ca2+ binding and/or by
enhancing the allosteric coupling between Ca2+ binding at the
RCK1 site and channel opening. By screening C. elegans strains
with different predicted missense mutations in the Slo1 chan-
nel from the Million Mutation Project (Thompson et al., 2013),
another mutation, T352I, was found to reduce ethanol-induced
activation (Davis et al., 2014). It was concluded that the T352I
mutation may alter a binding site for ethanol and/or interfere
with ethanol-induced conformational changes that are critical for
behavioral responses to ethanol.

Lipid molecules such as PIP2, cholesterol and omega-3 fatty
acids can also modulate BK channel activities (Braun, 2008;
Vaithianathan et al., 2008; Yuan et al., 2011; Bukiya et al., 2011b;
Dopico et al., 2012; Latorre and Contreras, 2013; Hoshi et al.,
2013b,c,d; Tang et al., 2014). PIP2, a ubiquitous lipid modulator
of numerous ion channels and transporters, enhances Ca2+-
dependent gating of BK channels. Neutralizing the positively
charged residue K392 and R393 in αB greatly reduced the appar-
ent sensitivity to PIP2, suggesting that these two resides might
be part of the putative PIP2 binding site (Tang et al., 2014). The
localization of these residues on the top surface of RCK1 domain

is consistent with this hypothesis, which potentially allows elec-
trostatic interactions between the positively charged residues and
the negatively charged PIP2 head group in the inner leaflet of the
plasma membrane (Figure 3). Interestingly, the PIP2 effect was
only apparent when potent PIP2 depleting reagents were applied,
suggesting that PIP2 might tightly bind to BK channels and/or
the intimate interactions between the CTD and the membrane
spanning domain of BK channels create a physical barrier to limit
the free diffusion of this highly charged lipid species. Different
from PIP2, Omega-3 fatty acids were recently discovered to act
on BK channels through Y318 at the C-terminus of S6 segment
(Hoshi et al., 2013d). These lipids potentiate BK current in the
presence of auxiliary β1 subunit and lower blood pressure in
mice (Hoshi et al., 2013c), thereby providing a molecular mech-
anism to explain potential health benefits of omega-3 fatty acids
on regulating blood pressure. In contrast, cholesterol inhibits BK
channel activity (Bolotina et al., 1989; Bregestovski and Bolotina,
1989; Dopico et al., 2012). Cholesterol either works directly on BK
channel complexes and/or alters BK channel activity indirectly by
modulating membrane lipids or lipid-channel interfaces (Bukiya
et al., 2011a,b; Dopico et al., 2012; Singh et al., 2012a).

Heme inhibits BK channel activity by binding to the CTD
with high affinity (IC50 =∼70 nM) (Tang et al., 2003; Horrigan
et al., 2005). Bioinformatics predication and the subsequent func-
tional characterization identified the sequence “CKACH” in the
N-terminus of the RCK1-RCK2 linker to be responsible for heme
binding (Tang et al., 2003). A comprehensive analysis of heme
effects using the HA allosteric model (Horrigan and Aldrich,
2002) suggested that heme exerts its apparent inhibitory effect by
increasing open probability (Po) at negative voltages and reducing
Po at more positive voltages (Horrigan et al., 2005). The binding
of heme to the RCK1-RCK2 linker segment that is located at the
periphery of the CTD domain (Figure 3) may impede the gating
ring conformational changes and the CTD-VSD interaction that
normally accompanies the activation of BK channels.

It is worth noting that, except for the Ca2+ bowl in the RCK2
domain, all the known chemical sensors are located on or close to
the top surface of the RCK1 domain that faces the membrane or
the membrane-spanning domain of the channel (Figure 3). Since
these sites are sensors of cytoplasmic ligands, they are exposed
to aqueous solution. It is interesting that all the “activating” sen-
sors in the RCK1 domain are clustered at the center of the gating
ring, while the “inhibiting” heme sensor is located at the periph-
ery. Does this design reflect a coincidence or an evolutionary
advantage in regulating BK channel activation? How do these sen-
sors interact with each other? Do they have any cooperativity?
Answers to these questions will further our understanding of the
mechanisms of BK channel activation.

THE PORE-GATE DOMAIN CONTROLS K+ PERMEATION OF
BK CHANNELS
Free energies provided by membrane voltage and intracellular lig-
and binding ultimately alters the PGD to open to K+ flux across
the membrane. The PGD domain, comprising S5–S6 segments,
forms the center of a BK channel, where the ion selection and per-
meation occur. Like most of other K+ channels, a short peptide
including the signature “GYG” sequence from four Slo1 subunits
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form the ion selectivity filter of a BK channel, which separates the
external and internal aqueous solution and selectively permits K+
ions to go through (Doyle et al., 1998). Four S6 helices (equivalent
to the inner helix in 2-TM K+ channels) from each of Slo1 sub-
unit form the central ion pathway. Despite these similarities, BK
channels exhibit a number of functional and structural features
that distinguish them from other Kv channels.

First, BK channels have the largest unitary conductance of all
K+ channels. Its large conductance is partly derived from two
clusters of acidic residues that are located at the intracellular and
extracellular entrances of the K+ permeation pathway. D261 in
the extracellular entrance contribute to ∼18% of BK channel uni-
tary conductance for the inward K+ current (Carvacho et al.,
2008), while E321 and E324, which are located in the cytosolic
end of the S6 segment, form a ring of 8 negative charges and
contribute up to 50% of BK unitary conductance for the out-
ward K+ current (Brelidze et al., 2003; Nimigean et al., 2003).
These clusters of negative charges thus serve as electrostatic traps
to attract and concentrate local K+ concentration to enhance BK
unitary conductance (Brelidze et al., 2003; Nimigean et al., 2003;
Carvacho et al., 2008). Nevertheless, these negative charges at the
extracellular and intracellular entrances of K+ permeation path-
way only account for part of the large single channel conductance
of BK channels. Other structural features specific to BK channels,
including the larger negative electrostatic potential inside the pore
and the wider entrance to the inner vestibule, may also contribute
to BK channels’ large conductance (discussed below) (Nimigean
et al., 2003; Li and Aldrich, 2004; Brelidze and Magleby, 2005;
Carvacho et al., 2008; Geng et al., 2011).

Second, BK channels have a much larger inner vestibule with
a wide cytosolic entrance compared to most of K+ channels.
Chemicals with various sizes and properties were used to probe
the size of the central cavity and its cytosolic entrance (Li and
Aldrich, 2004; Brelidze and Magleby, 2005; Wilkens and Aldrich,
2006). Smaller size quaternary ammoniums (QA) such as tetra-
butylammonium (TBA) can have relatively free access to the inner
vestibule independent of the states the activation gate. These QAs
show much faster blocking and unblocking kinetics in BK chan-
nels than in other Kv channels, indicating BK channels have an
enlarged inner vestibule and broader cytosolic entrance (Li and
Aldrich, 2004; Wilkens and Aldrich, 2006). Based on the changes
of the K+ diffusion rate from bulk intracellular solution to the
central cavity due to interference by sucrose, the cytosolic mouth
of BK channel pore when open was estimated to be twice (∼16–
20Å) as large as that of the Shaker K+ channel (Brelidze and
Magleby, 2005). Consistent with this estimation, recent cysteine
substitution and modification studies of S6 with different MTS
reagents showed that modification can occur even when the chan-
nel is in closed states (Geng et al., 2011; Zhou et al., 2011).
The cytosolic opening of the central cavity at the level of the C-
terminus of S6 (around E321 and E324) is at least 13–18 Å in
diameter, which allows MTS reagents to go through and mod-
ify the cysteine residues inside the central cavity (Zhou et al.,
2011) or the cysteine residues at the cytosolic entrance to alter
outward single channel conductance (Geng et al., 2011). All these
results suggest that BK channel S6 lacks the cytosolic activation
gate around the “bundle crossing” in canonical K+ channels,

where the hydrophobic residues at the C-terminus of the four
inner helices form a tight seal to restrict K+ ion flux when these
channels are closed (Hille et al., 1999). Instead, the activation
gate of BK channels is likely near or within the selectivity filter,
a design that is also observed in other ligand-gated ion chan-
nels such as CNG (cyclic nucleotide-gated) channels (Flynn and
Zagotta, 2001) and SK (small conductance, Ca2+-activated K+)
channels (Bruening-Wright et al., 2007). The interaction between
permeating thallium ion (Tl+) and the selectivity filter altering
BK channel activation further supports this scenario (Piskorowski
and Aldrich, 2006).

Third, the orientation of the pore-lining residues in BK chan-
nels is different from those of Kv channels. Cysteine substitution
and modification studies of the BK S6 demonstrated that A313,
A316, and S317 are facing to the inner pore, while the cor-
responding residues in Shaker K+ channels tend to face away
from the aqueous environment (Zhou et al., 2011). Therefore,
a relative rotation of the S6 has to occur to account for this
experimental observation. One possible cause of this rotation may
derive from the two consecutive glycine residues (G310 and G311)
in BK channel S6 (Figure 4A). An additional glycine residue
(G310) may make S6 more flexible around the highly conserved
“Glycine hinge” region in Kv channels, thereby rearranging the
orientations of the residues downstream of this di-glycine hinge.

The forth unique feature of the BK PGD is that the move-
ment of the pore-lining S6 helix of BK channels is different from
that of canonical K+ channels. Although BK channel pore has
an enlarged intracellular entrance, state-dependent blockade by
a synthetic Shaker ball peptide (ShBP) suggests that the S6 seg-
ment corresponding to this entrance indeed moves during gating
to restrict the entry of bulky ShBP but not smaller K+ and QA
ions (Li and Aldrich, 2006). Structural and functional studies of
K+ channels suggest that the highly conserved glycine hinge in the
middle (Jiang et al., 2002b) and/or the Pro-Val-Pro (PVP motif)
at the C-terminus of the pore-lining S6 helix (Webster et al., 2004)
are two critical pivot points for the movement of the activation
gate. Ala mutations of the double glycine resides (Magidovich and
Yifrach, 2004) significantly hinders channel activation, suggest-
ing that the flexibility around the di-Gly hinge is critical for BK
channel gating. Indeed, the recent mutagenesis, cysteine modifi-
cation, histidine protonation and pharmacological studies of BK
channels show that multiple pore residues (L312, A313, M314,
and A316) downstream of the di-glycine hinge reorient their side
chains during channel gating (Chen et al., 2014). Remarkably,
charged or polar side-chain substitutions at each of the sites
resulted in constitutively opened mutant channels that largely
or completely loss voltage and Ca2+ dependence, presumably by
exposing the hydrophilic side chains to the aqueous environment
of the pore to reduce their side-chain solvation energy. Based on
the fact that multiple pore residues in BK displayed side-chain
hydrophilicity-dependent constitutive openness, it is proposed
that BK channel opening involves structural rearrangement of the
deep-pore region.

ASSEMBLY OF THE BK CHANNEL MODULAR DOMAINS
Increasing structural and functional information is available
on the individual PGD, VSD, and CTD and their intimate
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FIGURE 4 | Assembly of the BK channel structural domains. (A) Sequence
alignment of the inner helices and the C-linkers of different K+ channels.
Residues that can increase peptide flexibility and alter α helix orientation (i.e.,
Glycine and Proline) are highlighted in yellow. (B) The C-termini of inner helix
and the C-linkers of different K+ channels may point to different directions. The

PGDs of MthK (PDB ID: 1LNQ), Kv1.2 (PDB ID: 2R9R) and GsuK (PDB ID: 4GX5)
channels are superimposed at the selectivity filter by using UCSF Chimera. (C)

The relative assembly of the VSD and the CTD in BK channels might be
different from the homology model shown in Figure 1B with a relative ∼90◦
angular rotation about the central axis between the PGD and CTD.

interactions. However, how these domains spatially assemble to
form a quaternary structure of a functional tetrameric BK chan-
nel is still unclear largely owing to the lack of a full-length
atomic structure. Thus, the most widely used method to address
this problem is to construct a BK channel structure through
homology modeling (Figure 1B). With the crystal structures of
Kv1.2–Kv2.1 chimera channel (Long et al., 2007) and the BK CTD
(Wu et al., 2010; Yuan et al., 2010), a homology model of BK
channels can be built using the MthK structure, which contains a
homologous PGD and CTD, as a template (Jiang et al., 2002a,b).
A VSD structure was included in the BK channel model by super-
imposing the PGDs of the Kv1.2–Kv2.1 chimera channel and the
MthK channel; while the gating ring of MthK was replaced by
the BK channel CTD structure. Despite the fact that the VSD
lacks S0 and the long S0–S1 linker, the overall structure of this
homology model is consistent with most of functional findings
in BK channels. According to this model, the membrane span-
ning domain and the CTD gating ring are closely packed to each
other with the VSD residing on the top surface of RCK1 domain
along the four-fold (central) axis. The close proximity of the CTD
to the membrane spanning domain is consistent with the follow-
ing evidence. First, the CTD and the membrane spanning domain
were tightly packed to each other in a cryo-electron microscopy
structure of the full-length BK channel (Wang and Sigworth,
2009). Second, the top plateau of the RCK1 domain, especially
αB helix might move toward the membrane-spanning domain
along the central axis when compared the Ca2+-bound CTD
structure (3U6N) with the Ca2+-free CTD structure (3NAF) (Wu
et al., 2010; Yuan et al., 2012) (Figure 2C). Third, four residues
from the VSD and the CTD are in close proximity and form an
inter-domain Mg2+ binding site (Yang et al., 2008) (Figure 2D).
Fourth, Mg2+ or the charges around the Mg2+ binding site in the
CTD can electrostatically interact with R213 in S4 of VSD (Hu

et al., 2003) (Figure 2E). Fifth, introducing charges to N172 in the
VSD and E399 in the CTD creates electrostatic interactions that
affect the voltage- and Ca2+-dependent activation of BK chan-
nels (Yang et al., 2013). Last but not least, K392 and R393 on the
top surface of the CTD can electrostatically interact with nega-
tively charged PIP2 molecules on the inner leaflet of the plasma
membrane (Tang et al., 2014) (Figure 3).

While the relative longitudinal packing of the VSD and the
CTD along the four-fold central axis in the homology model is
consistent with experimental results, the relative angular posi-
tions about the central axis between the PGD and CTD of
the same subunit are not defined in the BK channel models
(Figure 4C). First of all, the 17-amino acid peptide C-linker
between the PGD and CTD was not resolved in the template
MthK structure (Jiang et al., 2002a,b), leaving some uncertainties
in the assignment of the PGD and the CTD to the same sub-
unit. Secondly, although both MthK and BK channels contain
two glycine residues at the “Glycine hinge” in S6 of the PGD the
localization of the Glycine residues differs between the two chan-
nels (Figure 4A). The C-terminus of S6 in the MthK channel also
lacks a Proline, the helix-breaking residue, compared to BK chan-
nels. In addition, the C-linker between S6 and the CTD of the
BK channel differs from that of the MthK channel in both length
and amino acid sequences. This series of differences suggest that
the CTD angular position relative to the PGD can differ between
MthK and BK channels. Interestingly, recently published crys-
tal structures of a full-length GsuK channel, a RCK-containing,
multi-ligand gated K+ channel from bacteria Geobacter sulfurre-
ducens, show a ∼50 degree of counterclockwise rotation of the
CTD relative to the PGD as compared to the MthK structure
(Kong et al., 2012). The “glycine hinge” residues and the C-
terminal Proline residue in S6 are not conserved between the
GsuK and MthK channels (Figure 4A). In addition, the C-linker
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of the GsuK channel is six amino acids longer than that of the
MthK channel. Containing three proline residues and one glycine
residue, the GsuK C-linker is also flexible as evident in the crystal
structure (Figure 4B). These properties might contribute to this
rotation.

Based on the study of the Mg2+ binding site (Yang et al., 2008),
which is composed of D99/N172 from the VSD and E374/E399
from the CTD (Figure 2D), it was proposed that the VSD of each
subunit is aligned with the CTD from a neighboring subunit. This
alignment requires relative angular positions between the CTD
and PGD differing from the homology model based on MthK
structure (Figure 4C). While individual mutations D99R, N172R,
E374R, and E399C abolished Mg2+ sensitivity of the homote-
trameric BK channels, the heterotetrameric channels resulting
from the co-expression of the BK channel subunits contain-
ing D99R in the VSD and E374R in the CTD, respectively, still
retained partial Mg2+ sensitivity. The retention of Mg2+ sen-
sitivity can only be explained by the BK homology model 2
(Figure 4C), in which D99/N172 in the VSD of one subunit and
E374/E399 in the CTD from the neighboring subunit form an
intersubunit Mg2+ binding site. In this way, one or two out of
four Mg2+ binding sites could remain intact in some of the het-
erotetrameric channels. The experimental results could be nicely
fitted with a binomial distribution of the mixed mutant channels.
On the other hand, the BK homology model based on the MthK
structure predicts that all four Mg2+ binding residues are from
the same Slo1 subunit to form an intrasubunit Mg2+ site. Since
one single mutation is sufficient to eliminate Mg2+ binding, none
of the heterotetrameric channels could retain intact Mg2+ bind-
ing site based on this model. Consistent with this alignment, it is
recently reported (Zhang et al., 2014) that mutation E219R in S4
and E321/E324 in the cytosolic side of S6 of a neighboring sub-
unit engage in electrostatic interactions to alter voltage and Ca2+
dependent activation. These results suggest that the BK channel
S6 may bend at the inner vestibule as compared to the structure
of Kv1.2/Kv2.1 (Figure 4B), directing the downstream CTD to an
angular position shown in the homology model 2 (Figure 4C).
This arrangement may also explain why BK channels have
large openings at the inner vestibule even when the channel is
closed.

ALLOSTERIC COUPLING BETWEEN THE SENSORS AND THE
PORE-GATE
The VSD and CTD in BK channels sense voltage and intracellu-
lar signaling molecules and open the channel gate in the PGD by
electromechanical and chemomechanical couplings between the
PGD and the VSD and CTD, respectively (Figure 1C). Voltage
and Ca2+ activate BK channels mainly by destabilizing the closed
state with small effects on stabilizing the activated state of the
PGD (Geng and Magleby, 2014). Various allosteric models have
been developed to describe Ca2+- and voltage-dependent BK
channel gating based on the analysis of single channel kinet-
ics and macroscopic current (McManus and Magleby, 1991; Cox
et al., 1997; Horrigan et al., 1999; Rothberg and Magleby, 1999,
2000; Cui and Aldrich, 2000; Horrigan and Aldrich, 2002; Shelley
et al., 2010). In a model that integrates both Ca2+ and voltage
dependent activation (Figure 1C) (Horrigan and Aldrich, 2002),

three structural domains, the PGD, VSD and CTD, undergo sep-
arate conformational changes but also allosterically coupled to
each other, reflecting the modular design of BK channels. The
BK channel activation gate can open in the absence of voltage
sensor activation and Ca2+ binding with an intrinsic open prob-
ability of ∼10−7 (Horrigan et al., 1999; Cui and Aldrich, 2000).
On the other hand, voltage sensor activation and Ca2+ bind-
ing can enhance channel opening in a relatively independent
fashion. In the absence of Ca2+ binding, extreme depolariza-
tion (> +110 mV) enhances channel open probability when
the voltage sensor moves from resting state to activated state
(Figures 1D–G) (Cui et al., 1997). Similarly, saturating Ca2+
increases BK channel open probability by four orders of magni-
tude from ∼10−7–10−3 when the voltage sensors are at the resting
state (Horrigan and Aldrich, 2002; Yang et al., 2010), indicating a
strong interaction between Ca2+ binding and channel opening.
A weak interaction between voltage sensor activation and Ca2+
binding also exists (Horrigan and Aldrich, 2002; Sweet and Cox,
2008), though the mechanism of this interaction is less clear.

The allosteric coupling between the CTD and the PGD of BK
channels is mainly mediated by the C-linker that covalently con-
nects these two domains (Figure 2C). A comparison between the
CTD crystal structures with and without Ca2+-bound to the Ca2+
bowl suggests that the N-terminal lobe of RCK1 domain under-
goes most dramatic conformational changes upon Ca2+ binding
to the Ca2+ Bowl compared to other regions in the CTD (Wu
et al., 2010; Yuan et al., 2010). The conformational changes are
distinct from the conformation changes of the MthK channel
gating ring, which reduces its height and expands its diameter
upon Ca2+ binding (Jiang et al., 2002a,b). In BK channels, the
N-terminal lobe of RCK1 resides on the top layer of the gating
ring directly facing the membrane and covalently connecting to
the PGD through the C-linker. Upon Ca2+ binding, this lobe
rotates relative to RCK2 domains as a rigid body, resulting in an
expansion of the top layer of the gating ring (from a diameter
of 81–93 Å measured at Cα atoms of the N-terminal residues of
RCK1, K343). Opening like the petals of a flower, this mechan-
ical force will directly pull the C-linker to open the PGD. This
mechanical model is consistent with an early functional study
by the Magleby group, who discovered that the length of the
C-linker is critical to channel activation. Shortening the C-linker
enhances channel activity and lengthening the linkers decreases
channel activity, both in the presence and absence of intracellu-
lar Ca2+ (Niu et al., 2004). Therefore, the C-linker might serve
as a passive spring to control BK channel gating. Interestingly, a
recent functional study demonstrated that BK channel openers,
such as Cym04 and NS1619, activate BK channels by function-
ally interacting with the C-linker, thereby mimicking site-specific
shortening of the C-linker (Gessner et al., 2012).

As discussed above, the free energy of Ca2+ binding to the
Ca2+ bowl and the RCK1 site may propagate via different path-
ways to open the activation gate. As the C-linker provides the only
covalent linkage between the CTD and the PGD, it is conceivable
that these two separate Ca2+-activation pathways may converge
at the C-linker to operate the gate. Nevertheless, the non-covalent
domain-domain interactions among the CTD, VSD and the PGD
may provide additional pathways to differentially mediate Ca2+
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dependent activation originated from the Ca2+ bowl and the
RCK1 site. It is unclear whether the possible modes of the qua-
ternary assembly of BK channels (Figure 4C) have any impact on
the coupling of the Ca2+ sensors to the activation gate. Further
experiments are needed to address this question.

The molecular mechanism of electromechanical coupling
between the VSD and the PGD in BK channels is less well under-
stood compared to other Kv channels. In Kv channels, the S4–S5
linker directly contact with the C-terminus of S6 to transduce the
energy of the VSD movement to gate opening (Lu et al., 2001).
In a recent study, the Arginine mutation of E219 in the lower S4
segment was shown to have an electrostatic interaction with E321
and E324 at the C-terminus of S6 (Zhang et al., 2014), suggest-
ing that BK channels may use the similar mechanism to couple
the VSD to its PGD as Kv channels. Nevertheless, this electro-
static interaction is rather long range compared to the short-range
hydrophobic interactions observed in Kv channels. Given that the
conformation of BK S6 might be different from that of Kv chan-
nels, it is therefore very likely other coupling sites and mechanism
also exist to couple the VSD to the PGD.

Although the coupling between the VSD and CTD is rela-
tively weak (Horrigan and Aldrich, 2002), the interaction between
these two domains does exist and is important in controlling BK
channel activation. A well-understood example is the interactions
among the residues around the Mg2+ binding resides in both the
CTD and VSD that can affect VSD activation and the intrinsic
open probability of the activation gate (Yang et al., 2006, 2007,
2013). Considering the clusters of the ligand binding sites that are
located at the interface between the CTD and VSD (Figure 3), it is
conceivable that more direct interactions between these two sen-
sory modules may exist and mediate their synergy in activating
the PGD.

AUTHOR CONTRIBUTIONS
All authors contributed to the writing, revising, and approval of
the manuscript.

ACKNOWLEDGMENTS
This work was supported by NIH Grants R01-HL70393 (to
Jianmin Cui) and K99NS086916 (to Huanghe Yang).

REFERENCES
Adams, P. R., Constanti, A., Brown, D. A., and Clark, R. B. (1982). Intracellular

Ca2+ activates a fast voltage-sensitive K+ current in vertebrate sympathetic
neurones. Nature 296, 746–749. doi: 10.1038/296746a0

Adelman, J. P., Shen, K. Z., Kavanaugh, M. P., Warren, R. A., Wu, Y. N., Lagrutta,
A., et al. (1992). Calcium-activated potassium channels expressed from cloned
complementary DNAs. Neuron 9, 209–216. doi: 10.1016/0896-6273(92)90160-F

Aggarwal, S. K., and MacKinnon, R. (1996). Contribution of the S4 segment
to gating charge in the Shaker K+ channel. Neuron 16, 1169–1177. doi:
10.1016/S0896-6273(00)80143-9

Albright, R. A., Ibar, J. L., Kim, C. U., Gruner, S. M., and Morais-Cabral, J. H.
(2006). The RCK domain of the KtrAB K+ transporter: multiple conformations
of an octameric ring. Cell 126, 1147–1159. doi: 10.1016/j.cell.2006.08.028

Atkinson, N. S., Robertson, G. A., and Ganetzky, B. (1991). A component of
calcium-activated potassium channels encoded by the Drosophila slo locus.
Science 253, 551–555. doi: 10.1126/science.1857984

Avdonin, V., Tang, X. D., and Hoshi, T. (2003). Stimulatory action of internal
protons on Slo1 BK channels. Biophys. J. 84, 2969–2980. doi: 10.1016/S0006-
3495(03)70023-X

Bao, L., Kaldany, C., Holmstrand, E. C., and Cox, D. H. (2004). Mapping the BKCa
channel’s “Ca2+ bowl”: side-chains essential for Ca2+ sensing. J. Gen. Physiol.
123, 475–489. doi: 10.1085/jgp.200409052

Bao, L., Rapin, A. M., Holmstrand, E. C., and Cox, D. H. (2002). Elimination of the
BK(Ca) channel’s high-affinity Ca(2+) sensitivity. J. Gen. Physiol. 120, 173–189.
doi: 10.1085/jgp.20028627

Barrett, J. N., Magleby, K. L., and Pallotta, B. S. (1982). Properties of single calcium-
activated potassium channels in cultured rat muscle. J. Physiol. 331, 211–230.
doi: 10.1113/jphysiol.1982.sp014370

Behrens, R., Nolting, A., Reimann, F., Schwarz, M., Waldschutz, R., and Pongs, O.
(2000). hKCNMB3 and hKCNMB4, cloning and characterization of two mem-
bers of the large-conductance calcium-activated potassium channel beta sub-
unit family [In Process Citation]. FEBS Lett. 474, 99–106. doi: 10.1016/S0014-
5793(00)01584-2

Bezanilla, F. (2008). Ion channels: from conductance to structure. Neuron 60,
456–468. doi: 10.1016/j.neuron.2008.10.035

Bian, S., Favre, I., and Moczydlowski, E. (2001). Ca2+-binding activity of a
COOH-terminal fragment of the drosophila BK channel involved in Ca2+-
dependent activation. Proc. Natl. Acad. Sci. U.S.A. 98, 4776–4781. doi:
10.1073/pnas.081072398

Bolotina, V., Omelyanenko, V., Heyes, B., Ryan, U., and Bregestovski, P. (1989).
Variations of membrane cholesterol alter the kinetics of Ca2(+)-dependent K+
channels and membrane fluidity in vascular smooth muscle cells. Pflugers Arch.
415, 262–268. doi: 10.1007/BF00370875

Braun, A. P. (2008). BK channels and the expanding role for PIP2-mediated
regulation. Channels (Austin) 2, 229. doi: 10.4161/chan.2.4.6873

Braun, A., and Sy, L. (2001). Contribution of potential EF hand motifs
to the calcium-dependent gating of a mouse brain large conductance,
calcium-sensitive K(+) channel. J. Physiol. 533, 681–695. doi: 10.1111/j.1469-
7793.2001.00681.x

Braun, M., Ramracheya, R., Bengtsson, M., Zhang, Q., Karanauskaite, J., Partridge,
C., et al. (2008). Voltage-gated ion channels in human pancreatic beta-cells:
electrophysiological characterization and role in insulin secretion. Diabetes 57,
1618–1628. doi: 10.2337/db07-0991

Brayden, J. E., and Nelson, M. T. (1992). Regulation of arterial tone by acti-
vation of calcium-dependent potassium channels. Science 256, 532–535. doi:
10.1126/science.1373909

Bregestovski, P. D., and Bolotina, V. N. (1989). Membrane fluidity and kinetics of
Ca2+-dependent potassium channels. Biomed. Biochim. Acta 48, S382–S387.

Brelidze, T. I., and Magleby, K. L. (2004). Protons block BK channels by com-
petitive inhibition with K+ and contribute to the limits of unitary cur-
rents at high voltages. J. Gen. Physiol. 123, 305–319. doi: 10.1085/jgp.200
308951

Brelidze, T. I., and Magleby, K. L. (2005). Probing the geometry of the inner
vestibule of BK channels with sugars. J. Gen. Physiol. 126, 105–121. doi:
10.1085/jgp.200509286

Brelidze, T. I., Niu, X., and Magleby, K. L. (2003). A ring of eight conserved
negatively charged amino acids doubles the conductance of BK channels and
prevents inward rectification. Proc. Natl. Acad. Sci. U.S.A. 100, 9017–9022. doi:
10.1073/pnas.1532257100

Brenner, R., Perez, G. J., Bonev, A. D., Eckman, D. M., Kosek, J. C., Wiler, S. W., et al.
(2000). Vasoregulation by the beta1 subunit of the calcium-activated potassium
channel. Nature 407, 870–876. doi: 10.1038/35038011

Bringmann, A., Faude, F., and Reichenbach, A. (1997). Mammalian retinal glial
(Muller) cells express large-conductance Ca2+- activated K+ channels that
are modulated by Mg2+ and pH and activated by protein kinase A. Glia 19,
311–323.

Bruening-Wright, A., Lee, W. S., Adelman, J. P., and Maylie, J. (2007). Evidence for
a deep pore activation gate in small conductance Ca2+-activated K+ channels.
J. Gen. Physiol. 130, 601–610. doi: 10.1085/jgp.200709828

Budelli, G., Geng, Y., Butler, A., Magleby, K. L., and Salkoff, L. (2013). Properties of
Slo1 K+ channels with and without the gating ring. Proc. Natl. Acad. Sci. U.S.A.
110, 16657–16662. doi: 10.1073/pnas.1313433110

Bukiya, A. N., Kuntamallappanavar, G., Edwards, J., Singh, A. K., Shivakumar, B.,
and Dopico, A. M. (2014). An alcohol-sensing site in the calcium- and voltage-
gated, large conductance potassium (BK) channel. Proc. Natl. Acad. Sci. U.S.A.
111, 9313–9318. doi: 10.1073/pnas.1317363111

Bukiya, A. N., Singh, A. K., Parrill, A. L., and Dopico, A. M. (2011a). The steroid
interaction site in transmembrane domain 2 of the large conductance, voltage-

www.frontiersin.org February 2015 | Volume 6 | Article 29 | 11

http://www.frontiersin.org
http://www.frontiersin.org/Membrane_Physiology_and_Membrane_Biophysics/archive


Yang et al. Mechanisms of BK channel activation

and calcium-gated potassium (BK) channel accessory beta1 subunit. Proc. Natl.
Acad. Sci. U.S.A. 108, 20207–20212. doi: 10.1073/pnas.1112901108

Bukiya, A. N., Vaithianathan, T., Kuntamallappanavar, G., Asuncion-Chin,
M., and Dopico, A. M. (2011b). Smooth muscle cholesterol enables BK
beta1 subunit-mediated channel inhibition and subsequent vasoconstric-
tion evoked by alcohol. Arterioscler. Thromb. Vasc. Biol. 31, 2410–2423. doi:
10.1161/ATVBAHA.111.233965

Cao, Y., Pan, Y., Huang, H., Jin, X., Levin, E. J., Kloss, B., et al. (2013). Gating of
the TrkH ion channel by its associated RCK protein TrkA. Nature 496, 317–322.
doi: 10.1038/nature12056

Carvacho, I., Gonzalez, W., Torres, Y. P., Brauchi, S., Alvarez, O., Gonzalez-Nilo,
F. D., et al. (2008). Intrinsic electrostatic potential in the BK channel pore:
role in determining single channel conductance and block. J. Gen. Physiol. 131,
147–161. doi: 10.1085/jgp.200709862

Chen, R. S., Geng, Y., and Magleby, K. L. (2011). Mg(2+) binding to open and
closed states can activate BK channels provided that the voltage sensors are
elevated. J. Gen. Physiol. 138, 593–607. doi: 10.1085/jgp.201110707

Chen, X., Yan, J., and Aldrich, R. W. (2014). BK channel opening involves side-
chain reorientation of multiple deep-pore residues. Proc. Natl. Acad. Sci. U.S.A.
111, E79–E88. doi: 10.1073/pnas.1321697111

Cox, D. H. (2006). “BKCa-channel structure and function,” in Biological Membrane
Ion Channels, eds S. H. Chung, O. S. Anderson, and V. V. Krishnamurthy,
(Berlin: Springer) 171–218.

Cox, D. H., Cui, J., and Aldrich, R. W. (1997). Allosteric gating of a large
conductance Ca-activated K+ channel. J. Gen. Physiol. 110, 257–281. doi:
10.1085/jgp.110.3.257

Cui, J., and Aldrich, R. W. (2000). Allosteric linkage between voltage and
Ca2+-dependent activation of BK-type mslo1 K+ channels. Biochemistry 39,
15612–15619. doi: 10.1021/bi001509+

Cui, J., Cox, D. H., and Aldrich, R. W. (1997). Intrinsic voltage dependence and
Ca2+ regulation of mslo large conductance Ca-activated K+ channels. J. Gen.
Physiol. 109, 647–673. doi: 10.1085/jgp.109.5.647

Cui, J., Yang, H., and Lee, U. (2009). Molecular mechanisms of BK channel
activation. Cell. Mol. Life Sci. 66, 852–875. doi: 10.1007/s00018-008-8609-x

Davies, A. G., Pierce-Shimomura, J. T., Kim, H., VanHoven, M. K., Thiele, T. R.,
Bonci, A., et al. (2003). A central role of the BK potassium channel in behavioral
responses to ethanol in C. elegans. Cell 115, 655–666. doi: 10.1016/S0092-
8674(03)00979-6

Davis, S. J., Scott, L. L., Hu, K., and Pierce-Shimomura, J. T. (2014). Conserved
single residue in the BK potassium channel required for activation by
alcohol and intoxication in C. elegans. J. Neurosci. 34, 9562–9573. doi:
10.1523/JNEUROSCI.0838-14.2014

Deng, P. Y., Rotman, Z., Blundon, J. A., Cho, Y., Cui, J., Cavalli, V., et al. (2013).
FMRP regulates neurotransmitter release and synaptic information transmis-
sion by modulating action potential duration via BK channels. Neuron 77,
696–711. doi: 10.1016/j.neuron.2012.12.018

Dopico, A. M., Anantharam, V., and Treistman, S. N. (1998). Ethanol increases the
activity of Ca(++)-dependent K+ (mslo) channels: functional interaction with
cytosolic Ca++. J. Pharmacol. Exp. Ther. 284, 258–268.

Dopico, A. M., Bukiya, A. N., and Singh, A. K. (2012). Large conductance,
calcium- and voltage-gated potassium (BK) channels: regulation by cholesterol.
Pharmacol. Ther. 135, 133–150. doi: 10.1016/j.pharmthera.2012.05.002

Doyle, D. A., Morais Cabral, J., Pfuetzner, R. A., Kuo, A., Gulbis, J. M., Cohen, S.
L., et al. (1998). The structure of the potassium channel: molecular basis of K+
conduction and selectivity. Science 280, 69–77. doi: 10.1126/science.280.5360.69

Du, W., Bautista, J. F., Yang, H., Diez-Sampedro, A., You, S. A., Wang, L., et al.
(2005). Calcium-sensitive potassium channelopathy in human epilepsy and
paroxysmal movement disorder. Nat. Genet. 37, 733–738. doi: 10.1038/ng1585

Ferguson, W. B. (1991). Competitive Mg2+ block of a large-conductance, Ca2+-
activated K+ channel in rat skeletal muscle. Ca2+, Sr2+, and Ni2+ also block.
J. Gen. Physiol. 98, 163–181. doi: 10.1085/jgp.98.1.163

Fettiplace, R., and Fuchs, P. A. (1999). Mechanisms of hair cell tuning. Annu. Rev.
Physiol. 61, 809–834. doi: 10.1146/annurev.physiol.61.1.809

Flynn, G. E., and Zagotta, W. N. (2001). Conformational changes in S6 coupled
to the opening of cyclic nucleotide-gated channels. Neuron 30, 689–698. doi:
10.1016/S0896-6273(01)00324-5

Fodor, A. A., and Aldrich, R. W. (2006). Statistical limits to the identification of
ion channel domains by sequence similarity. J. Gen. Physiol. 127, 755–766. doi:
10.1085/jgp.200509419

Fury, M., Marx, S. O., and Marks, A. R. (2002). Molecular BKology: the study of
splicing and dicing. Sci. STKE. 2002:PE12. doi: 10.1126/stke.2002.123.pe12

Gandhi, C. S., and Isacoff, E. Y. (2002). Molecular models of voltage sensing. J. Gen.
Physiol. 120, 455–463. doi: 10.1085/jgp.20028678

Geng, Y., and Magleby, K. L. (2014). Single-channel kinetics of BK (Slo1) channels.
Front. Physiol. 5:532. doi: 10.3389/fphys.2014.00532

Geng, Y., Niu, X., and Magleby, K. L. (2011). Low resistance, large dimen-
sion entrance to the inner cavity of BK channels determined by chang-
ing side-chain volume. J. Gen. Physiol. 137, 533–548. doi: 10.1085/jgp.2011
10616

Gessner, G., Cui, Y. M., Otani, Y., Ohwada, T., Soom, M., Hoshi, T., et al. (2012).
Molecular mechanism of pharmacological activation of BK channels. Proc. Natl.
Acad. Sci. U.S.A. 109, 3552–3557. doi: 10.1073/pnas.1114321109

Ghatta, S., Nimmagadda, D., Xu, X., and O’Rourke, S. T. (2006). Large-
conductance, calcium-activated potassium channels: structural and func-
tional implications. Pharmacol. Ther. 110, 103–116. doi: 10.1016/j.pharmth
era.2005.10.007

Golowasch, J., Kirkwood, A., and Miller, C. (1986). Allosteric effects of Mg2+ on the
gating of Ca2+-activated K+ channels from mammalian skeletal muscle. J. Exp.
Biol. 124, 5–13.

Gribkoff, V. K., Starrett, J. E. Jr., Dworetzky, S. I., Hewawasam, P., Boissard, C.
G., Cook, D. A., et al. (2001). Targeting acute ischemic stroke with a calcium-
sensitive opener of maxi-K potassium channels. Nat. Med. 7, 471–477. doi:
10.1038/86546

Hille, B., Armstrong, C. M., and MacKinnon, R. (1999). Ion channels: from idea to
reality. Nat. Med. 5, 1105–1109. doi: 10.1038/13415

Horrigan, F. T. (2012). Perspectives on: conformational coupling in ion chan-
nels: conformational coupling in BK potassium channels. J. Gen. Physiol. 140,
625–634. doi: 10.1085/jgp.201210849

Horrigan, F. T., and Aldrich, R. W. (1999). Allosteric voltage gating of potassium
channels II. Mslo channel gating charge movement in the absence of Ca2+.
J. Gen. Physiol. 114, 305–336. doi: 10.1085/jgp.114.2.305

Horrigan, F. T., and Aldrich, R. W. (2002). Coupling between voltage sensor activa-
tion, Ca2+ binding and channel opening in large conductance (BK) potassium
channels. J. Gen. Physiol. 120, 267–305. doi: 10.1085/jgp.20028605

Horrigan, F. T., Cui, J., and Aldrich, R. W. (1999). Allosteric voltage gating of potas-
sium channels I. Mslo ionic currents in the absence of Ca2+. J. Gen. Physiol. 114,
277–304. doi: 10.1085/jgp.114.2.277

Horrigan, F. T., Heinemann, S. H., and Hoshi, T. (2005). Heme regulates
allosteric activation of the Slo1 BK Channel. J. Gen. Physiol. 126, 7–21. doi:
10.1085/jgp.200509262

Horrigan, F. T., and Ma, Z. (2008). Mg2+ enhances voltage sensor/gate coupling in
BK channels. J. Gen. Physiol. 131, 13–32. doi: 10.1085/jgp.200709877

Hoshi, T., Pantazis, A., and Olcese, R. (2013a). Transduction of voltage and
Ca2+ signals by Slo1 BK channels. Physiology (Bethesda) 28, 172–189. doi:
10.1152/physiol.00055.2012

Hoshi, T., Tian, Y., Xu, R., Heinemann, S. H., and Hou, S. (2013b). Mechanism
of the modulation of BK potassium channel complexes with different auxil-
iary subunit compositions by the omega-3 fatty acid DHA. Proc. Natl. Acad.
Sci. U.S.A. 110, 4822–4827. doi: 10.1073/pnas.1222003110

Hoshi, T., Wissuwa, B., Tian, Y., Tajima, N., Xu, R., Bauer, M., et al. (2013c).
Omega-3 fatty acids lower blood pressure by directly activating large-
conductance Ca(2)(+)-dependent K(+) channels. Proc. Natl. Acad. Sci. U.S.A.
110, 4816–4821. doi: 10.1073/pnas.1221997110

Hoshi, T., Xu, R., Hou, S., Heinemann, S. H., and Tian, Y. (2013d). A point
mutation in the human Slo1 channel that impairs its sensitivity to omega-3
docosahexaenoic acid. J. Gen. Physiol. 142, 507–522. doi: 10.1085/jgp.201311061

Hou, S., Horrigan, F. T., Xu, R., Heinemann, S. H., and Hoshi, T.
(2009). Comparative effects of H+ and Ca2+ on large-conductance Ca2+-
and voltage-gated Slo1 K+ channels. Channels (Austin) 3, 249–258. doi:
10.4161/chan.3.4.9253

Hou, S., Xu, R., Heinemann, S. H., and Hoshi, T. (2008a). The RCK1 high-affinity
Ca2+ sensor confers carbon monoxide sensitivity to Slo1 BK channels. Proc.
Natl. Acad. Sci. U.S.A. 105, 4039–4043. doi: 10.1073/pnas.0800304105

Hou, S., Xu, R., Heinemann, S. H., and Hoshi, T. (2008b). Reciprocal regulation
of the Ca2+ and H+ sensitivity in the SLO1 BK channel conferred by the RCK1
domain. Nat. Struct. Mol. Biol. 15, 403–410. doi: 10.1038/nsmb.1398

Hu, L., Shi, J., Ma, Z., Krishnamoorthy, G., Sieling, F., Zhang, G., et al. (2003).
Participation of the S4 voltage sensor in the Mg2+-dependent activation of large

Frontiers in Physiology | Membrane Physiology and Membrane Biophysics February 2015 | Volume 6 | Article 29 | 12

http://www.frontiersin.org/Membrane_Physiology_and_Membrane_Biophysics
http://www.frontiersin.org/Membrane_Physiology_and_Membrane_Biophysics
http://www.frontiersin.org/Membrane_Physiology_and_Membrane_Biophysics/archive


Yang et al. Mechanisms of BK channel activation

conductance (BK) K+ channels. Proc. Natl. Acad. Sci. U.S.A. 100, 10488–10493.
doi: 10.1073/pnas.1834300100

Hudspeth, A. J., and Lewis, R. S. (1988a). Kinetic analysis of voltage- and ion-
dependent conductances in saccular hair cells of the bull-frog, Rana catesbeiana.
J. Physiol. 400, 237–274. doi: 10.1113/jphysiol.1988.sp017119

Hudspeth, A. J., and Lewis, R. S. (1988b). A model for electrical resonance and fre-
quency tuning in saccular hair cells of the bull-frog, Rana catesbeiana. J. Physiol.
400, 275–297. doi: 10.1113/jphysiol.1988.sp017120

Jakab, M., Weiger, T. M., and Hermann, A. (1997). Ethanol activates maxi Ca2+-
activated K+ channels of clonal pituitary (GH3) cells. J. Membr. Biol. 157,
237–245. doi: 10.1007/PL00005895

Jiang, Y., Lee, A., Chen, J., Cadene, M., Chait, B. T., and MacKinnon, R. (2002a).
Crystal structure and mechanism of a calcium-gated potassium channel. Nature
417, 515–522. doi: 10.1038/417515a

Jiang, Y., Lee, A., Chen, J., Cadene, M., Chait, B. T., and MacKinnon, R. (2002b).
The open pore conformation of potassium channels. Nature 417, 523–526. doi:
10.1038/417523a

Jiang, Y., Pico, A., Cadene, M., Chait, B. T., and MacKinnon, R. (2001). Structure
of the RCK domain from the E. coli K+ channel and demonstration of its
presence in the human BK channel. Neuron 29, 593–601. doi: 10.1016/S0896-
6273(01)00236-7

Jiao, H., Arner, P., Hoffstedt, J., Brodin, D., Dubern, B., Czernichow, S., et al. (2011).
Genome wide association study identifies KCNMA1 contributing to human
obesity. BMC Med. Genomics 4:51. doi: 10.1186/1755-8794-4-51

Kong, C., Zeng, W., Ye, S., Chen, L., Sauer, D. B., Lam, Y., et al. (2012). Distinct gat-
ing mechanisms revealed by the structures of a multi-ligand gated K(+) channel.
Elife 1:e00184. doi: 10.7554/eLife.00184

Koval, O. M., Fan, Y., and Rothberg, B. S. (2007). A role for the S0 transmem-
brane segment in voltage-dependent gating of BK channels. J. Gen. Physiol. 129,
209–220. doi: 10.1085/jgp.200609662

Krishnamoorthy, G., Shi, J., Sept, D., and Cui, J. (2005). The NH2 terminus
of RCK1 domain regulates Ca2+-dependent BK(Ca) channel gating. J. Gen.
Physiol. 126, 227–241. doi: 10.1085/jgp.200509321

Kumar, P. (2007). Sensing hypoxia in the carotid body: from stimulus to response.
Essays Biochem. 43, 43–60. doi: 10.1042/BSE0430043

Kuo, M. M., Haynes, W. J., Loukin, S. H., Kung, C., and Saimi, Y. (2005).
Prokaryotic K(+) channels: from crystal structures to diversity. FEMS Microbiol.
Rev. 29, 961–985. doi: 10.1016/j.femsre.2005.03.003

Lancaster, B., and Nicoll, R. A. (1987). Properties of two calcium-activated hyper-
polarizations in rat hippocampal neurones. J. Physiol. (Lond.) 389, 187–203. doi:
10.1113/jphysiol.1987.sp016653

Latorre, R., and Brauchi, S. (2006). Large conductance Ca2+-activated K+
(BK) channel: activation by Ca2+ and voltage. Biol. Res. 39, 385–401. doi:
10.4067/S0716-97602006000300003

Latorre, R., and Contreras, G. (2013). Keeping you healthy: BK channel
activation by omega-3 fatty acids. J. Gen. Physiol. 142, 487–491. doi:
10.1085/jgp.201311100

Latorre, R., Morera, F. J., and Zaelzer, C. (2010). Allosteric interactions and the
modular nature of the voltage- and Ca2+-activated (BK) channel. J. Physiol. 588,
3141–3148. doi: 10.1113/jphysiol.2010.191999

Latorre, R., Vergara, C., and Hidalgo, C. (1982). Reconstitution in planar lipid
bilayers of a Ca2+-dependent K+ channel from transverse tubule membranes
isolated from rabbit skeletal muscle. Proc. Natl. Acad. Sci. U.S.A. 79, 805–809.
doi: 10.1073/pnas.79.3.805

Laumonnier, F., Roger, S., Guerin, P., Molinari, F., M’Rad, R., Cahard, D., et al.
(2006). Association of a functional deficit of the BKCa channel, a synaptic
regulator of neuronal excitability, with autism and mental retardation. Am. J.
Psychiatry. 163, 1622–1629. doi: 10.1176/appi.ajp.163.9.1622

Lee, U. S., and Cui, J. (2010). BK channel activation: structural and functional
insights. Trends Neurosci. 33, 415–423. doi: 10.1016/j.tins.2010.06.004

Li, B., Jie, W., Huang, L., Wei, P., Li, S., Luo, Z., et al. (2014a). Nuclear BK chan-
nels regulate gene expression via the control of nuclear calcium signaling. Nat.
Neurosci. 17, 1055–1063. doi: 10.1038/nn.3744

Li, M., Tanaka, Y., Alioua, A., Wu, Y., Lu, R., Kundu, P., et al. (2010). Thromboxane
A2 receptor and MaxiK-channel intimate interaction supports channel trans-
inhibition independent of G-protein activation. Proc. Natl. Acad. Sci. U.S.A. 107,
19096–19101. doi: 10.1073/pnas.1002685107

Li, Q., Wanderling, S., Paduch, M., Medovoy, D., Singharoy, A., McGreevy,
R., et al. (2014b). Structural mechanism of voltage-dependent gating in an

isolated voltage-sensing domain. Nat. Struct. Mol. Biol. 21, 244–252. doi:
10.1038/nsmb.2768

Li, W., and Aldrich, R. W. (2004). Unique inner pore properties of BK chan-
nels revealed by quaternary ammonium block. J. Gen. Physiol. 124, 43–57. doi:
10.1085/jgp.200409067

Li, W., and Aldrich, R. W. (2006). State-dependent Block of BK channels
by synthesized shaker ball peptides. J. Gen. Physiol. 128, 423–441. doi:
10.1085/jgp.200609521

Liu, G., Zakharov, S. I., Yang, L., Deng, S. X., Landry, D. W., Karlin, A., et al.
(2008a). Position and role of the BK channel alpha subunit S0 helix inferred
from disulfide crosslinking. J. Gen. Physiol. 131, 537–548. doi: 10.1085/jgp.2008
09968

Liu, G., Zakharov, S. I., Yang, L., Wu, R. S., Deng, S. X., Landry, D. W., et al. (2008b).
Locations of the beta1 transmembrane helices in the BK potassium chan-
nel. Proc. Natl. Acad. Sci. U.S.A. 105, 10727–10732. doi: 10.1073/pnas.08052
12105

Liu, J., Vaithianathan, T., Manivannan, K., Parrill, A., and Dopico, A. M. (2008c).
Ethanol modulates BKCa channels by acting as an adjuvant of calcium. Mol.
Pharmacol. 74, 628–640. doi: 10.1124/mol.108.048694

Long, S. B., Campbell, E. B., and Mackinnon, R. (2005a). Crystal structure
of a mammalian voltage-dependent Shaker family K+ channel. Science 309,
897–903. doi: 10.1126/science.1116269

Long, S. B., Campbell, E. B., and Mackinnon, R. (2005b). Voltage sensor of
Kv1.2: structural basis of electromechanical coupling. Science 309, 903–908. doi:
10.1126/science.1116270

Long, S. B., Tao, X., Campbell, E. B., and MacKinnon, R. (2007). Atomic struc-
ture of a voltage-dependent K+ channel in a lipid membrane-like environment.
Nature 450, 376–382. doi: 10.1038/nature06265

Loukin, S. H., Kuo, M. M., Zhou, X. L., Haynes, W. J., Kung, C., and
Saimi, Y. (2005). Microbial K+ channels. J. Gen. Physiol. 125, 521–527. doi:
10.1085/jgp.200509261

Lu, Z., Klem, A. M., and Ramu, Y. (2001). Ion conduction pore is conserved among
potassium channels. Nature 413, 809–813. doi: 10.1038/35101535

Ma, Z., Lou, X. J., and Horrigan, F. T. (2006). Role of charged residues in
the S1-S4 Voltage sensor of BK channels. J. Gen. Physiol. 127, 309–328. doi:
10.1085/jgp.200509421

Magidovich, E., and Yifrach, O. (2004). Conserved gating hinge in ligand-
and voltage-dependent K+ channels. Biochemistry 43, 13242–13247. doi:
10.1021/bi048377v

Magleby, K. L. (2003). Gating mechanism of BK (Slo1) channels: so near, yet so far.
J. Gen. Physiol. 121, 81–96. doi: 10.1085/jgp.20028721

Marty, A. (1981). Ca-dependent K channels with large unitary conductance in
chromaffin cell membranes. Nature 291, 497–500. doi: 10.1038/291497a0

McLarnon, J. G., and Sawyer, D. (1993). Effects of divalent cations on the activation
of a calcium-dependent potassium channel in hippocampal neurons. Pflugers
Arch. 424, 1–8. doi: 10.1007/BF00375095

McManus, O. B., and Magleby, K. L. (1991). Accounting for the Ca2+-dependent
kinetics of single large-conductance Ca2+-activated K+ channels in rat skeletal
muscle. J. Physiol. 443, 739–777. doi: 10.1113/jphysiol.1991.sp018861

Meera, P., Wallner, M., Song, M., and Toro, L. (1997). Large conductance voltage-
and calcium-dependent K+ channel, a distinct member of voltage-dependent
ion channels with seven N-terminal transmembrane segments (S0-S6), an
extracellular N terminus, and an intracellular (S9-S10) C terminus. Proc. Natl.
Acad. Sci. U.S.A. 94, 14066–14071. doi: 10.1073/pnas.94.25.14066

Meredith, A. L., Wiler, S. W., Miller, B. H., Takahashi, J. S., Fodor, A. A., Ruby,
N. F., et al. (2006). BK calcium-activated potassium channels regulate circadian
behavioral rhythms and pacemaker output. Nat. Neurosci. 9, 1041–1049. doi:
10.1038/nn1740

Methfessel, C., and Boheim, G. (1982). The gating of single calcium-dependent
potassium channels is described by an activation/blockade mechanism. Biophys.
Struct. Mech. 9, 35–60. doi: 10.1007/BF00536014

Moczydlowski, E., and Latorre, R. (1983). Gating kinetics of Ca2+-activated K+
channels from rat muscle incorporated into planar lipid bilayers. Evidence for
two voltage-dependent Ca2+ binding reactions. J. Gen. Physiol. 82, 511–542. doi:
10.1085/jgp.82.4.511

Morales, E., Cole, W. C., Remillard, C. V., and Leblane, N. (1996). Block of
large conductance Ca2+-activated K+ channels in rabbit vascular myocytes
by internal Mg2+ and Na+. J. Physiol. 495, 701–716. doi: 10.1113/jphys-
iol.1996.sp021627

www.frontiersin.org February 2015 | Volume 6 | Article 29 | 13

http://www.frontiersin.org
http://www.frontiersin.org/Membrane_Physiology_and_Membrane_Biophysics/archive


Yang et al. Mechanisms of BK channel activation

Murata, Y., Iwasaki, H., Sasaki, M., Inaba, K., and Okamura, Y. (2005).
Phosphoinositide phosphatase activity coupled to an intrinsic voltage sensor.
Nature 435, 1239–1243. doi: 10.1038/nature03650

Navaratnam, D. S., Bell, T. J., Tu, T. D., Cohen, E. L., and Oberholtzer, J. C. (1997).
Differential distribution of Ca2+-activated K+ channel splice variants among
hair cells along the tonotopic axis of the chick cochlea. Neuron 19, 1077–1085.
doi: 10.1016/S0896-6273(00)80398-0

Nelson, M. T., Cheng, H., Rubart, M., Santana, L. F., Bonev, A. D., Knot, H. J., et al.
(1995). Relaxation of arterial smooth muscle by calcium sparks. Science 270,
633–637. doi: 10.1126/science.270.5236.633

N’Gouemo, P. (2011). Targeting BK (big potassium) channels in epilepsy. Expert.
Opin. Ther. Targets 15, 1283–1295. doi: 10.1517/14728222.2011.620607

Nimigean, C. M., Chappie, J. S., and Miller, C. (2003). Electrostatic tuning of
ion conductance in potassium channels. Biochemistry 42, 9263–9268. doi:
10.1021/bi0348720

Niu, X., Qian, X., and Magleby, K. L. (2004). Linker-gating ring complex as pas-
sive spring and Ca2+-dependent machine for a voltage- and Ca2+-activated
potassium channel. Neuron 42, 745–756. doi: 10.1016/j.neuron.2004.05.001

Oberhauser, A., Alvarez, O., and Latorre, R. (1988). Activation by divalent cations
of a Ca2+-activated K+ channel from skeletal muscle membrane. J. Gen. Physiol.
92, 67–86. doi: 10.1085/jgp.92.1.67

Orio, P., Rojas, P., Ferreira, G., and Latorre, R. (2002). New disguises for an old
channel: MaxiK channel beta-subunits. News Physiol. Sci. 17, 156–161. doi:
10.1152/nips.01387.2002

Pallotta, B. S., Magleby, K. L., and Barrett, J. N. (1981). Single channel recordings
of Ca2+-activated K+ currents in rat muscle cell culture. Nature 293, 471–474.
doi: 10.1038/293471a0

Pantazis, A., Gudzenko, V., Savalli, N., Sigg, D., and Olcese, R. (2010a). Operation
of the voltage sensor of a human voltage- and Ca2+-activated K+ channel. Proc.
Natl. Acad. Sci. U.S.A. 107, 4459–4464. doi: 10.1073/pnas.0911959107

Pantazis, A., Kohanteb, A. P., and Olcese, R. (2010b). Relative motion of transmem-
brane segments S0 and S4 during voltage sensor activation in the human BKCa
channel. J. Gen. Physiol. 136, 645–657. doi: 10.1085/jgp.201010503

Pantazis, A., and Olcese, R. (2012). Relative transmembrane segment
rearrangements during BK channel activation resolved by structurally
assigned fluorophore-quencher pairing. J. Gen. Physiol. 140, 207–218. doi:
10.1085/jgp.201210807

Payandeh, J., Scheuer, T., Zheng, N., and Catterall, W. A. (2011). The crys-
tal structure of a voltage-gated sodium channel. Nature 475, 353–358. doi:
10.1038/nature10238

Perez, G. J., Bonev, A. D., Patlak, J. B., and Nelson, M. T. (1999). Functional cou-
pling of ryanodine receptors to KCa channels in smooth muscle cells from rat
cerebral arteries. J. Gen. Physiol. 113, 229–238. doi: 10.1085/jgp.113.2.229

Petersen, O. H., and Maruyama, Y. (1984). Calcium-activated potassium channels
and their role in secretion. Nature 307, 693–696. doi: 10.1038/307693a0

Piskorowski, R. A., and Aldrich, R. W. (2006). Relationship between pore occu-
pancy and gating in BK potassium channels. J. Gen. Physiol. 127, 557–576. doi:
10.1085/jgp.200509482

Pluger, S., Faulhaber, J., Furstenau, M., Lohn, M., Waldschutz, R., Gollasch, M.,
et al. (2000). Mice with disrupted BK channel beta1 subunit gene feature abnor-
mal Ca2+ spark/STOC coupling and elevated blood pressure. Circ. Res. 87,
E53–E60. doi: 10.1161/01.RES.87.11.e53

Qian, X., Niu, X., and Magleby, K. L. (2006). Intra- and intersubunit cooperativ-
ity in activation of BK channels by Ca2+. J. Gen. Physiol. 128, 389–404. doi:
10.1085/jgp.200609486

Ramsey, I. S., Moran, M. M., Chong, J. A., and Clapham, D. E. (2006). A
voltage-gated proton-selective channel lacking the pore domain. Nature 440,
1213–1216. doi: 10.1038/nature04700

Roberts, W. M., Jacobs, R. A., and Hudspeth, A. J. (1990). Colocalization of
ion channels involved in frequency selectivity and synaptic transmission at
presynaptic active zones of hair cells. J. Neurosci. 10, 3664–3684.

Robitaille, R., and Charlton, M. P. (1992). Presynaptic calcium signals and
transmitter release are modulated by calcium-activated potassium channels.
J. Neurosci. 12, 297–305.

Robitaille, R., Garcia, M. L., Kaczorowski, G. J., and Charlton, M. P. (1993).
Functional colocalization of calcium and calcium-gated potassium channels
in control of transmitter release. Neuron 11, 645–655. doi: 10.1016/0896-
6273(93)90076-4

Rosenblatt, K. P., Sun, Z. P., Heller, S., and Hudspeth, A. J. (1997). Distribution
of Ca2+-activated K+ channel isoforms along the tonotopic gradient of
the chicken’s cochlea. Neuron 19, 1061–1075. doi: 10.1016/S0896-6273(00)
80397-9

Rothberg, B. S. (2012). The BK channel: a vital link between cellular calcium and
electrical signaling. Protein Cell. 3, 883–892. doi: 10.1007/s13238-012-2076-8

Rothberg, B. S., and Magleby, K. L. (1999). Gating kinetics of single large-
conductance Ca2+-activated K+ channels in high Ca2+ suggest a two-tiered
allosteric gating mechanism [published erratum appears in J Gen Physiol
1999 Aug;114(2):337] [see comments]. J. Gen. Physiol. 114, 93–124. doi:
10.1085/jgp.114.1.93

Rothberg, B. S., and Magleby, K. L. (2000). Voltage and Ca2+ activation of sin-
gle large-conductance Ca2+- activated K+ channels described by a two-tiered
allosteric gating mechanism [In Process Citation]. J. Gen. Physiol. 116, 75–100.
doi: 10.1085/jgp.116.1.75

Salkoff, L., Butler, A., Ferreira, G., Santi, C., and Wei, A. (2006). High-conductance
potassium channels of the SLO family. Nat. Rev. Neurosci. 7, 921–931. doi:
10.1038/nrn1992

Sasaki, M., Takagi, M., and Okamura, Y. (2006). A voltage sensor-domain protein
is a voltage-gated proton channel. Science 312, 589–592. doi: 10.1126/sci-
ence.1122352

Sausbier, M., Hu, H., Arntz, C., Feil, S., Kamm, S., Adelsberger, H., et al. (2004).
Cerebellar ataxia and Purkinje cell dysfunction caused by Ca2+-activated
K+ channel deficiency. Proc. Natl. Acad. Sci. U.S.A. 101, 9474–9478. doi:
10.1073/pnas.0401702101

Schreiber, M., and Salkoff, L. (1997). A novel calcium-sensing domain in the BK
channel. Biophys. J. 73, 1355–1363. doi: 10.1016/S0006-3495(97)78168-2

Schreiber, M., Wei, A., Yuan, A., Gaut, J., Saito, M., and Salkoff, L. (1998). Slo3, a
novel pH-sensitive K+ channel from mammalian spermatocytes. J. Biol. Chem.
273, 3509–3516. doi: 10.1074/jbc.273.6.3509

Schubert, R., Krien, U., and Gagov, H. (2001). Protons inhibit the BK(Ca) chan-
nel of rat small artery smooth muscle cells. J. Vasc. Res. 38, 30–38. doi:
10.1159/000051027

Schubert, R., and Nelson, M. T. (2001). Protein kinases: tuners of the BKCa channel
in smooth muscle. Trends Pharmacol. Sci. 22, 505–512. doi: 10.1016/S0165-
6147(00)01775-2

Seibold, M. A., Wang, B., Eng, C., Kumar, G., Beckman, K. B., Sen, S., et al.
(2008). An african-specific functional polymorphism in KCNMB1 shows sex-
specific association with asthma severity. Hum. Mol. Genet. 17, 2681–2690. doi:
10.1093/hmg/ddn168

Seoh, S. A., Sigg, D., Papazian, D. M., and Bezanilla, F. (1996). Voltage-sensing
residues in the S2 and S4 segments of the Shaker K+ channel. Neuron 16,
1159–1167. doi: 10.1016/S0896-6273(00)80142-7

Shelley, C., Niu, X., Geng, Y., and Magleby, K. L. (2010). Coupling and cooperativity
in voltage activation of a limited-state BK channel gating in saturating Ca2+.
J. Gen. Physiol. 135, 461–480. doi: 10.1085/jgp.200910331

Shi, J., and Cui, J. (2001). Intracellular Mg2+ enhances the function of
BK-type Ca2+-activated K+ channels. J. Gen. Physiol. 118, 589–606. doi:
10.1085/jgp.118.5.589

Shi, J., Krishnamoorthy, G., Yang, Y., Hu, L., Chaturvedi, N., Harilal, D., et al.
(2002). Mechanism of magnesium activation of calcium-activated potassium
channels. Nature 418, 876–880. doi: 10.1038/nature00941

Silverman, W. R., Roux, B., and Papazian, D. M. (2003). Structural basis of two-
stage voltage-dependent activation in K+ channels. Proc. Natl. Acad. Sci. U.S.A.
100, 2935–2940. doi: 10.1073/pnas.0636603100

Singh, A. K., McMillan, J., Bukiya, A. N., Burton, B., Parrill, A. L., and Dopico,
A. M. (2012a). Multiple cholesterol recognition/interaction amino acid consen-
sus (CRAC) motifs in cytosolic C tail of Slo1 subunit determine cholesterol
sensitivity of Ca2+- and voltage-gated K+ (BK) channels. J. Biol. Chem. 287,
20509–20521. doi: 10.1074/jbc.M112.356261

Singh, H., Stefani, E., and Toro, L. (2012b). Intracellular BK(Ca) (iBK(Ca))
channels. J. Physiol. 590, 5937–5947. doi: 10.1113/jphysiol.2011.
215533

Sontheimer, H. (2008). An unexpected role for ion channels in brain tumor metas-
tasis. Exp. Biol. Med. (Maywood). 233, 779–791. doi: 10.3181/0711-MR-308

Squire, L. G., and Petersen, O. H. (1987). Modulation of Ca2+- and voltage-
activated K+ channels by internal Mg2+ in salivary acinar cells. Biochim.
Biophys. Acta 899, 171–175. doi: 10.1016/0005-2736(87)90397-X

Frontiers in Physiology | Membrane Physiology and Membrane Biophysics February 2015 | Volume 6 | Article 29 | 14

http://www.frontiersin.org/Membrane_Physiology_and_Membrane_Biophysics
http://www.frontiersin.org/Membrane_Physiology_and_Membrane_Biophysics
http://www.frontiersin.org/Membrane_Physiology_and_Membrane_Biophysics/archive


Yang et al. Mechanisms of BK channel activation

Stefani, E., Ottolia, M., Noceti, F., Olcese, R., Wallner, M., Latorre, R., et al. (1997).
Voltage-controlled gating in a large conductance Ca2+-sensitive K+channel
(hslo). Proc. Natl. Acad. Sci. U.S.A. 94, 5427–5431. doi: 10.1073/pnas.94.10.5427

Storm, J. F. (1987). Action potential repolarization and a fast after-
hyperpolarization in rat hippocampal pyramidal cells. J. Physiol. (Lond.)
385, 733–759. doi: 10.1113/jphysiol.1987.sp016517

Sweet, T.-B., and Cox, D. H. (2008). Measurements of the BKCa channel’s high-
affinity Ca2+ binding constants: effects of membrane voltage. J. Gen. Physiol.
132, 491–505. doi: 10.1085/jgp.200810094

Takeshita, K., Sakata, S., Yamashita, E., Fujiwara, Y., Kawanabe, A., Kurokawa, T.,
et al. (2014). X-ray crystal structure of voltage-gated proton channel. Nat. Struct.
Mol. Biol. 21, 352–357. doi: 10.1038/nsmb.2783

Tanaka, Y., Aida, M., Tanaka, H., Shigenobu, K., and Toro, L. (1998).
Involvement of maxi-KCa channel activation in atrial natriuretic peptide-
induced vasorelaxation. Naunyn. Schmiedebergs Arch. Pharmacol. 357, 705–708.
doi: 10.1007/PL00005228

Tang, Q. Y., Zhang, Z., Meng, X. Y., Cui, M., and Logothetis, D. E. (2014). Structural
determinants of phosphatidylinositol 4,5-bisphosphate (PIP2) regulation of BK
channel activity through the RCK1 Ca2+ coordination site. J. Biol. Chem. 289,
18860–18872. doi: 10.1074/jbc.M113.538033

Tang, X. D., Xu, R., Reynolds, M. F., Garcia, M. L., Heinemann, S. H., and Hoshi, T.
(2003). Haem can bind to and inhibit mammalian calcium-dependent Slo1 BK
channels. Nature 425, 531–535. doi: 10.1038/nature02003

Tano, J. Y., and Gollasch, M. (2014). Hypoxia and ischemia-reperfusion: a BiK con-
tribution? Am. J. Physiol. Heart Circ. Physiol. 307, H811–H817. doi: 10.1152/ajp-
heart.00319.2014

Thompson, O., Edgley, M., Strasbourger, P., Flibotte, S., Ewing, B., Adair,
R., et al. (2013). The million mutation project: a new approach to
genetics in Caenorhabditis elegans. Genome Res. 23, 1749–1762. doi:
10.1101/gr.157651.113

Tiwari-Woodruff, S. K., Schulteis, C. T., Mock, A. F., and Papazian, D. M. (1997).
Electrostatic interactions between transmembrane segments mediate folding of
Shaker K+ channel subunits. Biophys. J. 72, 1489–1500. doi: 10.1016/S0006-
3495(97)78797-6

Toro, L., Wallner, M., Meera, P., and Tanaka, Y. (1998). Maxi-KCa, a unique member
of the voltage-gated K channel superfamily. News. Physiol. Sci. 13, 112–117.

Tseng-Crank, J., Foster, C. D., Krause, J. D., Mertz, R., Godinot, N., DiChiara, T.
J., et al. (1994). Cloning, expression, and distribution of functionally distinct
Ca2+-activated K+ channel isoforms from human brain. Neuron 13, 1315–1330.
doi: 10.1016/0896-6273(94)90418-9

Tseng-Crank, J., Godinot, N., Johansen, T. E., Ahring, P. K., Strobaek, D., Mertz,
R., et al. (1996). Cloning, expression, and distribution of a Ca2+-activated
K+ channel beta-subunit from human brain. Proc. Natl. Acad. Sci. U.S.A. 93,
9200–9205. doi: 10.1073/pnas.93.17.9200

Vaithianathan, T., Bukiya, A., Liu, J., Liu, P., Asuncion-Chin, M., Fan, Z.,
et al. (2008). Direct regulation of BK channels by phosphatidylinositol 4,5-
bisphosphate as a novel signaling pathway. J. Gen. Physiol. 132, 13–28. doi:
10.1085/jgp.200709913

Wachter, C., and Turnheim, K. (1996). Inhibition of high-conductance, calcium-
activated potassium channels of rabbit colon epithelium by magnesium.
J. Membr. Biol. 150, 275–282. doi: 10.1007/s002329900050

Wallner, M., Meera, P., and Toro, L. (1996). Determinant for beta-subunit regu-
lation in high-conductance voltage-activated and Ca2+-sensitive K+ channels:
an additional transmembrane region at the N terminus. Proc. Natl. Acad. Sci.
U.S.A. 93, 14922–14927. doi: 10.1073/pnas.93.25.14922

Wang, L., and Sigworth, F. J. (2009). Structure of the BK potassium channel in
a lipid membrane from electron cryomicroscopy. Nature 461, 292–295. doi:
10.1038/nature08291

Wang, X., Inukai, T., Greer, M. A., and Greer, S. E. (1994). Evidence that Ca(2+)-
activated K+ channels participate in the regulation of pituitary prolactin
secretion. Brain Res. 662, 83–87. doi: 10.1016/0006-8993(94)90798-6

Weaver, A. K., Liu, X., and Sontheimer, H. (2004). Role for calcium-activated
potassium channels (BK) in growth control of human malignant glioma cells.
J. Neurosci. Res. 78, 224–234. doi: 10.1002/jnr.20240

Webster, S. M., Del Camino, D., Dekker, J. P., and Yellen, G. (2004). Intracellular
gate opening in Shaker K+ channels defined by high-affinity metal bridges.
Nature 428, 864–868. doi: 10.1038/nature02468

Wellman, G. C., and Nelson, M. T. (2003). Signaling between SR and plas-
malemma in smooth muscle: sparks and the activation of Ca2+-sensitive

ion channels. Cell. Calcium. 34, 211–229. doi: 10.1016/S0143-4160(03)
00124-6

Wilkens, C. M., and Aldrich, R. W. (2006). State-independent block of BK channels
by an intracellular quaternary ammonium. J. Gen. Physiol. 128, 347–364. doi:
10.1085/jgp.200609579

Williams, S. E., Brazier, S. P., Baban, N., Telezhkin, V., Muller, C. T., Riccardi, D.,
et al. (2008). A structural motif in the C-terminal tail of slo1 confers carbon
monoxide sensitivity to human BK Ca channels. Pflugers. Arch. 456, 561–572.
doi: 10.1007/s00424-007-0439-4

Williams, S. E., Wootton, P., Mason, H. S., Bould, J., Iles, D. E., Riccardi, D., et al.
(2004). Hemoxygenase-2 is an oxygen sensor for a calcium-sensitive potassium
channel. Science 306, 2093–2097. doi: 10.1126/science.1105010

Wu, Y. C., Art, J. J., Goodman, M. B., and Fettiplace, R. (1995). A kinetic descrip-
tion of the calcium-activated potassium channel and its application to electrical
tuning of hair cells. Prog. Biophys. Mol. Biol. 63, 131–158. doi: 10.1016/0079-
6107(95)00002-5

Wu, Y., Yang, Y., Ye, S., and Jiang, Y. (2010). Structure of the gating ring from the
human large-conductance Ca2+-gated K+ channel. Nature 466, 393–397. doi:
10.1038/nature09252

Xia, X. M., Zeng, X., and Lingle, C. J. (2002). Multiple regulatory sites in large-
conductance calcium-activated potassium channels. Nature 418, 880–884. doi:
10.1038/nature00956

Yan, J., and Aldrich, R. W. (2010). LRRC26 auxiliary protein allows BK chan-
nel activation at resting voltage without calcium. Nature 466, 513–516. doi:
10.1038/nature09162

Yan, J., and Aldrich, R. W. (2012). BK potassium channel modulation by leucine-
rich repeat-containing proteins. Proc. Natl. Acad. Sci. U.S.A. 109, 7917–7922.
doi: 10.1073/pnas.1205435109

Yang, H., and Cui, J. (2015). “BK channels,” in Handbook of Ion Channels, eds J.
Zheng and C. Matthew (Boca Raton, FL: CRC). 227–240.

Yang, H., Hu, L., Shi, J., and Cui, J. (2006). Tuning magnesium sensitivity
of BK channels by mutations. Biophys. J. 91, 2892–2900. doi: 10.1529/bio-
physj.106.090159

Yang, H., Hu, L., Shi, J., Delaloye, K., Horrigan, F. T., and Cui, J. (2007). Mg2+
mediates interaction between the voltage sensor and cytosolic domain to
activate BK channels. Proc. Natl. Acad. Sci. U.S.A. 104, 18270–18275. doi:
10.1073/pnas.0705873104

Yang, H., Shi, J., Zhang, G., Yang, J., Delaloye, K., and Cui, J. (2008). Activation of
Slo1 BK channels by Mg2+ coordinated between the voltage sensor and RCK1
domains. Nat. Struct. Mol. Biol. 15, 1152–1159. doi: 10.1038/nsmb.1507

Yang, J., Krishnamoorthy, G., Saxena, A., Zhang, G., Shi, J., Yang, H.,
et al. (2010). An epilepsy/dyskinesia-associated mutation enhances BK chan-
nel activation by potentiating Ca2+ sensing. Neuron 66, 871–883. doi:
10.1016/j.neuron.2010.05.009

Yang, J., Yang, H., Sun, X., Delaloye, K., Yang, X., Moller, A., et al. (2013).
Interaction between residues in the Mg2+-binding site regulates BK channel
activation. J. Gen. Physiol. 141, 217–228. doi: 10.1085/jgp.201210794

Yuan, A., Santi, C. M., Wei, A., Wang, Z. W., Pollak, K., Nonet, M., et al. (2003).
The sodium-activated potassium channel is encoded by a member of the Slo
gene family. Neuron 37, 765–773. doi: 10.1016/S0896-6273(03)00096-5

Yuan, C., Chen, M., Covey, D. F., Johnston, L. J., and Treistman, S. N. (2011).
Cholesterol tuning of BK ethanol response is enantioselective, and is a
function of accompanying lipids. PLoS ONE. 6:e27572. doi: 10.1371/jour-
nal.pone.0027572

Yuan, P., Leonetti, M. D., Hsiung, Y., and MacKinnon, R. (2012). Open structure
of the Ca2+ gating ring in the high-conductance Ca2+-activated K+ channel.
Nature 481, 94–97. doi: 10.1038/nature10670

Yuan, P., Leonetti, M. D., Pico, A. R., Hsiung, Y., and MacKinnon, R. (2010).
Structure of the human BK channel Ca2+-activation apparatus at 3.0 A reso-
lution. Science 329, 182–186. doi: 10.1126/science.1190414

Zagotta, W. N., Hoshi, T., Dittman, J., and Aldrich, R. W. (1994). Shaker potassium
channel gating. II: transitions in the activation pathway. J. Gen. Physiol. 103,
279–319. doi: 10.1085/jgp.103.2.279

Zamoyski, V. L., Serebryakov, V. N., and Schubert, R. (1989). Activation and block-
ing effects of divalent cations on the calcium- dependent potassium channel of
high conductance. Biomed. Biochim. Acta 48, S388–S392.

Zeng, X. H., Xia, X. M., and Lingle, C. J. (2005). Divalent cation sensitivity of BK
channel activation supports the existence of three distinct binding sites. J. Gen.
Physiol. 125, 273–286. doi: 10.1085/jgp.200409239

www.frontiersin.org February 2015 | Volume 6 | Article 29 | 15

http://www.frontiersin.org
http://www.frontiersin.org/Membrane_Physiology_and_Membrane_Biophysics/archive


Yang et al. Mechanisms of BK channel activation

Zhang, G., Huang, S. Y., Yang, J., Shi, J., Yang, X., Moller, A., et al. (2010b). Ion
sensing in the RCK1 domain of BK channels. Proc. Natl. Acad. Sci. U.S.A. 107,
18700–18705. doi: 10.1073/pnas.1010124107

Zhang, G., Huang, S.-Y., Yang, J., Shi, J., Yang, X., Moller, A., et al. (2010a). Ion
sensing in the RCK1 domain of BK channels. Proc. Natl. Acad. Sci. U.S.A. 107,
18700–18705. doi: 10.1073/pnas.1010124107

Zhang, G., Yang, H., Liang, H., Yang, J., Shi, J., McFarland, K., et al. (2014).
A charged residue in S4 regulates coupling among the activation gate, volt-
age, and Ca2+ sensors in BK channels. J. Neurosci. 34, 12280–12288. doi:
10.1523/JNEUROSCI.1174-14.2014

Zhang, X., Puil, E., and Mathers, D. A. (1995). Effects of intracellular Mg2+ on
the properties of large-conductance, Ca2+-dependent K+ channels in rat cere-
brovascular smooth muscle cells. J. Cereb. Blood Flow Metab. 15, 1066–1074.
doi: 10.1038/jcbfm.1995.133

Zhang, X., Solaro, C. R., and Lingle, C. J. (2001). Allosteric regulation of BK channel
gating by Ca2+ and Mg2+ through a nonselective, low affinity divalent cation
site. J. Gen. Physiol. 118, 607–636. doi: 10.1085/jgp.118.5.607

Zhou, Y., Xia, X. M., and Lingle, C. J. (2011). Cysteine scanning and modi-
fication reveal major differences between BK channels and Kv channels in

the inner pore region. Proc. Natl. Acad. Sci. U.S.A. 108, 12161–12166. doi:
10.1073/pnas.1104150108

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Received: 05 January 2015; paper pending published: 16 January 2015; accepted: 19
January 2015; published online: 06 February 2015.
Citation: Yang H, Zhang G and Cui J (2015) BK channels: multiple sensors, one
activation gate. Front. Physiol. 6:29. doi: 10.3389/fphys.2015.00029
This article was submitted to Membrane Physiology and Membrane Biophysics, a
section of the journal Frontiers in Physiology.
Copyright © 2015 Yang, Zhang and Cui. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use, dis-
tribution or reproduction in other forums is permitted, provided the original author(s)
or licensor are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

Frontiers in Physiology | Membrane Physiology and Membrane Biophysics February 2015 | Volume 6 | Article 29 | 16

http://dx.doi.org/10.3389/fphys.2015.00029
http://dx.doi.org/10.3389/fphys.2015.00029
http://dx.doi.org/10.3389/fphys.2015.00029
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Membrane_Physiology_and_Membrane_Biophysics
http://www.frontiersin.org/Membrane_Physiology_and_Membrane_Biophysics
http://www.frontiersin.org/Membrane_Physiology_and_Membrane_Biophysics/archive

	BK channels: multiple sensors, one activation gate
	Introduction
	BK Channel Structure Follows a Modular Design
	The Voltage Sensor Domain Serves as the Electric Sensor of BK Channels
	The Cytosolic Tail Domain Serves as the Chemical Sensor of BK Channels
	Structures of the Cytosolic Tail Domain (CTD)
	Ca2+ Sensors and their Action
	Mg2+ Sensor and its Action
	Other Ligand Sensors and their Actions

	The Pore-Gate Domain Controls K+ Permeation of BK Channels
	Assembly of the BK Channel Modular Domains
	Allosteric Coupling Between the Sensors and the Pore-Gate
	Author Contributions
	Acknowledgments
	References


